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Editorial on the Research Topic 
The oceanic particle flux and its cycling within the deep water column

The oceanic particle flux transfers energy and material from the surface through the water column to the seafloor. (See review by Conte (2019) and references therein). The particle flux fuels life below the sunlit photic zone, exerts a major control on the global cycling of carbon and particle-associated elements, and also plays a major role in long-term carbon sequestration. In this Research Topic we present a collection of articles that provide a broad overview of current research on the interlinked processes controlling the magnitude and composition of the oceanic particle flux, and its cycling and depth attenuation within the deep water column.
Several articles focus on physical processes that influence seasonal and nonseasonal variability in particle flux generation in surface waters and particle export flux to depth. Shih et al. and Tan et al. examine how atmospheric and mesoscale eddy forcing influence euphotic zone nutrient supply, primary production and, in turn, particulate organic carbon (POC) export flux in the northern South China Sea (SCS). Tan et al. show that during the northeast monsoon, a deep mixed-layer depth and surface cooling, together with cyclonic eddy forcing, promote a strong winter flux peak. Conversely, an anticyclonic eddy in spring suppressed nutrient upwelling and primary production, decreasing summer fluxes. In autumn, aerosol optical depth in the SCS increases due to higher dust transport, suggesting that mineral ballasting of sinking particles varies seasonally. Shih et al. find that nutrient upwelling within cold eddies in the SCS fuels growth of large centric diatoms and dinoflagellates, increasing POC export. Conversely, downwelling within warm eddies intensifies stratification and reduces the nutrient supply, favoring small phytoplankton species and reducing POC export. Zúñiga et al. combine sediment trap observations in the Southern Ocean with a data-assimilative model to investigate how physical forcing of diatom ecology drives silicon vs. carbon sequestration efficiencies and nutrient stoichiometry in the flux. They report on an anomalous sea-ice episode that induced (via re-stratification due to sea-ice melt) a massive, rapidly sinking bloom of Corethron pennatum, which greatly increased the biogenic silica to organic carbon export ratio.
Lopez et al. compare the seasonality of the POC export flux with deep water total organic carbon (TOC) concentrations in the northeast Pacific Ocean, a highly productive region of extreme seasonality. They find that deep (>1,000 m depth) TOC concentrations correlate with the POC export flux, and that this export also contributes to the dissolved organic carbon pool. Similar rates of TOC net accumulation and removal within deep waters indicates efficient remineralization of the seasonally exported carbon.
The study of Pedrosa-Pàmies et al. in the eastern Mediterranean Sea underscores the importance of atmospheric forcing in deep ocean carbon sequestration. Using lipid biomarkers to partition marine, terrestrial and anthropogenic particle flux sources, they show that extreme weather and dust deposition events trigger significant episodic flux pulses to the deep Mediterranean Sea.
Honda and Weber and Bianchi focus on carbon transfer efficiency through the water column. Honda compares POC fluxes at subarctic-eutrophic and subtropical-oligotrophic sites in the western Pacific. Although primary production and mesopelagic fluxes were similar at both sites, the deep (5,000 m) POC flux was 2–3 times higher at the subarctic-eutrophic site despite its much larger zooplankton carbon demand. Honda suggests that carbon transfer efficiencies may be higher in subarctic regions due to greater mineral ballasting and armoring of opal-rich particles and lower remineralization rates within subarctic mesopelagic waters due to colder water temperatures and lower dissolved oxygen concentrations.
Weber and Bianchi also report the influence of dissolved oxygen concentration on carbon transfer efficiency. They find that oxygen minimum zones (OMZs) of the Eastern Tropical Pacific and Arabian Sea have much lower mesopelagic carbon flux attenuation than surrounding waters and sequester carbon twice as efficiently. They suggest three mechanisms are responsible: decreased remineralization at the transition from aerobic to anaerobic respiration, exclusion of zooplankton-mediated particle disaggregation, and reduced diffusive supply of oxidants (oxygen and nitrate). Because each mechanism uniquely alters particle size distributions, particle optical profiling could help distinguish between them.
Chaikalis et al. combine particle optical profiling with traditional biochemical measurements to better elucidate particle cycling processes. They find that particle optical and biogenic properties in the Mediterranean Sea covary among water masses and that both are lower in the eastern than in the western Mediterranean Sea, consistent with stable isotopic evidence for different particle pools in the two sub-basins. POC concentration was positively correlated with beam attenuation and negatively correlated with particle median diameter, indicating that particles are primarily biogenic and small particles are especially POC-rich. Particle aggregation in deep waters was indicated by low particle size distribution slopes and increasing particle mean diameter with depth.
Thomson et al. focus on particle remineralization within the water column, specifically the extracellular phosphatases (phosphomonoesterase, MEA and phosphodiesterase, DEA) that hydrolyze and release phosphorus from particles. They find that in subantarctic waters DEA and MEA are equally important in organic phosphorus hydrolysis, both in surface waters and at mesopelagic depths. Variations in the MEA:DEA ratio suggest variability in availability and/or utilization of P-monoester and P-diester pools. The observed negative correlation of the MEA:DEA ratio to phosphate and the positive correlation to the inorganic N:P ratio, suggesting that the relative importance of DEA vs. MEA is linked to inorganic phosphorus availability and N:P stoichiometry.
Two articles evidence the importance of lateral advection on deep particle fluxes in regions having high spatial gradients. Aristegui et al. studied epipelagic and mesopelagic microbial respiration along two zonal transects extending from the northwest African coastal upwelling to open ocean waters. Except at the coastal upwelling site, mesopelagic respiration exceeded satellite-derived net primary production (NPP), with the imbalance increasing offshore. They show that in offshore waters mesopelagic respiration is supported by lateral advection of suspended POC from coastal upwelling areas, either via deep circulation and/or mesoscale eddy transport. Kim et al. find that ∼40% of the deep mass flux in the central basin of the East Sea/Japan Sea is resuspended lithogenic material. Radiocarbon data and excess Mn concentration show that the lithogenic flux at 500 m depth has a shallower source region than that at 2,000 m depth. Mesoscale eddies are suggested to transport material from the Korea Strait and/or western basin shelf and upper slope to the site.
Yamaoka et al. present a particle flux study at an oligotrophic site in the subtropical northwest Pacific. Very low vertical flux attenuation suggests that remineralization mainly occurs near the sediment interface in this region. Fluxes reflect lithogenic inputs, carbonate production, biogenic carbon incorporation and scavenging, with >85% of Mn, Co, Ni, Cu, Zn, Cd, and Pb fluxes attributable to scavenging. They speculate that blooms fueled by nitrogen fixation or typhoon activity induce late summer fluxes.
Xu et al. use ultrahigh resolution mass spectrometry to unravel the particle chemistry relevant to Fe scavenging. Their study shows that particles play an important role in controlling the distribution and flux of Fe and particle-reactive radionuclides having similar chemistry (e.g., thorium). They find that potential iron-carrying moieties comprise ∼14% of identifiable molecules in particles and appear to be incorporated via ion complexation, hydrophobic interaction, and/or interlayered “occlusion.” Molecular features and depth compositional changes suggest that surface photochemical reactions produce precursors that are subsequently modified during particle cycling. A notable finding is the presence of hydroxamate-like moieties in particles, the key functionality of strong iron-binding in dissolved ligands.
Martinez-Ruiz et al. present a study of authigenic barite distributions in the Pacific, Atlantic and Indian Oceans. They find that barite is mainly associated with organic aggregates and extracellular polymeric substances and is universally most abundant at mesopelagic depths of intense organic matter remineralization, regardless of barite saturation state. Their study provides strong evidence that microbially mediated organo-accumulation of barium in decaying particles leads to saturated microenvironments and nucleation sites promoting barite precipitation, and supports experimental studies that show barium binds to phosphate groups on cell surfaces and within the extracellular polymeric substances of microbial biofilms.
Two final articles synthesize multidecadal particle flux time series in contrasting oceanographic regions. These studies demonstrate the immense value of long time-series to elucidate the overarching role of climate drivers on the oceanic particle flux. Wynn-Edwards et al. present a 20-years particle flux record at the subantarctic Australian Southern Ocean Time Series site (SOTS, 47°S, 142°E, 4,600 m water depth). They show that the subantarctic Southern Ocean is a significant carbon sink despite its high-nutrient, low chlorophyll characteristics. The carbonate counter-pump is estimated to reduce carbon sequestration by ∼8%. Fluxes, dominated by carbonate (>60%), opal (∼10%) and organic matter, vary seasonally with an early spring peak (October/November) and a smaller late summer peak (January/February). However, the annually-averaged flux is relatively constant year to year and shows no temporal trend. Flux variability exceeds variability in satellite-estimated net primary production (NPP), providing additional evidence that processes independent of NPP significantly modulate surface flux export and vertical transport efficiencies. The SOTS time-series provides an important baseline in a region predicted to experience large future climate perturbations.
Fischer et al. present an 18-years particle flux record at the oligotrophic ESTOC site (29°N, 15.5°W, ∼3,600 m water depth) in the eastern subtropical Atlantic, and compare fluxes at ESTOC with those at a mesotrophic site further south. At ESTOC, fluxes at 1,000 m depth record oligotrophic conditions of overlying waters whereas deep (3,000 m) fluxes also record advective influences of the coastal Cape Ghir filament. At ESTOC, increases in spring biogenic flux and particle compositional changes correlate with North Atlantic Oscillation variability. Fluxes further south show no North Atlantic Oscillation correlation, indicating that coastal upwelling systems along the African margin respond differently to basin-scale climate forcing depending on location.
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The interseasonal and interannual variability of total organic carbon (TOC) was assessed in the deep northeastern Pacific Ocean, an area characterized by high primary production and organic matter export. Samples were collected from throughout the deeper water column (>250 m) seasonally in 2017 and 2018 along the Line P transect, as well as one distribution of dissolved organic carbon (DOC) in spring 2018. High heterogeneity was observed in TOC concentrations at depths greater than 1,000 m, both within seasons (concentration differences of ∼2–6 μmol kg–1) and across seasons (∼2–12 μmol kg–1), coinciding with changes in fluorescence in the overlying waters. Such observations suggest that biogenic particles sinking from the upper ocean are seasonally delivering observable TOC to depth. The presence of these particles also appeared to contribute to the DOC pool, as suggested by differences in the TOC and DOC distributions in spring 2018. Seasonal TOC net accumulation and removal rates differed between the years: 0.5 and 2.1 μmol kg–1 day–1 (accumulation) and 0.6 and 2.1 μmol kg–1 day–1 (removal) for 2017 and 2018, respectively. The rate estimates indicated that introduction of organic carbon to the bathypelagic occurred at approximately the same rate as removal post-bloom, demonstrating the efficient removal of seasonally produced organic carbon. High abundances of gelatinous zooplankton in spring 2018, supported by higher abundances of phytoplankton, enhanced the export of organic carbon to the bathypelagic zone during the seasonal bloom, resulting in localized TOC concentrations up to 148 μmol kg–1 in the bathypelagic. These results indicate high variability in bathypelagic TOC concentrations at high latitude, unlike oligotrophic systems.

Keywords: total organic carbon, dissolved organic carbon, North Pacific, export, Ocean Station Papa, carbon seasonality, deep carbon dynamics, marine biogeochemistry


INTRODUCTION

Marine organic matter, a product of ocean primary production, plays a vital role in the sequestration and export of carbon. It is produced in the euphotic layer via primary production by autotrophic organisms with most of it respired near-contemporaneously (Ducklow et al., 2001). However, a fraction of organic material is exported below the euphotic zone and remineralized by heterotrophic organisms back to inorganic forms (i.e., the biological pump). Other residue of the biological pump is sedimented onto the seafloor, or potentially added to the refractory dissolved organic carbon (DOC) pool (Druffel et al., 1992; Ducklow et al., 2001; Jiao et al., 2010). Each of these processes sequesters carbon in the deep ocean, aiding in oceanic uptake of atmospheric carbon dioxide. In today’s changing climate, consideration and understanding of such processes is increasingly important.

Since the longest-running time-series programs with measurements of total organic carbon (TOC) and DOC are located in oligotrophic regions (Hansell and Carlson, 2001), there is a gap in knowledge on the temporal variability of these parameters in waters underlying productive areas, such as the North Pacific. To remedy this, we analyzed TOC distributions in this region on a seasonal time scale. Located within a productive area, Ocean Station Papa (OSP) is a well-studied site (50.0°N and 145.0°W) in the northeastern Pacific that began as an ocean weather station in 1949, operated by the United States Weather Bureau (Tabata et al., 1986; Freeland, 2007). Located ∼1,200 km off the coast of British Columbia, OSP is on the southern edge of the subpolar gyre and within an area with weak currents (Pelland et al., 2016). The monitoring program for OSP underwent many changes over the years (Freeland, 2007), in particular the addition of several regularly occupied hydrographic sampling stations between OSP and the coast, now referred to as “Line P,” that are currently monitored by the Canadian Department of Fisheries and Oceans (DFO) tri-annually. More recently, this area has been the site for many Argo float and Seaglider deployments, as well as a NOAA-monitored mooring, providing robust data that indicate constantly changing hydrological and biologic conditions (Pelland et al., 2016; Bif and Hansell, 2019). These processes near OSP are now being considered further by the NASA-supported EXPORTS research program (Siegel et al., 2016). Our analysis includes the first organic carbon measurements collected as a time-series along Line P, providing contextual information about seasonal and local organic carbon dynamics. Analyses such as this are vital for furthering our understanding of the ocean’s ability to sequester carbon at depth.

Most particulate biogenic matter produced in the upper ocean does not reach great depths (Gardner, 2015), however, periodic fluxes of up to 43% of exported organic material have been observed at depths down to 3,400 m in the northeastern Pacific within only a few days of leaving the euphotic zone (Smith et al., 2018). Past measurements of sinking particles in sediment traps have indicated higher productivity at OSP versus stations further south, as average annual POC fluxes from traps at 1,000 m ranged from 138 to 246 mmol m–2 yr–1 (Honjo et al., 2008). At 31.7°N, 124.6°W, located within an oligotrophic zone in the North Pacific, POC flux was estimated to be 82 mmol m–2 yr–1, much lower than fluxes at OSP. Climatologies of sediment flux at OSP have shown sporadic and seasonally dependent carbon export events, measured by deep-moored sediment traps (Wong et al., 1999; Timothy et al., 2013). In addition to sediment trap data, zooplankton collections and carbon export estimates indicate that a rapid sinking rate (up to 800 m per day) can transport high levels of organic material to the bathypelagic quickly (Robison et al., 2005), a factor that is overlooked in single-season hydrographic observing programs.

Seasonal trends in the bathypelagic may be more prominent than we currently understand based on observations in oligotrophic systems alone, given the differences in particle export. The data presented in this analysis provides insight on the seasonal dynamics and physical processes by which carbon reaches the deeper water column with sinking particles, some of which leaves a signal as DOC. Comparing TOC distributions at depth to upper layer parameters, such as fluorescence, nutrients, and zooplankton abundance provides an advantage in understanding the impact of vertical input of organic carbon via sinking particles, as well as understanding the variability of local organic carbon on a seasonal time-scale.



MATERIALS AND METHODS

Samples were collected along the Line P transect (Figure 1), occupied tri-annually by the Canadian Department of Fisheries and Oceans (DFO). The cruises departed from Sidney, British Columbia and continued out to Ocean Station Papa (P26/OSP: 50.0°N, 145.0°W), during winter (February), spring (June), and summer (August/September) of 2017 and 2018. Fluorescence data collected continuously during downcasts were provided by DFO while TOC and DOC were measured at the University of Miami. The fluorescence data are reported in mg m–3, though according to DFO data reports the values of fluorescence do not always compare well with bottle chlorophyll data. Distributions of chlorophyll are qualitatively comparable to fluorescence values so we use the latter as a reasonable indicator of chlorophyll distributions. Data employed here are available at https://www.waterproperties.ca/linep/cruises.php. Most stations were occupied during daylight hours.


[image: image]

FIGURE 1. Locations of Line P stations; those considered in this analysis are highlighted in red. This figure was created using Ocean Data View (Schlitzer, 2019).


The section of Line P of interest in this analysis is that of the open ocean. Line P stations considered were P12 to P26 (Figure 1). Salinity at the surface was used to indicate coastal impacts versus open ocean conditions, with oceanic stations holding salinities of ∼32.5 while the coastal stations were seasonally lower. Of the stations evaluated here, Station P12 is located closest to the coast, giving it the most potential for exposure to those influences. However, as the station is ∼100 km west of low salinity surface waters, it is evaluated here as an open ocean station.

Samples for TOC analysis were collected as whole-water directly from the Niskin bottles aboard the ship, placed into 40 mL pre-combusted vials and fixed with 100 μL of 4N HCl. Given our focus on the export of organic matter to the deeper water column, we report TOC concentrations only at depths >250 m. This analysis is restricted to stations away from the continental shelf (i.e., westward of Line P Station 11) to minimize variability due to coastal influences (e.g., fluvial inputs, filaments, shelf resuspension, etc.). Samples collected as DOC were filtered in-line from the Niskin bottles using a pre-combusted GF/F filter (0.7 μm nominal pore size) and then treated similarly to TOC. All samples were analyzed with Shimadzu TOC-L systems as previously described (Dickson et al., 2007). Reference materials from the Hansell Certified Reference Material (CRM) program (Hansell, 2005) were utilized to ensure accuracy. The uncertainty of TOC and DOC measurements is ±1.5 μmol L–1. Concentrations were converted to μmol kg–1 by dividing by potential density, σθ.

Seasonal TOC profiles were modeled using the piece-wise linear least-squares statistical analysis tool in Ocean Data View (Schlitzer, 2019), with a 30-gridpoint output. Data employed were from stations P12 to P26 (Figure 1). TOC concentrations at depths ≥250 m did not exceed 80 μmol kg–1 for all stations and seasons analyzed, except for three data with very high concentrations observed during spring 2018, which were omitted in the model. The difference in TOC and DOC for these omitted stations/depths exceeded 1 standard deviation from the mean.

The calculations for TOC accumulation and removal rate estimates are shown in Equations 1 and 2, respectively.
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These are net rates as they do not include variations in concentrations that may have occurred over time frequencies shorter than our occupations.

Zooplankton samples were collected using vertical hauls with 0.56 m diameter bongo nets, fitted with 0.236 mm black mesh. Samples were collected from 250 m to the surface. The bongo net consists of two black cylindrical–conical nets mounted on a central towing frame and weight. Each net has a 0.25 m2 mouth area, a filtering area/mouth area ratio of 11.5, and 0.23 mm aperture black mesh. Volume filtered is measured by a TSK flowmeter mounted in the mouth of one net. Due to time constraints, bongo tows were collected both day and night. However, for many of the taxa considered, diel migration was either weak or was confined to movement within the upper 200 m.

The catch from one net of the bongo pair was preserved immediately in 10% formalin, and returned to shore for analysis. Quantitative subsamples were counted to species level and life stage. Subsample size varies with taxa to give approximately uniform expected abundance estimation error (about 20%) for all of the dominant groups. Flowmeter, net diameter, and tow depth were used to convert abundance per sample to abundance per cubed meter.

Zooplankton were also collected using a Multi Plankton Sampler (MPS) from Hydro-Bios (0.25 m2 mouth area) at several stations along the line, towed 2,500 m to the surface with a speed of ∼1 m s–1. The MPS was equipped with five white nets (250 μm mesh size) that can be opened and closed on command from the ship via conducting cable attachment. The volume of water filtered by the net was measured with Hydro-Bios flowmeters fitted in the mouth of each net. All MPS tows were done during daytime hours to take advantage of any layering of taxa at depth. The only data reported in this analysis from an MPS net, as opposed to a bongo net, was Station P26 in 2018.



RESULTS

We report TOC concentrations in the bathypelagic water column, with focus here on depths from 1,000 m to the seafloor, along with fluorescence within the euphotic zone providing a qualitative measure of chlorophyll (Figures 2, 3). DOC concentrations from spring 2018 are also reported.
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FIGURE 2. Fluorescence to 150 m (A,C,E) [mg m–3] and TOC [μmol kg–1] at depths >250 m (B,D,F) from 2017. The color scales are non-linear to better visualize small changes in concentrations in the deeper water column. Note that fluorescence was measured at all stations while TOC was determined at selected stations, as labeled below the x-axis.
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FIGURE 3. Fluorescence to 150 m (A,C,E) [mg m–3] and TOC [μmol kg–1] at depths >250 m (B,D,F) from 2018. The color scales are non-linear, with some values off scale (>60 μmol kg–1 for TOC, >3 mg m–3 for fluorescence). Note that fluorescence was measured at all stations while TOC was determined at selections stations, as labeled below the x-axis.



Distributions in 2017

Relative to spring and summer, winter concentrations of both fluorescence and TOC were most consistent along Line P, with upper ocean fluorescence (Figure 2A) ranging from 0.5 to 1 mg m–3 in the upper 100 m. TOC concentrations were ∼40 μmol kg–1 at >1,000 m, with several localized areas of elevated TOC (∼42 μmol kg–1; Figure 2B). By spring, the deep chlorophyll maximum (DCM) developed with fluorescence concentrations up to 1.5 mg m–3, mainly near 50 m (Figure 2C). Heterogeneity in the TOC distribution was prominent (Figure 2D), with a minimum of 38 μmol kg–1 (P20, 3,000 m) and a maximum of 46 μmol kg–1 (P12, 3,000 m). Observed in the deep bathypelagic at stations such as P24, P20, and P12, summertime TOC concentrations were elevated by ∼2–6 μmol kg–1 relative to neighboring concentrations (Figure 2F). Concentrations at P16 were particularly low throughout the water column, reaching a minimum of 37 μmol kg–1. Fluorescence decreased to 1–1.5 mg m–3, except near P26 where a localized maximum of 4 mg m–3 was observed toward the surface (Figure 2E).



Distributions in 2018

The lowest wintertime concentrations of fluorescence were again 0.5–1 mg m–3 (Figure 3A), except near P22, where the maximum concentration (∼1.5 mg m–3) was observed. The TOC distribution was heterogenous laterally and vertically (Figure 3B), with concentrations ranging from 35 to 44 μmol kg–1, except for P12 where there were high concentrations down the water column, up to 74 μmol kg–1 (2,000 m). High variability in TOC concentrations was observed throughout the transect in spring (Figure 3D), with the highest concentrations at P26 (up to 146 μmol kg–1) and P18 (up to 81 μmol kg–1). Fluorescence concentrations were also enhanced (Figure 3C), ranging from 2 to 8 mg m–3 in the upper 50 m, except at P26 where concentrations were ∼1 mg m–3. TOC concentrations in summer (Figure 3F) in the bathypelagic ranged from 39 to 49 μmol kg–1, with the highest concentrations observed at P16 to P20 and P24. Fluorescence returned to lower concentrations of 0.5–1 mg m–3 (Figure 3E) except at localized areas such as P12 and P14 (2 mg m–3).



Distributions of DOC in Spring 2018

Dissolved organic carbon concentrations were highly variable along Line P, ranging from 37 to 60 μmol kg–1 at depths >1,000 m (Figure 4). Deep waters at stations P20 and P22 held relatively low values (<40 μmol kg–1), concentrations consistent with prior reports for the northern North Pacific (Hansell and Carlson, 1998; Hansell et al., 2009). Isolated stations and depths along the transect held elevated DOC concentrations, demonstrating high heterogeneity. Maximum concentrations in the bathypelagic were observed at Station P26, where DOC reached up to 50–55 μmol kg–1, as well as at P18, which reached 58 μmol kg–1.
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FIGURE 4. Dissolved organic carbon [μmol kg–1] distribution at >250 m in spring 2018 along Line P. The color scales are non-linear.




DISCUSSION

To understand the trends observed in organic carbon and their contributing mechanisms, we discuss the data in terms of both interseasonal and interannual variability for 2017 and 2018, considering a multitude of parameters and rates that incorporate TOC, DOC, euphotic zone fluorescence and satellite-derived surface chlorophyll.


Trends in TOC and Fluorescence


Seasonality in 2017

Between winter and spring (Figures 2A,C), fluorescence increased (from 0.5 mg m–3 in winter to up to 2 mg m–3 in spring) across the transect, with a particular enhancement in the deep chlorophyll maximum (DCM; near 50 m). Organic matter export was evidenced by TOC enrichment and variability in the deep water column (Figure 2B). In spring, extensive enrichment of TOC, up to 46 μmol kg–1, was observed at P12 (Figure 2D), values higher than in winter (Figure 2B). Elevated TOC at depth in spring coincided with an increase in fluorescence, suggesting that production in the euphotic zone was contributing to vertical export. Relative to winter values, minima in deep TOC were observed in spring as well, possibly due to further TOC removal between winter and spring by heterotrophic respiration or by horizontal displacement with low TOC waters. TOC was transported deep into the water column, as concentrations observed in the mesopelagic (up to 46 μmol kg–1) reached depths of 2,000 m at several stations (P16, P18, and P20). Enhanced TOC concentrations were also apparent down to 3,000 m at some stations, indicating deep export of organic carbon via vertically sinking particles in connection with higher abundances of phytoplankton, as indicated by high fluorescence. In summer, isolated enrichments of TOC became even more noticeable (Figure 2F). These seasonal enrichments of TOC concentrations are consistent with increased fluorescence in the euphotic zone (Figure 2E), which again suggested that blooms of phytoplankton were producing organic carbon capable of reaching the bathypelagic ocean, supporting the long-term sequestration of carbon.



Seasonality in 2018

Winter 2018 (Figure 3B) had higher heterogeneity in TOC along Line P. Again, fluorescence averaged around 0.5–1 mg m–3, though slightly higher concentrations (∼1.5 mg m–3) were apparent further to the west in 2018, coinciding with heterogeneity in bathypelagic TOC in that area. The differences in wintertime TOC distributions between 2017 and 2018 suggested a more productive year in 2018. During winter, Station P12 had the highest deep TOC concentrations, averaging ∼50 μmol kg–1 (Figure 3B). These high TOC concentrations at P12 were not accompanied by elevated fluorescence in the euphotic zone at that station (Figures 3C,D), perhaps indicating a role for lateral input, such as terrestrial input from the margin. However, local surface conditions, such as fluorescence, do not have to align vertically with the associated exported organic carbon at depth given the great spatial separation possible between the site of particle export and its eventual location in the deep ocean (Siegel et al., 2008). Particularly elevated TOC concentrations at P12 were observed in spring 2017 as well, though less prominent (Figures 2B,D). We included this station for analysis because it was in deep water (>3,000 m; Figure 1), however, it is adjacent to, and possibly impacted by, adjacent shelf waters, as high coastal fluorescence was observed in spring 2017 (∼11 mg m–3) and winter 2018 (∼5 mg m–3). It was also nearest the area where the southward flow of the bifurcation of the North Pacific Current (NPC) originates which may have contributed to high TOC levels, as the remainder of the Line P stations analyzed are closer to the northward flow of the NPC (Pelland et al., 2016).

Exceptionally high fluorescence occurred in spring 2018, reaching levels above 8 mg m–3 (Figure 3C). This enhancement was evidence of a strong seasonal phytoplankton bloom, which appeared to export high levels of organic carbon to depth (Figure 3D). Chlorophyll-a concentrations obtained from satellite data (Hu et al., 2012) for spring 2018 were higher than 2017 on average as well (Figure 5). In 2017, chlorophyll concentrations on the western side of the transect were ∼0.15 mg m–3, and 0.3 mg m–3 at the eastern stations. In contrast, concentrations in 2018 ranged from 0.3 to 0.6 mg m–3, supporting our observations of higher fluorescence in 2018 and ultimately higher abundance phytoplankton. TOC levels at P26 were exceptionally high during this season, reaching 148 μmol kg–1, though it did not correspond with enhanced fluorescence at that station. However, this station had a unique feature, as it contained high numbers of heterotrophic salps (discussed further in section “Contribution of Gelatinous Zooplankton to Organic Carbon Export”), which have been correlated with lower levels of phytoplankton due to consumption (Li et al., 2016), consistent with this observation. Elevated TOC values in this season were observed in the deep water column, even down to 3,500 m, suggesting the production and downward propagation of fast-sinking particulate matter. Past studies in the northeastern Pacific have identified a correlation of upper water column processes, such as chlorophyll and net primary production, to export flux in the deep bathypelagic (50 m from seafloor) as well as seafloor deposits (Smith et al., 2008), suggesting that carbon export in this area is a largely vertical process. Fluorescence was highest in the spring season for both 2017 and 2018 (Figures 2C, 3C), spanning nearly the entire transect in both years, while elevated fluorescence was more variable across the transect in other seasons. These results indicate that spring was the most productive season in this region, and more productive than 2017.
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FIGURE 5. Satellite chlorophyll distributions [mg m–3] for June 2017 and 2018. The analyzed portion of Line P is represented by a black line. Aqua MODIS data from https://oceancolor.gsfc.nasa.gov/l3/ (Hu et al., 2012). Map made with M_Map (https://www.eoas.ubc.ca/~rich/map.html).


By summer 2018, much of the TOC enhancement from springtime had dissipated (Figure 3F), potentially through heterotrophic remineralization, sedimentation to the sea floor, or lateral export away from the study site. Evidence of enhanced fluorescence still existed, though lower in intensity (Figure 3E). Higher TOC concentrations were observed intermittently at P16, P18, and P24, near where the highest TOC concentrations from spring were present. There was a trend in fluorescence in summer of both 2017 and 2018, as both years exhibited the maximum concentrations near stations P12 and P24/26, suggesting an interannual trend. In parallel with fluorescence, TOC was heterogeneous throughout the water column, particularly at P16 and P24.



Modeled Comparison of TOC Between Years

To better characterize variability between years, vertical profiles of TOC were modeled using a piece-wise linear least squares statistical analysis (Schlitzer, 2019). Vertical profiles of modeled TOC concentrations (Figure 6) provide insight on trends in the variability of TOC with depth; the differences between years and seasons became more visually apparent.
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FIGURE 6. Internannual comparisons (2017 and 2018) of modeled TOC [μmol kg–1] vertical profiles for all stations in the analysis in winter (A), spring (B), and summer (C).


In both winters (Figure 6A), TOC profiles were comparable and variability in TOC with depth was mostly synchronous. For example, concentrations were somewhat lower at specific depths such as ∼1,700, 3,250, and 3,750 m in both years. TOC concentrations remained close in concentration at all depths, never exceeding a difference of 1.5 μmol kg–1 between years, a value approximating the uncertainty of the measurement. In contrast, there was high variability between 2017 and 2018 during the spring season (Figure 6B). Differences in TOC concentrations at similar depth ranged from 1.8 to 11.5 μmol kg–1, with an average offset of ∼5 μmol kg–1 down the profiles. As was also apparent from the observed TOC distributions (Figures 2D, 3D), higher concentrations in 2018 were estimated by the model. The sporadic changes in concentration with depth were similar for both years in the deeper bathypelagic, such as the decrease in TOC concentrations from roughly 2,750–3,000 m and the subsequent increase to 3,250 m. In summer, differences in concentration narrowed between the years, not exceeding 2 μmol kg–1, except below ∼2,300 m where differences in concentration reached up to 6 μmol kg–1 (Figure 6C). These depths were located where the highest variability was also observed in spring, which likely contributed to variability in summer due to residual organic carbon. The TOC introduced in spring of both years returned to lower concentrations (∼36–42 μmol kg–1) in the bathypelagic by summer, similar to winter observations. The disappearance of TOC between these seasons was evidence of organic carbon removal from the deeper water column, driven by heterotrophic respiration, lateral transport, or sedimentation of particles onto the seafloor, all of which sequester carbon produced in the upper water column into the bathypelagic ocean. The pattern in TOC between seasons for both years demonstrated an interannual trend.

The seasonality and variability in TOC concentrations at depth at P26 in 2017 (Figure 7B) was more prominent than changes in deep water at oligotrophic Station ALOHA of the Hawaii Ocean Time-series (HOT), located in the subtropical North Pacific (Figure 7A). Though deep TOC at Station ALOHA showed a single elevated value at ∼1,000 m in spring, seasonality in concentrations was largely not evident. In contrast, concentrations along Line P deviated considerably between seasons at all depths below 250 m (Figure 2). Such observations indicate that the deep water column of the northeastern Pacific was more impacted by seasonal variability in carbon export in comparison to less productive oceanic areas such as the subtropical Pacific. The concentrations at Line P were also considerably higher at depth, ranging from 40 to 49 μmol kg–1, while concentrations at HOTS were ∼35 μmol kg–1 in the deep water column with very low variability.
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FIGURE 7. Seasonal TOC [μmol kg–1] profiles (winter, spring, and summer) at Station ALOHA (A) and at Station P26 along Line P (B) in 2017. The red dashed line at 35 μmol kg–1 provides a visual reference point emphasizing the differences in concentrations between subtropical and subpolar systems. HOT data are accessible at http://hahana.soest.hawaii.edu/hot/hot-dogs/bextraction.html. Concentrations at Station ALOHA are referred to here as TOC, rather than DOC as listed at the HOT data archive, since the samples were collected and analyzed as whole-water.




Contribution of Gelatinous Zooplankton to Organic Carbon Export

Sampling for abundances of zooplankton was completed at offshore stations P12, P16, P20, and P26 for three size classes of larvaceans, doliolids, and salps. The counts provided in Table 1 are those that showed large increases from 2017 to 2018 (i.e., count increased by >1 individuals m–3). The complete data are provided in Supplementary Material.


TABLE 1. Counts of larvaceans, doliolids, and salps (individuals m–3) in the upper 250 m that showed important increase between 2017 and 2018.

[image: Table 1]The presence of salps, larvaceans, and doliolids were correlated with high levels of TOC in the deep layers. The abundance of larvaceans during winter of 2018 was slightly higher than the low/non-observable counts during winter 2017, perhaps accounting for the minor increase in heterogeneity of TOC at depth observed in 2018 in this season. In contrast, abundances in spring were considerably higher in 2018 compared to 2017. Larvaceans were substantially more numerous at P16 and P20, where counts reached up to 187 individuals m–3 (P16, 2018), while very low numbers were observed in 2017. Doliolids were more abundant at these stations as well as at P12, also reaching a maximum at P16 (∼95 individuals m–3), providing potential for higher amounts of carbon to be exported to depth, which we observed in the TOC distribution (Figure 3D). Notably high abundances of large salps (>10 mm, some reaching ∼10 cm) were observed at P26, both from the bongo nets and visually apparent at the surface. High abundances of these gelatinous zooplankton were associated with high levels of organic carbon, higher than any other season, throughout the water column in spring 2018. Enrichment of TOC was likely due to sinking houses, fecal pellets, and carcasses of these organisms. As previously mentioned in Section “Seasonality in 2018,” exceptionally high TOC concentrations were observed at P26 (i.e., 148 μmol kg–1 at 3,000 m, 131 μmol kg–1 at 2,500 m) that did not correlate with high surface fluorescence. However, this was the only station with large salps capable of quickly transporting carbon to the bathypelagic, perhaps scavenging much of the plant biomass in the process, which resulted in low fluorescence (∼1 mg m–3 compared to 8 mg m–3 at other stations during this season). Salps were not observed in winter or summer of both years and we did not observe TOC concentrations as high as those in spring 2018 anywhere else in the distributions, a sign that salps were a major contributor to vertical carbon export within their bloom area and contributors to bathypelagic carbon.

In summer 2017, abundances of larvaceans and doliolids at P12 were higher than counts from 2018, though there was no substantial difference in TOC concentrations between years at this station. However, particularly high TOC concentrations (up to 71 μmol kg–1, 2,000 m) were observed at P12 in the subsequent season (winter 2018), possibly due to the presence and resultant export of organic matter by these organisms from the previous season, which would suggest slower sinking rates of organic matter. Larvaceans were higher in abundance during 2018 at P16 and particularly at P20, however, where numbers reached 112 individuals m–3. High TOC concentrations (∼44–47 μmol kg–1) were observed in these areas, likely correlated to the presence of these individuals during spring, but concentrations were considerably less prominent. No salps were observed in summer 2018, indicating that the large salp bloom had dissipated, likely allowing the phytoplankton community to recover, as indicated by elevated fluorescence levels (up to 4 mg m–3).

A phenomenon noted within this area in the past (Li et al., 2016), the presence of larvaceans, doliolids, and salps, was observed, particularly during spring 2018. These organisms are gelatinous zooplankton that feed by siphoning water, typically secreting DOC and contributing to the detrital TOC pool through sinking carcasses and reworking of particulate material (Hamner and Robison, 1991). High phytoplankton abundances provide ample food for these heterotrophic organisms. Additionally, higher quantities of them can indicate strong autotrophic bloom conditions (Heron, 1972). Export flux estimates for each type of organism are typically ∼20 mg C m–2 d–1 (Wiebe et al., 1979; Matsueda et al., 1986; Robison et al., 2005; Takahashi et al., 2015; Stone and Steinburg, 2016), highlighting the magnitude of their potential contribution to the deep carbon pool. However, the flux is highly dependent on factors such as species, location, year, and bloom intensity. They range widely in size, as salps can reach up to 10 cm in length, and their colony chains can be as long as a few meters (Bone, 1998; Wrobel and Mills, 1998), making them capable of producing large, dense fecal pellets. Larvaceans can contribute to the sinking particulate pool through rapid disposal of their mucopolysaccharide-comprised houses, while salps and doliolids are efficient at digesting and packaging dense fecal pellets that can propagate down the water column quickly. Sinking rates have been estimated from 450 to 1,210 m day–1 for these groups (Bruland and Silver, 1981; Silver et al., 2003; Robison et al., 2005), accounting for rapid vertical export of organic carbon to the bathypelagic. Given the fragility of gelatinous larvacean houses, past studies have indicated that they do not survive collection in sediment traps, leading to a potential underestimate of true carbon flux (Robison et al., 2005). Conservative estimates of the contribution to POC flux by larvacean houses was 7.6 g C m–2 yr–1 in Monterey Bay along the central California coast, where estimates for total export by sediment traps in that area were 14.4–24.0 g C m–2 yr–1, highlighting the potential magnitude of POC supply missing in flux estimates (Silver et al., 2003; Robison et al., 2005). The estimate was considered conservative, as the authors stated that sampling was biased toward unfragmented and smaller sinkers. High abundances of these organisms have been observed in various regions, such as the Southern Ocean and the tropical North Pacific, and have been increasing in recent years (Atkinson et al., 2004; Hereu et al., 2010). Their increase in abundance is likely due to their ability to tolerate warmer waters (Atkinson et al., 2004), and in a warming ocean, may be increasingly important to the flux of carbon to depth within various regions of the ocean. From the data in this analysis, the contribution of gelatinous zooplankton to organic carbon export to the deep ocean when high in abundance appears to be quite important.



Sinking Particles Delivering DOC to Depth

Samples for both TOC and DOC were collected and analyzed during spring 2018, when we observed the extensive seasonal bloom of phytoplankton. Comparing the distributions of TOC and DOC provided insight on the impact of particulate carbon on the DOC pool within the bathypelagic ocean. Collection for both parameters was completed only during spring 2018 due to time and funding constraints.

Concentrations of TOC in spring 2018 (Figure 3D) were highly anomalous compared to both 2017 observations (lower TOC concentrations) and those previously observed in less productive areas of the North Pacific such as 30°N (Swift et al., 2014), where concentrations are both lower (∼36–38 μmol kg–1) and more homogeneous. Elevated DOC was apparent at similar depths and stations (Figure 4) as in the distribution of TOC. For example, at Station P26 at 3,000 m, TOC was 148 μmol kg–1 and DOC was 50 μmol kg–1, both of which were considerably higher than concentrations observed in wintertime (TOC values of ∼40 μmol kg–1). These observations were evidence of the presence of sinking particulate matter, originally produced by the large phytoplankton bloom, which delivered DOC to depth either through biological modification or physical disaggregation of the particles. As discussed in Section “Contribution of Gelatinous Zooplankton to Organic Carbon Export,” high abundances of salps were measured at P26, where we observed the most elevated TOC and DOC concentrations. It appeared that the export of particulate carbon into the bathypelagic originating from salps was particularly susceptible to contributions of organic matter to the bathypelagic. The differences between TOC and DOC were often considerable, beyond the measurement uncertainty of ±1.5 μmol kg–1, indicating particulate matter enrichment at these locations. However, our methods do not provide an accurate measure of particulate organic matter (POC), as that measurement requires filtration of large volumes of water; the difference between TOC and DOC here must be considered as a qualitative representation of particulates in the water column. High levels of fluorescence (∼8 mg m–3) also supported the occurrence of a particularly strong bloom during this year (2018), with the capacity to supply the deeper water column with organic matter. This observation provides evidence for sinking particulate matter to contribute to the bulk DOC pool on a short time scale.



Annual Net TOC Accumulation and Removal Rates

If TOC added to the deeper water column during the spring bloom was removed by heterotrophic respiration, there would be a commensurate decrease in oxygen concentration between spring and summer. However, oxygen in the bathypelagic along Line P increased during both summers (based upon CTD sensor data), likely due to renewal by transport of high oxygen water. This phenomenon overshadowed any observable change in oxygen that was due to biological activity, so we cannot discern whether TOC was remineralized in the water column, transported laterally, or sedimented onto the seafloor, thus leaving the removal mechanism, or combination of mechanisms, uncertain.

Despite this limitation, we can discern the efficiency of these mechanisms, whatever they may be, to accumulate and subsequently remove seasonal TOC to the bathypelagic. In 2017, TOC accumulated from winter to spring at a rate of ∼0.5 μmol kg–1 day–1, and was removed at the nearly the same rate (∼0.6 μmol kg–1 day–1) from spring to summer (Figure 8). The accumulation and removal rates during 2018 were also approximately the same: ∼2.1 μmol kg–1 day–1. The rate estimates indicated that most, if not all, of the TOC introduced in spring is subsequently removed from the water column by summer since the accumulation and removal rates were the roughly same for each respective year. However, the rates for 2018 were four times higher than 2017, supporting the conclusion that a stronger spring phytoplankton bloom occurred during that year. This bloom introduced more organic carbon into the deeper water column, however, it was still efficiently removed by summer despite higher concentrations, demonstrating the proficiency of organic carbon removal within this area.
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FIGURE 8. Rates of net seasonal TOC accumulation and removal [μmol kg–1 day–1] for 2017 and 2018.




CONCLUSION

Distributions of TOC in the bathypelagic water column from 2017 and 2018 in the northeastern Pacific indicated high seasonal and spatial heterogeneity, as well as higher and more variable concentrations than those observed in the oligotrophic North Pacific (Figure 7A). A correlation between increased concentrations and heterogeneity of both TOC and fluorescence concentrations indicated that organic carbon produced in the upper ocean was vertically exported into the deep ocean. Fueled by a particularly strong phytoplankton bloom in spring 2018 (supported by fluorescence and satellite chlorophyll data), high abundances of gelatinous zooplankton aided in export of quickly sinking particulate matter, which also added DOC to the water column, evidenced by differences in TOC and DOC distributions during this season. Net TOC accumulation and removal rates indicated a fast, efficient removal of recently produced organic carbon, despite higher rates observed in 2018 (0.6 μmol kg–1 day–1 in 2017, 2.1 μmol kg–1 day–1 in 2018).

These seasonal observations in organic carbon dynamics shed light on the ability for the northeastern Pacific to produce and export TOC to the bathypelagic water column, as we observed that organic carbon concentrations can change vastly on a relatively short time scale; therefore, we cannot rely solely on single-season distributions to adequately characterize eutrophic ocean systems. Measurements of TOC and DOC at bathypelagic depths across the global ocean typically find low concentrations (38–42 μmol kg–1; Hansell et al., 2009), but these observations often come from few single-season cruises dominated by oligotrophic and typically summer conditions, where the production and export of organic matter is less prominent. Given the observations in this analysis, the addition of both particulate and DOC into their respective bulk pools in the deep ocean may be larger than we are currently accounting for, or that it is more dynamic than we assume. Another critical factor to consider is the influence a warming climate has on production of organic matter, as we have a minimal understanding of its impact on TOC distributions and export, particularly in productive areas where the effect may be greater than within oligotrophic regions (Honjo et al., 2008). The high abundance of gelatinous zooplankton appeared to export high levels of organic matter to the deep ocean on a short timescale, and as these organisms outcompete others in warmer temperatures, they may play a significant role in the sequestration of marine organic matter in the future ocean (Atkinson et al., 2004). Technological advances in our analytical instruments have also improved our ability to discern smaller differences in TOC and DOC concentrations, allowing us to understand oceanic organic carbon variability better. Given such advancements and our constrained knowledge of both seasonality and the impact of climate change, we must be careful not to let limited observations of the ocean in past efforts bias our understanding of current ocean carbon dynamics, as this analysis indicates that productive areas can be quite variable.
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Based on a time-series sediment trap observation at a depth of 1,003-m in the northern South China Sea from 2014 to 2015, we used sinking particle flux combined with remote sensing-derived environmental data to infer the mechanisms of the biological carbon pump. Total particle flux, particulate organic carbon, CaCO3, and lithogenic (inorganic) fluxes peaked in winter and autumn but showed minima in summer, ranging from 59.7 to 413.2 mg m–2 d–1, 2.1 to 18.2 mg m–2 d–1, 32.9 to 197.9 mg m–2 d–1, and 12.0 to 73.6 mg m–2 d–1, respectively. Similarly, opal flux varied from 6.9 to 109.6 mg m–2 d–1, with a prominent peak in winter and minimum in summer. However, a secondary maximum of opal in autumn was barely noticeable compared with other components. A deeper mixed-layer depth related to the northeast monsoon and surface cooling, overlapping with the effect of cyclonic eddies, is responsible for strong winter fluxes. When an anticyclonic eddy suppresses the subsurface nutrient supply, primary production and subsequent export flux in summer were reduced substantially. With respect to maximum lithogenic and CaCO3 fluxes in autumn, a large aerosol optical depth suggests scavenging and mineral ballast effects as potential causes. This study highlights the importance of intra-seasonal physical processes (e.g., mesoscale eddies and aerosol deposition) to the deep particle flux in the South China Sea, as well as monsoonal transition.
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INTRODUCTION

The overuse of fossil fuels by human activities and the destruction of the natural environment such as deforestation has increased the atmospheric concentration of CO2 from 280 ppm before the Industrial Revolution, to around 406 ppm today1. This has led to global warming and a rise in sea level. Among the most important factors driving global atmospheric concentration of CO2 and climate change during the glacial-interglacial period were biogeochemical processes in the ocean (Broecker, 1982; Sigman and Boyle, 2000). The key to the removal of atmospheric CO2 is the marine “biological pump” in which oceanic photosynthetic organisms take up inorganic matter as inorganic carbon and inorganic nutrients to synthesize particulate organic matter and export it to the deep sea (Volk and Hoffert, 1985).

