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Diazotrophs regulate marine productivity in the oligotrophic ocean by alleviating nitrogen limitation, contributing to particulate organic carbon (POC) export to the deep ocean. Yet, the characterization of particles composing the sinking POC flux has never been explored in such ecosystems. Moreover, the contribution of the direct gravitational export of diazotrophs to the overall flux is seldom assessed. Here we explore the composition of the sinking POC flux in a hot spot of N2 fixation (the western sub-tropical South Pacific) using polyacrylamide gel-filled traps deployed at two stations (S05M and S10M) and three depths (170 m, 270 m, 1000 m) during the TONGA expedition (November-December 2019). Image analyses of particles collected in the gels was used to classify them into 5 categories (fecal aggregates, phytodetrital aggregates, mixed aggregates, cylindrical fecal pellets, and zooplankton carcasses). Fecal aggregates were the most abundant at both stations and all depths and dominated the flux (average of 56 ± 28% of the POC flux), followed by zooplankton carcasses (24 ± 19%), cylindrical fecal pellets (15 ± 14%) and mixed aggregates (5 ± 4%), whereas phytodetrital aggregates contributed less (<1%). Since N isotope budgets show that export is mainly supported by diazotrophy at these stations, these results suggest that the diazotroph-derived N has been efficiently transferred to the foodweb up to zooplankton and fecal pellets before being exported, pleading for an indirect export of diazotrophy. However, random confocal microscopy examination performed on sinking particles revealed that diazotrophs were present in several categories of exported particles, suggesting that diazotrophs are also directly exported, with a potential contribution to overall POC fluxes increasing with depth. Our results provide the first characterization of particle categories composing the sinking flux and their contribution to the overall flux in a hot spot of N2 fixation.
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Introduction

The oceans play a critical role in regulating atmospheric CO2 concentrations by sequestering a fraction of the photosynthetically fixed carbon [called primary production (PP)] to the deep ocean over geological time scales (Eppley and Peterson, 1979). Long-term sequestration of this PP requires the organic matter to be exported to the deep ocean through a myriad of processes collectively referred to as the biological carbon pump (BCP) (Eppley and Peterson, 1979). The global range of organic carbon export is very large and estimated at 5–21 Gt C yr−1 (Laws et al., 2000; Henson et al., 2011; Siegel et al., 2014; Wang et al., 2023). The pathways for carbon export from the surface to the deep ocean by the BCP are multiple (Boyd et al., 2019; Le Moigne, 2019). They mainly include the biological gravitational pump (BGP), that exports aggregated organic matter out of the euphotic zone (~0-100 m) via sinking marine snow (Burd and Jackson, 2009; Boyd et al., 2019; Le Moigne, 2019; Iversen, 2023), and the particle injection pumps (Omand et al., 2015; Dall’Olmo et al., 2016; Boyd et al., 2019) recently defined by Boyd et al. (2019). The latters can be separated into three physical subduction pumps (Levy et al., 2013; Omand et al., 2015; Dall’Olmo et al., 2016; Stukel et al., 2017) including: (1) the mixed-layer pump (shallow export ~10 m and short-term sequestration), (2) the eddy-subduction pump (~100 km export and hundreds of years scales) and (3) the large-scale subduction pump (1,000 km and 1,000 years scales). Besides, two pumps associated with zooplankton migration (Bianchi et al., 2013; Steinberg and Landry, 2017) are at work, with organisms feeding at night in surface waters and defecating deeper into the mesopelagic zone during the day, termed the migration pump (Stukel et al., 2017; Aumont et al., 2018), and zooplankton hibernation at depth during winter at high latitudes, termed the seasonal lipid pump (Steinberg et al., 2008; Jónasdóttir et al., 2015; Steinberg and Landry, 2017; Iversen, 2023). Finally, the fraction of particulate organic carbon (POC) flux exported out of the euphotic zone relative to PP, referred to as the export efficiency (Buesseler et al., 1992), and the fraction of the exported POC flux relative to the deep (>1000 m) POC flux, referred to as the transfer efficiency (Francois et al., 2002), are both widely used to determine the strength of the BGP. The export efficiency depends on the sinking velocity of particles and their remineralization rate (De La Rocha and Passow, 2007; Bach et al., 2019), as well as on the lateral advection and the time lag between PP and organic matter export (Stange et al., 2017; Laws and Maiti, 2019). The export efficiency is generally high in polar waters (0.1-1.3) (Le Moigne et al., 2015) compared to temperate (0.05-0.65) (Buesseler et al., 1998; Haskell II et al., 2017) and (sub)-tropical oligotrophic waters (0.01-0.2) (Quay et al., 2010; Henson et al., 2012; Maiti et al., 2016; Buesseler et al., 2020; Karl et al., 2021). In fact, in Low Nutrient Low Chlorophyll (LNLC) ecosystems, the export efficiency is deemed to be weak because of low nutrient inputs and high recycling processes in the surface pelagic food web (Buesseler et al., 2008; Buesseler and Boyd, 2009). Therefore, these ecosystems have received less attention than mid/high latitudes ones with respect to the BGP, although they account for ~60% of the global ocean surface.

In these vast LNLC ecosystems, atmospheric dinitrogen (N2) fixing organisms, called diazotrophs, provide new bioavailable N to non-diazotrophic organisms, support >50% of new PP (Berthelot et al., 2015; Bonnet et al., 2015; Bonnet et al., 2016b; Caffin et al., 2018b), and the export of organic matter through the N2-primed prokaryotic carbon pump (Karl et al., 2003). Geochemical ∂15N budgets reported that N2 fixation contributes to ~25-50% of export production in the subtropical North Pacific (ALOHA, Hawaii) (Karl et al., 1998; Böttjer et al., 2017), ~10% in the subtropical North Atlantic (BATS) (Knapp et al., 2005), and 50-80% in the subtropical South Pacific (Knapp et al., 2018; Bonnet et al., 2023b). N2 fixation is now recognized to indirectly support the BGP through the use of the diazotrophic-derived N (DDN) by non-diazotrophic plankton that get finally exported (Berthelot et al., 2016; Bonnet et al., 2016b; Caffin et al., 2018b). Alternatively, diazotrophs can also be directly exported down to >1000 m (Agusti et al., 2015; Pabortsava et al., 2017; Caffin et al., 2018a; Poff et al., 2021; Benavides et al., 2022) and account for a significant part of the export flux (Bonnet et al., 2023a). The mechanisms involved in the gravitational export of diazotrophs has recently been experimentally investigated by Ababou et al. (2023) who showed that both filamentous and unicellular diazotrophs sink at velocities of ~100 to 400 meters per day through the formation of large (7,000–32,014 µm) aggregates. However, these studies are still at their infancy, and the role of diazotrophs in the BGP, in particular the relative contribution of the direct export of diazotrophs versus the indirect export pathways after transfer of the DDN to the food web, remains to be elucidated. Therefore, determining the composition of the sinking flux and the contribution of different particle types (including diazotrophs) to the overall flux is crucial to understand the underlying mechanisms that control the magnitude and efficiency of the BCP in these LNLC ecosystems.

