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Abstract

:

Analysis of planktonic and benthic foraminifers’ accumulation rates from the Iberian margin reveal a substantial change in the biogenic ocean-atmosphere CO2 exchange during the Mid-Pleistocene Transition (MPT; ~800–650 ka from present). Such changes resulted from the major reorganisations in both surface and deep-water circulation that occurred in the North Atlantic at the time, and affected the behaviour of this upwelling region as a CO2 uptake/release area during climate cycles before and after the MPT. During Marine Isotope Stages (MIS) 21-MIS 20 (860–780 ka), this margin acted mostly as an uptake area during interglacials and early glacials. During glacial maxima and terminations it would be neutral because, although surface production and export were very low, carbon storage occurred at the seafloor. During MIS 15-MIS 14 (630–520 ka), the pattern was the opposite, and the Iberian margin worked as a neutral, or as a source area during most interglacials, while during glacials it acted as an important uptake area. Present findings support the idea that glacial/interglacial atmospheric pCO2 oscillations are partly driven by alterations in the meridional overturning circulation that results in substantial variations of the biological pump, and carbon sequestration rate, in some high-productivity regions.
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1. Introduction


Variations in biological oceanic processes modify the atmospheric carbon sequestration rate, which has direct implications on climate change. It is known that subpolar oceans, where most of CO2 sink occurs today, registered during the Quaternary episodic release of CO2 to the atmosphere. Carbon sequestration begins with primary production, for example, [1], which occurs in the surface of the oceans but fuels heterotrophic activity from the surface to the seabed. Around 5–15% of the carbon is exported to the depths through mixing, advection, diffusion, passive sinking, and active transport [2,3]. The zooplankton have a significant impact on this biological pump [4]. They consume organic matter and form a biomass that, by vertical migration, will be transported to the aphotic zone, and eventually will end up in the seabed. Here, the organic matter will be remineralized or stored. Besides, vertically migrating zooplankton feed in surface waters but excrete at depth, actively transporting organic material to the meso- and bathypelagic zones. The zooplankton are responsible for up to 70% of the total organic particulate carbon (POC) exports [5,6,7,8].



Local physical dynamics influence the carbon budget. In upwelling margins, offshore transport by upwelling filaments can exceed Ekman transport [9], and the lateral advection increases the carbon export with depth [4,10,11]. Such conditions complicate the reconstruction of past surface processes based on fossil assemblages. In addition, dissolution affects each planktonic group differently. In this line, studies of vertical fluxes of different planktonic groups [11] demonstrated that foraminifers are the least altered group. Foraminifers’ assemblage recorded in sediments is the most similar to the assemblage collected by surface traps, being almost unaffected by lateral advection. Diatoms’ accumulation rate, on the contrary, is four times higher in sediments than in surface traps. Thus, it seems advisable to prioritise foraminifers for studying past variations of the biological pump.



During the Quaternary, the atmospheric pCO2 has oscillated in parallel to glacial/interglacial cycles, glacial values being ~80–100 μatm lower than interglacials ones [12]. The climate phasing underwent a major transition ~800–650 ka ago, changing from 41-ky to 100-ky cycles (MPT) [13], in which the pCO2 was probably involved [14,15]. Of the carbon pools on Earth, the oceanic one is the most likely to be related with these glacial/interglacial atmospheric CO2 variations [16,17]. The returning time of CaCO3 rocks is too slow [18], and the terrestrial biosphere released carbon during glacials [19], the opposite variation to the recorded lowered pCO2.



At present, most of the CO2 sink occurs in the high-latitude ocean, while tropical areas release it [20]. This is related to the lower temperature in the subpolar ocean that enhances gas solubility. Besides, the higher concentration of nutrients in these waters results in increased productivity, and fuels the biological pump. Subarctic oceans record more than twice the POC export compared to oligotrophic, subtropical waters [21]. Nevertheless, measurements of modern sea-air CO2 flux [22] identify other uptake areas, like some continental shelves and upwelling areas. The coastal upwelling west of Iberia is one of these, and registers a sea-air pCO2 difference varying yearly between −20 and −45 µatm (the more negative the value, the higher the CO2 absorption). Recent studies show that some present-day sink areas, like the high-latitude North Atlantic and Pacific, released CO2 in the past during episodes of severe environmental changes, such as hypoxia, increased sea ice formation, or reduced deep-water formation [23,24].