Most of the settling particulate organic carbon (POC) in the deep ocean is composed of fine organic residues, including phytoplankton debris and zooplankton fecal pellets. In general, the export of organic matter from surface water is mainly controlled by net primary productivity (NPP) in the euphotic layer (Eppley and Peterson, 1979), particle sinking, and degradation rates (Francois et al., 2002). First, the NPP level is subjected to physical processes of different spatial and temporal scales that regulate the supply of nutrients to the overlying water, affecting the type and flux of subsequent carbon export (Nair et al., 1989; Archer and Maier-Reimer, 1994; Honjo et al., 1999). Next, biogenic (calcium carbonate, CaCO3 and biogenic silica, opal) and lithogenic (aluminosilicates for example) minerals in the ocean have an impact on the formation, sedimentation, and preservation of POC (Armstrong et al., 2002; Francois et al., 2002; Klaas and Archer, 2002; Passow et al., 2006). When a mineral aggregated with POC, it had a “ballasting effect” on the particle. On one hand, it can increase the density of the settling particles, thereby accelerating the sinking rate. In addition, the mineral can provide physical protection and reduce the microbial degradation of organic matter (Lee et al., 2009). On a global scale, this effect is most relevant to the flux of biogenic minerals, especially CaCO3 (Klaas and Archer, 2002; Barker et al., 2003), but in the marginal seas strongly affected by trade winds, monsoons and large rivers, like the Atlantic coastal regions, POC export is remarkably influenced by the ballast effect of lithogenic material from atmospheric deposition (Fischer and Karaka, 2009; Salter et al., 2010).

Located between the western Pacific warm pool and Qinghai–Tibet Plateau, the South China Sea (SCS) has an area of ∼3.5 × 106 km2 and maximum water depth of ∼5,500 m. The sea receives intense solar radiation and there is high sea surface temperature (SST) year-round, resulting in a strong vertical stratification of the water. The SCS is a typical surface oligotrophic area with surface nitrate, phosphate and silicate concentration below 1, 0.1, and 5 μmol/L, respectively (Wong et al., 2002) and of weak productivity (Liu et al., 2002; Wong et al., 2007). Because of distinct land–sea thermal differences, the East Asian monsoon prevails over the SCS. Under the persistent influence of monsoonal winds, a large-scale cyclonic circulation gyre develops across the entire SCS during the winter (northeast) monsoon and an anticyclonic circulation gyre covering the southern half of the sea during the summer (southwest) monsoon (Shaw and Chao, 1994; Xue et al., 2004). Meanwhile, there is upwelling along the Sunda Shelf and off Luzon Island of the Philippines during winter and off the southeastern coasts of the Indochinese Peninsula during the summer monsoon (Liu et al., 2002; Xie et al., 2003). At present, the long-term record of total particulate flux (TPF), POC, CaCO3, and opal fluxes based on sediment traps in the northern SCS shows a distinct winter maximum pattern (Wiesner et al., 1996; Wong et al., 2007). The pronounced winter peak might be induced by the combined interaction of surface cooling and wind-induced mixing, which pumps eutrophic subsurface water to the euphotic layer and promotes primary production (Tseng et al., 2005). Findings from sediment trap samples in the SCS area have shown a strong winter signal in amino acid fluxes (Lahajnar et al., 2007), δ18O of planktonic foraminifera (Lin et al., 2004, 2011), mean δ15N values at various depths (Kao et al., 2012), nitrogen flux (Gaye et al., 2009), downward fluxes of coccoliths (Ran et al., 2015), and 210Pb flux which correlates with particulate fluxes positively (Chung et al., 2004). Besides the winter peak, the central SCS has a secondary maximum of downward carbon fluxes during the summer monsoon (Lahajnar et al., 2007). Notwithstanding a lack of consensus, the summer secondary maximum may be driven by the horizontal advection of nutrients and biogenic particles from the summer jet off Vietnam to the central basin (Chen and Wang, 2015).

Moreover, the monsoon transports numerous airborne particles from the Asian mainland (Duce and Tindale, 1991). Studies have revealed that atmospheric dust from the eastern Asian continent can be carried distances in excess of 1,000 km (Wang et al., 2011). Dust input not only acts as mineral ballast material but also transfers macronutrients and bio-available iron to oligotrophic surface water (Wong et al., 2007; Zhang et al., 2018), which can stimulate the growth of phytoplankton in the upper layer. Owing to the uncertainty of dust loading time and scarcity of in situ investigations, the relationship between atmospheric input in the SCS and carbon export in the deep sea is not sufficiently explicit and has received inadequate attention. Furthermore, a high frequency of mesoscale eddies affects the biogeochemistry of the SCS (Xiu et al., 2010). Cyclonic eddies can replenish nutrients by central upwelling and trigger phytoplankton blooms, whereas anticyclonic eddies may suppress phytoplankton growth (Ning et al., 2004). The episodic strong sinking flux during the inter-monsoon period and deviation of inter-annual variations of long-term data both suggest that POC export in the SCS is not only dominated by monsoon transience but also governed by intra-annual physical processes such as aerosol deposition, mesoscale eddies, tropical cyclones, and short-term internal waves. The relationship between physical forcing and the biological pump for seasonal scale in this unique marginal sea is worth further exploration.

We aroused questions for the seasonal scales like: is monsoon transition being the most contributive and significant factor to the northern SCS all year around? Are these intra-annual physical processes overlapped with monsoon or functioned separately? Will marginal sea respond to some result of anthropogenic activity like dust deposition just in time? Through 1-year in situ investigation data from sediment traps, our study focuses on seasonal variations of settling particulate flux in the mesopelagic SCS. Factors affecting temporal variations of carbon export are analyzed, which aids understanding of the biological pump in response to intra-annual physical processes and the rapid change of global climate.



MATERIALS AND METHODS


Sample Collection

Our data were obtained from a Mark VI (McLane, United States) time-series sediment trap deployed in the northern SCS (116.0°E, 18.5°N) at depth 1,003 m, from May 01, 2014 to April 06, 2015 (Figure 1). The collection area and sampling interval of the sediment trap were 0.5 m2 and 17 days, respectively. According to the sample collection and processing procedure described by Wiesner et al. (1996) and Li et al. (2017), 250-ml polyethylene sampling bottles were filled with trap-depth filtered seawater, with analytical grade NaCl (35 g l–1) and HgCl2 (3.3 g l–1) added prior to deployment. This was aimed at minimizing diffusive processes and hindering microbial degradation in the trapped material. After recovery, wet samples were sifted through a 1-mm mesh nylon sieve to eliminate zooplankton that accidently entered the bottle. The <1 mm fractions were subsequently split into four equivalent aliquots by a high-precision rotary splitter (McLane WSD-10) and filtered by pre-weighed polycarbonate filters (0.45-μm pore size). These filtered samples were dried at 45°C for 72 h, and the dry weights were used for measuring total particle flux.
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FIGURE 1. Location of SCS-N sediment trap mooring station in northern SCS (116.0°E, 18.5°N). Solid line with arrow indicates basin-wide winter cyclonic gyre in northern SCS and Kuroshio with its intrusions around Luzon Strait. Dashed line represents eastward jet off the coast of Vietnam in summer. Overview map at upper left shows location of SCS, and black box represents the study area.




Elemental Analysis

The elemental analytical procedures were implemented by Wiesner et al. (1996); Lahajnar et al. (2007), and Li et al. (2017). Particulate total carbon (TC) and particulate nitrogen (PN) were measured by a Carlo Erba Science 1500 CNS Analyzer, whose running standard deviations were <0.15% for carbon and <0.005% for nitrogen. POC samples were treated by 1 M HCL and centrifuged six times to ensure that all carbonate carbon was removed. CaCO3 fluxes were taken to be change in TC and POC.

Biogenic silica analysis followed the modified methods described by Mortlock and Froelich (1989) and Wiesner et al. (1996). Briefly, the dry samples were first treated with 1 M HCl and H2O2 (10%) to remove carbonate together with organic matter. Then, Na2CO3 solution (7%) was used to leach samples in a water bath at 85°C for 5 h. The dissolved silicate concentration in the supernatant was analyzed by spectrophotometer using the silicomolybdenum blue method. The water content of biogenic opal was assumed to be 10% (Mortlock and Froelich, 1989), so biogenic silica was calculated from the Si concentration by multiplying by 2.4 (water-bound coefficient). The fluxes of lithogenic matter were obtained by subtracting other component fluxes (carbonate, organic matter, and biogenic opal) from the total sample fluxes.



Remote-Sensing and Modeling Data

In order to infer the mechanisms of seasonal variation for the biological carbon pump, remote sensing-derived environmental data were attained from satellite and model analyses. Wind speed (WS) data with spatial resolution 1/4° × 1/4° were obtained from the National Oceanic Data Center of the National Oceanic and Atmospheric Administration (NOAA2) for May 2014 to April 2015. The presented WS data were computed from the daily dataset. SST was calculated from a daily value of 0.25° × 0.25° resolution from Advanced Very High Resolution Radiometer (AVHRR) from NOAA. Net heat flux (NHF) data with spatial resolution 1.0° × 1.0° for the same period were taken from the NCEP/NCAR Reanalysis of Surface Flux Dataset provided by the NOAA Earth System Research Laboratory. Daily average surface chlorophyll-a (Chl-a) concentrations were provided by the NASA Ocean Biogeochemical Model with 0.67° × 1.25° horizontal resolution. Mixed-layer depth (MLD) and NPP of the euphotic layer were calculated from the Hybrid Coordinate Oceanic Circulation Model on the Ocean Productivity website3, with 1/4° × 1/4° resolution. Aerosol optical thickness (AOT) was downloaded from the National Aeronautics and Space Administration4 with 4-km horizontal resolution. Sea surface height anomaly (SSHA) data of 1/4° × 1/4° resolution were from the Archiving, Validation, and Interpretation of Satellite Data in Oceanography (AVISO5). Precipitation was derived from the Aerial Imagery for Roof Segmentation dataset of the Asia-Pacific Data Research Center6, with 1.0° × 1.0° horizontal resolution.



RESULTS


Particle Fluxes

Time-series sediment trap data are shown in Figure 2. TPF at 1,003-m depth in the northern SCS ranged from 59.7 to 413.2 mg m–2 d–1 (Figure 2A), with a prominent peak during December 2014–January 2015 and a secondary maximum (196.0 mg m–2 d–1) during October–November 2014. Bulk fluxes during spring and summer were <100 mg m–2 d–1 except in May (120.4 mg m–2 d–1), and the minimum (59.7 mg m–2 d–1) was recorded in July. TPF were mainly composed of carbonate (40–58%), and lithogenic matter also comprised a large proportion (14–40%) (Figure 3A). An exception was February 2015, which had a large proportion of biogenic opal (32%), greater than that of lithogenic matter (20%, Figure 3A).
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FIGURE 2. Time Time series of particle fluxes derived from sediment trap at SCS-N station from May 01, 2014 to April 06, 2015. (A) total particle flux, (B) POC flux, (C) CaCO3 flux, (D) opal flux, (E) lithogenic matter flux, and (F) particulate nitrogen flux. Date labels on x axis are marked as mmdd for first date of each sampling period (for this and subsequent similar figures).
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FIGURE 3. (A) Component percentage of total particle fluxes (TPF) and (B) mole ratio of opal/CaCO3 in sinking particulate fluxes at station SCS-N, May 01, 2014 to April 06, 2015. POM symbolizes particulate organic matter.


Similar to total particulate fluxes, POC, CaCO3, and lithogenic fluxes peaked in winter and autumn, but had small values in summer, with respective ranges 2.1–18.2, 32.9–197.9, and 12.0–73.6 mg m–2 d–1 (Figures 2B,C,E, respectively). The seasonal distributions of POC and CaCO3 fluxes were nearly identical, with both maximizing in January 2015 and a small peak in October (91.5 mg m–2 d–1 for CaCO3 fluxes and 9.1 mg m–2 d–1 for POC) compared to the winter maximum. The only difference was a pronounced minimum of POC fluxes in July, whereas CaCO3 fluxes remained nearly constant with small values over the entire summer. Slightly different from POC and CaCO3 fluxes, two peaks of lithogenic matter fluxes in winter and autumn were essentially equal, and the maximum was in autumn (73.0 mg m–2 d–1 in winter and 73.6 mg m–2 d–1 in autumn). Overall small values of lithogenic material in summer fluctuated noticeably. Similarly, biogenic opal fluxes (Figure 2D) varied from 6.9 to 109.6 mg m–2 d–1, with a prominent peak in winter and minimum in summer. However, the secondary maximum of opal in autumn was barely noticeable compared to other components. Mole ratio of opal/CaCO3 in sinking particulate fluxes is shown in Figure 3B with minimum in November, 2014 and maximum in February, 2015.

Particulate nitrogen fluxes from 28 January through 13 February maximized at 2.6 mg m–2 d–1, and the daily mean from 8 December to 2 March was 1.8 mg m–2 d–1 (Figure 2F). A secondary peak in autumn was also notable, with a range of 1.1–1.4 mg m–2 d–1 and greatest minimum (0.5 mg m–2 d–1) were found during summer (July).



Environmental Parameters

Figure 4 shows seasonal variations of environmental data, including SST, WS, NHF, MLD, NPP, Chl-a concentration, SSHA, AOT, and precipitation. There were distinct winter maxima of WS, MLD, NPP, and Chl-a, with ranges of 2.9–14.3 m s–1, 12.6–53.3 m, 235.9–744.0 mg C m–2 d–1, and 0.02–0.25 mg m–3, respectively. SST showed the minimum in winter and ranges from 21.8 to 29.9°C. NHF and SSHA exhibited analogous cosine patterns. SSHAs were positive from July through November 2014, with a positive maximum in August and negative at other times, with the negative maximum in January (Figure 4G). NHF data were negative from October 2014 through January 2015, with fluctuating positive values in summer (Figure 4C). The distribution of AOT (Figure 4H) was bimodal in autumn (0.18) and winter (0.16), which nearly matched that of lithogenic matter (Figure 2E). Spring had the greatest precipitation (as shown in Figure 4I) compared to other seasons and maximum precipitation (89.0 kg m–2) occurred in June.
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FIGURE 4. Temporal variations of environmental parameters measured around SCS-N station from May 01, 2014 to April 06, 2015. (A) sea surface temperature, (B) wind speed, (C) net heat flux, (D) mixed-layer depth, (E) net primary productivity, (F) total surface chlorophyll-a concentration (Chlorophyll-a), (G) sea surface height anomaly, (H) aerosol optical thickness, and (I) precipitation.


When the data were analyzed in detail, three periods (1–18 October, 8–24 December, and 28 January to 13 February) were remarkable. First, WS from 1–18 October increased 59% relative to prior levels and NHF changed from negative to positive, both reaching their maximum (absolute) values at the period of 8th to 24th December. The temporal variation of MLD followed those of WS and NHF, with a notable increase of 48% in October and a maximized value (53.3 m) from 8–24 December. But MLD was constantly deeper than 50 m in the following 30 days. SST showed obvious winter minimum while NPP and Chl-a concentration had simple winter peaks with maxima from 28 January to 13 February. The largest negative values of SSHA were also during that period.



DISCUSSION

The vast majority of long-term records of mesopelagic and abyssal fluxes based on sediment traps in the northern SCS have depicted a distinct winter maximum pattern and revealed the great influence of the East Asian Monsoon. However, there are a few physical processes that have a potentially strong impact on carbon export at intra-seasonal to seasonal timescales, and the specific influences of these processes have not been clearly revealed. Therefore, we focused on a 1-year observation of settling particulate fluxes and factors adjusting their temporal variations.

We observed maximum fluxes in winter, a secondary peak in autumn, and an abnormal decline in summer. For example, POC fluxes in winter and autumn were 12.0 and 7.0 mg m–2 d–1, respectively, 1.6 and 1.2 times greater than the fluxes in 2011-2012. Summer POC flux was only 4.0 mg m–2 d–1 in contrast to the 5.1 mg m–2 d–1 in 2011, and was comparable to the flux in the year of El Niño during which the nutrient supply was limited to the photic zone (Tables 1, 2).


TABLE 1. Characteristics of seasonal variations of total particles, POC, CaCO3, opal, lithogenic matter and particulate nitrogen fluxes observed at SCS-N station during May 2014 to March 2015.
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TABLE 2. Comparison of Total particulate fluxes (TPF), POC fluxes and biogenic matter (Bio., sum of organic matter, CaCO3 and opal fluxes) fluxes calculated for different season in 2014–2015, 2009–2010, 2011–2012 (data from Ran et al., 2015; Priyadarshani et al., 2019).

[image: Table 2]The obvious seasonal variations raised several questions, as follows. Are the extremely high export fluxes in winter driven by monsoon-induced water mixing and, if so, is this the only control? Why is there a secondary peak during the inter-monsoon period (October to November) and which process plays the major role? What is the forcing mechanism behind the abnormal small values of POC and CaCO3 fluxes on summer monsoon days?


Controls on Peak Flux in Winter


Vertical Mixing

Our trap data and environmental parameters both displayed obvious winter characteristics (Figures 2, 4). The winter monsoon period represented only 25% of the year but accounted for nearly half of the annual measured fluxes: 46% for TPF, 44% for POC flux, 46% for CaCO3 flux, 57% for opal flux, and 36% for lithogenic matter flux (Table 1). TPF, POC, CaCO3, and opal fluxes greatly increased beginning in December by more than 110%, and all components peaked during January 28, to February 13, 2015.

There were also conspicuous increases in environmental data, including WS, MLD, NPP, and surface chlorophyll concentrations. In order to determine the relationship between physical forcing and biogenic activities, we did a Pearson relationship analysis of the data (Table 3). First, the MLD maxima correlated closely with WS (positively) and SST (negatively):


TABLE 3. Pearson correlation coefficient (R) between daily total particle flux (TPF), particulate organic carbon (POC), CaCO3 fluxes, opal fluxes, lithogenic matter fluxes (Litho. Mat.), surface chlorophyll-a concentration (Chl-a), mixed layer depth (MLD), net primary production (NPP), sea surface temperature (SST), wind speed (WS) and net heat flux (NHF) at SCS-N site.
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The multi-linear regression (1) confirmed that the deepening of the mixed layer in the SCS was driven by the combined interaction of convective overturn by surface cooling and wind-induced mixing (Tseng et al., 2005, 2009). The partial correlation coefficients for WS and SST as independent variables to MLD was 0.851 and −0.714 (both P < 0.01, Supplementary Table S3), indicating the dependent influence of these two on the MLD (the analysis process was presented in Supplementary Material).

During the northeast monsoon when the surface water cooled down and the strongest winds occurred over the Strait of Luzon, curving across the SCS basin, the MLD was deepest and broached the nutricline, which was recorded at 60 m year-round at the nearby SEATS station (115.5°E, 18.3°N, 0.5° south of station SCS-N) (Wong et al., 2007). Thus, the strengthened vertical mixing overturned subsurface nutrients into the overlying oligotrophic water and stimulated phytoplankton growth as indicated by maximized Chl-a during December 2014 to January 2015. The correlation between NPP and MLD (r = 0.688, p < 0.01) effectively confirmed the above process. The increase in surface productivity hence generated more numerous downward particles than in any other period.

Our data concurred with discoveries of previous studies in this area. An intensified upward nutrient supply in winter was certified by the increase of δ15N in suspended particulate matter (Kao et al., 2012) and minimum δ13C values with relatively large δ18O values of planktonic foraminifera (Lin et al., 2004, 2011). Primary production rates in winter were estimated at 545.2 ± 408.2 mg C m–2 d–1 (Ning et al., 2004), in contrast with the 465.8 mg C m–2 d–1 annual average at the SEATS station (Ning et al., 2004). About 12% of the primary production (38.4–68.5 mg C m–2 d–1) is said to be exported (Liu et al., 2002), and POC fluxes from the euphotic zone were reported at a large value of 44.4 mg m–2 d–1 in January (Cai et al., 2015). Deep ocean fluxes were recorded at station SCS-N by Lahajnar et al. (2007) during 1987–1988, and by Ran et al. (2015) during 2009–2010. Both showed peak POC fluxes from November through January (4.9 mg m–2 d–1 in 1987 and 12.5 mg m–2 d–1in 2009), in accord with our data for 2014–2015.

However, total particulate fluxes in winter 2014–2015 were much higher in maximum, average daily values and total winter fluxes amount than in 2009–2010 and 2011–2012, as presented by Ran et al. (2015) and Priyadarshani et al. (2019), respectively. The comparison was listed in Table 2. The maximum amount of particulate fluxes in winter was 413.2 mg m–2 d–1 with a daily average of 267.0 mg m–2 d–1 while the maximum values in 2009 and 2011 were 294.7 and 297.4 with a daily average of 185.0 and 192.3 mg m–2 d–1, respectively. The winter period daily flux in POC and opal in 2014 were 1.7- and 1.5-fold to those in 2009 (7.3 mg m–2 d–1 for POC and 48.2 mg m–2 d–1 for opal fluxes, respectively) (Priyadarshani et al., 2019). Despite the fact that the winter period in 2014 (85 days) was shorter than in 2009 and 2011 (96 days), POC flux in winter 2014 accounted for 44% of annual total POC flux and was larger than those in 2009 and 2011 (38 and 36%, respectively). In contrast to the strengthened sediment fluxes, the environmental parameters showed little differences. The average annual wind speed was comparable (7.1 m s–1 for 2009–2010 and 7.6 m s–1 for 2014–2015), indicating little difference in monsoon strength. MLD were around 50 m for both 2009–2010 and 2014–2015. The MLD was even deeper in the winter of 2011–2012 (>70 m) (Priyadarshani et al., 2019). Thus, the question arose as to why the fluxes in 2014 were so much higher than other years under similar monsoon conditions.

Additionally, there were slight mismatches in the timing of MLD, Chl-a, and downward fluxes, whereas there were good time relations in previous years (Ran et al., 2015; Li et al., 2017; Priyadarshani et al., 2019). No distinct time lag (longer than 1 month) here may be owing to a characteristic of marginal sea where huge terrestrial materials in the particles are large enough to accelerate the settling velocity (Goutx et al., 2007). The time mismatches in our study were too obvious to be ignored. First, the maximum surface Chl-a concentration occurred between 28 January and 13 February, about 34 days after the MLD maximum in December. In both 2009–2010 and 2011–2012, surface Chl-a concentration changed almost immediately when MLD changed during winter time (Priyadarshani et al., 2019). Second, bulk fluxes were collected in mid-to-late February, showing POC fluxes at 12.6 mg m–2 d–1 (Figure 2B) with a MLD just greater than 20 m (Figure 4D). In the meantime opal flux was the second highest of the year (Figure 2D), and Chl-a concentration was 0.21 mg m–3 (Figure 4F), 133% greater than average of 0.09 mg m–3. Logically, nutrients cannot be effectively transported by a shoaled MLD, so productivity and export should have been cut off. If the high fluxes collected over the 1,000 depth are caused by the delayed settlement progress in the previous winter bloom, then the high chlorophyll value in the surface layer is contradictory. All these unusual phenomena leave the possibility of another positive mechanism for downward particles superimposed on the primary role of the northeast monsoon.



Cyclonic Eddy

What factors could have contributed to a higher flux than the previous year and the mismatch in timing of the MLD, Chl-a, and downward fluxes.

Mesoscale cyclonic eddies, which can transport nutrients to the surface layer by upwelling within the eddy center (McGillicuddy et al., 1998), seemed to be possible. Indeed, a strong cyclonic eddy appeared to have occurred during the period in the northern SCS, according to subtractive SSHA (Figure 4G). Using a manual method of eddy tracking, a relatively large mesoscale eddy (radius = 48–174 km) formed northwest of Luzon Island during mid-December 2014 (Figure 5A). This eddy matured about 20 days later and began to split into small eddies during early-to-mid January. During this period the eddy moved westward, but our station was out of its control. It wasn’t until 22 January that the eddy exerted an influence on our station (Figure 5B), as shown by a sharp decrease (by 16%) in daily SSHA at SCS-N. One of the small cyclonic eddies that split from the northwest part of the large eddy developed very near our sampling station, beginning 26 January. The central part of the small eddy reached SCS-N in early February during its mature stage (Figure 5C). The station SSHA was <−0.18 m beginning 2 February and the minimum SSHA (−0.20 m) appeared between 7 and 9 February (Figure 6). This cold-core eddy continued to influence our station through 27 February (Figures 5D, 6). The close match between the kinetic energy of this small eddy and the negative SSHA of our sampling station is a strong indication of cyclonic effects (Figure 6).


[image: image]

FIGURE 5. Satellite images of daily sea surface height anomaly (SSHA, m) in northern SCS from AVISO product on (A) December 28, 2014, (B) January 22, 2015, (C) February 09, 2015, and (D) February 27, 2015, exhibiting cyclonic eddy activity during winter period of 2014–2015 in study area. Dots on map represent 1/4° × 1/4° grid around station SCS-N and gray line with label 2,000 indicates water isobaths of 2,000 m.
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FIGURE 6. Variations of eddy kinetic energy (EKE) at center of relatively small mesoscale cyclonic eddy (split from the original large one) near station SCS-N, using manual tracking method and daily sea surface height anomaly (SSHA) of 1/4° × 1/4° grid area around sampling station from January 25, to March 02, 2015.


Cyclonic eddies could remarkably increase surface biomass (Chen et al., 2007; Xiu and Chai, 2011; Wang et al., 2016; Honda et al., 2018). Positive Chl-a anomalies from 1998 to 2011 were associated with cyclonic eddies in the SCS (He et al., 2016). There is phytoplankton enhancement of 10.5% in total Chl-a biomass in water column at the surface layer within the eddy center of SSHA < 0.20 m (Wang et al., 2016). Elevation in productivity caused by cyclonic eddies in spring could even catch up with the maximum level in winter in SCS (Chen et al., 2007).

In our sampling winter period, from the end of January through mid-February, the SCS-N station was affected by a combination of cyclonic eddies and northeast monsoons. Under the resultant strong vertical mixing, the accelerated upward nutrient transport caused by eddy pumping allowed for deeper nutrient replenishment in the mixed layer (He et al., 2016). This replenishment of nutrient conspicuously increased productivity within the euphotic layer and contributed to a higher level in fluxes compared with previous years. Then, from mid-to-late February when the MLD seemed to be shoaled, our station was directly under the eddy center upwelling area. It was found that the water column-integrated biomass of diatoms was 21.3-fold greater at the center of a cyclonic eddy relative to its outside (Wang et al., 2016). The direct nutrient input by upwelling stimulated the growth of phytoplankton in the upper layer as observed in the high concentration of surface chlorophyll, leading to the strong fluxes seen during the sampling period from 14 February through 1 March. The upwelling effect of the cold water may also make the potential temperature line move upward, thus the MLD resulting from potential temperature seems to be shoaled. Further, one biological signal of the cold-core eddy is that it functioned preferentially as a selective silica pump (Thunell et al., 2007), although calcareous plankton may also benefit. Li et al. (2017) revealed that the cyclonic eddy in the SCS could contribute to 44–59% of opal and 17–54% of POC fluxes. The daily average opal fluxes in winter in our sampling time was 71.5 mg m–2 d–1 with a percentage of period to the annual amount as 56% in contrast to the number of 48.2 mg m–2 d–1 (43%) in 2009–2010 and 49.2 mg m–2 (44%) in 2011–2012 (Priyadarshani et al., 2019). The period daily average flux of CaCO3 also increased to 127.1 mg m–2 d–1 in contrast to 74.9 mg m–2 d–1 (2009-2010) and 84.4 mg m–2 d–1 (2011-2012), while the percentage of period to the annual amount in CaCO3 showed little difference (41-48%). The mole rate of opal/CaCO3 was over 0.8 since January and the maximum of 1.3 appeared in mid-to-late February (Figure 3B). The maximized biological signal of cyclonic eddies in mid-to-late February was due to the direct influence of eddy upwelling and the weakened monsoon wind. Thus, this mechanism allowed a clear interpretation of secondary maximum opal flux (89.8 mg m–2 d–1) and the maximum mole rate of opal/CaCO3 (Figure 3B) during mid-to-late February, when the MLD was shallower than 20 m.

Compared with previous years, stronger signal in SSHA was recorded in our sampling year (2014–2015). SSHA data in 2009 and 2011 were >−0.10 m during the winter monsoon period (Ran et al., 2015; Priyadarshani et al., 2019). The larger fluxes in the winter of 2014-2015 compared to previous years were well interpreted by the extra replenishment of nutrients upwelled by cyclonic eddy.

Apart from cold-core eddy, atmospheric aerosol deposition may be another candidate, because strong flux of lithogenic matter and increased aerosol thickness were observed in winter (Figures 2E, 4H). However, little precipitation in the study period impeded atmospheric aerosol reaching the ocean surface (Figure 4I). Wet deposition was reported to be the main route for atmospheric deposition in the area (Jung et al., 2011). So, the atmospheric aerosol deposition wasn’t the answer to our findings in winter.

A third possibility lies in lateral transportation from the river and the Luzon Strait. First, our study site is distant from any river influence (Wong et al., 2007). In addition, water in the Luzon Strait comes from the West Pacific and has more oligotrophic characteristics than the SCS. An export of 1 × 1011 mol year–1 of phosphate and 1.4 × 1012 mol year–1 of nitrate is estimated from the SCS to the western Philippine Sea at intermediate depths between 350 and 1,350 m (Chen et al., 2001). Low nutrients cannot support the bloom of diatom and transport as large a flux of opal. However, the ratio of opal/CaCO3 (Figure 3B) in our recorded fluxes peaked in February 2015, which showed a large amount of diatom growth. Therefore these particles weren’t attributed to lateral transportation from the Luzon Strait.

In summary, the winter peak flux in our data was the result of vertical mixing from convective overturn and monsoon, overlapped with a mesoscale cyclonic eddy. Vertical mixing by the winter monsoon played the critical role, while the cold-core eddy also had positive effects. It was precisely because of the coincidence of these factors that winter fluxes during 2014–2015 were much stronger than in previous years. Unfortunately, the contributions of those factors remain uncertain and more research, including in situ observation, is necessary for more detailed exploration.



Autumn Secondary Maximum Fluxes Owing to Aerosol Deposition

TPF, CaCO3 flux, and POC flux showed pronounced secondary maxima during the autumn inter-monsoon. Daily average fluxes were 152.2, 71.5, and 7.0 mg m–2 d–1 for TPF, CaCO3, and POC fluxes, surpassing values in non-event periods (including May 01–July, 07, 2014 and March 02–April, 06, 2015) by 58, 61, and 48%, respectively (Table 1). The lithogenic flux was even maximized in November (73.6 mg m–2 d–1). This is a very interesting phenomenon, different from other observations of small values in autumn. Lahajnar et al. (2007) and Ran et al. (2015) indicated TPF and POC autumn fluxes of less than 100 and 4 mg m–2 d–1, respectively. At this time, the mixed layer was mostly shallower than 40 m, despite a slight deepening compared to summer, but this was much shallower than the top of the nutricline depth (50–70 m) measured at the SEATS station (Wong et al., 2007). It was impossible to support upper production through reverse mixing of subsurface nutrients, and the tiny fluctuation in sea level further excluded the influence of mesoscale eddies.

The main sources of lithogenic matter are river input, atmospheric deposition, and sediment re-suspension. First, our study site is distant from any river influence (Wong et al., 2007). The most influential river emptying into the northern part of the SCS was Pearl River, with flow rates of 316 km3 year–1 reaching the SCS at 22°N (Wong et al., 2007). The lesser rivers that flow into the SCS in the Hainan and Taiwan islands were the Wanquan river and the Choshui river with an annual flow of 5.8 and 5.2 km3 year–1 (Liang and Ye, 2015), and the Cagayan Rio River which empties into the SCS from Luzon Island. The distance between the estuary of Pearl River, Cagayan Rio River, Wanquan River, Choshui River, and our site were 515.3, 478.4, 590.8, and 738.8 km, respectively. The basin-wide circulation gyres effectively isolate the interior of the SCS proper from the influence of the land-runoff (Wong et al., 2007). Moreover, although most lithogenic matter in the northern SCS might result from modern transport and the resuspension of sediments by the Kuroshio intrusion along the Taiwan Strait (Liu et al., 2014), there was little seasonal variability (especially during the autumn peak) in the upper layer. Therefore, atmospheric deposition was the most likely source of the sharp increase (2.4-fold) in autumn lithogenic matter. The pattern of lithogenic flux was in phase with aerosol optical thickness (Figure 4H), in which large amounts of airborne particles were observed during autumn. These atmospheric aerosol particles could effectively deposit to the ocean surface via relatively frequent precipitation (59.1–67.7 kg m–2) as shown in Figure 4I.

Our data are consistent with Lin et al. (2007), who showed a powerful influence of atmospheric deposition in the study area, relating it to a northern source of eastern China fossil fuel together with Asia Desert Dust. Large-scale combustion of biomass usually takes place in October, and fossil fuel aerosol contains large amounts of nitrogen which acts as a direct source of nutrient input (Zhang et al., 2018). Additionally, micronutrients like iron in desert dust that are deposited on the ocean surface in the form of bioavailable Fe(II) can trigger upper-ocean nitrogen fixation (Chavagnac et al., 2007). This fixation can convert di-nitrogen to fixed nitrogen in the presence of iron and lead in order to increase phytoplankton biomass. Strong nitrogen fixation in the SCS that can support 3–13% of net primary production was revealed by Wong et al. (2002) at the SEATS station, and the availability of iron during seasons of strong aerosol deposition could substantially enhance nitrogen fixation (Wong et al., 2007). The increased percentage of PN in biogenic matter during autumn (0.99%, Table 4) was 22.2% greater than average in the winter high-flux period (0.81%), which might indicate strengthened primary production caused by nitrogen fixation. From a microcosm incubation experiment with aerosol event scales on deck, Guo et al. (2012) observed positive responses in biomass in the SCS and a shift in dominant phytoplankton assemblages from picoplankton to microphytoplankton (Guo et al., 2012). According to model data in the SCS, enhancement of Chl-a during a dust event and dust deposition could contribute ∼20% of annual biological new production (Kim et al., 2014). A strong association between Chl-a and AOT variability in non-winter months at the SEATS station was presented by Lin et al. (2009), implying an important role for aerosol input in the northern SCS. The absence of large values of surface Chl-a concentration in our remote-sensing data may be attributed to a limitation of satellite observation, meaning the subsurface water bloom cannot be detected. The subsurface chlorophyll maximum was distinct in the nearby SEATS station (Gong et al., 2014) and different physical processes may enhance the phenomenon in the SCS (Chen et al., 2006; Lu et al., 2010).


TABLE 4. Biogenic matter fluxes in sinking particles (calculated as sum of organic matter, CaCO3, and opal fluxes) and particle composition of particulate nitrogen (PN) in biogenic matter fluxes during different seasons of 2014–2015.

[image: Table 4]Additionally, same as biogenic minerals, lithogenic minerals in surface water could have a ballasting effect in the form of increasing the sedimentation rate of particulate matter and protecting organic matter from decomposition in marginal seas (Fischer and Karaka, 2009). The composition percentage of total particle fluxes in Figure 3A effectively confirms this. Although CaCO3 was the most abundant component of particles during most of the year, the proportion of lithogenic matter increased from 27 to 38% in autumn. This increase was because of the effect of substantial atmospheric loading on the stimulation of primary production and further aggregated with organisms settling into the deep sea. Our data corresponded to the findings of Lee et al. (2009) for the Mediterranean Sea, which revealed that dust greatly increased downward export flux by particle aggregation. In the low-nutrient low-chlorophyll area where there is a definite fertilization effect by dust, >50% of the increase in particulate organic matter was related to the aggregation process (Bressac et al., 2013).

The autumn secondary peak occurred for every flux except that of opal, and there was a minimum of opal/CaCO3 in early November. There are two potential reasons for this. The first is that airborne aerosol might be more likely to promote the growth of calcareous organisms than siliceous plankton. This was supported by the fact that the daily average CaCO3 flux in autumn was 1.6-fold to the baseline value (Table 1, baseline condition was defined as non-event period, which included May 01 to July 07, 2014 and March 02 to April 06, 2015). The second reason is related to the various ballasting effects from different types of minerals (Salter et al., 2010). Carbonate was important in increasing particle density and thus accelerated the sinking of particles while most of the aggregate formed by opal was re-mineralized before reaching the bottom (Francois et al., 2002). Hence, opal does not increase organic matter flux as effectively as carbonate.

Our study highlights the vital function of aerosol deposition for carbon export in the form of nutrient replenishment, improvement of nitrogen fixation, and strengthening of the ballasting effect via extra lithogenic mineral supply in the marginal sea. Limited by sparse in situ data from a time-series observation of vertical particle flux below the euphotic layer, investigation of the mineral ballast effect and atmospheric particle deposition is still in its infancy, so further research is recommended.



Small Values in Summer Induced by Anticyclonic Eddy

During the summer monsoon (June–September), total particle, POC, and lithogenic matter fluxes showed clear minima of 59.7, 2.1, and 12.0 mg m–2 d–1 in July, and a minimal opal flux of 6.9 mg m–2 d–1 in August. The average summer daily TPF was 77.6 mg m–2 d–1, in contrast with the annual daily average of 145.5 mg m–2 d–1. Furthermore, the daily average biological flux in summer was 56.9 mg m–2 d–1, contributing only 13% to the annual figure, while in the previous years the value was 63.2 and 62.2 mg m–2 d–1 with an annual percentage of 16 and 23% for 2009 and 2011 (Priyadarshani et al., 2019), respectively.

Very few factors substantially suppressed carbon export, except for the mesoscale anticyclonic eddy (Lasternas et al., 2012). Our SSHA data (Figure 4G) exceeded 0.07 m at the beginning of July, directly suggesting the influence of the anticyclonic eddy (Roemmich and Gilson, 2001; Huang et al., 2010). As shown in Figure 7, the sampling station was affected by a mesoscale warm-core eddy moving from south to northwest, beginning July 14. The station was at the eddy center from August 9, with a maximum sea level anomaly of 0.19 m. This eddy lasted 1 month and began to dissipate in September. The characteristics of central downwelling (Samuelsen et al., 2012) within the anticyclonic eddy weakened the upward nutrient transportation, thus led to the small values of fluxes in summer.
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FIGURE 7. Satellite images of daily sea surface height anomaly (SSHA, m) in northern SCS from AVISO product on (A) July 14, 2014, (B) August 09, 2014, (C) September 08, 2014, and (D) September 20, 2014, exhibiting anticyclonic eddy activity during summer period of 2014 in study area. Black dots on map represented 1/4° × 1/4° area around station SCS-N. Gray line with label 2,000 indicates water isobaths of 2,000 m.


Based on the Bermuda Atlantic Time-series Study of the Sargasso Sea, Sweeney et al. (2003) clearly showed that the 1994 spring bloom was suppressed by the passage of anticyclonic eddies with SSHA around 0.20 m. In the Norwegian Sea, warm-core eddies could delay the phytoplankton bloom by about 2 weeks (Hansen et al., 2010). Lasternas et al. (2012) not only observed a considerable enhancement of dissolved organic carbon (DOC) concentration in the anticyclonic eddy center, but also diatom cell mortality rates of 60%. They proposed that the high mortality and cell lysis rates mainly resulted in the DOC increase, thereby reducing carbon export. This is consistent with Moutin and Prieur (2012) and Bressac et al. (2013) for the Mediterranean, emphasizing weak primary production and carbon export but large values of DOC concentration in anticyclonic eddies. Although the anticyclonic eddy was revealed to have a positive biological effect within the subtropical gyre (Dufois et al., 2016), the negative relative difference Rd (%) in Dufois’s research of the northern SCS indicated the counteraction of the anticyclonic eddy. The SCS is a typical surface oligotrophic and low-productivity area in which productivity is mainly fueled by various physical processes providing nutrients to the upper layer. The characteristic downward flow in an anticyclonic eddy center substantially inhibits the growth of phytoplankton (Xiu and Chai, 2011; Guo et al., 2015). The model data of Ning et al. (2004) indicate that a warm-core eddy can reduce phytoplankton growth by 31%.

Unlike anticyclonic eddies, other processes like typhoon, monsoon, and dust deposition can only supply nutrients to the surface other than restrain. Furthermore, there were no major differences in environmental data of WS and NHF compared with the 2009–2010 data of Ran et al. (2015), apart from conspicuously large values of SSHA. This reflected the only influence of warm-core eddy.

There is a secondary peak of carbon output during the summer monsoon in some long-term records from the SCS (Chung et al., 2004; Li et al., 2017), in contrast with our study. However, these records are from the central basin area where the southwestern monsoon has a strong impact. Our study site was in the northern SCS, outside the summer circulation area (Shaw and Chao, 1994), and there was little impact from upwelling (Liu et al., 2002; Ning et al., 2004). Moreover, there were no apparent summer features in studies of the nearby SEATS station (Tseng et al., 2005; Wong et al., 2007). The small summer export value in the present study is likely attributable to the influence of the mesoscale anticyclonic eddy.



CONCLUSION

Total particle flux, particulate organic carbon, CaCO3 and lithogenic fluxes peaked in winter and autumn, but exhibited minima in summer. Opal flux was similar to those fluxes, with a prominent maximum in winter and a minimum in summer, whereas a secondary maximum of opal in autumn was barely noticeable compared with other components. A deeper mixed layer was related to the northeast monsoon and surface cooling, overlapped with the cyclonic eddy effect, which may be responsible for the strong winter fluxes. However, an anticyclonic eddy would suppress the subsurface nutrient supply, primary production, and subsequent export flux in summer. With respect to the autumn flux peaks of lithogenic and CaCO3, the scavenging of atmospheric particles and mineral ballast effect are potential causes. Our study highlights that in addition to monsoonal transition, intra-seasonal physical processes (e.g., mesoscale eddies and aerosol deposition) are important to deep particle fluxes in the SCS.
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The biological carbon pump in the southwestern East Sea (Japan Sea, EJS hereafter) was investigated based on examination of sinking particulate matter samples intercepted by bottom-tethered sediment traps deployed on a mooring at three depths (500, 1000, and 2000 m) between 2011 and 2017. The total particle flux increased as the sampling depth increased, while particulate organic carbon (POC) flux was greatest at 500 m. The lithogenic material content was high at all depths, and accounted for an average of ∼42% of the particulate matter. The total particle flux at all sampling depths consistently shifted toward much higher values in 2014–2016. During this period, the POC flux at 500 m increased by 32% while net primary production (NPP) increased only slightly. Consequently, the POC flux/NPP ratio increased significantly, indicating greater biological pump efficiency than in earlier years of the study. The flux of lithogenic material derived primarily from sediment resuspension was much greater at 500 m in 2014−2016 compared with previous years, implying its potential role as a ballast mineral in enhancing particle export and transfer to the deep sea interior. The radiocarbon isotope ratio of POC was higher, and the excess Mn content values were lower at 500 m in 2014–2016, suggesting that the resuspended sediment at 500 m likely originated from a shallow region during this period, and differed in provenance from the lithogenic material intercepted at 2000 m. The period of enhanced particle flux coincided with the 2015/16 El Niño and a mesoscale warm (anticyclonic) eddy that persisted for 2 years in the study region. The East Korean Warm Current and the eddy may have facilitated the transport of resuspended particles entrained in the Korea Strait and/or the western shelf and upper slope of the basin to the study site.

Keywords: biological carbon pump, particulate organic carbon, sediment resuspension, sediment trap, lithogenic material, ENSO


INTRODUCTION

The East Sea (also known as the Japan Sea, the EJS hereafter) is a marginal sea that is connected to the northwest Pacific Ocean through straits shallower than 150 m (Figure 1). The Tsushima Warm Current (TWC), which is a branch of the Kuroshio Current, flows into the EJS through the Korea Strait. The East Korea Warm Current (EKWC), a branch of the TWC, flows north along the east coast of the Korean Peninsula. Upon detachment from the coast, the EKWC forms a subpolar front at 38–40°N joining with the North Korea Cold Current (NKCC). In the southwestern part of the subpolar front lies the Ulleung Basin, where net primary production (NPP) is reportedly the highest in the entire EJS (Yamada et al., 2005; Kwak et al., 2013).


[image: image]

FIGURE 1. Bathymetry (left panel) of the East Sea (Japan Sea) and the sea surface temperature (right panel, the image was taken by satellite NOAA-19 on 30 March, 2011). The locations of the mooring sites, ES and EC1, and the surface sediment sampling sites are indicated (X marks). A schematic of major surface currents is also shown (NKCC: North Korea Cold Current, EKWC: East Korea Warm Current, TWC: Tsushima Warm Current).


Chen et al. (2017) reported rapid acidification of the interior of the EJS between 1965 and 2015. The deep waters of the EJS are vulnerable to acidification because of high levels of dissolved inorganic carbon (DIC) from organic matter decomposition, and low levels of carbonate alkalinity (Na et al., 2019). Therefore, improved understanding of the functioning of the biological carbon pump is necessary to inform projections of acidification of the deep waters of the EJS.

Changes in the physical and biological characteristics of surface waters including the vertical temperature profile, and the phytoplankton community structure, can affect the biological carbon pump in the Ulleung Basin (Yoo and Kim, 2004; Chiba et al., 2008). For example, when the surface water temperature rose and the inflow from the TWC strengthened, the contribution of small phytoplankton to NPP increased (Li et al., 2009; Lee et al., 2013; Joo et al., 2017). In their study of the monthly NPP in the Ulleung Basin, using Moderate Resolution Imaging Spectroradiometer (MODIS-aqua) satellite observations and the Vertically Generalized Productivity Model (VGPM, Behrenfeld and Falkowski, 1997), Joo et al. (2014) reported a decline of ∼17% in the annual NPP from 2006 to 2013. This was hypothesized to reflect the effect of sea surface warming and the negative phase of the Pacific Decadal Oscillation (PDO). The effects of the El Niño Southern Oscillation (ENSO) on the sinking particle flux in the tropical Pacific have been relatively well studied (Honjo et al., 1995; Kawahata et al., 2000; Kim et al., 2011, 2014, 2019). However, the relationship between the sinking particle flux and its composition and high and low frequency climate variability is not well understood because of the lack of long-term data.

