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The time series of downward particle flux at 3000 m at the Porcupine Abyssal Plain Sustained Observatory (PAP-SO) in the Northeast Atlantic is presented for the period 1989 to 2018. This flux can be considered to be sequestered for more than 100 years. Measured levels of organic carbon sequestration (average 1.88 gm−2 y−1) are higher on average at this location than at the six other time series locations in the Atlantic. Interannual variability is also greater than at the other locations (organic carbon flux coefficient of variation = 73%). We find that previously hypothesised drivers of 3,000 m flux, such as net primary production (NPP) and previous-winter mixing are not good predictors of this sequestration flux. In contrast, the composition of the upper ocean biological community, specifically the protozoan Rhizaria (including the Foraminifera and Radiolaria) exhibit a close relationship to sequestration flux. These species become particularly abundant following enhanced upper ocean temperatures in June leading to pulses of this material reaching 3,000 m depth in the late summer. In some years, the organic carbon flux pulses following Rhizaria blooms were responsible for substantial increases in carbon sequestration and we propose that the Rhizaria are one of the major vehicles by which material is transported over a very large depth range (3,000 m) and hence sequestered for climatically relevant time periods. We propose that they sink fast and are degraded little during their transport to depth. In terms of atmospheric CO2 uptake by the oceans, the Radiolaria and Phaeodaria are likely to have the greatest influence. Foraminifera will also exert an influence in spite of the fact that the generation of their calcite tests enhances upper ocean CO2 concentration and hence reduces uptake from the atmosphere.
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1 INTRODUCTION
The oceanic Biological Carbon Pump (BCP) transfers vast amounts of organic carbon from the sunlit surface ocean to the deep interior where it may be isolated from the atmosphere for centuries or millennia (Martin et al., 1987). Without the BCP, atmospheric CO2 concentrations would be ∼200 ppm higher than current levels (Kwon et al., 2009). In the past there has been an assumption that if material reaches below the depth of winter mixing or a depth of 1,000 m, it can be considered as sequestered for climatically relevant time periods (Lampitt et al., 2008; Passow and Carlson, 2012; Saba et al., 2021). Models have however demonstrated that the depth below which material can be considered as sequestered for a specified period such as 100 years can be much deeper and varies geographically (Robinson et al., 2014; Siegel et al., 2021; Baker et al., 2022) and 1,000 m should not, in most cases, be considered as the sequestration depth. Using this methodology, in the region of PAP-SO (Porcupine Abyssal Plain Sustained Observatory) only about half the material reaching 1,000 m is sequestered for more than 100 years (Baker et al., 2022). By the time sinking material reaches 2,000 m depth, over 90% is sequestered for >100 years and by 3,000 m, the depth at which our data were collected, it is likely that almost all sinking organic flux could be considered as “sequestration flux.” Although the quantification of export of material from the upper ocean has been a common research objective, from the perspective of the role of the ocean biological carbon pump in reducing atmospheric CO2, it is this sequestration flux which is the key variable.
There are three sets of processes which determine sequestration flux due to the biological carbon pump. The first is primary production, almost all of which takes place in the euphotic zone, and which sets the ultimate “input” to the BCP. The second set of processes are those which describe the fraction of the material generated by primary production that is exported from this upper water column (a.k.a. Export efficiency), isolating it for weeks or months from the influence of light and the atmosphere. The third set of processes are those which determine how much of this export flux reaches depths below which the material remains for a climatically relevant period of time. “Transfer efficiency” describes the proportion of the exported material which reaches a defined depth, the remainder being remineralised as it sinks. There are a myriad of inter-connected processes that affect both export and transfer efficiency (Boyd et al., 2019; Cavan et al., 2019; Baetge et al., 2020; Henson et al., 2022) while the relevance of each of these is likely to be very different in different parts of the water column and in different oceanic provinces.
Time series studies of deep ocean particle flux have been carried out at a number of locations throughout the world’s oceans. The ultimate goal of many of them has been to generate a mechanistic understanding of the factors which control this flux. There has been significant focus on the factors which cause a decrease in flux with increasing depth and the factors causing variability in flux over time, both within each year and between years. In spite of this effort, significant uncertainties still exist, partly due to a lack of insight into issues such as the variability in transfer efficiency. The quest continues to make appropriate observations exploiting new technological developments (e.g., Briggs et al., 2020) as well as established methods and to identify drivers which are likely to have the greatest influence (Lampitt et al., 2001; Lampitt et al., 2010a; Salmon et al., 2015; Cavan et al., 2019; Wynne-Edwards et al., 2020).
A time series study of particle flux was established in the Northeast Atlantic in 1989 as part of the Joint Global Ocean Flux Study (JGOFS) and, after a slight change in location in 1991, this became the PAP-SO (Lampitt et al., 2010b; Hartman et al., 2021). The new location was chosen as it had a flatter seabed thus reducing spatial variability in the benthic fauna and enhancing the chances of establishing a link between the primary flux of organic matter to the seafloor and the structure and function of the benthic ecosystem depending on this flux (Durden et al., 2020). Furthermore, the location was chosen as it was considered to be sufficiently far from the continental shelf so as to reduce the influence of land masses and the continental slope to a negligible level. The biogeochemical processes taking place in the water column could then be considered as representative of a temperate oceanic environment. The expectation was that any advective processes would bring water of a similar biogeochemical nature to the location and that sinking particles would pass through water which would always be considered as characteristic of that general location whatever the direction of advective flow. In addition, the hope was that, as this location over the Porcupine Abyssal Plain experiences relatively weak mesoscale activity (Chelton pers. comm., Chelton et al., 2011), the effects of these structures would be limited. Eddies are complex structures sometimes extending thousands of meters below the surface and can have a significant effect on particle flux (Guidi et al., 2012; Waite et al., 2016; Ramondenc et al., 2023). The hope was also that this location would not be near any “boundaries” between biogeographical provinces which might migrate from 1 year to the next. In 6 largely independent descriptions of Atlantic provinces, PAP-SO is always well away from boundaries between them: North Atlantic Drift province (Longhurst, 2006), oceanic temperate (Beaugrand et al., 2019), Diverse and Productive Oceanic temperate (Beaugrand et al., 2019), satellite spatio-temporal heterogeneity (Scarrott et al., 2021), δ13°C and δ15N isotopic region 5 (Espinasse et al., 2022), radiolarian species (Matul and Mohan, 2017).
