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7  Abstract. We present new transfer functions to reconstruct deep ocean (~1000 m) particulate organic carbon (POC) flux

8  and particulate inorganic to organic carbon export ratio (PIC:POC) from diatom assemblage in the Southern Ocean. The

9  transfer functions were calibrated with modern sediment trap data covering the three ocean sectors of the Southern Ocean.
10 They were then applied to ten sediment cores located in the Antarctic Zone (AZ) in the three Southern Ocean basins. The
11 diatom community appears to catch efficiently the ecosystem structure that sets the magnitude and stoichiometry of the
12 export fluxes with root mean square errors of the prediction ranging 17-19.6 % depending on the transfer function. A
13 consistent climatic signal is observed in all sediment cores : the reconstructed deep-ocean POC export is higher during
14 glacial than interglacial periods. The PIC:POC ratio is low during glacial periods and increases quickly after glacial
15  maxima. These two signals suggest that both the increase in the biological carbon pump and the decrease in the carbonate
16  counter-pump in the AZ during glacial periods could have contributed to the decrease in atmospheric pCO,. The
17 reconstructed POC export is consistent with previously published diatom-bound '°N and total organic carbon content but
18  differs from elemental Ba/Fe ratio, hinting Ba potential preservation issues in Southern Ocean sediments. At the global
19  Southern Ocean scale, the deep-ocean POC export flux decreases by 50 % and the PIC:POC export ratio increases by 17 %
20  during the last deglaciation. While the glacial/interglacial POC flux change is comparable in the three SO sectors, the
21  PIC:POC change is weaker in the Pacific, suggesting a distinctive response of the calcifying plankton community to glacial
22 conditions in this sector. We suggest two mechanisms likely to increase the biological pump efficiency during glacial
23 periods : 1) iron fertilization increasing primary production combined with diatom spore formation that increases export
24 efficiency, and 2) a northward extension of sea ice edge supporting a greater zooplankton-mediated export that increases
25  transfer efficiency. These new transfer functions quantitatively support a glacial iron fertilization effect in the AZ,

26  contrasting with the view of a fertilization effect restricted to the Subantarctic Zone.
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27 1 Introduction

28  The Southern Ocean (SO) is the largest ocean on Earth, connecting the three other oceanic basins and providing nutrients to
29  the global ocean thermocline (Sarmiento et al., 2004). The majority of the modern SO waters are qualified as “high nutrient,
30  low chlorophyll” (HNLC) due phytoplankton growth limitation by micronutrients such as iron (de Baar et al., 1990). The
31  macronutrient availability and leakage to lower latitudes suggests that the vertical transfer of particulate organic matter from
32  the surface to the deep ocean, i.e. the biological pump, is inefficient (Sarmiento and Toggweiler, 1984; Sigman et al., 2010).
33 Ice cores revealed that during the Last Glacial Maximum (LGM, 19 000 — 23 000 years ago) atmospheric pCO , was ~90
34 ppmv lower than preindustrial levels (Petit et al., 1999). Physical processes have been invoked to explain the role of the SO
35  in lowering LGM atmospheric pCO; such as changes in vertical stratification and dense water formation (Toggweiler, 1999;
36  Sigman et al., 2010) or changes in sea-ice extent (Stephens and Keeling, 2000; Stein et al., 2020). However, these physical
37  processes appear insufficient to explain the entire LGM pCO, decrease (Archer et al., 2000).

38 Another mechanism has been proposed to lower the atmospheric pCO, during glacial periods: an increased iron
39  supply to the HNLC zones of the SO via increased atmospheric dust flux. The larger input of this essential and limiting
40  micronutrient would have led to an increase in macronutrient utilization and a more efficient biological pump (Martin, 1990;
41 Kohfeld et al., 2005; Jaccard et al., 2013; Martinez-Garcia et al., 2014; Shoenfelt et al., 2018). Numerical models suggest
42 that a stronger biological pump during the LGM could account for a 30 — 50 ppmv decrease in atmospheric pCO, (Bopp et
43 al, 2003; Tagliabue et al., 2009; Lambert et al., 2015; Yamamoto et al., 2019). The first reconstruction of the biological
44 pump during the LGM considered that the entire SO was fertilized, resulting in higher nutrient utilization and subsequent
45  export production in both the Subantarctic Zone (SAZ) and the Antarctic Zone (AZ) south of the polar front (Moore et al.,
46  2000). However, additional export proxies suggested a latitudinal response of the SO to glacial conditions : an increased
47  biological pump in the SAZ due to dust-driven fertilization of phytoplankton growth, but a weaker biological pump in the
48  AZ due to higher stratification and lower micronutrient enrichment (Frangois et al., 1997; Jaccard et al., 2013; Sigman et al.,
49  2021). These results were established based on different production and/or export proxies applied to different latitudinal
50  sectors of the SO.

51 An additional biological mechanism likely to affect atmospheric CO, is the carbonate counter-pump, i.e. the release
52 of CO,associated with particulate inorganic carbon (PIC) precipitation by calcifying organisms (Frankignoulle et al., 1994).
53  This CO; source lowers the effect of CO, sequestration into particulate organic carbon (POC) caused by the biological
54 pump. Therefore, the PIC:POC ratio of the exported particles is an estimate of the carbonate counter-pump intensity
55  (Sarmiento et al., 2002). An increased carbonate counter-pump was suggested during the last deglaciation in the SAZ of the

56 SO Pacific sector (Duchamp-Alphonse et al., 2018) as well as during warm periods such as MIS 3 in the polar frontal zone

57  (PFZ) of the Indian sector (Brandon et al., 2022) and MIS 11 in the SAZ of the Pacific sector (Anderson et al., 2024).