The sinking particle flux in the EJS has been studied over periods of 1–2-years (Otosaka et al., 2004, 2008; Kim et al., 2017). A study based on 1 year’s data from March 2011 to February 2012 in the Ulleung Basin showed that the particulate organic carbon (POC) flux at a depth of 1000 m was bimodal, and mainly reflected the variations in the NPP. The ratio of the POC flux at 1000 m to the NPP (i.e., e-ratio at 1000 m) was ∼3%, which is similar to the values obtained for other basins in the EJS (Otosaka et al., 2008). Another finding was that, the sinking particles in the EJS contained high levels of lithogenic material from aeolian dust deposition and resuspended sediment (Otosaka et al., 2008; Kim et al., 2017), reflecting its location in a marginal sea.

In this study, we present quasi-continuous time-series data from 2011 to 2017 on the flux and composition of sinking particles at three depths at a site in the Ulleung Basin. We investigated the biological pump in the EJS, and paid particular attention to the marked increase in the particle flux that occurred in 2014–2016, and its relationship with climate variability.



MATERIALS AND METHODS


Sample Collection

Samples of sinking particulate matter were collected from July 2011 to September 2017 (Supplementary Table S1) using conical-type sediment traps (aperture diameter 80 cm, height/diameter ratio = 2; model SMC26S-6000, Nichiyu Giken Kogyo Co., Ltd., Japan), deployed at 500 m (changed to 300 m in March 2017), 1000 m, and 2000 m on a bottom-tethered mooring at station ES (37.63°N, 131.36°E; ∼2370 m water depth) in the Ulleung Basin (Figure 1). The sampling interval for each cup of the sediment traps was programmed for 6–10 days. Sample collection was interrupted several times because of mooring turnaround and trap malfunctioning. Detailed information regarding the sampling times is presented in Supplementary Table S1. The mooring was equipped with RCM-type current meters at 550 m and 2050 m. The sampling cups of the traps were filled with artificial seawater, prepared using distilled water and sea salts (Sigma-Aldrich) and adjusted to the approximate salinity at the deployment depths. Sodium borate-buffered 10% formalin solution was added as a preservative. The study site is approximately 34 km northwest of station EC1 (37.33°N, 131.45°E; 2300 m water depth), which has mainly been used for physical oceanographic studies since 1996 (Chang et al., 2002; Noh and Nam, 2018), although the sinking particle flux and composition at station EC1 were reported for a 1-year period by Kim et al. (2017).

Seafloor sediment samples were collected using a box corer during two cruises (Figure 1 and Supplementary Table S3), the first in August 2011 aboard the survey vessel Haeyang 2000 involving three sampling locations: TEB1 (37.00°N, 129.50°E), TEB5 (37.00°N, 131.00°E), and TEE5 (35.18°N, 129.80°E); and the second in May 2014 aboard the R/V Eardo involving sampling at DE2 (36.71°N, 129.81°E), DE3 (36.73°N, 129.86°E), DE4 (36.71°N, 130.02°E), and ES (37.65°N, 131.35°E). These sites lie under the path of the surface currents leading toward the trap mooring sites and therefore were chosen as potential sources of resuspended sediment particles.



Sample Analyses

Particulate matter samples were filtered using a 1-mm teflon mesh to remove swimmers and any large particles, centrifuged, and freeze-dried. The freeze-dried samples were weighed for gravimetric determination of the total particle flux. For POC content measurement, ∼0.5 g of each homogenized particle sample was weighed and decarbonated by soaking in 10 ml of 1 N HCl (ACS grade, Merck) for 30 min. The decarbonated sample was dried in an oven for 3 days at 80°C, then desiccated for 2 h at room temperature. The POC content of each sample (5–7 mg, wrapped in a tin cup) was measured with an elemental analyzer (Thermo Flash EA 1112 series). The mean measured value of a standard reference material (SRM 1941b) provided by the National Institute of Standards and Technology (NIST, United States) was 2.98 ± 0.18% (certified value = 2.99 ± 0.24%).

For radiocarbon isotope analysis of POC, each particle sample was finely ground, weighed in a silver cup, fumigated with HCl in a desiccator for 3 days at 70°C to remove inorganic carbon, then stored in a desiccator with NaOH pellets (Fischer Scientific; analytical reagent grade) at 70°C for 3 days to remove residual HCl. Radiocarbon isotope ratios were measured using a gas-ion source MICADAS (Mini Carbon Dating System) accelerator mass spectrometer in the Laboratory for Ion Beam Physics at ETH Zürich (Christl et al., 2013; McIntyre et al., 2017). Radiocarbon data were normalized using an oxalic acid II standard (NIST SRM 4990C), and measurements were corrected for constant contamination introduced during fumigation using in-house shale and soil reference materials according to Haghipour et al. (2019). We assign ±5‰ as a conservative uncertainty for Δ14C measurements of POC samples although a precision of ±2‰ is routinely achievable for the modern standard oxalic acid II (McIntyre et al., 2017) and duplicate analysis results of a POC sample were within 3‰. After rinsing the samples with ultra-pure water three times and freeze-drying, the effect of formalin as a preservative on radiocarbon analysis is considered insignificant (Honda et al., 2000; Otosaka et al., 2008).

For metal analyses, ∼20 mg of each dry sample was digested in an acid mixture (HNO3, HClO4, and HF; Merck, Suprapur) for 12 h on a hot plate at 180°C, and the concentrations of Al and Mn in the digested sample were measured using inductively coupled plasma mass spectrometry (ICP-MS; Thermo X-Series). A standard material (MESS-3, National Research Council of Canada) was used for calibration. A subset of the sinking particle samples was analyzed for Al, Si, and Ca using inductively coupled plasma atomic emission spectrometry (ICP-AES; Optima 8300; PerkinElmer) at the Korea Basic Science Institute. Two standard materials (SRM 1646a, and SRM 2702, NIST, United States) were analyzed for calibration purposes. The lithogenic material content has been estimated to be 12.15-fold that of the Al content (Taylor and McLennan, 1985). For our set of samples, the CaCO3 content was estimated by multiplying the biogenic Ca content by a factor of 2.5; the biogenic Ca content was estimated by subtracting the lithogenic Ca content (= 0.5 × Al) from the total Ca content. The opal content was estimated by multiplying the content of biogenic Si by a factor of 2.4; the biogenic Si content was estimated by subtracting the lithogenic Si content (= 3.5 × Al) from the total Si content (Honjo et al., 1995).



Determination of Net Primary Production Based on Satellite Observations

The NPP in the study period was estimated using the VGPM (Behrenfeld and Falkowski, 1997) and the optimal carbon fixation rate (Kameda, 2003; Kameda and Ishizaka, 2005). Satellite data for the area of 2-km radius around Station ES were obtained using the MODIS Aqua level-2 chlorophyll-a concentration, the level-3 sea surface temperature (SST), the level-3 photosynthetically available radiation (PAR), and the level-3 diffuse attenuation coefficient for downwelling irradiance at 490 nm. A mean monthly map of the level-2 daily chlorophyll-a concentration was developed using an optimal interpolation technique after removing any speckles (Chae and Park, 2009; Park et al., 2013).



RESULTS


Particle Flux and Composition

The total particle flux over the entire sampling period varied from 0.8 to 1586 mg m–2d–1, 48 to 1606 mg m–2d–1, and 89 to 1432 mg m–2d–1 at 500 m, 1000 m, and 2000 m, respectively (Supplementary Table S1). Because of interruptions in the data collection, no seasonal variation was detected, but the interannual variability was high. In general, the particle flux values were higher for 2014–2016 than in the preceding and following years. The total particle flux increased as the depth increased: the sampling period-weighted average particle fluxes at 500 m, 1000 m, and 2000 m were 344, 393, and 432 mg m–2d–1, respectively (Figure 2 and Table 1). Conspicuous peaks in the flux occurred coincidentally at all depths without any time lag. However, the particle fluxes at different depths were not tightly coupled. In particular, the correlation between particle fluxes at 500 m and 2000 m was very weak (R2 = 0.12).
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FIGURE 2. The total particle flux at the three sampling depths from July 2011 to September 2017 (No bar indicates no data).



TABLE 1. Values of observed parameters averaged over the entire study period (July 2011-September 2017), the non-El Niño period (July 2011-March 2014), and the El Niño period (June 2014-September 2016).

[image: Table 1]The POC content varied widely at 500 m (0.4−29%; Supplementary Figure S1), and was particularly high in July 2011. Unlike the total particle flux, the POC content generally decreased with increasing depth; the arithmetic mean of the POC content throughout the study period was 8.2 ± 4.2 at 500 m, 6.0 ± 1.7 at 1000 m, and 5.7 ± 1.3% at 2000 m (Supplementary Figure S1 and Table 1; note: unless otherwise stated, the ±values throughout the paper indicate the standard deviation of the observed results, not measurement uncertainty). The temporal variation in the POC flux was in phase with the total particle flux (Figure 3). The POC flux ranged from 0.05 to 187 mgC m–2d–1 at 500 m (sampling duration-weighted average = 28), 0.9 to 84 mgC m–2d–1 at 1000 m (ave. = 25), and 6.8 to 95 mgC m–2d–1 (ave. = 26) at 2000 m (Figure 3 and Table 1). Because the POC content and total particle flux varied inversely with depth, the POC flux was highest at 500 m, while the values at 1000 m and 2000 m were similar, especially during the high flux period in 2014/16.
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FIGURE 3. (a) ONI (Oceanic Nino Index; upper panel); (b) net primary production determined from MODIS-aqua satellite observations and the Vertically Generalized Productivity Model (middle panel); and (c–e) the POC flux at 500 m, 1000 m, and 2000 m, respectively. Where there is no bar, there were no data.


The content of lithogenic material varied widely from 11 to 75% at 500 m (mean = 42 ± 15%), from 12 to 73% at 1000 m (mean = 42 ± 14%), and from 14 to 80% (mean = 47 ± 11%) at 2000 m (Supplementary Figure S2 and Table 1). The lithogenic material flux was also very high at 500 m, where it varied from 5 to 765 mg m–2d–1 (Figure 4), and at this depth there was a distinct difference prior to and after June 2014. Before this time, the flux of lithogenic material increased considerably from 500 to 1000 m but showed only a small increase as the depth increased for 2014–2016. During the entire study period, the sampling duration-weighted average lithogenic material fluxes were 199, 161, and 241 mg m–2d–1 at 500, 1000, and 2000 m, respectively. Therefore, averaged over the entire period, both the content and the flux of lithogenic material was smallest at intermediate depth (1000 m). The increase in the flux of lithogenic material was largely responsible for the increase in the total particle flux in 2014–2016.
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FIGURE 4. (a) Dust deposition to the sea surface based on a MERRA 2 model; (b–d) lithogenic material flux at 500 m, 1000 m, and 2000 m, respectively; (e) excess Mn flux at the three sampling depths; and (f) Δ14C (‰) values. To facilitate comparison, the Δ14C results at 1000 m and 2000 m of Station EC1 in 2011–2012 are also included (Kim et al., 2017). Yellow horizontal bar indicates the range of the Δ14C values of dissolved inorganic carbon (DIC) in the surface waters at nearby sites (30 ± 12‰, n = 7; Kim et al., 2017).


Biogenic opal accounted for 33–40% of the particulate matter. There was no clear trend in the vertical opal content (Supplementary Figure S3). The opal flux was greater at 500 m (204 mg m–2d–1) than at the other depths (160 and 159 mg m–2d–1, at 1000 m and 2000 m, respectively) (Supplementary Figure S3 and Table 1). At all depths, CaCO3 accounted for the smallest fraction of the particulate matter (Supplementary Figure S4). Both the CaCO3 content and flux decreased with increasing depth: 6.1 ± 4.1% (27 mg m–2d–1), 5.3 ± 3.6% (21 mg m–2d–1), and 3.3 ± 3.1% (11 mg m–2d–1) at 500 m, 1000 m, and 2000 m, respectively (Supplementary Figure S4 and Table 1).



Comparison Between Strong El Niño and Non-El Niño Periods

The particle flux was considerably higher in the period from June 2014 to September 2016 than in earlier years of the study or during the first 8 months 2017 (Figure 2). This period coincided with the occurrence of a super El Niño, as evidenced by a strong positive ONI (oceanic niño index) around 2015 (Figure 3); the period from 2011 to 2013 represented a negative phase of the ONI. For convenience, we refer to the former (2014–2016) and the latter periods (2011–2013) as the “EN” and the “non-EN” periods, respectively. Because the particle fluxes in these two periods were quite distinct, the properties of the two periods were compared (Figure 5 and Table 1). We performed t-test to examine whether each property between the two periods was significantly different, although it is acknowledged that this comparison between the EN and the non-EN periods may suffer from bias caused by sampling hiatuses.


[image: image]

FIGURE 5. Stacked bar plots of the biogenic and lithogenic material fluxes at the three sampling depths for the normal (non-EN) and EN periods (see Table 1 for delineation of these periods). The proportions (as%) of each component are included (in parentheses). Note that the height of the stacked bar is not exactly equal to the total particle flux.


At 500 m, the POC flux averaged over each period was 32% higher for the EN period (2014–2016) than the non-EN period (2011–2013; Table 1), with a considerably greater discrepancy as the depth increased (the EN period being 96% and 113% higher at 1000 m and 2000 m, respectively). Small vertical changes in the POC flux during the EN period were responsible for this vertical difference. At all depths, p-values were <0.05 for POC flux between the non-EN and the EN periods. The opal flux in the EN period was consistently greater (by 83–123%) at all depths than in the non-EN period (Table 1). By comparison, the CaCO3 flux in the non-EN period was either similar to (at 500 m) or slightly higher (at 1000 and 2000 m) than in the EN period.

The differences between the two periods were also evident in the lithogenic material flux (p-values < 0.01). In the non-EN period, the lithogenic material fluxes were significantly lower at 500 m and 1000 m than at 2000 m, while these fluxes were similar at all depths during the EN period. Correspondingly, the relative increase in the lithogenic material flux from the non-EN period to the EN periods was much greater at 500 m (254%) and 1000 m (121%) than at 2000 m (56%; Table 1).

During the non-EN period, the particle composition changed with depth (Figure 5 and Table 1), with decreasing POC content and increasing lithogenic material content with increasing depth, and a maximum opal content at 1000 m. In contrast, the particle composition did not change substantially and showed no systematic trends during the EN period. The particle composition was similar at 500 m and 1000 m, but had a higher lithogenic material content and a lower opal content at 2000 m. However, these vertical changes were all much smaller than the temporal variation at each depth.



DISCUSSION


Biological Carbon Pump in the EJS

We first evaluated whether the increase in POC flux at 500 m in the EN period was accompanied by a commensurate increase in the NPP. Although the existence of the SCM (subsurface chlorophyll maximum) may increase the uncertainty in the satellite-derived NPP, Joo et al. (2014) found that the MODIS-derived NPP using the regional primary production algorithm for the EJS correlated strongly with in situ measurements by Kwak et al. (2013). This lends confidence in the use of satellite-derived NPP values, at least with respect to temporal variability. The average of the NPP in the EN period was approximately 9% higher than in the non-EN period (841 and 774 gC m–2d–1, respectively). However, the relationship between the NPP and the ENSO indexes of the ONI and the MEI (multivariate ENSO index) was weak (R = 0.23). Next, we investigated the correlations between the variations in NPP and the POC flux. Monthly data for the NPP were interpolated to match the period when the sinking particles were sampled. While the two parameters appeared to co-vary, the highest correlation coefficient, between the log10(NPP) and log10(POC flux), was low (R = 0.42; not shown). The average change in POC flux at 500 m is greater between the two periods (by 32%) than the average difference in NPP (by 9%). Based on an empirical model in which export from the euphotic zone scales to NPP with a power of 1.3 (Laws et al., 2011), an increase of 9% in NPP would correspond to a 17% increase in the export flux. Therefore, the observed 32% increase in POC flux was likely caused by other factors in addition to the increase in the NPP.

The ratio of POC flux at 500 m (which accounts for the majority of flux attenuation; Na et al., 2019) to NPP was generally higher in the EN period than in the non-EN period (Table 1), and this pattern was even clearer when the POC flux at 1000 m was considered. The POC flux/NPP ratio remained elevated with increasing depth in the EN period (4.1, 4.4, and 4.2% at 500, 1000, and 2000 m, respectively), whereas it decreased between 500 m and the two deeper trap depths (1000 m and 2000 m) during the non-EN period (3.6 and 2.5%, respectively), implying enhanced carbon sequestration efficiency during the EN period. High opal and lithogenic material fluxes appear to have boosted particle transfer efficiency in the EN period. Because CaCO3 flux is always low in the EJS, opal and lithogenic material presumably have acted as ballast minerals (Armstrong et al., 2001).



Sources of Lithogenic Material and Its Influences on Particle Flux

The lithogenic material flux showed greatest relative difference between the two periods in both magnitude and vertical distribution (Figures 4, 5). In the non-EN period, the lithogenic material flux was considerably greater at 2000 m, although was also significant at 1000 m. In the EN period, the lithogenic material flux was similar at each of the three depths, primarily as a consequence of increased lithogenic material flux at 500 m during this period. We used monthly aeolian dust deposition data obtained from a MERRA2 (Modern-Era Retrospective analysis for Research and Applications) model1 to investigate whether dust deposition levels were higher and thus could be responsible for the increased lithogenic material flux during the EN period. Over the study period, the dust deposition reached a maximum in 2011, and did not increase significantly during the EN period (Figure 4). The dust deposition averaged 4.1 ± 2.7 and 2.7 ± 1.7 mg m–2d–1 during the non-EN and EN periods, respectively. The low levels of dust deposition observed during the EN period are consistent with the observations of Yumimoto and Takemura (2015), who found that there was more Asian dust occurrence in the source region during the La Niña years than in other years. The dust flux was estimated to account for only 1-3% of the observed lithogenic material flux at 500 m. We conclude, therefore, that dust deposition was not the major source of the lithogenic material flux.

Since we exclude dust deposition as a significant contributor to the lithogenic material flux, marine processes (i.e., sediment resuspension) must have been responsible for the observed difference in the lithogenic material flux between the two periods. However, despite the higher lithogenic material content, Δ14C values of POC in the EN period were similar to those in the non-EN period (Figure 4 and Supplementary Table S2). This finding is not consistent with the negative relationship between Δ14C values of POC and the lithogenic material content or the lithogenic material/POC ratio commonly observed in various environmental settings in the ocean (Hwang et al., 2010; Kim et al., submitted). Notably, higher Δ14C values accompanied higher lithogenic material flux in the 500 m and 1000 m samples from the EN period (Figure 6), suggesting a different provenance for resuspended sediments from the two periods. Specifically, the higher Δ14C values in the EN period implies an origin from of resuspended sediment entraining more modern POC (e.g., the continental shelf rather than the central basins). The Korea Strait and the southwestern shelf/slope of the Ulleung Basin represent potential sources where energetic semi-diurnal tides and internal waves can stimulate sediment resuspension (Chae et al., 2018). Surface sediments in this region have relatively high Δ14C values (−100 to −144‰; Supplementary Table S3) compared to those from central regions of the Japan and Yamato basins (−173 to ca. −375‰; Otosaka et al., 2008).
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FIGURE 6. Δ14C values (‰) against the ratio of the content of lithogenic material to the POC of sinking particles. Open and closed symbols denote the non-EN and EN periods, respectively. Data from Station EC1 are included as non-EN period samples (Kim et al., 2017). The solid line denotes the linear fit of the non-EN period data and the dashed line denotes the linear fit of Japan Basin (Northwest East Sea; Otosaka et al., 2008; Kim et al., submitted).


The content and flux of excess Mn [i.e., Mn in excess of the Mn/Al ratio of the continental crust; excess Mn = Mnobserved – Alobserved × (Mn/Al)crust] were also consistent with the possible different sediment source areas noted above (Figure 4). The surface sediment in the central basin is reddish brown and enriched with Mn oxide, while the sediment of the slope are gray-brown (Hyun, 2016). The Mn content in the Ulleung Basin was up to 15,000 ppm, but was significantly lower (∼500 ppm) on shelf and slope. The lowest Mn content (∼250 ppm) was reported near the Korea Strait (Cha et al., 2007). Sediments in the central regions of the Japan Basin and the Yamato Basin also have significantly higher Mn contents than surrounding shelf/slope sediments (Otosaka et al., 2004). Consequently, the low excess Mn values in the EN period compared with the non-EN period imply that the lithogenic material at 500 m and 1000 m originated from resuspension of shelf/slope sediments rather than those underlying the central basin during the EN period.

Quantification of the relative contribution of autochthonous versus allochthonous (resuspended) POC based on Δ14C mass balance is challenging because of the uncertainty in the provenance of advected material. We used the Δ14C values of the Korea Strait region and the southwestern shelf/slope of the Ulleung Basin (−108‰, which is an average of 4 values obtained from this region) as the putative source for the 500 m and 1000 m samples in the EN period, and a lower Δ14C value of the western Japan Basin (−375‰; Otosaka et al., 2008) as the source of the 2000 m samples in the EN period as well as those at all depths in the non-EN period. A Δ14C value of 30‰ was used for freshly produced POC in the surface water (Kim et al., 2017). Using the mean Δ14C value at each trap depth in the two periods, we estimate the contribution of resuspended sediment to sinking POC to be ca. 11, 12, and 19% for the 500 m, 1000 m, and 2000 m samples in the non-EN period, and ca. 10, 16, and 14% for the corresponding depths in the EN period. These estimates are heavily dependent on the selected value for the allochthonous end-member, which remains highly uncertain. For example, adopting the Δ14C value of surface sediments from the central Ulleung Basin instead of the western Japan Basin, the estimated contribution from resuspended sediment increases to 50% for the 2000 m samples in the non-EN period. The actual contribution of resuspended sediment to sinking particles is likely between these two extreme cases. Additional Δ14C and geochemical measurements to constrain sediment provenance, together with improved knowledge of the currents that entrain and transport resuspended particles are needed for more robust assessment of the contribution of resuspended sedimentary POC to sinking particles.



Potential Connection Between the Particle Flux and the Regional Climate in the EJS

Connections and the underlying mechanisms linking ENSO and biophysical properties such as temperature, sea surface height, and primary production in the Ulleung Basin are not fully understood. Some studies have suggested a potential impact of ENSO on the NPP in the Ulleung Basin via cascading influence of this tropical phenomenon on the strength of the Kuroshio Current that in turn influences volume transport through the Korea Strait and mixed layer thickness (Toba et al., 2001; Yoo and Kim, 2004). However, these linkages need to be elucidated. Our results suggest that the El Niño may exert a strong influence on the efficiency of particle mobilization and export, with sediment resuspension and lateral transport potentially serving as a stronger vector than biogenic particle production in the Ulleung Basin.

A noteworthy feature in the Ulleung Basin during the 2015/16 El Niño was the development of a warm core eddy that persisted in the study region for protracted period of time (from September 2014 to August 2016; Jin et al., 2019; Figure 7). Enhanced biological activity and export flux associated with warm-core eddies have been well reported (e.g., Mahadevan et al., 2008; Shih et al., 2015). Eddy-driven subduction may have enhanced the export of biological particles (Boyd et al., 2019; Resplandy et al., 2019). Mesoscale eddy has also been invoked in sediment mobilization and transport (Zhang et al., 2014). Observations from 1993 to 2017 showed that up to 81% of the warm eddies in the Ulleung Basin were related to the EKWC (Shin et al., 2019). A strong EKWC could have entrained sediment during its passage along the western shelf of the Ulleung Basin, and these resuspended particles could have been further transported along the northern rim of the eddy to the mooring site (Figure 7). Further studies are needed to evaluate whether persistent eddies are characteristic of El Niño years in the Ulleung Basin (Yun et al., 2016), and if they are responsible for transporting resuspended sediments.
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FIGURE 7. Mean sea surface height (colors) and corresponding geostrophic surface currents (arrows) averaged over (a) the non-EN period from July 2011 to March 2014 and (b) the EN period from June 2014 to September 2016, estimated from the multi-mission altimeter-based gridded sea surface height data (horizontal resolution of 0.25° grid with error variance of 1.4 cm2) of the Copernicus Marine Environment Monitoring Service (Taburet et al., 2019).
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Marine sinking particulate organic matter (POM), acting as a link between surface primary production and burial of organic matter in marine sediments, undergoes a variety of physical and biochemical alterations on its way to the deep ocean, resulting in an increase in its un-characterizable proportion with diagenesis. Further, the binding ligands in POM for iron, an essential nutrient to marine life and tightly coupled with organic matter, has rarely been studied. In the current study, we employed an approach combining sequential extraction with ultrahigh resolution mass spectrometry (ESI-FTICRMS), in order to explore and unravel the chemical characteristics of organic matter compounds relevant to marine particle flux within the mesopelagic and deep ocean, with a focus on the potential iron-carrying molecules. With increasing depth, POM increases in aliphaticity, and decreases in intensity-normalized O/C ratios, aromatics, and carboxylic-rich alicyclic molecules (CRAM)-like compounds. The potential iron-carrying molecules account for ∼14% of total identified molecules, and appear to have been incorporated into the marine particles via ion complexation, hydrophobic interaction, and/or interlayered “occlusion.” The relative abundance of iron-binding organic molecules in these three operationally-defined categories changes with depth: “surficially-complexed” fraction decreases with depth, the “interlayered-occluded” fraction increases to a comparable extent and “hydrophobic interaction” fraction occurs at all depths. Collectively, the potential iron-carrying organic molecules exhibit a set of unique molecular characteristics: a relatively lower average H/C ratio and a higher O/C ratio compared to bulk POM, a dominance of aromatics, black carbon-like compounds and CRAM-like compounds, and minor amounts of aliphatics. These molecules exhibit partial similar molecular features as precursors formed from photochemical reactions in the surface ocean, but they have been greatly modified by flux processes. Noticeably, a minor fraction of these iron-carrying molecules (<1%) was identified to contain hydroxamate-like moieties [N(OH)-COOH], the key functionality of one of the strongest iron-binding ligands in the dissolved phase. This agrees with improved spectrophotometric results and corroborates their presence in the POM. These hydroxamate-like moieties play an important role in controlling the distributions and fluxes of Fe and particle-reactive radionuclides with similar chemical complexing properties as Fe (e.g., thorium) in the ocean.
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INTRODUCTION

Sinking particles, composed of organic (sinking particulate organic matter, POM) and inorganic material, are the critical conduit for delivering photosynthetically-fixed organic carbon, food and energy from the surface ocean to the deep sea (Verdugo et al., 2004; Boeuf et al., 2019). They vary in size and shape, consisting of a suit of dead phytoplankton, zooplankton carcasses, larvacean houses, fecal pellet, etc. (Omand et al., 2020). Typically accounting for <20% of the surface primary production, sinking POM forms through a variety of biological, physical and chemical processes that alter its composition and attenuate the flux on its way to the sea floor (Volkman and Tanoue, 2002). Despite its paramount role in global carbon cycling, sinking POM is still a poorly understood organic matter pool in terms of the physical and chemical processes it undergoes while sinking (Lee, 2002).

Iron, as a trace element in the dissolved phase (dFe: 0.02–1.0 nmol L–1; Bruland et al., 1991) at the surface ocean, is tightly coupled with organic carbon in both of their biogeochemical cycles and also regulates the export of POM flux from the euphotic zone to the deep ocean. For example, in high-nutrient, low-chlorophyll (HNLC) regions, the low surface ocean dFe concentration can limit primary productivity by as much as 30–40% (Marchetti and Maldonado, 2016). In response to the scarcity of Fe, microorganisms produce a variety of low-molecular-weight (LMW, <1 kDa) organic compounds, i.e., siderophores, with strong binding affinity to metals, especially Fe(III) (Reid et al., 1993; Neilands, 1995; Butler, 1998, 2005; Winkelmann, 2002; Vraspir and Butler, 2009; Butler and Theisen, 2010). Siderophores are typically multidentate, oxygen-donor ligands that include hydroxamate, catecholate and α-hydroxy-carboxylate types. Out of these three types of siderophores, hydroxamate has been the focus of many studies on marine dFe binding ligands (Macrellis et al., 2001; Mawji et al., 2008; Velasquez et al., 2011; Boiteau et al., 2016). First, dissolved hydroxamate siderophores (300–1000 Da) are ubiquitous in oceanic systems. For example, in surface waters and water below the photic zone of the Central California upwelling, more than half of the Fe-binding compounds have been characterized as either hydroxamate type or catecholate type siderophores (Macrellis et al., 2001). In contrast, in the non-Fe-limiting regions (e.g., the North Atlantic Ocean), the characterizable siderophores exclusively consist of hydroxamate siderophores, which are produced by heterotrophic bacteria and fungi (Raines et al., 2015) in the concentration range of 3–20 pM (Mawji et al., 2008). In the eastern Pacific Ocean, two types of hydroxamate siderophores (hydrophilic siderophore Ferrioxamine B and amphiphilic amphibactins) dominate the siderophore pool and alternate in their abundance across a transect from coastal waters to the HNLC region to the oligotrophic ocean (Boiteau et al., 2016). Second, dissolve hydroxamate siderophores have the highest stability constants (as logK) that range from 16 to 62 at 25°C for complexation of Fe(H2O)63+ with the fully deprotonated ligand of hydroxamate functionality (N(OH)-COOH) (Boukhalfa and Crumbliss, 2002). The tri-hydroxamate siderophores have an average conditional stability constant for Fe of 30.6 (Kraemer et al., 2005; Ahmed and Holmstrom, 2014). Third, hydroxamate siderophores are hydrophilic or amphiphilic, and they have relatively higher resistance towards photolysis compared to other types of Fe-binding ligands (Barbeau et al., 2001, 2003). These properties likely enhance their transport and stability in the upper ocean.

Most current studies have focused on the iron-carrying ligands in the dissolved phase (Macrellis et al., 2001; Hunter and Boyd, 2007; Vraspir and Butler, 2009; Bundy et al., 2016), and only recently it was suggested that hydroxamate-like moieties also existed in the particles/colloids (Chuang et al., 2013, 2015a). Yet the mechanisms by which these hydroxamate-like moieties are formed/incorporated in the particulate or colloidal phases, their molecular characteristics, their micro-molecular environment, and whether these potential Fe-binding sites play a significant role in Fe biogeochemical cycling remain largely unknown. The reason lies in the analytical difficulty of qualitatively and quantitatively assessing these iron-carrying ligands in the particulate phase, especially those hydroxamate-like moieties, the latter of which are a minor component of the particulate organic carbon (POC) pool [determined as <1.5% of POC in Chuang et al. (2013, 2015a)], and thus “masked” when applying techniques like NMR, FTIR or C K-edge X-ray absorption spectroscopy, and/or gas and liquid chromatography.

In the present study, electrospray ionization (ESI) Fourier-transform ion cyclotron resonance mass spectrometry (FTICRMS) was applied to elucidate the composition of organic matter from marine settling particles, using a sequential extraction method. Our objectives were to: (1) examine the overall molecular information of the settling particulate organic matter (POM) with depth, i.e., what the micro-molecular environment is like for the iron-complexing moieties; (2) characterize the molecular features of iron-complexing sites in fractions of the marine particles that were probed by different extraction reagents, thus representing possible mechanisms for their incorporation into the settling particles; and (3) investigate their distributions at three depths (500, 1500, and 3200 m) in the northwestern Sargasso Sea, where there have been several studies in the particle and elemental fluxes with the Bermuda Time-Series Site (Conte et al., 2019).



MATERIALS AND METHODS

Here we apply an optimized sequential extraction method (Chuang et al., 2015b) followed by ESI-FTICRMS, to characterize the molecular features of the Fe-complexing sites in sinking particles (500, 1500, and 3200 m) in the northwestern Sargasso Sea near Bermuda. Using Fe(III) as the tracer, we identified potentially iron-complexing ligands in different operationally-defined fractions: an EDTA (Ethylenediaminetetraacetic acid disodium salt dihydrate) fraction of “surficial metal-complexed” POM (EDTA is used to chelate the surficial cations, dissociate the POM-metal complex, and thus the OM will be released into the solution); a SDS (sodium dodecyl sulfate) fraction of molecules that are bound to particles via hydrophobic interactions, i.e., “hydrophobically-sorbed POM;” and a HF (hydrofluoric acid) fraction of residual “interlayered and interstitial” mineral complexed/occluded POM.


Sample Collection

Particle flux material was collected by the Bermuda Oceanic Flux Program (OFP) time-series, located at 31°50′N, 64°10′W, 3000 m) brine (40 ppt) and amended with ultra–high purity HgCl2 (200 mg/L) to minimize microbial degradation of the POM during sample collection. Details of sample collection and analytical methods are described elsewhere (Conte et al., 2019). Samples analyzed herein were collected in 2005 and 2006, and stored refrigerated. Additional sample information is provided in Supplementary Table S1.



Sequential Extraction of Marine Particles

The bulk hydroxamate concentration was determined using samples collected at different time points (n = 3 for each depth, see below section “Hydroxamate–Like Functionalities Determination in Marine Particles” and Supplementary Table S1). Due to the limited sample material, the sequential extraction required pooling of three discrete samples collected at different time points of the same depth (Supplementary Table S1). The sequential extraction procedure is shown in Figure 1. Briefly, ∼10 mg of particles from each depth were first incubated with 1 mL 100 mM EDTA solution (pH 8.0) at 4°C overnight on an end–to–end orbital shaker. The extractant soluble phase was separated from the particles via centrifugation and filtration with a syringe filter (PTFE membrane, diameter 25 mm, pore size 0.45 μm). The filtrate was extensively diafiltered (10–12 times) against ultrapure water with an Amicon Ultra–4 centrifugal filter unit with a membrane cutoff of 3 kDa. This retentate (>3 kDa and <0.45 μm) is defined as “EDTA extract.” The residual particles were then re–suspended with 1 mL 1% SDS in 0.01 M Tris buffer (pH 6.8) at 95°C for 1 h. This extractant was processed the same way as described for “EDTA extract” and defined as the “SDS extract.” The residual pellet from SDS extraction was then washed three times with ultrapure water and subsequently treated with 1 mL 52% HF on ice for 1 h. The slurry was evaporated to dryness under a N2 stream. After this, the residual particle material was re–suspended in 1 mL Tris–HCl (250 mM, pH 8.0) and centrifuged at 5000 × g for 15 min to separate the particles from the solution, the latter of which was processed as described previously by ultrafiltration to isolate the “HF extract” (Chuang et al., 2015b).
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FIGURE 1. Flow chart of sequential extraction and electrospray ionization (ESI) Fourier–transform ion cyclotron resonance mass spectrometry (FTICRMS) analysis.


In order to better understand the stepwise extraction efficiency of POM from the marine particles, particles collected at different time points from the three depths (Supplementary Table S1) were well mixed (∼5 mg each) with a spatula and four replicate particles were extracted in parallel to obtain the particles from each sequential step for elemental analysis, using a Perkin–Elmer CHNS/O 2400 analyzer. The mass loss and organic carbon contents of the residual particles after each extraction step were determined and the analytical error of these four replicates were reported. For elemental analysis, the pre–weighed sample was directly acidified in a silver capsule three times and was heated at 60°C overnight to remove any residual acid, prior to the analysis. Acetanilide (71.09% C, 6.71% H, 10.36% N) was used as the calibration standard.



Incubation of Fe (III) and Sequentially-Extracted POM Fractions

Sequential extractants, in the matrix of ultrapure water, from marine particles (section “Sequential Extraction of Marine Particles”) were split into two aliquots, one amended with FeCl3 (10 μM) and one without (control). The pH difference between these two treatments [i.e., Fe (+) and Fe (-)] were within 0.5 and both were around neutral. These were incubated at 4°C on an end-to-end orbital shaker in the dark for 3 days. After that, excess FeCl3 was removed by extensively diafiltering the sample against ultrapure water with an Amicon Ultra-4 centrifugal filter unit with a membrane cutoff of 3 kDa (Figure 1), and the retentate (>3 kDa) was kept for further ESI-FTICRMS analysis. The sample of the Fe (-) treatment was processed the same manner (with diafiltration) for comparison purpose.



ESI-FTICRMS Analysis

Marine particle extracts were diluted with methanol (1:1, v/v) immediately before injection into a Bruker Daltonics 12 Tesla Apex Qe ESI-FTICRMS (College of Sciences Major Instrumentation Cluster, COSMIC, Old Dominion University, Virginia). Positive ion mode was used, as the molecules of interest are iron-carrying molecules, which have better ionization efficiency in this mode (Waska et al., 2016). Samples were continuously injected by a syringe pump (infusion rate of 120 μL/h), and electrospray voltages were optimized for each sample. Ions were accumulated in a hexapole for 2.0 s before being transferred to the ICR cell and 300 transients were co-added. Fourier transformation and magnitude calculation of the free induction decay signal (FID) was accomplished using the Bruker Daltonics Data Analysis software (Version 4.0 SP 2). A total of 18 samples (three depths × three extractions × two treatments), as well as six procedure blanks (three extractions × two treatments) following the same steps as the samples (one for Fe addition and the other for no Fe addition), were included for FTICRMS analysis. Selected samples were analyzed multiple times to ensure the analytical reproducibility and all samples were analyzed within the same week to ensure stable instrumentation parameters and conditions for all samples (Sleighter et al., 2012).

Mass spectra were externally calibrated with a polyethylene glycol standard and then internally calibrated using a set of m/z values within the samples. Several criteria were met for picking out the calibration peak list: (1) peaks have a signal-to-noise (S/N) ratio ≥5, (2) peaks that have intermediate intensities to minimize instrumental artifacts that yield peaks with too high or too low intensities, (3) peaks have an error (i.e., the difference between the exact mass of calculated formula and the measured m/z) of <0.5 ppm, and (4) peaks can generate only one possible formula containing only C, H, O and/or Na elements, and all formulas have their corresponding structures found in Pubchem database. There was at least one calibration point every 15–20 m/z units (i.e., every other CH2), across the entire m/z region (200–1400 m/z). Linear mode calibration was performed on each dataset.

All m/z lists, with an S/N ≥ 4, were first searched for 13C peaks and confirmed they were mostly singly-charged. Those 13C peaks were not included in the formula calculations. Moreover, the m/z values present in the procedure blank spectra were excluded from the sample mass list. A molecular formula calculator (Molecular Formula Calc Version 1.2.3 NHMFL, 2016) generated empirical formula matches within 1.0 ppm using elemental ranges of C(≥ 5)H(≥ 5)N(0–10)O(≥ 0)S(0–2)Na(0–1)Fe(0–1). All formulas were screened to eliminate those that are unlikely to occur in OM, according to a list of selection criteria (Neubert et al., 2002; Kind and Fiehn, 2007; Stubbins et al., 2010; Walker et al., 2016). Kendrick mass defect (KMD) analyses were then performed to look for homologous series of CH2, CH2O, COO, O, H2O, H2, etc., respectively, formed by at least two unique formulas (i.e., only one possible formula corresponds to a single m/z value after the formula rule’s screening). If there are multiple possible formulas for a single m/z value (usually those with m/z values >400 Da), the one that fell within a homologous series was kept as the more likely formula (Sleighter and Hatcher, 2007). Subsequently, multiple formulas of one m/z value were screened by searching chemical structures in the Pubchem database. Formulas with no chemical structures identified were excluded from the final formula assignment. Fe-carrying molecules were also examined if their 54Fe isotopic peak could be found (i.e., the singly-charged 56Fe and 54Fe-carrying peak m/z difference is 1.99533 ± 0.00070 and the isotopic ratio of 54Fe/56Fe as 0.063 ± 0.030) (Boiteau and Repeta, 2015; Walker et al., 2016). Adduct of iron hydroxide with methanol is likely irrelevant, since the mass list of the procedure blank (with the addition of FeCl3 yet without the addition of particle extracts) had been subtracted from the sample mass lists. Besides, this issue should occur much less likely at μM FeCl3 concentrations (Waska et al., 2016).

Molecules in each sample were categorized by both elemental classes and compound classification. The double bond equivalent (DBE) was calculated as DBE = 1+ 0.5 (2C-H+N). Aliphatic compounds were assigned to formulas with DBE: C < 0.3 and H:C = 1.0–3.0. Aromatic compounds and condensed aromatic compounds were assigned to formulas with aromaticity indices [AI, calculated by (1+C-O-S-0.5(N+H))/(C-O-S-N)] >0.5 and >0.67, respectively. A modified AI, which was suggested to be more inclusive by dividing the possible number of carbonyl unsaturation by two: AImod = (1+C-0.5O-S-0.5(H+N))/(C-0.5O-S-N) (Stubbins et al., 2010; Koch and Dittmar, 2016), was also calculated. Black carbon was defined as molecules with O:C 0.3–0.6, H:C 0.5–0.8 (Kim et al., 2004). Carboxylic-rich alicyclic molecules (CRAM) were defined as molecules having DBE: C 0.30–0.68, H 0.20–0.95, and O 0.77–1.75 (Hertkorn et al., 2006).

To unambiguously identify a specific functional group, a tandem mass spectrometry analysis (MS/MS) would be required (Sleighter and Hatcher, 2007, 2008). However, MS/MS analysis would have great difficulty to identify a trace component, i.e., a hydroxamate functional group (<1% of POC, see section “Bulk Hydroxamate Concentrations in Marine Particles”) using the bulk OM without any extensive pre-separation and concentration. Instead, a KMD (Kendrick Mass Defect) analysis was conducted to search the whole mass list for molecules that fall in some homologous series of the key functionality of hydroxamate, N(OH)-COOH (with the formula total H number being corrected for Na adducts or Fe complexation). A homologous series of N(OH)-COOH was formed, if at least two formulas differ only by [N(OH)-COOH]n.



Hydroxamate-Like Functionalities Determination in Marine Particles

Bulk hydroxamate concentration of the particles was quantified using the classical “Csaky” spectrophotometric method (Gillam et al., 1981), which required a hydrolysis step to first release the bound hydroxamic acid. The un-hydrolyzed particle yielded no response to the reactions, suggesting it is hydroxamic acid rather than hydroxylamine that is being detected. We noticed a rapid “browning” effect of this method when analyzing particle samples, likely caused by sulfuric acid. This effect was corrected by subtracting the absorbance of a control sample without the addition of the final coloring reagent from that of a sample aliquot with the addition of the final coloring reagent. The net absorbance was used to calculate hydroxamate concentration from the calibration curve using acetohydroxamic acid (AHA) as the standard. This modified method was validated with siderophore standards added to marine particles or soil particles (Xu et al., 2015). In addition, we also critically scrutinized if there could be any other interferences by the following biomolecule classes: (1) neutral polysaccharides (e.g., dextran); (2) acidic polysaccharides and monosaccharides (e.g., alginic acid and glucuronic acid); (3) proteins/amino acid (e.g., cytochrome c and phenylalanine); (4) fatty acids (e.g., palmitic acid); (5) humic acid (e.g., 1S104H from IHSS); (6) fulvic acid (2S101F from IHSS); (7) deoxyribonuclease. We verified that none of these compounds caused any significant interferences to this method (i.e., their absorbance is the same as in ultrapure water) (Xu et al., data not shown).

The presence of N(OH)-COOH in the marine particles, either detected as “positive” with the “Csaky” method, or calculated by KMD analysis to fall in the homologous N(OH)-COOH series, are defined as “hydroxamate-like” molecules below.



RESULTS


Bulk Hydroxamate Concentrations in Marine Particles

The average hydroxamate concentration of the settling particles at 500, 1500, and 3200 m depth was 19.4 (± 12.4), 8.7 (± 1.4), and 7.3 (± 0.1) μM-AHA eq./g-particle (n = 3 for each depth, Supplementary Table S1 and Figure 2A). While particulate hydroxamate decreased with water depth, the POC-normalized hydroxamate concentrations decreased only slightly or remained steady (Figure 2B, ∼0.2–0.6% POC).
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FIGURE 2. Hydroxamate concentration in (A) μM-AHA eq./g-particle; (B) AHA-C/OC (%) in marine particles from the northern Atlantic Ocean at different seasons (AHA, acetohydroxamic acid; OC, organic carbon).




Relative Distribution of POM in Sequential Extracts With Depth

The mass and organic carbon changes after each sequential extraction step are shown in Supplementary Table S2. The organic carbon (%, residual mass) generally increased with each extraction step, from the original value of (5.55% ± 0.05) to (45.48% ± 1.90) after HF extraction. EDTA extraction released (67% ± 2) of the particle mass and (39.74% ± 7.52) of the total original organic carbon into the solution. SDS and HF extraction released similar amounts of the original mass (13% ± 2) and (17% ± 3), yet quite different amounts of original organic carbon: (30.17% ± 2.35) and (7.46% ± 0.95), respectively. Their respective extraction efficiencies, which were calculated as the loss of particulate mass or organic carbon (the part being extracted into the solution) to those in the previous particles/residues being extracted, change in the following order: HF (86% ± 3) > EDTA (67% ± 2) > SDS (41% ± 7) by mass, and SDS: (49.92% ± 2.34) > EDTA (39.74% ± 7.52) > HF (24.68% ± 2.74) based on organic carbon. These rankings are likely to be different if one changes the sequential extraction order, which is not the focus of the current study. These three consecutive steps removed substantial amounts of original mass (98%) and of original organic carbon (77%) from the marine sinking particles, supporting the idea that ESI-FTICRMS analysis of these fractions represents the overall composition of OM in the marine particles.