We therefore considered that the processes occurring at PAP-SO such as downward particle flux are unlikely to reflect simple changes in the location of a nearby oceanographic or biogeographical boundary. The consequence of all these assumptions is that the factors which determine variability in flux would be local to PAP-SO and hence could be measured and thus understood in a mechanistic manner.
After one of the first papers linking sequestration flux of organic carbon to the protozoan Radiolaria and Phaeodaria (Lampitt et al., 2009) several papers have linked these, which are members of the protozoan super-group Rhizaria, to deep ocean flux (Stukel et al., 2018; Gutierrez-Rodriguez et al., 2019; Ikenoue et al., 2019; Laget et al., 2023) and our current paper gives further insight into the role of Rhizaria in mediating or promoting carbon sequestration. The best-known Rhizaria in the oceans are Foraminifera, Acantharia and Radiolaria. They are often very large cells, occasionally several millimetres in diameter and usually have self-mineralized shells (tests) or ‘skeletons,’ which are made of calcium carbonate, strontium sulfate or silica respectively (e.g., Febvre et al., 2002). Rhizaria were originally thought to be unimportant and rare due to the fact that they are usually destroyed by plankton nets. However, underwater photography is now showing that this group is very much more abundant than previously thought with a biomass in much of the ocean similar to that of the mesozooplankton (plankton in the size range 0.2–20 mm) typically collected by plankton nets (Biard et al., 2016). Understanding of the biology and biogeochemistry of Rhizaria are extremely poor although Laget et al. (2023) maintained living specimens for 1–2 weeks but without observing reproduction. Significant recent changes in the classification of this group have clarified phylogenetic relationships (Adl et al., 2019) but have led to uncertainty when considering previous publications and data sets. The Phaeodaria are, for instance, no longer considered to be Radiolaria.
The conclusion from the last paper assessing the variability in deep ocean particle flux at PAP-SO was that a mechanistic relationship between upper-ocean processes and deep-ocean particle flux remains elusive and various explanations were suggested for this which need to be addressed (Lampitt et al., 2010a). In this paper we present further data on a wide variety of variables at and around PAP-SO which are likely to influence the variability in sequestration flux.
Sequestration flux is a crucial process affecting the global climate and we show that this is influenced to a major extent by the structure of the upper ocean ecosystem. The structure and function of these ecosystems will be altered in response to anticipated chemical and physical changes to the ocean environment over the coming centuries (Henson et al., 2022) although there is considerable uncertainty about the nature or even the direction of these changes.
2 METHODS
2.1 Relevant areas of ocean
Recognising that sinking material will rarely descend vertically into the deep ocean due to advection, methods to estimate the area of surface ocean from which material collected in sediment traps may have originated has been discussed for several years (Siegel and Deuser, 1997; Waniek, et al., 2000). These estimates rely on modelled current speeds and assumed particle sinking speeds; the latter entails considerable uncertainty. A particle tracking modelling study at PAP-SO by Wang et al. (2022) concluded that mesoscale dynamics between 200 and 1,000 m depth control the dimensions of the so-called “statistical funnel.” The surface expression of this is the area of ocean from which particles originate and that, over the long term, the radius of this surface expression ranged from 90 to 490 km depending on the assumed sinking velocities in the range 20–200 m d−1. Wang et al. (2022) used a 200 km × 200 km domain to calculate vertical profiles of monthly climatology eddy kinetic energy and root-mean-square vertical velocity. Laget et al. (2023) calculated sinking speeds for Rhizaria always to be greater than 100 md−1 and up to 2044 m d−1. As we consider a sinking rate of 100 m d−1 to be extremely conservative, a box of approximately 220 km × 220 km around the sediment trap mooring was selected (2 meridional degrees × 3 zonal degrees) (Figure 1). Our own research using similar assumptions based on a particle tracking model for 2018 with the Copernicus 1/12-degree model and an assumed sinking speed of particles of 100 m d−1 produced similar results (Supplementary Figure S1) reinforcing our choice of the 220 km × 220 km area of likely influence of the surface ocean on the 3,000 m sequestration flux.
[image: Figure 1]FIGURE 1 | Locations of the JGOFS and PAP-SO sites. Regions around these locations from which data were extracted for this paper are also shown.
The sediment trap mooring was at 48oN 19.5oW during the JGOFS experiment of 1989 and 1990, moving to 49oN 16.5oW for all subsequent years. All the data presented in this paper apart from those from the Continuous Plankton Recorder (CPR) are therefore from the locations of these moorings and data are averaged in the two boxes, as relevant to the time period (Figure 1).
The CPR data were selected from a larger area (a trapezium of area just over 300,000 km2) due to the low density of samples within the two PAP boxes in Figure 1. The justification for this area is based on the analysis of plankton abundance over a much larger area of the North Atlantic (Supplementary Figure S2). Samples have been collected at over 5,000 locations in this trapezium since 1958 and about 3,000 locations since the start of our flux programme in 1989.
None of the data regions extend over the continental slope as defined by the 3000 m contour, this being a region with considerably different environmental conditions in terms of physics, chemistry and biology.