Sinking particles are heterogenous. Capturing their diversity and determining who constitute and drive the flux in a given region is therefore challenging. Sediment traps allow to collect particles and to assess the relationship between PP, particle export and attenuation in the mesopelagic zone (Buesseler and Boyd, 2009; Baker et al., 2020; Baumas and Bizic, 2023). Polyacrylamide gels mounted on sediment traps enable the composition of the sinking flux to be estimated by collecting and preserving and preservation of their morphological characteristics during deposition in the gel (Jannasch et al., 1980; Lundsgaard, 1995; Waite et al., 2000). Studies in different regions have found either fecal pellets (Wassmann et al., 2000; Turner, 2002; Ebersbach and Trull, 2008; Laurenceau-Cornec et al., 2015; Durkin et al., 2021) or large organic aggregates (Alldredge and Gotschalk, 1988; De La Rocha and Passow, 2007; Burd and Jackson, 2009) to be the main drivers of the particle flux. However, this kind of gel traps have repeatedly been deployed in temperate and polar regions, but have never been used to assess the sinking flux in LNLC ecosystems in which primary, secondary and export productions are primarily supported by N2 fixation.

Here we deployed gel traps in the western subtropical South Pacific (WTSP), a LNLC ecosystem recognized as a hot spot of N2 fixation activity, with an estimated contribution of ~21% to 40% to the global fixed N input and average fluxes >600 μmol N m-2 d-1 (Bonnet et al., 2017; Shao et al., 2023). This hot spot has been attributed, among other factors, to the Fe fertilization by shallow hydrothermal sources along the Tonga-Kermadec arc (Bonnet et al., 2023b), resulting in dissolved Fe concentrations up to ~10 nmol L-1 in the euphotic layer (Tilliette et al., 2022). Here we used a gel traps approach to characterize the composition of the sinking flux and estimate the contribution of each particle category to the overall POC fluxes inside of this hot spot of N2 fixation. We also explored the interior of sinking particles using confocal microscopy to detect the possible presence of diazotrophs and evaluate their potential contribution to the overall POC flux.





Material and methods




Sinking particle collection

Samples were collected during TONGA expedition (GEOTRACES GPpr14, https://doi.org/10.17600/18000884) onboard the R/V L’Atalante from November 1st to December 5th of 2019 (beginning of austral summer) in the WTSP (Figure 1). A surface-tethered mooring line (~1000 m) equipped with sediment traps was deployed at 2 stations: S05M (21.157°S; 175.153°W) and S10M (19.423°S; 175.133°W) (Figure 1) for 5 and 3.8 days respectively and at 3 depths: 170 m (below the base of the euphotic layer), 270 m and 1000 m. Each trap was made up of four particle interceptor tubes (PITs) of a collecting area of 0.0085 m2 (aspect ratio of 6.7) that were attached to a cross frame (KC Denmark®). At each depth, tubes were dedicated to either optical (gel traps), biogeochemical, microbiological or molecular analyses (Benavides et al., 2022; Bonnet et al., 2023a). In this study, the optical tubes containing polyacrylamide gels were used to collect intact sinking particles: gels provide a slow deceleration of particles, isolate them in their original forms and therefore provide a direct ‘picture’ of the sinking flux (Ebersbach and Trull, 2008). The biogeochemical tubes were used to measure bulk carbon fluxes, and the microbiological tubes were used to visualize phycoerythrin-containing organisms by confocal microscopy (see details below).




Figure 1 | |Transect of the TONGA GPpr14 cruise. Satellite-derived surface chlorophyll a concentrations during the cruise (1 November-5 December 2019) (MODIS Aqua, 4 km, 8-days composite, level 3 product). Black triangles correspond to stations where surface-tethered sediment traps were deployed (170 m, 270 m, 1000 m).



Polyacrylamide gels were prepared as described in Ebersbach and Trull (2008) and Laurenceau-Cornec et al. (2015) and poured into a transparent cups. Prior to deployments of the mooring line, polyacrylamide gel cups were fixed to the bottom of the tube. Brine (salinity of ~50 g L-1) with formalin (2%) was carefully added to the surface of the gel to decelerate the sinking velocity of particles and prevent them from breaking on contact with the gel. The tube was then entirely filled with 0.2 μm filtered seawater. Immediately after recovery of the mooring line, the seawater covering the gels was removed using a peristaltic pump and the gel cups were recovered, carefully covered with parafilm and stored at 4°C until laboratory optical analysis back in the laboratory.

For the biogeochemical tube, the density gradient was visually inspected immediately after removal of the mooring line. The tubes were stabilized for two hours before the supernatant seawater was gently removed using a peristaltic pump. The sinking material in the remaining water was transferred to a hydrochloric acid-washed container, while being sieved with a 500 μm mesh to remove zooplankton that actively entered the traps (swimmers). After homogenization with a magnetic stir bar, a triplicate set of aliquots were filtered onto 25-mm diameter combusted (4h, 450°C) glass microfiber filters (Whatman GF/F), dried for 24 h at 60°C, pelleted and analyzed for POC and PON by EA-IRMS (Elemental Analyzer-Isotope Ratio Mass Spectrometry) using an Integra 2 (Sercon) mass spectrometer (Bonnet et al., 2018).