The ESI-FTICRMS intensity percentages of the three extracts with depth is given in Figure 3. For each depth, the mass lists of the three extract (EDTA, SDS and HF) of the non-FeCl3-amended samples were combined. If there are common m/z values shared by different samples within the same depth, the average intensity was adopted. At 500 m, the POM consists mostly of SDS-extractable material (87%), followed by EDTA-extractable compounds (12%), and the HF-extractable material is only a very minor fraction (1%). At 1500 m depth, the SDS fraction decreases to 51% of the total extractable POM, while the EDTA and HF fractions increase (22 and 27%, respectively). At 3200 m, POM compounds are more evenly distributed and comprise 34, 46, and 20% for the EDTA, SDS and HF fractions, respectively.
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FIGURE 3. Intensity percentages of the three sequential fractions determined by electrospray ionization (ESI) Fourier-transform ion cyclotron resonance mass spectrometry (FTICRMS) in the settling particles: (A) 500 m; (B) 1500 m; (C) 3200 m.




Molecular Characteristics of Sequential Extracts of Marine Particles

Each sequential extractant (the non-FeCl3-amended) recovered a distinct set of compounds (in terms of elemental groupings and compound classifications) from the particles. The formula elemental groupings are listed in Table 1. CHO, CHON, and CHONS formulas are three major groups, all together accounting for 96, 91, and 85% of the total formulas for 500, 1500, and 3200 m, respectively. The number of peaks shared among POM at the different depths is shown in Supplementary Table S3 (773 formulas between 500 and 1500 m; 790 formulas between 1500 and 3200 m; 877 formulas between 500 and 3200 m). CHO formulas increased with depth, from 27% at 500 m to 35% at 1500 m, and to 41% at 3200 m. In contrast, the CHON formulas slightly decreased with depth, from 38% at 500 m to 39% at 1500 m, and to 34% at 3200 m. CHONS formulas decreased more rapidly with depth, from 31% at 500 m to 17% at 1500 m, and to 9% at 3200 m. CHOS, a minor fraction of the total identified formulas (within 5%) increased by twofold from 1.5% at 500 m to 3.7% at 1500 m, and stayed steady as 3.4% at 3200 m. Notably, deoxy-compounds increased from 2% at 500 m to 5% at 1500 m, and to 12% at 3200 m.


TABLE 1. Elemental grouping of assignable peaks at different depths.
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The compound classifications are displayed in van Krevelen diagrams (Figure 4) and also listed in Table 2. From 500 to 3200 m, aliphatics steadily increased from 41.8 to 67.9%, while the N-containing aliphatics, which mostly consist of protein, peptides, and amino sugars, first increased from 15.4% at 500 m to 33.1% at 1500 m, and then decreased to 17.6% at 3200 m. Aromatics, condensed aromatics and black-carbon-like compounds decreased from 27.2 to 8.6%, 7.5 to 3.7%, and 3.1 to 0.7%, respectively. Similarly, with increasing depth the intensity-normalized H/C values (Sleighter and Hatcher, 2008) (calculated by summing up the product of individual intensity and the corresponding H/C ratio of each formula, and then being divided by the total intensity) increased from 1.31 to 1.62 whereas O/C values decreased from 0.20 to 0.16. CRAM-like compounds were only a minor fraction (5.0% at 500 m to 4.4% at 3200 m).
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FIGURE 4. van-Krevelen diagram of particulate organic matter extracted by different reagents: (A) EDTA (ethylenediaminetetraacetic acid disodium salt dihydrate); (B) SDS (sodium dodecyl sulfate); (C) HF (hydrofluoric acid).



TABLE 2. Compound classification of assignable peaks at different depths (CRAMs were defined as molecules having DBE: C 0.30–0.68, DBE: H 0.20–0.95, and DBE: O 0.77–1.75; average H/C and O/C are calculated as intensity-normalized average values).
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Iron-Carrying Molecules

In total, 745 iron-carrying molecules were identifiable, accounting for ∼14% of total assignable molecules including all depths, FeCl3-amended and non-FeCl3-amended treatments (Figure 5A). The majority of the Fe-carrying molecules were found in the FeCl3-amended samples, and only 33 formulas were found in the non-FeCl3-amended samples. These iron-carrying molecules could have been corroborated by adding another trivalent metal (e.g., Ga) at the same concentration (10 μM) and identifying if the same apo molecule forms the similar complex with the other metal, which can be applied in future study.


[image: image]

FIGURE 5. (A) Depth distribution; (B) elemental grouping of Fe-carrying compounds.


The absolute number of iron-carrying molecules in the “EDTA extract” increased from 103 at 500 m to 587 at 1500 m and then dropped to 101 at 3200 m; those in the “SDS extract” increased from 31 at 500 m to 106 at 1500 m and then dropped to 37 at 3200 m; those in the “HF extract” increased from 35 at 500 m to 74 at 1500 m and to 99 at 3200 m (Figure 5A). The EDTA fraction ranked highest in the number of iron-carrying molecules at both the 500 m and 1500 m depths, while at 3200 m depth the EDTA and HF fractions have a similar number of Fe-carrying molecules.

CHON and CHONS were the dominant elemental groups and accounted for 86.3% of total assignable Fe-carrying formulas (Figure 5B). CHO and CHOS were both minor elemental groups, and accounted for 7.5 and 4.4% of total assignable Fe-carrying formulas, respectively. The compound classification of the Fe-carrying formulas is distinct from that of the bulk POM in that these Fe-carrying molecules consist mainly of aromatics (57.6% if using AI, and 61.7% if using modified AI), black carbon (14.8%), CRAM-like compounds (11.5%), and very minor amount of aliphatics (1.7%) (Table 3 and Figure 6). The intensity-normalized H/C and O/C ratios are 0.75 and 0.44 (Figure 6), respectively, indicating an unsaturated/aromatic and highly-oxygenated composition.


TABLE 3. Compound classification of assignable Fe-containing peaks at all depths (CRAMs were defined as molecules having DBE: C 0.30–0.68, DBE: H 0.20–0.95, and DBE: O 0.77–1.75, percentage is calculated by number of each class to the total number of formulas, i.e., 745).
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FIGURE 6. Compound classification of Fe-carrying compounds from three extractants (blue circle, Fe-containing formulas; red square, Fe, hydroxamate-like containing formulas).




Direct Evidence for the Presence of Hydroxamate-Like Molecules

Eleven formulas were found that belong to some N(OH)-COOH homologous series (Supplementary Table S4). Their m/z ranged from 431.98069 to 684.99753, mostly falling into the regions of aromatics and condensed aromatics (Figure 6). All these hydroxamate-like molecules accounted for 0.20 and 0.41% of all the assignable formulas in number and intensity, respectively, and 1.48 and 0.95% of the total Fe-carrying formulas in number and intensity, respectively (Table 3). These values provide a lower limit of hydroxamate-like moieties because not all these molecules may necessarily fall into any N(OH)-COOH homologous series. In the CH2-Kendrick-Mass-Defect (KMD)-Kendrick-Mass (KM) plot, which categorizes the molecules according to their mass defect (or the elemental composition), Kendrick mass defect of the Fe-containing molecules shifted below that of their corresponding apo molecules, the latter of which were found in the Fe (-) treatment (Supplementary Figure S1).



DISCUSSION


Characteristics of the Molecular Micro-Environment of the Iron-Carrying Molecules in the Settling Particles

The changing molecular characteristics of the sinking particles with depth can be contrasted with trends observed for dissolved organic matter (DOM) (Chen et al., 2014b; Timko et al., 2015). First, higher average H/C values of DOM have been reported for the surface water of both North Pacific and Atlantic oceans, compared to those values of their respective deep water (Chen et al., 2014b; Timko et al., 2015), whereas the sinking particles exhibit an opposite trend with depth in our study (i.e., increasing H/C values with depth, Table 2). Second, the contents of aliphatic and carbohydrate-like compounds in DOM decrease with depth, likely due to the selective biodegradation of these molecules with increasing depth (Chen et al., 2014b). In samples collected at the same Sargasso Sea location, Timko et al. (2015) found higher concentrations of aliphatic compounds in the surface DOM pool than deep waters, while conversely those of aromatic/unsaturated and polyphenolic-like compounds were higher in deep waters. In contrast, we observe that particulate aliphatics (Figure 4 and Table 2) contents increased with depth. In addition, though carbohydrates are not well ionized in ESI (Shen and Perreault, 1998; Chen et al., 2011), spectrophotometric measurements by Chuang et al. (2013) provide evidence for the carbohydrate preservation in the sinking particles: 30% of OC at 500 m, 33% at 1500 m, and 26% at 3200 m, compared to the percentage of POC in particle mass as 11% at 500 m, 7% at 1500 m, and 5% at 3200 m. Third, higher percentages of CRAM-like formulas were observed in the intermediate and deep waters compared to surface water DOM in both North Pacific and Atlantic oceans, generally accounting for a substantial portion of the total mass spectrum intensity (40–65%) (Chen et al., 2014b). However, the particulate CRAM-like compounds are not a significant component of the POM (<6%) (Figure 4 and Table 2).

The results show that aliphatic compounds, and carbohydrate-like molecules become more predominant in sinking particles with increasing depth while aromatics, condensed aromatics, black carbon-like molecules, and CRAM-like compounds are preferentially “removed.” One hypothetical explanation for this pattern is the microbial community attached on particles actively modifies POM and thus produces labile material (Boeuf et al., 2019; Omand et al., 2020). The other alternative explanation is these compounds might be condensation products resulting from a Maillard-type reaction (Brandes et al., 2004) and thus become less biodegradable (Hedges et al., 2001). The differences in the molecular data for the three sequential extraction fractions provide some hints for understanding the molecular interactions within the organic phase of the sinking particles. Hydrophobic interactions (as probed by SDS extraction) appear to be the dominant mechanism for surface-active organic materials to associate with particles at mesopelagic depths (500 m) (Figure 3). With increasing depth there is, however, a greater importance of metal complexation and cation bridging. It could be due to the fact that more intact (dead or senescent) cells are present in the sinking particles at the 500 m than the other two deeper depths (1500 and 3200 m), and thus more cellular and membrane material became available for SDS extraction. However, at the other two depths, the cells could have mostly broken down, and the resulting OM either has been degraded or resulted in the metal complexed fraction. Lastly, more organic materials appear to partition into particle interstices (as probed by HF extraction) with depth (1500 and 3200 m vs. 500 m, Figure 3), which could provide a physical protective mechanism for organic molecules to become less accessible to microbial activity.



Refractory Nature of Particulate Hydroxamate-Like Moieties Revealed by Their Depth Distribution

In general, the absolute hydroxamate concentration in the settling particles decreased with depth in the Sargasso Sea while the POC-normalized concentration did not. This could indicate that hydroxamate-like moieties in the settling particles might be relatively less labile, compared to the bulk POC (Figures 2A,B). These hydroxamate concentrations are 10 to 20-fold lower than what was reported by Chuang et al. (2013). The source of this discrepancy is likely because Chuang et al. (2013) did not correct for the “browning effect” caused by the sulfuric acid step (see above).

The particulate hydroxamate concentrations determined at different seasons in the upper mesopelagic depth (500 m) has a larger variation compared to those in the intermediate (1500 m) and bathypelagic (3200 m) depths (Figure 2 and Supplementary Table S1). This suggests that abundances of iron and microbially-derived iron-binding ligands are more seasonally-driven in upper mesopelagic (e.g., seasonality of atmospheric dust input to surface waters) than at the intermediate and deep depths (Sedwick et al., 2005; Bundy et al., 2016). Once incorporated into the settling particles and transported to depth, hydroxamate-like molecules could have been stabilized via metal complexation (as probed by EDTA) (Iskrenova-Tchoukova et al., 2010), or hydrophobic sorption (as probed by SDS) or mineral interlayered occlusion (as probed by HF), and thus they may have been protected against enzymatic reaction (see below discussion).

While one needs to be cautious about applying the ESI-FTICRMS data for any quantitative purpose given the ionization efficiencies of ESI are variable for different types of compound groups, our results are in good agreement with the spectrophotometric results (a range of 0.2–0.6% of POC contributed by the carbon of N(OH)-COOH, in a comparison to 0.41% of total peak intensity contributed by hydroxamate-like molecules, Table 3 and Supplementary Table S1). Both results show that the N(OH)-COOH functionality is only a trace component compared to the bulk POM. These two independent lines of evidence collectively support the presence of N(OH)-COOH functional group in the sinking particles of the open ocean, at a level < 1% of the POC.

Using the lower limit of particle mass concentration and flux [10 μg/L and 10 mg/m2/d reported in Chuang et al. (2013)] and a median value of 10 μM-AHA eq./g-particle for particulate hydroxamate concentration, the particulate hydroxamate concentration (in overall volume) and flux at the studied site can be estimated to be 100 pM and 0.1 μmol-AHA eq./m2/d, respectively. This is on the same order of magnitude as the dissolved equivalent hydroxamate flux in the same area which is estimated to be 0.2 μmol-AHA eq. /m2/d, assuming a dissolved organic carbon flux of 15 mg/m2/d (Giering et al., 2014) and a hydroxamate-C to dissolved organic carbon ratio of 10–6. Meanwhile, Mawji et al. (2008) reported the dissolved hydroxamate siderophore in the surface water of the Atlantic Ocean was 3–20 pM. Thus, our results indicate that while hydroxamate-like moieties appear to be a trace component of POM, they could be comparable to their dissolved counterparts in the concentrations and fluxes. However, one has to be cautious that a direct comparison between the hydroxamate-like moieties in the particulate phase and the dissolved hydroxamate siderophores deserves more scrutiny. The reason is that there are still quantitative uncertainties based on the assumptions of relative concentrations of hydroxamate moieties and organic carbon in particles and water, and lack of evidence to connect dissolved hydroxamate siderophore as the source of the hydroxamate-like moieties in the particulate phase.



Possible Mechanisms for Incorporation and Preservation of Iron-Carrying Molecules and the Subset Hydroxamate-Like Molecules

We observed distinct molecular differences between Fe-carrying molecules with likely Fe-chelating properties and the bulk POM. This could reflect differences in biogeochemical sources and respective biosynthetic pathways. For example, Chen et al. (2014a) showed that POM produced from photo-flocculated DOM was enriched with both aliphatic and aromatic components, yet no direct evidence supported whether the co-precipitated Fe was complexed with both types of compounds or preferentially complexed with one or the other. This Fe-rich photo-produced black carbon pool (∼10% of the POC) was estimated to be nearly equivalent to the estimated global flux of dissolved black carbon from land to the ocean (Chen et al., 2014a). In a study that was not conducted in the oceanic context, plutonium (an A-type or hard metal (i.e., ion with low polarizability) that was often referred to having similar chemical complexing properties as Fe due to their similar ionic potential Z/r) (Chuang et al., 2013) was found to be predominantly associated with nitrogen-enriched, low average H/C (∼0.64), high DBE (∼16), aromatic and condensed aromatic compounds (DiDonato et al., 2017). In the present study, we did observe the Fe-carrying molecules are enriched in aromatic and condensed aromatics, and also contain black carbon with a content similar to what was reported in Chen et al. (2014a), however, these particulate Fe-carrying molecules were deplete in aliphatic (only 1.7%, Table 3), and also distinctly different from the bulk POM (41.8–67.9%, Table 2). A hypothetical explanation is as follows: Below 500 m where photochemical reactions are minor, the aliphatic moieties of these molecules are preferentially removed via microbial activity. Meanwhile, both the black carbon-like and CRAM-like compounds are preserved, compared to the bulk of the POM, and the latter exhibit a totally opposite pattern (i.e., aliphatic-enriched, aromatic and CRAM-depleted and deoxygenation) with increasing depth (Table 2 vs. Table 3).

While the hydroxamate-like moieties are only a minor fraction of the potential Fe-binding ligands of the POM, they may play an important role in both carbon and Fe cycling. As shown here, a substantial portion of the POM (∼77% of POC) can be removed by our sequential extraction method and saturated with dissolved Fe3+, which would otherwise not likely be exposed and accessible to Fe3+ under natural conditions. Furthermore, the flux of the hydroxamate-like moieties in the sinking particles is the same order of magnitude as their dissolved counterparts. We adopt here the hydroxamate flux of 0.1 μmol-AHA eq./m2/d as we calculated in section “Refractory Nature of Particulate Hydroxamate-Like Moieties Revealed by Their Depth Distribution.” Considering hydroxamate and Fe usually forms hexadentate or octahedral complexes via three bidentate ligands, this particulate hydroxamate flux has a theoretical maximum capacity of carrying an Fe flux of 0.03 μmol-Fe/m2/d. This is to be compared to an average particulate Fe flux of 4 μmol-Fe/m2/d (Chuang et al., 2013). Uncertainties in this assessment are possibly large, yet these rough calculations suggest that particulate hydroxamate could be one of the strongest organic Fe-binding ligands in natural sinking particles, considering their high binding affinity to Fe(III) over other known ligands (Reid et al., 1993; Neilands, 1995; Winkelmann, 2002; Butler, 2005; Butler and Theisen, 2010).

In addition to the above mentioned general molecular features of the iron-carrying molecules (Figure 6 and Table 3), the prevalence of sulfur with these hydroxamate-like functionalities (Supplementary Table S4) is noticeable, as dissolved S-containing hydroxamates were previously reported yet in a low proportion to the total dissolved hydroxamate siderophores in natural environments (Gledhill et al., 2019). How sulfur was incorporated into these hydroxamate-like moieties in the marine particles is equivocal, with one option being via abiotic pathways (Sleighter and Hatcher, 2008; Raven et al., 2016; Pohlabeln et al., 2017), or biological processes (Boeuf et al., 2019). Another molecular feature is that these hydroxamate-like molecules have relatively low H/C ratio (average H/C as 0.83, Supplementary Table S4) compared to those of the dissolved hydroxamate siderophores which usually exceed 1.0 (e.g., average H/C in the dissolved hydroxamate siderophore is 1.49; Gledhill et al., 2019). It is possible that dissolved hydroxamate siderophores produced by particle-attached bacteria or fungi are a direct source to be incorporated into the particles. However, these molecular characteristics suggest that these hydroxamate-like moieties are by no means similar in chemical composition or structure to their dissolved counterparts, thus they likely have experienced complex biogeochemical processes yet to be defined (Figure 7).


[image: image]

FIGURE 7. Conceptual scheme showing the possible mechanisms for hydroxamate-like moieties incorporation into marine settling particle.


First, hydroxamate-like moieties might be incorporated into the particles via sunlight-induced reactive oxygen species (ROS) mediated protein aggregation (Sun et al., 2017, 2018, 2019) in surface waters. In support of this mechanism, many previous studies have shown, although indirectly, that more nitrogen than carbon could accumulate into particles during irradiation (Helms et al., 2013; Chen et al., 2014a; Sun et al., 2019). We have observed N-containing aliphatics, consisting mostly of proteins, peptides, and amino sugars (Chen et al., 2018), accounting for 15.4–33.1% of the POM (in intensity %, Table 2). In comparison Chuang et al. (2013) found that about 45% of POC in particles consisted of protein (Chuang et al., 2013). Thus, it is compelling to believe that proteinaceous components are a significant component of the settling particles. The photo-reaction-induced and ROS-mediated crosslinking process in surface waters would generate precursors including aliphatic and condensed aromatic-like molecules (Chen et al., 2014a) that would be further modified as particles are processed in the water column (see above in this section).

A protein encapsulating mechanism could be an alternative pathway for hydroxamate-like moieties incorporation into marine particles. For example, ferritin, a large protein primarily storing iron mineral internally (Frankel, 1991) by marine microbes (Marchetti et al., 2009; Shire and Kustka, 2015), has been demonstrated to also encapsulate siderophores into cavity-like structures within the apoferritin (Dominguez-Vera, 2004). This ferritin-encapsulating mechanism has been exploited in health sciences to design slow-release drugs (Dominguez-Vera, 2004; Zhang et al., 2006; He and Marles-Wright, 2015).

Finally, some labile organic molecules, e.g., amino acids or simple sugars, have been shown to be preserved in marine sediments via sorption mechanisms (Keil et al., 1994; Barber et al., 2017). This likely involves relatively “weak” forces such as hydrophobic, ionic interactions or hydrogen bonding that are associated with mineral phases. Some bacteria (e.g., Pseudomonas aeruginosa) have been shown to utilize pyoverdine (a siderophore that contains both catecholate- and hydroxamate-like ligands) to complex the metal oxide surface for attachment (Upritchard et al., 2007). Thus, it is possible that some hydroxamate-like moieties in particles might be located with bacteria. In addition, the apparent LMW hydroxamate-like moieties observed in ESI-FTICRMS (Supplementary Table S4) could also be ionically bound as they were reversibly desorbed by the EDTA reagent. LMW molecules that are held together via hydrophobic interactions, hydrogen bonding and ionic interactions (complexation) can form supramolecular (“physical cross-linking”) associations (Sutton and Sposito, 2005) with an apparent molecular weight over 3 kDa (either present in the marine particles captured by sediment trap or a 0.45 μm membrane, or an ultrafiltration membrane). These supramolecular associations can dissociate within the electrospray interface, releasing LMW molecules.

Regardless of the exact mechanism of incorporation, it is clearly evident from our work that hydroxamate-like moieties exist in the particulate phase, potentially equivalent in concentrations and fluxes to their counterparts in the dissolved phase. The Fe-carrying compounds which represent all the potential organic Fe-binding ligands of the settling particles, have molecular features in a contrast to the bulk POM, the latter of which is then different from the vast DOM pool. The next step would be to identify the exact mechanism of hydroxamate-like molecule formation/incorporation, as this would be of great value for better understanding of the cycling of Fe, organic matter and organic nitrogen in the ocean. While our study only analyzed particulate Fe-carrying molecules in the oligotrophic North Atlantic gyre, our results strongly suggest the relative importance of hydroxamate-like molecules, which possibly have been incorporated via various physical and chemical mechanisms. These, along with the major fractions of Fe-binding compounds identified here, likely play an important role in controlling Fe and other A-type particle-reactive radionuclides (e.g., thorium) distributions and flux in the ocean.
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Eastern Boundary Upwelling Ecosystems (EBUEs) are associated with high biological productivity, high fish catch and they highly contribute to marine carbon sequestration. Whether coastal upwelling has intensified or weakened under climate change in the past decades is controversially discussed and different approaches (e.g., time-series of chlorophyll, wind, sea surface temperature, modeling experiments) have been considered. We present a record of almost two decades of particle fluxes (1991–2009) from ca. 600 to 3100 m water depth in the Canary Basin at site ESTOC (European Station for Time series in the Ocean Canary Islands; ca. 29°N, 15°30.W, ca. 3600 m water depth), located in the offshore transition zone of the northern Canary Current-EBUE. We compare these flux records with those measured at a mesotrophic sediment trap site further south off Cape Blanc (Mauritania, ca. 21°N). The deep ocean fluxes at ESTOC in ca. 3 km recorded the evolution of the coastal Cape Ghir filament (30–32°N, 10–12°W) due to lateral advection of particles, whereas the upper water column sediment traps in ca. 1 km reflected the oligotrophic conditions in the overlying waters of ESTOC. We observed an increased emphasis in spring-time fluxes since 2005, associated with a change in particle composition, while satellite chlorophyll biomass did not show this pattern. Due to its northern location in the CC-EBUEs, spring biogenic fluxes at ESTOC provide a better relationship to the forcing of the North Atlantic Oscillation than those recorded further south off Cape Blanc. Off Cape Blanc, deep fluxes showed the best overlap with the deep ESTOC fluxes during the spring season before 2005. On the long-term, both chlorophyll and particle fluxes showed an increasing trend at ESTOC which was not observed further south at the mesotrophic Cape Blanc site. This might indicate that, depending on their location along the NW African margin, coastal upwelling systems react differently to global change.

Keywords: particle flux, sediment traps, Canary Current, ESTOC, Cape Blanc, biological pump, seasonality, climate change


INTRODUCTION

Eastern Boundary Upwelling Ecosystems (EBUEs) are among the most productive ecosystems in the world oceans and are economically important. The nutrient-rich upwelled waters along the coastal shelves sustain large phytoplankton blooms that play a crucial role in the marine carbon cycle and sequestration. Therefore, EBUEs are discussed also in the context of global warming. Bakun (1990) and Bakun et al. (2010, 2015) proposed a scenario of a general intensification of coastal upwelling due to increasing pressure gradients and wind fields associated with global warming. This hypothesis is under discussion and differing findings were recently summarized by Garcìa-Reyes et al. (2015); Bonino et al. (2019), and Sylla et al. (2019). Bonino et al. (2019) stressed that each EBUEs is unique in terms of forcings and climate variability and that the Canary Current (CC) system reveals a negative trend in upwelling intensity. Even the various sub-systems of the EBUEs defined by Cropper et al. (2014; Figure 1) could react differently to global warming (Lathuilière et al., 2008; Arístegui et al., 2009; Sydeman et al., 2014; Garcìa-Reyes et al., 2015; Bonino et al., 2019). A progressive warming and decreasing productivity over the last two decades was suggested for the CC-EBUEs as a whole (Arístegui et al., 2009).
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FIGURE 1. (A) Location of ESTOC and MSD traps in the Canary Basin and other relevant time series flux sites [Cape Blanc (CBmeso, CBeu), CVOO (Cape Verde Ocean Observatory, GEOMAR)] within the Canary Current system. General currents and the upwelling zones defined by Cropper et al. (2014) are indicated. Boxes at ESTOC and Cape Ghir where environmental data have been extracted from GIOVANNI are shown as well (stippled lines). CC, Canary Current; NEC, North Equatorial Current; nCVC, northern Cape Verde Current; the northward moving coastal current is the Mauritanian Current. (B) Examples of winter and spring surface chlorophyll from SeaWiFs and MODIS (9 km resolution) for the extreme ENSO year 1999 (La Niña phase), the years 2004 and 2006 (as examples for the years before and after 2005). The ESTOC study site is marked with a white dot, the ESTOC and Cape Ghir boxes are shown.


Over decadal time scales, the NW African coastal upwelling can be influenced by the North Atlantic Oscillation (NAO, e.g., González-Dávila et al., 2007; Narajan et al., 2010; Cianca et al., 2012), the Atlantic Meridional Overturning (AMO, Bonino et al., 2019), the AMOC (e.g., Vélez-Belchí et al., 2017) and the El Niño Southern Oscillation (ENSO). ENSO related teleconnections have been discussed by e.g., Behrenfeld et al. (2001) and Pradhan et al. (2006) and can be illustrated by the negative correlation of sea level pressure (SLP) with eastern tropical Pacific SST (Fischer et al., 2016). According to Fischer et al. (2016), correlations during winter show that NAO and ENSO may have opposite effects on the NW African/eastern Atlantic region for coastal upwelling. A positive phase of the NAO is associated with anomalously high pressure in the Azores region and stronger northeasterly winds along the NW African coast, and vice versa. However, the correlation is larger for the NAO than for ENSO as shown by modeling approaches (Fischer et al., 2016).

The times series site ESTOC is located in the eastern subtropical North Atlantic about 110 km north of Gran Canaria (Canary Basin, ca. 29°N/15°30.W, ca. 4 km water depth) and about 255 km off the African shelf. A sediment trap station to which results from ESTOC will be compared lies further south off Cape Blanc ca. 550 km off the shelf (CB mesotrophic, ca. 21°N/21° W, ca. 4 km water depth; Figure 1A). Both, the ESTOC and CB stations are within the influence of the Canary Current-EBUEs. In the depth range from the surface down to ca. 800 m, the Canary Current (CC) carries North Atlantic Central Water (NACW) southwards and dominates the geostrophic contribution to the wind-driven subtropical gyre (see Neuer et al., 2007, for a seasonally repeated survey along 29°N via ESTOC). To a large part, it is fed in the north at ca 34°N by the eastward flowing Azores Current. The CC closes the North Atlantic’s subtropical gyre in the east off the West African shelf, and starts to leave the shelf edge further south with a more westward component at about 21°N (e.g., Stramma, 1984; Figure 1A).

The trade winds and the seasonal signal dominate the directly wind-driven contribution to the subtropical gyre’s flow pattern. The wind is directed southward, almost parallel to the general coastline, and is strongest over the annual mean off Cape Blanc with a maximum in July. Further north at Cape Ghir at 30°N, it is weaker in the annual mean, but with a late spring to August summer maximum (Mittelstaedt, 1991). The component parallel to the coast with its maximum in spring and summer creates the strongest coastal upwelling, with maxima depending regionally on the wind maxima in summer (Van Camp et al., 1991). The offshore Ekman transport is confined to the near surface and has two further effects. First, it may create thin filaments of nutrient-rich upwelled water observed by satellites that reach from the coast toward southwest up to several hundred kilometers far into the oligotrophic open ocean. Permanently and strongest, these filaments occur at coastal capes, e.g., Cape Ghir at ca. 30°N and Cape Blanc at ca. 21°N (Nykjaer and Van Camp, 1994; Davenport et al., 1999). They vary seasonally with the wind system, and they may contribute to particle transport to more oligotrophic regions like ESTOC and the mesotrophic Cape Blanc site through lateral advection (Neuer et al., 2002b; Helmke et al., 2005; Fischer et al., 2009). Secondly, the offshore Ekman transport induces a geostrophic poleward undercurrent (PUC) along the shelf edge (Mittelstaedt, 1991). North of 25°N and during the wind maximum in summer and fall, this undercurrent is confined to 500–1050 m water depth (Knoll et al., 2002). On the shelf edge, the PUC supports the enrichment of lithogenic and biogenic particles through erosion and interaction with the Canary Current. The associated meso-scale eddy field also supports the horizontal dispersion of suspended materials further offshore.

The ESTOC site has phytoplankton biomass typical for oligotrophic conditions of the subtropical gyre (Davenport et al., 2002) with satellite-derived and in situ chlorophyll concentrations ranging from 0.03 to 0.20 mg m–3, sometimes reaching 0.4 mg m–3 (Neuer et al., 2007). Neuer et al. (1997, 2002b) found a clear seasonality in biomass with maxima following the breakup of the seasonally stratified mixed layer in winter. The historical CZCS data from 1979 to 1985 showed maximal pigment concentrations in December and January, declining in February (Davenport et al., 1999).

Deep ocean fluxes generally follow the seasonal signal of phytoplankton biomass with a high mineral (ballast) component from mostly coccolithophore sedimentation (Abrantes et al., 2002; Sprengel et al., 2002). Roughly one third of the flux is due to non-biogenic (lithogenic) particles mostly from Saharan dust. Biogenic silica (BSi) is of minor importance due to low silicate availability in the upwelling waters of the ENACW (=Eastern North Atlantic Central Water; ca. 200–800 m water depth) (Ragueneau et al., 2000). Neuer et al. (1997) observed an increase of particulate fluxes with depth at ESTOC and attributed the increased flux to the productive Cape Ghir filament to the northeast as a potential particle source region; this hypothesis was supported by CZCS satellite imagery (Davenport et al., 1999, 2002) and by nitrogen isotope studies carried out by Freudenthal et al. (2001). Satellite derived chlorophyll concentration is more than twice as high (0.4 ± 0.18 mg m–3; SeaWifs 1997–2009) in that filament compared to the ESTOC area (Figure 2).
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FIGURE 2. Time series of major environmental variables. (A) Weakly and seasonal (DJF) SeaWiFs-chlorophyll (mg m–3); seasonal (DJF), model-based MLD (m) (B) (NASA Ocean Biological Model, NOBM, from GIOVANNI); seasonal (DJF) IGOSS-SST (°C) (C). Note the long-term increasing trend for chlorophyll at the coastal Cape Ghir filament box which is statistically significant. Vertical hatched lines indicate years (with the four seasons winter = w, spring = s, summer = su, fall = f; starting on Jan. 1), thick hatched lines indicate a 5-year mark.


Here, we present a synthesis of the existing particle flux data collected between ca. 600 and ca. 3 km water depth at the ESTOC time series site [1991–2009, ESTOC (1–22), ca. 3600 m water depth]. We further add high-resolution trap data from the nearby site MSD 1–5 (2002–2005; Figure 1A). We strongly build on studies conducted by Neuer et al. (1997, 2002a,b, 2004, 2007) on upper ocean flux data from Oct 1992 to April 2001 (CI-2 to CI-13). We use the ESTOC fluxes to evaluate potential long-term changes and trends of the strength of the biological carbon pump within the CC-EBUEs. Secondly, we will provide a synchronous overlap of deep ocean fluxes at ESTOC with the mesotrophic Cape Blanc study site in the southern part of the CC-EBUEs (Fischer et al., 2016, 2019). Both sites are located in similar settings offshore the coastal upwelling and influenced by larger upwelling filaments (Pelegrí et al., 2005).



MATERIALS AND METHODS


Sediment Traps Moorings

We deployed Kiel-type time-series sediment traps (Kremling et al., 1996) at sites ESTOC and MSD (Figure 1A) in meso- and bathypelagic depths between ca. 600 and ca. 3 km (Supplementary Material). The average sampling depths of the traps were ca. 750 m (upper), 1050 m (middle), and 3060 m (lower). Mooring site MSD slightly to the west of ESTOC (Figure 1) was equipped with high-resolution sediment traps (40 cups). Detailed mooring and sampling dates for the sediment traps are listed in the Supplementary Material. Mooring data from Cape Blanc are given in Fischer et al. (2016, 2019). Prior to the deployments, the sampling cups were poisoned with HgCl2 and pure NaCl was used to increase the salinity and density in the sampling cups to 40‰. Upon recovery, samples were stored at 4°C and wet-splitted in the home laboratory. All flux data here refer to the size fraction of <1 mm. For a more detailed description of materials and methods we refer to Fischer et al. (2016). Analysis of the fraction <1 mm, using 1/4 or 1/5 wet splits, was performed according to Fischer and Wefer (1991). Samples were freeze-dried and the homogenized samples were analyzed for bulk (total mass), organic carbon, total nitrogen, carbonate and biogenic opal (BSi = biogenic silica). Organic carbon, nitrogen and calcium carbonate were measured by combustion with a CHN-Analyzer (HERAEUS). Carbonate was obtained from non-acidified and organic carbon from acidified (1N HCl) samples through CHN measurements. BSi was determined with a sequential leaching technique with 1 M NaOH at 85°C (Müller and Schneider, 1993), measuring SiO2 (biogenic opal) without including the variable water content of biogenic opal (around 5–10%). For a detailed table of standard deviations for various samples we refer to Müller and Schneider (1993). Lithogenic fluxes or the non-biogenic material was estimated by the difference between the biogenic fluxes (organic matter, BSi, carbonate) and total material flux. Organic matter was estimated by multiplying organic carbon by a factor of two (Hedges et al., 2002). The lithogenic fluxes were estimated by subtracting the biogenic fluxes from total fluxes. We attribute the lithogenic flux to dust-derived material (=mineral dust flux) as no large rivers supply suspended material to the Canary Basin. Due to partly low sample amounts (low fluxes), only total and BSi/organic carbon fluxes were available for the entire period of study.

The sediment trap collections were carried out with different time resolutions (4.3–22 days, see Supplementary Material) which limit comparisons between seasons and years. Therefore, average daily fluxes for the seasons and years were calculated according to Fischer et al. (2016). Seasons were defined using the dates of opening and closure of the individual sampling cups closest to the start of the astronomical seasons (March 21, June 21, September 23, December 21). The annual fluxes refer to the period of ca. 21 December to about the same date of the following year.



Moored Current Measurements

During September 1994 to March 2002, current meters were moored in seven settings at ESTOC in safe distance of ca. 20 km to the ESTOC sediment trap deployments. The first four settings carried an upward looking 150 kHz Acoustic Doppler Profiler (ADCP, made by RDI) to resolve the upper layer between 200 m depth and the surface. The ADCP, for logistic reasons, later was replaced by an Aanderaa RCM-8, which were also used to cover the deeper major water masses in the water column: North Atlantic Central Water (NACW, nominal RCM-8 depths 300 m, 500 m, 800 m), the Mediterranean Outflow Water (MW, 1250 m), and the North Atlantic Deep Water (NADW, 2000, 3550 m). Data processing followed the procedures described by Müller and Waniek (2013) for a different site, in particular determining best estimates of instrumental depths. The instruments’ sampling frequency was at least every 2 h to allow resolving the semi-diurnal tide and inertial motions. For this study, we used a low-pass filter and calculated 1-day averaged values to remove high frequency signals. The daily values then were interpolated in the vertical to common depths close to measuring depths: 50, 100, 150, 200, 250, 350, 500, 1250, 2000, and 3500 m, and in time to close the gaps between recovery and follow-up deployment. Vector averaging over 30 days provided current speeds and directions making them comparable to the seasonal description of particle flux data. Note that current meter data at ESTOC were measured only between 1994 and 2002, thus covering only part of the period of the trap measurements (1991–2009). There are no current meter measurements available at the MSD site.



Environmental Data

We used several observational time-series datasets from the GIOVANNI website (chlorophyll, MLD). Due to earlier findings on particle transport and lateral advection of particles and chlorophyll (e.g., Neuer et al., 1997; Davenport et al., 1999), we extracted these additional data from an ESTOC particle source box (29–30°N/14°30′–15°30′W; Figure 1A) located to the northeast of the mooring due to the general current direction in the surface and subsurface waters. We used another source box of the Cape Ghir filament (30–32°N, 10–12°W) which is known to supply material laterally, mainly to the deeper ESTOC traps (e.g., Neuer et al., 1997; Davenport et al., 1999). The concept of particle source boxes above moored sediment traps and the statistical funnels above them are primarily based on studies by Siegel et al. (2008).

Data on chlorophyll, sea surface temperature (SST), mixed-layer depth (MLD, modeled), NAO winter (DJFM) station-based Hurrell North Atlantic Oscillation (NAO) Index were obtained using the following sources:

https://oceancolor.gsfc.nasa.gov/l3/

https://giovanni.gsfc.nasa.gov/giovanni/#service=TmAvMp&starttime=&endtime=&bbox=-19,20,-18,21

http://climatedataguide.ucar.edu/guidance/hurrell-north-atlantic-oscillation-nao-index-station-based (Hurrell, 1995)

https://crudata.uea.ac.uk/cru/data/nao/ (Jones et al., 1997)

https://iridl.ldeo.columbia.edu/SOURCES/.IGOSS/.nmc/.Reyn_SmithOIv2/.monthly/.sst/index.html?Set-Language=en



Statistics

The chlorophyll time series recorded by satellites were regularized and interpolated. The global trends were tested by applying the seasonal Mann-Kendall test (Hirsch et al., 1982), which estimate a single pattern on each month, separately. In addition, the correlation between environmental variables and the winter BSi fluxes or winter NAO Hurrell Indices and spring BSi fluxes were analyzed by parametric Pearson tests or non-parametric Spearman tests following the normality and the homoscedasticity of the measurements.




RESULTS

Our results span observations over nearly 20 years. In a first step, we investigated the relationships between the environmental data (e.g., SSTs, chlorophyll, modeled MLD), around ESTOC and Cape Ghir and the particle fluxes at ESTOC. A major focus was the investigation of the seasonal and interannual variability of environmental variables (e.g., chlorophyll) and the flux signals in the meso- and bathypelagic. During the observation period, several NAO cycles and ENSO events could be identified, and we will present the time-series also in the context of those events in the following paragraph. Particularly noticeable was the ENSO event during 1997–1999 (Figure 1B). Finally, we will compare synchronous fluxes from the bathypelagic at ESTOC and off Cape Blanc (mesotrophic site) from the southern CC system.


Environmental Changes and Trends at ESTOC and the Cape Ghir Box

The weekly chlorophyll time series from 1997 to 2009 provided by SeaWiFs for the ESTOC (14°30′–15°30′W, 29–30°N) and the Cape Ghir (30–32°N, 10–12°W) boxes (Figure 1A) reveal distinct peaks in March to April reaching almost 1.5 mg m–3 within the Cape Ghir box (Figure 2A). Partly, summer and fall maxima were found in the coastal box as well. In addition, there is a tendency of a chlorophyll biomass increase from 1997 to 2009 at the coastal upwelling at Cape Ghir but not for the ESTOC box (Figure 2A, p < 0.05 and p = 0.08 Mann-Kendall test). There, SeaWiFs chlorophyll values were about 2–3-fold lower with distinct seasonal maxima in winter providing highest values in 2005 and 2009 (Figure 2A). No chlorophyll summer peaks were observed in the ESTOC box. Mean SeaWiFs-derived chlorophyll values in the Cape Ghir box were 0.40 ± 0.18 mg m–3 and 0.13 ± 0.05 for the ESTOC box. For comparison, we show satellite-derived chlorophyll time series obtained by the CZCS sensor (1979–1985, Davenport et al., 1999) for almost similar areas that reveal lower mean values (0.06 at ESTOC and 0.14 mg m–3 at Cape Ghir) compared to the SeaWiFs data which show maxima in January in both areas (Figure 3). Compared to in situ values, these lower values seem to better match the measured chlorophyll data (Neuer et al., 2007). Using monthly SST values from IGOSS, we observed a SST increase both inshore at Cape Ghir and offshore at ESTOC between 1991 and 2009 in the order of 1°C (Figure 2C). Simultaneously, we observed a shallowing of the mean winter and spring modeled mixed layer depths (MLD) from ca. 35 to ca. 25 m from 1997 to 2005 at Cape Ghir, which then increased again (Figure 2B).
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FIGURE 3. Mean monthly chlorophyll (mg m−3) from the satellite-CZCS sensor from 1979 to 1985 [Davenport et al. (1999) for (A) the ESTOC box and (B)] the Cape Ghir box. Annual means are shown by stippled lines. Values decline thereafter to a minimum in summer and increase again at the end of the year. Annual means are given as well. A distinct summer maximum at the Cape Ghir box (from SeaWiFs, Figure 2) cannot be found in these old CZCS records (B).




Current Strength and Directions in the Water Column

Current strengths are crucial to evaluate particle collection efficiencies of sediment traps (see Buesseler et al., 2007, for a review). Current speeds in the trap depths at ESTOC of 1 and 3 km were mostly below the critical values, around 10–12 cm s–1 (sampling interval of 2 h, data not shown). The available 8-year record (1994–2002) from GEOMAR shows that currents averaged over 30 days rarely exceeded 10 cm s–1; and in such cases generally were confined to depths shallower than 500 m (Figure 4). In very few cases, Mediterranean water lenses (Mediterranean Outflow Water) at around 1250 m depth (Siedler et al., 2005) may pass the mooring site as indicated by extremely high current anomalies (Figure 4A) accompanied by positive temperature anomalies around that depth, e.g., in early 1995 (not shown here). Also, current directions were more or less uniform over the water column, but changing rather regularly with time between all four 90-degree directional sectors (Figure 4B).
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FIGURE 4. Vector averaged (30 days) current speeds (A, cm s–1) and directions (B, degree direction true north) at ESTOC from November 1994 to February 2002. Contour interval for current speed is 2.5 cm/s between 0 and 10 cm s–1, and 10 cm s–1 above. For direction, contour interval is 90 degrees between 0° and 360°, thus resolving average current directions toward the four sectors North-East NE (dark blue), SE (light blue), SW (green), and NW (yellow). Note that current meter data at ESTOC were measured only between 1994 and 2002, thus covering only part of the period of the trap measurements (1991–2009).




Amplitudes and Timings of Major Flux Peaks and Particle Composition

The cup-by-cup total particle fluxes in the upper (ca. 600–900 m, average ca. 750 m) and middle-depth traps (900–1300 m, average ca. 1050 m) and in the deeper water column (ca. 3060 m) showed a distinctive seasonality of fluxes with maxima mainly in winter and partly in spring, reaching almost 200 mg m–2 d–1 in the mesopelagic and slightly higher values in the bathypelagic (Figure 5). Fluxes at the nearby MSD site (Figure 6) largely followed the flux pattern of the deep ESTOC-traps (Figure 5) but were slightly lower in the bathypelagic as expected due to the greater distance to the coastal upwelling of the Cape Ghir filament (Figure 1A). Fluxes at site MSD decreased continuously from 2002 to 2004, then increased rather abruptly with a high and broad flux maximum in winter 2005 (Figure 6). The BSi fluxes as one indicator (e.g., besides organic carbon) of the efficiency of the biological pump (Dugdale et al., 1995) mirror the total flux patterns both at MSD and ESTOC. The average fraction of BSi of total flux was generally below 5% with the exception of the prominent peak in mid-March 2005 (MSD trap, ca. 10%, Figure 6B).
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FIGURE 5. Cup-by-cup data of total particle flux (mg m–2 d–1) at ESTOC (1–22) and the MSD-site 1–5 (see Supplementary Material and Figure 1) for the mesopelagic (A: ca. 750 and 1050 m) and bathypelagic (B: ca. 3060 m). Fluxes in ca. 750 m are only shown here to fill the gaps in the upper water column but will not be used later on for the discussion of flux seasonality. Vertical hatched lines indicate the years (with the four seasons winter = w, spring = s, summer = su, fall = f, starting on Jan. 1), and bold hatched lines indicates the 5-year mark.
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FIGURE 6. High resolution total mass (A, mg m–2 d–1) and BSi flux (B, mg m–2 d–1) record at the MSD site (MSD1–4 lower traps, MSD-5 upper trap, Supplementary Material) between 2002 and 2005, revealing regular winter peaks in February-March (blue arrows) and unusual high fluxes in winter 2005. Red arrows mark high summer fluxes. Vertical hatched lines indicate the years (with the four seasons winter = w, spring = s, summer = su, fall = f; starting on Jan. 1).


Peak particles fluxes may be almost twice as high in the deeper compared to the upper water column which was attributed previously to lateral advection of particles from the Cape Ghir filament (Figure 1; Neuer et al., 1997, 2002a; Davenport et al., 1999; Freudenthal et al., 2001). The overall correspondence of upper and lower water column fluxes indicates that the deeper traps obtain their material not only from the coastal environment of the Cape Ghir filament but from the oligotrophic setting above ESTOC as well, or that sinking particles from the two different source regions interact. Secondary flux maxima occurred in the summer season, e.g., in 1994, 2000, and 2002, and less clear in 2007 and 2008 (Figure 5). Before 2005, highest fluxes in winter during the major bloom were observed during the strongest ENSO event 1997–1999, but high values were also found during 1992–1993 at both depths levels. Within the time-series, 1992–1994 constituted the second most important ENSO event (Figure 5), all other ENSO events during the period of observation were less important.

