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Figure 5-5: Maps of a priori groups: a) CD groups in the Southern Ocean, b) CD groups in the Atlantic and c) SED 

groups in the Southern Ocean. 

 

5.4.3.1 Chl-a distribution groups (CD groups) 

Characteristics of the CD groups are summarised in Table 5-2.  CD1 stations (low chl-a 

/ low rms) were mostly off-shore.  In the SO, this group was found in typical high-

nutrient, low-chlorophyll regions including south of the APF, the central Weddell Sea 

and off the Antarctic shelf and slope (Amundsen and Bellingshausen Seas, north of 

Gunnerus Ridge with the surrounding Riiser Larsen and Cosmonaut Seas).  Among 

stations in the whole Atlantic Ocean dataset, CD1 was found off North and South 

America as well as in the central South Atlantic.  The main domain of CD2 (median chl-

a / low rms) was west of the Antarctic Peninsula and the frontal systems of the SAF and 

APF.  Other locations included several stations close to the Marginal Ice Zone (MIZ) in 

the Amundsen and Bellingshausen Seas and deep waters of east Antarctica.  In the 

whole Atlantic dataset, CD2 was associated with upwelling areas along the west coast 

of Africa, south and north Europe and in the Greenland MIZ.  In polar seas, CD3 
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(medium chl-a / high rms) was found predominantly in the MIZ.  At lower latitudes in the 

Atlantic Ocean, CD3 was occasionally found on the continental shelf. CD4 (high chl-a / 

high rms) stations were always found close to CD3, and mostly inshore of CD3, 

suggesting that the chlorophyll values here fall into the overlap between adjoining 

Gaussian curves fitted to the chl-a and rms chl-a histograms, or that sharp gradients 

occur in the geographical distribution of chl-a characteristics (see Tab. 5-2).  A 

decoupling of chlorophyll concentration and PP was observed: chl-a increased, by 

definition, with increasing CD group number, whereas PP was lower for CD 3 than for 

CD 2. 
 

Tab. 5-2: Characteristics of the four chl-a distribution groups (CD). CD1 = low chl-a / low rms, CD2 = median chl-

a / low rms, CD3 = median chl-a / high rms, CD4 = high chl-a / high rms 

Group N Min Max mean Median Stdev rms Skew Skew 
(ln(var)) Similar to:

Median chlorophyll-a concentration (µgl-1) 
All data 26778 0.01 64 0.54 0.26 1.2 1.27 17 0.90 n.a. 

CD1 8536 0.01 4.5 0.19 0.15 0.18 0.26 8.6 0.73 / 
CD2 12831 0.046 12 0.44 0.29 0.49 0.66 5.9 0.92 / 
CD3 1569 0.047 31 0.93 0.42 2.1 2.3 7.7 1.1 / 
CD4 3842 0.085 64 1.5 0.89 2.3 2.7 11 0.39 / 

Median primary productivity (gCm-2yr-1) 
All data 17594 2.3 9002 638 397 698 946 2.8 -0.41 n.a. 

CD1 5892 2.3 2469 287 274 201 351 1.6 -0.91 / 
CD2 8192 6.0 5069 589 464 497 771 1.5 -0.70 3 
CD3 1028 9.6 3712 625 470 544 828 1.4 -0.58 2 
CD4 2164 34 9002 1613 1484 1073 1937 1.8 -1.3 / 

Root mean squared variability in log(hl-a concentration) 
All data 236 0.069 17 1.2 0.57 1.7 2.1 4.7 0.46 n.a. 

CD1 65 0.069 0.75 0.25 0.23 0.11 0.27 2.0 0.29 / 
CD2 100 0.23 1.2 0.60 0.56 0.25 0.65 0.55 -0.053 / 
CD3 31 1.2 6.0 2.4 1.9 1.3 2.7 1.6 0.83 4 
CD4 40 1.2 17 3.2 2.6 2.8 4.2 3.4 0.97 3 

Oxygen pentration depth (cm) 
All data 166 0.97 700 52 20 103 115 4.1 0.10 n.a. 

CD1 48 2.6 700 65 26 118 133 3.9 0.30 2, 3 
CD2 91 0.22 24 4.1 2.8 4.2 5.9 2.1 0.026 1, 3 
CD3 15 0.22 14 3.9 2.5 4.4 5.7 1.2 -0.27 1, 2 
CD4 28 1.1 21 8.7 9.3 4.9 10 0.33 -0.97 / 

Organic carbon fluxes (gCm-2yr-1) 
All data 201 0.18 24 4.4 2.8 4.4 6.2 1.8 -0.20 n.a. 

CD1 62 0.33 6.4 2.4 2.2 1.3 2.7 0.90 -0.86 2, 3 
CD2 91 0.22 24 4.1 2.8 4.2 5.9 2.1 0.026 1, 3 
CD3 15 0.22 14 3.9 2.5 4.4 5.7 1.2 -0.27 1, 2 
CD4 28 1.1 21 8.7 9.3 4.9 10 0.33 -0.97 / 

Depth (m) 
All data 241 104 5408 2627 2642 1492 3062 -0.053 -1.4 n.a. 

CD1 65 1047 5380 3568 3749 1178 3755 -0.64 -1.3 2 
CD2 100 163 5404 2995 3056 1344 3280 -0.16 -1.8 1 
CD3 31 225 4701 2087 2109 1215 2405 0.29 -1.1 4 
CD4 40 104 3107 1146 786 926 1467 0.69 -0.38 / 
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5.4.3.2 Sediment provinces (SED groups) 

Characteristics of the sediment groups are given in Tab. 5-3.  SED1, SED2, SED3 and 

SED4 contain stations which were located in regions of reported enhanced diatom 

sedimentation.  According to Crosta et al. (1997), Zielinski & Gersonde (1997), Armand 

et al. (2005) and Abelmann et al. (2006), the surface sediments around the Antarctic 

Peninsula, the Scotia Sea and the region around South Georgia and the South 

Sandwich Islands are abundant in Chaetoceros spp. resting spores (accounting for                

20 % of identified diatom frustules around South Georgia and the South Sandwich 

Islands, up to 100 % at the Antarctic Peninsula).  The SED1 group mirrors the 

distribution of this Chaetoceros province.  Diatoms of the genus Chaetoceros are 

normally weakly silicified and their frustules poorly preserved in sediments (e.g. Zielinski 

& Gersonde, 1997).  The domain of SED2 is characterised by a content of >40 % 

Fragilariopsis kerguelensis (F. kerg.) frustules.  The distribution of this more heavily 

silicified species corresponds with the distribution of the silica belt in the open ocean of 

the region of the SO considered here (Jousé et al., 1962; DeFelice & Wise, 1981; 

Zielinski & Gersonde, 1997; Crosta et al., 1997; Mohan et al., 2006).  SED3 lies within 

the east Antarctic shelf region and the continental slope with water depths of up to 2000 

m.  This province is characterized by patchy and inhomogeneous sedimentation 

(Schlüter, 1991) with varying physical and biological properties.  The coastal ecosystem 

is shaped by local, regional, seasonal and inter-annual ice-conditions including coastal 

polynyas as well as area-specific topography and hydrography.  All stations in the SO 

Atlantic Sector which could not be assigned to one of the other three groups were 

assigned to SED4.  These locations are generally characterized by lower sedimentation 

of siliceous material. 
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Tab. 5-3: Characteristics of the five sediment (SED) group systems. SED1 = Fragilariopsis kerguelensis province; 

SED2 = Chaetoceros spp. province; SED3 = East Antarctic shelf and continental slope (z < 2000 m); SED4 = 

Amundsen and Bellingshausen Seas, SED5 = ungrouped SO, SED6 = N of 40°S (Atlantic Ocean) 

Group N Min Max mean Median Stdev rms. Skew Skew 
(ln(var)) Similar to: 

Median chlorophyll-a concentration (µgl-1) 
SED 1 4255 0.03 1.8 0.23 0.20 0.15 0.28 3.6 0.82 / 
SED 2 2457 0.051 31 0.44 0.29 0.87 0.98 21 1.1 5, 6 
SED 3 774 0.062 44 1.3 0.53 2.5 2.8 8.6 0.43 / 
SED 4 384 0.047 64 0.96 0.21 4.0 4.1 12 1.6 / 
SED 5 1772 0.032 25 0.75 0.28 1.7 1.9 7.3 1.2 2 
SED 6 17136 0.01 28 0.56 0.28 0.98 1.1 10 0.61 2 

Median primary productivity (gCm-2yr-1) 
SED 1 3669 4.5 1262 189 147 154 244 1.9 -0.27 4 
SED 2 1501 9.6 1639 232 167 229 326 2.2 -0.24 4 
SED 3 286 2.3 2295 352 236 345 492 2.4 -0.96 / 
SED 4 302 8.1 2174 222 133 271 349 3.3 0.20 1, 2 
SED 5 1306 6.0 3125 282 197 283 399 2.9 -0.39 / 
SED 6 10530 6.0 9002 917 675 768 1196 2.6 -0.23 / 

Root mean squared variability in log (summer chl-a concentration) 
SED 1 35 0.18 0.42 0.27 0.24 0.074 .28 0.52 0.28 / 
SED 2 26 0.29 3.5 0.79 0.61 0.62 1.0 3.3 1.1 4, 5, 6 
SED 3 25 0.18 6.9 2.7 2.3 1.9 3.2 0.82 -0.91 4, 5 
SED 4 13 0.16 17 2.4 0.43 4.7 5.1 2.6 0.90 2, 3, 5, 6 
SED 5 34 0.16 6.0 1.8 1.3 1.6 2.4 1.2 -0.27 2, 3, 4 
SED 6 103 0.07 7.3 0.88 0.58 0.95 1.3 3.5 0.10 2, 4 

Oxygen pentration depth (cm) 
SED 1 35 8 110 42 35 28 50 0.98 -0.20 3, 4, 5 
SED 2 26 1.5 60 12 7.5 13 18 2.3 0.24 3, 4, 6 
SED 3 26 1.2 220 29 17 46 53 3.1 0.074 1, 2, 4 
SED 4 13 1.7 600 87 40 161 178 2.8 -0.07 1, 2, 3, 5 
SED 5 34 6 700 140 73 168 217 1.8 -0.10 1, 4 
SED 6 32 0.97 26 5.3 2.7 5.7 7.7 2.2 0.49 2 