Polyacrylamide gel imaging

Polyacrylamide gels were visualized under a binocular magnifier and imaged using a Leica 165C camera (Figure 2). Particles were lit by placing a cold light illuminated plate below the gel cups, then images were captured at a 6.5 magnification to visualize particles. The whole gel cup surface area was imaged following horizontal transects. Approximately 24 to 26 images in a single focal plan were obtained for each gel at each depth. Images of incomplete grid cells were removed from the analysis to avoid bias. The average surface analyzed per gel was 0.0035 ± 0.0004 m2, corresponding to 41 ± 5% of the gel collection area (0.0085 m2). Images were analyzed using the FIJI software (the US National Institutes of Health’s free software ImageJ) (Schindelin et al., 2015) that allows the measurement of particles shape descriptors (area, angle, circularity, perimeter, fit ellipse and aspect ratio among others). In each processed image, the particles were delineated and numbered, and then individually identified according to their typical shapes and colors, thus indicating the category where they will be classified. Particles were classified into five categories: fecal aggregates (hereafter FA), phytodetrital aggregates (hereafter PA), mixed aggregates (hereafter Mix, which are aggregates containing both PA and FA or FA and zooplankton carcasses), cylindrical fecal pellets (hereafter CFP) and zooplankton carcasses (hereafter zoo carcasses). Routine one-to-one particle identification was applied on 125 images in total.




Figure 2 | Images of sinking particles embedded in polyacrylamide gels, collected at station S05M at 170 m (A), 270 m (B) and 1000 m (C), and station S10M (D–F) at the same depths respectively. Image analysis of particles collected at 170 m at S10M was not possible due to the damaged aspect of the gel, this depth was thus excluded from this study.



With the sinking particle projected areas obtained with FIJI, we first identified their size spectra and then their number and volume flux spectra. Finally, we estimated the number, volume and carbon fluxes associated with each particle category (described below).





Particles shape descriptors

The projected areas of sinking particles provided by FIJI (Figure 3) enabled to calculate their Equivalent Spherical Diameter (ESD) by assuming spheres (Equation 1).

 




Figure 3 | Projected area flux of sinking particles reconstructed from image analysis at each station and depth (mm2 m−2 d−1). FA, fecal aggregates; PA, phytodetrital aggregates; Mix A, mixed aggregates; CFP, cylindrical fecal pellets; Zoo Carc., zooplankton carcasses.



Where the projected area is the surface area occupied by a particle in mm2.

The ESD allowed to determine the size spectra of the sinking particles by binning them into 9 logarithmically spaced size classes (Table 1) (Laurenceau-Cornec et al., 2015) that cover the whole size range of particles detected in our gels (0.1-1.7 mm). All particle shape descriptors and fluxes considered in this study and their units are reported in Table 1. A cut-off of particles with projected areas<0.009 mm2 (equivalent to 0.1 mm ESD) was applied to exclude small and spurious particles arising from gel imperfections, and to avoid misidentification as their size did not allow to identify them correctly. This cut-off removed hundreds of particles at both stations but represents an average loss of 25 ± 5% of the total projected area of particles at S05M and 25 ± 0.2% at S10M.


Table 1 | Units and definitions of particle shape descriptors and calculated fluxes (upper table), and size classes (ESD, mm) (lower table) of particle categories: phytodetrital aggregates, fecal aggregates, mixed aggregates, cylindrical fecal pellets and zooplankton carcasses.



Particle number (m-2 d-1 mm-1) (Equation 2) (Figure 4, left) and volume flux spectra (mm3 m-2 d-1 mm-1) (Equation 3) (Figure 4, right) allowed to determine the abundance of particles and their corresponding volumes in each size class. The particle number flux spectra was calculated as follows:

 

Where ∑particle number is the sum of particles within a size class, the surface area is the total imaged surface area of the gel in m2, the trap deployment duration in days (5 for S05M and 3.8 for S10M) and the size of the size class is the difference between upper and lower limits ESD in mm.

The volume flux spectra (mm3 m-2 d-1 mm-1) was calculated as for the number flux spectra as follows:

 

Where ∑particle volume is the sum of volumes within a size class in mm3, the surface area is the total imaged surface area of the gel in m2, the trap deployment duration in days (5 for S05M and 3.8 for S10M) and the size of the size class is the difference between upper and lower limits ESD in mm.





Estimation of particle carbon fluxes in the polyacrylamide gel traps

The particles projected areas were first converted into volumes according to geometric assumptions as in Ebersbach and Trull (2008) and Laurenceau-Cornec et al. (2015). Fecal and phytodetrital aggregates were considered spherical, mixed aggregates, zooplankton carcasses as ellipsoids and cylindrical fecal pellets as cylinders. Volumes were then converted to carbon content by using relationships provided in the literature for each particle type (Equation 4): carbon content of fecal aggregates was obtained using fecal marine snow power relationship (Alldredge, 1998):

 

Where POC is the carbon content of fecal aggregates in µg and V is their corresponding volumes in mm3.

POC content of phytodetrital aggregates was obtained using diatom marine snow relationship (Equation 5) (Alldredge, 1998):

 

Where POC is the carbon content of phytodetrital aggregates in µg and V is their corresponding volumes in mm3.

Carbon content of cylindrical fecal pellets was obtained from their volumes using a value of 0.057 mg C mm-3 (Gonzalez and Smetacek, 1994). For zooplankton carcasses, we first estimated their dry weight using the correlation (r2 = 0.967) of subtropical copepods with a size range of body area of 0.1-8.3 mm2 (Lehette and Hernández-León, 2009) (Equation 6), as follows:

 

Where projected area is the surface area occupied by the zooplankton carcasses in mm2.

Then, carbon content of zooplankton carcasses was thus calculated as 45% of the estimated dry weight (Billones et al., 1999). Only identifiable particles and zooplankton carcasses were considered in estimates of POC flux. Unidentified particles and healthy-looking swimmers accidentally caught in the gel (not carcasses) were excluded from the data set. All relationships used in volume and POC conversions are listed in Table 2.


Table 2 | Relationships used to estimate volumes and carbon contents of sinking particles according to their shapes. Lengths and widths used corresponds to major and minor lengths provided by FIJI.



Number, (Figure 4, left), volume (Figure 4, right)  and carbon fluxes (Figure 5) of particles were estimated at each station and depth by dividing their respective total counted particles number, volume (mm3) or carbon (mg) by the analyzed surface area of the gel (m2) and the trap collection duration (days). Contributions of each particle category in number, volume and carbon fluxes were calculated as a percentage of a total and are presented in Table 3.


Table 3 | Number, volume and POC fluxes reconstructed from polyacrylamide gel traps with fractional contributions of each category of particle.