Mostly, elevated fluxes in the upper water column and in the deep water appear without any cup/time delay, pointing to high particle settling velocities (200–430 m d–1, Fischer and Karakas, 2009). A time delay of about 1.5 months between surface ocean biomass peaks (chlorophyll-CZCS) and the timing of major winter peaks in the deep water column (Neuer et al., 1997) can be translated into particle settling rates of around 70 m d–1 for the entire water column. Considering the bathypelagic sinking rates of ca. 200–430 m d–1 (between ca. 1 and 3 km; Fischer and Karakas, 2009), this observation could indicate an increase of sinking rates with depths (Berelson, 2002; Fischer et al., 2016).

Using the high-resolution MSD flux record (Figure 6) nearby ESTOC (Figure 1A), we can define a detailed timing of the peak fluxes in the winter season with highest fluxes in February to March 2003 and 2004 in the deep traps and, slightly later, in mid-March in 2005 in the upper trap in the Canary Basin. Additionally, we may identify secondary summer peaks in September 2002 and July 2005 (Figure 6). In the ESTOC record, major peaks in winter were found from January to March (mostly in March) in ca. 1 km and from February to March in ca. 3 km water depths (Figure 5). Later, in 2007 and 2008, maxima occurred from March to April and from April to May in the ca. 3 km traps (Figure 5). During the strong ENSO cycle 1997–1999, maxima in both depth levels were identified in January 1999 and February/March (Figure 5). An unusual major peak occurred in November 2005 (Figure 5), this year was attributed by Fischer et al. (2016, 2019) to an exceptional year of coastal upwelling in the CC-EBUEs further south at Cape Blanc.



Particle Flux Patterns Before and After 2005

Considering the entire ESTOC record, we can observe a clear seasonality and interannual variability of BSi (and organic carbon) fluxes in both the mesopelagic (ca. 1 km) and the bathypelagic (ca. 3 km) water column with major flux peaks in winter and spring (Figures 5–8). In ca. 1 km, the record may be separated into the periods from 1992 to 2004 and 2005 to 2009, when winter flux maxima can be found during the first winter period, while spring maxima occurred thereafter (Figure 7A). This change in the pattern of the seasonal flux maxima from winter to spring was less clear in the 3 km depth level (Figure 7B). At 3 km, mean seasonal BSi fluxes showed winter (1992–2004) and spring maxima (2005–2009) and minima in fall (Figure 8). Note that the described changes of seasonality of fluxes from winter to spring in both depths and the standard deviations in the second period (2005–2009) as a measure for flux variability for each season is based on 4–5 values only and therefore on a lower level of statistical reliability (Figures 8D,H). For comparison to the period of 2005–2009, we showed the fluxes and standard deviations for the period directly before (2000–2004) as well, with a comparable number of observations (Figures 8C,G). The summer and fall variability remained almost the same in 2005–2009 compared to the first period of observation (1992–2004).
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FIGURE 7. Seasonal fluxes of BSi (mg m–2 d–1) at ESTOC and MSD in the upper (A, ca. 1050 m) and lower water column (B, ca. 3060 m) together with two NAO indices (C). Available organic carbon fluxes are shown as well. Major spring peaks after 2005 are marked with green arrows. Vertical hatched lines indicate years (with the four seasons winter = w, spring = s, summer = su, fall = f; starting on Jan. 1), thick hatched lines indicate a 5-year mark.
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FIGURE 8. Seasonal means of BSi (mg m–2 d–1) and standard deviations (SD) for the total sampling period, for 1992–2004, 2000–2004, and 2005–2009 derived from the 1 km (A–D) and 3 km (E–H) ESTOC traps. The BSi flux patterns change from winter to spring since 2005. Number of observations are given in numbers below the x-axis; note the low numbers of observations (4–5) for fluxes since 2005.





DISCUSSION

Long-term biogeochemical observations of the oceans are crucial to understand different marine ecosystems and the impacts of natural climate variability and climate change. EBUEs are potential hotspots for observing climate change impacts on oceanic systems (e.g., Garcìa-Reyes et al., 2015). However, distinguishing between natural climate variabilities such as the NAO and trends due to global change requires time series observations in the order of ca. 4 decades. Such observations are available for e.g., SSTs and wind data which are essential to analyze and understand coastal upwelling and test for instance the Bakun upwelling intensification hypothesis (Bakun, 1990; Bakun et al., 2010, 2015; Cropper et al., 2014). However, computed upwelling intensities (Bonino et al., 2019) do not necessarily result in increased primary production, elevated carbon export and deep carbon sequestration. Hence, in order to study the potential changes of the biological carbon pump over decades and over a larger area, time- and space-integrating flux measurements with sediment traps are a useful tool. Studies on interannual to decadal variations of particle fluxes from coastal upwelling areas (EBUEs) or locations influenced by coastal upwelling (i.e., ESTOC) are rare. Even more, research on the relationship of particle fluxes and deep ocean carbon sequestration to low frequency climate variability and climate change is lacking due to the limited observations of most flux studies and the complex forcings on the respective EBUEs (e.g., Bonino et al., 2019).

A long-term flux record (1989–2017) at ca. 4000 m from the northern Californian Current shows increasing POC flux events during the last decade (Smith et al., 2018). Additionally, a warming trend during the past 100 years can be observed influenced by ENSO and associated with an increasing importance of harmful algal blooms since 1985 (Checkley and Barth, 2009). In the southern CC-EBUEs off Cape Blanc (Mauritania), the biogenic flux records show no indications of a coastal upwelling intensification (Fischer et al., 2016, 2019) and the biogenic flux relationships to the NAO turned out to be biased by short-term episodic flux changes (Fischer et al., 2016). We will discuss in the following the two-decade long flux record of ESTOC in the offshore region of the northern CC-EBUEs (in comparison to the CB records in the southern part) with a focus on the development of the biological carbon pump which is strongly influenced by the coastal Cape Ghir filament and its environmental changes.


Influence of Chlorophyll SSTs and MLD on Particle Fluxes at ESTOC

The SeaWiFs time-series of chlorophyll point to a more distinct and different seasonality at ESTOC than at the coastal site Cape Ghir site (Figures 2, 9). A co-maximum in seasonal chlorophyll of both boxes can be seen during the major production seasons in winter (Figure 9). This suggests a connection between ESTOC and the Cape Ghir filament, either due to lateral advection of water masses with higher phytoplankton biomass or a coincidence of the occurrence of the spring bloom following deep winter mixing of the surface ocean. Lateral advection of chlorophyll (as a proxy of phytoplankton biomass) is evident in similar coastal upwelling filament settings such as the giant Cape Blanc filament (e.g., Helmke et al., 2005) or in other EBUEs (e.g., in the California Current; Barth et al., 2002). However, ESTOC is outside the direct impact of the Cap Ghir filament, as seen by the minima in chlorophyll at ESTOC in summer (ca. 0.1 mg chl m–3) but varied strongly in the Cape Ghir box with highest summer values of ca. 0.6 mg chl m–3 (Figure 2), indicative of episodic upwelling and filament activity in summer (Davenport et al., 1999). From 2005 on, chlorophyll peaks at ESTOC became increasingly higher and broader (Figure 2). In the ESTOC-chlorophyll time series (Figure 2), significant monthly trends were not observed (p > 0.05). However, concerning the Cape Ghir chlorophyll time series (Figure 2A), the overall trend was significant (p < 0.05) and was mainly driven by a positive trend in September (p < 0.05).
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FIGURE 9. Seasonal vs. interannual variability of SeaWiFs-chlorophyll for the ESTOC (A) and the Cape Ghir box (B). Note the difference in seasonality between both boxes (summer maximum at Cape Ghir) and the long term increasing trend in chlorophyll from 1997 to 2010 mainly off Cape Ghir. Gray dots represent the squares interpolated by the Barnes method.


Neuer et al. (2007) found a clear seasonality in phytoplankton development at ESTOC with winter maxima, coinciding with the time of deepest winter MLD. We found the highest correlation coefficients between MLD and the strength of the biological carbon pump represented by the deep BSi fluxes (Dugdale et al., 1995) in winter (Table 1). However, these relationships are statistically insignificant (p > 0.05). We have to consider, that the modeled MLDs at ESTOC in winter (DJF) is shallower than the observed MLD at ESTOC (c.f. Neuer et al., 2007), in particular during the overlapping winters DJF 1997/1998, DJF 1998/1999, and DJF 1999/2000. We have no detailed explanation for this discrepancy. However, it is known that the present global and ocean scale models still lack accurate outputs, the more difficult the underlying physical processes (i.e., in a filamental zone with eddies) are to be described and the finer the scales the model has to resolve.


TABLE 1. Regression parameters of mean winter BSi fluxes measured at 1 km and 3 km depth vs. the environmental variables from both boxes.
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Compared to the CZCS-chlorophyll time series (1979–1985; Figure 3), the SeaWiFs-chlorophyll (1997–2009; Figure 2) record points to an increasing importance of summer maxima since the 1980s in the Cape Ghir filament (Figure 9). CZCS- chlorophyll show clear winter maxima, mostly at the turn of the year or in January/February (Figure 3), whereas SeaWiFs-chlorophyll reveals major peaks in March to April (Figure 2). Further, there is a tendency of a biomass increase from 1997 to 2009 in the coastal Cape Ghir filament (Figures 2, 9) which is consistent with trends shown by Arístegui et al. (2009). A significant relationship is provided between the SST at ESTOC and the BSi fluxes in both depth levels (p < 0.05, Spearman Test, Table 1) which has implications for climate change scenarios with increasing temperatures.

For the 1 km traps, we observed a significant correlation (p < 0.05) between BSi and SeaWiFs-chlorophyll for the ESTOC box (Table 1). This suggests that the biogenic fluxes recorded in the bathypelagic at ESTOC were also determined by the area above ESTOC, in addition to the influence from the more remote coastal upwelling filament of Cape Ghir (Neuer et al., 1997; Davenport et al., 1999; Freudenthal et al., 2001). However, this lateral contribution could be more important during the winter-spring seasons with increasing wind fields as observed for the Cape Blanc area (Fischer et al., 2009). In a new modeling study conducted in this region of the Cape Ghir filament, Santana-Falcón et al. (2020) obtained highest lateral advection of POC and DOC in spring and summer. However, the distinct summer chlorophyll peaks observed at Cape Ghir (Figure 9) resulted only in a small increase in fluxes peaks in the deep ESTOC traps (Figure 10), pointing to reduced lateral advection of particles during this season when considering the particle flux records.
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FIGURE 10. Seasonality vs. long-term variability of total mass flux (TTL, mg m–2 d–1) in the upper (A: ca. 1 km) and deeper (B: ca. 3 km) trap level. Note a change in seasonality from late winter to early spring (Feb/Mar to Mar/Apr) on the long-term (mainly in the 1 km trap) and the increasing fluxes. Extraordinary high fluxes from 1998 to 2000 in ca. 3 km (B) are hypothesized to be caused by the extreme ENSO event and its effect on coastal upwelling. Gray dots represent the squares interpolated by the Barnes method.




NAO Controls and an Increased Emphasis in Spring-Time Fluxes at ESTOC Since 2005

We observed increasing trends in the total and the BSi fluxes at both depth levels, which could point to an increase of coastal upwelling in the Cape Ghir and an increase at the oligotrophic ESTOC region (Figure 10). These trends can be seen in the chlorophyll as well (Figure 9). These overall changes in the Canary Basin could support the Bakun coastal upwelling intensification hypothesis (e.g., Bakun, 1990). However, these trends could be also due to the high NAO index (Figure 7C), resulting in intensified upwelling at the end of the sampling period in 2007 and 2008. In the region further south at Cape Blanc, Mauritania, there was no indication supporting the Bakun coastal upwelling intensification hypothesis (Bakun, 1990; Bakun et al., 2015; Cropper et al., 2014) when considering the deep ocean fluxes at the mesotrophic and the eutrophic study site (Fischer et al., 2016, 2019). Meanwhile, evidence increases pointing rather to upwelling relaxation or no variations due to climate change in the CC-EBUEs (e.g., Arístegui et al., 2009; Barton et al., 2013; Gómez-Letona et al., 2017; Sylla et al., 2019).

There is a statistically significant relationship between the spring BSi fluxes of the deeper sediment traps with the NAO-DJFM Hurrell Index (Hurrell, 1995) (excluding the extreme years 1999 (ENSO) and 2005) which we interpret to reflect the influence of the Cape Ghir coastal upwelling (R2 = 0.38, N = 14, p < 0.05, Spearman Test). The year 2005 was discussed by Fischer et al. (2016, 2019) as an exceptional year with high fluxes despite a low NAO. Romero and Fischer (2017) and Romero et al. (2020) found a change in diatom fluxes and composition at the coastal Cape Blanc site (CB eu) starting in 2005/2006. Unusually high particle fluxes in 2005 in the bathypelagic were also observed far offshore at site Kiel 276 (ca. 33°N/22°W; Fründt and Waniek, 2012). There are also indications of an overall change in circulation in the North Atlantic (i.e., the AMOC) and in the intensity and/or timing of coastal upwelling since 2005 (e.g., Haine, 2016).

In contrast, the relationship between winter NAO and winter BSi flux was weak. This suggests some delay between the NAO wind forcing and the biological response and/or the transport time of particles advected from the Cape Ghir filament to ESTOC. According to Pradhan et al. (2006), the biological response to changing alongshore wind stress is immediate. Therefore, we attribute the time lag between increased upwelling/high standing stock of chlorophyll at Cape Ghir and the arrival of this signal in the deep ESTOC fluxes to lateral particle advection.

The winter or spring biogenic fluxes of the mesopelagic traps (ca. 1 km), reflecting the oligotrophic area above ESTOC, do not reveal a connection to the NAO (e.g., Cianca et al., 2012). The extreme 1997–1999 ENSO might however impact on chlorophyll biomass (Pradhan et al., 2006) and on particle fluxes in the CC-EBUEs as described by Fischer et al. (2016, 2019) for the Cape Blanc coastal upwelling. Helmke et al. (2005) found 2.5 times higher organic carbon fluxes due to the 1997–1999 ENSO, compared to the regular/normal years. A similar increase in chlorophyll standing stock was observed by Pelegrí et al. (2005) for the same ENSO cycle 1997–1999 within the Mauritanian upwelling off Cape Blanc.

The most interesting feature at ESTOC is an increased emphasis in spring-time fluxes since 2005 (Figures 7, 8, 10, 11). A long-term change was also found in the timing of major biomass peaks from winter (CZCS record, Figure 3, Davenport et al., 1999) to spring (SeaWiFs record, Figures 2, 9). However, the pattern of SeaWiFs chlorophyll peaks at Cape Ghir and ESTOC did not reveal a change since 2005 in our record (Figure 9). Instead, when studying the available individual images of satellite-based chlorophyll from SeaWiFs and MODIS for the winter and spring seasons, we found no significant change in the spring chlorophyll patterns (Figure 1B), but an expansion of the high-chlorophyll (ca. 0.5–1 mg m–3) area in winter since 2005 (Figure 1B) and thereafter. Analyzing the major peaks of total and biogenic fluxes (e.g., for BSi and organic carbon) in detail using the original high resolution cup-by-cup data of the individual deployments, we found a small displacement of the BSi maxima between 1992–2004 and 2005–2009, mainly for the 1 km traps (Figure 11). However, these flux patterns are mainly driven by individual years [e.g., 1993 (ENSO), 2005]. Interestingly, the BSi flux pattern (and organic carbon as well, not shown) of the extreme 1997–1999 ENSO resembles the 2005–2009 picture recorded by the deep traps (Figure 11B), reflecting the Cape Ghir filament. However, applying statistical tests using the biogenic fluxes before and after 2005 revealed no significant change in the patterns.


[image: image]

FIGURE 11. Annual cycles of BSi fluxes from the individual cup-by-cup data for the 1 km (A) and 3 km (B) traps from 1992 to 2004 (blue line) and for 2005–2009 (green line). The extreme 1997–1999 ENSO cycle is additionally marked with a stippled blue line. A polynomial fit (thick blue line for 1992–2004; thick green line for 2005–2009) indicates small displacements of the BSi flux maxima from winter to spring. Seasons are indicated by vertical hatched lines.


The reasons for the observed long-term changes of the timing of meso- and bathypelagic flux peaks remain elusive. Considering the unchanged chlorophyll patterns in spring since 2005 (Figure 1B), we hypothesize that this scenario implies a changing settling behavior of particles originated from the expanded winter blooms which almost reached ESTOC (Figure 1B). Lower particle settling rates of particles originating from the winter bloom could have resulted in delayed flux peaks in the 1 and 3 km traps, causing the change to higher spring-time fluxes since 2005. The changing BSi:Corg and C:N ratios in winter and spring discussed in the following paragraph underline this scenario and could point to a longer particle transport of a more diatom-enriched winter bloom leading to elevated spring-time fluxes.

An alternative scenario to explain the increase in the spring-time fluxes recorded in the traps might also be the increase in wet and dry dust deposition reflected by direct measurements on Gran Canaria (López-García et al., 2013). These authors found a marked seasonality of dry and wet dust deposition in spring during 2009–2012. However, if we analyze available satellite-derived AOT (from GIOVANNI: 2000–2015), we observe no long-term trend of the available dust nor is there any evidence of a change in seasonality (with normal peaks in late summer) in dust availability. On the other hand, these data only provide the potential dust availability in the lower atmosphere rather than the dust deposition at the ocean surface that is relevant for particle ballasting or fertilization processes in the surface waters.

Interestingly, we observed increasing summer flux peaks since 2005 at ESTOC but only for the upper traps, representing the oligotrophic conditions at ESTOC. However, this feature is only seen in the increasing dominance of chlorophyll peaks in summer at the Cape Ghir, but not in the ESTOC box (Figure 9). Summer flux peaks recorded by the 1 km-ESTOC traps might therefore be explained by lateral advection of biomass and particles within the Cape Ghir box and associated eddies via the ESTOC site (e.g., Davenport et al., 1999) as outlined by Helmke et al. (2005) for the Cape Blanc filament. An increase of lateral advection due to increasing winds and due to global change (e.g., Bakun, 1990) was suggested by Lluch-Cota et al. (2014). Alternatively, summer flux peaks at ESTOC might be explained by a nitracline uplift which might be responsible for episodic short term peaks in organic carbon during summer (Neuer et al., 2007).



Lateral Particle Advection From the Cape Ghir Filament and Changes of Flux Composition at ESTOC

The lithogenic fraction of particle flux can be used as a refractory component in the water column to estimate the amount of laterally contributed material to the deep ESTOC traps by comparing the bathypelagic to the mesopelagic trap data. We estimate a relative lateral contribution in the deep water column at 3 km between 52 and 81% with some seasonal variability (not shown). Using the total flux data (Table 2) which provide a more complete record, we estimate between 43 and 65% lateral advection with a slightly higher contribution in winter. The highest lateral contribution (65%) was measured in the winters 2005–2009. The calculated values for the lateral fluxes assume no flux changes with depth, in fact, fluxes decrease due to degradation, e.g., of organic matter. Therefore, our values are assumed to underestimate the true advective fluxes. Our values from the lithogenic component and the total material are within the range of estimates of lateral advection from stable nitrogen isotopes (Freudenthal et al., 2001) which indicate a lateral contribution between 50 and 75% at 3 km depth.


TABLE 2. Daily mean total fluxes (in mg m–2 d–1 with the standard deviations) for traps deployed in the Canary Basin for winter and spring seasons averaged over different yearly intervals.
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The distance between the southwestern edge of the Cape Ghir and the ESTOC box is ca. 350 km (Figure 1A). Thus, without eddy field and considering a simple advective particle transport path, particles would reach the deep ESTOC trap in ca. 40 days, assuming an average horizontal current speed of 10 cm s–1 and an average particle settling rate of 75 m d–1. Such a delay matches the observed delay of ca. 1.5 months in the occurrence of chlorophyll peaks at Cape Ghir and the arrival of the flux signal in the deep ESTOC traps (e.g., Neuer et al., 1997; Davenport et al., 1999). However, while the required average particle settling rate corresponds to values estimated earlier (70 to a few 100 m d–1, Neuer et al., 1997), the required average horizontal advective speed in the order of ca. 10 cm s–1 does not match the generally much lower 30-day averaged currents observed at ESTOC (Figure 4). The slow settling velocities that Alonso-González et al. (2010) reported from a location just south of Gran Canaria, were measured at 260 m depth close to or within the production area, i.e., under conditions different from the ESTOC-Cape Ghir system. However, slowly settling particles could play a major role at ESTOC as well, besides the fast sinking particle pool (210–430 m day–1, between 1 and 3 km), estimated from particle flux patterns at ESTOC (Fischer and Karakas, 2009). In the Cape Blanc area, we were able to model (ROMS, Regional Ocean Modeling System) particle nepheloid layers using particle settling rates between 5 and 10 m per day (e.g., Fischer et al., 2009). These particles of the smaller size fraction constitute different nepheloid layers but may participate in the downward flux as well. The settling speeds applied at Cape Blanc were in the range of particle sizes discussed by Alonso-González et al. (2010) for the southern Canary Island region. It is reasonable to assume similar transport processes and particle characteristics in the ESTOC area, considering different particle pools with different particle settling rates, which constitute the sediment trap material.

The available 8-year record (1994–2002) of current speeds and directions (Figure 4) indicates that the flow at ESTOC is dominated by deep reaching coupled barotropic and first baroclinic mode meso-scale eddies, as it was observed earlier in other parts of the eastern subtropical North Atlantic (Müller and Siedler, 1992). Assuming that meso-scale eddy activity in the region north of ESTOC toward Cape Ghir may be of comparable intensity as at ESTOC, we follow Neuer et al. (2002b) that meso-scale eddy diffusion could explain the Cape Ghir filament as a long distance source for the observed increase in fluxes in the deep ESTOC sediment traps. Combining field observations and a statistical funnel model at ESTOC, e.g., similar to that of Siegel et al. (2008) for the ALOHA station near Hawaii would be needed for further confirmation, however, this is beyond the scope of this study.

Other comparable ocean areas with similar advective processes (e.g., in the Benguela Current; Inthorn et al., 2006) reveal lateral advection in the same order of magnitude as described above of the NW African continental slope (McCave et al., 2001; Hwang et al., 2009; Lovecchio et al., 2017). A high particulate organic carbon offshore transport of ca. 1050 km by mesoscale eddies is observed in other EBUEs such as the California Current (Amos et al., 2019). The estimated advective fluxes from ESTOC also fall in the range of values from the Cape Blanc area (Fischer et al., 2009, 2016, 2019), where winter was the most prominent season for lateral advection of particles. In a recent modeling study conducted in the region of the Cape Ghir filament, Santana-Falcón et al. (2020) obtained highest lateral advection of POC and DOC in spring and summer.

We found changes not only in the seasonality of fluxes since 2005 but also in the composition of sinking materials between the beginning (1992–2004) and the end of the ESTOC record (2005–2009; Table 3). The deep ESTOC traps showed highest lithogenic fluxes for the winter and spring seasons between 8.1 and 35 mg m–2 d–1, which are attributed to dust minerals and amount between 18 and 50% of the total flux (Table 3). Upper trap fluxes for the lithogenic fraction are clearly lower on average. The overall proportion of about one third of lithogenic material of total flux is comparable to estimates from the coastal upwelling off Cape Blanc, Mauritania (Fischer et al., 2016, 2019). A clear coupling between atmospheric dust occurrences and lithogenic particle fluxes at 2000 m water depth was suggested by Brust et al. (2011) for site Kiel 276 (33°N/22°W), an almost similar latitude but more offshore than ESTOC. The lithogenic component at site Kiel 276, however, amounts only about 15% on average and individual lithogenic flux peaks ranged between 0.2 and 42.5 mg m–2 d–1 (Brust et al., 2011). The individual values ranged from almost zero to ca. 181 mg m–2 d–1 in the bathypelagic at ESTOC. The individual maxima exceeded the values at Kiel 276 by more than a factor of four due to a much closer location of ESTOC to the African source regions of dust and the clear decline of dust deposition observed from the coast to the open ocean (e.g., Kaufman et al., 2005).


TABLE 3. Mean seasonal winter and spring fluxes (in mg m–2 d–1) and ratios and their seasonal changes since 2005 (bold numbers) measured at 1 km and 3 km depths in the Canary Basin.

[image: Table 3]
The trap collections at ca. 1 and 3 km show a decrease of all biogenic fluxes (BSi, organic carbon and carbonate) in winter, accompanied by an increase of most fluxes in spring-time since 2005 (Table 3). In the 1 km trap collections, BSi increased 2–3-fold in spring-time between 1992–2004 and 2005–2009 (Table 3) while the winter fluxes decreased. In the deep traps, these changes were less clear. Additionally, increasing BSi:Corg ratios in spring-time (Table 3) may point to some change in the composition of sinking detritus, with a likely increase in diatoms since 2005. The increase of the C:N ratios by two molar units in the deeper trap collections in spring since 2005 (Table 3) points to a longer particle transport and, thus, a higher degradation of organic matter before arriving in the deep offshore traps. This scenario is in accordance with the assumption of a more diatom-enriched winter bloom, which settles with decreased rates and constitutes a higher spring signal in the sediment traps since 2005. It is known from laboratory and field studies that particles with higher BSi (more diatoms) may sink at lower rates (Ploug et al., 2008; Fischer and Karakas, 2009; Iversen and Ploug, 2010).

Total carbonate flux which constitutes roughly one half of the total flux (Table 3) increased in spring as well by more than 2-fold (1 km traps). However, as total carbonate is mainly constituted by planktonic foraminifera, pteropods, and coccolithophores, we do not know which fraction is most important in the entire record. An estimation of the contribution of coccolithophores to total carbonate flux revealed a value of about one third at ESTOC for individual deployments (Sprengel et al., 2002). Roughly three quarters of the yearly coccolithophore-carbonate settles in winter, indicating their importance for the seasonal bloom. Abrantes et al. (2002) associated 93% of the microplankton to coccolithophore cells in the northern Canary Islands region. Short term episodic sedimentation pulses (hours to days) with fecal pellets packed tightly with coccolithophores were found to be characteristic for the ESTOC site (deployments 1–2, Fischer et al., 1996), suggesting carbonate as an important ballast mineral (e.g., Klaas and Archer, 2002). More recent studies on the polysaccharide contents of coccolithophores indicate high organic carbon contents (Anderson et al., 2014; Lee et al., 2016) which might explain the tight correlations between coccolithophores and organic carbon at ESTOC (Fischer et al., 1996). The almost perfect coupling between organic carbon and carbonate sedimentation (Fischer et al., 1996; Neuer et al., 1997, 2007), however, did change during the sampling period, leading to different Carbon Rain Ratios (CRR = Corg/Ccarbonate) in the ESTOC trap samples (Table 3). During the exceptional ENSO 1997–1999 event for instance, deep organic carbon fluxes were much higher during the La Niña phase 1999, whereas carbonate fluxes were relatively low, resulting in an exceptional CRR of about 6.3. Overall, upper trap values were higher (CRR = 1.1–1.5) than the lower trap samples (CRR = 0.8–1.0), the latter show a decreasing tendency between 1992–2004 and 2005–2009 (Table 3). This could result in a lower efficiency to sequester CO2 by the biological pump. Increasing coccolithophore abundance in the euphotic zone of the western subtropical North Atlantic (BATS) between 1990 and 2014 was observed by Krumhardt et al. (2016) and was attributed to global change. A basin-wide increase in coccolithophore growth and biomass was found for the North Atlantic by Rivero-Calle et al. (2015) and could match our findings from ESTOC.



Synchronous Particle Flux Records at ESTOC and off Cape Blanc and Long Term Changes

As pointed out by Lluch-Cota et al. (2014), poleward coastal upwelling sites and the more equatorward locations (e.g., Cape Blanc upwelling) might react differently to climate change. ESTOC generally provides a more distinct seasonality of particle fluxes with regular winter peaks on the long term (see also Neuer et al., 2007) compared to the Cape Blanc study sites (Fischer et al., 2016, 2019). At the offshore site CBmeso, characterized by permanent annual upwelling (Figure 1; Cropper et al., 2014), seasonality of fluxes is less clear with winter peaks and additional late summer peaks occurring during certain years (e.g., 2002, Figure 12) due to the influence from northward flowing warm water Mauritanian Current (Figure 1A; Fischer et al., 2016, 2019). Figure 12 shows the deep mass fluxes at CBmeso compared to the synchronous deep ESTOC record as both sites were influenced by coastal upwelling, large filaments and eddies reaching far offshore (Davenport et al., 1999; Neuer et al., 2002b; Fischer et al., 2009, 2016, 2019). Both time series reveal some similarities in the overall variability of fluxes due to the overall NAO forcing of the Canary Current coastal upwelling (e.g., González-Dávila et al., 2007; Narajan et al., 2010; section “NAO Controls and an Increased Emphasis in Spring-Time Fluxes at ESTOC Since 2005”). Further, the strong 1997–99 ENSO appears to influence particle flux patterns at both sites and resulted in elevated fluxes in 1998–1999 during the La Niña cold phase (Figures 5, 7; Fischer et al., 2016, 2019). The best coincidence of particle flux variability at ESTOC and CBmeso is observed for the spring season, however, the correlation coefficient for the entire period is very low (R2 = 0.13, N = 10) (Figure 12). A detailed look shows that before 2005, major flux peaks occur earlier at ESTOC (winter, e.g., Figure 11), thus coinciding with the major peaks (in winter) at CBmeso (Figure 12; insert, N = 6, R2 = 0.66). However, statistical tests revealed no significant relationship (p > 0.05, Spearman Test). Due to a stronger emphasis of spring fluxes at ESTOC since 2005 (section “NAO Controls and an Increased Emphasis in Spring-Time Fluxes at ESTOC Since 2005”), we observed a large scatter of data points for the second sampling period between 2005 and 2009 (Figure 12).


[image: image]

FIGURE 12. Comparison of deep ocean total mass fluxes between the ESTOC site (including MSD traps) and the Cape Blanc mesotrophic site. Note the different scales for fluxes. The correlation coefficient between fluxes is highest for spring (upper right panel) for 1996–2004 (R2 = 0.66, N = 6) but the relationship is not significant (p > 0.05). Between 2005 and 2009, data points show some scatter due to a shift in particle flux seasonality at ESTOC. Vertical hatched lines indicate years (with the four seasons winter = w, spring = s, summer = su, fall = f, starting on Jan. 1), thick hatched lines indicate the 5-year mark.


Romero and Fischer (2017), Fischer et al. (2019), and Romero et al. (2020) found a change in particle fluxes and composition at the coastal Cape Blanc site (CB eu) starting in 2005/2006. This could point to an overall change in circulation in the North Atlantic and in the intensity and/or timing of coastal upwelling. Such changes in the Atlantic are described for a major driver of the biogeochemistry and circulation in the North Atlantic Ocean, i.e., the AMOC (with an Ekman component) that could have decreased since 2005 in the eastern North Atlantic (Smeed et al., 2014; Srokosz and Bryden, 2015; Haine, 2016). Relaxation of Ekman upwelling might be responsible for the statistical significant decrease in carbon fluxes (p < 0.05) between 2003 and 2016 at the coastal Cape Blanc site CB eu (Fischer et al., 2019). However, an overall long-term decrease of the AMOC is doubted by many other oceanographers and climatologists and the observed circulation changes might be part of a natural climatic variability as well.

In summary, the time series of chlorophyll biomass (Figures 2, 9) and particle fluxes from ESTOC (Figures 5, 7, 10) point to an increase of coastal upwelling and/or a change in the advective flux (as proposed by Lluch-Cota et al., 2014) in the northern CC-EBUEs. Additionally, we observed a long-term increase of chlorophyll (Figure 2) in the Cape Ghir filament, pointing to an intensification of coastal upwelling. However, the individual seasonal patterns of satellite chlorophyll in the ESTOC area reveal an expansion of the high chlorophyll area (ca. 0.5–1 mg m–3) in the winter seasons since 2005 but no clear changes in spring (Figure 1B). Further, it seems that the summer chlorophyll peaks at the Cape Ghir filament became more prominent since 2005 (Figure 9) which is, however, not clearly reflected in the deep particle flux records at ESTOC (Figure 10). Increasing trends in chlorophyll and particle fluxes at ESTOC were not observed further south in the Mauritanian upwelling (Fischer et al., 2016, 2019).




CONCLUSION

An almost two-decade long flux record from ca. 1 and 3 km at the oligotrophic ESTOC site combined with environmental data and compared to the offshore flux record off Cape Blanc (Fischer et al., 2016, 2019) revealed the following major findings:


–SeaWiFs-chlorophyll from 1997 to 2009 showed an overall increasing trend at the Cape Ghir coastal upwelling box (p < 0.05) but not in the oligotrophic ESTOC region,

–over decadal time scales, satellite chlorophyll appeared to switch from peaks in winter (CZCS: 1979–1985, Davenport et al., 1999) to spring at ESTOC (SeaWiFs: 1997–2009),

–ESTOC is an oligotrophic time series station but bathypelagic fluxes were influenced by lateral advection of particles (between 43 and 65%) from the coastal Cape Ghir filament (Davenport et al., 1999). Mesopelagic fluxes revealed the more oligotrophic conditions at ESTOC with ca. 2–3-fold lower particle fluxes compared to the bathypelagic fluxes,

–SeaWiFs-chlorophyll from ESTOC shows a significant relationship to the mesopelagic BSi fluxes in winter,

–we found a stronger emphasis in spring-time fluxes since 2005 and BSi fluxes increased by 3-fold (1 km traps). However, this change in fluxes from 1992–2004 to 2005–2009 was statistically not significant,

–in association with the higher spring-time fluxes, the composition of the sinking material changed (e.g., BSi:Corg and C:N increased) between 1992–2004 and 2005–2009, which might point to a change in plankton composition and particle transport,

–the deep spring BSi fluxes (3 km, reflecting mainly the Cape Ghir filament) show a statistical significant relationship to the winter (DJFM) NAO Hurrell Index when excluding the extreme years 1999 (ENSO) and 2005,

–the best agreement between deep particle flux patterns at ESTOC (northern CC-EBUEs) and Cape Blanc (southern CC-EBUE, site CB mesotrophic) was during the spring season, but only before 2005.



The reasons for the observed higher spring-time fluxes since 2005 remain elusive. This change could be due to shift in productivity (and biomass), forced by upwelling favorable winds (in intensity or timing) in both the ESTOC and the Cape Ghir boxes. However, the stronger emphasis in spring-time fluxes since 2005 was not found in the satellite chlorophyll patterns. Instead, considering the larger winter bloom (satellite chlorophyll) and the compositional changes since 2005 in both traps, we conclude that lower particle settling rates of the winter bloom resulted in a higher spring-time signal recorded with the sediment traps.

There is an increasing trend of SeaWiFs-chlorophyll and particle fluxes in the oligotrophic ESTOC region which was not observed further south at the mesotrophic Cape Blanc site, located in the southernmost permanent upwelling zone close to the tropics (Figure 1A). At the eutrophic Cape Blanc site, we even observed statistically significant decreasing organic carbon fluxes (Fischer et al., 2019), which contradict the Bakun coastal upwelling intensification hypothesis (e.g., Bakun, 1990). Our observations from ESTOC and Cape Blanc are more in accordance with the concept of Lluch-Cota et al. (2014), who argued that coastal upwelling due to global change may be intensified in the poleward parts of the EBUEs (e.g., at ESTOC) rather than in the equatorward regions (e.g., off Cape Blanc). However, the flux records both at ESTOC and Cape Blanc are still not long enough to disentangle natural low frequency variability from long-term trends of fluxes which might be due to climate change, like the potential intensification of coastal upwelling (e.g., Bakun, 1990; Bakun et al., 2010, 2015; Cropper et al., 2014).
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Particle fluxes at the Southern Ocean time series (SOTS) site in the Subantarctic Zone (SAZ) south of Australia (∼47°S, ∼142°E, 4600 m water depth) were collected from 1997 – 2017 using moored sediment traps at nominal depths of 1000, 2000, and 3800 m. Annually integrated mass fluxes showed moderate variability of 14 ± 6 g m–2 yr–1 at 1000 m, 20 ± 6 g m–2 yr–1 at 2000 m and 21 ± 4 g m–2 yr–1 at 3800 m. Particulate organic carbon (POC) fluxes were similar to the global median, indicating that the Subantarctic Southern Ocean exports considerable amounts of carbon to the deep sea despite its high-nutrient, low chlorophyll characteristics. The interannual flux variations were larger than those of net primary productivity as estimated from satellite observations. Particle compositions were dominated by carbonate minerals (>60% at all depths), opal (∼10% at all depths), and particulate organic matter (∼17% at 1000 m, decreasing to ∼10% at 3800 m), with seasonal and interannual variability much smaller than for their flux magnitudes. The carbonate counter-pump effect reduced carbon sequestration by ∼8 ± 2%. The average seasonal cycle at 1000 m had a two-peak structure, with a larger early spring peak (October/November) and a smaller late summer (January/February) peak. At the two deeper traps, these peaks became less distinct with a greater proportion of the fluxes arriving in autumn. Singular value decomposition (SVD) shows that this temperate seasonal structure accounts for ∼80% of the total variance (SVD Mode 1), but also that its influence varies significantly relative to Modes 2 and 3 which describe changes in seasonal timings. This occurrence of significant interannual variability in seasonality yet relatively constant annual fluxes, is likely to be useful in selecting appropriate models for the simulation of environmental-ecological coupling and its role in controlling the biological carbon pump. No temporal trends were detected in the mass or component fluxes, or in the time series of the SVD Modes. The SOTS observations provide an important baseline for future changes expected to result from warming, stratification, and acidification in this globally significant region.

Keywords: particle flux, Subantarctic Zone, Southern Ocean, time series, seasonal variability, ocean acidification, biological carbon pump


INTRODUCTION

The constant sinking of particles from the euphotic zone moves carbon away from the atmosphere and connects the surface and deep sea on shorter timescales than achieved by advection (Agassiz, 1888; Boyd and Trull, 2007; Buesseler et al., 2007a). This downward export of biogenic material has become colloquially known as “the biological pump” (Volk and Hoffert, 1985), and more recently defined as the gravitational component of the biological carbon pump (gBCP) to distinguish it from particulate carbon transfers mediated by advection, mixing, or biological migrations (Boyd et al., 2019). The biological pumps redistribute carbon and nutrients within the ocean and thereby play a significant role in controlling atmospheric carbon dioxide (CO2) concentrations (e.g., Shaffer, 1993; Sarmiento and LeQuere, 1996; Lee et al., 1998; Sarmiento et al., 1998; Archer et al., 2000; Trull et al., 2001b; DeVries et al., 2012; Boyd et al., 2019). Estimates of the modern biological pump for organic carbon to the deep sea remain rather uncertain at 5–15 Pg C yr–1 or ∼14–42 g C m–2 yr–1 (Ducklow, 1995; Falkowski et al., 1998, 2000; Boyd and Trull, 2007; Boyd et al., 2019), and it is not yet understood how the strength of the biological pump will be impacted by global climate change (Falkowski et al., 2000; Sigman and Boyle, 2000; Bopp et al., 2001; Feely et al., 2004; Boyd et al., 2019).

The Southern Ocean has been estimated to account for ∼30% of the global annual oceanic carbon export, i.e., about 3 Pg C yr–1 (Arteaga et al., 2018), even though it accounts for less than 20% of the global ocean surface area. Given this large contribution, and the status of the Southern Ocean as the largest region with un-used surface ocean macro-nutrients and thus the greatest capacity for increased biological carbon pump strength (e.g., Boyd et al., 2000; Trull et al., 2001a), it is paramount to resolve the question of how global climate change will alter this region’s ability and efficiency to take up atmospheric CO2 (Falkowski et al., 2000; Cram et al., 2018). Long-term time series observations of the sinking particle flux are one important step toward assessing the efficiency and strength of the biological pump, and thus the scope and propensity for change. Sediment traps are widely used for this purpose and although they have their limitations in terms of providing quantitative flux estimates, especially at shallow depths, as extensively reviewed by Yu et al. (2001) and Buesseler et al. (2007a), they are currently the best available tool for collecting year round particle flux data.

Here we present a 20-year time series of particle fluxes collected by deep ocean sediment traps in the Subantarctic Zone (SAZ) of the Southern Ocean south of Australia, in terms of dry mass and three main chemical components: particulate organic matter (POM), expressed as particulate organic carbon (POC), and two main biogenic ballasting materials, calcium carbonate, expressed as particulate inorganic carbon (PIC), and opal, expressed as biogenic silica (BSi). The POC fluxes provide direct quantification of the gBCP at the trap depths, and because multiple mechanisms (settling, advection, migration) may have contributed to the transfer through the overlying water column, we hereafter refer to the measured values simply as BCP estimates. Biogenic calcium carbonate is precipitated by calcifiers, most prominently foraminifera and coccolithophores, along with other zooplankton such as pteropods. The PIC fluxes allow us to address the opposing role of calcium carbonate as ballast to enhance particle sinking and thus the BCP versus alkalinity loss through production of CO2 during calcium carbonate precipitation, which reduces CO2 solubility and thus weakens the ocean CO2 sink (known colloquially as the carbonate counter-pump, e.g., Rost and Riebesell, 2004; Manno et al., 2018). The BSi fluxes provide a gauge on the importance of diatoms, a phytoplankton functional group that forms silica frustules and has the ability to rapidly bloom and achieve high biomass and thus mediate strong export from the surface ocean (e.g., Dugdale et al., 1995). However, diatoms are limited in their overall impact in the Subantarctic Southern Ocean by the availability of silicic acid, which is sufficient over winter and spring but currently nearly completely consumed during summer, in contrast to the excess abundances of phosphate and nitrate (e.g., Trull et al., 2001c).

The sediment traps have been deployed at the Southern Ocean Time Series (SOTS) site (∼47°S, ∼142°E) approximately annually since inception of the program in 1997 (Trull et al., 2001b,c). The SOTS site is located ∼530 km southwest of Tasmania, in the Indian/Australian sector of the SAZ and has been suggested to be representative of a broader region of the SAZ from ∼90 to 145°E, based on regional oceanography and remote sensing (Trull et al., 2001c). The SAZ covers the area between Subtropical and Subantarctic Fronts (Figure 1) and is characterized by high (macro) nutrient, low-chlorophyll (HNLC) waters, with abundant phosphate and nitrate concentrations year-round, and summertime depletion of silicate concentrations. The phytoplankton community is dominated numerically by Phaeocystis antarctica and in terms of bio-volume by a mixture of haptophytes, flagellates, and small diatoms (Eriksen et al., 2018). Surface ocean pCO2 values are below atmospheric equilibrium in summer (Metzl et al., 1999; Shadwick et al., 2015). Deep mixing to >400 m in winter (Rintoul and Trull, 2001), replenishes surface nutrients and supplies oxygen to the subsurface southern hemisphere subtropical gyre waters via Subantarctic Mode Waters (Helm et al., 2011). Limitation of productivity by iron is thought to be the main driver of the region’s HNLC status (Bowie et al., 2009; Lannuzel et al., 2011).
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FIGURE 1. Location of the SOTS site (red dot) relative to average frontal positions (solid lines): Subtropical Front (STF), Subantarctic Front (SAF), Polar Front (PF). Background is Net Primary Production (illustrated for January 2012) as estimated from satellite remote sensing (see section “Materials and Methods”). The white square indicates the area used for NPP comparisons with SOTS particle fluxes.


Our goals in examining the long time series are:


1.to obtain a representative decadal estimate of the SAZ biological carbon pump (BCP),

2.to examine inter-annual variability in the BCP, including the possibility of a trend that might arise from anthropogenic impacts,

3.to characterize the seasonality of the total and component fluxes, as indicators of the probable environmental and ecological mechanisms that control the BCP strength in the Subantarctic Southern Ocean.





MATERIALS AND METHODS


The Southern Ocean Time Series (SOTS) and Sample Collection

The Southern Ocean time series is a Sub-Facility of the Australian Integrated Marine Observing System (IMOS), which currently consists of two deep ocean moorings: the Southern Ocean Flux Station (SOFS) and the SAZ sediment trap mooring.

The SAZ moorings were deployed at ∼47°S, 140°E on the abyssal plain in the central SAZ in water depth of ∼4600 m. The sediment traps were McLane PARFLUX time-series conical sediment traps, with a 0.5 m2 baffled funnel (2.5 cm baffle cell diameter) at the top and a carousel underneath that moved a series of cups under the funnel over the course of the deployment. The number of cups per trap and deployment varied between 13 and 21. Typically, the mooring was deployed with three sediment traps at nominal depths of 1000, 2000, and 3800 m except in years 2000 and 2005 (1000 and 2000 m) and 2003 (500, 1000, and 2000 m). For some of the deployments the controllers of the top two sediment traps contained tilt meters. In addition, the moorings were instrumented with current meters. Details of mooring designs, deployment voyages (and ancillary data such as CTD casts) are given in the SOTS Annual Reports (Wynn-Edwards et al., 2019). Long time series particle flux observations are particularly sparse for the Southern Ocean (but see Ducklow et al., 2008) and this time series covers nearly a full decade (from 2009–2017) and a partial decade in the late 1990s. The moorings were first deployed in September 1997 (Trull et al., 2001b) and maintained with some gaps until the present. With a few exceptions the moorings were deployed for 12 months, and trap cup sampling times ranged from 4 to 60 days. The time series has several data gaps (Figures 2A–C) due to sediment trap failures (deployment year 2005, partial data recovery), mooring loss (deployment years 2001, 2004, and 2006), vessel availability and insufficient trap sample material. The mooring was not deployed at 47°S in 2007, 2008, 2014, and 2017, owing to its use elsewhere, lack of ship time, or lack of funding. The 1000 m dataset for 2003/2004 was excluded due to suspected compromise of the mooring dynamics induced by the 500 m trap above.
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FIGURE 2. Statistics of 47°S sediment trap data per calendar year [(A) 1000 m, (B) 2000 m, (C) 3800 m] and month [(D) 1000 m, (E) 2000 m, (F) 3800 m]. During the calendar year 2013, two moorings were in the water at the same time for a short period, leading to observation days that exceed 365.


Assessment of the trap samples as a function of month of collection reveals a slight sample bias against winter, with highest sample numbers in austral summer in January across all three depths (Figures 2D–F).