Organic carbon fluxes (gCm-2yr-1) 
SED 1 33 0.95 4.8 2.1 1.8 0.98 2.3 0.86 0.30 2, 3, 4, 5 
SED 2 23 0.22 14 3.2 2.0 3.5 4.8 2.1 0.092 1, 3, 4, 5 
SED 3 10 0.18 8.9 3.3 1.8 3.1 4.4 0.72 -0.43 1, 2, 4, 5 
SED 4 13 0.22 4.5 2.4 2.3 1.3 2.7 0.043 -1.5 All 
SED 5 15 0.22 6.2 1.6 0.91 1.7 2.3 1.5 0.11 3, 4 
SED 6 107 0.35 24 6.1 3.9 5.1 7.9 1.2 -0.26 1, 2, 3, 4 

Depth [m] 
SED 1 35 2060 5016 3920 4091 718 3984 -0.75 -1.2 2, 5 
SED 2 26 225 5408 3041 3365 1441 3353 -0.41 -1.7 1, 4, 5, 6 
SED 3 26 163 1956 1066 1162 611 1222 -0.001 -0.62 4 
SED 4 13 446 4299 2320 2642 1332 2650 -0.24 -0.72 2, 3, 5, 6 
SED 5 34 2109 5431 3543 3523 1070 3700 0.16 -0.04 1, 2, 4 
SED 6 107 104 5380 2338 2159 1480 2763 0.30 -1.3 2, 4 

 

The SED5 group consists of sites in the Amundsen and Bellingshausen Seas which, 

according to Burckle and Cirilli (1987), are situated outside the silica belt.  Owing to 

insufficient species-specific sediment data, these locations could not be assigned to any 

of the other provinces.  Stations north of 40°S were also assigned to a separate group, 
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SED6, owing to paucity of information across the Atlantic.  Figure 5-5 illustrates the CD 

and SED group locations. 

In respect of the surface parameters, the SED groups are largely similar, with the 

exception of SED1 which has distinctive chl-a, PP and rms chl-a values.  Distributions of 

the benthic parameters OPD and benthic Corg flux, and of water depth, were likewise 

similar among all groups, with the exception of SED2, for which OPD was always 

shallower than 60 cm. 

 

5.4.4 Benthic carbon export ratio (BER) 
Regressions of net primary production against carbon remineralization rate were 

calculated, yielding the export ratio at the sea floor.  Since the term ‘export ratio’ 

describes the proportion of surface primary production exported out of the surface 

mixed layer, we apply the term ‘benthic export ratio’:  the difference between ER and 

BER at a given site represents the fraction of carbon which is remineralised in the 

meso-pelagic zone, so that BER represents a lower limit on carbon export ratio.  BER 

was calculated for the entire data set and separately for the CD and SED groups.  

Systematically overestimated PP would result in a lower BER: For example, if Eppley 

primary production is closer to the truth than VGPM PP, then the export ratios 

calculated here are too high in the mid-latitudes (Fig. 5-4, red points).  Since Eppley and 

VGPM agree well in Southern Ocean, BER values presented here for the SO can be 

taken as a best estimate for this method and dataset.  Further research into the 

accuracy of the various PP models is still urgently required. 

As an indication of long-term benthic Corg flux (Hartnett et al., 1998), median chlorophyll 

a was regressed against oxygen penetration depth.  Figure 5-6 illustrates these 

regressions.  A priori groupings were not generally significantly different in either Corg 

flux/PP or OPD/chl-a space (MANOVA, α = 0.05).  Table 5-4 lists significant 

correlations. 
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Figure 5-6: regression of a) chl-a against OPD for a priori CD groups; b), PP against Corg flux for a priori SED 

groups; c) PP against Corg flux for a priori CD groups; d) PP against Corg flux for a priori SED groups. CD and SED 

groupings coloured as in Figure 5-5. Regression curves are included only where the correlation between parameters 

was significant – see Table 5-4 for coefficients. 

 

The relationships between chl-a and OPD for CD groups (Fig. 5-6a) emphasize the use 

of chl-a characteristics in the definition of the groups: each group occupies a narrow 

sector of the x-axis, and it is found that OPD varies considerably regardless of the 

group, i.e., regardless of the typical duration and strength of phytoplankton blooms.  The 

SED groups each include stations with a wide range of chl-a (see also Table 5-3), and 

are correspondingly more scattered in the chl:OPD space (Fig. 5-6b).  Of note in the 

chl-a :OPD regression curves is that, while all statistically significant regressions 

showed the same trend, the slopes and y-intercepts differed by a factor of three and 

~10, respectively. 
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Tab. 5-4: Significant correlations between surface chlorophyll (productivity) and benthic oxygen penetration depth 

(carbon flux). 

Group N a1 a2 r² 
Ln(OPD) = a1 ln(chl) + a2 

CD2 60 -1.8593  (±0.6219) 0.2119  (±0.8098) 0.1017 
SED4 11 -1.1917  (±0.5993) 1.8693  (±0.8377) 0.2665 
SED6 30 -0.7865  (±0.1327) 0.3366  (±0.1896) 0.5603 

All data 163 -0.5488  (±0.1586) 2.2033  (±0.2150) 0.0789 
AP1 22 -1.1893  (±0.1043) 4.1145  (±0.1092) 0.8757 
AP2 139 -1.0371  (±0.1585) 1.2476  (±0.2221) 0.2536 

Ln(Corgflux) = a1 ln(PP) 
CD1 61 0.1436 (0.0139) / -0.455 
CD2 87 0.1862 (0.0154) / 0.2211 
CD4 24 0.3185 (0.0107) / 0.4523 

SED6 102 0.2373 (0.0119) / 0.4536 
All data 185 0.2009 (0.0104) / 0.1998 

AP3 48 0.2576 (0.0189) / 0.2924 
AP4 137 0.1844 (0.0123) / 0.2192 

 

 

Since the regression coefficient for ‘All Data’ is rather low (although significant), it 

remains likely that an alternative grouping system may provide clearer distinction 

between stations with different surface: benthic couplings (see section 3.4). 

In contrast, the scatter between PP and benthic Corg flux was much better constrained, 

and very similar slopes were found for all statistically significant regression curves (Fig. 

5-6c, d). Variability indicated by the errors in fit parameters and by the correlation 

between predicted and measured values (Table 5-4) represents the effects of non-

conservative processes, e.g. lateral advection by bottom currents, as well as variability 

in the efficiency of remineralisation. 

 

5.4.5 A posteriori groups 

Although none of the a priori groupings were significantly different in the 2-dimensional 

Corg flux/PP or OPD/chl-a spaces, distinctive groupings in the scatter between each of 

these parameter pairs could be observed by eye (Fig. 5-7).  Based on this observation, 

two new, a posteriori groupings were formed by choosing exceptionally high OPD and 

Corg flux values across the range of median chlorophyll-a and PP.  These were denoted 
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AP 1, 2 (chl-a/OPD space) and AP 3, 4 (PP/Corg flux) respectively, and are illustrated in 

figure 5-7. 

 

 
 

Figure 5-7: As fig. 5-6 but coloured according to a posteriori groupings: a) Groups AP1 and AP2 derived from the 

chl-a:OPD scatter, with ‘+’ for AP 1, open diamonds for AP 2 and the stations north of 30° S shown as filled 

diamonds; b) Groups AP3 and AP4 derived from PP:Corg flux, with blue triangles representing AP3 and pink 

triangles AP4, solid black lines representing fit curves and dashed lines indicating 10%, 3%, 1%, 0.5% and 0.2% 

benthic carbon export ratio (ER) curves; c) same as b) but using linear axes for comparison with e.g. Wenzhoefer & 

Glud, 2002. 

 

 

Figure 5-8 shows the locations of the new groupings.  Particularly high values of OPD / 

median chl-a (Group AP1) were located on the continental shelf and slope of Antarctica 

as well as in the Weddell Sea.  However, in each of these locations, AP1 and AP2 were 

mixed together, suggesting either: a) patchy distribution of ‘deeply oxygenated’ 

sediments or b) OPD at the nearby AP2 stations is actually affected by sporadic Corg 

flux, reducing the oxygenated sediment layer, so that OPD does not mirror the long-

term situation here. 
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Figure 5-8: Locations of a posteriori groups based on a) chl-a : OPD (red ‘+’ denotes AP 1, green diamonds denote 

AP 2) and b) PP : Corg flux (blue = AP 3, ~2% export ratio, magenta = AP 4, ~0.7% export ratio)  

 

Considering the high values of OPD in both AP1 and AP2 along the shelf (see Sachs et 

al., submitted, 2007), the latter explanation is unlikely.  Patchy distributions, on the other 

hand, could be explained by bottom currents (Gutt et al., 1998).  In the Weddell Sea, Ito 

et al. (2005) calculated net upward velocities at the AP1 locations, which indicates a 

possible physical explanation for low deposition in this area.  Weddell Sea sediment 

traps show extremely low but highly variable annual fluxes (Fischer et al., 1988).  

Benthic investigations from Schlüter et al. (1998) and Geibert et al. (2005) indicate very 

low benthic Si fluxes in this area, while Usbeck et al. (2002) suggested the prevalence 

of shallow remineralization in the central Weddell Sea.  Each of these proposed 

processes would result in low Corg flux, corresponding to deep OPD, despite the regular 

occurrence of phytoplankton blooms in spring and summer.  

A posteriori groupings for Corg flux vs. PP fell into a clear band along the opal belt, 

extending westwards along the Antarctic Peninsula and into the Amundsen and 

Bellingshausen Seas (fig. 5-8b).  Again, the distribution is patchy, similar to the Si map 

produced by Schlüter et al. (1998) or Seiter et al. (2004).  Scattered high BER stations 

(AP3) were also found in the northern North Atlantic, including the Greenland MIZ, and 
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close to the upwelling area off Namibia and along the NW European Continental 

Margin.  However, the bulk of the known upwelling areas, e.g. off NW Africa, fell into 

group AP4 (lower BER).  