58 Several proxies have been proposed to reconstruct the biological pump in the past (Kohfeld et al., 2005). Organic
59  carbon export has been derived from sediment organic carbon (Corg) concentration rate normalized to *°Th, i.e. the true
60  vertical Corg flux (Francois et al., 2004; Théle et al., 2019) or from barite accumulation rate, i.e. the true vertical biogenic
61  barite flux, with biogenic barite or barium (Ba) excess defined as the difference between total Ba and Ba of lithogenic origin
62  (Dymond et al., 1992; Francois et al., 1997; Hernandez-Sanchez et al., 2011). Nutrient utilization in the surface ocean has
63  been estimated from stable isotopes such as 8"°N (Martinez-Garcia et al., 2014; Studer et al., 2015, 2018; Wang et al., 2017)
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64 and 8"C (Vollmer et al., 2022). Although these approaches provided key information on the relative changes in the
65  biological pump during glacial/interglacial cycles or millennial events, they do not reconstruct absolute carbon fluxes.
66  Quantitative estimates of the biological pump and carbonate counter-pump are needed to understand the impact of oceanic
67  Dbiological processes on the glacial/interglacial atmospheric CO, changes. Past oceanic conditions are commonly
68  reconstructed quantitatively using transfer functions : a statistical relationship between oceanic variables and the community
69  structure of a microfossil record (Juggins, 2013). The first transfer function was built to reconstruct past ocean temperature
70  and salinity from pelagic foraminifer assemblage using factorial analysis followed by multiple linear regressions (Imbrie
71  and Kipp, 1971). The modern analog technique was then proposed, calculating the foraminifer assemblage dissimilarity
72 between down-core samples and a reference sample of known oceanographic conditions (Hutson, 1980). Both techniques
73 were extended to siliceous microfossils to reconstruct glacial Southern Ocean temperature and sea ice extent (Gersonde et
74 al., 2005), and further combined with chemical proxies to map the global ocean LGM temperature (Waelbroeck et al.,
75 2009). More recently, partial least square regression (PLSR), was used to reconstruct past sea surface temperature from

76  diatom assemblages in the North Atlantic (Berner et al., 2008) and the Southern Ocean (Esper and Gersonde, 2014).

77 Diatom community structure has a strong influence on the biological pump intensity and stoichiometry at global
78  scale (Tréguer et al., 2018). Sediment trap studies in the Southern Ocean have provided a quantitative link between diatom
79  species and POC or biogenic silica fluxes (Salter et al., 2012; Rembauville et al., 2015; Rigual-Hernandez et al., 2015a). In
80  this study, we develop new transfer functions based on diatom community structure to reconstruct the deep-ocean POC flux
81  and PIC:POC export ratio. These transfer functions are calibrated on modern Southern Ocean sediment trap data and then
82 applied to sediment cores in order to quantitatively reconstruct the variations in the intensity of the biological pump and the

83  carbonate counter-pump over the last glacial cycle.

84 2 Materials and method
85 2.1 Sediment traps and sediment cores data

86  We compiled sediment trap records from the Southern Ocean (south of 40 °S) for which POC, PIC and diatom export fluxes
87  were reported. We excluded 1) records in which only few diatom species were qualitatively or semi-quantitatively
88  enumerated (e.g. Abelmann and Gersonde, 1991; Fischer et al., 2002; Salter et al., 2012), 2) sediment traps located at less
89  than 100 m above the seafloor as these are prone to sediment resuspension (e.g. Pudsey and King, 1997), and 3) upper ocean
90  sediment traps deployed over shallow island plateaus as these are not representative of deep-ocean fluxes (Rembauville et
91 al, 2015). Eventually, the dataset contains 11 sediment trap locations from the SAZ to the seasonal ice zone (SIZ) in the
92  Atlantic, Indian and Pacific sectors of the SO, at a mean depth of 1250 m (range 830 - 2000 m b.s.1.), with total collection
93  duration from 321 to 2 328 days (Table 1, Fig. 1). These sediment trap data reflect the ecological and biogeochemical
94 gradient from the SAZ to the SIZ. The dataset includes warm water species, ice-related species as well as bloom-forming
95  species and covers a wide range of biogeochemical fluxes magnitude and stoichiometry from iron-limited to naturally iron-
96 fertilized sites (Fig. 2). All the traps are located above the calcite compensation depth of ~3000 to 4000 m in the Southern
97  Ocean (Feely et al., 2004). The dataset represents a total number of 256 samples, however the samples distribution is not

98  equal across the sediment trap locations (Table 1). In order to avoid the geographical bias in the transfer function due to the
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99  unequal sampling effort, seasonal averages of sediment trap data where calculated for spring (September to November),
100  summer (December to February), autumn (March to May) and winter (June to August). Thereby each sediment trap location
101  has the same weight in the transfer functions calibration. The deployment depths are located in the deep mesopelagic ocean
102 where the PIC and POC flux attenuation with depth is low, most of the flux attenuation occurring in the upper mesopelagic
103 ocean (Martin et al., 1987; Marsay et al., 2015). The depth-dependent POC and PIC flux attenuation factor is highly variable
104  at short time and space scales (Marsay et al., 2015; Henson et al., 2023; Williams et al., 2025) and cannot be addressed
105  individually for every location and season. For this reason, the biogeochemical fluxes were not normalized to a standard
106  depth. We consider the fluxes as representative of the deep ocean (~1000 to 2000 m) where carbon can be sequestrated over

107  climate-relevant timescales (Siegel et al., 2021).

108 To test and apply transfer functions, we also compiled Southern Ocean sediment cores records in which detailed
109  diatom counts were previously published (Table 2). These are located in three of the four zones encompassed by the
110 sediment traps (Fig. 1) and cover the last 15 ka to 150 ka. All the sediment core diatom data, the associated geochemical
111  variables and the age models were accessed at www.pangea.de.
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112 Figure 1. Location of the sediment traps (see Table 1 for details) and sediment cores (see Table 2 for details) used in this
113 study. The subantarctic (SAF) and polar (PF) fronts are defined from dynamic topography (Park et al., 2019). Sea ice edge
114 (SIE) refers to the September sea ice edge climatology (National Snow and Ice Data Center). SAZ: subantarctic zone, PFZ:

115  polar frontal zone, POOZ: permanently open ocean zone, SIZ: seasonal ice zone, AZ: antarctic zone.
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Table 1. Sediment trap records used to calibrate the diatom transfer functions. They are sorted along north-south transects

when existing. See Fig. 1 for locations.

Site Zone ([‘;(I)Zl; };;t) ?n?th Start date Stop date 3‘;;:?0“ Samples  Reference

MS-2 PFZ -170.17  -56.9 982 1996-11-28 1998-01-27 425 20 Honjo et al., 2000; Grigorov et al., 2014
MS-3  POOZ -170.05 -60.28 1003 1996-11-28  1998-01-27 425 12 Honjo et al., 2000; Grigorov et al., 2014
MS-4  SIZ -169.9  -63.15 1031 1996-11-28  1998-01-27 425 13 Honjo et al., 2000; Grigorov et al., 2014
MS-5 S1Z -169.67 -66.17 937 1996-11-28 1998-01-27 425 10 Honjo et al., 2000; Grigorov et al., 2014
478 SAZ 142.07  -46.77 1060 1999-07-31  2001-10-13 805 29 Rigual-Hernandez et al., 2015a

548 PFZ 141.75  -53.75 830 1997-09-26  2004-02-10 2328 108 Rigual-Hernandez et al., 2015b

61S POOZ 1399 -60.75 2000  2001-11-30  2002-09-29 303 20 Rigual-Hernandez et al., 2015b

P2 POOZ -41.12  -55.02 1500  2012-01-15  2012-12-01 321 9 Rembauville et al., 2016

P3 POOZ -40.13 -52.72 2000 2012-01-15  2012-12-01 321 11 Rembauville et al., 2016

PZB-1 SIZ 72.98 -62.48 1400 1998-12-30  1999-12-13 348 13 Rigual-Hernandez et al., 2019

WSC  SIZ -53 -60 1000  2012-03-01  2013-02-01 337 11 Zuiiiga et al., 2021

Table 2. Sediment cores used to apply the diatom transfer functions.