Sediment Trap Preparation and Post Recovery Handling

Sediment trap cups were filled with a brine solution made up of 0.8 μm GF/F filtered seawater, collected close to the SOTS site. Typically, 5 g L–1 NaCl was added to increase density and improve particle retention in the cups, as well as 2 g L–1 Na2B4O7 10 H2O to buffer pH and reduce carbonate dissolution, 0.22 g L–1 SrCl2 6 H2O for preservation of SrCO4 acantharians and 3 g L–1 HgCl2 as a biocide.

After recovery of the mooring the sediment traps were hosed down with fresh water and allowed to settle for several days. Any unusual conditions, such as missing cups or trap failure (e.g., cups in position under the collection funnel on recovery) were recorded. Each cup had ∼20% of supernatant removed with a syringe via the fill hole to reduce the risk of spillage of poisoned brine on removing the cups from the trap carousel. The sample cups were then capped and stored refrigerated in the dark until transport to the onshore laboratory.



Sample Processing

The cups were allowed to settle for at least 3 days after transport to the onshore laboratory refrigerator. Samples were typically processed to dry matter within the following 2–3 months.

Photos of the cup collection were generally taken prior to any processing. The height of the solids in each cup was recorded after settling. Samples that had a noticeable foul odor or excessive organic material, e.g., large zooplankton (swimmers), were poisoned again with 100 μl of saturated mercuric chloride solution (HgCl2). The sample cup supernatant was sampled for pH and salinity measurements and the remaining supernatant removed carefully and discarded. Particles in the cups were re-suspended and quantitatively transferred onto a 1 mm nylon sieve to remove swimmers. Where fecal pellets were present, they were photographed and rinsed through the sieve with a stream of buffered (1 g L–1 Na2B4O7 10 H2O), filtered seawater, followed by another photograph. The >1 mm fraction, mostly zooplankton, was stored in the buffered, filtered rinse seawater, re-poisoned if a foul odor indicated its necessity, and archived. The <1 mm fraction was split 10 ways using a McLane wet sample divider (McLane, WSD-10). Three splits were archived, and the remaining seven splits were re-combined, filtered onto 0.4 μm 47 mm polycarbonate membrane filters and dried over several days at 60°C to constant weight. The dried material was weighed and then scraped off the filter and homogenized by grinding to a powder using a mortar and pestle. Samples smaller than 10 mg dry matter were insufficient for further analysis and were left on their filters and archived. Quality assurance (QA) and assessment procedures, quality control (QC) tests and flagging decisions, as well as estimated measurement uncertainties are detailed in Wynn-Edwards et al. (2020).



Chemical Analyses

Only <1 mm dry material was analyzed for biogenic silica (BSi), PIC, particulate total carbon (PC), particulate total nitrogen (PN) and POC composition. Over the course of the programme, analytical methods have changed, and are described briefly here; for additional detail see Trull et al. (2001b) and the SOTS Annual Reports (Wynn-Edwards et al., 2019). From 1997 – 2000, total silicon was determined after digestion in HNO3/HF closed Teflon bomb under heat and pressure in a digesting microwave oven, then analyzed by inductively coupled plasma/atomic emission spectroscopy (ICP-AES) (Bray et al., 2000). Between 2001 and 2013, BSi was determined by alkaline digestion and colorimetric analysis via segmented flow analysis (SFA) using an Alpkem model 3590 autoanalyser. Since 2015, BSi has been determined by the same alkaline digestion, followed by analysis at CSIRO’s hydrochemistry lab using similar segmented flow spectrometric methods (Rees et al., 2018). PIC was analyzed by conversion to CO2 through addition of phosphoric acid, followed by coulometry, at the Woods Hole Oceanographic Institution, in the United States, between 1997 and 2000 and thereafter at CSIRO, in Australia. PC and PN were determined by combustion using a CHN Thermo Finnigan EA 1112 Series Flash Elemental Analyser at the Central Science Laboratory of the University of Tasmania. POC was calculated from PC by subtraction of PIC. No corrections were made for potential particle dissolution (Antia, 2005). Notably, these particle dissolution contributions can be significant, e.g., Trull et al. (2001b) estimated silica dissolution to represent 20–30% of the total silica flux and phosphate dissolution to range as widely as 10–80% with shallower traps usually around 20% and deep traps around 40%. No corrections were made for potential under- or over-collection during high tilt or current events, although 230Th observations from the 1997–1998 deployment suggested annual average under-collection of 30–40% was possible. The choice to make no corrections represents the uncertainties of these processes and their assessment, specifically that estimation of the dissolution component from the retained brine cannot assess the possibility of brine loss, and corrections based on radio-nuclide inventories are hampered by the likelihood that 230Th is associated with small surface-rich particles in contrast to the bulk components (mass, PIC, POC, BSi) which are delivered by large particles and accordingly correction was not recommended by the SCAR Working Group assembled report on trap methodologies (Buesseler et al., 2007a).



Data Processing

Mass and component flux data were evaluated and flagged according to Wynn-Edwards et al. (2020) and only data with QC flags 1 and 2 (good and probably good, respectively) were included in subsequent analyses. Across the deployment, cups were open for varying number of days, the midpoint date was used as the date of the cup result. Data gaps within deployments due to missing cup data were linearly interpolated from neighboring cups. The cup-by-cup data sets were then linearly interpolated on daily time steps for mass and component flux calculations per year. Due to the typical seasonality with peak particle flux in austral spring and summer (mid-September to mid-March, see Figure 7 and section “Possible Role of Seasonality in Control of Flux: Singular Value Decomposition”), and to avoid fragmenting these major flux events, the annual cycle was defined as 21st June to 20th June, rather than by calendar year. Daily interpolated data were only constructed for periods with data that covered a full annual cycle.

Data gaps between deployments were filled onto daily time steps via either of the following two ways, but only if the data gap fell outside of the main flux periods:


1.linear interpolation in six cases for the 1000 m, four cases for the 2000 m and six cases for the 3800 m data set; these gaps were no longer than 85 days;

2.extrapolation of the nearest data point to complete an annual cycle was used six times for the 1000 m, four times for the 2000 m, and five times for the 3800 m data set; these gaps were no longer than 117 days.



Based on cumulative annual flux calculations used in evaluating flux stability (see below) these duration gaps represent less than 10% of the average annual mass flux. If large data gaps fell within the main flux periods the data set was excluded for annual calculations.

In 2013, the deployment and recovery schedule resulted in two moorings sampling at the same time in close proximity. For the 1000 m traps there was an overlap between 26/05/2013 and 05/09/2013. Due to trap failure, the overlap was only one cup at 2000 m, between 26/05/2013 and 12/06/2013 and there was no overlap for the 3800 m traps. The overlapping mass and component flux results were averaged.



RESULTS AND DISCUSSION

To address our goals as listed in the Introduction, we first present the average characteristics of the deep particle fluxes over the 20-year record and their attenuation with depth, and then examine their interannual, seasonal, and higher frequency variability. Our evaluation emphasizes potential controls on POC fluxes, including:


1.the influence of biogenic minerals, including the magnitude of the carbonate counter-pump,

2.the seasonal stability of the flux as an indication of possible decoupling of production and grazing,

3.the magnitude of surface productivity.



We begin with information gained directly from the flux measurements, and then compare to other observations.

Our analysis treats the observations as a time series of local processes in a 1-dimensional framework of settling particles, without explicit consideration of advective particle inputs from outside the region. We base this simplification on the location of SOTS within a small gyre lying between the eastward flowing Antarctic Circumpolar Current and westward flow to its north (Herraiz-Borreguero and Rintoul, 2011), low surface velocities estimated from satellite altimetry (∼20 cm s−1 with occasional excursions to 50 cm s−1 in mesoscale eddies Meijers et al., 2011), and currents as measured on the SOTS moorings (∼12 cm s−1 with short excursions to <35 cm s−1 at 1200 m, and decreasing further with depth; Bray et al., 2000 and the SOTS Annual Reports Wynn-Edwards et al., 2019 available on the AODN portal). These velocities suggest that most particles derive from sources close to SOTS. At 20 cm s–1 (equivalent to 17 km d–1) fast sinking particles (100 m d–1) arrive at the 1000 m deep trap from no further than 170 km away. The source region to the deeper trap is only ∼50% larger, because current velocities decrease with depth. Moreover, as shown using a circulation model, the dominance of mesoscale eddies in the region confines the particle source regions to within a few degrees of latitude and longitude of the SOTS site for sinking rates greater than 30 m d–1 (Hamilton, 2006). Further, this region is largely homogeneous in satellite ocean color images, and evaluation of statistical funnel effects (as described by Siegel et al., 1990) suggests local surface variations may add noise to seasonal records but do not bias their average seasonal cycle (Hamilton, 2006). While direct measurements of particle sinking rates are not available, gel trap analysis of sinking particles in the SAZ showed that most of the particles are large and therefore presumably fast sinking (Ebersbach et al., 2011). There are, however, some observations that suggest slowly sinking small particles may also influence the trap records. In particular, silicon isotopic variations suggest that slowly sinking small diatoms produced in summer do not arrive in the traps until winter (Closset et al., 2015), and study of suspended particles filtered from the top 600 m along a northward transect found rare earth element signatures suggesting inputs of small lithogenic clays from the Tasmanian shelf (Cardinal et al., 2001). Thus, while our 1-dimensional homogeneous source analysis seems appropriate for the major component fluxes, it comes with the caveat that allochthonous advective inputs may also occur, especially for small particles.


Average Particle Fluxes and Their Composition

The 20-year record of mass fluxes is shown in Figure 3, for both the cup-by-cup observed intervals and the interpolated daily resolution. The top three panels show the results for the first decade (Figures 3A–C), and the second three panels for the second decade (Figures 3D–F), during which higher data returns were achieved as the moorings became more durable and the deployment and recovery procedures more reliable. There is both considerable seasonal variability and interannual variability in the seasonality. Some summers have single peaks, others multiple events. Some winters have very low fluxes; others do not. Analysis of this variability is important to assess its causes and the associated implications for appropriate descriptions of ecosystem and export dynamics (as addressed in the sections below). As shown in Table 1, annual average fluxes (computed by breaking the records at 21st June each year to yield 7–9 years with full annual records, depending on the component and depth under consideration- see section “Materials and Methods”) are less variable, with a relative standard deviation of ∼45% at 1000 m depth, which tightens to ∼30% at 2000 m depth and less than 20% at 3800 m depth. This sense of relatively small interannual variability in the integrated annual fluxes (in contrast to strong seasonality and its interannual variability as mentioned above) implies that our determination of representative decadal average flux estimates (as listed in Table 1) is robust, but also requires the caveat that the full range of integrated annual flux values is quite large, decreasing with depth from ∼17-fold to 4-fold to 2-fold.
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FIGURE 3. Multi-year record of mass fluxes at SOTS showing interannual variability in timing and amplitude of peak mass flux periods. Collection cup durations are represented by bar widths, with interpolated daily fluxes overlaid in blue and % POC (w/w) compositions in red. (A–C) Are for the first decade (June 1997 – June 2008) and (D–F) for the second decade (June 2008 to June 2017). Gray shaded areas represent the 6 months that cover the main flux period during early spring and summer, 21th September to 21th March, as shown by average fluxes discussed in section “Possible Role of Seasonality in Control of Flux: Mean Seasonal Cycles” and Figure 7.



TABLE 1. SOTS average particle fluxes and compositions for the years with full records, minimum and maximum values in brackets, relative standard deviation expressed as percentage in square brackets.

[image: Table 1]The flux composition is more stable than its magnitude. This is seen readily by comparing the mass flux and %POC data in Figure 3, and by the average compositions in Table 1. The total mass flux at 1000 m depth is dominated by carbonate minerals (>60%), accompanied by opal (∼10%), and POM (∼17%). The contribution of POM decreases steadily with depth to ∼10% at 3800 m, with the other components showing smaller changes. Variability in the percent composition is small at all depths, well under 10% for the carbonate component, approximately twice this for POM, and slightly more for opal with the highest variability at 3800 m reaching 26%.

On a molar basis, inorganic carbon (PIC) is 4-fold more abundant than BSi and of similar abundance than organic carbon (POC) at 1000 m. Thus, the SOTS site is well-characterized as a “carbonate ocean” in the terminology of Honjo (Honjo et al., 2008), with secondary influence from biogenic opal, derived primarily from diatoms (Rigual-Hernández et al., 2015; Eriksen et al., 2018). The average POC flux of 1.4 ± 0.3 g m–2 year–1 at 2000 m is similar both to the first estimate made at the site in 1998 and to the global median (Trull et al., 2001b). Lithogenic fluxes have not been measured regularly, and previous work has suggested they are negligible (Trull et al., 2001b). However, the sum of the masses of the measured component fluxes is on average only ∼90% of the total measured mass fluxes, leaving open the possibility of lithogenic fluxes contributing up to 10% of the total flux. Comparing estimates of coccolithophore calcite (Rigual Hernández et al., 2019; Rigual-Hernández et al., 2020) and foraminifera shell weights (King and Howard, 2003; Moy et al., 2009) to total PIC fluxes suggests roughly equal contributions from these phytoplankton and zooplankton sources to the sediment trap collected carbonate fluxes (Trull et al., 2019). The POM had average POC/PN ratios that increased with depth (Table 1) and were above those expected for phytoplankton (Redfield, 1963; Copin-Montegut and Copin-Montegut, 1983), presumably as a result of preferential nitrogen remineralization (Honjo and Manganini, 1993; Conte et al., 2001; Schneider et al., 2003).

In summary, annual average fluxes at SOTS are close to the global median for POC, which is accompanied dominantly by PIC. Interannual variability is moderate (as represented by the standard deviations over 10 years for 1000 m and 9 years for 2000 and 3800 m). No long-term trends were present in any of the annual averages over the observational period (Figure 4 and additional analyses of the time series). The presence of PIC has important implications: it adds ballast to sinking aggregates which can enhance their delivery of POC to the ocean interior (Klaas and Archer, 2002). It also reduces the impact of the POC fluxes on the partitioning of CO2 between the atmosphere and ocean, via the effect known as the carbonate counter-pump, in which each mole of carbonate precipitated increases seawater aqueous CO2 by ∼0.6 mole (Frankignoulle and Gattuso, 1993), countering its removal by photosynthesis and the biological carbon pump. The importance of this counter-pump is usually assessed for the surface mixed layer, where the aqueous CO2 content affects air-sea exchange, by assuming that deep trap PIC fluxes represent carbonate losses from the surface and back-extrapolating the deep trap POC fluxes to the mixed layer depth (e.g., Salter et al., 2014) assuming an attenuation function for the intervening depths, typically a canonical power law (Martin et al., 1987). That is, the effective carbon sequestration flux leaving the mixed layer can be written:


[image: image]

FIGURE 4. Annual mass and POC fluxes in g m– 2 yr– 1. POC fluxes for years marked with * had gaps filled with average %POC values to complete an annual cycle for this figure. Median (dashed line) and average (solid line) mass fluxes do not include the years marked with *. (A) 1000 m, (B) 2000 m, (C) 3800 m.
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Using 100 m for the summer mixed layer depth when production is significant (Trull et al., 2019), b = 0.858 (Martin et al., 1987), and the average PIC/POC at 1000 m of 1.0 ± 0.2 (Table 1) suggests the presence of PIC reduces the effectiveness of the biological organic carbon pump by 8 ± 2%. This is similar to previous Southern Ocean estimates (Salter et al., 2014). Clearly this efficiency estimate is approximate and dependent on many assumptions. Notably, the attenuation of POC flux with depth at SOTS may be higher than expected from the Martin et al. (1987) formulation, as discussed in the next section, and this would reduce the impact of the carbonate counter-pump on carbon sequestration.

Finally, the importance of PIC at SOTS implies that the ecosystem and its biological pump are likely to be susceptible to ocean acidification. In this regard, previous work has suggested that foraminifera shell weights at SOTS are lower than during the pre-industrial Holocene, by amounts consistent with expectations from ocean acidification (Moy et al., 2009). In contrast, study of recent decadal variations in pteropod fluxes at SOTS showed both increases and decreases over time, depending on the species examined (Roberts et al., 2014). Carbonate mineral saturation states are currently still relatively high in the SAZ (Trull et al., 2018), but are expected to diminish strongly by the end of the century at which time impacts may increase (Orr et al., 2005), and the present SOTS observations provide a well determined baseline and an archived set of samples for later comparisons.



Flux Variations With Depth: Observations

On average sediment traps at 1000 m recorded a lower mass flux than the two deeper traps. This apparent under-collection has been reported previously (Honjo and Manganini, 1993; Yu et al., 2001; Berelson, 2002) and tentatively attributed to a combination of stronger currents at shallower depths that reduce trapping efficiency and mesopelagic processes that lead to increased compacting and aggregation of sinking particles below 1000 m which lead to improved trapping efficiency at greater depth. Since there is currently no consensus on the magnitude that currents and tilt might have on trapping efficiency (Gardner, 1985; Buesseler et al., 2007a), we did not correct our flux data (see section “Materials and Methods”).

The range of mass fluxes was largest at 1000 m and decreased with depth. Interestingly, the largest fluxes measured at all three depths over the time series were similar, while the smallest fluxes which occurred at 3800 m were vastly greater than those at 1000 and 2000 m. The highest cup flux measured was 222 mg m–2 d–1 at 1000 m, 256 mg m–2 d–1 at 2000 m and 205 mg m–2 d–1 at 3800 m. The lowest cup mass flux measured at 1000 m was 0.2 mg m–2 d–1 and 0.1 mg m–2 d–1 at 2000 m but never less than 13.9 mg m–2 d–1 at 3800 m. POC fluxes at SOTS ranged between 4 and 2298 mg m–2 d–1 at 1000 m, 67 and 2457 mg m–2 d–1 at 2000 m and 54 and 1312 mg m–2 d–1, which may seem large but is in line with other time series and smaller than that reported for the upper 500 m at the BATS time series station at 32°N, 64°W (0.1–311 mg POC m-2 d-1 between 1998 and 2016, Johnson and Pacheco, 1998-2016)1. The average attenuation of POC flux in g m–2 d–1 from 2000 to 3800 m was 29%, similar to previously reported attenuations between 1500 and 3200 m of 25% in the western Sargasso Sea (Conte et al., 2001).

As noted in the previous section, the standard deviation of annual mass fluxes decreased with depth. This was broadly speaking also true for POC, with relative standard deviations of 35, 21, and 24% at 1000, 2000, and 3800 m, respectively. Decreases in the variability of BSi and PIC fluxes with depth were smaller (Table 1). Overall, the compositional information is consistent with the view that flux composition becomes more homogeneous with depth, either as a result of removal of labile components from all particles (Conte et al., 2001), or the ability of only a limited class of particles to reach the deep sea (Boyd and Trull, 2007; Trull et al., 2008). Reduced flux variability could also be due to the increased spatial and temporal statistical funnel at greater depth (Siegel et al., 1990). The statistical funnel refers to the theoretical surface area from which particles most likely originated, which depends on the particle sinking speed and the three-dimensional fluid velocity acting on the particle as it sinks.



Flux Variations With Depth: Comparisons to Common Algorithms

The most commonly used algorithm for C export attenuation is the empirical formulation of Martin et al. (1987)

[image: image]

where Cflux(z) represents carbon flux at depth z and Cexport the carbon exported from the surface ocean at depth zo, typically taken as the mixed layer depth. Cexport is equivalent to net community production (NCP) in a steady-state system (assuming negligible DOC export). NCP at the SOTS site has been estimated using a range of techniques: mixed layer O2/N2 budgets (Weeding and Trull, 2014), nitrogen depletion in the surface layer (Lourey and Trull, 2001), 234Th surface water deficit measurements (Jacquet et al., 2011) and a dissolved inorganic carbon budget (Shadwick et al., 2015), and reported values range from 3 to 6 mol C m–2 yr–1. POC fluxes at the SOTS site thus represent 2–3% of NCP at 1000 m, 2–4% at 2000 m and 1–3% at 3800 m. In comparison, using z0 of 100 m and the b value of −0.858 proposed by Martin et al. (1987) based on limited observations from the Pacific Ocean, ∼8% of NCP would arrive at 2000 m. A wide range of b values from 0.5 to 2 have been shown to occur globally (Boyd and Trull, 2007 and ref. therein), in which case 0.3 – 22% of NCP can be expected to arrive at 2000 m, and the POC fluxes at 2000 m over the 20-year time series place the b value at 1.1 to 1.3 for z0 100 m, i.e., higher than the canonical Martin b value but well within the global range of power-law attenuation coefficients.

An earlier algorithm for POC flux at depth related it directly to Net Primary Production (NPP) (Suess, 1980)
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where Cflux(z) represents carbon flux at depth z and CNPP is the rate of NPP in carbon units. The dependence on depth is equivalent to a power law b value of 1, and thus the attenuation is similar; while the expression in terms of NPP convolves the attenuation with depth with the fraction of NPP that escapes the surface layer, commonly described by the e-ratio, and taken as equivalent to the fraction of new production known as the f-ratio over the annual mean (see Boyd and Trull, 2007 for discussion).

Satellite ocean color-based estimates using the VGPM algorithm (see section “Possible Role of Net Primary Production in Control of Flux” for details) place the average annual NPP between 2009 and 2016 at 138 ± 14 g C m–2 yr–1 at SOTS. There are several sources of potential bias in this estimate of NPP in the Southern Ocean, including that phytoplankton chlorophyll-a is likely underestimated by standard ocean color algorithms (e.g., Johnson et al., 2013) and large variations among productivity models have been reported (e.g., Carr et al., 2006). Putting those caveats aside, comparing the SOTS sediment trap POC fluxes to this annual NPP estimate suggests ∼0.8 ± 0.4% of surface NPP arrives at 1000 m depth (0.9 ± 0.4% at 2000 m and 0.7 ± 0.2% at 3800 m), which is less than half of the 1.8% expected from the Suess algorithm.

The SOTS trap-based fluxes at 2000 m of 2–4% of NCP are also low compared to estimates of ∼15% from Weber et al. (2016) and DeVries and Weber (2017) based on large-scale ocean nutrient distributions, and the estimate of <5% from Henson et al. (2012) for the Southern Ocean (euphotic zone to 2000 m) based on satellite productivity and 234Th measurements. In summary, POC transfer efficiency at SOTS seems to be lower than expected from commonly used export models but within the ranges of values observed globally and elsewhere within the Southern Ocean (Boyd and Trull, 2007; Buesseler et al., 2007b; Maiti et al., 2013).



Can We Explain the Interannual Variability of Mass or POC Fluxes?

Broadly speaking, interannual flux variability should derive from differences in surface primary productivity (stage 1), the component of this production exported from surface waters (stage 2), and/or attenuation at mesopelagic depths (stage 3), with each of these stages considered to contribute similarly to flux variations at global scale (Boyd and Trull, 2007). Previous conceptions of important controls on these processes have included the ballast hypothesis (Armstrong et al., 2001) in which the presence of biogenic minerals increases sinking rates and reduces remineralization rates thereby enabling more POC to reach the deep sea (influencing stage 3), and the flux-stability hypothesis (Lampitt and Antia, 1997) in which systems with strong seasonality are considered to achieve decoupling of production and grazing thereby enabling greater export (influencing stage 2). We investigate each stage of the BCP by considering the mechanisms that influence the three stages outlined above. The influence of stages 3 and 2 can be gauged using our time series observations, and the possible role of stage 1, primary production, by comparison to satellite-derived productivity estimates. We first examine the role of ballast (see section “Possible Role of Particle Ballast in POC Flux Magnitude”) and then seasonality via the flux stability metric [see section “Possible Role of Seasonality in Control of Flux – The Flux Stability Index (FSI)”], mean seasonal cycles (see section “Possible Role of Seasonality in Control of Flux: Mean Seasonal Cycles”), and SVD to derive seasonal modes (see section “Possible Role of Seasonality in Control of Flux: Singular Value Decomposition”). Finally, we compare the annual mean fluxes to annual mean NPP (see section “Possible Role of Net Primary Production in Control of Flux”).


Possible Role of Particle Ballast in POC Flux Magnitude

The importance of ballast minerals for POC flux to depth has been widely explored, and there is a growing understanding that the magnitude of POC export from the surface might be less important than the composition of the particles and site specific mesopelagic processes (Buesseler et al., 2007b). Independent of the magnitude of NPP, how particles sink and what happens to them on the way down, i.e., attenuation mechanisms, play an important role in determining the magnitude of flux at depth. Flux attenuation is a function of sinking velocity and how well the particles can be remineralized or how likely they are to be grazed on their path down. It has been proposed that plankton community structure influences both the exported fraction (i.e., the f-ratio) and the flux attenuation mechanisms. A NPP with a high percentage of diatoms may to lead to high export ratios but low transfer efficiency due to the labile state of the POC associated with diatom-dominated particle export (Lima et al., 2014). Conversely, particle fluxes dominated by calcifiers can have a higher transfer efficiency, due to faster sinking velocities and reduced particle porosity (Guidi et al., 2009; Lima et al., 2014; Bach et al., 2016, 2019; Mouw et al., 2016), although Honda and Watanabe (2010) found a higher POC carrying capacity for BSi than PIC in the sub-arctic northwest Pacific.

At SOTS, the annual POC flux was positively correlated with PIC flux only at 1000 m (adjusted R2 = 0.8, p = 0.0009), and not at the two depths below (p > 0.1) whereas annual POC fluxes were positively correlated with annual BSi fluxes at all three depths (adjusted R2 = 0.7, p = 0.006, adjusted R2 = 0.8, p = 0.004 and adjusted R2 = 0.8, p = 0.0006 for 1000–3800 m, respectively). This could indicate that the presence of diatoms increases POC transfer to depth in the Subantarctic, as found in the sub-arctic (Honda and Watanabe, 2010). Expressing the particle composition as a ratio of the two ballasting components (PIC and BSi, Figure 5A), also shows that on an annual basis lower PIC/BSi molar composition of sinking particles is weakly associated with higher POC fluxes (1000 m adjusted R2 = 0.5, p = 0.04; 2000 m adjusted R2 = 0.6, p = 0.03; 3800 m adjusted R2 = 0.5, p = 0.03), challenging the notion that diatom-dominated POC export is more labile and therefore has a lower transfer efficiency (Lima et al., 2014). The correlation between PIC/BSi molar ratio and transfer efficiency (expressed as the percentage of NPP carbon arriving at depth) is much weaker and only statistically significant at 1000 m (adjusted R2 = 0.9, p = 0.004, 2000 m p = 0.2 and 3800 m p = 0.06, Figure 5B). This is consistent with the finding in section “Possible Role of Net Primary Production in Control of Flux” below that annual POC fluxes were independent of NPP. The molar ratio of PIC to BSi was also not correlated with annual NPP (Figure 5C). In combination, these observations suggest that biogeochemically defined phytoplankton functional types (diatoms, coccolithophores) influence either the fraction of NPP that is exported, or its subsequent attenuation (or both together) as it transits the mesopelagic zone, while the magnitude of NPP is not a useful predictor for POC fluxes beyond 1000 m.
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FIGURE 5. Relationships between the two major ballasting components of sinking particles (expressed as their ratio PIC/BSi on the x-axes) and POC flux (A), NPP (B), and the transfer efficiency (expressed as POC flux/NPP, C). Trend lines are shown only for statistically significant correlations.




Possible Role of Seasonality in Control of Flux – The Flux Stability Index (FSI)

A conventional view (e.g., Lampitt and Antia, 1997) of particulate fluxes is that large annual mass fluxes are the result of short-duration, but large magnitude events (in high latitude and temperate systems), while smaller annual fluxes are the result of smaller magnitude events occurring consistently through the year (in tropical/oligotrophic systems). To quantitatively distinguish between these two flux behaviors, Lampitt and Antia (1997) devised the Flux Stability Index (FSI), in which measured fluxes are sorted by decreasing magnitude, irrespective of their seasonal timing, and the FSI is given by the number of days required to accumulate 50% of the annual flux.

The average FSI computed at each trap depth (Figure 6) were not statistically different from each other and ranged from 87 ± 21 days at 1000 m, to 98 ± 28 at 2000 m, to 120 ± 19 at 3800 m. These values are at the higher end of the global range reported by Lampitt and Antia (1997), and accordingly relatively low annual POC fluxes would be anticipated. However, as noted in section “Average Particle Fluxes and Their Composition,” the SOTS POC fluxes are close to the global median. The FSI values at the site varied interannually over much of the global range, but there was no statistically significant correlation between FSI and annual POC fluxes (Figure 6A), nor between the FSI and the transfer efficiency expressed as percentage of NPP arriving at depth (Figure 6B). This lack of significant relationship between FSI and mass flux was also observed by Lampitt and Antia (1997) for polar regions and may be due to significant fluxes during non-peak seasons, which have also been observed at SOTS (Figure 3). A closer look at the seasonality at SOTS is provided in the next section.
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FIGURE 6. Comparisons of POC flux (A) and transfer efficiency (B) with the flux stability index (FSI) revealed no significant correlations. The pink dashed line shows the relationship between transfer efficiency and FSI proposed for non-polar regions by Lampitt and Antia (1997).
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FIGURE 7. Mass flux seasonality at each depth: (A) 1000 m, (B) 2000 m, (C) 3800 m. Fortnightly averages in blue, with blue shaded area representing 1 SD. The first mode from the SVD analysis is shown in red.




Possible Role of Seasonality in Control of Flux: Mean Seasonal Cycles

Given that annual POC flux is correlated with particle composition, and thus likely with ecosystem structure, a closer look at flux seasonality might help shed some light on the source of this correlation. This is also motivated by the long-standing recognition that organic matter available from the euphotic zone arises from the small imbalance between autotrophic production and its heterotrophic consumption, and this imbalance may be larger when there is strong seasonality owing to the generally longer life cycles of heterotrophs (e.g., Evans and Parslow, 1985; Morel et al., 1991; Lutz et al., 2007; Lindemann and St John, 2014). To construct a mean flux seasonality, daily interpolated mass flux data was averaged over fortnightly intervals (Figure 7, blue line, shaded area). The resulting mean seasonal cycle is best described by a temperate, early spring and late summer, two-peak pattern at all three depths. This is most clearly distinct at 1000 m, with the peaks overlapping at 2000 and 3800 m (where their distinct nature is mainly discernible via the compositional variations (Figure 8). Variability during peak flux periods is reduced with depth, as seen in the reduced standard deviation envelope around the mean flux in Figure 7. The largest standard deviation falls into the summer period of December and January, indicating that the timing and magnitude of the summer flux peak is variable across years. Looking at individual years (Figure 3), the large standard deviation for the 1000 m flux data in January is due to the varying timing of the secondary peak (Figure 7A). At 2000 m, the standard deviation of the mass flux data in December is large since half of the analyzed years had no peak flux in December (Figure 7B). Explanations for the change in seasonal pattern with depth include a time shift in the observed peak flux from October to January moving from 1000 to 3800 m due to slow sinking particles, and the possibility that the late summer peak at 1000 m does not penetrate to depth. It is also possible to view the background flux at 3800 m during winter as a result of slow sinking particles originating from the late summer peak at 1000 m (Closset et al., 2015). Fluxes during winter at 3800 m never reach zero and are far greater than those measured at 1000 and 2000 m during the same period (as stated in section “Flux Variations With Depth: Observations”). An alternative explanation could be that particles from the spring peak at 1000 m are attenuated more quickly, and this explains the near absence of the first peak at 3800 m – in this view the main peak at 3800 m would be derived from the late summer peak observed at 1000 m, via very rapid particle sinking (Conte et al., 2001). Cross-covariance calculations with daily interpolated mass flux data (as described by Conte et al., 2001) and with component ratios of particles across depth (modified after Berelson, 2002) indicated that particle sinking speeds are in the order of days, i.e., hundreds of meters per day (data not shown).
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FIGURE 8. Seasonal component flux variations at each depth: (A) 1000 m, (B) 2000 m, (C) 3800 m. Lines show average values; shaded envelopes show 1 SD.


Figure 8 shows the seasonal variations in the component fluxes of PIC, POC, and BSi, which deviate slightly from the pattern of mass fluxes. The PIC flux has a similar two-peak shape at all three depths, with the same shape and timing as total mass flux, unsurprising due to its dominant role in particle composition. The BSi flux at 1000 m appears more diffuse across a broad time frame, from spring to summer (October to February), with three possible minor peak flux events. This is in line with diatom fluxes found in sediment trap material from 1999–2001 (Rigual-Hernández et al., 2015). At 2000 and 3800 m biogenic silica flux was similar to that of the mass flux in its overlapping two peak seasonality. The concept of multiple episodes of BSi export is consistent with seasonal surface phytoplankton community observations via autonomous water sample collection during the 2010/2011 deployment, which indicated that diatom biovolume peaked in late September, with contributions from large diatoms highest in early December, and the late summer community exhibiting more weakly silicified frustules (Eriksen et al., 2018). The average POC flux was highest in the spring to summer period, again with three possible peak flux events at 1000 m, two peaks at 2000 m and two overlapping peaks at 3800 m. Average POC fluxes were largest in late January, when interannual standard deviations were also largest.



Possible Role of Seasonality in Control of Flux: Singular Value Decomposition

Calculating average fortnightly total mass and component fluxes and their associated standard deviations helps to describe the mean seasonality and how much it varies between years, but is in itself not an explanation for the interannual variability in mass or POC flux. To help us quantify whether the seasonality of fluxes and its variability influences total annual POC flux we used the results of a Singular Value Decomposition (SVD) as explained in the next section.

SVD offers an objective way to elucidate underlying patterns in time series, via least-squares minimization to deconvolve them into a reduced set of orthogonal modes that are ranked in order of the fraction of variance they explain (e.g., Cadzow et al., 1983; Yoder and Kennelly, 2003; Kim et al., 2016; Trinh and Ducklow, 2018). To do this, our time series was divided into annual cycles (at 21st June of each year, see section “Materials and Methods”) with fortnightly resolution, providing 10 records for 1000 m, and 9 records for the deeper depths (2000 and 3800 m). The first 3 modes captured nearly all the variance (at all depths), and we focus our discussion accordingly. The first mode of the SVD analysis is overlaid on the fortnightly mass flux averages in Figure 7 (red line), and has very similar seasonality to the average fluxes, i.e., it exhibits spring and late summer peaks. It explained 79% of the variability in mass fluxes at 1000 m, 85% at 2000 m and 93% at 3800 m.

The first three modes for the 1000 m mass fluxes are compared in Figure 9A. Mode 1 describes the dominant temperate seasonal pattern of a spring bloom (in October) and secondary late summer (late January) peak. Mode 2 shows that a relatively strong summer peak is associated with a late start to the spring peak (and vice versa). Mode 3 indicates that a short duration spring peak is associated with an early and short duration secondary peak (and vice versa). Modes 2 and 3 each explain similarly small portions of interannual variance of 8 and 5%, respectively. The majority of interannual variation in mass fluxes is therefore explained by a typical seasonality (Mode 1) with varying contributions to the flux magnitudes each year, as shown by seasonal representation of Mode 1 for the 10 years at 1000 m in Figure 10A, i.e., high and low flux years therefore share a common seasonality of two peaks. Figures 9B, 10 also show that Modes 2 and 3 vary in their sign across the time series, and that there is no overall trend in any of the three Modes. While Mode 1 dominates the other two modes, individual years stand out, e.g., in 2010 when the influence of Mode 2 is similar to Mode 1 in other years (Figure 10B). Despite this variation in the strength of Mode 2 and 3 for individual years, their annual coefficients do not correlate with annual mass flux (not shown) and so the timing of total mass peak flux events does not explain interannual variability in total mass flux. This has important ramifications for the evaluation of ecological hypotheses based on decoupling of production and grazing in the control of POC fluxes, as discussed below.
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FIGURE 9. Singular Value Decomposition for mass flux at 1000 m (A) Seasonal structure of Modes 1 – 3. (B) Interannual time series of the principal component coefficients of Modes 1–3. The % variance explained by these Modes was 79, 8, and 5%, respectively.
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FIGURE 10. Interannual variations in the seasonal 1000 m mass flux contributions of the Singular Value Decomposition Modes. (A) Mode 1: 79%, (B) Mode 2: 8%, (C) Mode 3: 5%.


Mode 1 for mass fluxes at 2000 and 3800 m explains an even larger percentage of the interannual variances, 85 and 93%, respectively. Again, most of the interannual variation in mass fluxes is explained by the differences in Mode 1 mass flux magnitudes and to a lesser extent by the timing of the peak flux events. The seasonality of mass fluxes at 2000 m is best described by a broad, possibly overlapping double-peak in late November (Figure 7B). At 2000 m, Mode 2 explains more than twice as much of the interannual variability than Mode 3 (7 and 3%, respectively). Mode 2 represents a change in the timing of the peak flux events at 2000 m by a few weeks from year to year and Mode 3 shows that for years with smaller fluxes during summer, mass fluxes occur later in the year and vice versa (data not shown). The seasonality of mass fluxes at 3800 m is also best described by an overlapping double peak, however, much later than at 2000 m, in late January (Figure 7C). Mode 2 explains 4% of the variability and with only 1% Mode 3 is not considered further here. Mode 2 indicates that years with relatively small peak mass flux in January exhibit increased mass fluxes throughout the rest of the year (1997/1998, 2010/2011, and 2012/2013, data not shown). The larger statistical funnel for particle collection at 3800 m depth likely explains the high percentage of variability accounted for by Mode 1. This deepest trap collects particles over a larger spatial range and slow sinking particles originating in high flux periods during summer can arrive at greater depths during later low flux periods, smoothing out the seasonal variation at greater depth (Closset et al., 2015).

In summary, variations in the timing of peak flux events (characterized by Modes 2 and 3) explain a small proportion of interannual flux variability and as such do not help to explain interannual variability in total flux. That variability is dominated by the changing intensity of Mode 1. Analysis of the time series of mode coefficients did not reveal any trends, and thus there is not yet evidence of change in the spring initiation of productivity or the duration of the production season, as expected from century timescale coupled climate change and ocean biogeochemistry simulations (e.g., Bopp et al., 2001; Gehlen et al., 2006; but see Ducklow et al., 2008).

This analysis of the role of seasonality in interannual flux variations has been built on the Modes of mass flux. It is possible to also estimate Modes for each major component (PIC, BSi and POC) separately (as shown in Figure 11 for 1000 m depth). Again, the first Mode explains most of the variance of each of the flux constituents. For PIC Mode 1 has a very similar shape to that of mass flux, with somewhat greater influence of the first spring peak relative to the summer peak. BSi Mode 1 exhibits an intervening December peak, and thus less distinct separation into two separate flux events. POC Mode 1 combines aspects from both of these other components, with spring and especially summer peaks and a smaller intervening flux component. This explains 78% of interannual variability. The difference in timing of component peaks, with the PIC in late October and the BSi in late December, in comparison to peak POC fluxes in late January, seem to place more emphasis on opal forming plankton as POC carriers. Seasonally varying processes in the mesopelagic that might lead to stronger POC flux attenuation in spring versus late summer, however, cannot be ruled out. Modes 2 and 3 of component fluxes at all three depths do not correlate with annual POC flux, again indicating that the timing of peak flux events, whether it be total or that of any particular component, does not explain interannual variability of POC flux. There was also no temporal trend in the coefficients of Modes 1–3 for the components at any of the three depths.


[image: image]

FIGURE 11. Singular Value Decomposition Modes for the particle component fluxes at 1000 m (A) POC, (B) PIC, (C) BSi.


With the SVD perspectives on seasonality in mind, we reconsider the FSI at SOTS. The interannual range in FSI of 43–144 days (43–114 at 1000 m, 54–144 at 2000 m, 94–143 at 3800 m) was similar to the global range reported by Lampitt and Antia (1997), and thus to the expectation of significant interannual variability in transfer efficiency. Figure 6 shows that interannual variation does occur, but is not correlated with FSI. The SVD shows that an overwhelming portion of the interannual flux variance is accounted for by the intensity of Mode 1, and thus that changes in the intra-seasonal temporal structure of the flux (as captured by the FSI) are not the most important driver of the interannual flux variations. In other words, results for all three depths indicate that the shape of the seasonal cycle is relatively consistent. This is consistent with the results that Modes 2 and 3, that describe changes in the seasonality, explain only small proportions of the interannual flux variance. In combination, the FSI and SVD analyses suggest that if trophic decoupling is a major driver of exported flux, then it must occur without changes in seasonality.



Possible Role of Net Primary Production in Control of Flux

A possible source of variability in annual flux is variability in NPP at the surface. Monthly estimates of NPP around the SOTS site (47°S and 142°E, with a square box around it of 1.5 degrees in both latitude and longitude, Figure 1) were obtained from the satellite-derived Vertically Generalized Production Model (VGPM, Behrenfeld and Falkowski, 1997) via the Oregon State University Ocean Productivity website2, and assembled to provide integrated annual estimates of production. Figure 12, however, shows that there is no correlation between integrated annual production at the surface and integrated annual flux arriving at depth. Relative standard deviation of annual NPP between 2009 and 2016 was 10% compared to annual POC flux variability of 39% at 1000 m and 20% at 2000 m, which implies that export and/or attenuation may be more important controls than NPP. Recent assessments of satellite ocean color records have shown no statistically significant trends in either chlorophyll or derived NPP estimates in the SOTS region over the period 2003–2019, in keeping with the lack of trends in our observed fluxes at depth (Thompson and McDonald, 2020; Thompson et al., 2020).
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FIGURE 12. Comparison of Annual POC flux and Annual NPP at SOTS. No statistical correlation was observed at any depth.




CONCLUSION AND PERSPECTIVES

After 20 years, SOTS is now one of the longest duration particle flux time series, particularly in the sparsely sampled Southern Ocean. Average POC fluxes across the three depths of 1.0 to 1.4 g m–2 yr–1 (1000–3800 m) recorded over the 20-year time series are comparable to previously measured values at the SOTS site (Trull et al., 2001b), other Subantarctic sites (Honjo et al., 2000; Nodder et al., 2016), the North Atlantic (Conte et al., 2001), the northeastern Subarctic Pacific (Wong et al., 1999) and the global median (Lampitt and Antia, 1997; Mouw et al., 2016). In contrast, the SOTS POC fluxes are lower than those of 2.5 g m–2 yr–1 for the polar North Pacific Ocean, 3.8 g m–2 yr–1 for the Pacific Sector of the Southern Ocean, 1.7 g m–2 yr–1 for the Atlantic Sector of the Southern Ocean, but larger than 0.6 g m–2 yr–1 for the Indian Sector of the Southern Ocean, as compiled by Lutz et al. (2007). The moderate interannual variability in total mass flux and the range in fluxes are similar to that of other long standing sediment trap time series (e.g., Ocean Station Papa in the Northeast Pacific, Wong et al., 1999).

No long-term trends in mass or POC fluxes can yet be seen beyond natural variability, which was also true for the 20-year time-series at BATS (Conte et al., 2001). This is consistent with expectations from a recent modeling study. Schlunegger et al. (2019) calculated the emergence time scales of anthropogenic impacts for a range of physical and biological processes, including a reduction in the strength of the soft-tissue pump as a consequence of reduced supply of nutrients to the surface ocean caused by changes in ocean circulation and stratification. The emergence timescale of this reduction is expected to be on the order of 23–50 years globally and up to 76 years locally. Schlunegger et al. (2019) also predicted a reduction in the calcium carbonate counter-pump to emerge in 10 years globally and 9-18 years regionally, but this depends on a strong response of biogenic carbonate production to carbonate saturation state (which has not been observed in field data in the Southern Ocean south of Australia, Trull et al., 2018).

Surface seasonality at SOTS is moderate, with no major autotrophic blooms (Eriksen et al., 2018) and small interannual variability in NPP (VGPM, Behrenfeld and Falkowski, 1997). The magnitude of NPP did not predict POC flux magnitude at depth on an annual timescale, possibly indicating that the mechanisms that affect export production and flux attenuation are more important than surface production. The lack of correlation between satellite derived surface productivity and POC flux at depth highlights the value of long-term direct measurements. In order to assess the importance of processes that link upper ocean productivity with carbon export versus remineralization during particle sinking on seasonal and interannual time scales, additional physical and biogeochemical water column parameters, are required. Some of these are available already from the SOTS program, and construction and validation of multiyear records are underway.

Interannual changes in flux seasonality were also moderate with a highly preserved seasonal structure and with most of the interannual variation explained by differences in flux magnitude that was not correlated with changes in seasonality. POC flux at depth was between 1 and 4% of NCP, at the lower end of values expected from commonly used attenuation models. The characteristic of moderate seasonality with significant interannual variations in the seasonal pattern but not the integrated annual fluxes, yet relatively constant annual fluxes is likely to be useful in selecting appropriate models for the simulation of environmental-ecological coupling and its role in controlling the biological carbon pump. Carbon export models for the SAZ need to be able to mechanistically reproduce the amplification of variability from ∼10% in surface NPP to 21–35% in POC flux at depth.

The Southern Ocean is a globally significant region for carbon export. The findings of this 20 year record, including the lack of any identifiable trends, will serve as an important baseline against which to measure future changes. Given the high proportion of biogenic carbonate minerals in the particle export, SOTS will be an important sentinel for the effects of both climate change and ocean acidification. The lack of correlation between satellite derived results of surface productivity and POC flux at depth may emphasize the importance of processes that control export production and flux attenuation. Our sediment trap based particle export time series is embedded in a wealth of data produced by the moorings, associated instruments, and service voyages at SOTS (see Eriksen et al., 2018; Trull et al., 2019 for further information on the diversity of observations). It is hoped that future work connecting our findings to locally measured environmental and biological parameters will shed additional light on the processes that control particle fluxes in the Southern Ocean.
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Plankton respiration (R) is a key factor governing the ocean carbon cycle. However, although the ocean supports respiratory activity throughout its entire volume, to our knowledge there are no studies that tackle both the spatial and temporal variability of respiration in the dark ocean and its dependence on organic carbon sources. Here, we have studied the variability of epipelagic and mesopelagic R via the enzymatic activity of the electron transport system (ETS) in microbial communities, along two zonal sections (21°N and 26°N) extending from the northwest African coastal upwelling to the open-ocean waters of the North Atlantic subtropical gyre, during the fall 2002 and the spring 2003. Overall, integrated R in epipelagic (Repi; 0–200 m) waters, was similar during the two periods, while integrated mesopelagic respiration (Rmeso; 200–1000 m) was >25% higher in the fall. The two seasons, however, exhibited contrasting zonal and meridional patterns of ETS distribution in the water column, largely influenced by upwelling effects and associated mesoscale variability. Multiple linear regression between average R and average concentrations of dissolved organic carbon (DOC) and slow-sinking (suspended) particulate organic carbon (POCsus) indicates that POCsus is the main contributor to Rmeso, supporting previous results in the same area. Rmeso exceeded satellite-derived net primary production (NPP) at all stations except at the most coastal ones, with the imbalance increasing offshore. Moreover, the export flux of sinking POC collected at 200 m with sediment traps, represented on average less than 6% of the NPP. All this indicates that Rmeso depends largely on small particles with low sinking rates, which would be laterally advected at mid water depths from the continental margin toward the open ocean, or transported by mesoscale features from the surface to the mesopelagic ocean, providing support to inferences from modeling studies in the region.