Evaluation of the presence of diazotrophs within aggregates

The presence of diazotrophs within the sinking aggregates was evaluated at only one station (S05M) as both stations were quite similar in composition and because such method is time consuming. For that, the interior of the aggregates collected in tubes dedicated to microbiological analyses was visualized using confocal microscopy. 250 mL of the traps material were filtered onboard onto 0.8 µm polycarbonate filters and fixed with 4% paraformaldehyde. Filters obtained were then carefully inverted onto clean transparent glass slides and freezed using a cooling spray to instantly transfer all the traps material from the filter to the glass slide. The filter was then carefully removed and inspected to ensure that no particles remained after transfer. Without covering the slides to avoid flattening the aggregates, they were directly placed under the microscope and visualized at a x10 magnification using the microscope lasers. The visualized aggregates here were from several categories, i.e. either fecal, mixed or phytodetrical aggregates and we were not able to clearly discriminate them with this method. Organic matter was visualized with ultraviolet (UV, wavelength= 405 nm) and phycoerythrin was used as a relative indictor of cyanobacterial diazotrophs as Trichodesmium spp., unicellular diazotrophic cyanobacteria from Group B (UCYN-B) and C (UCYN-C) and endosymbiotic nitrogen fixers possess this accessory pigment (Grabowski et al., 2008; White et al., 2018; Bonnet et al., 2023a) (phycoerythrin, wavelength= 455 nm), while UCYN-A do not (Zehr et al., 2008). Twelve focal plans with evenly distributed aggregates were randomly selected from each depth. Before starting the imaging, parameters (slices thickness, pinhole diameter, gain and contrasts) of the images were set using the microscope software. The two lasers used enabled the excitation of the aggregates organic matter in blue color and the phycoerythrin pigments in red/pink color. An average of 15 images (slices) with a thickness of 5.9 µm per focal plan (Figure 6) was needed to explore the aggregate’s interior (total of 180 images per depth at S05M). The high resolution of images allowed the reconstruction of the aggregates (Figure 6) and the quantification of the phycoerythrin proportion area in these aggregates (Table 4). With many marine diazotrophs being cyanobacteria (although not all cyanobacteria are diazotrophs), phycoerythrin was used as a relative indicator of the cyanobacterial diazotrophs in the sinking material. Two potential pitfalls of this method are that 1/other (non-diazotrophic) cyanobacteria, notably Synechococcus spp., also contain phycoerythrin. However, the morphology of Synechococcus and cyanobacterial diazotrophs is very different: Synechococcus spp. are picoplantonic in size (~1 µm), while Trichodesmium spp. are long filaments or colonies (>100 µm), and unicellular diazotrophs (UCYN) are spherical/ovoid (5-8 µm). According to our observations in the exported material, Synechococcus spp. were in the minority compared with diazotrophs. Moreover, because of their small size, their carbon content is 10-100 times lower than that of diazotrophs. We therefore considered the phycoerythrin zones reported below to be a relative indicator of diazotrophs, but the results reported below may be slightly overestimated. 2/UCYN-A do not contain pigments and cannot be visualized with this method, which may on the opposite underestimate the contribution of cyanobacterial diazotrophs to export. This method was compared in the discussion to another method based on quantitative PCR.


Table 4 | Diazotroph projected area and specific reconstructed POC fluxes at S05M.







Estimation of the contribution of diazotrophs to the sinking flux

The confocal images were analyzed using FIJI (Figure 6). First, each group of focal images (slices) was combined to be analyzed as a stack. Then, the contrast of the images stack was adjusted for a better visualization of the aggregates before selecting and measuring each fluorescent area separately (blue for organic matter and red/pink for phycoerythrin-containing organisms) using the color threshold function of FIJI.

Total projected areas of each fluorescence were obtained. This allowed to measure the proportion of phycoerythrin-containing organisms in the sinking material over the total fluorescent projected area (blue+pink) as follows (Table 4) (Equation 7):



where phycoerythrin area proportion is the area mostly occupied by cyanobacteria (essentially attributed to cyanobacterial diazotrophs, see above) over the total fluorescent area in percentage (%).The diazotroph projected area fluxes were obtained by summing the projected areas of diazotrophs in all slices of the twelve images analyzed and by converting them into fluxes in mm2 m-2 d-1.

The contribution of diazotrophs to the POC flux was roughly estimated by calculating the volumes (µm3) from their projected areas (mm2) assuming spheres by using the ESD (Eq. 1) cited above. Further, we estimated the POC content (pg) of diazotrophs by plotting the volumes and carbon contents provided in Goebel et al. (2008) and Luo et al. (2012) and those measured in Dron et al. (2012) (Supplementary Table, Supplementary Figure 1).





Surface chlorophyll and primary production

Surface Chlorophyll a concentrations were assessed by satellite (MODIS Aqua, 4 442 km, 8-days composite, level 3 product) (http://oceancolor.gsfc.nasa.gov). Primary production was measured in triplicates at the locations of the traps deployments (S05M and S10M) as described in Lory et al. (In prep.).






Results




Sinking particle characteristics and statistics

Figure 2 shows the different categories of sinking particles identified in this study. Fecal aggregates are compact and dark brown, whereas phytodetrital aggregates are diffuse and green. Mixed aggregates are relatively large in size with irregular colors i.e. brownish with some green inclusions when they are made of fecal and phytodetrital materials; and shapes i.e. spherical to elongated when zooplankton carcasses are attached to the fecal aggregates. Cylindrical fecal pellets are brown and long with a relatively high aspect ratio (i.e. length over width ratio >2) with rounded or conical edges.

At S05M, the total number flux spectra, corresponding to the sum of all particle categories within all the size classes (ESD), was 8.16 105 m-2 d-1 mm-1 at 170 m, 9.53 105 m-2 d-1 mm-1 at 270 m and 1.38 106 ± 2 104 mm3 m-2 d-1 mm-1 at 1000 m (Figure 4). At S10M, no data are available at 170 m because the gel was not exploitable (see Figure 2). The number flux spectra at 270 m was higher (1.75 106 m-2 d-1 mm-1) compared to S05M, and almost similar to S05M at 1000 m (Figure 4).




Figure 4 | Total number (m-2 d-1 mm-1) and volume fluxes (mm3 m-2 d-1 mm-1) of particles binned in 9 size classes (Table 1). Number flux spectra are shown at (A) S05M-170 m, (B) S05M-270 m, (C) S05M-1000 m, (D) S10M-270 m, (E) S10M-1000 m, and volume flux spectra at (F) S05M-170 m, (G) S05M-270 m, (H) S05M-1000 m, (I) S10M-270 m, (J) S10M-1000 m, for each category of particles FA, fecal aggregates; PA, phytodetrital aggregates; Mix A, mixed aggregates; CFP, cylindrical fecal pellets; Zoo Carc., zooplankton carcasses.