 

5.4.6 Relationships between OPD, Corg flux, depth and latitude 

Many previous studies have investigated the impact of depth on Corg export efficiency 

(e.g. Suess, 1980; Pace et al., 1987; Jahnke, 1996; Antia et al., 2001).  For comparison 

between the SO and other regions studied, and before extending the relationship 

between Corg flux and PP to include depth in a multiple regression, the variability of 

OPD and benthic Corg flux with depth was investigated.  Figures 5-9 a) and b) illustrate 

these relationships. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-9: Variability of a) OPD, b) benthic Corg flux with depth, for stations in the SO 

(open circles) and in the Atlantic (north of 40°S, filled circles) and c) variability of Corg flux 

with latitude. 
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The relationship between depth and OPD was weak but statistically significant, with a 

tendency for weaker effects of depth on OPD at stations north of 30° S.  Considerable 

scatter in this relationship in the SO suggests either diverse or highly variable export 

regimes (large-scale variability), or patchiness in the macrobenthic communities which 

both depend upon and influence the benthic O2 supply (Jahnke, 2001; Wenzhöfer & 

Glud, 2002) (small-scale variability), or both.  Such patchiness has been observed in 

shelf and deep-sea environments (Gutt et al., 1998; Brandt et al., 2007a+b).  Gutt et al. 

(1998) also demonstrated a weak pelagic-benthic coupling between primary production 

and the distribution of macrobenthic communities in the region of the Antarctic shelf and 

upper slope.  

In contrast, the scatter in the short-term benthic Corg flux parameter with depth was 

similar for the SO and stations north of 30° S.  The range of values of the slope of this 

relationship in the literature, particularly from trap studies, encompasses the values 

found here.  Comparable curves have been found in pelagic trap studies (Francois et 

al., 2002; Lutz et al., 2002) as well as at the sediment / water interface (Wenzhöfer & 

Glud, 2002). 

In agreement with Behrenfeld and Falkowski (1997) and Christensen (2000) and in 

contrast to the results of Jahnke (1996) and Lampitt & Antia (1997), strong latitudinal 

gradients were observed in Corg flux (Fig. 5-9c).  Three latitudinal bands of high Corg flux 

are observed at 70° S, 20° S and 40° N, with an indication – but too few data – of high 

values in the northern North Atlantic.  These locations correspond to upwelling and high 

latitudes, where production is high (see figure 5-2).  
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Figure 5-10:  Variability of export ratio with a) depth and b) latitude. Solid lines in a) represent 
fits to data used in this study: bold line denotes AP3, thin line AP4. Dashed and dotted lines 
represent fits from Pace (1987) and Suess (1980), respectively. 

 

 

 

The relationship between ER and depth (Fig. 5-10, a) indicates that the strong slope 

observed in trap studies (e.g. Suess 1980; Pace et al., 1987; Lampit & Antia, 1997; 

Armstrong et al., 2002; Francois et al., 2002) has vanished for stations at all latitudes 

when ER is calculated using benthic fluxes, with the exception of the high ER opal belt 

stations (AP3, see fig. 5-8). 

Figure 5-10c illustrates the variability in BER with latitude, showing a clear tendency 

toward higher BER at polar latitudes.  This contradicts previous studies including 

Francois et al., 2002, Jahnke, 1996, Lampitt & Antia, 1997 and Christensen, 2000, and 
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is in agreement with Buesseller, 1998.  These conflicting results most likely reflect the 

sparsity of data available at high latitudes:  The dataset compiled by Sachs et al., 

submitted 2007 is the first study with substantial coverage of the SO.  However, it is 

also possible that the efficiency of the meso-pelagic community varies with latitude, 

perhaps affected by temperature, so that upper water column sediment trap studies to 

date have correctly observed lower ER at high latitudes, which subsequently evolves 

into higher BER on account of more efficient scavenging of the available carbon at 

lower compared to higher latitudes.  

Having found significant, variable, effects of depth on benthic Corg flux, a 3-D regression 

was used to relate these parameters to surface PP.  Following Antia et al. (2001), Corg 

flux was regressed against median primary production and water depth for all 185 

stations using Eq. 3. Additional regressions were calculated for the a posteriori 

subgroups AP 3 and AP 4, and also using alternative equations from the literature (Eq. 

4 and 5).  Table 5-5 presents the regression coefficients and statistics for each of these 

regressions.  Figure 5-11 shows the 3-dimensional fit corresponding to Eq. 3 applied to 

groups AP 3 and 4.  Proceeding on the assumption that benthic remineralization 

represents the lower limit on carbon flux to the sea floor, the AP 4 algorithm was 

selected to calculate conservative estimates of carbon rain rate in the Atlantic, 

described in the next section.  
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Figure 5-11:  Multiple regression of Corg flux against median VGPM primary production and water column depth 

for a) AP 4 and b) AP 3.  In each case, the coloured mesh represents the functions defined in Table 5-5 using the 

equation form of Antia et al. (2001). 
 

 
Tab. 5-5: Regression coefficients obtained by applying equation forms from the literature to the SO and Atlantic 

Corg flux and median VGPM or Eppley primary production dataset. 

VGPM Eppley 
Group 

A1 a2 a3 r2 N a1 a2 a3 r2 N 

Antia et al., 2001:  ln Corg flux = a1 • ln PP  +  a2 • ln z  +  a3,  [a1 = 1.77, a2 = -0.68, a3 = -2.3,  
r2 = 0.53, n = 24] 

All data 0.4232 -0.4759 2.2657 0.5459 185 0.3925 -0.5301 2.9321 0.5171 185 

AP 3 0.6495 -0.4704 1.6219 0.7927 48 0.7677 -0.4375 0.8796 0.7515 48 

AP 4 0.8331 -0.2330 -2.3251 0.7154 137 0.7822 -0.3501 -0.9662 0.6609 137 

Schlüter et al., 2000:  ln (Corg flux) = a1 • ln (PP) + a2 • ln (z),  [a1 = 1.873,  a2 = -1.172, PP > 0, 
z > 500 m, r = 0.92] 

All data 0.5756 -0.2995 / 0.5217 185 0.6036 -0.3078 / 0.4743 185 

AP 3 0.8554 -0.3800 / 0.7489 48 0.7885 -0.3524 / 0.7801 48 

AP 4 0.6613 -0.3964 / 0.6978 137 0.7056 -0.4156 / 0.6575 137 

Suess, 1980:  Corg flux= PP / (a1 • z + a2)  [a1 = 0.0238, a2 = 0.212, z ≥ 50 m,  r2 = 0.79, n = 33] 

All data 0.0107 88.6107 / 0.4635 185 0.0146 57.3771 / 0.2509 185 

AP 3 0.0069 27.2503 / 0.6730 48 0.0059 18.5504 / 0.5273 48 

AP 4 0.0074 123.4166 / 0.7236 137 0.0147 79.6460 / 0.3965 137 
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Statistically significant regression coefficients were found for each of the equations 

when applied to all stations as well as to the a posteriori groups AP 3 and AP 4.  Cluster 

analysis and MANOVA testing (α = 0.05) was used to establish whether the a priori 

groups were distinctive in the 3-dimensional Corg flux / z / PP space.  Only CD 4 

(chlorophyll distribution groups; high chl / high rms) and SED 8 (sediment groups; 

stations north of 30°S) were significantly different from other groups.  In the absence of 

an a priori grouping system by which multiple groups could be distinguished, the 

a posteriori groups, which were significantly different from one another according to 

MANOVA testing, were retained for further analysis.  

The equation form used by Antia et al., 2001 was chosen on account of to the similarity 

of datasets and consideration of the trends in Corg flux, z and PP: The equation of Suess 

(1980) includes a term [Corg flux · z] (re-arranging the equation to calculate PP from z 

and Corg flux).  This was deemed less appropriate than an expression based on 

exponents of z and PP, as in Antia et al. (2001) and Schlüter et al. (2000), since this 

allows the inverse trend between Corgflux and depth to be expressed in a single term.  

The difference between these two latter models is the inclusion of a constant logarithmic 

term by Antia et al. (2001) which, by allowing greater freedom in the fit, has the 

advantage of highlighting inappropriate data fitting.  The constant term represents the 

loss or gain of carbon in the water column which is not a function of water depth or net 

primary production at the surface.  Values of this constant term greater than 1 indicate 

that the fitted curve is readjusted upwards after exponential ‘decay’ in the carbon flux: 

This resembles a source term, which could be caused by introduction of carbon into the 

water column by lateral advection (an unlikely scenario considering the geographical 

scatter in the AP3 and 4 groupings), or it can be interpreted as an under-estimation of 

NPP by the satellite data.  The latter explanation is consistent with reports of 

underestimation of chlorophyll-a in the SO, possibly by errors in the atmospheric 
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correction at high latitudes (n.b. while it is often mooted that underestimation of 

chlorophyll-a in the SO is caused by the prevalence of deep chlorophyll maxima, this 

reasoning  is rejected on the grounds that a) other oligotrophic regions at lower latitudes 

typified by DCMs were included in development of the satellite algorithms and b) this 

does not account for systematic underestimation of chlorophyll in the Arctic, where 

DCMs are less usual).  The de facto exclusion of springtime data in the MIZ which 

arises from using the monthly PP product, for which more robust masking for variable 

cloud and ice cover is employed than the daily or weekly chlorophyll products, may also 

be important: Consultation of the weekly chlorophyll data showed that the median 

values measured during the summertime represent consistently lower concentrations 

than were attained during the spring bloom at AP3 stations (data not shown).  This 

implies that the satellite median PP data are not so much erroneous as not 

representative.  Peak values are of course also smoothed out by monthly compositing, 

but this affects the data at all locations, and will produce a regional bias only where the 

duration of blooms in one region is always significantly shorter than at other locations.  

Values of the constant term in Equation 3 less than 1 resemble a linear sink term.  This 

could be interpreted as the proportion of organic carbon which is remineralised most 

rapidly, i.e. regardless of the length of time over which the material is exposed to 

oxygen.  In the AP 4 data fit, the constant term was close to that obtained by Antia et al. 

(2001) with exp{-2.3} = 0.1, i.e. a sink term.  In contrast, the constant term for AP 3 was 

exp{1.6} = 5 – a source term, while for the fit to all data a value of 9.6 was obtained.  It 

is likely that this massive source term for all data resulted from unsuitable fitting of a 

single expression to a dataset which clearly falls into more than one group.  However, 

the precise meaning of the apparent source term for AP 3 remains unclear, especially 

given the similarity of a1 and a2 for AP 3 and AP 4.  This could indicate a true source 

term, such as sea-floor winnowing, or simply reflect lack of data. 
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Another factor which must be considered here because of the use of ‘snapshot’ Corg flux 

measurements is the possibility that the AP3 group represents those stations at which 

Corg flux measurements were affected by recent sedimentation events.  Re-examining 

Figure 5-3, where the AP3 stations are shown as filled blue circles, indicates that there 

is a slight tendency toward higher Corg flux : OPD ratios within the AP3 group.  However, 

the range of ratios remains broad for both AP3 and AP4, and ANOVA analysis indicated 

that the two groups were not distinctive within the Corg flux : OPD space (alpha = 0.05). 