Core Zone %;%l; :’;;;) z_‘::g)th Diatom counts Age model

PS97/72-1  SIZ -56.06  -62.01 1993  Vorrath et al., 2023 Vorrath et al., 2023

PS1768-8 POOZ 4.48 -52.59 3270  Zielinski et al., 1998 Frank and Mackensen, 2002
PS1786-1 POOZ -31.72 -54.92 5862 Jacot Des Combes et al., 2008 Jacot Des Combes et al., 2008
CORI-GC POOZ 39.77  -54.27 2834  Orme et al., 2020 Orme et al., 2020

PS2606-6  POOZ 40.8 -53.23 2545  Jacot Des Combes et al., 2008 Jacot Des Combes et al., 2008 extended by Civel-Mazens et al., 2024
PS58/270-5 POOZ -116.12 -62.03 4981 Benzetal., 2016 Benzet al., 2016

PS58/271-1 POOZ -116.05 -61.24 5214  Esper and Gersonde, 2014 Benzetal., 2016

PS58/274-1 PFZ  -114.89 -59.21 5138 Benzetal, 2016 Benz et al., 2016

PS75/054-1 POOZ -115.13 -56.15 4113 Benzetal., 2016 Benzetal., 2016

PS75/072-4 PFZ -151.22 -57.56 3099 Benzetal., 2016 Benzetal., 2016
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Figure 2. Seasonal averages of diatom species and biogeochemical fluxes from the sediment traps (see Fig. 1 and Table 1
for details). Sediment traps are sorted by location form north (top) to south (bottom) and for each sediment trap by season
from spring (top) to winter (bottom). a) Relative abundance of the main diatom species (grey bars represent other species
not reported in the legend). b) Particulate organic carbon (POC) flux. c¢) Particulate inorganic to organic carbon (PIC:POC)

export ratio. Winter data are not available for trap MSS5.
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124 2.2 Diatom datasets homogenization

125  Diatom identifications reported in the sediment trap data are based on different sample preparation methods : some studies
126  used a micropaleontological technique to oxidize organic matter (e.g. Grigorov et al., 2014; Rigual-Hernandez et al., 2015)
127  whereas others used a biological technique to differentiate full and empty frustules (Rembauville et al., 2016b). When the
128  latter method was applied, the sum of empty and full frustule flux was used. The sediment trap data and the sediment core
129  data contains 128 and 90 diatom species/taxa groups, respectively. Diatom species names were homogenized and updated to
130 currently accepted taxonomic entities following Algeabase recommendations (www.algeabase.org) to a total number of 154
131  species/taxa group (see the Supplementary Information for the updated names and the full species list). As some sediment
132 core records do not differentiate the vegetative stages from the resting spores (e.g. Jacot Des Combes et al., 2008; Orme et
133 al,, 2020), we chose to merge 1) Chaetoceros resting spores were with Chaetoceros subgenus Hyalochaete vegetative
134 stages, 2) Eucampia antarctica resting spores with Eucampia antarctica vegetative stages and 3) Thalassiosira antarctica

135  resting spores with Thalassiosira antarctica vegetative stages.

136 For transfer functions calibration, only the species present in both the sediment trap and sediment core dataset were
137  selected, i.e. 64 species/taxa groups (Fig. 3). In order to avoid the bias associated with rare species, a filter was applied to
138  select species occurring with at least a relative abundance of 0.1 % in both datasets (Esper and Gersonde, 2014). This final
139  step resulted in a list of 22 informative species. Based on those, relative abundances were recalculated for the two selected

140  datasets before using the the data to calibrate the transfer functions.
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Figure 3. Mean relative abundance of diatom species reported in the sediment core and the sediment trap datasets. Grey
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143 2.3 Transfer functions development

144 Previous studies reported the direct quantitative link between plankton community structure and carbon export fluxes (e.g.
145  Rembauville et al., 2015, 2016a). Here, the diatom community composition is considered as an integrator of the ecosystem
146  structure that is the ultimate driver of the magnitude and stoichiometry of the export fluxes. The seasonal sediment trap
147  dataset was used to calibrate transfer functions in order to reconstruct the deep-ocean POC flux and PIC:POC export ratio
148  based on the diatom diversity. Three transfer functions were built : multiple linear regression (MLR), partial lest square
149  regression (PLSR) and gradient boosting regression (GBR) using log-transformed and standardized diatom relative

150  abundance (mean subtracted, divided by standard deviation).

151 For MLR, diatom relative abundances were transformed by factorial analysis with varimax rotation following the
152 method developed by Imbrie and Kipp (1971). A scree test was used to identify significant factors associated with an
153  eigenvalue > 1 (Cattell, 1966 ; Fig. S1), resulting in four informative factors used to build the linear model. While in the
154 original method proposed by Imbrie and Kipp (1971), factors interactions and squared terms were added to the regression
155  model, given the limited amount of data in our approach, we only used the linear combination of the four factors in order to
156  avoid overfitting of multiple terms that artificially increases the model coefficient of determination (R?) at the expense of

157  higher error in the prediction from new data, i.e. the bias-variance tradeoff.

158 PLSR is a statistical method that builds a linear model between multivariate data by projecting the original matrices
159  in a new space of maximum covariance. Dimensionality reduction restrains the weight of co-occurring species, making this
160  approach useful to link ecological data with chemical fluxes (Rembauville et al., 2015, 2017; Salter, 2018; Blain et al.,
161 2022). PLSR was already identified as an efficient method to build transfer functions from diatom assemblages in
162  conjunction with MLR (Esper and Gersonde, 2014). The choice of the number of components to keep in the PLSR is
163  another case of bias-variance tradeoff. To identify the significant components, the variance explained by the PLSR
164  components was compared to a broken stick model, i.e. a null model in which decreasing variance is evenly distributed
165  among components (Jackson, 1993). The first two components explained more variance than the null model and were thus

166  selected for the PLSR calibration (Fig. S2).