During the Pleistocene, the upwelling region west of Iberia registered severe cooling events that reduced primary and secondary production [25,26,27,28,29]. These events were related to major reorganizations of the Atlantic Meridional Overturning Circulation (AMOC) that occurred as a consequence of deglaciations [30]. Nevertheless, no research has been conducted to explore a potential variation of the sea-air CO2 exchange in upwelling areas, related to the major reorganizations in both surface [31] and deep-water [32] circulation that occurred in the North Atlantic during the Mid-Pleistocene Transition (MPT; ~800–650 ka from present). The objectives of the present work are to explore the potential change in the CO2 flux in the western Iberian margin (Figure 1), and the behaviour of this region as an uptake/release area during climate cycles before/after the MPT. For this, planktonic and benthic foraminifers were studied as indicators of surface productivity, carbon export, and deep-ocean carbon accumulation. The study time-intervals are two climate cycles of contrasting characteristics, before/after the MPT [33,34], Marine Isotope Stages (MIS) 21-20 (860–780 ka) and MIS 15-14 (630–520 ka), (Figure 2) (Appendix A).




2. Material and Methods


2.1. Study Site


The Portugal Current (PC), which is the southward branch of the North Atlantic Current (NAC), dominates the surface circulation in the western Iberian margin [35] (Figure 1). Nevertheless, the seasonal migration of the Azores anticyclone cell and its associated large-scale wind patterns determine important hydrographic variations in the region. During most of the year, coastal convergence conditions prevail, favouring convection of surface waters. This convection can reach depths between 700 m, in the north of the Iberian margin, and less than 200 m towards the south [36]. In summer, the weakening of the Iceland Low Pressure area favours the northward migration of the strengthened Azores high-pressure cell. This results in strong northerlies along west Iberia that induce the upwelling of cold, less salty, and nutrient-rich sub-surface waters [36]. Upwelled waters form an averaged 50 km-wide band along the coast, with extensions and filaments that penetrate more than 200 km offshore [37].



The deep mass of water in the site is the North Atlantic Deep Water (NADW). It flows between ~2200 and ~4000 m depth, above the Antarctic Bottom Water (AABW) [38].



The study site IODP-U1385 (37°34.284′ N, 10°7.562′ W; 2589 m water depth) is located within the upwelling band in surface. Although during interglacials the deep mass of water is the NADW, it is substituted by AABW during glacials (Figure 2). This substitution is due to the decrease in the NADW formation that occurs during glacial stages. Sediments consist on hemipelagic calcareous muds and calcareous clays. Biogenic carbonate ranges between 23–39%, due to enhanced terrigenous input during glacials [39].




2.2. Sediment Data and Calculations


This study uses 105 samples from the sections 65.7–76.9 and 91.3–99.3 crmcd (corrected revised meters of composite depth [45]), providing a 1.75-ky-resolution record. One-cm-thick samples were freeze-dried, weighted, and sieved to obtain the >150 μm fraction. This fraction was split into aliquots containing, at least, 300 planktonic foraminifer specimens. One of these aliquots was used to identify planktonic foraminifer taxa, as described in [46], and to count total benthic foraminifers.



Planktonic and benthic foraminifers’ accumulation rates were calculated by multiplying the accumulation of foraminifers (number of tests/g of dry sediment) by the accumulation rate of the sediment (g of dry sediment/cm2 ky). The Planktonic foraminiferal Accumulation Rate (PAR) is a measure of the secondary surface production and the carbon export. Accordingly, it can be used to indicate effective CO2 uptake. That is, the CO2 that is not only absorbed at surface, but also pumped to depths. The Benthic foraminifer Accumulation Rate (BAR) can be considered an index for the amount of organic carbon delivered to the bottom and, thus, for the potential CO2 sequestration and re-mineralization in the seafloor. This correlation is based in the knowledge that high densities of benthic foraminifers are related with high organic carbon supply to the seafloor [28,47,48]. The comparison between the PAR and the BAR allows the evaluation of both the CO2 export in surface, and its storage at the bottom, that is, the effective carbon sequestration in this area.