The implications of the data fits for AP3 and AP4 are intriguing and can only be resolved 

by long-term in situ measurement programs.  Mathematical conundrums aside, the fact 

that the AP3 grouping, selected purely by means of the export ratio fell mostly in SO 

waters, supports the notion that mass export of fresh, giant (Kemp et al., 2006, 

Smetacek et al., 2002) or heavily silicified (Smetacek, 2004) diatoms, result in unusually 

high export efficiency.  Returning to the arguments A to D presented in the introduction;  

AP 3 represents stations at which either a) more labile carbon is exported and/or b) the 

labile carbon is better protected than at other locations and/or c) the exported carbon is 

exposed to reminerisation for less time and/or d) remineralisation is less efficient here.  

These possibilities are discussed below: 

a) Disproportionately high concentrations of carbon are exported: 

Higher export production can be discarded immediately by consulting Figure 5-2:  

AP 3 does include regions of relatively high surface biomass close to the Antarctic 

Peninsula, but also areas of very low biomass further to the west – these 

concentrations are not the highest in the SO and are an order of magnitude lower 

than is found on shelf regions in the northern hemisphere:  high BER in AP 3 is not 

caused simply by higher input of particulate organic carbon at the water surface. 
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b) Exported carbon is well protected against remineralisation: 

Dissolution of the protective silicate diatom frustule has been found to be slower 

when phytoplankton cells sink out before dying (Moriceau et al., 2007), and 

inorganic coatings may also slow cell degradation (Burdige, 2007).  It is unlikely that 

inorganic matrices are produced exclusively in AP 3 and not, for example, at more 

southerly stations with similar environmental characteristics.  Sedimentation of fresh 

phytoplankton has, on the other hand, been reported in the locality of the opal belt 

(Sachs et al., submitted 2006;  Riaux-Gobin et al., 1997).  Such mass precipitation 

events may be caused by matting of spined species such as Chaetoceros and 

Corethron or by loss of buoyancy, for example under nutrient stress.  The former 

requires sufficiently high chlorophyll concentrations that cells are highly likely to lock 

together;  this is not consistent with the satellite chlorophyll record for the eastern 

end of the opal belt, and even if satellite estimates are too low, Holm-Hansen et al. 

(2005) reported that chlorophyll in DCMs of the SO has not yet been found to 

exceed 0.7 mgm-3.  Slow but steady sinking out could be explained by deep mixed 

layer depths which, together with low iron availability, could maintain growth at very 

slow rates (see also Figure 5-2b), resulting in phytoplankton communities dominated 

by heavier, more strongly silicified cells (e.g. F. kergeulensis, used in this study to 

denote province SED 2, see section 3.3.2) and in a steady grazing pressure, leading 

to the dominance of larger cells (Smith & Lancelot, 2004;  Smetacek et al., 2002, 

2004).  Loss of buoyancy control could affect a higher than usual proportion of cells 

as they are subjected to low light levels in the deep mixed layer.  Since the AP 3 

group comprises regions of low, steady chlorophyll concentrations as well as high, 

variable concentrations (Figure 5-2a and b) it can not be ruled out that both slow and 

rapid sinking of large or heavy diatoms before cell death causes the higher BER 

values. 
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c) Exported carbon is exposed to remineralisation over disproportionately short time 

scales: 

This explanation can be discarded since the range of depths over which cells sink 

out in AP 3 is not distinct from that in AP 4, and there is neither evidence nor reason 

to suspect that sinking velocities are exceptionally high in the opal belt. 

 

d) Remineralisation is inefficient 

Low temperatures slow down bacterial activity (e.g. Matsumoto et al., 2007).  

However, the range of water temperatures found in the AP 3 region is similar to that 

found across the SO, so that this effect can be ruled out as being exclusive to the 

AP 3 region.  High turbulence, caused by strong wind mixing at the surface or by 

strong currents in the mesopelagic, may make grazing by chemotaxis inefficient 

(Kiorboe & Jackson, 2001; Visser & Jackson, 2004).  However, neither the wind nor 

the current regime along AP 3 is unique – strong easterly winds dominate most of 

the SO and the currents they produce are found in several concentric rings (e.g. 

Orsi, 1995;  Sokolov & Rintoul, 2007), not just along AP 3. 

It is possible that high BER in AP 3 results from combinations of processes categorised 

as b) and d) above.  However, suggestions in the literature that winnowing of benthic 

deposits by bottom currents (Geibert et al., 2005, Seiter et al., 2005) may also explain 

the grouping found here. 
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5.4.7 Calculation of Corg flux for the Southern (-80° to 120° E, < 30°S) and Atlantic 

Oceans 

Figure 5-12 shows the distribution of benthic Corg flux across the Atlantic Ocean 

calculated using the AP 4/Eq.3 algorithm.  These results are comparable to those of 

Wenzhöfer & Glud (2002) in the temperate Atlantic Ocean.   

 

 

Figure 5-12: Spatial distribution of benthic Corg flux 

calculated using Eq. 3/AP 4 (see table 5-5). 

 

This calculation was repeated using the Eq. 3 / AP 3 algorithm along the AP 3 domain 

(Figure 5-13).  The mask for AP 3 can be discerned in Figure 5-13 as a discontinuity in 

concentrations in a ring proceeding along and extending from the Antarctic Peninsula.  
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This mask was drawn to avoid the subtropical front but to include all the AP3 stations.  

However, the sub-tropical and sub-Antarctic fronts merge together, particularly toward 

the east, making the mask difficult to define.  In the event that further research confirms 

the high BER along the opal belt, ‘operational’ definition of the AP 3 mask would require 

smooth gradients at the boundaries between AP 3 and 4.  This is beyond the scope of 

the current study.  Since the region described here is restricted to the coverage of 

stations grouped within AP3, whereas the opal belt extends much further both to the 

east and the west (e.g. Seiter et al., 2004), it is assumed  that this still represents a 

conservative estimate of the importance of the opal belt. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 5-13: Spatial distribution of Corg flux calculated using Eq. 3/AP 3 for the opal 

belt, and Eq. 3/AP 4 everywhere else (see table 5-5). 
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Integrating by area, it was found that the flux of carbon to the sea floor in the whole SO 

(> 45°S) is 0.055 PgCyr-1 for water depths greater than 800 m when Eq. 3/AP 4 was 

used; slightly less than that for the North Atlantic or South Atlantic.  Table 5-6 lists the 

integrated benthic Corg flux estimates found in this study by region, and provides several 

values from other studies for comparison. 

Application of the AP3 / Eq. 3 algorithm to the SO opal belt region, yielded an increase 

in SO benthic Corgflux of 0.0087 PgCyr-1.  This corresponds to 15% of the integrated 

carbon flux in the SO calculated using only AP 4/ Eq. 3, and to ~8 % of the Atlantic Corg 

flux estimate (see Table 5-6). 

 

Tab. 5-6: Areally integrated Corg flux values in this study and from the literature. a) Schlitzer (2002), Schlitzer et al. 

(2003), b) Muller-Karger et al. (2005), c) Seiter et al. (2005), d) Schlüter et al. (2000), e) Christensen (2000),                            

f) Wenzhöfer & Glud (2002) 

*Since the Eq.3/AP4 algorithm was developed using only SO and Atlantic data, these values are included for 
comparison only and should be viewed with caution. 

 This study Other studies 
 

Region Area 
(mi. km2) 

Median PP 
(PgCyr-1) 

Corg flux
(PgCyr-1) %PP 

 Flux / 
Area       

(gCm-2yr-1)
Corgflux (gCyr-1) 

S. Ocean 
(south of 45°S ) 53.5 9.25 0.055 0.60 1.03  

S. Ocean 
(south of 30°S ) 99.4 27.7 0.15 0.55 1.52 3.0a 

S. Ocean 
(south of 45°S,  

AP 3&4) 
53.5 9.25 0.064 0.69 1.20  

South Atlantic 28.9 12.1 0.061 0.51 2.12 0.062 
0.095a 

North Atlantic 32.7 12.6 0.065 0.52 2.00  
0.204e, 0.134f

N. Atlantic Arctic 2.33 1.06 0.006 0.60 2.70 2.7d  

Global ocean* 314.8 101.4 0.545 0.54 1.73 0.478       0.714a, 0.93b, 
0.5c,0.74e 
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Figure 5-14a illustrates the contribution of different water depths to the total sea-floor 

carbon flux expressed as a percentage of global Corg flux calculated using Eq. 3/AP 4.  

Depth intervals of 500 and 800 m were chosen to represent the permanent thermocline 

in shelf and open ocean waters, respectively, following Ostlund et al. (1987) and Muller-

Karger et al. (2005).  Subsequent 1000 m depth intervals were segregated to illustrate 

the importance of water depths.  As suggested by Muller-Karger et al (2005), the 

continental shelves (< 500 m water depth) contribute disproportionately to Corg flux, as 

can be seen in figure 5-14b (area-normalised Corg flux).  In the deep ocean, regions of 

4000 to 5000 m depth contributed most to carbon flux below 1000 m, while the area-

normalised Corg flux decreased gently with depth, as also found by Jahnke (1996) and 

Schlüter et al. (2000). 

 

 

Figure 5-14: a) Corg flux for the North Atlantic Arctic, North Atlantic, South Atlantic, Southern Ocean (all 

longitudes) and ‘rest of the world’, at different depth intervals, calculated using Eq.3 / AP4, as a percentage of 

global Corg flux to all depths; b) Corg flux in gCm-2yr-1 calculated by normalising the area-integrated values by the 

total area of each region.  

 

 

Integrated benthic Corgflux values calculated in this study were within the range 

published for various regions (table 5-6), with the notable exception of the value 

calculated by Schlitzer (2002) for the SO (south of 30°S).  However, this discrepancy 

could have arisen because Schlitzer (2002) did not explicitly calculate carbon deposition 
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at the sea-floor, but rather remineralisation within the lower water masses, or because 

of the significant nitrification within the euphotic zone, rendering the f-ratio invalid. 