167 GBR is a machine learning technique that builds a series of decision trees, each aimed at correcting the errors of
168  the previous ones (Friedman, 2001). It produces a final model from an ensemble of weak predictive models. Each decision
169  tree can integrate non-linear relationships and interactions that are not considered in linear modeling frameworks, making
170 GBR a useful tool for the study of complex communities (Maloney et al., 2012). Two key parameters must be set when
171  building a gradient boosting regressor : 1) tree depth, i.e. the number of nodes in the tree and 2) the number of estimators,
172  i.e. the number of boosting stages that will be performed. These two parameters were selected using bootstrapping. The
173  dataset was split into a learning set containing 2/3 of the data and a test set with the remaining 1/3 of the data. The root
174  mean squared error (RMSE) of the prediction was calculated for 10 000 permutations of train/test sets and performed with
175  different combinations of tree depth and number of estimators. The combination minimizing the RMSE of the prediction for

176  both the POC flux and the PIC:POC ratio was a tree depth of 2 with 30 estimators (Fig. S3).

177 The precisions of the MLR, PLSR and GBR transfer functions were calculated by bootstrapping using the same

178  conditions as above (a learning set with 2/3 of the data, a test set with the remaining of the data and 10 000 permutations).
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179  2.4. Application of the transfer functions to sediment cores

180  The three transfer functions were applied to each of the sediment cores described in section 2.1 in order to quantitatively
181  reconstruct the biological pump and carbonate counter-pumps over the last 15 to 150 ka in the various sectors of the
182  Southern Ocean. Because sediment core samples integrate a pluriannual signal, the reconstructed POC fluxes were
183  converted from seasonal to annual averages using a mean year duration of 365.25 days. All the data analyses were

184  performed with Python and statistical models were implemented with the scikit-learn package (Pedregosa et al., 2011).

185 3 Results
186 3.1 Diatom species association with POC flux and PIC:POC ratio

187  The species scores on factors from the factor analysis used in the MLR prediction are presented in Table 3. Factor 1 is
188  characterized by warm-water species typical of the SAZ (Azpeitia tabularis, Shionodiscus trifultus) and small Thalassiosira
189  species such as Thalassiosira oestrupii, together with the giant mat-forming species Thalassiothrix antarctica. Factor 2 is
190  associated with ice-related species Fragilariopsis curta together with other small Fragilariopsis species of the SIZ. Factor 3
191  contains bloom-forming species often observed as resting spore in naturally iron-fertilized locations ( Chaetoceros subgenus
192 Hyalochaete, Eucampia antarctica, Thalassiosira antarctica) together with background species generally found in the
193 POOZ (Actinocyclus actinochilus, Fragilariopsis obliquecostata). Factor 4 contains rare and large species sometimes

194 associated with the PFZ such as Asteromphalus parvulus and Rhizosolenia antennata.

195 The MLR coefficients are provided in Table 4. The strongest positive correlation with POC flux is observed for
196  factor 2 (ice-related species) and moderate positive correlations for factors 3 (spores and bloom-forming species) and 4
197  (large PFZ species). A negative correlation is observed for factor 1 (SAZ and warm-water species). For the PIC:POC ratio, a
198  positive correlation is observed with factor 1 (SAZ warm-water species) whereas all the other factors are negatively

199  correlated. The two MLR models for both POC flux and PIC:POC ratio are highly significant (global Fisher test, p < 0.01).
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200  Table 3. Diatom scores on factors from the factor analysis with varimax rotation used in the MLR transfer function. Major

201  values are highlighted in bold.

Species Factor 1 Factor2 Factor3 Factor4
Actinocyclus actinochilus -0.15 0.34 0.77 0.05
Asteromphalus parvulus -0.19 0.03 -0.14 0.48
Azpeitia tabularis 0.94 -0.22 -0.15 -0.10
Chaetoceros sub. Hyalochaete 0.13 -0.07 0.83 -0.05
Eucampia antarctica -0.39 -0.51 0.47 -0.18
Fragilariopsis curta -0.22 0.81 0.14 0.17
Fragilariopsis kerguelensis 0.09 -0.53 -0.37 0.02
Fragilariopsis obliquecostata -0.17 0.39 0.75 0.10
Fragilariopsis rhombica -0.13 0.58 0.38 0.53
Fragilariopsis ritscheri -0.07 0.71 -0.09 0.54
Fragilariopsis separanda -0.20 0.63 0.06 0.27
Navicula directa -0.16 -0.52 0.00 0.17
Rhizosolenia antennata 0.12 0.04 0.01 0.63
Shionodiscus trifultus 0.73 -0.05 0.06 -0.01
Thalassionema nitzschioides var lanceolata 0.31 -0.46 -0.04 0.15
Thalassiosira antarctica -0.27 -0.05 0.79 -0.23
Thalassiosira gracilis -0.44 0.51 0.20 -0.12
Thalassiosira gracilis var expecta -0.05 0.08 0.02 0.99
Thalassiosira lentiginosa 0.25 -0.12 -0.19 0.21
Thalassiosira oestrupii 0.88 -0.04 -0.12 -0.18
Thalassiosira oliverana 0.10 -0.31 -0.28 0.34
Thalassiothrix antarctica 0.84 -0.09 -0.17 0.04

202  Table 4. Coefficients of the multiple linear regression performed on the four factors from the factorial analysis of diatom

203  relative abundance (log-transformed and standardized data).

Response variable Intercept Factor 1 Factor 2 Factor 3 Factor4  Model p-value
POC (mmol/m?*d™") 0.439 -0.136 0.330 0.046 0.066 4.10*
PIC:POC (mol:mol) 0.669 0.033 -0.149 -0.028 -0.224 2.10°
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204 3.2 Transfer functions accuracy

EGUsphere\

205  Transfer functions coefficient of determination (R?) varies depending on the method and the response variable considered

206  (Fig. 4). The MLR, despite providing valuable information on the association of diatoms groups with export fluxes, has low
207  R? values for both POC flux (0.41) and the PIC:POC ratio (0.56). The PLSR increases the prediction quality with R?
208  reaching 0.68 for POC flux and 0.64 for the PIC:POC ratio. The GBR provided the highest R? for both the POC flux and the
209  PIC:POC ratio (0.94 and 0.95, respectively). A better estimation of transfer function accuracy is provided by the calculation