2.2 Physical context
We use monthly temperature and salinity data from both the EN4 v4.2.1 database (Good et al., 2013) and the ECCO v4r4 reanalysis (Forget et al., 2015; ECCO Consortium et al., 2021). The latter is available only for the years 1992–2017 inclusive. Whilst EN4 showed greater variability over short spatial and temporal scales, we found good agreement between the two datasets at larger spatial scales and on interannual timescales, giving us confidence in the results presented here. Similarly, velocities from ECCO were consistent with those derived from geostrophy when combining EN4 data with Sea Surface Height (SSH) data from Copernicus, though the magnitude of the ECCO currents was generally smaller as is expected from the spatially smoother variables.
Mixed layer depths were determined from EN4 temperature data and defined as the depth at which the temperature was 0.2°C less than the maximum temperature of the profile which was almost always at the surface.
2.3 Biological processes and characteristics
2.3.1 The continuous plankton recorder (CPR)
Established in 1931, the CPR Survey is the longest running, most geographically extensive marine ecological survey in the world. The CPR is an instrument that can be towed at high speed (∼15–20 knots) at a depth of 7 m from ships-of-opportunity (i.e., non-research ships) during their normal operations (Batten et al., 2003; Reid et al., 2003). The CPR is towed in the ship’s wake and the samples are therefore representative of the first 10 m of the water column. Data on the near-surface abundance of phyto- and zooplankton are available monthly from 1958 and this dataset amounts to 275,705 samples, with 698 taxa routinely analysed. Each sample is the material collected over a towing distance of 10 nautical miles, comprising a volume filtered of 3 m3 and the data presented here are expressed per 3 m3. In spite of the large area of ocean considered in our present study (>300,000 km2) many monthly records are based on less than 10 samples and sometimes none are available such as for August 2012. The mesh size is nominally 270 μm but significant data are obtained from species smaller than this size when specimens adhere to the mesh material. Specimen sizes are not reported.
2.3.2 Video plankton recorder (VPR)
In situ photographic profiles of particles and plankton down to either 1,000 m or 500 m depth were obtained using an autonomous digital VPR (Seascan, Inc., United States) on 9 occasions during an expedition in June 2013 to PAP-SO. The effective resolution of the VPR is approximately 85 µm. The VPR was yo-yo’ed vertically for 1.5–2 h at ∼ 0.83 m s−1, with a frame rate of ∼20 images s−1 resulting in 4 profiles for the deeper tows and 8–10 profiles for the shallower tows. Each image had a volume of 26.3 mL. Image data were extracted using the Autodeck software (Seascan, Inc., United States) and processed using Visual Plankton (C.S. Davis, WHOI, United States) and visual examination. Further data processing was done in Matlab (MathWorks).
2.3.3 Net primary production (NPP)
The CAFE model of NPP (Carbon, Absorption, and Fluorescence Euphotic-resolving) derived from satellite remote sensing data is one which has the greatest variance and the lowest bias when compared to direct field measurements (Silsbe et al., 2016). It encapsulates three variables: the amount of light energy absorbed, the fraction of absorbed energy used for photosynthesis and the efficiency with which this is converted to carbon biomass (Silsbe et al., 2016). Monthly CAFE data were taken from the Ocean Productivity website (http://sites.science.oregonstate.edu/ocean.productivity/index.php) for the SeaWiFS (October 1997—December 2008) and MODIS-Aqua (June 2002—April 2021) missions. The two data sets were merged into a single NPP time-series by regressing the MODIS-Aqua-derived CAFE NPP values against the SeaWiFS-derived CAFE NPP values during the period which the satellite missions overlapped, using ordinary least squares, and predicting the MODIS-Aqua CAFE NPP values for October 1997—May 2002 from the SeaWiFS CAFE NPP values and the coefficients of this regression. The root-mean-square-error of the regression was 34 mg C m−2 d−1, indicating that the MODIS-Aqua CAFE NPP values can be predicted quite accurately from the SeaWiFS CAFE NPP values over the study region.
The VGPM model of NPP (Vertically Generalized Production Model) was also used in a preliminary comparison and this was extracted for the location of PAP-SO ± 60 km from http://sites.science.oregonstate.edu/ocean.productivity/index.php.
2.3.4 Downward particle flux
Particle flux was measured by time series sediment traps at about 3000 m depth within the period 1989 to 2018 inclusive at the locations described above. Gaps occurred in the record as a result of equipment failure or funding crises preventing deployment throughout the 30-year time period. Very short gaps (<7 days) also occurred when refurbishment of the traps occurred a few days after the end of the sampling interval and, when this occurred, or if the gap was longer but in the winter (up to 20 days), linear interpolation was carried out to fill the gap.
The method used to make direct measurements of downward flux is described in Lampitt et al. (2010a). Time series sediment traps (Parflux with either 13 or 21 sample cups) (Honjo and Doherty, 1988) of mouth area 0.5 m2 were deployed at a depth in the range 3,000–3,197 m which is approximately 1800 m above the seabed and hence well clear of locally resuspended sediment and the benthic nepheloid layer. Sample cups were pre-filled with hypersaline buffered formalin as advised in JGOFS protocols (Lampitt et al., 2000). The trap depth is above the lysocline and, as the samples are buffered, calcite dissolution is unlikely to take place after collection. Antia (2005) showed that in samples preserved with mercuric chloride, less than 10% of the total collected calcium entered the dissolved phase, and we would not expect dissolution to be greater than this using the protocols we have adopted. Collection periods varied from 2 to 8 weeks depending on the time of year and hence the expected rate of change in flux during the collection period. The JGOFS protocol was adopted for sample handling and is further described in Newton et al. (1994). ‘‘Swimmers’’ (planktonic organisms which had swum into the sample cups) were removed by hand under dissecting microscope. Fluxes of organic and inorganic carbon were determined as previously described: Newton et al. (1994) for 1989–1990, Kiriakoulakis et al. (2001) and Ragueneau et al. (2001) for 1990–1999 and Salter et al. (2007) subsequently. The methods are very similar and are unlikely to cause any differences in the data. The organic carbon measurement of particles assumed that no organic carbon was added to the particles as a result of formalin preservation. Inorganic carbon content was calculated as the difference between total carbon and organic carbon content (total carbon after acidification). In calculating particulate inorganic carbon (PIC) fluxes, it was assumed that all inorganic carbon was represented by CaCO3, and a carbonate to PIC ratio of 8.33 was used.