The Annual Sea Surface Temperature (SST) was reconstructed by the artificial neural network method [49], using the MARGO North Atlantic database [50].



The age model follows the oxygen isotope stratigraphy [41]. This is based on the correlation of the benthic δ18O record from site U1385 with the global benthic LR04 isotope stack. This stack is a composite of 57 benthic δ18O records distributed globally, and it is tuned to an ice model, and to orbital parameters to provide an age model for the Plio-Pleistocene [43].





3. Results


3.1. Surface Production and Export


For the whole study-interval, low PAR coincided mostly with low, or sharply decreasing SST. Nevertheless, there is no correlation in magnitude, as the lowest PAR did not correspond to the lowest SST (Figure 3c,d,g,h). Substantially reduced PAR coincided better with rapidly increased levels of AABW in the area, as indicated by sharp descents in the δ13C record (Figure 3a,b).



During MIS 21–20, PAR oscillated between 695–42,190 test·cm−2 ky−1. The most prolonged interval below 10,000 test·cm−2 ky−1 coincided with MIS 20 glacial maximum and T IX (Figure 3d). Contrary to this, through the sixth climate cycle, PAR was generally low during interglacial MIS 15, increased progressively since the glacial inception, and reached very high values during glacial MIS 14 (mostly above 10,000 and reaching 48,506) (Figure 3c). PAR was much higher during MIS 14 than during MIS 20.




3.2. Organic Matter Reaching the Seafloor


The BAR ranges between 73–1214 test·cm−2 ky−1 during MIS 21–20, and between 12.5–1900 test·cm−2 ky−1 through MIS 15–14 (Figure 3e,f). Interglacial MIS 21 registered substantially higher BAR than the younger interglacial MIS 15. The comparison between glacials offers the opposite record, BAR being three times higher during MIS 14 than during the older glacial MIS 20.



The benthic record is similar to the planktonic one; low BAR mostly coinciding with low-PAR intervals, although the magnitude of variations changes (Figure 3c,f). This correspondence of BAR with the PAR record is expectably, considering that benthic communities depend on the carbon export from surface e.g., [28,53,54]. Nevertheless, there are remarkable differences between both records at some times, and low BAR coincided with higher PAR. Some of these are the interval 858–847 ka, at 803 ka, and at 798 ka (Figure 3d,f)





4. Discussion


4.1. Carbon Cycle Dynamics during MIS 21-MIS 20 (860–780 ka)


During this climate cycle, deep-cooling episodes occurred that were related to Heinrich-type events [30]. It should be expected that such events would modify the structure of surface ecosystems and result in decreased production, which, in consequence, should have reduced the effective absorption of CO2. This is what happened during other, more recent Heinrich events, for examples see [27,28]. Nevertheless, during MIS 21-20 the lowest PAR did not correspond to the coldest SST (Figure 3d,h), which suggests another cause contributed to reduce production.



It is known that during this cycle the NADW formation was very weak [32], which favoured the presence of AABW in site U1385 [31], as the low δ13C indicates (Figure 3b). Episodes of sharp and severe weakening of the AMOC would have driven lowered production, and carbon export, in the Iberian upwelling system during MIS 21-20. A weak AMOC means a weak surface and subsurface circulation, which maintain the nutrient stream that allows to sustain the levels of biological productivity over long timescales. This would decrease the nutrient availability in surface waters and, consequently, diminish primary production and the subsequent carbon export (PAR). This interpretation is corroborated by the coincidence of drops in PAR with rapid rises of AABW in the area (Figure 3b,d). The most prolonged interval of reduced production and, thus, of reduced biological CO2 absorption, occurred during MIS 20 glacial maximum and T IX (Figure 3d), when surface circulation in the North Atlantic almost collapsed [31].