210  of the RMSE from bootstrapping (Fig. 5). For POC flux reconstruction, the highest mean error is associated with MLR

211 (19.6 %), also characterized by a high error dispersion reaching up to 40 % while PLSR has the lowest mean error (17 %),

212  associated with a low error dispersion. For the PIC:POC ratio, GBR has the lowest mean error (17.8 %) whereas MLR

213 provides the lowest error dispersion.
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214  Figure 4. Biogeochemical fluxes (POC flux : particulate organic carbon flux, PIC:POC ratio :particulate inorganic to

215  organic carbon ratio) estimated from the three transfer functions (MLR: multiple linear regression, PLSR: partial least

216  squares regression, GBR: gradient boosting regression). Black line represents the 1:1 relationship, color code defines the

217  four Southern Ocean zones as in Fig. 1.
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218  Figure 5. Root mean square error (RMSE) of the prediction for each transfer function and the two variables (POC flux and
219  PIC:POC ratio) derived from bootstrapping (10 000 iterations). The red continuous and dotted lines show respectively the

220  mean and one standard deviation around the mean.

221 3.3 Reconstructed deep-ocean fluxes over the last glacial cycle

222 The three transfer functions provide convergent predictions with clear glacial/interglacial changes for the 10 sediment cores
223 used in this study (Fig. 6). Reconstructed deep-ocean POC fluxes are higher during marine isotopic stages (MIS) 2, 4 and 6
224 associated with colder conditions and decrease during the Holocene and MIS 5 interglacials. An abrupt increase in PIC:POC
225  ratio is observed during both deglaciations at the end of MIS 2 and MIS 6. These signals are observed in the three sectors of
226  the Southern Ocean : Atlantic (Fig. 6b, c), Indian (Fig. 6¢) and Pacific (Fig. 6f, g, h, i, j). The two cores with a high temporal
227  resolution show similar trends during the Antarctic Cold Reversal (ACR) : a small increase in POC flux whereas the
228  PIC:POC ratio slightly decreases (Fig. 6a, d). In the POOZ, throughout the Holocene, POC flux are lower at the beginning
229  of the Holocene, followed by a gradual increase toward the modern area (Fig. 6b, c, d, €, g, h). This trend is not observed in

230  the coastal SIZ where the POC flux remains low throughout the Holocene (Fig. 6a).
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231  Figure 6. Application of the three transfer functions to sediment cores (blue: MLR - multiple linear regression, green: PLSR
232 - partial least square regression, red: GBR - gradient boosting regression). Black lines represent the three transfer functions
233 moving average. Vertical grey bars indicate marine isotopic stages (MIS) 2, 4 and 6. The vertical blue bar indicates the

234 Antarctic Cold Reversal. Fronts represented in the central map are the same as in Fig. 1.
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235 When focusing on the deep open-ocean, i.e. excluding the coastal SIZ core PS97/72-1, the three transfer functions
236  show that the POC flux is significantly higher during MIS 2 compared to the Holocene in the three Southern Ocean basins
237  (Fig. 7a). The MIS 2 mean global Southern Ocean POC flux is 0.25 + 0.09 mol m~ y™' (mean =+ standard deviation), ca. 1.5
238  times the average modern mean sediment trap value, however remaining within the range of the observed modern values.
239 Over the Holocene, the mean SO POC flux is 0.12 + 0.08 mol m? y" which represents 50 % of the MIS 2 flux. This
240  Holocene mean value also overlaps with that of modern sediment trap fluxes. Changes in the PIC:POC export ratio appear
241  more basin-specific (Fig. 7b). In the Atlantic and Indian sectors, the mean PIC:POC ratio increases from 0.52 to 0.68
242  between MIS 2 and the Holocene whereas in the Pacific sector, the increase is only weakly significant from 0.61 to 0.68. In
243 the three sectors, the reconstructed Holocene values are close to that of the modern sediment traps (0.65). The global
244 Southern Ocean mean PIC:POC export ratio significantly increases from 0.58 to 0.68 (+17 %) from MIS 2 to the Holocene.
245  The difference in the PIC:POC export ratio between MIS 2 and the modern sediment trap data is +13 %.
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246  Figure 7. Comparison of the Holocene and MIS 2 reconstructed export fluxes pooling the three transfer functions. a) deep-
247  ocean POC fluxes and b) deep-ocean PIC:POC export ratio in the three sectors of the Southern Ocean (SO) and for the
248  global SO. In each boxplot, the median and the mean are represented by continuous and dotted lines, respectively. Asterisks
249  represent significantly different samples (Mann-Whitney U test, * : p < 0.05, ** : p < 0.01). Samples sizes are given at the
250  bottom of each panel. The horizontal black line and grey area represent the mean + standard deviation of the modern ocean

251  sediment trap values.



https://doi.org/10.5194/egusphere-2025-6347
Preprint. Discussion started: 15 January 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

252 4 Discussion
253 4.1 Validity of diatom communities to reconstruct the ocean carbon pumps

254  The relative abundance of diatom species shows noticeable differences in the sediment trap and sediment core data. Small
255  ubiquitous species that are abundant in the sediment traps such as Pseudo-nitzschia lineola or Nitzschia bicapitata are rare
256  in the sediment cores. It is also the case for larger species such as Corethron pennatum and Asteromphalus hookeri. The
257  slope of the rarefaction curse is steeper in the sediment core dataset when compared to the sediment trap data, with the most
258 abundant species in the cores characterized by a heavily silicified frustule (e. g. Fragilariopsis and large Thalassoisira
259  species). These results confirm previous observations of selective dissolution of lightly silicified species in the deep ocean
260  below the sediment traps depth (Warnock and Krueger, 2020; Ran et al., 2024). Hence, the selection of informative species
261  in both datasets is a critical preliminary step before calibrating the transfer functions. The resulting rather small number of
262  in formative species (here 22) is due to the merging of the sediment trap and sediment core datasets in which the most
263  abundant species are different. This number is however only slightly lower than those in studies based on core-top diatom

264  communities, typically 25 to 29 species (Imbrie and Kipp, 1971; Crosta et al., 1998; Esper and Gersonde, 2014).