Most of the number flux spectra at all depths and both stations was dominated by fecal aggregates, in particular of small and medium size (0.1-1 mm ESD), which contribution was close to the total number flux spectra, especially at 1000 m at both stations (Figure 4). Cylindrical fecal pellets were the second most numerous particles at all depths at both stations averaged, with a maximum flux of 6.64 104 m-2 d-1 mm-1 of particles (0.1-0.4 mm ESD) observed at S10M at 1000 m. Zooplankton carcasses were the third most numerous particles at all depths at both stations averaged, except at S05M at 270 m, where phytodetrital and mixed aggregates were the more numerous. No phytodetrital aggregates were observed at 1000 m at any station (Figure 4). Aggregates were rather mixed at this depth, with values ranging from 1.3 to 3.7 103 m-2 d-1 mm-1 at S05M and S10M respectively. Overall, particles with a size range 0.1-0.5 mm ESD were the most numerous at both stations and their number increased progressively with depth (Figure 4), likely due to fragmentation, leading to smaller but more numerous aggregates.

At S05M, the total volume flux spectra, corresponding to the sum of volumes of all particle categories within all the size classes (ESD), was 4880 mm3 m-2 d-1 mm-1 at 170 m and 4752 mm3 m-2 d-1 mm-1 at 270 m (Figure 4). At S10M, no data are available at 170 m (see Figure 2). However, as for the total number flux spectra, the total volume flux spectra at this station was higher (6949 mm3 m-2 d-1 mm-1) at 270 m and almost similar (4532 ± 20 mm3 m-2 d-1 mm-1) at 1000 m at both stations. Overall, the total volume flux spectra decreased with depth at both stations. However, the decrease was more pronounced between 270 and 1000 m at S10M than at S05M (Figure 4).

As for the number flux spectra, most of the volume flux spectra at all depths and both stations was carried out by fecal aggregates, especially those between 0.1 and 0.7 mm ESD (Figure 4). Fecal aggregates of size range 0.1-1 mm ESD were the most voluminous particles, with volumes almost equivalent to the total volume flux spectra at all depths of both stations. This is due to their higher abundance compared to larger fecal aggregates (>1 mm) and to other particle categories.





Particle number, projected area and volume fluxes

Particle number and projected area fluxes of all depths averaged were higher at S10M (90320 m-2 d-1 and 3342 mm2 m-2 d-1, respectively) than at S05M (59294 m-2 d-1 and 2682 mm2 m-2 d-1, respectively) (Table 3; Figure 3). Volumes fluxes were almost similar at both stations in an average stations and depths of 861 ± 15 mm3 m-2 d-1 (Table 3).

Fecal aggregates were the most numerous and voluminous particle category at the three depths at both stations. They represented 88 ± 10% of the total number flux, 72 ± 18% of the total projected area flux and 63 ± 19% of the total volume flux (stations and depths averaged) (Table 3; Figures 4, 3). Mixed aggregates were the second contributors to the projected area (14 ± 11% of the total, stations and depths averaged) and volume fluxes (25 ± 18% of the total) despite their low abundance. The remaining fraction is distributed among the other particle categories, the lowest contribution to the fluxes being for phytodetrital aggregates that contributed for 1.1 ± 1.3% to the total number flux, 1.2 ± 1.4% of the total projected area and 1.2 ± 1.3% of the total volume flux (Table 3; Figures 4, 3).





Reconstruction of POC flux from images analysis

Fecal aggregates dominated the total reconstructed POC flux at 270 and 1000 m at both stations, with 67 ± 17% of the total POC flux (Table 3; Figure 5). At S05M, zooplankton carcasses and cylindrical fecal pellets drove the reconstructed POC flux at 170 m with a similar contribution of 40% each, whereas no data are available for S10M at this depth (see Figure 2). Phytodetrital and mixed aggregates contribution to the total POC flux was low at both stations and all depths with an average of 0.5 ± 0.5% and 5 ± 1%, respectively (Table 3; Figure 5).




Figure 5 | Reconstructed POC fluxes of FA= fecal aggregates, PA= phytodetrital aggregates, Mix A= mixed aggregates, CFP= cylindrical fecal pellets, and Zoo Carc.= zooplankton carcasses, total reconstructed and measured POC fluxes at 170 m, 270 m and 1000 m. POC fluxes are presented in mg C m-2 d-1 at S05M (A) and S10M (B).



The total reconstructed POC flux was higher at S10M than at S05M (Figure 5). At S05M, reconstructed POC fluxes decreased by 65.8% between 170 and 270 m and remained constant between 270 and 1000 m (Table 3; Figure 5). This is mainly due to the decrease of cylindrical fecal pellets and zooplankton carcasses fluxes by 94 and 84% respectively between these two depths, while other particle category fluxes remained constant. However, at 1000 m, phytodetrital and mixed aggregates fluxes were almost zero and fecal aggregate fluxes increased by 32%, while other particle category fluxes remained constant. This led to a constant total reconstructed POC fluxes between 270 and 1000 m (Table 3; Figure 5). At S10M, all particle category fluxes decreased between 270 and 1000 m, by 84% for mixed aggregates fluxes and by 36% for cylindrical fecal pellets and fecal aggregate fluxes, whereas fluxes attributed to zooplankton carcasses almost doubled between these two depths (Table 3; Figure 5).

The total POC flux measured in the biogeochemical tubes was generally higher at S10M compared to S05M at all depths (Figure 5). The total measured POC flux was almost twice as much at S10M (69.6 mg C m-2 d-1) than at S05M (38.4 mg C m-2 d-1) at 170 m. However, it decreases more intensely at S10M (67.78%) than at S05M (47.22%) between 170 and 1000 m. Overall, our reconstructed POC fluxes were 3 to 9-fold lower than the measured POC flux at both stations (Figure 5).





Particle export and transfer efficiencies

Particle export efficiencies (Eeff), estimated using gel image analysis, were 0.03 at 170 m at S05M and were similar (0.01) at 270 and 1000 m at both stations (Table 5). However, the Eeff measured using the biogeochemical tubes, were systematically higher than estimated ones and were comparable between both stations and depths (Table 5).


Table 5 | Comparison of total estimated and measured export (Eeff) and particle transfer efficiencies (Teff) at the two stations (S05M and S10M).