Microscopic analysis of the collected material has not been able to determine the abundance of different types of Rhizaria and molecular analysis such as for eDNA has not so far been successful.
3 RESULTS
3.1 Physical context
3.1.1 Sea surface temperature (SST) and mixed layer depth (MLD)
As derived from the EN4 data base, PAP-SO experiences an annual cycle of Sea Surface Temperature (SST) and Mixed Layer Depth (MLD) typical for this latitude with a maximum MLD usually in February and in the range 151–451 m between 1988 and 2018 (inclusive) using the temperature criterion (Figure 2).
[image: Figure 2]FIGURE 2 | Monthly means of MLD and SST from the EN4 data base at PAP-SO. The Mixed Layer Depth (MLD) is defined as the depth at which the temperature is 0.2°C less than the maximum. These data are expressed as a continuous time series (A) and as an annual cycle (B,C) in order to depict the seasonal trend and its variability.
3.1.2 Large scale water motion
PAP-SO is located close to the continental slope which defines the eastern boundary of the North Atlantic, and, in the mean, the surface waters arrive in eastward flow that stems from the North Atlantic Current (NAC) coming from the southwest (Figure 3D). The NAC crosses the mid-Atlantic ridge about 150 km west of PAP. Most of this current turns northward to pass northwest of the PAP site while a small part turns southward to recirculate in the subtropical gyre as the Canary Current and, being close to the boundary between the two branches of the NAC, the flow at the PAP site is weak compared with regions to the west and north, as illustrated by the diverging contours of SSH in Figure 3D.
[image: Figure 3]FIGURE 3 | For the period 1992–2017: Time evolution of anomalies (relative to the mean annual cycle) of (A) temperature (B) salinity in the upper 1,500 m and (C) Surface CDOM filtered to remove sub-annual variability. The spatial pattern of time-mean temperature distribution at (D) 95 m depth, dominated by the NAC, and at (E) 1,100 m, dominated by the Mediterranean outflow water (MOW), are shown. PAP-SO is indicated by “+” and depth contours are indicated by dashed black lines. Note that the contour interval in (D,E) is 1°C, slightly less than the range of the temperature anomaly in (A). The red contours in (D) show the mean sea surface height for the period 1993–2017 (inclusive). The surface geostrophic flow is parallel to the SSH contours. The four time periods identified in (A–C) are discussed below.
Decadal variability in salinity of the near surface waters of the eastern sub-polar gyre has been widely documented (e.g., Holliday et al., 2020). Details of the mechanisms responsible for these changes are debated (Koul et al., 2020; Fox et al., 2022), but it is understood that changes in ocean circulation alter the balance between waters of relatively salty subtropical origin and those of relatively fresh western subpolar origin (Figure 3) arriving in the eastern North Atlantic (Holliday et al., 2020; Koul et al., 2020). Changes in the source region of subpolar waters also play a role (Fox et al., 2022). Greatest variability in salinity is found in the northward flowing branch of the NAC, but a similar evolution of salinity is seen at the location of PAP-SO (Figure 3B). Salinity and temperature of the upper 200 m were relatively low in the mid-1990s, increasing to a maximum around 2005–2007, and then decreasing again.
Long-term variability of temperature and salinity is also seen between 800 m and 1400 m but appears slightly out of phase with the changes in the upper layer. At these intermediate depths there is a significant influence of Mediterranean outflow water (MOW) (Figure 3E) that forms a tongue of warm high salinity water that spreads northwards along the eastern boundary as far as the Rockall Trough as well as westwards as far as Bermuda. Bozec et al. (2011) conclude that the movement of the MOW once it has exited the strait of Gibraltar is determined by wide scale changes in the circulation pattern of the Atlantic rather than changes in the properties of the MOW itself. We assume that the changes in temperature and salinity between 800 m and 1400 m are an indicator of changes in circulation.
Data from the ECCO reanalysis indicates that, in this region, decadal changes of circulation have a significant barotropic component so that changes in flow at different depths are correlated, even though the mean flow is very different. These circulation changes shift the isolines of temperature and salinity on both the surface and intermediate layers resulting in similar cycles of variability. The data in Figure 3 suggest that the decadal change in temperature at 100 m depth, from a minimum in 1992–1996 to a maximum in 2005–2009, is equivalent to a meridional displacement of the mean temperature contours of about 4° of latitude.
The two gyres of the North Atlantic have characteristic signatures of various types such as in the concentration of Coloured Dissolved Organic Matter (CDOM) which is higher in the Sub-Polar Gyre (SPG) (Nelson et al., 2010) and salinity which is lower in the SPG (Koul et al., 2020). The Sub-polar gyre index can be described in several different ways (Koul et al., 2020) and the extent of its influence has been widely discussed (Foukal and Lozier, 2017; Hátún and Chafik, 2018) but none indicate that the influence of the SPG extends as far as the PAP-SO. However, the data we present in Figure 3 on the anomalies of temperature, salinity and CDOM and in Supplementary Figure S3 on the subpolar gyre index all suggest large scale water mass movements which may be related to shifts in the boundary between the subpolar and subtropical gyres. Period 1 may therefore be considered as having more influence of the subpolar gyre while period 3 may have more influence from the subtropical gyre.
3.1.3 Local water movement to PAP-SO
The ecosystems which generate export flux from the upper ocean and which remineralise sinking material deeper in the water column move as a result of water advection. The extent of this advection determines what region of the ocean is relevant to the issue of particle flux at 3000 m. To give an indication of the geographic region which is likely to be relevant to the ecosystem around PAP-SO, we determined the source region of water 3 months prior to a mid-year date arbitrarily selected as June 1st for each of the years 1993–2017 (inclusive) (Figure 4).