265 The convergence of the three transfer functions in every sediment core supports the reliability of the reconstructed
266  signals. The MLR is associated with higher error dispersion, potentially leading to negative values for periods of very low
267 POC flux. In this sense the PLSR and GBR appear as better estimators of POC export that are less prone to extrapolation
268  during periods of low or high flux. Globally the RMSE of the new transfer functions proposed here (17-19.6 %) is higher
269  than those of previously published diatom-based proxies: 5-6 % for summer the sea surface temperature (Esper and
270  Gersonde, 2014) and below 5 % for sea-ice cover (Crosta et al., 1998). The lower accuracy of the new proxies presented in
271  this study can be attributed to the restricted amount of sediment trap data available for the calibration (43 seasonal averages)
272 which is much lower than the abundant core-top data used in previously published diatom-based proxies (100 to 450
273 samples, Crosta et al., 1998; Esper and Gersonde, 2014). Despite this relatively high RMSE, the reconstructed POC flux and
274  PIC:POC ratio remain in the range of observed values in the SO modern ocean which supports the consistency of the

275  reconstructed values.

276 The factorial analysis clusters diatom species into ecologically consistent groups, highlighting hydrological zones
277  of the Southern Ocean as the most structuring factor of diatom biogeography as previously reported (Crosta et al., 1998;
278  Esper and Gersonde, 2014). The deep-ocean POC flux is positively correlated with ice-related species as well as with
279  bloom-forming and spore-forming diatoms from the POOZ and PFZ. An increase in the relative abundance of diatom
280  resting spore of Chaetoceros subgenus Hyalochaete and Eucampia antarctica during glacial periods was reported near the
281  continental shelf (Pesjak et al., 2023), close to island systems (Civel-Mazens et al., 2024), but also in the open water of the
282 SO (Abelmann et al., 2006; Jacot Des Combes et al., 2008). A direct quantitative link has already been established between
283  diatom resting spore formation and POC export pulses downstream island plateaus where resting spore formation can
284  account for 40-60 % of the annual POC export (Salter et al., 2012; Rembauville et al., 2015, 2016b). Diatom resting spores
285  were reported to be associated with ice-related species such as Fragilariopsis curta and F. cylindrus in both modern and
286  glacial sediment cores samples (Leventer, 1991; Armand et al., 2005; Abelmann et al., 2006). Copepod and krill feed on
287  these ice-associated diatoms during late winter and early spring (O’Brien et al., 2011; Schmidt et al., 2014; Pauli et al.,
288  2021) and are efficient vectors of POC export through vertical migration and fecal pellet production (Smith et al., 2025).
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289  Zooplankton-driven export can represent up to 90 % of the annual POC export in productive environments (Manno et al.,
290  2015; Belcher et al., 2019). The PIC:POC ratio is positively correlated with warm water diatom species from the SAZ but
291  negatively correlated with ice-associated diatoms. It has been previously reported that the PIC:POC export ratio increases
292 northward concomitantly with an increase in the abundance of foraminifer and pteropod (Salter et al., 2014; Manno et al.,
293 2022), whereas the PIC:POC export ratio is generally lower southward where the coccolithophores contribution to the
294 calcifying plankton community increases (Rembauville et al., 2016a). Although the calcifying plankton is not explicitly
295  taken into account in this study, diatom communities appears to capture efficiently the ecosystem structure that sets the

296  magnitude of the carbonate counter-pump.

297 4.2 Local comparisons of the reconstructed fluxes with previously published data

298  We compare the reconstructed POC flux and PIC:POC export ratio with previously published geochemical data for four
299  sediment cores of the POOZ to estimate the validity of the reconstructed signals and identify potential mechanisms likely to

300 explain the observed glacial/interglacial changes.

301 In core PS1768-8 (Atlantic sector), periods of high POC fluxes match increases in dust flux and decreases in
302  atmospheric CO; (Fig. 8a). The POC flux variations coincides with that of the total organic carbon (TOC) content (Fig. 8b)
303  and shows high values associated with high IRD abundance during MIS 2 and MIS 6 (Fig. 8d). Peaks in PIC:POC ratio and
304 CaCO; content occur in the absence of IRD during the Holocene and during MIS 5 at 80 ka and 120 ka. The reconstructed
305 PIC:POC export ratio is globally correlated with the CaCOs content, with higher values during interglacials and lower
306  values during cold periods (Fig 8c).
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307 Figure 8. Comparison of the reconstructed POC export flux and PIC:POC ratio with previously published data for core
308 PS1768-8. a) Atmospheric CO; (black, Bereiter et al., 2015) and dust flux (brow, Lambert et al., 2012) from EPICA Dome C
309 (EDC) ice core. b) Reconstructed deep-ocean POC flux (blue, this study) and sediment total organic carbon (TOC) content
310  (black, Kuhn and Bohrmann, 1996). ¢) Reconstructed PIC:POC export ratio (red, this study) and sediment CaCO5 content
311  (black, Kuhn and Bohrmann, 1996). d) Ice rafted debris (IRD) abundance (Diekmann et al., 1996). In b) and c), the
312  continuous line is the transfer functions average and the colored area is the transfer functions envelope. Grey and blue bars

313 asinFig. 6.
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314 In core PS1786-1 (Atlantic sector), the highest POC flux of 0.3 mol m™ d" during the LGM is concomitant high
315  dust flux, low atmospheric CO, (Fig. 9a) and high diatom-bound §'*N values (Fig. 9b). The large POC flux and diatom-
316  bound §"N decreases between ca. 18 and 15 ka are concomitant. However, during the late Holocene the two signals are not
317  correlated. Contrary to core PS1768-8, the reconstructed PIC:POC export ratio is not correlated with the CaCO; content
318  (Fig. 9c), but the latter must be taken with caution as the sediment core depth (5862 m b.s.1.) is deeper that the carbonate
319  compensation depth, suggesting CaCOs dissolution. Decreases in the PIC:POC ratio are associated with increases in the

320  abundance of IRD during MIS 2, when the higher IRD accumulations occurred.
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321  Figure 9. Comparison of the reconstructed POC flux and PIC:POC ratio with previously published data for core PS1786-1.
322 a) Atmospheric CO; (black, Bereiter et al., 2015) and dust flux (brown, Lambert et al., 2012) from EPICA Dome C (EDC)
323 ice core. b) Reconstructed deep-ocean POC flux (blue, this study) and diatom-bound §"°N (black, Jacot Des Combes et al.,
324 2008). c) Reconstructed PIC:POC export ratio (red, this study) and sediment core CaCO; content (black, Grobe, 1996). d)
325 Ice rafted debris (IRD) abundance (Grobe, 1996). In b) and c), the continuous line is the transfer functions average and the