The presence of the oxygen-poor AABW in depth is favourable to the accumulation of organic matter in the sediment. In this scenario, the benthic community is not able to consume all of it and storage of organic carbon occurs [28]. Therefore, if a high amount of organic carbon reaches the poorly ventilated bottom, it will result in the impoverishment of the benthic habitat [54,55], and in the enhancement of carbon sequestration. This is probably what happened during 803 and 798 ka (Figure 3b,d). The high surface absorption and export of CO2, combined with very low oxidation of organic matter at the bottom, would outcome in very high carbon sequestration rates. At these times the southwest Iberian margin would have acted as an intense CO2 uptake area.



The opposite would happen when the deep mass of water was the more ventilated NADW. Oxidising conditions at sea floor would deplete the organic matter at disposal for benthic communities, and prevent carbon sequestration. Besides, in areas like the study site, the CO2 resulting from oxidation is easily upwelled and, if not absorbed by the planktonic community, outgassed. This is what could have happened during the prolonged interval 858–847 ka (Figure 3b,d), when oxidising conditions at the bottom coincided with relatively low biological pump in surface waters, as informed by PAR. In consequence, little carbon sequestration, or even CO2 release to the atmosphere, would have occurred in the southwest Iberian margin during the early MIS 21; with the exception at 852 ka, that registered an episode of high biological pump (Figure 3d,f).




4.2. Carbon Cycle Dynamics during MIS 15-MIS 14 (630–520 ka)


During MIS 15 and early MIS 14, the effective biological absorption and export of CO2 in the study area was generally lower than during MIS 21, as indicated by more prolonged intervals of very low PAR (Figure 3c). The repeated and rapid advection of very low-salinity, and cold subpolar water to the area at the time [26,30] would have been responsible of this. Although SST was not so low as to cause drastic decrease in production (Figure 3g), sudden changes in salinity modify severely the structure of surface ecosystems and result in drops in production [25,26,27,28,29].



The little amount of organic matter that reached the bottom would rapidly oxidise, in contact with the highly oxygenated NADW that bathed the seafloor at U1385 depths during most of MIS 15 (Figure 3a). Therefore, the availability of food for benthic communities was very scarce, according to the low BAR (Figure 3e), and no carbon could be remineralized nor stored at the time. Besides, it is very probable that upwelled waters brought to surface additional CO2 that did not enter the biological pump, as very low PAR suggests. In consequence, the southwest Iberian margin, an area of CO2 uptake today [22], would have worked mostly as a CO2 source during 618–564 ka.



The biological pump reactivated considerably off Iberia during MIS 14 (Figure 3c,e). Still, pronounced reductions of carbon export were related with rapid weakening of the AMOC, evidenced by rapid substitutions of NADW by AABW in the study site. During the last climate cycle, episodic releases of CO2 happened in the subpolar North Atlantic and North Pacific, both of them areas of intense CO2 uptake today. It is thought that, at that time, they contributed to increasing the atmospheric pCO2 [23,24]. Weakened surface-water sinking-rate has been argued as a cause for such episodes. Nevertheless, during MIS 14, only the episode of weakened NADW formation at ~556 coincided with a substantial pCO2 increase (Figure 3a,i), which suggests that only AMOC alterations of particular magnitude have an influence in the global CO2 balance. In summary, the southwest Iberian margin acted mostly as an intense CO2 uptake area during most of glacial MIS 14, contrary to what happened during interglacial MIS 15, and also during the previous glacial MIS 20 (Figure 3c,f).



T VI registered a lesser, and more gradual, increase of pCO2 and pCH4 than both T IX, and the partial deglaciation at 580 ka (Figure 3i,j). This could have been related to a change in the biological pump and carbon sequestration rates in some high-productivity regions, like the Iberian upwelling.