While global application of the Eq.3/AP 4 algorithm enabled comparison with other 

studies using a range of methodologies, it is difficult to assess how well it performs in 

basins other than the SO and Atlantic: Seiter et al. 2005 concluded that Pacific sub and 

anoxic remineralization processes are more important outside of the Southern and 

Atlantic Oceans on account of the time since these waters were last ventilated.  This 

would imply that our estimates considerably underestimated the benthic Corg flux.  In 

contrast, Cai & Reimers (1995) found similar remineralisation rates in the Pacific and 

Atlantic.  In general, the global dataset, particularly of oxygen microprofiles, is still 

sparse.  

 

 

5.4.8 Open questions 

Relationships between benthic Corgflux and OPD 
One of the greatest weaknesses of this study is the scatter in the relationship between 

benthic Corgflux and OPD (figure 5-3).  In the absence of more temporal monitoring of 

Corgflux variability at any given location, the use of the relationship between these two 

parameters remains the best option for determining whether Corgflux measurements are 

contaminated by recent sedimentation events.  Clearly, a tighter relationship, or better 

understanding of interactions between the upper millimetres and deeper layers of 

sediment, is desirable. 

 

Could more sophisticated definition of ecological provinces better capture the variability 

in BER? 

The study of Sokolov & Rintoul (2007) promises a routine method for establishing 

ecological province boundaries in the Southern Ocean.  If this, or a similar, approach 

can be expanded to other regions, then determining the strength of coupling between 
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surface carbon fixation and benthic rain rates will be limited only by the size of the 

benthic dataset. 

 

Does the mesopelagic community eliminate the surface ecological province footprint at 

depth? 

As pointed out by Cai & Reimers (1995), remineralisation of carbon at the sediment 

interface depends not only on the degradability of particulate organic matter but also on 

the benthic environment, i.e. parameter such as on oxygen concentration, 

sedimentation rate and bioturbation rates.  Since these conditions influence one another 

over both short and geological time scales, the system is clearly highly evolved and 

complex: this may mean it is susceptible to disturbance by sudden changes in input or 

that it is highly adaptive, so that regional variability is mostly damped out within days of 

Corg reaching the sea floor. 

Several elements of the mesopelagic community have been shown to adapt to Corg 

export variability (e.g. Žarić et al., 2005; Richardson et al., 2006; Countway et al., 2007), 

suggesting that the ecosystem across the breadth of the water column is able to 

compensate for the mode and speed of particle export and make maximal use of 

available Corg.  Export models, while becoming increasingly sophisticated, still lack a 

detailed parametrisation of mesopelagic variability (e.g. Gehlen et al., 2006; Stemmann 

et al, 2004).  

This dataset used here suffers very poor coverage in the mid-latitude gyres, reported to 

have the lowest export ratio.  Despite this, the values found here are lower than those 

reported from sediment traps in the vicinity of the gyres.  This implies that sufficient 

remineralisation occurs between the lowest trap positions and the sea floor that, even in 

the more productive zones of the current dataset, benthic remineralisation rates are 

lower than in the mesopelagic of the oligotrophic gyres.  
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What is the inter-annual variability in benthic Corgflux? 
The results presented here represent the long-term (decadal) situation.  While Gregg et 

al., 2005 found no significant trend in chl-a concentrations in the SO over the last ten 

years, Antia et al. (2001) reported a shift in biological pump efficiency caused by 

reduced opal content.  On a global scale, the interannual variability in Corg flux reported 

by Muller-Karger et al. (2005) far exceeded the inter-decadal trend derived by Gregg et 

al. (2005).  Such trends can not be analysed using the current oxygen microelectrode 

dataset since fewer than 10 measurements concurrent with the SeaWIFS or CZCS flight 

periods have been recorded so far.  

 

How efficient is the biological pump in the SO? 
Similar to Schlitzer (2002) this study was not intended to be a stand-alone approach to 

quantifying the rate of biological pump efficiency since no indication of rain ratio can be 

gleaned from satellite data at present.  The rain ratio has been found to be low in the 

SO (Seiter et al., 2004): their data show an inverse correlation between opal and calcite 

over much of the global ocean.  In the SO and Arctic, CaCO3 concentrations are 

conspicuously low, whereas opal appears high in the SO, low in the Arctic.  This implies 

that the AP 3 stations in the SO are likely to have a reinforcing effect on the biological 

pump, while the same may not be true for the Arctic.  The results presented here 

represent a lower limit on the carbon flux to the sea floor; the algorithms derived may be 

used in models which distinguish the soft- and hard-tissue pumps to quantify the effects 

of primary production on alkalinity as well as determining carbon export. 
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5.5 Conclusions 
 

A large dataset of benthic oxygen microprofiles and satellite primary production data 

have been used to explore regional variability in the export of organic carbon to the sea 

floor in the Southern and Atlantic oceans. 

A priori determination of ecological provinces using satellite-derived chlorophyll 

concentrations or sediment characteristics did not capture regional differences in the 

benthic export ratio, whereas a posteriori groupings, defined using the BER, highlighted 

a band of high export along the Southern Ocean opal belt (BER ~ 2 % compared to 0.7 

% in the rest of the Atlantic).  

Benthic organic carbon flux was found to be elevated within three latitudinal bands – at 

70°S, 20°S and 40°N, whereas high BER was clearly a feature of high latitudes. 

Spatially-integrated carbon export was calculated for the North and South Atlantic, 

northern North Atlantic, Southern Ocean and ‘rest of the world’, yielding comparable 

values to most values published based on quite different techniques, with the exception 

of the calculations of Schlitzer (2002) for the Southern Ocean south of 30°S which 

exceeded our estimates by a factor of ~5. 

The implications of our findings affect estimates of present and past contributions to 

CO2 draw-down in the Southern Ocean and possibly in other areas of the world ocean.  

There is evidence that during glacial periods export in the SO was significantly 

enhanced (Kumar et al., 1995; Anderson et al., 2002; Fennel et al., 2003; Abelmann et 

al., 2006).  Our results for the modern SO could be used to reconstruct detailed 

palaeoproductivity scenarios such as that proposed by Abelmann et al., 2006.   

 



5 Spatial variability of the transfer efficiency of primary produced carbon to the seafloor of the Atlantic Ocean 

  130  

Acknowledgements 

We gratefully acknowledge the skilled support of captain and crew of the RV Polarstern.  

We thank Jan Wegner, Ludmila Baumann, and Michael Gensheimer for their 

unremitting technical and laboratory support during Expedition ANT-XXI/4.  The 

manuscript benefited from useful comments of Michiel Rutgers van der Loeff and Ulrich 

Bathmann.  This study has been co-funded by the Deutsche Forschungsgemeinschaft 

within the Priority Program SPP 1158 (SA1030/1-1 – 1-4). 

 

 

5.6 References 

 
Abelmann, A., R. Gersonde, G. Cortese, G. Kuhn, and V. Smetacek (2006), Extensive phytoplankton 

blooms in the Atlantic sector of the glacial Southern Ocean, Paleoceanography, 21, PA1013. 

Anderson, L. A., and J. L. Sarmiento (1994), Redfield ratios of remineralization determined by nutrient 

data analysis, Global Biogeochem. Cycles, 8, 65–80. 

Anderson, R. F., Z. Chase, M. Q. Fleischer, and J. Sachs (2002), The Southern Ocean’s biological pump 

during the last Glacial Maximum, Deep Sea Res., Part II, 49, 1909–1938. 

Andersson, J. H., J. W. M. Wijsman, P. M. J. Herman, and J. J. Middelburg (2004), Respiration patterns 

in the deep ocean, Geophys. Res. Lett., 31, L03304. 

Antia, A. N., W. Koeve, G. Fischer, T. Blanz, D. Schulz-Bull, J. Scholten, S. Neuer, K. Kremling, J. Kuss, 

R. Peinert, D. Hebbeln, U. Bathmann, M. Conte, U. Fehner, and B. Zeitschel (2001), Basin-wide 

particulate carbon flux in the Atlantic Ocean: regional export patterns and potential for atmospheric 

CO2 sequestration, Global Biogeochem. Cycles, 15, 845–862. 

Antonine, D., J.-M. André, and A. Morel (1996), Oceanic primary production 2. Estimation of global scale 

from satellite (Coastal Zone Color Scanner) chlorophyll, Global Biogeochem. Cycles, 10, 57–69. 

Archer, D., S. Emerson, and C. Reimers (1989), Dissolution of calcite in deep-sea sediments: pH and O2 

microelectrode results, Geochim. Cosmochim. Acta, 53, 2831–2845. 

Armand, L. K., X. Crosta, O. Romero, and J.-J. Pichon (2005), The biogeography of major diatom taxa in 

Southern Ocean sediments: 1. Sea ice related species, Palaeogeogr. Palaeoclim. Palaeoecol., 223, 

93–126. 

Armstrong, R. A., C. Lee, J. I. Hedges, S. Honjo, and S. G. Wakeham (2002), A new, mechanistic model 

for organic carbon fluxes in the ocean based on the quantitative association of POC with ballast 

minerals, Deep Sea Res., Part II, 49, 219–236. 

Asper, V. L., S. Honjo, T. H. Orsi (1992), Distribution and transport of marine snow aggregates in the 

Panama Basin, Deep Sea Res., Part A, 39, 939–952. 



5 Spatial variability of the transfer efficiency of primary produced carbon to the seafloor of the Atlantic Ocean 

  131  

Barnett, P. R. O., J. Watson, D. Conelly (1984), A multiple corer for taking virtually undisturbed samples 

from shelf, bathyal, and abyssal sediments, Oceanol. Acta, 7, 399–408. 

Beaman, R. J., P. T. Harris (2005), Bioregionalization of the Gerorge V Shelf, East Antarctica, Cont. Shelf 

Res., 25, 1657–1691. 

Beckmann, A., H. H. Hellmer, and R. Timmermann (1999), A numerical model of the Weddell Sea: large-

scale circulation and water mass distribution, J. Geophys. Res., 104, 23375–23391. 

Behrenfeld, M. J., and P. G. Falkowski (1997), Photosynthetic rates derived from satellite-based 

chlorophyll concentration, Limnol. Oceanogr., 42, 1–20. 

Berg, P., N. Risgaard-Petersen, and S. Rysgaard (1998), Interpretation of measured concentration 

profiles in sediment pore water, Limnol. Oceanogr., 43, 1500–1510. 

Boyd, P. W., and T. W. Trull (2007), Understanding the export of biogenic particles in oceanic waters: Is 

there consensus? Prog. Oceanogr., 72, 276–312. 