326  colored area is the transfer functions envelope. Grey and blue bars as in Fig. 6.
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327 In core PS2606-6 (Indian sector), the highest POC flux (0.3-0.4 mol m? y™) is again concomitant with high dust
328  and low atmospheric CO, during MIS 2 but is not correlated with the low diatom-bound 8'*N values (1-2 %o) between ca. 25
329  kaand 18 ka (Fig. 10a, b). However, both records seem to co-evolve around the ACR from ca. 18 ka to 10 ka. The PIC:POC
330 ratio increases from 0.3 to 1 between the LGM and the beginning of the Holocene which is matched by the abrupt increase
331  in the CaCOjs content from 0 to 12 % between 18 ka and 12 ka (Fig. 10c).
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332 Figure 10. Comparison of the reconstructed POC export flux and PIC:POC ratio with previously published data for core
333 PS2606-6. a) Atmospheric CO, (black, Bereiter et al., 2015) and dust flux (brown, Lambert et al., 2012) from EPICA Dome
334 C (EDC) ice core. b) Reconstructed deep-ocean POC flux (this study) and diatom-bound §'"*N (Jacot Des Combes et al.,
335 2008). ¢) Reconstructed PIC:POC export ratio (this study) and sediment core CaCOs content (Kuhn, 2003). d) Ice rafted
336  debris (IRD) abundance (Grobe, 2001). In b) and c), the continuous line is the transfer functions average and the colored

337  areais the transfer functions envelope. Grey and blue bars as in Fig. 6.
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338 In core PS75/72-4 (Pacific sector), high POC fluxes are again concomitant with high dust fluxes and high IRD
339  abundance during MIS 2 and MIS 6 (IRD are not quantified in core PS75/072-4, data comes from two cores RS15-LC48
340 and V1439 located in the southern and northern parts of the Pacific sector, respectively). The MIS 5 shows short events of
341  increased POC flux associated with increased dust fluxes at 80-85 ka and 105-110 ka (Fig. 11a, b). The POC flux closely
342  matches the diatom-bound §'°N although the correlation is less evident when considering only the centric diatoms (Fig.
343 11b). The PIC:POC export ratio is higher at the beginning of MIS 5 and decreases during MIS 2-4 and MIS 6 (Fig. 11c¢).
344  The Ba/Fe ratio is negatively correlated with the reconstructed POC flux and the diatom-bound "N but is positively
345  correlated with the PIC:POC export ratio (Fig. 11c).
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346  Figure 11. Comparison of the reconstructed POC export flux and PIC:POC ratio with previously published data for core
347  PS75/072-4. a) Atmospheric CO, (black, Bereiter et al., 2015) and dust flux (brown, Lambert et al., 2012) from EPICA
348 Dome C (EDC) ice core. b) Reconstructed deep-ocean POC flux (blue, this study) and diatom-bound §'*N (black, Studer et
349  al, 2015). ¢) Reconstructed PIC:POC export ratio (red, this study) and sediment Ba/Fe elemental ratio (black, Studer et al.,
350  2015). d) Ice rafted debris (IRD) abundance from other cores in the Pacific sector : the Somov sea (McKay et al., 2022) and
351  the Campbell plateau (Carter et al., 2002). In b) and c), the continuous line is the transfer functions average and the colored
352  areais the transfer functions envelope. Grey and blue bars as in Fig. 6.
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353 4.3 Consistency of the reconstructed biological and carbonate pump during glacial/interglacial periods

354 At the global SO scale, we report a two times higher deep-ocean POC flux during MIS 2 compared to the Holocene
355 and a 1.5 times higher flux compared to the modern sediment trap average. This is consistent with modeling studies that
356 quantified the difference in the upper-ocean (~100 m) POC export between the LGM and the preindustrial era in the SO :
357  +20 % (Bopp et al., 2003), +20 % to +80 % (Tagliabue et al., 2009), +0 % to +300 % (Lambert et al., 2015), +40 %
358  (Yamamoto et al., 2019). There are fewer estimates of the PIC:POC ratio during the LGM. At global scale, the modeling
359  study by Bopp et al. (2003) suggested a LGM PIC:POC export ratio 8 % lower than preindustrial, in agreement with our SO

360 estimate of 13 % and 17 % lower MIS2 value compared to modern sediment trap data and Holocene, respectively.

361 Several studies previously proposed that during glacial or colder periods, export production increased in the SAZ
362  due to iron fertilization while it decreased in the AZ due to lower nitrate utilization associated with higher ocean vertical
363  stratification (Frangois et al., 1997; Jaccard et al., 2013; Gottschalk et al., 2016; Sigman et al., 2021). In these studies,
364  export estimates in the SAZ are based on alkenone flux and/or §'°N, while in the AZ they are based on the Ba/Fe ratio, opal
365 flux or "N proxies. Contrasting with these findings, our study shows that the reconstructed POC export flux increases
366  during glacial periods in the AZ, associated with high IRD inputs and high atmospheric dust flux. In core PS75/072-4,
367 during MIS 5, the reconstructed POC flux decreases while the Ba/Fe ratio increases together with the reconstructed
368 PIC:POC ratio (Fig. 11c). The Ba/Fe carbon export proxy is associated with several potential limitations when applied to
369 SO sediment cores such as variations in dissolved Ba in oceanic waters and variations in barite preservation in organic
370  matter-rich sediments (Francois et al., 1997; Averyt and Paytan, 2004; Hernandez-Sanchez et al., 2011). Higher PIC export
371  and lower organic carbon accumulation during warm periods might cause a lower sedimentary TOC content leading to a
372 better preservation of barite in sediments, hence increasing the Ba/Fe ratio. The sensitivity of the Ba/Fe proxy to organic

373  matter content might thus explain the discrepancy between our reconstructed POC flux and the Ba/Fe elemental ratio.

374 The reconstructed POC flux increase is highly correlated with diatom-bound §'°N in core PS75/072-4 (Fig. 8b) and
375 with TOC in core PS1768-8 (Fig. 11b). Diatom-bound 8N reflects the degree of nitrate utilization by phytoplankton
376  (Altabet and Francois, 1994). During glacial periods in the AZ, high diatom-bound 8N associated with low opal
377  accumulation rate have been interpreted as a more complete nitrate utilization caused by lower nitrate supply in the surface
378  ocean due to higher vertical stratification, ultimately resulting in lower opal export fluxes (Studer et al., 2015). Our new
379  transfer functions show an increase in deep-ocean POC export in the AZ during glacial periods, which could appear as
380 inconsistent with lower opal export flux. However, if there is a shift from a high to low biogenic silica to POC ratio diatom
381 community, a decrease in flux opal flux can occur (Assmy et al., 2013; Tréguer et al., 2018). Hence, the reconstructed
382  glacial increase of POC flux associated with a decrease in opal flux is coherent with a diatom community shift from silica to