[image: Figure 4]FIGURE 4 | Derived location of the source water at PAP-SO 3 months before 1st June for each year at depths of about 5, 45, 200, and 2,000 m. One symbol is shown for each year from 1993 to 2017. The location is calculated using velocities from ECCO. The flow at 5 m is within the Ekman layer, but that at deeper levels is mostly geostrophic. Bathymetric contours for 1,000 and 4,000 m are indicated by dotted lines.
If the mass-weighted sinking rate of particles is 100 m d−1, the relevant time period is 1 month for material to reach 3000 m. Even if the material takes 3 months to reach the trap as used in the calculation for Figure 4, the relevant areas of ocean are almost always within the 2 × 3 boxes depicted in Figure 1. The ECCO data likely underestimate the magnitude of displacements but our conclusion is also supported by the model particle tracking results shown in Supplementary Figure S1.
The conclusion from this analysis is that as advective water motions are invariably slow, the ecosystem development takes place in a region close to PAP-SO and within the areas used to collect relevant data (Figure 1) and not in regions over the continental slope or shelf.
3.2 Biological characteristics and processes
3.2.1 Plankton community
The plankton community around PAP-SO as determined by CPR data is characterised by a diatom peak in April followed by a dinoflagellate peak in June/July with a broader peak of coccolithophores from May to October albeit with significant interannual variability (Supplementary Figure S4A, Figure 5). Both Radiolaria (which in CPR classification includes Phaeodaria) and Foraminifera bloom in the second half of the year but only to a significant extent in about half of the years considered, with both groups exhibiting similar seasonal and interannual variability. The blooms of Foraminifera usually occur over a longer period of time Supplementary Figure S4B).
[image: Figure 5]FIGURE 5 | Data from the CPR (7 m depth) on the average monthly abundance (A) Radiolaria and Foraminifera (B) Dinoflagellates (C) Coccolithophores and (D) Diatoms with the proposed sub-time periods overlain. A fifth time period has been added from 2017 as the CPR data are of longer duration than the physical data. There are no data for 2017. The definition of “Radiolaria” in the CPR data base was defined before the taxanomic revision of Adl et al. (2019) and so include the Phaeodaria which are no longer considered as Radiolaria.
The CPR data in Figure 5 in the period 1993–2019 (inclusive) are subjectively divided into 5 shorter time periods which seem to have similar characteristics and furthermore mirror the water mass characteristics (Figures 3A,B) and surface CDOM (Figure 3C and Supplementary Figure S3C). The time periods are 1: 1993–1997, 2: 1998–2002, 3: 2003–2010, 4: 2011–2016, 5: 2017–2020. This temporal subdivision is particularly strong when considering the abundance of Radiolaria, Foraminifera, Dinoflagellates and coccolithophores but not diatoms (Figure 5).
Periods 2 and 4 seem similar in terms of the fauna, flora and physical water mass characteristics and Period 3 is clearly different with lower abundances of phytoplankton and Rhizaria, lower NPP (Figure 6B) and a strong influence of warm salty water throughout the top 1500 m (Figures 3A, B). Furthermore, this is a period during which the characteristic of the sediment trap material is somewhat different as discussed below.
[image: Figure 6]FIGURE 6 | Estimates of Net Primary Production (NPP) (A) Time series based on two different methodologies and models. (B) Annual total NPP also using the two models. Note the different scales for the two model data sets. The shorter time periods discussed below are also shown. (C) Heat map of Merged CAFE data.
These periods seem to relate closely to the influence of NAC water in the upper 500 m and of Mediterranean outflow water in the depth range 700–1500 m with greater influence of the subtropical gyre during Period 3 associated with lower plankton abundance.
The VPR demonstrate the presence of Rhizaria at PAP-SO in June 2013 throughout the top 1000 m but perhaps surprisingly with no specimens recorded in the upper 10 m, the depth of the CPR samples (Supplementary Figures S5, S6) probably due to sunlight reducing the capability of the VPR to record such small targets. Alternatively, as this time of year is prior to surface blooms of Rhizaria at PAP-SO as determined by the CPR, their abundance could simply be low.
3.2.2 Net primary production (NPP)
Siegel et al. (2014) used satellite derived NPP to drive a food-web model of the upper ocean to predict export flux and from this one might calculate sequestration flux making assumptions about transfer efficiency. We calculated NPP using both the Merged CAFE model and VGPM and although VGPM has more seasonal variability and generally much higher values than CAFE (Figures 6A, B), the trends over these time periods are similar. Period 3 which has high temperature and salinity anomaly is characterised by lower levels of NPP than other periods. The CAFE model output is also presented as a heat map in Figure 6C.
3.3 Downward particle flux
As can be seen in Figure 7, downward particle flux varied between years in terms of magnitude and seasonal trend with a single or double peak in the period April to October (inclusive). Sampling was not always complete in each year and only those years in which more than 70% of the year was sampled were considered in the analysis. The exception is 2003 where although 84% of the year was sampled, this did not include a 2-month period in the summer when flux was probably high and the entire year of data was excluded. Integrated annual totals are thus considered to be valid for 18 of the years indicated by red stars in Figure 7B (details of each of these years are shown in Supplementary Figures S7, S8 along with the NPP). The integrated annual flux in terms of Total Mass, POC and PIC is shown in Figure 8 for these “good years” emphasising the large interannual variability particularly in POC flux (CV = 73%) and the need for long term measurements if sequestration flux is to be measured with the precision which is necessary.
[image: Figure 7]FIGURE 7 | Particulate downward flux at 3,000 m for (A) Total Mass (B) POC and (C) PIC. Also shown in (B) is NPP based on the Merged CAFE model. The 18 years which have very few gaps in the data and hence considered to be “good” are indicated by red asterisk. Data from the years which are incomplete are of use for certain analyses but not for the calculation of total annual flux.