Particle transfer efficiencies (Teff), estimated using gel image analysis, were similar between 270 and 1000 m at both stations (average of 0.95 ± 0.07) (Table 5). Teff measured using the biogeochemical tubes, were higher at S05M compared to S10M between 170 and 1000 m and between 170 and 270 m, whereas they were similar at both stations between 270 and 1000 m (0.4). Overall, Eeff were comparable at both stations but a more efficient transfer of C to depth occurred at S05M compared to S10M (Table 5).





Phycoerythrin projected area and estimation of POC fluxes potentially associated with diazotroph

Phycoerythrin occupied 13%, 52% and 45% at 170, 270 and 1000 m respectively of the total projected area flux at S05M (Table 4). Despite approximations (see Method section), we considered phycoerythrin as a relative indicator of diazotrophs in this study. The POC fluxes attributable to diazotrophs were relatively low (2.6 mg C m-2 d-1) at the shallowest depth (170 m), increased by 6-fold at 270 m (15.7 mg C m-2 d-1), then decreased at 1000 m (10.39 mg C m-2 d-1) (Table 4). However, due to the attenuation of total POC fluxes with depth, the evaluated contribution of diazotrophs to this flux increased with depth, potentially accounting for 7% at 170 m, 34% at 270 m and 51% to the overall POC flux at 1000 m (Table 4).






Discussion

LNLC ecosystems are deemed to be poorly efficient at exporting C due to intense recycling of PP in surface waters (Buesseler et al., 2008; Buesseler and Boyd, 2009). Past studies using delta 15N budgets revealed that N2 fixation supports 50-80% of export production in the WTSP (Knapp et al., 2018), which has been recently confirmed during the TONGA cruise at our two studied stations on the same traps (64-76 ± 86% and 90-92 ± 50% at stations S05M and S10M, respectively, Bonnet et al., 2023b). Yet, the precise pathways by which diazotrophs are exported in this hot spot are poorly understood. Diazotrophs may be exported to the deep ocean through two major pathways: the direct gravitational sinking of diazotrophic organisms (Benavides et al., 2022; Bonnet et al., 2023a) and/or the transfer of their DDN to non-diazotrophic phytoplankton, zooplankton, and bacteria (Berthelot et al., 2016; Bonnet et al., 2016a; Caffin et al., 2018a), which are subsequently exported to the deep ocean as aggregates or fecal pellets (Siegel et al., 2016; Le Moigne, 2019). Consequently, the nature of organic matter derived from diazotrophy may be diazotrophs themselves, phytoplankton and/or zooplankton that have consumed DDN, detritus, fecal pellets, or a mixture of these.




Composition of the sinking fluxes in the WTSP

Here we show that the POC fluxes were primarily driven by zooplankton derived particles (fecal pellets and aggregates, and zooplankton carcasses), with fecal aggregates dominating at 1000 m, while cylindrical fecal pellets and zooplankton carcasses dominated at 170 m (Table 3; Figure 5). The dominance of zooplankton derived particles is in line with the plankton community composition present in surface waters during the same expedition (Mériguet et al., 2023). This latter study reports that grazers, dominated by gelatinous carnivores, chaetognatha, copepoda, and other larger species, account for 34% (average abundance of 329 ind. m-3) of the total mesozooplankton community (>200 µm) between 0 and 200 m depth. The high POC fluxes derived from zooplankton particles suggest that the Fe-rich hydrothermal inputs from the Tonga arc have stimulated N2 fixation (Bonnet et al., 2023b), that in turn stimulated primary and secondary productions in this LNLC ecosystem. Mériguet et al. (2023) showed that diazotrophs dominated the microplankton (20-200 µm) community in the area of trap deployment (69% of the total community abundance of 5.105 ind.m-3) and that >80% of diazotrophs were Trichodesmium spp. In this ecosystem, diazotrophy supports >80% of export production (Bonnet et al., 2023b). The high POC flux derived from zooplankton particles suggest that the DDN has been efficiently transferred to the food web up to zooplankton and fecal pellets before being exported, pleading for an indirect export of diazotrophs. Previous studies based on 15N isotopic measurements on zooplankton reported that the DDN contribution to zooplankton biomass was estimated at ~25% in the Southern Baltic Sea (Wannicke et al., 2013), 30-40% in the tropical Atlantic (Montoya et al., 2002; Loick-Wilde et al., 2016), and 67-75% in the WTSP (Carlotti et al., 2018). Other studies based on direct observations, grazing experiments, or nifH detection in full-gut copepods, report that several copepod species graze on diverse diazotrophs such as Trichodesmium (O’Neil et al., 1996; O’Neil, 1999; Koski and Lombard, 2022), UCYN from groups A, B and C (Scavotto et al., 2015; Hunt et al., 2016; Conroy et al., 2017), Richelia (Hunt et al., 2016; Conroy et al., 2017), and Aphanizomenon (Wannicke et al., 2013; Koski and Lombard, 2022). Finally, 15N-labelling experiments revealed that diazotrophs can be a direct source of N supporting the metabolism of zooplankton (Loick-Wilde et al., 2012; Wannicke et al., 2013; Adam et al., 2016; Hunt et al., 2016; Caffin et al., 2018a). Altogether, these studies suggest that the pool of DDN can be efficiently transferred to zooplankton, which seems to be the case in the WTSP.

POC fluxes reconstructed in this study through the image analyses and conversion factors were 3 to 9-fold lower than those actually measured in the replicate biogeochemical tubes (Figure 6). We propose two main hypotheses to explain such differences. First, the volume-to-carbon conversion factors used here were originally determined for diatoms or fecal marine snow collected in temperate regions (Alldredge, 1998). However, because the composition of sinking particles varies across coastal, open ocean, temperate and subtropical environments (Durkin et al., 2021), carbon contents of particles -relative to their volumes- originating from different environments may also vary. Moreover, similar volume-to-carbon ratios are generally used to determine the carbon content of cylindrical fecal pellets. This likely did not accurately represent the diversity of cylindrical fecal pellets identified in our study, especially that it is highly dependent on the feeding behavior of zooplankton species and on ecosystem structure (Cavan et al., 2017). Durkin et al. (2021) showed that carbon contents obtained using the classical Alldredge’s conversion factors (Alldredge, 1998) and those they optimized were comparable for aggregates of sizes up to 709 µm ESD. This may suggest that our POC fluxes are coherent, as most of particles analyzed in our study have sizes between 120 and 700 µm ESD (Figure 4). Second, the cut-off we applied in one-to-one particle identification removed hundreds of small particles (<0.009 mm2). This cutoff has probably underestimated the small particle flux and, by extension, the total reconstructed flux. However, single particle identification is less biased than other approaches, such as automated identification, although it is time consuming and labor intensive. It allows to accurately identify sinking particles by visualizing them one by one.