383  carbon sinkers together with a higher zooplankton contribution to the total POC export flux.
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384 4.4 Processes driving the biological pump and carbonate counter-pump changes in the Antarctic Zone

385  The global biological pump efficiency can be decomposed into two critical steps quantified by export efficiency and transfer
386 efficiency. Export efficiency refers to the proportion of the primary production that is exported out of the mixed layer, and
387  transfer efficiency is the fraction of exported organic matter that is not remineralized in the mesopelagic zone and reaches
388  the deep ocean >1000 m (Henson et al., 2012; Doney et al., 2024). The analysis of the detrital fraction in sediment cores
389  suggests that both the SAZ and the AZ were fertilized by atmospheric dust deposition during glacial periods (Struve et al.,
390  2020). Iron fertilization could lead to the higher macronutrient utilization in the AZ deduced from increased diatom-bound
391  §"N, hence resulting in higher export efficiency mediated by bloom-forming and spore-forming diatoms (Blain et al., 2021),
392 in agreement with the original iron hypothesis (Martin, 1990; Moore et al., 2000). Moreover, we observe a tight coupling
393  between markers of ice presence (IRD) and increases in the reconstructed deep-ocean POC flux. The northward migration
394 of the winter sea-ice edge during glacial periods (Crosta et al., 2022) could contribute to the increase in the large
395  zooplankton-mediated POC export, increasing transfer efficiency. Hence, both the dust fertilization and the extended sea ice

396  area could drive a globally more efficient biological pump during glacial periods.

397 The Atlantic record of core PS1768-8 shows an elevated POC flux throughout MIS 2 (Fig. 8b) whereas in the
398 Indian and Pacific sector the POC export starts to decrease earlier, around 20 ka (Fig. 10b, 11b). This might result from two
399  processes : different iron fertilization and/or different timing of deglaciation. Model results suggest that LGM dust fluxes
400  where higher in the Atlantic sector, potentially leading to higher export production when compared to the other SO sectors
401 (Lambert et al., 2015). In the Atlantic core PS1768-8, the high IRD abundance until the end of MIS 2 (Fig. 8d) suggests a
402  longer influence of sea ice extension compared to core PS2606 in the Indian sector (Fig. 10d). Crosta et al. (2022) suggested
403  an earlier ice retreat in the Pacific when compared to the two other sectors, although the timing of the ice retreat is not well
404  constrained in all the SO sectors. Reconstructions for the high temporal resolution cores PS97/72-1 and COR1GC shows
405  that there is a substantial increase in POC export during the ACR (Fig. 6a, d). As sea ice extension notably increased during
406  ACR (Vorrath et al., 2023), our results suggest a coupling at short time scale between changes in sea ice extension and deep-
407  ocean POC export, supporting the idea of sea ice as an important factor driving plankton community composition and the

408 efficiency of the biological pump (Moore et al., 2000).

409 The increase in the reconstructed PIC:POC ratio during deglaciations in the three sectors of the SO is tightly
410  coupled with the decrease in IRD in SO sediments. This observation is consistent with enhanced coccolith export related to
411  the rising sea surface temperatures and decreasing sea ice extension (Duchamp-Alphonse et al., 2018). While there is a
412  similar higher MIS 2 POC flux in the three sector of the SO compared to the Holocene (Fig. 7a), the reconstructed MIS 2
413  PIC:POC export ratio in the Pacific is higher than that of the two other sectors (Fig. 7b). This geographical contrast suggests
414 a sector-specific response of the calcifying plankton community during glacial conditions. Indeed, studies have
415  demonstrated that coccolithophores dominates the PIC in the PFZ of the Pacific Ocean, where they are mostly represented
416 by Emiliania huxleyi morphogroup B that is rare in other high latitude environments (Saavedra-Pellitero et al., 2014, 2025).
417  Coccolithophores biogeography might be responsible for the specifically high MIS 2 PIC:POC export ratio of the Pacific
418  sector compared to the Atlantic and the Indian sectors, although a direct quantification and identification of coccoliths the

419  sediment cores are necessary to confirm this hypothesis.
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420 5 Conclusion

421  The compilation of sediment trap and sediment core datasets from the SO allowed us to create three new independent
422  transfer functions to reconstruct deep-ocean POC export flux and PIC:POC ratio. The three methods (MLR, PLSR, GBR)
423  used to design these transfer functions provide convergent results, however the PLSR and GBR approaches are associated
424  with lower errors. The factor analysis associated with the MLR allows to identify ecologically-consistent diatom groups
425  associated with POC export and PIC:POC ratio. High POC export is correlated with bloom-forming and resting spores-
426  forming diatoms, as well as sea ice-related diatoms. High PIC:POC ratio is associated with warmer SAZ diatom species.
427  Indeed, the number of sediment trap data is an inherent limitation to the precision of the transfer functions. Hence, to
428  improve these, the sediment trap sampling effort conducted during the 1990-2010 period must be continued. Furthermore,
429  standard deployment depth and sampling frequency coupled with a homogeneous diatom identification procedure would

430 also increase transfer functions quality.

431 Based on nine sediment cores located in the three sectors of the SO, we show a POC export increase during glacial
432  periods in the AZ. This result is in agreement with studies based on diatom-bound §'°N and total organic carbon content but
433  contradicts results based on the Ba/Fe ratio proxy. We argue that preservation of Ba in SO sediments could potentially
434  hinder the use of this latter proxy. To explain the glacial increase of POC flux observed in the AZ of the global SO, we
435  suggest that dust-induced iron fertilization together with a northward migration of the sea ice edge during glacial periods
436 lead to a stronger biological pump resulting from the direct export of bloom-forming diatom combined with higher export of
437  zooplankton feeding on ice-associated diatoms. This concept is consistent with the first estimate of glacial SO CO; sink
438  (Moore et al., 2000) and with more recent estimates of nutrient utilization in the SAZ and AZ (Wang et al., 2017). We also
439  show that the PIC:POC ratio increases during deglaciation, in agreement with the previously proposed view of a stronger
440  carbonate counter-pump caused by the concomitant development of calcifying plankton in warmer water. Our results
441  highlight the role of SO biology in lowering atmospheric CO, during the LGM as the result of a higher biological pump
442  (+50 %) and a lower carbonate counter-pump (-17 %) compared to the Holocene. The application of the new proxies
443  presented in this study to sediment cores of from the SAZ could allow a direct comparison of the two SO zones, leading to a
444  better comprehension of the latitudinal response of the biological pump and carbonate counter-pump during glacial periods

445  and at the glacial-interglacial transitions.
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