[image: Figure 8]FIGURE 8 | Integrated annual flux in terms of mass, POC and PIC for the 18 years considered to be “good years.”
4 DISCUSSION
4.1 Characteristics of sequestration flux
Figure 9 shows that the annual particle flux at PAP-SO alongside deep-water measurements obtained elsewhere in the North Atlantic with multi-year data sets. Differences are not large although the North Atlantic oligotrophic gyre at 23oN is much lower as is expected (Pabortsava et al., 2017, Lampitt et al. in prep). While the average sequestration flux of all years is higher at PAP-SO than at other Atlantic time series stations, a further and important difference with these other data sets is that interannual variability is much larger at PAP-SO and the material is much more enriched in organic carbon although it is possible that some of this enrichment is due to mineral dissolution in the cups (Table 1).
[image: Figure 9]FIGURE 9 | Latitudinal trend in deep ocean particle flux in the North Atlantic defined as data collected deeper than 2,000 m. Data from Guieu et al. (2005) which includes some unpublished data from other sources (33, 34, 48°N), Lampitt (1992) (32°N), Pabortsava et al. (2017) (23°N), Fischer et al. (2020) (ESTOC) (29°N), Conte et al. (2019 and Pers. Comm.) (OFP Bermuda) (32°N) and Waniek et al. (2005) (33, 47, 54°N) and PAP-SO reported here. The three time series stations with more than 10 complete years of data are identified by acronym.
TABLE 1 | Characteristics of flux at time series stations in the North Atlantic at which downward flux >2,000 m has been measured for complete years.
[image: Table 1]At PAP-SO, for several of the years, the peak in deep ocean POC flux preceded or was synchronous with the peak in NPP (Supplementary Figure S8) leading to the conclusion that although NPP is the ultimate driver for downward flux (Siegel et al., 2014) there may well be major seasonal variation in the export efficiency and/or transfer efficiency. This is not unexpected and is now being incorporated into biogeochemical models of particle flux (Dinauer et al., 2022).
The cause of the large interannual variability in POC sequestration flux and, to a lesser extent, Total Mass flux and PIC flux lies in the occurrence of pulses of organic material in late summer in about half of the years which are manifest as being highly enriched. Enriched pulses are subjectively defined for this paper as material with an organic carbon content greater than 12% of the mass flux which occurred in half of the 18 “good” years (Figure 10A). Concentrations as high as this are very rarely reported in deep ocean sediment trap studies with, for instance at OFP Bermuda, values of 5.0% ± 0.7% over the first quarter of the year decreasing to 4.7% ±0.7% for each of the subsequent quarters (Conte et al., 2019 and Pers. Comm.).
[image: Figure 10]FIGURE 10 | (A) Annual time series of percent POC for each of the “good” years distinguished according to whether the late-summer peaks were early (August–September) or late (October–November). (B) Annual POC flux distinguished according to whether the years were characterised by enriched material in the cups and whether this was early or late. Period 3 is identified as a time when, if there was enrichment, it was later in the year.
The 9 years with apparent enriched pulses are ones in which that the annual sequestration flux of POC is always higher than in years which are not enriched (Figure 10B). Apparent enrichment occurs either in August/September (6 of the years) or, during period 3 (2002–2010 inclusive), in October/November (3 of the years) and all of these 3 years with late enrichment are characterised by anomalously warm and salty water throughout the upper 1500 m (Figures 3A, B), generally low plankton abundance (Figure 5), lower surface CDOM (Supplementary Figure S3C) and somewhat lower Subpolar Gyre Index (Supplementary Figure S3A). It is when enrichment occurs in the earlier time period (August/September) that the enhanced annual POC flux is most pronounced. Such large and intermittent pulses of highly enriched material in the second half of the year are a major driver of elevated annual carbon sequestration at PAP-SO and a cause of its interannual variation.
4.2 Drivers for variability in sequestration flux
The biological and chemical processes controlling deep ocean flux are complex, but nevertheless are expected to have some relationship to three variables. Firstly, NPP (photosynthesis minus autotrophic respiration), secondly the proportion of this production which is exported from the upper ocean, “export efficiency”, and thirdly variation in the efficiency with which material is transported to depth, “transfer efficiency” (Buesseler and Boyd, 2009; Dinauer et al., 2022).
The traditional conceptual model of increasing NPP leading to an increase in particulate export (Pace et al., 1987) is not necessarily supported by the available observational data (Estapa et al., 2015; Cael et al., 2018) possibly due to the time lag between NPP and export being overlooked in typical observational datasets (Henson et al., 2015). With regard to deep ocean flux, which is likely to reflect processes over a large area of ocean surface (such as we assume here for the 220 x220 km box= 48,400 km2) and over longer periods of time (such as our sediment trap sampling period of 2 weeks or more), one would expect the spatial and temporal variability of all measurements to be smoothed and for the relationship to be improved but this is not evident in our data (Figure 11). At an even simpler level, one might expect that increased introduction of new nutrients into the euphotic zone as a result of winter mixing would generate enhanced productivity and that this might enhance sequestration flux. Once again variables which reflect mixing such as winter MLD and SST show no relationship to sequestration (Figure 12).
[image: Figure 11]FIGURE 11 | Relationship between NPP and the annual integrated flux at 3,000 m depth as total mass (p = 0.512237, n = 15) particulate organic carbon (p = 0.565278, n = 15) and particulate inorganic carbon (p = 0.427561, n = 15).
[image: Figure 12]FIGURE 12 | Relationship between (A) maximum MLD in previous winter (usually in February) using temperature criterion and (B) minimum SST and annual integrated downward flux at 3,000 m depth as total mass [(A): p = 0.667385, n = 18] [(B): p = 0.688312, n = 18] particulate organic carbon [(A): p = 0.715663, n = 18] [(B): p = 0.942231, n = 18] and particulate inorganic carbon [(A): p = 0.777693, n = 18] [(B): p = 0.894703, n = 18]. MLD and SST were derived from the EN4 data base.