Brandt, A., A. J. Gooday, S. N. Brandño, S. Brix, W. Brökeland, T. Cedhagen, M. Choudhury, N. 

Cornelius, B. Danis, I. De Mesel, R. J. Diaz, D. C. Gillan, B. Ebbe, J. A. Howe, D. Janussen, S. 

Kaiser, K. Linse, M. Malyutina, J. Pawlowski, M. Raupach, and A. Vanreusel (2007a), First insights 

into the biodiversity and biogeography of the Southern Ocean deep sea, Nature, 447, 307–311. 

Brandt, A., C. De Broyer, I. De Mesel, K. E. Ellingsen, A. J. Gooday, B. Hilbig, K. Linse. M. R. A. 

Thomson, and P. A. Tyler (2007b), The biodiversity of the deep Southern Ocean benthos, Phil. 

Trans. R. Soc. B., 362, 39-66. 

Burckle, L. H., and J. Cirilli (1987), Origin of the diatom ooze belt in the Southern Ocean: implications for 

the late Quaternary paleoceanography, Micropaleont., 33, 82–86. 

Burdige, D. J. (2007), Preservation of organic matter in marine sediments: controls, mechanisms, and an 

imbalance in sediment organic carbon budgets?, Chem. Rev. 107, 467–485.e 

Buesseler, K. O. (1998), The decoupling of production and particulate export in the surface ocean, Global 

Biogeochem. Cycles, 12, 297–310. 

Cai, W.-J., and C. E. Reimers (1995), Benthic oxygen flux, bottom water oxygen concentration and core 

top organic carbon content in the deep northeast Pacific Ocean, Deep Sea Res., Part I, 42, 1681–

1699. 

Caldeira, K., and P. B. Duffy (2000), The role of the Southern Ocean in uptake and storage of 

anthropogenic carbon dioxide, Science, 287, 620–622. 

Cameron, D. R., T. M. Lenton, A. J. Ridgwell, J. G. Shepherd, R. Marsh, and A. Yool (2005), A factorial 

analysis of the marine carbon cycle and ocean circulation controls on atmospheric CO2, Global 

Biogeochem. Cycles, 19, GB4027. 

Carney, R. S. (1989), Examining relationships between organic carbon flux and deep-sea deposit 

feeding, in Ecology of marine deposit feeders, edited by G. Lopez, G. Taghon and J. Levinton, pp. 

24–58, Springer. 

Christensen, J. P. (2000), A relationship between deep-sea benthic oxygen demand and oceanic primary 

productivity, Oceanol. Acta, 23, 65–82. 

Conte, M. H., G. Eglinton, and L. A. S. Madureira (1995), Origin and fate of organic biomarker 

compounds in the water column and sediments of the eastern North Atlantic, Philos. Trans. R. Soc. 

London, Ser. B, 348, 169–177. 



5 Spatial variability of the transfer efficiency of primary produced carbon to the seafloor of the Atlantic Ocean 

  132  

Countway, P. D., R. J. Gast, M. R. Dennett, P. Savai, J. M. Rose, and D. A. Caron (2007), Distinct 

protistan assemblages characterize the euphotic zone and deep sea (2500 m) of the western North 

Atlantic (Sargasso Sea and Gulf Stream), Environ Microbiol., 9, 1219–1232. 

Crosta, X., J.-J. Pichon, and M. Labracherie (1997), Distribution of Chaetoceros resting spores in modern 

peri-Antarctic sediments, Mar. Micropaleo., 29, 283–299. 

DeFelice, D. R., and S. W. J. Wise (1981), Surface lithofacies, biofacies and diatom diversity patterns as 

models for delineation of climatic change in the southeast Atlantic Ocean, Mar. Micropaleo., 6, 29–

70. 

Dore, J. E., and D. M. Karl (1996), Nitrification in the euphotic zone as a source for nitrite, nitrate, and 

nitrous oxide at station ALOHA, Limnol. Oceanogr., 41, 1619–1628. 

Dunne, J. P., R. A. Armstrong, A. Gnanadesikan, and J. L. Sarmiento (2005), Empirical and mechanistic 

models for the particle export ratio, Global Biogeochem. Cycles, 19, GB4026. 

Epping, E. H. G., C. van der Zee, K. Soetaert, and W. Helder (2002), On the oxidation and burial of 

organic carbon in sediments of the Iberian Margin and Nazare Canyon (NE Atlantic), Prog. 

Oceanogr., 52, 399–431. 

Fennel, K., M. R. Abbott, Y. H. Spitz, J. G. Richman, and D. M. Nelson (2003), Impacts of iron control on 

phytoplankton production in the modern and glacial Southern Ocean, Deep Sea Res., Part II, 50, 

833–851. 

Fischer, G., D. Fütterer, R. Gersonde, S. Honjo, D. Ostermann, and G. Wefer (1988), Seasonal variability 

of particle flux in the Weddell Sea and its relation to ice cover, Nature, 335, 426–428. 

Fischer, G., V. Ratmeyer, and G. Wefer (2000), Organic carbon fluxes in the Atlantic and the Southern 

Ocean: relationship to primary production compiled from satellite radiometer data, Deep Sea Res., 

Part II, 47, 1961–1997. 

Francois, R., S. Honjo, R. Krishfield, and S. Manganini (2002), Factors controlling the flux of organic 

carbon to the bathypelagic zone of the ocean, Global Biogeochem. Cycles, 16, GB001722. 

Gehlen, M., L. Boop, N. Emprin, O. Aumont, C. Heinze, and O. Ragueneau (2006), Reconciling surface 

ocean productivity, export fluxes and sediment composition in a global biogeochemical ocean model, 

Biogeosciences, 3, 521–573.  

Geibert, W., M. Rutgers van der Loeff, R. Usbeck, R. Gersonde, G. Kuhn, and J. Seeberg-Elverfeldt 

(2005), Quantifying the opal belt in the Atlantic and southeast Pacific sector of the Southern Ocean 

by means of 230Th normalization, Global Biogeochem. Cycles, 19, GB4001. 

Glud, R. N., J. K. Gundersen, B. B. Jørgensen, N. P. Revsbech, and H.-D. Schulz (1994), Diffusive and 

total oxygen uptake of deep-sea sediments in the eastern South Atlantic Ocean, in situ and 

laboratory measurements, Deep Sea Res., Part I, 41, 1767–1788. 

Grasshoff, K., M. Erhard, and K. Kremling (1983), Methods of Seawater Analysis, Verlag Chemie, 

Weinheim, 417 pp. 

Green, S. E., and R. N. Sambrotto (2006), Plankton community structure and export of C, N, P and Si in 

the Antarctic Circumpolar Current, Deep Sea Res., Part II, 53, 620–643. 

Gregg, W. W., N. W. Casey, and C. R. McClain (2005), Recent trends in global ocean chlorophyll, 

Geophys. Res. Lett., 32, L03606. 



5 Spatial variability of the transfer efficiency of primary produced carbon to the seafloor of the Atlantic Ocean 

  133  

Gust, G., A. F. Michaels, R. Johnson, W. G. Deuser, and W. Bowles (1994), Mooring line motions and 

sediment trap hydromechanics: In situ intercomparison of three common deployment designs, Deep 

Sea Res., Part I, 41, 831–857. 

Gutt, J., A. Starmans, and G. Dieckmann (1998), Phytodetritus deposited on the Antarctic shelf and upper 

slope: its relevance for the benthic system, J. Mar. Syst., 17, 435–444. 

Hales, B., and S. Emerson (1997), Calcite dissolution in sediments of the Ceara rise: in situ 

measurements of porewater O2, pH, and CO2(aq), Geochim. Cosmochim. Acta, 61, 501–514. 

Hales, B., S. Emerson, and D. Archer (1994), Respiration and dissolution in the sediments of the western 

North Atlantic: Estimates from models of in situ microelectrode measurements of porewater oxygen 

and pH, Deep Sea Res., Part A, 41, 695–719. 

Hartnett, H. E., R. G. Keil, J. I. Hedges, and A. H. Devol (1998), Influence of oxygen exposure time on 

organic carbon preservation in continental margin sediments, Nature, 391, 572–574. 

Holm-Hansen, O., M. Kahru, and C. D. Hewes (2005), Deep chlorophyll-a maxima (DCMs) in pelagic 

Antarctic waters II. Relation to bathymetric features and dissolved iron concentration, Mar. Ecol. 

Prog. Ser., 297, 71–81. 

Honjo, S. (2004), Particle export and the biological pump in the Southern Ocean, Antarct. Sci., 16, 501–

516. 

Houghton, R. A. (2003), The contemporary carbon cycle, in Treatise of geochemistry 8, edited by W. H. 

Schlesinger, pp. 473–513, Elsevier, Amsterdam. 

Hulth, S., A. Tengberg, A. Landén, and P. O. J. Hall (1997), Mineralization and burial of organic carbon in 

sediments of the southern Weddell Sea (Antarctica), Deep Sea Res., Part I, 44, 955–981. 

Ito, T., P. Parekh, S. Dutkiewicz, and M. J. Follows (2005), The Antarctic Circumpolar Productivity Belt, 

Geophys. Res. Lett., 32, L13604. 

Jahnke, R. A., S. R. Emerson, C. E. Reimers, J. Schuffert, K. Ruttenberg, and D. Archer, Benthic 

recycling of biogenic debris in the eastern tropical Atlantic Ocean, Geochim. Cosmochim. Acta, 53, 

2947–2960, 1989. 

Jahnke, R. A. (1996), The global ocean flux of particulate organic carbon: Areal distribution and 

magnitude, Global Biogeochem. Cycles, 10, 71–88. 

Jahnke, R. A. (2001), Constraining organic matter cycling with benthic fluxes, in The Benthic Boundary 

Layer–Transport Processes and Biogeochemistry, edited by B. P. Boudreau, and B. B. Jørgensen, 

pp. 302–319, Oxford University Press, Oxford. 

Jin, X., N. Gruber, J. P. Dunne, J. L. Sarmiento, and R. A. Armstrong (2006), Diagnosing the contribution 

of phytoplankton functional groups to the production and export of particulate organic carbon, 

CaCO3, and opal from global nutrient and alkalinity distributions, Global Biogeochem. Cycles, 20, 

GB2015. 