4.3. CO2 Uptake/Release Variation in Relation with Changes of the North Atlantic Circulation during the MPT


Increased biological pump as consequence of enhanced supply of land-derived nutrients, during glacials, has been postulated as partly accounting for glacial/interglacial atmospheric pCO2 oscillations [56,57]; another potential driver being the drastic rearrangement of ocean circulation that happened at deglaciations [58]. Kohfeld et al. [59] observed that the export-production during the last glacial maximum was higher than during the Holocene and the previous interglacial, both in the global ocean and in the west Iberian margin. Here, greater biological pump activity was also recorded during glacial MIS 12, respect to interglacials MIS 13 and MIS 11 [29]. Nevertheless, the present work shows that the export-production did not keep the same pattern throughout the whole Pleistocene, at least not in this region. While in the MIS 15-MIS14 climate cycle the export-production off west Iberia varied similarly to the younger cycles, during MIS 21-MIS 20 its variation was the opposite. That is, higher export-production during most of the interglacial than during the glacial maximum (Figure 3c,d). This dissimilar behaviour suggests that variations of export-production off Iberia were not related with changes in the land-derived nutrient supply. The ice volume was larger in MIS 20 than in MIS 14, according to δ18O values (Figure 2a,b). Thus, the nutrient supply should also have been greater—but the export-production was much lesser.



During MIS 16 (678–620 ka; Appendix A), an important reorganisation of the surface circulation occurred in the North Atlantic that severely affected the oceanography off Iberia, especially during glacial stages [31]. In glacials previous to MIS 16, the North Atlantic surface and subsurface circulation drastically weakened. This reduced the nutrient stream along the Iberian margin, and the nutrient availability in surface, resulting in decreased primary and secondary production. Contrary to this, in glacials after MIS 16, the surface and subsurface circulation remained very strong in the North Atlantic, which favoured much higher primary and secondary production off Iberia (Figure 3c,d).



If the mid-Pleistocene rearrangement of the North Atlantic surface circulation [31] was responsible for the change of pattern in the southwest Iberian margin CO2 absorption and export, the intensification of NADW formation, which also happened at the time, can account for variations in the carbon remineralisation and storage at the bottom. During interglacials previous to MIS 17 (710–678 ka; Appendix A), the oxygen-depleted AABW occupied the abyssal mid-latitude North Atlantic [32], which favoured the storage of whatever organic matter that reached the seafloor. Since MIS 17, on the other hand, the highly ventilated NADW spread throughout the abyssal North Atlantic, especially during interglacials (Figure 3a,b). This mass of water rapidly oxidised the organic matter that reached the bottom, which resulted in null carbon sequestration. Only during glacials, when the NADW formation weakened, the AABW advanced northward, oxidation decreased, and carbon storage resumed in the Iberian upwelling margin (Figure 3a,b,e,f).



The combined effects of variations in the biological absorption of CO2 in surface waters, and the carbon storage in depth resulted in a substantial change of pattern of the sea-air CO2 exchange off Iberia, during climate cycles before/after the MPT. Before the MPT, the west Iberian margin acted mostly as a CO2 uptake area during interglacials and early glacials. Conversely, during glacial maxima and terminations it would be neutral, as surface production and export were very low but carbon storage occurred in the bottom. After the MPT the pattern switched, the Iberian margin worked as a neutral, or as a source area during most of interglacials, and as an important uptake area during glacials (Figure 3c–f).





5. Conclusions


One of the most widely accepted explanations for the glacial/interglacial oscillation of the atmospheric pCO2 is an enhancement of the biological pump during glacials, which would result from an increased supply of land-derived nutrients [56,57]. Another cause could have been the drastic change in the ocean circulation that happened during deglaciations [58]. On the other hand, it has been demonstrated that a major reorganisation of the AMOC occurred during the MPT (~800–600 ka) that severely affected the North Atlantic basin, especially during glacials [31,32]. The present study, conducted in the Iberian upwelling system, supports the idea that glacial/interglacial atmospheric pCO2 oscillations are not mainly driven by variations in the supply of land-derived nutrients. Results show that AMOC changes caused substantial variations in the biological pump and carbon sequestration rates off Iberia. These variations resulted in shifts of the ocean-atmosphere gas balance in this upwelling region, and could also have happened in other high-productivity regions.