In an earlier paper on deep ocean flux at PAP-SO, the percentage of the annual organic carbon primary production which reaches 3000 m varied from 0.6% to 3.4% with no clear relationship found between sequestration flux and likely drivers such as water-column mixing (OCCAM model), chlorophyll (from satellite) or total primary production (Lampitt et al., 2010b). The conclusion from our current paper is that even with 18 full years of data there is still no direct correspondence between the interannual variability in NPP and deep ocean flux (Figure 11). Although on the global scale, areas of higher productivity tend to have higher deep ocean flux (Lampitt and Antia, 1997; Lutz et al., 2007) others have also found that variation in annual NPP is not a predictor of sequestration flux (Cavan et al., 2019; Wynn-Edwards et al., 2020) and we propose that variation in transfer efficiency is likely to be the critical factor affecting sequestration and it is now appropriate to discuss the causes of such changes in transfer efficiency.
More than half of the years with POC-enrichment in August/September are years characterised by high SST in June (Figure 13) and this is evidenced by the relationship between SST in June and the richness of the material in the sediment trap cups in the second half of the year (Figure 14). There is therefore an indication that a change in the physics of the water column in June, namely, temperature, is having a profound effect on the process of sequestration and the quest is to uncover the nature of this relationship. This elevated upper ocean temperature in June is just before the peak in abundance of Rhizaria in the latter half of the year (when a Rhizaria peak occurs; Supplementary Figure S4B) and we note that in 2001 which was a year with exceptionally high abundance of Rhizaria and sequestration flux, elevated temperature was found in May as well as in June (Figure 13).
[image: Figure 13]FIGURE 13 | Vertical profiles of temperature from EN4 distinguishing those years in which there was enriched material in samples in the sediment traps later in the year (red) from those without enrichment (blue). *: Years with incomplete flux data. L: Enrichment late in year.
[image: Figure 14]FIGURE 14 | Relationship between June SST (5 m depth) from EN4 and richness of the sedimented material expressed as % particulate organic carbon in late summer (August to November inclusive, covering both the early and late enrichment periods). (p = 0.021623, n = 18).
One could describe this as a “June-Switch” during which high SST in June promotes an ecosystem change which leads to high abundance of upper-ocean Rhizaria in July-August which then leads to the deposition of material at 3000 m in the late summer which may be enriched while sinking or may become enriched in the sediment trap cups by preferential dissolution of mineral components (Figure 15). This switch affects both the foraminifera and Radiolaria with a clear relationship for the time periods outside of Period 3 (2003–2010 inclusive) (Supplementary Figure S9). The reason why Period 3 is again different from the rest of the time series is unclear at present although this is the time when the subtropical gyre appears to have enhanced influence on PAP (From SPG index, Temperature, Salinity, surface CDOM and upper ocean plankton).
[image: Figure 15]FIGURE 15 | Relationship between Rhizaria abundance in the period July to September excluding period 3 and the average % organic carbon in sediment trap material in the period August to November (inclusive) for Radiolaria (p = 0.002536, n = 10) and Foraminifera (p = 0.088849, n = 10). Data from Period 3 are distinguished. Data from 2003 are also included as good data on Rhizaria were available but with a gap in the sediment trap record in mid-summer so not used in annual calculations of flux.
These protozoa have a wide depth range primarily in the mesopelagic (100–1000 m) (Supplementary Figure S5), but are also found in the bathypelagic (1000–3000 m), and have significant niche differentiation (Ikenoue et al., 2019; Biard and Ohman, 2020), a generation time of a few days (Stukel et al., 2018) and a broad diet (phytoplankton, zooplankton, detritus, bacteria) (Gowing, 1989). In addition, some species of both Radiolaria and Foraminifera living in the euphotic zone form a symbiotic relationship with algae (Decelle et al., 2015). We are unaware of any insights into their ability to migrate vertically and the species identity from samples collected by the CPR or VPR is usually unknown in spite of the high-quality images of the VPR (Supplementary Figure S6). The period of July-August when they are most abundant is one in which silicate is likely to be at a low level (Louanchi and Najjar, 2001) having been stripped out by siliceous phytoplankton earlier in the year. It is therefore surprising that the siliceous Rhizaria which are thought to be less effective at using silicate become abundant when this crucial element is in such short supply. The Si uptake dynamics of rhizarians is extremely hard to determine experimentally (Laget et al., 2023) and may, in future, be found to exhibit some nuanced strategies to address this. Future research should focus on the species and/or chemical composition of the Rhizaria in late summer. It is not possible to determine the causality of this June-switch but, bearing in mind the wide range of food types consumed by Rhizaria (Gowing, 1989) and the likelihood of significant changes in ecosystem structure across multiple trophic levels over large areas in response to modest changes in temperature (Beaugrand et al., 2008), there are many possibilities.
It appears that the Rhizaria in the second half of the year (July-September) at 7 m depth (CPR) have a strong influence on organic carbon apparent enrichment (Figure 15) leading to high POC flux later in the year (Figure 16) and even an increase in annual sequestration.
[image: Figure 16]FIGURE 16 | Relationship between the average concentration of (A) Radiolaria and (B) Foraminifera during the late summer (July–September inclusive) at 7 m depth (CPR) and the flux from 1st August–31st December at 3,000 m depth expressed as Total Mass [(A): p = 0.00328, n = 15] [(B): p = 0.018123, n = 15], POC [(A): p = 0.019246, n = 14] [(B): p = 0.009285, n = 14] and PIC [(A): p = 0.020562, n = 14] [(B): p = 0.001125, n = 14]. All regressions are significant at the 95% confidence level.