Jousé, A. P., G. S. Koroleva, and G. A. Nagaeva (1962), Diatoms in the surface layer of sediment in the 

Indian sector of the Antarctic (in Russian with English summary), Trudy Instituta Okeanologii 

(=Transactions of the Institute of Oceanology), Akademija Nauk, SSSR 61, 19–92. 

Kemp, A. E. S., R. B. Pearce, I. Grigorov, J. Rance, C. B. Lange, P. Quilty, and I. Salter (2006), 

Production of giant marine diatoms and their export at oceanic frontal zones: Implications for Si and 

C flux from stratified oceans, Global Biogeochem. Cycles, 20, GB4S04. 



5 Spatial variability of the transfer efficiency of primary produced carbon to the seafloor of the Atlantic Ocean 

  134  

Kiørboe, T., and G. A. Jackson (2001), Marine snow, organic solute plumes, and optimal chemosensory 

behavior of bacteria, Limnol. Oceanogr., 46, 1309–1318. 

Kumar, N., R. F. Anderson, R. A. Mortlock, P. N. Froelich, P. Kubik, B. Dittrich-Hannen, and M. Suter 

(1995), Increased biological productivity and export production in the glacial Southern Ocean, 

Nature, 378, 675–680. 

Lampitt, R. S., and A. N. Antia (1997), Particle flux in deep seas: regional characteristics and temporal 

variability, Deep Sea Res., Part I, 44, 1377–1403.  

Le Quéré, C., C. Rödenbeck, E. T. Buitenhuis, T. J. Conway, R. Langenfelds, A. Gomez, C. 

Labuschagne, M. Ramonet, T. Nakazawa, N. Metzl, N. Gillett, and M. Heimann (2007), Saturation of 

the Southern Ocean CO2 sink due to recent climate change, Science, 316, 1735–1738. 

Lohse, L., W. Helder, E. H. G.Epping, and W. Balzer (1998), Recycling of organic matter along a shelf-

slope transect across the N.W. European Continental Margin (Goban Spur), Prog. Oceanogr., 42, 

77–110. 

Longhurst, A. R., S. Sathyendranath, T. Platt, and C. M. Caverhill (1995), An estimate of global primary 

production in the ocean from satellite radiometer data, J. Plankton Res., 17, 1245–1271. 

Lutz, M., K. Dunbar, and K. Caldeira (2002), Regional variability in the vertical flux of particulate organic 

carbon in the ocean interior, Global Biogeochem. Cycles, 16, GB001383. 

Martin, J. H., G. A. Knauer, D. M. Karl, and W. Broenkow (1987), VERTEX: Carbon cycling in the 

northeast Pacific, Deep Sea Res., 34, 267–285. 

Matsumoto, K., T. Hashioka, and Y. Yamanaka (2007), Effect of temperature-dependent organic carbon 

decay on atmospheric pCO2, J. Geophys. Res., 112, G02007. 

Mohan, R., S. Shanvas, M. Thamban, and M. Sudhakar (2006), Spatial distribution of diatoms in surface 

sediments from the Indian sector of Southern Ocean, Curr. Sci., 91, 1495–1502. 

Moriceau, B., M. Garvey, O. Ragueneau, and U. Passow (2007), Evidence for reduced biogenic silica 

dissolution rates in diatom aggregates, Mar. Ecol. Prog. Ser., 333, 129–142. 

Muller-Karger, F. E., R. Varela, R. Thunell, R. Luerssen, C. Hu, and J. J. Walsh (2005), The importance 

of continental margins in the global carbon cycle, Geophys. Res. Lett., 32, L01602. 

Nodder, S. D., P. W. Boyd, S. M. Chiswell, M. H. Pinkerton, J. M. Bradford-Grieve, and Malcom J. N. 

Greig (2005), Temporal coupling between surface and deep ocean biogeochemical processes in 

contrasting subtropical and subantarctic water masses, southwest Pacific Ocean, J. Geophys. Res., 

110, C12017. 

Orsi, A. H., T. Whitworth, W. D. Nowlin (1995), On the meridional extent and fronts of the Antarctic 

circumpolar current, Deep Sea Res., Part A, 42, 641–673. 

Ostlund, H. G., H. Craig, W. S. Broecker, and D. Spencer (1987), GEOSECS Atlantic, Pacific, and Indian 

Ocean Expedition, vol. 7, Shorebased Data and Graphics, National Science Foundation, U.S. Gov. 

Print. Off., Washington, D. C., 200 pp. 

Pace, M., G. Knauer, D. Karl, and J. Martin (1987), Primary production, new production and vertical flux in 

the eastern Pacific Ocean, Nature, 325, 803–804. 

Passow, U., and C. L. De La Rocha (2006), Accumulation of mineral ballast on organic aggregates, 

Global Biogeochem. Cycles, 20, GB1013. 



5 Spatial variability of the transfer efficiency of primary produced carbon to the seafloor of the Atlantic Ocean 

  135  

Platt, T., S. Sathyendranath, A. Longhurst, T. R. S. Wilson, J. Woods, and T. Takahashi (1995), Remote 

sensing of primary production in the ocean: promise and fulfilment, Philos. Trans. R. Soc. London 

Ser. A., 348, 191–202. 

Raimbault, P., G. Slawyk, B. Boudjellal, C. Coatanoan, P. Conan, B. Coste, N. Garcia, T. Moutin, and M. 

Pujo-Pay (1999), Carbon and nitrogen uptake and export in the equatorial Pacific at 150°W: 

Evidence of an efficient regenerated production cycle, J. Geophys. Res., 104, 3341–3356. 

Raven, J. A., and P. G. Falkowski (1999), Oceanic sinks for atmospheric CO2, Plant Cell and Environ., 

22, 741-755. 

Reimers, C. E., K. M. Fischer, R. Merewether, K. L. Smith Jr., and R. A. Jahnke (1986), Oxygen 

microprofiles measured in situ in deep ocean sediments, Nature, 320, 741–744. 

Revsbech, N. P., and B. B. Jørgensen (1986), Microelectrodes and their use in microbial ecology, in 

Advantagesin microbial ecology 9, edited by K. C. Marshall, pp. 293–352, Plenum, New York. 

Riaux-Gobin, C., P. E. Hargraves, J. Neveux, L. Oriol, and G. Vétion (1997), Microphyte pigments and 

resting spores at the water-sediment interface in the Subantarctic deep-sea (Indian sector of the 

Southern Ocean), Deep Sea Res. Part II, 44, 1033–1051. 

Richardson, T. L., G. A. Jackson, H. W. Ducklow, M. R. Roman (2006), Spatial and seasonal patterns of 

carbon cycling through planktonic food webs of the Arabian Sea determined by inverse analysis, 

Deep Sea Res., Part II, 53, 555–575. 

Sachs, O., E. J. Sauter, M. Schlüter, I. Peeken, P. Assmy, U. Bathmann, V. H. Strass, and V. Smetacek 

(Submitted 2006), Enhanced carbon export to deep-sea sediments underlying productivity hotspots 

in the Southern Ocean, Nature. 

Sachs, O., E. J. Sauter, M. Schlüter, M. M. Rutgers van der Loeff, K. Jerosch, and O. Holby (Submitted 

2007), Benthic organic carbon flux and oxygen penetration reflect different plankton provinces in the 

Southern Ocean, Deep Sea Res., Part I. 

Sarmiento, J. L., and C. Le Quéré (1996), Oceanic carbon dioxide uptake in a model of century-scale 

global warming, Science, 274, 1346–1350. 

Sarmiento, J. L., N. Gruber, M. A. Brzezinski, and J. P. Dunne (2004), High-latitude controls of 

thermocline nutrients and low latitude biological productivity, Nature, 427, 56-60. 

Sauter, E. J., M. Schlüter, and E. Suess, Organic carbon flux and remineralization in surface sediments 

from the northern North Atlantic derived from pore-water oxygen microprofiles, Deep Sea Res., Part 

I, 48, 529–553, 2001. 

Schlitzer, R. (2002), Carbon export fluxes in the Southern Ocean: results from inverse modeling and 

comparison with satellite-based estimates, Deep Sea Res., Part II, 49, 1623–1644. 

Schlitzer, R., R. Usbeck, and G. Fischer (2003), Inverse Modeling of Particulate Organic Carbon Fluxes in 

the South Atlantic, in The South Atlantic in the late Quaternary: Reconstruction of material budgets 

and current systems, edited by G. Wefer, S. Mulitza, and V. Ratmeyer, pp. 1–19, Springer Verlag, 

Berlin Heidelberg New York Tokyo. 

Schlüter, M. (1991), Organic carbon flux and oxygen penetration into sediments of the Weddell Sea: 

indicators for regional differences in export production, Mar. Chem., 35, 569–579. 

Schlüter, M., M. M. Rutgers van der Loeff, O. Holby, and G. Kuhn (1998), Silica cycle in surface 

sediments of the South Atlantic, Deep Sea Res., Part I, 45, 1085–1109. 



5 Spatial variability of the transfer efficiency of primary produced carbon to the seafloor of the Atlantic Ocean 

  136  

Schlüter, M., E. J. Sauter, A. Schäfer, and W. Ritzrau (2000), Spatial budget of organic carbon flux to the 

seafloor of the northern North Atlantic (60°N – 80°N), Global Biogeochem. Cycles, 14, 329–340. 

Schodlok, M. P., H. H. Hellmer, and A. Beckmann (2002), On the transport, variability and origin of dense 

water masses crossing the South Scotia Ridge, Deep Sea Res., Part II, 49, 4807–4825. 

Scholten, J. C., F. Fietzke, S. Vogler, M. Rutgers van der Loeff, A. Mangini, W. Koeve, J. Waniek, P. 

Stoffers, A. Antia, and J. Kuss (2001), Trapping efficiency of sediment traps from the deep eastern 

North Atlantic: 230Th calibration, Deep Sea Res., Part II, 48, 243–268. 

Seiter, K., C. Hensen, J. Schroter, and M. Zabel (2004), Organic carbon content in surface sediments - 

defining regional provinces, Deep Sea Res., Part I, 51, 2001–2026. 

Seiter, K., C. Hensen, and M. Zabel (2005), Benthic carbon mineralization on a global scale, Global 

Biogeochem. Cycles, 19, GB1010. 

Siegenthaler, U., and J. L. Sarmiento (1993), Atmospheric carbon dioxide and the ocean, Nature, 365, 

119–125. 