Figure 6 | Confocal microscopy images of random aggregates (blue, wavelength= 405 nm) (S05M) with diazotrophs and phycoeryhtrin-containing organisms (pink/red, wavelength= 555 nm) visualized at x10 magnification, at 170 m (A), 270 m (B) showing UCYN-like aggregates and 1000 m (C) showing Trichodesmium filaments.



Equations 4 to 6 are used for converting a given particle volume (mm3) into POC content (g). In our study, we used three different equations to take into account the variability of carbon content relative to size in three different categories of particles, namely, fecal aggregates, phytodetrital aggregates and cylindrical fecal pellets. These equations were taken from previous literature looking at particles carbon content, mainly from the two following references (Alldredge, 1998; Lehette and Hernández-León, 2009). The few previous papers looking at particles imaging and attempting to reconstruct POC flux from imaging (Ebersbach and Trull, 2008; Ebersbach et al., 2011; Laurenceau-Cornec et al., 2015) have used a similar set of equations. Likewise, Durkin et al., 2015 have used simpler approach by using a single equation directly relating carbon content to particle volume without no further distinction between particle types.

Such equations do not provide uncertainties unfortunately bacause they are empirically defined. They are based on field measurements that do not allow sufficient reproducibility to provide robust uncertainties. Collecting intact particles at sea is a challenge because large particles (which can be clearly identified as certain category and are the main contributor to the overall POC flux) are scarce and very fragile. For instance, defining uncertainties on such equations would require to have a several contiguous cohorts of particles of similar size (for example: 10 fecal pellets of exactly 300 µm, 10 fecal pellets of exactly 500 µm, 10 fecal pellets of exactly 1000 µm and so on) and measure their individual carbon content. In the field, particles size spectra are more complex than that, and the sampling strategy described in the sentence above is simply not possible to find. Currently, the sampling capacity of intact particles (enabling sizing and POC content measurement) is very limited to a few particles at the time suing the Marine Snow Catcher for instance (Riley et al., 2012). Therefore, uncertainties cannot be assessed at present.





Evolution of the POC flux with depth at the two stations

The total reconstructed and measured POC fluxes decreased with depth by 66 and 47% at S05M and by 67% of the measured POC fluxes at S10M (Table 3; Figure 5). This is consistent with the decrease of POC by 46 and 55% between 150 and 500 m at station ALOHA assessed using neutrally buoyant sediment traps (Lamborg et al., 2008). In our study, the decrease of the total reconstructed POC flux was mainly due to the decrease of cylindrical fecal pellets and zooplankton carcasses fluxes by 94 and 84%, respectively between 170 and 270 m, while the particle flux of the categories of particles remained constant or even increased for fecal aggregates at S05M (Table 3; Figure 5). This suggests that a fragmentation of fecal material occurred at shallow depths, likely by bacterial activity or zooplankton coprorhexy (Lampitt et al., 1990; Suzuki et al., 2003; Iversen and Poulsen, 2007), followed by a reaggregation at depth by physical processes. For physical aggregation to occur, high particle concentrations are required (Jackson, 1990). Thus, the high fecal pellet flux at 170 m and its decrease at depth suggest that sufficient fragmented particles were released to allow a reaggregation into fecal aggregates at depth.

In addition, both estimated and measured export efficiencies (Eeff)(Table 5) were within the range of those reported in LNLC ecosystems (0.02-0.2) (Henson et al., 2019) but lower than those reported in the WTSP (0.2-0.4) using a mesocosm experiments (Berthelot et al., 2015), likely due to shallow depth of the mesocosms (15 m). Estimated Eeff and transfer efficiencies (Teff) were similar at both stations at 1000 m, whereas measured ones showed a more efficient export and transfer of POC at shallower depths at S05M and similar at 1000 m (Table 5). The similarities between the two stations may be explained by their geographical proximity and their belonging to the same biogeochemical province i.e. both are Fe fertilized by the shallow hydrothermal sources along the Tonga-Kermadec arc (Figure 1) (Bonnet et al., 2023b).





Evaluation of the potential direct export of diazotrophs

In addition to export pathways mediated by zooplankton partly sustained by DDN, our results also emphasize that diazotrophs gravitationally sink to the deep ocean as they are retrieved in sediment traps. With our method based on confocal microscopy, we were not able to accurately determine in which type of aggregates they were embedded, but the aggregates containing recognizable diazotrophs often looked fecal or mixed aggregates, with the exception of Trichodesmium colonies, which were often present as single filaments or entire colonies and were thus likely phytodetrital aggregates. We attempted to estimate the potential contribution of diazotrophs to the total POC export flux, and estimated that they could contribute from 7 to 51%, with  a potential contribution increasing with depth. Although our method includes biases associated with the use of phycoerythrin as a relative indicator of the presence of diazotrophs (see details in method section) and the use of conversion factors, the trend obtained here is comparable with that obtained in a parallel study carried out in the same traps during the same campaign using quantitative PCR (Bonnet et al., 2023a). In the latter study, the authors estimated that the direct export of diazotrophs would contribute ~1% (at 170 m) to 85% (at 1000 m) of total PON export, and thus also report this trend of increasing contribution with depth, mostly due to the presence at 1000 m of large amounts of intact Trichodesmium spp. filaments and colonies having high carbon and nitrogen contents due to their large size (this study, Bonnet et al., 2023a). Finally, we also used nitrogen isotope budget to infer the contribution of N2 fixation to export production in the same traps (Bonnet et al., 2023b; Forrer et al., 2023). This approach reports that N2 fixation supports 77 to 84 ± 159% and 64 to 76 ± 86% of exported production at 170 and 270 m, respectively at the same station (S05M) (no data were available at 1000 m). These estimates are therefore comparable to those based on confocal microscopy (this study) and quantitative PCR (Bonnet et al., 2023a study), but are higher at the two shallowest depths. This seems logical as the approach based on nitrogen isotopes do not discriminate the direct export of diazotrophs, to the export of non-diazotrophic organisms which growth was supported by N2 fixation in surface waters (indirect export), and give the sum of both. In all, these three independant approaches indicate that diazotrophs leave the euphotic layer and are exported up to 1000 m depth, thus contributing to carbon export fluxes to the deep ocean.