Keywords: mesopelagic respiration variability, ETS activity, suspended and sinking particulate organic carbon, dissolved organic carbon, Canary Current upwelling region


INTRODUCTION

Microplankton (<200 μm) respiration is one of the main metabolic processes controlling the organic carbon cycle in the ocean. The classical view of the biological pump considers that organic matter synthesized in the ocean is mostly respired by microplankton within surface waters, leaving a small surplus of organic matter to be transported vertically into the dark ocean. However, in contrast to this prevailing 1D conceptualization of organic carbon supply to the dark ocean, several studies have shown that lateral particulate organic carbon (POC) inputs from the ocean margins to the ocean interior could be more than an order of magnitude greater than inputs of vertically transported organic carbon derived from the surface (e.g., Bauer and Druffel, 1998; Alonso-González et al., 2009). These lateral inputs of organic matter would be particularly intense within eastern boundary currents (EBC), because of the high productivity of the nearby upwelling regions (Lovecchio et al., 2017) and the importance of horizontal advective processes in upwelling systems.

The Canary Current (CanC) is one of the four main EBC. Past studies in the coastal transition zone of this EBC have shown that upwelling filaments may transport offshore up to 50% of the carbon originated by primary production in the coastal upwelling (García-Muñoz et al., 2004, 2005; Santana-Falcón et al., 2017, 2020), accounting for 2.5–4.5 times the offshore carbon export driven by Ekman transport (Álvarez-Salgado et al., 2007) and up to 80% of the total offshore carbon flux (Lovecchio et al., 2018). Most of this exported carbon takes place at surface as semi-labile dissolved material (DOC). Nevertheless, it has been estimated that <20% of this DOC is respired in the coastal transition zone waters (Álvarez-Salgado et al., 2007), the remainder being transported and accumulated in the subtropical gyre (Hansell, 2002). In the mesopelagic zone, however, the off-shelf carbon transport is thought to be mainly supported by suspended particles transported in a prevailing horizontal direction along density gradients (e.g., Alonso-González et al., 2009; Vilas et al., 2009), except in regions of water mass subduction (Santana-Falcón et al., 2017), since the strong surface stratification limits semi-labile DOC mixing from surface waters to the deep ocean. Indeed, Alonso-González et al. (2009) estimated, through a box-model approach, that slow-sinking POC in the mesopelagic zone of the CanC may account for up to 60% of the total mesopelagic respiration during a low productivity period of the annual cycle. They suggested that a large fraction of this POC may originate in the nearby coastal upwelling region or be transported to depth by mesoscale eddies, being respired in the upper 1000 m of the CanC. However, limited information on the temporal and spatial variability of water-column respiration and its dependence on carbon sources in this EBC, as well as in any other EBC, have precluded empirical testing of the inferences derived from models.

We hypothesize that a significant fraction of the Rmeso will be supported by laterally advected POC due to the intense mesoscale activity characteristic of this and other EBC. To test this hypothesis, we characterized the spatial and temporal variability of microplankton respiration (R) in the CanC region, and quantify the contribution of both DOC and POC to R in the water column. We do so on the basis of results from two cruises that took place in the CanC from September 10 to October 1, 2002 (COCA I) and from May 21 to June 7, 2003 (COCA II), in a region affected by a strong mesoscale activity (Arístegui et al., 2004, 2009; Baltar et al., 2009a). We measured microplankton respiratory activity (ETS activity), as well as dissolved (DOC) and slow-sinking (suspended) particulate organic carbon (POCsus) down to 1000 m, at 10 stations placed along two sections extending from the African coast to the open ocean. Moreover, sinking POC was collected with free-floating sediment traps at the same stations.



MATERIALS AND METHODS


Data Sources

The study was conducted along two zonal sections (21°N and 26°N) extending from the coastal upwelling to the open ocean at 26°W (Figure 1), and focused on the epipelagic (0–200 m) and mesopelagic (200–1000 m) zones, where microplankton contributes on a global average to > 90% of water column respiration (Arístegui et al., 2005). The cruises consisted of a total of 31 hydrographic stations and 10 biogeochemical stations, half of them along each section, which were roughly equidistant. At each station, conductivity, temperature and depth were determined by means of a Seabird 911 + CTD, mounted on a General Oceanics rosette sampler equipped with 24 10L-Niskin bottles, lowered down to 1000 m. Seawater samples were collected at fixed depths in the biogeochemical stations every 50 m for POCsus, DOC and ETS activity. Free-drifting sediment traps were deployed for 24 h at each biogeochemical station to collect sinking particles at 200 m depth.
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FIGURE 1. Maps of surface chlorophyll (a,b; Chla, mg m–3) and salinity at 25 m depth (c,d; Sal) indicating stations’ location along two sections (21°N and 26°N), extending from the NW African coast to the open ocean, during cruises COCA I (fall, 2002) and COCA II (spring, 2003). Black dots indicate CTD stations. Red dots with numbers indicate biogeochemical stations. The dashed green line represents the Cape Verde Frontal Zone (CVFZ), the boundary between North and South Atlantic Central Waters. Notice the northward displacement of the coastal upwelling and the CVFZ during the spring. Chlorophyll satellite observations for September 27, 2002 (COCA I) and May 31, 2003 (COCA II) were obtained from Global Ocean Satellite Observations. The images are based on the merging of the sensors SeaWiFS, MODIS, MERIS, VIIRS-SNPP&JPSS1 and OLCI-S3A&S3B. Salinity maps were plotted for the same dates, from numerical reanalysis, model NEMO (resolution 8 km), obtained from Copernicus Marine Environment Monitoring Services (CMEMS).




DOC Analysis

Water samples for dissolved organic carbon (DOC) were passed through an online acid-cleaned polycarbonate filter cartridge, holding a pre-combusted (500°C, 12 h) GF/F filter. The initial filtrate was discarded and the subsequent filtrate was dispensed into 10 ml glass ampoules pre-combusted likewise. 50 μL of H3PO4 was added immediately to the sample, sealed and stored at 4°C until analyzed with a Shimadzu TOC-5000 analyzer (Sharp et al., 1993). Before analysis, samples were sparged with CO2-free air for several minutes to remove inorganic carbon. DOC concentrations were determined from standard curves (30–200 μM) of potassium hydrogen phthalate produced every day (Thomas et al., 1995). To check accuracy and precision, reference material of deep-sea water (DSW, 42–45 μmol C L–1) and low carbon water (LCW, 1–2 μmol C L–1) provided by D. A. Hansell laboratory (University of Miami) was analyzed daily.



POC Analysis for Water Samples (POCsus) and Particles Collected With Sediment Traps

Water samples (2–4 L) for the analysis of POCsus were filtered onto pre-combusted (450°C, 12 h), 25-mm Whatman GF/F filters. For the measurement of sinking POC, particles were collected using a free-drifting multi-trap array holding eight cylinders (9 cm diameter: 50 cm length and 0.005 m2 collection area), similar to the model described by Knauer et al. (1979). NaCl (∼45 g L–1; analytical reagent-grade) was added to increase the salinity inside the traps in order to reach a high-density water. No poisons were used to retard bacterial decomposition. Upon recovery 24 h after deployment, samples were filtered onto pre-combusted (450°C, 12 h), 25 mm Whatman GF/F filters. Large swimming organisms were removed by wet sieving through a 1 mm nylon mesh, while organisms <1 mm were hand- picked under a microscope with fine-tweezers after filtration. All the filters for POC were wrapped in pre-combusted aluminum foil and frozen at −20°C until processed. In the laboratory the filters were thawed and dried overnight at 60°C, then placed overnight in a desiccator saturated with HCl fumes, dried again in a new desiccator with silica gel and packed in pre-combusted nickel sleeves. The carbon analyses were carried out on a Perkin–Elmer 2400 CHN elemental analyzer (UNESCO, 1994). The DOC adsorption onto GF/F filters (<12% of the POC signal) was subtracted from the samples to avoid overestimation of POC (Turnewitsch et al., 2007). For this, we analyzed blank filters in which water filtered by 0.4 μm pore was re-filtered through a pre-combusted 25 mm GF/F filter.



Respiratory Electron Transport System (ETS) Activity and Conversions to Actual Respiration Rates

Pre-filtered (<200 μm) seawater samples (10–20 L) were filtered through 47-mm Whatman GF/F glass-fiber filters at a low vacuum pressure (<0.3 atm). The filters were immediately stored in liquid nitrogen until being assayed in the laboratory within a few weeks. ETS determinations were carried out according to the Kenner and Ahmed (1975) modification of the tetrazolium reduction technique proposed by Packard (1971) as described in Arístegui and Montero (1995). The frozen filters were mechanically ground for 2 min by means of a drill equipped with a teflon bit in 5 ml of a cold homogenization buffer. The homogenate was centrifuged at 14,000 r.p.m. for 15 min at 0–3°C. An incubation time of 20 min at 18°C was selected from an earlier time and temperature kinetic study. ETS activities measured at 18°C were converted to activities at in situ temperatures by using the Arrhenius equation. A calculated mean activation energy of 16 kcal mol–1 was used. This activation energy value is similar to those obtained from other studies in oceanic regions (Arístegui and Montero, 1995).

Respiration rates in the epipelagic (Repi) were derived from temperature-corrected ETS activity applying the regression equation between R and ETS obtained by Arístegui and Montero (1995) for the global surface ocean. Respiration rates in the mesopelagic zone (Rmeso) were estimated by applying a R:ETS of 0.68, as obtained by Arístegui et al. (2005) in experiments performed with mesopelagic communities during COCA II. This ratio lies in the range of the ratios (R:ETS = 1.1, range = 0.6–1.7) observed by Christensen et al. (1980) for bacteria cultures during their exponential growth phase, being about 7–8 times higher that the ratio observed for the same cultures when reaching the senescent phase. This gives evidence that bacteria in the mesopelagic waters of the CanC were actively growing. To convert oxygen to carbon units we used respiratory quotients (RQ = CO2 per O2 by moles) of 0.719 and 0.645, estimated for the epipelagic and mesopelagic zones of this region, respectively (Fernández-Castro et al., 2019).



Satellite-Derived Net Primary Production (NPP)

Net primary production estimates at each station were obtained from the Eppley modified version of the Vertically Generalized Production Model (VGPM-Eppley; Behrenfeld and Falkowski, 1997). Eight-day averaged estimation with a 1/12° spatial resolution provided by the Oregon State University (OSU)1 were used. MODIS-aqua satellite-derived chlorophyll was selected as model input.



Data Analysis

In order to determine which source of organic matter (POCsus or DOC) present higher influence over R in the different zones (epipelagic and mesopelagic), multiple linear regression analysis was applied. Residuals from every model were tested for normality (Shapiro-Wilk test), homoscedasticity (Q-Q plots) and multicollinearity (Variance Inflation Factors, VIF). Following, the relative importance contribution (RI,%) of each predictor to the total explained variance (R2) of each model was calculated using the Lindeman, Merenda and Gold method (LMG; Lindeman et al., 1980). All paired comparisons were statistically tested by means of a Welch’s t-test. The confidence level was set at 95% (p = 0.05). All statistical analyses were performed with R-software2.



RESULTS


Regional Oceanographic Settings

The two surveyed sections stretched across an area of high mesoscale variability, spanning from the NW Africa coastal upwelling region to >500 miles offshore into the subtropical open ocean waters of the CanC (Figure 1). The 21°N section intersected the Cape Verde Frontal Zone (CVFZ), the inner boundary of the CanC, characterized by the presence of numerous meanders and eddies, resulting from the interaction of high-salinity (>36.5) North Atlantic Central Water (NACW) and low-salinity (<36.5) South Atlantic Central Water (SACW). As a result, patches of high and low temperature and salinity waters are observed across this section in the upper 500 m (Figures 1–3). The 26°N section was placed north of the CVFZ and hence was entirely affected by NACW. Several upwelling filaments and mesoscale eddies were observed stretching off the coastal jet of the upwelling region, with the most intense at Cape Blanc (Figure 1). During the spring, the location of the CVFZ shifted to the north with respect to the fall, and the coastal upwelling was displaced and intensified northwards. Moreover, surface chlorophyll a (Chla) was higher in the spring than in the fall, particularly in open ocean waters (Figures 1a,b). A detailed description on the hydrography, circulation and mass transport in the region of study during the two cruises is described in Burgoa et al. (2020).
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FIGURE 2. Vertical distribution (0–1000 m) of potential temperature (Tθ;°C) along the two sections (21°N and 26°N), during cruises COCA I (a,b) and COCA II (c,d).
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FIGURE 3. Vertical distribution (0–1000 m) of salinity (S) along the two sections (21°N and 26°N), during the COCA I (a,b) and COCA II (c,d).




Spatial and Temporal Variability in Respiratory Activity

Coastal-offshore sections of ETS activity for the two periods are shown in Figure 4. The epipelagic waters exhibited contrasting meridional and zonal patterns of distribution. ETS activity presented high values in the epipelagic waters (consuming 32.3 ± 26.0 and 36.4 ± 23.3 μmol O2 m–3 h–1 in the fall and the spring, respectively). ETS activity decreased with depth, although relative peaks were frequently observed in the mesopelagic zone, exceeding 10 μmol O2 m–3 h–1. At 21°N (Figures 4b,d), epipelagic ETS was highest at the two most coastal stations, due to the intense upwelling at the Cape Blanc region, decreasing toward the open ocean, although zonal variability across the CVFZ favored patchiness of lower and higher ETS associated with intrusions of water from the Cape Blanc filament. In contrast, at 26°N the surface open-ocean waters of the most distant stations presented a two to fivefold higher ETS activity (in the spring and the fall, respectively) compared to the two stations closer to the upwelling region (Figures 4a,c). The averaged integrated values in the epipelagic zone were always higher at 21°N than at 26°N (Table 1), but the differences were not significant due to the large zonal variability.


[image: image]

FIGURE 4. Vertical distribution (0–1000 m) of enzymatic respiratory activity (ETS; μmol O2 m–3 h–1) along the two sections (21°N and 26°N), during cruises COCA I (a,b) and COCA II (c,d).



TABLE 1. Average integrated enzymatic respiratory activity (ETS) and actual respiration (R) in the epipelagic and mesopelagic zones for cruises COCA I (fall 2002) and COCA II (spring 2003).

[image: Table 1]In contrast to the epipelagic, ETS activity in the mesopelagic zone did not display a clear meridional trend, in contrast to the epipelagic layer (Figure 4). However, averaged integrated ETS rates for the mesopelagic showed significantly (p < 0.01) higher values in the fall than in the spring at 21°N (Table 1), coinciding also with significantly higher DOC concentrations (see below).



DOC and POC Distribution and Contribution to Water Column Respiration

The depth distribution of average POCsus concentrations in the mesopelagic followed a similar pattern as the ETS activity, suggesting that this pool of organic matter was a main substrate supporting respiratory activity (Figure 5). Nevertheless, POCsus did not decrease exponentially with depth, as would be expected due to carbon remineralization of sinking material under the conventional assumption of 1D (vertical) dominance of transport, but rather showed similar high concentrations (>5 μM) across the mesopelagic zone; sometimes even higher than in the epipelagic zone (Figure 5). Average integrated values of POCsus presented meridional and temporal variability (Table 2). In the epipelagic zone POCsus was significantly higher at 21°N during the fall, while at 26°N it was higher in the spring than in the fall. In the mesopelagic zone POCsus was however significantly higher at 21°N during the spring.


[image: image]

FIGURE 5. Vertical average distributions of enzymatic respiratory activity (ETS; μmol O2 m–3 h–1), dissolved organic carbon (DOC; μM) and suspended particulate organic carbon (POC; μM) of the two sections (21°N and 26°N), during cruises COCA I (a,b) and COCA II (c,d).



TABLE 2. Average integrated suspended particulate organic carbon (POCsus) and dissolved organic carbon in the epipelagic and mesopelagic zones for cruises COCA I (fall 2002) and COCA II (spring 2003).

[image: Table 2]DOC concentrations generally decreased with depth, although average integrated values (0–200 m and 200–1000 m) were significantly higher at 21°N during the fall than at 26°N in the same period, and higher than at the two sections in the spring (Table 2). Nevertheless, despite these differences in DOC concentrations between the two cruises (>8 mmol C m–2 d–1 for the epipelagic and >25 mmol C m–2 d–1 for the mesopelagic), multiple regression analyses of R, POCsus and DOC (Table 3) indicate that the relative importance (RI,%) of POCsus to R was always higher than of DOC, both in the epipelagic and mesopelagic zones.


TABLE 3. Multiple linear regression statistics between actual respiration rates and suspended particulate organic carbon (POCsus) and dissolved organic carbon (DOC), for the epipelagic and mesopelagic zones in cruises COCA I and COCA II.
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DISCUSSION


Epipelagic Respiration

Average integrated epipelagic R rates in this study (75–125 mmol C m–2 d–1) are higher than those reported from open ocean waters of the CanC north of the Canary Islands (<60 mmol C m–2 d–1; Arístegui and Harrison, 2002; Fernández-Castro et al., 2016), but similar to those previously estimated for the coastal transition zone of the CanC (60–120 mmol C m–2 d–1; Arístegui et al., 2003b). The high epipelagic R coincides with high POC concentrations in the two studies south of the islands (Table 2; Arístegui et al., 2003b). The epipelagic average integrated values of POCsus in these two studies (>1 mol C m–2) are also significantly higher than values observed in previous studies at the ESTOC station, north of the Canary Archipelago (Neuer et al., 2007), or in the more oceanic sector of the CanC (Alonso-González et al., 2009).

POC inputs to the epipelagic zone in our region of study can be due to local primary production or lateral advection from the coast. Stations closer to the coastal upwelling present NPP values up to 10 times higher than in the open ocean (Table 4), although epipelagic R is sometimes higher in the open ocean and clearly exceeds NPP (Figure 4). Therefore, in addition to the in situ production rates, the high respiratory activity needs be supported by horizontal inputs of coastal organic matter, consistent with existing modeling predictions. Indeed, offshore POC and DOC transports from the continental margin by upwelling filaments in this region have been reported, from both observational (Gabric et al., 1993; García-Muñoz et al., 2004, 2005; Santana-Falcón et al., 2017) and modeling (Lovecchio et al., 2017, 2018; Santana-Falcón et al., 2020) studies, representing an important carbon source to the open ocean, reaching up to 50% of the NPP in the coastal upwelling (Álvarez-Salgado et al., 2007). This offshore export would explain former studies carried out in this same area describing a metabolic imbalance in the balance between primary production and microplankton respiration in the epipelagic zone (Duarte et al., 2001; Robinson et al., 2002; Arístegui et al., 2003b; Fernández-Castro et al., 2016). Indeed, assuming data that NPP in the coastal upwelling ranged approximately from 100 to 300 mmol C m–2 d–1 and that average epipelagic R ranged from 75 to125 mmol C m–2 d–1 (Table 4), a 50% export of NPP would suffice in excess to explain the metabolic imbalance, summing up the local NPP at each station.


TABLE 4. Integrated plankton metabolic rates (NPP, R; see methods for calculations) and export production (EP: sinking POC flux collected with sediment traps at 200 m depth) at each station during the two cruises.
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Mesopelagic Respiration

The mesopelagic layer supports intense organic matter remineralization (Arístegui et al., 2003a, 2005). Indeed, the major decrease in molecular-characterized material occurs in the mesopelagic zone, even though the larger relative decrease in POC flux of sinking particles is in the euphotic zone (Lee et al., 2004). However, in spite of the key role of the mesopelagic waters as the site where the bulk of exported matter from the epipelagic zone is remineralized (Arístegui et al., 2005; Burd and Jackson, 2009), to our knowledge there are no studies that tackle both the spatial and temporal variability of respiration in the dark ocean, which has been hitherto assumed to be rather invariant.

In our study, the mesopelagic waters did not reveal any clear meridional or zonal trend in respiratory activity for the two cruises, although on average there was >25% increase in R in the fall with respect to the spring (Figure 4 and Table 1). This difference could be partly explained by significantly higher DOC concentrations in the fall, particularly at 21°N (Table 2), when the relative importance of DOC to R accounts for up to 35% (Table 3). In any case, POCsus contributes more than DOC to R in all cases (Table 3). This agrees with the results obtained by Alonso-González et al. (2009) from a box-model approach in the more oceanic section of our region of study. It coincides also with the estimations obtained from a tracer conservation model at the ESTOC station north of Gran Canaria, where lateral supply of POCsus would be the main carbon source to explain mesopelagic R (Fernández-Castro et al., 2016). Baltar et al. (2009b), also found significant correlations between POCsus and ETS in bathypelagic waters (1000–3000 m) of the subtropical North Atlantic. All these findings, together with our results, indicate that microbial metabolism in the mesopelagic waters of the CanC region is largely supported by suspended organic particles. These finding are also consistent with a recent global ocean multi-omics study suggesting that organic matter cleavage is mediated mainly by particle-associated prokaryotes releasing their extracellular enzymes into diffusion-limited particles in the meso- and bathypelagic realm (Zhao et al., 2020).

The correlation between the particulate fraction of the organic matter pool and ETS activity of planktonic communities (and hence R) may be expected beforehand, taking into account that ETS activity also represents a living biomass (enzyme) measurement. However, total prokaryote abundances in the sampled mesopelagic waters represented only a small fraction of total POCsus. Free living prokaryote abundances ranged from 1 to 3 × 108 cells l–1 (Gasol et al., 2009). Assuming an average carbon conversion factor of 20 fg cell–1 (Fukuda et al., 1998) the maximum prokaryote abundance (3 × 108 cells l–1) yields a prokaryotic carbon content of 0.5 μmol C l–1. This value represents less than 10% of total POCsus and suggests that the correlation between ETS activity and POCsus is independent on the living biomass fraction.

Overall, average integrated estimates of R in the mesopelagic zone (65–98 mmol C m–2 d–1) are of the same order as in the epipelagic, indicating that prokaryotes are metabolically active in the dark ocean, as evidenced in a former study from COCA II (Arístegui et al., 2005). The upper average integrated range of Rmeso in our study is however up to 10 times higher than the upper range of Rmeso inferred from physical-biogeochemical models at ESTOC (Fernández-Castro et al., 2016) and the more oceanic waters of our region of study (Alonso-González et al., 2009). A priori, one would expect Rmeso to be higher in our region of study, due to enhanced offshore export of organic matter from the coastal upwelling and the higher POCsus values observed in the water column compared with the other studies. However, differences in methodological approaches (biogeochemical modeling vs. ETS activity) preclude direct comparison of the magnitude of R determined between these studies.

We must have, however, some precautions with regards to our R estimations from ETS activity in the two cruises. Contrary to other studies that assume a theoretical R:ETS, we measured actual R by oxygen consumption in 29 experiments with water collected from 600 and 1000 m depth, but only during COCA II. We also measured at the same stations and depths ETS activity, obtaining an average R:ETS ratio of 0.68 ± 0.11 (Arístegui et al., 2005). This ratio is 7.5 times higher than the R:ETS obtained from senescent bacteria cultures (R:ETS = 0.09; Christensen et al., 1980), that was used in the past to derive a lower-threshold R for the global ocean (Arístegui et al., 2003a). Nevertheless, during COCA II, other proxies for metabolic activity gave evidence that mesopelagic prokaryotic assemblages were activity growing, rather than in senescent phase. We cannot be sure however that the same conditions applied also for cruise COCA I. If prokaryotic activity were lower during the fall than the spring, then the R:ETS could be lower, as well as the mesopelagic R. In any case, even assuming that the R:ETS ratio was two times lower during the fall, mesopelagic R would exceed by far the export production measured by gravitational flux (EP: sinking POC flux at 200 m depth).



Synthesis: Carbon Fluxes and Metabolic Balance

Table 4 collates the integrated plankton metabolic rates (NPP and R) and compare them with the EP at each station during the two cruises. Only at the very coastal stations of the two sections does NPP exceed Rmeso. In offshore waters, Rmeso is up to five times higher than NPP, suggesting that much of the organic carbon respired must originate in the more productive coastal upwelling region. Moreover, the e-ratio (% EP/NPP) ranges from 2 to 14%, being <3% at most of the stations, indicating that only a small fraction of the NPP is exported from the surface by local gravitational flux.

If we sum up the average gravitational flux (EP = 4.2 ± 4.6) with the active flux mediated by migrant zooplankton (0.8 ± 1.5 mmol C m–2 d–1) estimated for COCA I (Hernández-León et al., 2019), both fluxes fail short of accounting for the respiratory rates in the mesopelagic at any of the stations, with the respiratory imbalance being up to > 90 times higher in one of the most oceanic stations.

The average EP in the fall (4.2 ± 4.6 mmol C m–2 d–1) and the spring (3.1 ± 3.0 mmol Cm–2 d–1) are significantly lower than previous EP reported for late winter (8.3–28.5 mmol C m–2 d–1) and summer (5.5–13–1 mmol C m–2 d–1) in open ocean waters of the CanC (Alonso-González et al., 2010). However, in any case the EP can account for the high Rmeso in the region. This must be maintained by lateral export of organic carbon from the coastal upwelling region. Indeed, Lovecchio et al. (2017), by means of a coupled physical-ecosystem model, described a strong offshore flux of organic carbon from the NW Africa coastal upwelling, that would be particularly efficient near Cape Blanc, transporting as nearly 60% of the local NPP.

The offshore transport is largely mediated by the numerous upwelling filaments (Gabric et al., 1993; García-Muñoz et al., 2004, 2005; Santana-Falcón et al., 2016, 2020) and filament-eddy interactions, produced particularly south of the Canaries Archipelago (Arístegui et al., 2004, 2009). Mesoscale eddies would transport organic carbon to the mesopelagic zone, by means of physical processes (e.g., Omand et al., 2015; Resplandy et al., 2019), explaining the high concentrations and irregular peaks of POCsus (and ETS activity) in deep layers observed at most of the stations. Recently, Amos et al. (2019) used satellite-derived measurements of POC to show that mesocale eddies generated from meanders in the California Current, trap organic carbon and transport it as far as 1000 km offshore, greatly enriching the open ocean waters. Lovecchio et al. (2018) ran simulations with a coupled physical-ecosystem model to show that both filaments and eddies contribute to the offshore flux of organic carbon in the CanC upwelling system, although in a different way. Filaments would transport organic carbon offshore in a very intense way but near the coast, while at distances beyond 500 km from the shore eddies would dominate the mesoscale offshore transport.



CONCLUSION

The estimated integrated mesopelagic respiratory activity was comparable in magnitude to that in the epipelagic zone, and higher than in other reported studies from more open-ocean waters in the North Atlantic. This finding provides evidence of the importance of the dark waters of the CanC EBC (and probably of other EBC) as a sink of organic carbon in the ocean. The epipelagic waters revealed a clear meridional variability with the highest respiratory rates along the 21°N section, closer to the intense upwelling filament off Cape Blanc. Mesopelagic waters, however, did not show clear zonal or meridional patterns of variability, although integrated respiration rates were significantly different during the two periods of study. Water-column respiration was largely supported by suspended POC, which presented concentrations in depth comparable to the epipelagic zone. Our results suggest that microbial respiratory activity in this area is likely controlled by seasonal fluctuations in suspended particulate organic carbon advected from productive coastal waters, rather than by sinking particles from the euphotic zone or the active flux by migrants, which together represented a very small fraction of the carbon respired by microorganisms. The main source of the respired POC is through offshore export from the coastal upwelling, mostly mediated by filaments, mesoscale eddies and the interaction among them. This study also underlines the fact that respiration in the mesopelagic zone does not occur uniformly over time and space in the ocean. Hence, the urgent need to expand our database on mesopelagic respiration at regional and basin scales, reconciling ecological, biogeochemical and model estimates, to gain a better understanding of the global carbon cycle in the ocean.
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The remineralization depth of sinking organic particles controls the efficiency of the biological carbon pump by setting the sequestration timescale of remineralized carbon in the ocean interior. Oxygen minimum zones (OMZs) have been identified as regions of elevated particle transfer and efficient carbon sequestration at depth, but direct measurements remain sparse in these regions and only provide snapshots of the particle flux. Here, we use remineralization tracers to reconstruct time-mean particle flux profiles in the OMZs of the Eastern Tropical Pacific and the Arabian Sea. Compared to the surrounding tropical waters, both OMZs exhibit slow flux attenuation between 100 and 1000 m where suboxic waters reside, and sequester carbon beneath 1000 m more than twice as efficiently. Using a mechanistic model of particle sinking, remineralization, and disaggregation, we show that three different mechanisms might explain the shape of the OMZ flux profiles: (i) a significant slow-down of remineralization when carbon oxidation transitions from aerobic to anaerobic respiration (e.g., denitrification); (ii) the exclusion of zooplankton that mediate disaggregation of large particles from suboxic waters, and (iii) the limitation of remineralization by the diffusive supply of oxidants (oxygen and nitrate) into large particles. We show that each mechanism leaves a unique signature in the size distribution of particles, suggesting that observations with optical instruments such as Underwater Vision Profilers hold great promise for understanding the drivers of efficient carbon transfer though suboxic water columns. In turn, this will allow more accurate prediction of future changes in carbon sequestration as the ocean loses oxygen in a warming climate.
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INTRODUCTION

The biological pump sequesters carbon out of contact with the atmosphere in deep ocean waters, owing to the formation of organic particles in the surface ocean followed by their sinking and remineralization at depth (Passow and Carlson, 2012). The depth of particle remineralization determines the “efficiency” of the biological pump, quantified as the amount of time remineralized carbon dioxide (CO2) remains sequestered in the ocean interior before returning to the surface (DeVries et al., 2012; Boyd et al., 2019). Recently, systematic large-scale patterns in particle remineralization depth have been identified from sediment trap data (Buesseler et al., 2007; Marsay et al., 2014) and confirmed by geochemical flux reconstructions, which provide a more spatially and temporally integrated view than the snapshots provided by sediment traps (Weber et al., 2016). Particles remineralize shallowest in the subtropics and deepest in high latitudes, which can be explained by a combination of temperature-sensitive remineralization rates and the effects of particle size and ballasting on particle sinking speed (Weber et al., 2016; DeVries and Weber, 2017; Laufkötter et al., 2017; Cram et al., 2018).

In addition to this large-scale pattern, sediment trap observations indicate that tropical oxygen minimum zones (OMZs) are regions of particularly efficient particle transfer to depth (Devol and Hartnett, 2001; Van Mooy et al., 2002; Keil et al., 2016), although this has not yet been confirmed by geochemical reconstructions based on dissolved tracer distributions. The mechanisms explaining efficient particle transfer through OMZs are not well understood, but multiple hypotheses have been advanced which fall into three broad categories, referred to here as Hypotheses 1–3.

Hypothesis 1 states that particle attenuation slows because the microbial community transitions from aerobic to anaerobic respiration – mostly denitrifying metabolisms – in oxygen deficient water (Devol, 1978), resulting in significantly slower organic carbon oxidation (Devol and Hartnett, 2001; Van Mooy et al., 2002). Hypothesis 2 states that the exclusion of zooplankton from oxygen deficient waters (Wishner et al., 2013; Wishner et al., 2018), or the suppression of zooplankton activity at low oxygen (O2) concentrations (Seibel, 2011; Kiko et al., 2016), prevents the disaggregation of large aggregates during zooplankton feeding, allowing more efficient transfer through the mesopelagic (Cavan et al., 2017). Hypothesis 3 revises Hypothesis 1 to state that organic carbon oxidation is governed by the physico-chemical “microenvironment” within sinking particles (Wright et al., 2012), rather than the ambient seawater chemistry. In oxygen deficient water columns, aerobic respiration and denitrification can exhaust O2 and nitrate (NO3) inside large particles faster than it is supplied diffusively (Ploug, 2001), preventing further carbon oxidation or slowing it significantly as the microbial community transitions to inefficient metabolisms such as sulfate reduction (Bianchi et al., 2018). Unlike Hypothesis 1, Hypothesis 3 does not invoke a substantial slowdown of carbon oxidation during denitrification relative to aerobic respiration, consistent with the similar free energy yield of the two pathways (Froelich et al., 1979).

Accurately quantifying particle fluxes through OMZs, and identifying their driving mechanisms, is critical for robust prediction of ocean carbon in a warming and deoxygenating ocean (Bopp et al., 2013; Laufkötter et al., 2017; Schmidtko et al., 2017), and for understanding the interaction of ocean oxygen content and carbon storage during past climate transitions (Lu et al., 2016). This paper serves two primary purposes. First, it presents new geochemical reconstructions that confirm and more firmly quantify efficient particle transfer through oxygen minimum zones (Section “Reconstruction of OMZ Particle Fluxes”). Second, it employs a mechanistic particle flux model (Section “Mechanistic Particle Size Spectrum Model”) to test which of the three hypotheses outlined above can explain the reconstructed flux profiles (Section “Simulated Particle Fluxes in the OMZs”), while demonstrating that each mechanism makes different predictions about particle size spectra within the OMZs (Section “Particle Size Spectra Distinguish Between Attenuation Mechanisms”). It is our hope that this will allow each hypothesis to be further scrutinized using burgeoning particle spectra datasets from Underwater Vision Profilers (UVPs) (Stemmann et al., 2012) in future work.



RECONSTRUCTION OF OMZ PARTICLE FLUXES

Previous work that reconstructed organic particle fluxes using dissolved geochemical tracers found that flux profiles averaged across tropical ocean regions exhibit intermediate attenuation over depth, sitting halfway between the fast-attenuating subtropics and slow-attenuating high latitudes (Weber et al., 2016). For this study, we repeated the geochemical reconstruction approach, but divided the Tropical Pacific and Indian oceans into suboxic OMZs (defined as [O2] < 5 μM at 400 m) and surrounding oxygenated waters (Figure 1A).
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FIGURE 1. Regions used in our flux reconstruction analysis. (A) Contour map of annual-mean oxygen concentration at 400 m depth in the low latitude ocean, from the World Ocean Atlas 2013 (Garcia et al., 2013). Black and red contours delineate the regions over which reconstructed particle flux profiles are averaged. The areas inside of the black contours in the Indian and Pacific Oceans are defined as the oxygenated Tropical Indian (TI) and Tropical Pacific (TP) averaging regions, respectively, with the exception of the areas inside of the red contours, which enclose suboxic waters with [O2] < 5 μM at 400 m. These are defined as the OMZ averaging regions – Arabian Sea (AS) and Eastern Tropical North Pacific (ETNP). In the South Pacific, the area inside of the red contour is not incorporated into the TP region, but is not defined as independent averaging region because it spans too few gridcells on our model grid. (B) Depth profiles of annual-mean [O2] averaged across the TI and AS regions. (C), same as (B) but for the TP and ETNP regions.


The method for flux reconstruction is fully described in Weber et al. (2016). Briefly, an observationally constrained ocean circulation model is used to diagnose the accumulation rate of PO4 in the ocean interior (>100 m) due to particle remineralization, and the particulate organic phosphorus (POP) flux through a given depth horizon is estimated by integrating the remineralization that occurs beneath that horizon. Finally, fluxes are averaged into profiles across large ocean regions to minimize gridpoint-scale noise and identify large scale patterns in the particle flux. We note that in our interpretations, we implicitly assume that the shape of POP flux profiles is representative of all organic particle constituents, including particulate organic carbon (POC). This is a necessary limitation of our approach, given that POC flux profiles cannot be reconstructed more directly (Weber et al., 2016).

Four averaging regions are used here (Figure 1A). In the Indian Ocean, waters north of 2.5°S are integrated into the Tropical Indian (TI) region, with the exception of the Arabian Sea (AS) OMZ (Figure 1A), which houses a thick layer of suboxic water between ∼250 and 900 m (Figure 1B). In the Pacific, waters between 30°S and 30°N with a shallow nutricline [see (Weber et al., 2016)] are integrated into the Tropical Pacific (TP) region, with the exception of two OMZ regions at the eastern boundary (Figure 1A). To the north, the Eastern Tropical North Pacific (ETNP) is the world’s most expansive OMZ, where suboxic waters spread westward between 300 and 800 m (Figure 1C). To the south, the Eastern Tropical South Pacific (ETSP) is more coastally confined, and covers too few gridcells on our coarse model grid to allow for reliable flux reconstruction. This OMZ is not incorporated into the broader TP region, but is also not considered as a separate region in our analysis. The only further modification made here to the method of Weber et al. (2016) is that we use an updated ocean circulation model (DeVries and Holzer, 2019), and twelve model configurations with slightly different diffusive parameterizations are used to propagate circulation uncertainty into the flux reconstructions.

In the oxygenated TP and TI regions, reconstructed POP fluxes (Figures 2A,D) are very similar to those presented in Weber et al. (2016) for tropical regions. When normalized to the flux at ∼100 m (actually 114 m on our model grid), these flux profiles exhibit a similar shape to the canonical “Martin curve” (Martin et al., 1987), which attenuates over depth following a power-law relationship. At a depth of 1000 m, 15 ± 3% of the 100 m flux remains in the TP, and 18 ± 2% remains in the TI (Figures 2C,F), both similar to the 14% predicted by the Martin curve with canonical attenuation exponent of 0.858 (Martin et al., 1987).
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FIGURE 2. Reconstructed particle flux profiles. (A,B,D,E), Flux profiles of particulate organic phosphorus (POP) averaged across the TP, ETNP, TI and AS regions, respectively, reconstructed by diagnosing PO4 accumulation in an ocean circulation model. Gray lines show the individual profiles derived from an ensemble of different ocean circulation models. Central red and blue lines show the ensemble-means, and shaded envelopes delineate ± 1σ from the mean. (C), Ensemble-mean flux profiles and uncertainty envelopes from the TP and ETNP regions are normalized to the flux at the base of the euphotic zone, facilitating comparison between profile shapes in the oxygenated tropics and the OMZ. The fraction of the flux remaining at 1000 m is labeled for each region, and the canonical Martin curve (dashed black line) is shown for reference. (F) Same as (C) but for TI and AS regions.


Flux profiles in the ETNP and AS OMZ regions differ from the surrounding tropical waters in two ways. First, the export flux at the base of the euphotic zone is ∼30% higher in the OMZs than the oxygenated tropics in both ocean basins (Figures 2B,E), which can be attributed to the fact that OMZs are located in productive coastal upwelling regions. Second, and more importantly, the normalized flux profiles do not follow the same simple power-law shape over depth (Figures 2C,F). In the shallow subsurface (100–200 m), OMZ particle fluxes attenuate almost as quickly in the OMZs as in the surrounding tropics, but the attenuation slows significantly beneath 200 m, and the ETNP and AS profiles begin to diverge from the TP and TI profiles, respectively (Figures 2C,F). This divergence reaches its maximum at 1000 m, where 37 ± 4% of the 100 m flux remains in the ETNP, and 40 ± 8% remains in the AS. In both Pacific and Indian Oceans, particle transfer through the mesopelagic zone (100–1000 m) is therefore more than twice as efficient in OMZs than in oxygenated tropical waters. In the lower oxyclines beneath 1000 m, the ETNP and AS particle fluxes attenuate more rapidly again, re-converging with the TP and TI profiles, respectively. This provides strong evidence that the slow particle attenuation is specifically linked to water column suboxia, and not caused by unrelated differences such as larger particles or lower temperatures in the OMZs.

The results presented here are consistent with sediment trap observations, which also find particle transfer efficiency of ∼40% to 1000 m in OMZs (Devol and Hartnett, 2001; Van Mooy et al., 2002), and confirm that slow flux particle attenuation is a systematic and time-mean feature of OMZs. Our finding that slow attenuation is specifically associated with the suboxic layer is consistent with a recent study using thorium isotopes to reconstruct particle fluxes in the ETSP (Pavia et al., 2019), but our results do not support their finding that fluxes attenuate faster in the upper oxycline of the OMZ than in oxygenated water columns.



MECHANISTIC PARTICLE SIZE SPECTRUM MODEL

To investigate the mechanisms driving differences in flux attenuation between OMZs and oxygenated tropical waters, we employed the size-resolved particle spectrum model developed by DeVries et al. (2014) and updated by Bianchi et al. (2018). In this model, particles are produced in the surface euphotic zone (<100 m) following a power-law size spectrum, in which log10 (particle number density) declines linearly with log10 (diameter), and the relative abundance of large and small particles is controlled by the “slope” of the spectrum. The spectrum is discretized into ∼200 size classes between limits of 50 μm and 5 mm, and the organic carbon mass of each particle class is related to its diameter (d, in mm) by POC = cmdα, where cm (μgC) is the reference carbon mass of a 1 mm particle and α (unitless) is an exponent that accounts for the fractal nature of marine organic particles (Alldredge, 1998).

The simulated particle size spectrum then evolves through the water column due to remineralization, disaggregation, and size-dependent sinking, which are each parameterized based on empirically derived relationships and observed particle properties (Bianchi et al., 2018). Remineralization is represented by first-order mass loss from each particle at carbon-specific rate cr (day–1), which means that each particle shrinks and its sinking speed slows over depth, resulting in attenuation of the particle flux. When particles shrink beneath the lower size limit of 50 μm they are assumed to stop sinking and are transferred to a suspended particle class that remineralize in situ. Disaggregation is represented as first order mass loss from each size class at rate kd (day–1), which can be thought of as the probability of a given particle fragmenting in a unit time. Particles are assumed to fragment into a spectrum of smaller sized particles, which means their mass is re-apportioned among all smaller size classes (Bianchi et al., 2018). Because disaggregation transfers mass from large, fast-sinking size classes to small, slow-sinking classes, it also results in significant attenuation of the particle flux over depth, consistent with observations (Briggs et al., 2020).

The default model configuration used here (referred to as Model 0, see Table 1) is the same as that described in Bianchi et al. (2018), with two modifications. First, the model of Bianchi et al. (2018) simulates internal particle chemistry, allowing remineralization to be partitioned between different redox pathways. In Model 0, this behavior is “deactivated”, and particles are assumed to remineralize homogeneously due to aerobic respiration. Second, we reformulate the remineralization rate constant cr as function of temperature, to be consistent with laboratory cultures (Iversen and Ploug, 2013) and other recent modeling efforts (DeVries and Weber, 2017; Laufkötter et al., 2017; Cram et al., 2018):


TABLE 1. Summary of O2 effects on the particle flux in each model configuration, and the hypothesis that is tested by the model.
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In Eq.1, cref is the carbon-specific oxidation rate at the reference temperature Tref (here 20°C), and Q10 is the factor by which this rate increases/decreases for each 10°C of warming/cooling.

We developed three further configurations of the model (Models 1–3, Table 1), designed to formalize the three different effects of O2 on particle fluxes proposed in Hypotheses 1–3 (see Section “Introduction”). Each of these configurations makes a single modification to Model 0, independently of one another. While a combination of the O2 effects may operate in real OMZs, our “end-member” simulations serve to explore the flux profiles and particle spectra that would be produced when each mechanism operates in isolation.

Model 1 imposes a simple O2 threshold effect on the cr, representing slower carbon oxidation following a transition from aerobic respiration to denitrification as the sole remineralization pathway in suboxic waters (Hypothesis 1):
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In Eq 2, εd is the ratio of the carbon oxidation rate achieved during denitrification to the rate achieved during aerobic respiration, and the transition between metabolisms occurs sharply when O2 drops below O2,crit (Devol, 1978).

Model 2 represents the slowing of particle disaggregation in OMZs due to declining zooplankton activity at low [O2] (Cavan et al., 2017) (Hypothesis 2). In Bianchi et al. (2018), the disaggregation rate constant kd was chosen to ensure that large particle classes lose mass due to remineralization and disaggregation at relatively even rates, consistent with constraints from thorium isotopes (Lam and Marchal, 2015), and new evidence suggesting that fragmentation is responsible for up to 50% of the particle flux attenuation (Briggs et al., 2020). In Model 2, we redefine:
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In Eq. 3, kd∞ is the fragmentation rate constant when O2 is abundant, εf is the fraction of this rate that is maintained under anoxic conditions (which can be thought of as the fraction of disaggregation attributed to processes other zooplankton feeding) and KO2 is the half-saturation O2 concentration for zooplankton activity.

Finally, Model 3 “reactivates” the full simulation of internal particle chemistry described in Bianchi et al. (2018), to represent the diffusion-limitation of carbon oxidation in suboxic water columns (Hypothesis 3). Briefly, this model represents the diffusive supply of oxidants into each particle, and their stepwise consumption in the particle interior by carbon oxidation. O2 is consumed first, and if the demand exceeds the O2 supply a denitrifying microenvironment is formed where NO3 is reduced and carbon oxidation proceeds at ∼99% of the aerobic rate, reflecting the relative free energy yields of the pathways (Froelich et al., 1979). If NO3 also becomes exhausted, a final internal microenvironment is formed in which Bianchi et al. (2018) assumed that carbon is oxidized extremely slowly by sulfate reduction. For simplicity, we instead assume that organic carbon oxidation cannot proceed at all in this NO3-free zone.