Smetacek, V., C. Klaas, S. Menden-Deuer, and T. A. Rynearson (2002), Mesoscale distribution of 

dominant diatom species relative to the hydrographical field along the Antarctic Polar Front, Deep 

Sea Res., Part II, 49, 3835–3848. 

Smetacek, V., P. Assmy, and J. Henjes (2004), The role of grazing in structuring Southern Ocean pelagic 

ecosystems and biogeochemical cycles, Antarct. Sci., 16, 541–558. 

Smith, W. O., and C. Lancelot (2004), Bottom-up versus top-down control in phytoplankton of the 

Southern Ocean, Antarct. Sci. 16, 531–539. 

Sokolov, S., and S. R. Rintoul (2007), On the relationship between fronts of the Antarctic Circumpolar 

Current and surface chlorophyll concentrations in the Southern Ocean, J. Geophys. Res., 112, 

C07030. 

Stemmann, L., G. A. Jackson, and D. Ianson (2004), A vertical model of particle size distributions and 

fluxes in the midwater column that includes biological and physical processes – Part I: model 

formulation, Deep Sea Res., Part I, 51, 865–884. 

Suess, E., Particulate organic carbon flux in the ocean-surface productivity and oxygen utilization, Nature, 

288, 260–263, 1980. 

Suzuki, H., H. Sasaki, and M. Fukuchi (2001), Short-term variability in the flux of rapidly sinking particles 

in the Antarctic marginal ice zone, Polar Biol., 24, 697–705. 

Turley, C. M., and K. Lochte (1990), Microbial response to the input of fresh detritus to the sea bed, 

Palaeogeogr. Palaeoclim. Palaeoecol., 89, 3–23. 

Turner, J. T. (2002), Zooplankton faecal pellets, marine snow and sinking phytoplankton blooms (review), 

Aquat. Microb. Ecol., 27, 57–102. 

Usbeck, R.,M. Rutgers van der Loeff, M. Hoppema, and R. Schlitzer (2002), Shallow remineralisation in 

the Weddell Gyre, Geochem. Geophys. Geosyst., 3, 1008. 

Visser, A., W., and G. A. Jackson (2004), Characteristics of the chemical plume behind a sinking particle 

in a turbulent water column, Mar. Ecol. Prog. Ser., 283, 55–71. 

Volk, T., and M. I. Hoffert (1985), Ocean carbon pumps: analysis of relative strengths and efficiencies in 

ocea-driven atmospheric CO2 exchanges, in The Carbon Cycle and Atmospheric CO2: Natural 



5 Spatial variability of the transfer efficiency of primary produced carbon to the seafloor of the Atlantic Ocean 

  137  

Variations Archean to Present, edited by E. T. Sunquist and W. S. Broeke, pp. 99–110, American 

Geophysical Union, Washington, D. C. 

Waples, J. T., C. Benitez-Nelson, N. Savoye, M. Rutgers van der Loeff, M. Baskaran, Ö. Gustafsson 

(2006), An introduction to the application and future use of 234Th in aquatic systems, Marine 

Chemistry, 100, 166–189. 

Wenzhöfer, F., O. Holby, and O. Kohls (2001), Deep penetrating benthic oxygen profiles measured in situ 

by oxygen optodes, Deep Sea Res., Part I, 48, 1741–1755. 

Wenzhöfer, F., and R. N. Glud (2002), Benthic carbon mineralization in the Atlantic: A synthesis based on 

in situ data from the last decade, Deep-Sea Res., Part I, 49, 1255–1279. 

Žarić, S., B. Donner, G. Fischer, S. Mulitza, G. Wefer (2005), Sensitivity of planktic foraminifera to sea 

surface temperature and export production as derived from sediment trap data, Mar. Micropaleo., 55, 

75–105. 

Zielinski, U., and R. Gersonde (1997), Diatom distribution in southern ocean surface sediments (Atlantic 

sector): implications for paleoenvironmental reconstructions, Palaeogeogr. Palaeoclim. Palaeoecol., 

129, 213–250. 

 



5 Spatial variability of the transfer efficiency of primary produced carbon to the seafloor of the Atlantic Ocean 

  138  

 



6 Synthesis and Outlook 

  139  

 

6 Synthesis and Outlook 
 

This chapter summarises the main results of the previous chapters and describes 

additional co-operations with other scientific groups.  Developed research programs are 

also introduced and an outline for further planned projects given. 

 

In the framework of this cumulative thesis, evidence for an enhanced carbon export to 

the deep Southern Ocean was found. The collapse of an artificially induced plankton 

bloom as well as the breakdown of a large natural bloom at the Antarctic Polar Front 

was observed by satellite observations and the response of the subsequent carbon 

export to the deep-sea floor could be measured in situ at the water/sediment interface 

for the first time. It also could be shown for the first time that organic carbon reached the 

deep-sea floor after an iron fertilization experiment. During the same field campaign, 

reference measurements were carried out in an oligotrophic area characterised by 

much lower phytoplankton production at the surface. 

Proceeding from these results, existing benthic data from the Southern Ocean were 

evaluated and benthic fluxes were revised for numerous locations using a correction 

function established from the relation of in situ and ex situ flux determinations. This 

allowed comparison regional benthic fluxes with the diatom composition of surface 

sediments. Organic matter fluxes to the seafloor could be linked with diatom provinces 

and, in a further step with long-term satellite observations of surface ocean chlorophyll-

concentrations. This allowed the determination of biogeochemical provinces at the 

seafloor in terms of benthic fluxes. One of the most prominent results was the high 

export efficiency of organic carbon which in the Southern Ocean silica belt, which is 

considerably enhanced in comparison to the mid and low latitude Atlantic. These 

benthic results could be used as ground truth data for further modelling studies. 

Up to now, little is known about the seasonality of deep-sea benthic fluxes. Only a few 

in situ measurements exist in the region of the Antarctic Circumpolar Current. It is 

important to gather more in situ data and long term measurements in the near future.  

 

Apart from the key results shown above, vital co-operations with other research groups 

developed which led or will lead to several additional research papers and conference 

contributions (see appendix). One of the highlights to be mentioned was the targeted 

measurement of oxygen microprofiles at porpoise carcases in water depths of 2500 and 
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5400 m at the Arctic deep-sea long-term observation site “AWI Hausgarten”: These 

measurements, performed during the German-French cruise “Arctic Ocean 2005” with 

R/V “L’Atalante” by means of a small deep-sea microprofiler unit operated by a ROV 

(remotely operated vehicle), revealed that benthic communities are able to change the 

benthic milieu within days or a few weeks subsequent to the input of large food falls 

(see appendix). Due to time constraints, these findings will only be evaluated in the 

aftermath of this PhD thesis, under consideration of additional data obtained by 

collaborators in 2007.  
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7 Appendix 
 
Other publications and conference contributions further associated with this thesis: 
 
 
Peer-reviewed publications 
 
Gallucci, F., Sauter, E., Sachs, O., Klages, M., Soltwedel, T. (2007). Caging 
experiment in the deep sea: efficiency and artefacts from a case study at the Arctic 
long-term observatory HAUSGARTEN, Journal of experimental marine biology and 
ecology. 
 
Hoffmann, F., Sauter, E., Sachs, O., Røy, H., Klages, M. (2006). Oxygen distribution 
in Tentorium semisuberites and in its habitat in the Arctic deep sea, Proceedings of the 
7th International Sponge Symposium. 
 
 
Not peer-reviewed Publications 
 
Sauter, E. J., Sachs, O., Wiesner, U., Hoffmann, F., Bartsch, S., Morchner C. (in 
press). Geochemistry at the AWI-Hausgarten. Reports on Polar and Marine Research. 
 
Assmy, P., Cisewski, B., Henjes, J., Klaas, Ch., Sachs, O., Smetacek, V., Strass, V. 
(2006). Plankton rain in the Southern Ocean: The European Iron Fertilization 
Experiment EIFEX, Das AWI in den Jahren 2004 und 2005 - Report, 2004/2005, 38-41. 
 
Rogenhagen, J., Sauter, E. J., Sachs, O. (2005). Acoustic seafloor investigations with 
PARASOUND, In: Smetacek, V., Bathmann, U., Helmke, E. (eds), The Expeditions 
ANTARKTIS XXI/3-4-5 of the Research Vessel Polarstern in 2004, Reports on Polar 
and Marine Research, 500, 227-229. 
 
Sauter, E. J., Sachs, O., Wegner, J., Baumann, L., Gensheimer, M. (2005). Benthic 
fluxes around the Antarctic Front during the austral fall season, In: Smetacek, V., 
Bathmann, U., Helmke, E. (eds), The Expeditions ANTARKTIS XXI/3-4-5 of the 
Research Vessel Polarstern in 2004, Reports on Polar and Marine Research, 500, 218-
226. 
 
 
Invited talks 
 
Sauter, E., Sachs, O., Schlüter, M., Bathmann, U., Strass, V., Smetacek, V. (2007). 
Rapid export and high benthic fluxes at the Antarctic Polar Front, Assessment and 
reporting colloquium of the DFG Priority Program “Antarctic research with comparative 
investigations in Arctic ice region”, Bremerhaven, 12-14 February 2007. 
 
Sachs, O., Sauter, E. J. (2005). Zukunftsperspektiven geowissenschaftlicher Berufe, 
Die Zukunft in den Geowissenschaften (Workshop der DFG-Kommission für 
Geowissenschaftliche Gemeinschaftsforschung), 22-23 Februar 2005, Internationales 
Wissenschaftsforum Heidelberg, Deutschland. 
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Talks 
 
Peeken, I., Hoffmann, L., Assmy, P., Bathmann, U., Croot, P., Harbou von, L., 
Henjes, J., Jansen, S., Krägefsky, S., Lochte, K., Sachs, O., Sauter, E. (2006). 
Effect of in situ iron fertilisation during contrasting seasons – comparison between 
EisenEx and EIFEX, Ocean Sciences Meeting, 20-24 February 2006, Honolulu, Hawaii. 
 
Sauter, E., Sachs, O., Schlüter, M. (2006). Benthic Fluxes at the SO Polar Front, 
Interner Seminarvortrag auf POL2-Seminar, 23. February 2006. 
 
Sauter, E., Sachs, O., Schlüter, M. (2006). Benthic fluxes at the Southern Ocean Polar 
Front, Präsentation anlässl. SYSTCO-IPY-Arbeitstreffen, 27. February 2006, Hamburg. 
 
Sauter, E., Sachs, O. (2006). Spatial and temporal sedimentation and degradation 
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