In the past, the Rhizarian group which has been most often implicated as a vehicle for downward flux is the Radiolaria and Phaeodaria (Lampitt et al., 2009; Ikenoue et al., 2012; Stukel et al., 2018; Gutierrez-Rodriguez et al., 2019; Ikenoue et al., 2019). There has also been considerable focus on the role played by Foraminifera in particle flux studies (Storz et al., 2009; Salmon et al., 2015) with Salmon et al. (2015) concluding that up to 40% of total CaCO3 fluxes were due to this group. The Acantharia can also make an important contribution to POC flux as a result of sedimentation of their cysts (Martin et al., 2010).
One could speculate that these protozoae are a significant vehicle for transporting material to depth and that the tests dissolve in the sediment trap cups leaving behind the very rich soup which we have found. This is plausible, especially if the species are phaeodarians which have skeletons comprising hollow tubes of silica and dissolve very easily (Erez et al., 1982). This suggestion is further supported by the fact that phaeodarians which had been collected and visually noted in sediment trap deployments of a few days’ duration in the Costa Rica Dome in 2010 had completely dissolved or broken up after a year of storage (Mike Stukel. Pers. Comm.). As stated above, we would not expect dissolution of tests of Foraminifera but, due to the high percentage of organic carbon in living specimens (POC:PIC = 2.8) (Schiebel and Movellan, 2012) they could still be the cause of the highly enriched material found in sediment traps in the late summer.
The question to address now is what are the relative roles of the Radiolaria, Phaeodaria and Foraminifera in sequestration flux and, in addition, their role in CO2 uptake by the ocean. There has been much discussion about the role played by biogenic minerals in the control of particle flux, the so-called ballast hypothesis (Armstrong et al., 2002) but without a clear conclusion yet as to whether such minerals are the primary cause.
In terms of CO2 uptake from the atmosphere, the consequences of growth and flux of siliceous or calcareous groups are very different. POC generation in the surface ocean leads to a reduction in the partial pressure of CO2 that is compensated by uptake of atmospheric CO2. In contrast, the process of calcification such as during the precipitation of Foraminifera tests releases CO2 and hence reduces CO2 uptake by the ocean, the so called “carbonate counter pump” (Salter et al., 2014). At a molar POC:PIC ratio of 0.6, there is no net change in pCO2 (Antia et al., 2001). The POC:PIC ratio at PAP-SO is invariably well above this figure and, on an annual basis higher than the other areas of the Atlantic for which there are data (Table 1). We conclude that this region is one which is highly effective for CO2 uptake by the oceans, a conclusion also reached from measurements of surface pCO2 (Macovei, et al., 2020). An important question is to determine if this is driven primarily by the Radiolaria or by the Foraminifera, groups which have such close similarities in terms of their population trends (interannual and seasonal) but such strong dissimilarities in terms of their effects on CO2 uptake from the atmosphere. The data shown in Figure 16 indicate strongly that the relationship between Radiolaria and flux is best described in terms of Total Mass and POC while the relationship between Foraminifera and flux is best described by Total Mass and PIC. With a small data set of only 13 or 14 data points, the confidence in this conclusion is not high but nevertheless it does support the suggestion that Radiolaria exert their main effect on POC flux while Foraminifera affect PIC flux more greatly. This also seems plausible due to the fact that the test of Radiolaria (and Phaeodaria) are siliceous and may dissolve within the sediment trap cups before analysis while Foraminifera with calcite tests are less likely to dissolve. There is however new evidence giving strong support to the idea that calcite dissolution occurs at much shallower depths than predicted as a result of biological processes (Subhas et al., 2022). It is possible that further microscopic analyses of sediment trap material will cast light on this although the effects of dissolution may prevent any meaningful conclusion.
5 CONCLUSION

1. Particle flux at 3,000 m at the PAP-SO site was well described in 18 of the 30 years between 1989 and 2018. The accumulated annual total flux has little relationship to the MLD in the previous winter, minimum SST in the previous winter or Net Primary Production.
2. PAP-SO is exposed to varying influence of the subtropical and subpolar gyres as indicated by upper ocean CDOM, salinity, temperature and upper ocean biota. Subtropical waters exert greater influence during the period 2003–2010.
3. The average annual sequestration flux at PAP-SO exceeds that measured at other deep moored sediment trap timeseries in the Atlantic although not statistically so (at 95%). It exhibits greater interannual variation than these other sites which we suggest is driven by the sporadic surface blooms of the protozoan super-group, the Rhizaria that occur in about half of the years.
4. Enhanced SST in June directly or indirectly increases the abundance of these populations of Rhizaria in late summer. When these blooms occur, material collected subsequently that year in the sediment traps at 3,000 m is highly enriched in organic carbon possibly enhanced by mineral dissolution within the cups and the mass flux is also greater. The combination of enrichment and increased mass flux is such that the calculated annual sequestration flux of organic carbon is greatly enhanced in these years.
5. Among the Rhizaria, this POC enrichment appears to be primarily driven by Radiolaria as defined by the CPR (and maybe enhanced by silica test dissolution) while Foraminifera blooms appear to be primary drivers of late-season PIC flux as well as POC flux.
6. We propose that the major seasonal and interannual variation in sequestration flux at 3,000 m depth is caused by variations in the efficiency by which material is transferred to depth and that this is due to the presence or absence of Rhizaria. If transfer efficiency is high, carbon sequestration will be enhanced and the ocean will be a more effective reservoir for atmospheric CO2.
7. We propose that in the context of ocean carbon sequestration, research into the processes which export material from the upper ocean should include characterisation of the particulate material which is responsible for this export with a clear appreciation of the contemporaneous efficiency by which this material sinks to a depth well into the bathypelagic zone (1,000–3,000 m).
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Flux is the average of all annual accumulated flux values for which there were complete years of measurement in terms of Total Mass (TM), Particulate Organic Carbon (POC) and Particulate
Inorganic Carbon (PIC). Coefficients of variation (CV) are only presented for the three sites with more than 10 years of data available. Data sources identified in Figure 9.
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