The AMOC changes that occurred during the MPT affected the sea-air CO2 exchange in the southwest Iberian upwelling area, and altered its behaviour as a CO2 uptake/release area during climate cycles before and after the MPT. Before the MPT, the west Iberian margin acted mostly as an uptake area during interglacials and early glacials. During glacial maxima and terminations it would be neutral because, although the surface production and export were very low, carbon storage occurred at the seafloor. After the MPT, the pattern switched and the Iberian margin worked as a neutral, or as a source area during most of interglacials, while during glacials it acted as an important uptake area.



Through the MIS 21-MIS 20 climate cycle (860–780 ka), frequent episodes of weak surface circulation in the North Atlantic affected the Iberian margin by reducing the mixing of water, and the nutrient availability in surface. This resulted in diminished primary production and carbon export. In consequence, biological CO2 absorption in the area decreased substantially during such episodes. The most prolonged of these encompassed MIS 20 glacial maximum and T IX, when surface circulation in the North Atlantic almost collapsed. Nevertheless, the very low rate of NADW formation at that time favoured the presence of the poorly oxygenated AABW well above 2590 m in the Iberian margin, which resulted in little respiration of the organic matter and its storage at the seafloor.



Through MIS 15, the biological absorption of CO2 in the study area was generally lower than during MIS 21, as a consequence of the frequent advection of low-salinity and cold subpolar water, which disturbed the planktonic ecosystem. Besides, the strong AMOC induced the presence of the highly ventilated NADW at the site bottom during most of the interglacial, which would have oxidised all the organic matter reaching the seafloor. As a result, this area probably released CO2 during prolonged intervals between 618 and 579 ka. Contrary to this, during MIS 14 and other glacials since MIS 16, the strong surface circulation in the North Atlantic maintained a relatively deep column of mixed surface-water off Iberia. This favoured much higher primary and secondary production. As a consequence, the absorption of atmospheric CO2 through glacials after the MPT was much higher than during previous glacials. Carbon storage at the seafloor also increased during MIS 14 and younger glacials. It was the aftermath of the decreased ventilation that was associated with the weakening of the AMOC during glacial periods.
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Appendix A


Distribution of climate cycles, Marine Isotope Stages (MIS), and Terminations (T) of middle and late Pleistocene [60].
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Figure 1. (a) Surface circulation in the North Atlantic and location of the study-site. AF, Arctic Front; AzC, Azores Current; NAC, North Atlantic current; PC, Portugal Current. (b) Site U1385 bathymetry [40]. 
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Figure 2. (a,b) Benthic δ18O record from site U1385 [41] in black; the grey fill enhances glacial conditions according to the threshold for the North Atlantic [42]. In purple, the global LR04 stack [43]. (c,d) Benthic δ13C record from site U1385 [41]; the orange fill enhances 13C-depleted values typical of AABW [44]. The more negative δ13C, the higher the boundary between the North Atlantic Deep Water (NADW) and the Antarctic Bottom Water (AABW) is above the sea-floor. Terminations (T) are marked in roman numerals, and marine isotope stages are written on top of the figure. 
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Figure 3. Records from site U1385 during the ninth and sixth climate cycles, compared with greenhouse gasses. (a,b) Benthic δ13C [41]; the fill enhances 13C-depleted values typical for AABW [44]. The more negative the δ13C, the higher the boundary NADW/AABW is in the study site. (c,d) Planktonic foraminiferal Accumulation Rate (PAR) (#complete planktonic foraminifer shells/cm2 ky). (e,f) BAR (#complete benthic foraminifer shells/cm2 ky). (g,h) Annual Sea Surface Temperature (SST); the fill enhances values below 16.6 °C, which is the average SST for the study-interval. (i,j) CH4 (green) [51] and CO2 (red) [52] content in the Antarctic ice. Terminations are marked in roman numerals, and MISes are written on top of the figure. Grey bands highlight intervals of low CO2 absorption. 
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