The increasing contribution of diazotroph to the POC fluxes with depth may be explained by a temporal decoupling between surface production and export. MODIS satellite estimates of surface chlorophyll concentrations during the TONGA expedition (Supplementary Figure 2) indicate that the peak of chlorophyll occurred approximately two weeks before the traps deployment at this station (S05M). Thus, considering sinking velocities of filamentous and UCYN diazotroph aggregates (100 and 400 m d-1 respectively) measured in the laboratory by Ababou et al. (2023), they would reach the depth of 270 m within 0.67 to 3 days, and the depth of 1000 m within 2 to 10 days, which supports our hypothesis. Another hypothesis that could explain the higher contribution of diazotrophs to POC fluxes at 1000 m compared to that at is the high abundance of zooplankton carcasses (Table 3) at 170 m (thus increasing total POC, and decreasing the contribution of POC associated with diazotrophs) and gelatinous organisms (329 ind m-3) in shallow (0-200 m) waters (Mériguet et al., 2023). This suggests that these organisms may have ingested diazotrophs between 0 and 200 m, consequently decreasing their export flux at 170 m. Trichodesmium spp. has traditionally been considered as a food source for only few zooplankton species, mainly harpacticoid copepods (O’Neil and Roman, 1994) due to its toxicity (O’Neil, 1998), but recent studies suggest that they are grazed by other zooplankton species (Hunt et al., 2016; Koski and Lombard, 2022), although Trichodesmium spp. produces sulfuric compounds repulsive to grazers in Fe deficiency conditions (Bucciarelli et al., 2013). Because Fe was highly available in this area (Tilliette et al., 2022; Bonnet et al., 2023b) and Trichodesmium spp. has an efficient Fe uptake system (Lory et al., 2022), the hypothesis that Trichodesmium spp. would escape grazing by releasing zooplankton repulsive compounds is unlikely.






Conclusion

This study explored for the first time the composition of the sinking flux in the oligotrophic ocean. It was conducted in a hot spot of N2 fixation, in which diazotrophy supports the majority of export based on nitrogen isotopic budgets (Knapp et al., 2018; Bonnet et al., 2023b). Here we explored pathways though which diazotrophs support the export of organic matter. We reveal that fecal aggregates dominated the particles flux between 170 and 1000 m, suggesting that the DDN in the euphotic layer has been efficiently transferred to the food web up to zooplankton and fecal pellets before being exported, pleading for an indirect export of diazotrophs. Additionally, our study report that diazotrophic cells, filaments and colonies are present embedded in different categories of particles, mostly fecal and mixed aggregates, and account for a direct i.e. gravitational export pathways of diazotrophs. This indicates that diazotroph biomass can escape short-term sub-surface and mesopelagic remineralization and reach the deep ocean, where a fraction will be sequestered for long time scales. Additional investigation is needed in other oligotrophic regions to determine the contribution of diazotrophs to export fluxes at larger scales, and eventually integrate direct and indirect export pathways in biogeochemical models.
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°POC flux of diazotrophs in mg C m*d".

fproportion of diazotroph POC flux from the total POC flux in percentage (%).
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Number Fractional contributions (%) Volume Fractional contributions (%) POC Fractional contributions (%)
flux (m flux (mg
d

Total

S05M ‘ 170 48,513 ‘ 722 | 28 7.2 8.6 92 | 917 45 3 25 11 17 ‘ 14.14 14 1 4 40 41
‘ 270 53,000 ‘ 821 | 22 | 61 5.6 4.1 1108 42 2 53 1 3 ‘ 4.84 59 1 13 7 19
‘ 1000 76,368 ‘ 9.7 0 74 2 0.6 = 592 80 0 18 1 0.5 ‘ 4.86 86 0 25 9 2

S10M ‘ 270 105,532 ‘ 947 | 04 | 09 27 | 13 1104 65 1 26 d 7 ‘ 9.63 74 05 5 11 10
‘ 1000 75,107 ‘ 926 | 0 0.6 47 | 21 | 597 82 0 3 2 14 ‘ 8.28 47 |0 1 7. 45

Maximum fluxes are indicated in bold. FA, fecal aggregates; PA, phytodetrital aggregates; MIX, mixed aggregates; CEP, cylindrical fecal pellets; Z, zooplankton carcasses.
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Reference

(Laurenceau-Cornec et al., 2015)

(Laurenceau-Cornec et al., 2015)

(Ebersbach and Trull, 2008)

(Ebersbach and Trull, 2008)

(Billones et al., 1999; Lehette and Hernandez-Leon, 2009; Dai

etal, 2016)
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Volume
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Carbon flux

Number flux spectrum

Volume flux spectrum

Unit

m?d’

mm® m2d"!
mgCm?d"
m?d" mm’!

mm’ m?d* mm™

escription
Surface area occupied by a particle

Volume of a theoretical spherical particle calculated
from its projected area

Diameter of a theoretical spherical particle calculated
from its projected area

Number flux of sinking particles
Volume flux of sinking particles
Organic carbon flux by sinking particles
Number flux per unit ESD size interval

Volume flux per unit ESD size interval

Number, volume and carbon fractional % Proportion of number, volume and carbon fluxes of
contributions particle categories as a percentage of total

Size 1 2 3 4 5 6 7 8 9
classes

Lower 0.102 0.145 0.207 0.296 0422 0.603 0.86 1.228 1.752
Limit

Upper 0.145 0.207 0.296 0.422 0.603 0.86 1.228 1752 -
Limit

Center 0.124 0.176 0.252 0.359 0513 0.732 1.044 149 -
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170 0.03 0.08 - 0.09 03 05 = 03
270 0.01 0.1 0.01 0.07 03 12 - 0.7
1000 0.01 0.04 0.01 0.03 1 04 0.9 0.4

“estimated = total POC fluxes estimated of each particle category (mg C m™ d”')/Net PP flux (mg C m™ d”', integration euphotic zone).

Pmeasured = total POC flux in the biogeochemical tube (mg C m™ d')/Net PP flux (mg C m™* d”, integration euphotic zone).

“estimated = total POC fluxes reconstructed of each particle category (mg C m> d') at the deepest depth/total reconstructed POC fluxes (mg C m™ d™') at the shallowest depth.
“Ymeasured= total POC flux in the biogeochemical tube (mg C m d"') measured at the deepest depth/total POC flux measured (mg Cm™ d"") at the shallowest depth. At 170 m=Teff between 170
and 1000 m, at 270 m=Teff between 170 and 270 m and at 1000 m=Teff between 270 and 1000 m.
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