Our goal is to determine which of the three mechanisms formalized in Models 1–3 can adequately explain the differences in reconstructed particle flux profiles between OMZs and the surrounding tropical waters (Figures 2C,F). To achieve this, we first fit Model 0 to the reconstructed flux profiles from the TP and TI regions, by optimizing cref and Q10 to minimize the root-mean-square error (RMSE) between the model prediction and the mean normalized flux profile from our ensemble of 12 different reconstructions (central blue line in Figures 2C,F). All other model parameters are left unchanged from Bianchi et al. (2018). The values of cref and Q10 determined for the TP region were propagated into all simulations of the ETNP, and the values determined for TI were propagated into all simulations of the AS. In the ETNP and AS regions, Model 0 was first applied to test the null hypothesis that OMZ flux profiles can simply be explained by differences in water column temperature relative to the surrounding tropics, with no O2 effect. Then, Models 1–3 were applied and optimized to assess Hypotheses 1–3.

In each optimization, a small number of parameters that control the strength of the O2 effect on particle flux attenuation were adjusted to minimize the RMSE between the model and the reconstructed flux profiles (central red line in Figures 2C,F): In Model 1, εd and O2,crit were adjusted; in Model 2, εf and KO2 were adjusted; in Model 3, a single free parameter (cm) was adjusted, which controls the carbon content of particles and therefore determines how quickly diffusion-limitation of carbon oxidation is reached (see Bianchi et al., 2018). Following model optimization, Hypotheses 1–3 can be assessed based on how well Models 1–3 reproduce the reconstructed OMZ flux profiles, and whether this can be achieved without violating prior constraints on the parameter values (see Section “Simulated Particle Fluxes in the OMZs”).

All water column data required for these simulations (temperature for remineralization, O2 and NO3 for boundary conditions in Model 3) are taken from the World Ocean Atlas 2013 climatology (Garcia et al., 2013) and averaged across the regions shown in Figure 1. The particle spectrum slope at the base of the euphotic zone of all regions is set to −3.4, which was identified as characteristic value for low latitude systems in Bianchi et al. (2018).



SIMULATED PARTICLE FLUXES IN THE OMZS

Following parameter optimization, Model 0 accurately reproduced the time-mean particle flux profiles that we reconstructed for the oxygenated TP and TI regions (Figures 3A,C, Table 1). To achieve this, the model required carbon oxidation rate constants at 20°C of ∼0.6 day–1 and ∼0.5 day–1 in the TP and TI regions, respectively, which fall within the range of rates measured by particle-interceptors in warm low latitude regions (McDonnell et al., 2015). It also required Q10 of ∼2.4 and ∼2.1 in TP and TI, respectively, similar to the values selected by other data-constrained models (DeVries and Weber, 2017; Cram et al., 2018).
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FIGURE 3. Particle flux profiles predicted by a mechanistic size-resolved model. (A) Normalized particle flux predicted by the default Model 0 configuration (blue line) in the TP region, compared to the uncertainty envelope of the reconstructed flux (blue shading, repeated from Figure 2C). (B) Predicted particle fluxes in the ETNP region from Model 0 (blue line) and Models 1–3 (red lines), which simulate different O2 effects on particle flux attenuation, compared to the reconstructed profile (red shading). (C,D) Same as (A,B) but for the TI and AS regions, respectively.


Reconstructed flux profiles in the ETNP and AS could not be reproduced by Model 0, which predicts flux profiles that attenuate far too rapidly over depth, demonstrating that temperature is not an important factor driving efficient particle transfer through OMZs (Figures 3B,D, Table 1). However, Models 1–3 could all reproduce the reconstructed OMZ flux profiles reasonably well following the parameter optimizations outlined in Section “Mechanistic Particle Size Spectrum Model” (Figures 3B,D, Table 1). Of the three configurations, Model 2 fit the reconstructed flux profile best in the AS region (RMSE≈0.03, unitless) and Model 3 fit best in the ETNP region (RMSE≈0.02), whereas Model 1 was least skillful in both regions (∼0.06 in AS; ∼0.04 in ETNP). This is because Model 1 predicts that the particle flux attenuates slightly faster than observed in the lower oxycline beneath the suboxic layer (Figures 3B,D). However, all three models can largely fit the reconstructed fluxes within their uncertainty envelopes, suggesting the shape of the particle flux profiles does not place a strong constraint on the mechanism driving slow attenuation in the OMZs.

In Model 1, our optimization process selects εd of ∼0.19 and ∼0.17 in ETNP and AS, suggesting that carbon oxidation must slow down more than 80% following the transition from aerobic respiration to denitrification, in order to best explain the reconstructed fluxes. This is not consistent with the difference in free energy yield between the two process, which is only ∼1% (Froelich et al., 1979), but might be explained by lag time associated with particle colonization by the denitrifying microbial community, which remains poorly quantified to date (Bristow, 2018), or other processes that limit the efficiency of anaerobic metabolisms. The optimization also selects O2,crit of 15 μM and 20 μM in ETNP and AS, respectively, which is much higher than the range of 2–5 μM observed to select for denitrifying metabolisms in cultures (Devol, 1978). Taken together, these parameter selections cast doubt on the idea that slow carbon oxidation during denitrification is the primary driver of slow flux attenuation in OMZs (Hypothesis 1).

In Model 2, our optimization selects εf of ∼0.02 in both ETNP and AS regions, which means that disaggregation must be almost entirely curtailed in suboxic water in order to explain the reconstructed flux profiles, requiring that very little disaggregation occurs due to processes other than zooplankton feeding. It also selects KO2 of ∼22 μM in ETNP and ∼40 μM in AS, consistent with observations that zooplankton generally adjust their migration depth to avoid hypoxic ([O2] < 60 μM) regions of the water column, not just suboxic waters (Bianchi et al., 2013).

Finally, in Model 3 our optimization process selects cm (carbon content of a 1 mm particle) of 6.8 μgC in ETNP and 7.2 μgC in AS, which both fall within the observationally constrained range of 5.5–8 μgC defined in Bianchi et al. (2018). This model predicts that large NO3-depleted microenvironments develop in the interior of particles >0.5 mm in the suboxic layers of the ETNP and AS, and particles >1 mm also harbor these microenvironments in the upper and lower oxyclines, dramatically curtailing remineralization of large particles through the water column.



PARTICLE SIZE SPECTRA DISTINGUISH BETWEEN ATTENUATION MECHANISMS

Even though Models 1–3 achieve relatively similar flux profiles (Figures 3B,D), they make very different predictions about how the particle size spectrum evolves through the OMZ, and how it diverges from the spectra generated in oxygenated water columns (Figure 4). Here, we analyze particle spectra only from simulations of the TP and ETNP regions for brevity, although similar conclusions can be drawn from the TI and AS regions.
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FIGURE 4. Predicted particle size spectra in our mechanistic model. (A), Upper panel shows the particle number density predicted in the TP region by Model 0, as a function of depth and particle diameter. Number density in #mm–1 is normalized to the abundance of the smallest size class in the surface ocean, yielding a dimensionless size spectrum. Lower panel shows the surface size spectrum (solid line, slope = –3.4) and “slices” through the spectrum at depths of 400 m (oxygen minimum) and 1000 m (lower oxycline), which are indicated on the upper panel as dashed and dotted lines, respectively. (B–D), Same as (A), but showing the size spectra predicted by Models 1–3 in the ETNP region. Each of these models predicts unique differences in the OMZ size spectra relative to the oxic water column.


In our model, changes in the size spectrum over depth are largely driven by the balance of remineralization, disaggregation, and sinking. While all particles remineralize at the same first-order rate, smaller particles spend a longer time within each depth interval due to their slower sinking speed, and so remineralize shallower in the water column. The effect of remineralization is therefore a “flattening” of the particle spectrum over depth, due to the preferential loss of particles from the small end of the spectrum. Disaggregation has the opposite effect: by redistributing mass from large to small particle size classes, it tends to “steepen” the particle size spectrum. In the default configuration of our model (Model 0), the relatively even rates of disaggregation and remineralization means their opposing effects on the particle size spectrum largely balance one another, and the particles are lost evenly from all size classes over depth (Figure 4A-upper) in the TP region, causing little variation in the size spectrum slope (Figures 4A-lower, 5A). This is consistent with a compilation of UVP particle observations from the oxic Tropical Atlantic Ocean, which revealed no systematic variations over depth (Bianchi et al., 2018).

Models 1–3 each predict particle spectra in the OMZ that diverge from this simple behavior in unique ways. In Model 1, particles smaller than ∼100 μm actually increase in abundance moving from the surface into the suboxic layer, while large particle abundance declines (Figure 4B-upper). This is because when remineralization is suppressed at O2 < O2,crit (Eq. 2), the transfer of mass from large to small size classes by disaggregation becomes the primary mechanism shaping the particle size spectrum. The spectrum slope therefore steepens moving into the core of suboxic layer (Figures 4B-lower, 5A), before flattening again toward the original value of −3.4 in the lower oxycline (Figure 5A).
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FIGURE 5. Summary statistics of simulated particle spectra. (A), Slope of the particle spectrum as a function of depth predicted by Model 0 in the TP region and by Models 1–3 in the ETNP region, derived by fitting a straight line through the simulated spectrum at each model depth horizon. More negative numbers indicate a “steeper” spectrum that is more dominated by small particles, and less negative numbers indicate a “flatter” spectrum that is more dominated by large particles. (B) Mass of particulate organic matter (POM) integrated across small particle size classes, defined here as < 0.5 mm, and normalized to the mass at 100 m. (C) Same as (B) but for large aggregate particles >0.5 mm.


In Model 2, small particles are lost very rapidly moving into the OMZ (Figure 4C-upper), compared to their loss rate over the same depth interval in the oxygenated water column (Figure 4A-upper). With disaggregation suppressed at low O2 (Eq. 3), the preferential loss of small particles due to remineralization becomes the dominant process shaping the particle spectrum, and the spectral slope sharply flattens moving into the suboxic layer (Figure 4C-lower), reaching a value of −2.5 at ∼500 m (Figure 5A). The spectrum then steepens again in the lower oxycline (Figures 4C-lower, 5A) where disaggregation resumes in waters that become habitable for zooplankton once more (Wishner et al., 1998).

In Model 3, particles larger than 0.5 mm are preferentially preserved through the suboxic layer due to the diffusion-limitation of carbon oxidation (Figure 4D-upper), resulting in flattening of the particle flux, followed by a gradual steepening through the lower oxycline (Figures 4D-upper, 5A). Although Models 2 and 3 both predict flattening size spectra over depth in the OMZ, indicating that large particles become more abundant relative to small particles, the two mechanisms can be distinguished based on a closer analysis of the spectra. Model 3 predicts a much subtler flattening of the spectrum than Model 2, reaching a minimum slope of −3.1 compared to −2.5 in Model 2 (Figure 5A). In Model 3, even though small particles are preferentially lost due to remineralization in the OMZ, they are rapidly replenished through disaggregation. Therefore, in comparison to an oxygenated water column, Hypothesis 3 predicts a relatively similar concentration profile of small particles (<0.5 mm) in the OMZ, whereas Hypothesis 2 predicts a much more rapid decline in small particle concentration in the suboxic layer (Figure 5B). By contrast, Hypothesis 1 uniquely predicts that the concentration of small particles actually increases over the same depth interval (Figure 5B). This analysis suggests that the smaller end of the particle spectrum contains the most important clues for distinguishing between different mechanisms of slow flux attenuation through OMZs, whereas all mechanisms predict higher concentrations of large particles relative to the oxic water column (Figure 5C).

Identifying the unique particle size spectrum signatures of O2 effects on remineralization and disaggregation opens a promising new pathway for understanding the mechanisms driving the efficient biological pump of OMZ regions, through analysis of UVP size spectrum observations. These instruments allow accurate enumeration of particles between the size limits of 100 μm−2.6 mm (Picheral et al., 2010), spanning most of the size range simulated in our model, and therefore provide ideal datasets for evaluating our model formalizations of Hypotheses 1–3.

A compilation 6 UVP size spectrum profiles from the ETSP (Bianchi et al., 2018), found that the spectral slope increased slightly between 100 and 1000 m, largely driven by increased abundance of large particles relative to an oxic water column, rather than decreased abundance of small particles. This is not consistent with Hypothesis 1 (slow remineralization during denitrification) and is most consistent with the predictions of Hypothesis 3 (diffusion limitation of carbon oxidation in large particles). However, this analysis was far too limited to draw firm conclusions, and further analysis of UVP observations from all three of the ocean’s major OMZs is required in order to assess systematic patterns in their particle size spectra.

Because each UVP image serves only as a snapshot of the particle flux, and can be strongly influenced by pulses of organic matter, compilation of numerous UVP profiles from a single location or region will be critical to identify coherent features of the particle spectrum. The new Ecotaxa repository for UVP images (Picheral et al., 2017) may now contain sufficient data to construct meaningful composites for comparing OMZs to oxic tropical regions, but this analysis is beyond the scope of the current study. By showing that different flux attenuation mechanisms leave an imprint in particle size spectra, we hope to motivate further work scrutinizing the existing UVP archives, and new field campaigns that collect targeted UVP data across oxygen gradients in the ocean.

Given that a combination of oxygen effects likely operates in the OMZs (with different mechanisms potentially dominating in the upper and low oxyclines and the OMZ core) size spectra from these regions may exhibit a complex blend of the end-member patterns shown in Figure 4. In this case, UVP data alone may be insufficient to adequately determine the relative importance of each mechanism, and future work will greatly benefit from collecting additional particulate data alongside UVP profiles. Because disaggregation can produce particles smaller than the lower UVP detection limit of ∼100 μm (Lam and Marchal, 2015), extending the spectral range using alternative particle-counting instruments (Stemmann and Boss, 2012) or microscopy (Durkin et al., 2015) would help quantify the difference in disaggregation rates between OMZs and oxygenated waters. Additionally, measuring trace-metal (Janssen et al., 2014) and genomic (Ganesh et al., 2015) indicators of particle interior redox conditions would further elucidate the degree to which diffusion-limited microenvironments impede carbon oxidation in OMZs. When supplied with this broad range of observational constraints, our mechanistic particle model will be better equipped to assess the balance of processes that control particle fluxes through OMZs.

It is also worth noting that while our model includes the main processes that contribute to particle flux attenuation with depth, it does not consider other processes that may contribute to weaker flux attenuation in OMZ. These include particle formation at depth (e.g., by autotrophy or zooplankton vertical migration), zooplankton detritivory, and various effects of ballasting material, among others (Keil et al., 2016). For completeness, these processes should be considered in future modeling of OMZ particle fluxes.



CONCLUSION

The key contribution of this study is the new constraints we have placed on the efficiency of the biological pump in OMZ regions, by reconstructing time-mean particle flux profiles for the Eastern Tropical North Pacific and the Arabian Sea from geochemical tracer data. These reconstructions revealed slow particle flux attenuation over depth in the suboxic water column, consistent with previous evidence from sediment trap “snapshots” (Devol and Hartnett, 2001; Keil et al., 2016) and confirming that this is a systematic feature of OMZ particle fluxes. Compared to surrounding tropical waters, the fraction of organic matter sinking from the euphotic zone that penetrates the mesopelagic zone to 1000 m is more than twice as large in OMZs. The convergence of OMZ flux profiles toward those from oxic water columns revealed in our reconstructions beneath 1000 m providers compelling new evidence that suboxia itself is the factor driving slow flux attenuation (Figures 2C,F).

Using a mechanistic particle flux model we showed that the shape of OMZ flux profiles can be explained by any of three oxygen effects: (i) very slow carbon oxidation during denitrification (Devol and Hartnett, 2001; Van Mooy et al., 2002); (ii) dramatically reduced fragmentation in suboxic waters due to exclusion of zooplankton (Cavan et al., 2017); (iii) diffusion limitation of carbon oxidation in large particles (Bianchi et al., 2018). However, each of these mechanisms makes unique predictions about changes in particle size spectra through the water column, opening the possibility to extract mechanistic information from UVP observations. The idealized end-member cases presented here serve as a starting point for interpreting patterns in UVP spectral data from OMZ regions.

We suggest that combining existing UVP archives, new targeted observations across oxygen gradients, and mechanistic models like the one used here is a promising approach for unraveling the processes driving efficient biological pump of OMZs. In turn, this will allow for improved prediction of carbon sequestration in the future ocean, where continued warming and deoxygenation are likely to reshape the efficiency of the biological pump (Laufkötter et al., 2017; Cram et al., 2018).
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To quantify the biological carbon pump in the Northwestern Pacific and project future changes induced by multiple stressors, a comparative biogeochemistry study of subarctic-eutrophic and subtropical-oligotrophic regions, the K2S1 project, was conducted between 2010 and 2014. The present study uses data collected during the K2S1 project to re-examine the biological carbon pump in subarctic and subtropical regions of the northwestern Pacific with a focus on the factors governing the attenuation of the downward fluxes of particulate organic carbon (POC). Seasonal and time-series observations made during the K2S1 project revealed that primary productivity and the POC flux in the upper 200 m at subtropical-oligotrophic station S1 were comparable to or slightly higher than those at subarctic-eutrophic station K2, but the POC flux at a depth of ∼5000 m at K2 was 2–3 times that at S1. Based on these observations, the index of vertical attenuation (exponent b of the “Martin curve”) was estimated to be 0.64 at K2 and 0.90 at S1. The downward transport of POC was therefore more efficient at the subarctic station than at the subtropical station. Sinking particles were ballasted mainly by biogenic opal (Opal) at K2 and by CaCO3 at S1. The results of a multiple linear regression analysis of sediment trap data indicated that among potential ballast materials, Opal was most strongly correlated with POC at K2. Thus, Opal might contribute to the more effective vertical transport of POC in the western North Pacific Subarctic region. In addition, lower water temperatures and dissolved oxygen concentrations in the twilight zone (200–1000 m depth) at K2 likely slowed microbial decomposition of organic carbon and may also have contributed to the smaller attenuation of the downward POC flux. However, seasonal observations indicated that the carbon demand of zooplankton (prokaryotes) in the water column at K2 was ∼2.5 (1.5) times that at S1. These results were inconsistent with the lower rate of attenuation of POC fluxes at K2. Moreover, the carbon demand at the two stations inferred from the POC fluxes and the carbon fluxes associated with diurnal migration by zooplankton exceeded the carbon supply, especially at K2. Other sources of carbon, such as slowly sinking and suspended POC, might account for this mismatch.

Keywords: biological carbon pump, K2S1 project, sediment trap, vertical attenuation, biogenic opal, metabolism, mismatch between carbon supply and demand


INTRODUCTION

The biological carbon pump (BCP) is a crucial mechanism by which atmospheric CO2 is taken up by the ocean and transported to the ocean interior. Without the BCP, the pre-industrial atmospheric CO2 concentration (∼280 ppm) would have risen to ∼460 ppm (Volk and Hoffert, 1985). At present, the particulate organic carbon (POC) flux from the surface layer of the ocean to the ocean interior has been estimated to be 4–13 Pg-C year–1 (Lima et al., 2014). To evaluate the efficiency of the BCP, it is necessary to quantify the vertical attenuation of the POC flux with depth because the deeper that POC is transported, the longer the CO2 will be isolated from the atmosphere. Thus, an increase in the efficiency of the BCP has the potential to cause an increase of ocean carbon sequestration of atmospheric CO2 that would result in a negative feedback on global warming. The vertical attenuation of the POC flux has been investigated since the 1980s (e.g., Suess, 1980; Betzer et al., 1984; Berger et al., 1987; Pace et al., 1987), and Martin et al. (1987) have proposed the following power law function to describe POC flux attenuation:
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where z is water depth (m), and POCF(z) and POCF(100) are the POC fluxes at depths of z m and 100 m, respectively. Although other functions, such as an exponential curve, have also been proposed and validated (Gloege et al., 2017; Cael and Bisson, 2018 and references in these papers), this power law function, commonly known as the “Martin curve,” has been used very frequently in discussions of the BCP, and the exponent b in this equation has been used as an index of BCP efficiency (e.g., Berelson, 2001): the larger the exponent b, the higher the vertical attenuation rate of the POC flux and the lower the BCP efficiency. Moreover, numerical simulations have shown that a change in the value of b would significantly change the atmospheric CO2 concentration (Yamanaka and Tajika, 1996; Kwon et al., 2009; Wilson et al., 2019).

The vertical attenuation rate of the POC flux is very dependent on the sinking velocity and decomposition rate of POC in the water column. Because POC is labile and has little negative buoyancy, it must be aggregated with relatively heavy materials called ballast to settle gravitationally in the ocean. Materials that may serve as ballast include biogenic opal (hereinafter Opal), CaCO3, and aluminosilicates. Ittekkot (1993) have hypothesized that the drastic decrease from ∼280 to ∼200 ppm of atmospheric CO2 that occurred during the last glacial maximum (e.g., Lorius et al., 1990) was caused by an increase of the input of aeolian dust (aluminosilicate ballast) to the ocean, which strengthened the BCP. Francois et al. (2002); Klaas and Archer (2002), who compiled and analyzed global sediment trap data, have suggested that CaCO3, which has the largest density among possible ballast materials, is globally the most important and effective facilitator of vertical POC transport, because the transfer efficiency (the ratio of the POC flux in the deep sea to that at the bottom of the surface mixed layer) is higher in subtropical and tropical areas where CaCO3 is a major component of marine snow. Moreover, reported sinking velocities of CaCO3-rich particles are high (Fisher and Karakas, 2009; Sukigara et al., 2019). Numerical simulations that take into account these findings have indicated that future ocean acidification will reduce the efficiency of the BCP by decreasing ocean calcification (Heinze, 2004). In addition, the POC export ratio (the ratio of the POC flux from an upper layer [a fixed depth such as 100 m, or the euphotic zone or mixed layer] to net primary productivity) in subtropical and tropical areas is low because high temperatures in the upper layer increase POC decomposition rates (e.g., Laws et al., 2000). The result might be a higher transfer efficiency and a strong positive correlation between POC and CaCO3 in these low-latitude areas (Francois et al., 2002; Henson et al., 2012): labile POC, which is fresher and easier for microbes to break down, decomposes in the upper layer, and relatively refractory POC is transported to the ocean interior in low-latitude areas.

On the basis of observations that revealed a large increase of POC fluxes in high-latitude areas during diatom blooms and on the fact that diatoms are much bigger than coccolithophorids (Buesseler, 1998; Buesseler et al., 2007, 2008), Honda and Watanabe (2010) have proposed that Opal, rather than CaCO3, is crucial as ballast for effective POC vertical transport in subarctic regions. Weber et al. (2016) have also reported a strong negative correlation between transfer efficiency and the picoplankton fraction of plankton as well as higher transfer efficiencies in high-latitude areas, where large phytoplankton such as diatoms predominate. They have also calculated that the fraction of vertically transported CO2 that has been sequestered in the ocean interior for at least 100 years is higher in high-latitude (polar and subpolar) regions than in low-latitude regions.

In contrast, Bach et al. (2019) conducted a mesocosm experiment to study how the plankton community structure affected sinking velocities and reported that during more productive periods the sinking velocity of aggregated particles was not necessarily higher, because the aggregated particles produced then were very fluffy; rather, the settling velocity was higher when the phytoplankton were dominated by small cells. In addition, Henson et al. (2012) have revisited the global sediment trap data and have reported that the POC flux is negatively correlated with the Opal export flux and uncorrelated with the CaCO3 export flux.

Key factors affecting the rate of biological decomposition of sinking POC in the water column are water temperature and the dissolved oxygen (DO) concentration: the lower the water temperature and the DO concentration, the slower the biological respiration rate and, consequently, the POC flux decomposition rate (e.g., Marsay et al., 2015; DeVries and Weber, 2017; Laufkötter et al., 2017; Pavia et al., 2019). For example, Marsay et al. (2015) have analyzed POC flux data from neutrally buoyant sediment traps in the upper 500 m of the water column and have found a significant positive correlation between the exponent b in Eq. (1) and water temperature (i.e., the POC flux was attenuated more rapidly when the water was warmer). In addition, Bach et al. (2019) have found that POC decomposition rates are high (low) when diatoms and Synechococcus (harmful algae) are the dominant phytoplankton because of increased (decreased) zooplankton abundance and the consequent increase (decrease) in grazing pressure. Using radiochemical observations (234Th-based POC flux observations), Pavia et al. (2019) found that the exponent b of the Martin curve was significantly smaller in the low-oxygen (hypoxic) eastern Pacific equatorial zone than in other areas; that is, vertical attenuation of the POC flux was smaller in the hypoxic area. They also pointed out that a more hypoxic ocean in the future would lead to a lower attenuation of the POC flux and therefore increased BCP efficiency and could thereby be a negative feedback on global warming. McDonnell et al. (2015) have reported that vertical transport of POC is more effective in the Antarctic, where the sinking velocity is higher and the biological respiration rate is lower than in the subtropical Atlantic. Henson et al. (2019) have also reported a high export ratio during the early bloom period, when primary productivity is low, and a low export ratio during the late bloom period, when primary productivity is high. They attributed the low export ratio during the late bloom to grazing pressure by microzooplankton and bacteria.

Despite these many investigations of the BCP, the factors governing the vertical attenuation of POC flux are still under debate. Observations in subarctic regions have shown that the transfer efficiency between depths of 1000 and 2000 m is relatively low and that between the bottom of the euphotic zone and a depth of 1000 m it is relatively high (Marsay et al., 2015). Marsay et al. (2015) have therefore proposed that the Martin curve does not appropriately express the vertical attenuation of POC flux in all regions and that a different equation should instead be developed for each region. Gloege et al. (2017) have discussed parameterization of the vertical attenuation of POC flux and have reported that vertical attenuation of the POC flux in the “twilight zone” (from the base of the euphotic zone to 1000 m) can be parameterized well not only by a power law model (Martin curve) but also by an exponential model (Banse, 1990) and a ballast model (Armstrong et al., 2002). However, the exponential model tends to underestimate the POC flux in the “midnight” zone (depths greater than 1000 m). Cael and Bisson (2018) have reported that the exponential model (power law model) tends to underestimate (overestimate) the POC flux in the upper layer, and vice versa in the deep layer. However, the abilities of both models to describe POC fluxes were comparable statistically when they were applied to the POC flux dataset from the eastern Pacific that was used to propose the “Martin curve” (Martin et al., 1987). In a long-term study in the northeastern Pacific, Smith et al. (2018) observed a sudden increase of the POC flux accompanied by an unusually high transfer efficiency; they have suggested that because the Martin curve cannot express such a sudden increase, it may sometimes underestimate BCP strength. In addition, contrary to previous findings, some studies have reported a significantly higher transfer efficiency, especially to the deep sea, in subtropical regions than in subarctic regions (Henson et al., 2012; Marsay et al., 2015; DeVries and Weber, 2017). This pattern may be attributable to small temperature and DO concentration differences in the deep sea between high-latitude and low-latitude regions, as well as to a higher sinking velocity in subtropical regions, where CaCO3 is a major component of deep-sea marine snow. Moreover, it is also possible that POC is more refractory in low-latitude areas than in high-latitude areas (Henson et al., 2012; Marsay et al., 2015; DeVries and Weber, 2017).

The K2S1 project (Honda et al., 2017) was conducted between 2010 and 2014 to quantify the strength of the BCP in subarctic-eutrophic and subtropical-oligotrophic regions of the western North Pacific and to provide information that would enable the projection of future changes caused by multiple stressors, such as ocean warming, acidification, and hypoxia. In this study, the BCP in subarctic and subtropical regions of the western Pacific was revisited with a focus on the factors governing the vertical attenuation of POC fluxes.



K2S1 PROJECT

The time-series study, “Study of Change in Ecosystem and Material Cycles Caused by Climate Change and its Feedback: K2S1 Project,” was designed to collect essential baseline data about marine ecosystems and the strength of the BCP to facilitate projection of changes of material cycles due to biological activity. This comparative study of the marine ecosystem and its biogeochemistry was conducted during 2010–2014 at two time-series stations, one in the western Pacific subarctic gyre (station K2: 47°N, 160°E) and the other in the subtropics (station S1: 30°N, 145°E), two oceanographic regions that differ physically, chemically, and biologically (Figure 1). In addition, during seasonal scientific cruises of the RV Mirai (Japan Agency for Marine-Earth Science and Technology) during 2010–2014, physical, chemical, and biological parameters were measured, and time-series observations were made with a mooring system. Analyses of satellite data and numerical simulations were also carried out as part of the K2S1 project.
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FIGURE 1. Western North Pacific time-series stations K2 and S1. The background is the horizontal distribution of annual mean of surface phosphate concentration based on World Ocean Atlas data of Garcia et al. (2010) (https://www.nodc.noaa.gov/OC5/WOA09/pr_woa09.html).


The following major differences in the oceanography of the two regions were identified during the K2S1 project:

(a) Surface water temperature was usually ∼15°C lower at station K2 than at station S1.

(b) Surface waters at Station K2 were eutrophic, and those at station S1 were oligotrophic: at station K2, the nitrate + nitrite concentrations (NOx) ranged from ∼10 μM in summer to ∼25 μM in winter, whereas at station S1, NOx was at most ∼3 μM, even in winter, and it was less than 0.5 μM or undetectable in summer.

(c) Diatoms predominated among the phytoplankton at station K2, whereas at station S1, smaller phytoplankton such as Prochlorococcus predominated during most seasons.

Honda et al. (2017) have provided a detailed summary of the K2S1 project, including the physical, chemical, and biological settings of the sites. All data collected during the project are available online in the “K2S1 project database”1.



MATERIALS AND METHODS

In this section, observations related to the biological carbon pump are described.


Primary Productivity Measurement

Primary productivity was estimated during seasonal cruises of the RV Mirai between 2010 and 2013 (Matsumoto et al., 2016; Honda et al., 2017) based on the incorporation of 13C-labeled inorganic carbon into POC during 24-h incubations from dawn to the next dawn. Incubations were conducted either in situ or on-deck using water samples from eight depths that were selected at appropriate intervals between light levels of ∼100 and 0.1% of photosynthetically active radiation (PAR) at the surface. After the incubation, the water samples were filtered through a pre-combusted GF/F filter, and inorganic carbon was removed by fuming with HCl. The 13C content of the particulate fraction was measured with an automatic nitrogen-and-carbon analyzer–mass spectrometer (EUROPA20-20, SerCon, Ltd., United Kingdom). Water-column-integrated values of primary production (IPP) were computed between the surface and the 0.1% light depth to facilitate comparison of settling particulate carbon fluxes measured with sediment traps (see section “Particle Flux Observations”).



Particle Flux Observations

Settling particles in the upper 200 m were collected by using drifting sediment traps (DSTs: Honda et al., 2015). The sediment traps, which were traditional, surface-tethered cylindrical particle interceptor traps (Knauer et al., 1979), were deployed at nominal depths of 60, 100, 150, and 200 m for a few days during several cruises (Figure 2). After recovery, the water in the sample cups from each depth was filtered through pre-weighed Nuclepore filters for later determination of the total mass flux (TMF) and trace element contents, and through pre-combusted GF/F filters for later determination of particulate organic carbon, inorganic carbon, and nitrogen contents. Swimmers visible by the naked eye were removed from the filtered residues with tweezers. The Nuclepore filters and the GF/F filters were kept in a freezer (∼−10°C) until analysis in an on-shore laboratory.
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FIGURE 2. Seasonal and interannual variability of the total mass flux at 4810 m and the chemical compositions of collected particles. Mass fluxes at panels (A) station K2 and (B) station S1 and chemical compositions of collected particles at panels (C) station K2 and (D) station S1 between February 2010 and May 2014. Red, yellow, black, and blue shading denotes CaCO3, organic materials (OM), lithogenic materials (LM), and biogenic opal (Opal), respectively. In panels (A,B), green circles indicate integrated primary productivity (IPP), and arrows indicate the dates of drifting sediment trap (DST) deployments.


Settling particles below 200 m were collected in bottom-tethered moored time-series sediment traps (MSTs). Conical, time-series sediment traps (Nichiyu-Giken-Kogyo SMD26S-6000, Saitama, Japan and McLane Mark VII-21, MA, United States) were deployed at 200, 500, and 4810 m and turned around annually between February 2010 and June 2014 (Figure 1). The sampling interval varied from 6 to 18 days. Before deployment, the collecting cups were filled with a seawater-based buffered 10% formalin solution as a preservative, and the salinity was adjusted to ∼39 by the addition of NaCl. After recovery of the sediment traps, the samples were stored in a refrigerator at 4°C until chemical and biological analysis in a shore-based laboratory. In the laboratory, the collected particles were water-sieved through 1-mm nylon mesh, and any remaining swimmers <1 mm were removed with tweezers.

The major components of the settling particles collected by the DSTs and MSTs were measured and analyzed as follows: Concentrations of organic carbon, inorganic carbon, and nitrogen were measured with an elemental analyzer (Thermo Fisher Scientific Flash2000, Waltham, MA, United States). Concentrations of Al, Si, Ca, and trace elements such as Fe and Ti were measured with an inductively coupled plasma emission mass spectrometer (PerkinElmer Optima 3300DV, Waltham, MA, United States). Details of the sample pre-treatments and analyses are given by Honda et al. (2002, 2013). The following equations were used to estimate the concentrations of organic materials (OM), Opal (SiO2⋅0.4H2O), CaCO3, and lithogenic materials (LM). The coefficients in the equations are based on the Redfield ratio (Redfield et al., 1963) and the crustal ratio (Taylor, 1964):
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The sum of OM, Opal, CaCO3, and LM was generally within ± 15% of 100%. Therefore, the contents of these four components were summed and normalized to 100% to express the chemical composition of the settling particles. All flux data and chemical composition data are available online in the “K2S1 database” (see http://ebcrpa.jamstec.go.jp/k2s1/en/).

In this study, the fluxes and characteristics of settling particles collected by MSTs at 200 and 500 m were not included in the analysis. At both stations, sinking particles at 200 m were collected by both MSTs and DSTs, and the fluxes of POC collected by MSTs were several times lower than those collected by DSTs during the same period (Honda et al., 2015). However, POC fluxes based on DST data were comparable to POC flux estimated by a budget analysis of dissolved carbon and nutrients in the upper layer (Wakita et al., 2016). Laws et al. (1989) reported that conical sediment traps at a depth of 200 m underestimated fluxes (by a factor of 30–40) compared to cylindrical traps. Therefore, POC fluxes and other fluxes at 200 m collected by DSTs are likely to be realistic. Sinking particles collected at 500 m by the MSTs might also have been under-trapped. The trapping efficiency at 500 m at K2 has been estimated on the basis of excess 210Pb flux measurements to be only ∼24%, although there is uncertainty because of the assumption of a steady state and the use of a one-dimensional model (Honda and Kawakami, 2014). In addition, sinking particles were collected at 500 m by DST in mid-June 2012, when the TMF was ∼360 mg m–2 day–1; in contrast, the TMFs before and after this period based on data collected at 500 m by MST were ∼127 and ∼230 mg m–2 day–1, respectively (K2S1 database: see text footnote 1). In contrast, based on radiochemical analysis, it has been reported that the trapping efficiency of MSTs at depths greater than 1250 m, where external disturbances due to factors such as hydrodynamics and “swimmers” are weak, is close to 100% (Yu et al., 2001). Thus, to allow direct comparison of the K2 and S1 datasets, only data based on settling particles collected at 4810 m by MSTs and data based on settling particles collected in the upper 200 m by DSTs were used in this study on the assumption that the trapping efficiencies of the two types of sediment traps were close to 100% at those depths.

Because the sampling frequency differed between the DSTs and the MSTs, there is concern about the representativeness of the DST and MST data as metrics of annual means, especially at K2, because the DST observations there were limited, and the MST data indicated that there were large, interannual differences, such as an unusually high POC flux in 2010. It is likely, however, that the DST and MST data are representative of annual means for the following reasons:

(1) The annual mean of the observed POC flux at 150 m (∼49 mg-C m–2 day–1) was very similar to the POC flux estimated from the dissolved carbon and nutrient budget (∼47 mg-C m–2 day–1: Wakita et al., 2016; Honda et al., 2017).

(2) When the annual mean POC flux at 4810 m was estimated without the unusually high POC flux at 4810 m in 2010, the annual mean decreased by only 11% (from 5.5 to 4.9 mg-C m–2 day–1), and the “exponent b” increased only from 0.64 to 0.67, which was still smaller than the corresponding value of ∼0.89 at S1 (described later).

(3) Comparison of my “exponent b” with previously reported values of the “exponent b” for POC flux in the western Pacific subarctic gyre (Honda et al., 2002; Buesseler et al., 2007) indicates that my data are comparable to those previously reported exponents (described later).

Because of the use of annual means at respective depths (Table 1), the time-lag problem (e.g., Giering et al., 2014; Henson et al., 2015) and seasonal and interannual differences do not affect the results.


TABLE 1. Average fluxes and chemical compositions of settling particles during the K2S1 project.
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RESULTS


Primary Productivity

Details of the primary-production observations have been reported elsewhere (Matsumoto et al., 2016; Honda et al., 2017). Briefly, at subarctic-eutrophic station K2, the maximum IPP of ∼850 mg-C m–2 day–1 was observed in early summer (July 2011), and the minimum IPP of ∼100 mg-C m–2 day–1 was observed in winter (February 2010) (Figure 2A). At subtropical-oligotrophic station S1, the IPP was higher in winter (late January 2010, ∼500 mg-C m–2 day–1; February 2011, ∼900 mg-C m–2 day–1) and lower in summer (∼250 mg-C m–2 day–1 in July of both 2011 and 2012) and autumn (November 2010, ∼100 mg-C m–2 day–1) (Figure 2B). One scientific highlight of the K2S1project is the discovery that the average IPP (± standard deviation) at S1, the oligotrophic station (369 ± 47 mg-C m–2 day–1), was comparable to or slightly higher than that at K2, the eutrophic station (315 ± 39 mg-C m–2 day–1) (Table 1). On the basis of observations and numerical simulations, Honda et al. (2018) have proposed that one of the “missing” nutrient sources that might account for the higher IPP at station S1 is upwelling driven by mesoscale cyclonic eddies.



Fluxes and Chemical Compositions of Settling Particles in the Upper 200 M

The seasonal variability of the fluxes of settling particles and their chemical composition in the upper 200 m based on DST data have been reported by Honda et al. (2015). Those data indicate that the average Opal fluxes during 2010–2012 at station K2 ranged from ∼105 mg m–2 day–1 at 200 m to ∼202 mg m–2 day–1 at 60 m, and they were about 5–7 times the fluxes at station S1 at comparable depths (Table 1). However, CaCO3 fluxes at comparable depths were higher at station S1 (115–193 mg m–2 day–1) than at station K2 (61–136 mg m–2 day–1). As a result, the mole ratio of Opal to CaCO3 (Opal/CaCO3(mole)) was an order of magnitude higher at station K2 than at station S1. The TMF, POC flux, and export ratio (an index of BCP efficiency and equal to the POC flux at respective depths, expressed as a percentage of IPP), however, were comparable at comparable depths at both stations (K2: ∼14–31%, S1: ∼11–41%, see Table 1). The OM content of the settling particles was also comparable at the two stations; at both stations it accounted for ∼40–60% of the particles collected by DST. The similarity of the export fluxes and export ratios in the upper 200 m at stations K2 and S1 is inconsistent with previous reports of higher export fluxes and export ratios in subarctic regions (e.g., Henson et al., 2012).



Fluxes and Chemical Compositions of Settling Particles in the Deep Sea

The fluxes of settling particles and their chemical compositions based on data collected at 4810 m by MSTs showed remarkable seasonal and interannual variability (Figure 2). At station K2, the largest annual TMF maximum of ∼950 mg m–2 day–1 was observed in May 2010; in other years, the annual TMF maximum was at most 500 mg m–2 day–1 (Figure 2A). The TMF tended to increase in late spring (May and June) and in autumn at station K2. In contrast, at station S1, the annual TMF maximum was at most 200 mg m–2 day–1, and the TMF tended to increase in late winter and in spring (Figure 2B). The earlier occurrence of the annual TMF maximum at station S1 (winter/spring at S1 versus late spring/summer at K2) is consistent with the earlier occurrence of the annual IPP maximum there (winter at S1 versus late spring at K2). The average TMF at station K2, ∼158 mg m–2 day–1, was four times the average TMF at station S1 (∼41 mg m–2 day–1) (Table 1). The POC flux at K2 averaged ∼6 mg-C m–2 day–1, ∼3 times the average POC flux at station S1 (∼2 mg-C m–2 day–1). The export ratio at 4810 m of K2 (1.8%) was also ∼3 times that at station S1. At station K2, although the Opal fraction varied seasonally (higher in summer and lower in winter) and the CaCO3 fraction increased in winter, the dominant component of the settling particles was Opal (average, ∼51%) (Figure 2C and Table 1). In contrast, at station S1 the seasonal variability in the chemical composition of settling particles was small, and CaCO3 was the dominant component year-round (average, ∼50%, Figure 2D and Table 1).



DISCUSSION


Vertical Changes in the Organic and Inorganic Carbon Fluxes

On the assumptions (1) that the DST trapping efficiency in the upper 200 m and the MST trapping efficiency at 4810 m were both 100% and (2) that the averaged organic carbon fluxes (Table 1) represented the average annual POC fluxes, we directly compared the POC fluxes in the upper 200 and at 4810 m between the sites (Figure 3A). Because the POC flux at 4810 m was higher at K2 than at S1, whereas the POC fluxes in the upper 200 m were comparable at both stations, the value of the exponent b estimated by fitting Eq. (1), the Martin curve, to the POC flux–depth relationship at each station was 0.64 (n = 5, r2 = 0.99, p < 0.001) at K2 and 0.90 (n = 5, r2 = 0.92, p < 0.001) at S1. When the exponent b was estimated with the upper POC flux (average flux +1σ) (the lower POC flux: average flux −1σ) at the respective depths at both stations, the exponent b was estimated to be 0.65 with an r2 of 0.95 (0.63 with an r2 of 0.94) at K2 and 0.97 with an r2 of 0.95 (0.66 with an r2 of 0.69) at S1. It is noteworthy that the effect of the choice of water depth for measuring the export flux of POC (e.g., a fixed depth such as 100 m, base of seasonal euphotic zone, or base of seasonal or annual maximum mixed layer) on the POC flux vertical attenuation or transfer efficiency has been a subject of debate (Buesseler and Boyd, 2009; Palevsky and Doney, 2018). The exponent b calculated using the MST-derived POC flux and the DST-derived POC flux at the base of the euphotic zone, at the depth of the seasonal mixed layer, at a fixed depth of 100 m, and at the annual maximum depth of the mixed layer (K2: 150 m, S1: 200 m) were also estimated separately. However, variations of the estimated exponent b were small: 0.64–0.67 for K2 and 0.86–0.93 for S1. The estimated exponent b for the POC flux at K2 in this study (∼0.64) is comparable to previous estimates: 0.51 ± 0.05 for POC fluxes observed with neutral buoyancy sediment traps at 150, 300, and 500 m in late spring and early summer at station K2 (Buesseler et al., 2007), and ∼0.63 for the POC fluxes observed with DSTs at 13 depths between 60 and 400 m, and with MSTs at 1000, 3000, and 5000 m in the middle of spring and late autumn at the former western North Pacific subarctic time-series station KNOT (Honda et al., 2002). It has also been reported that the exponent b is larger at the central Pacific subtropical station ALOHA (1.33 ± 0.15) than at station K2 (Buesseler et al., 2007). Thus, it can be said that the vertical attenuation of the POC flux was significantly smaller at station K2 than at station S1. In other words, POC was transported vertically more efficiently at station K2 than at station S1.
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FIGURE 3. Vertical profiles of carbon fluxes. (A) Particulate organic carbon (POC) fluxes (POCF) and (B) particulate inorganic carbon (PIC) fluxes (PICF) at K2 (blue) and S1 (red). Please note that the scale of both axes is logarithmic. Error bars show the standard deviation (1σ). The solid curves are regression curves (power law functions) fitted to upper-level flux data (at 60, 100, 150, and 200 m) and deep flux data (at 4810 m) at each station. Hatched areas for K2 (blue) and S1 (red) are deviations from regression curves fit to the lower flux (average –1σ) and the upper flux (average +1σ) of POC at respective depths. Open blue circles (red squares) are (A) POCFs and (B) PICFs observed by neutrally buoyant sediment traps at 150, 300, and 500 m at station K2 (ALOHA) previously reported by Buesseler et al. (2007) (data are based on their Table 1). The horizontal solid and dotted lines in panel (B) labeled SD(A) and SD(C), respectively, are the saturation depths of aragonite and calcite, respectively, at the respective stations.


As described in the introduction, the choice of which empirical equation (power law model, exponential model, and so on) to parameterize the vertical attenuation of POC fluxes has been a subject of debate. In this study, I also tried to parameterize the vertical attenuation of the POC flux with an exponential model. However, the r2 statistic was lower for the exponential model than for the power law model: r2 = ∼0.67 (K2) and ∼0.41 (S1) for the exponential model whereas r2 ≥ 0.99 (K2) and ∼0.91 (S1) for the power law model. Moreover, the exponential model results in a rate of vertical attenuation of POC fluxes that is constant throughout the water column. Based on the likely decrease of biological activity and/or increase of sinking velocity with increasing depth (see section “Effects of Lower Water Temperature and Lower Oxygen Concentration”), the constant rate of vertical attenuation of POC fluxes assumed by the exponential model seems unlikely. Thus, the power law model (Martin curve) is likely more appropriate for parameterizing the vertical attenuation of POC fluxes at K2 and S1, even though the lack of POC flux data in the deep ocean does not rule out the possibility that there are some deviations from the shape of the Martin curve in that part of the water column.

It is noteworthy that the value of the exponent b for the flux of particulate inorganic carbon (PIC) (i.e., carbon in CaCO3) was also smaller at station K2 than at station S1 (K2: ∼0.19, r2 = 0.76; S1: ∼0.51, r2 = 0.91) (Figure 3B), even if the exponent b for the PIC flux, like that for the POC flux, was estimated in different ways and although its variability was slightly larger (0.17–0.28 for K2, 0.45–0.60 for S1). The saturation depths of the aragonite and calcite polymorphs of CaCO3 (where the saturation state Ω = 1) have been estimated to be at depths of around 100–200 m at station K2 and 600–800 m at station S1 (Honda et al., 2017; Figure 3B). The seawater at station K2 is therefore more corrosive with respect to CaCO3. In addition, preservation of settling POC might be less efficient at station K2 because biological grazing pressure is higher there than at station S1 (vide infra). Nevertheless, the vertical attenuation of PIC was smaller at station K2 than at station S1. This higher export flux and higher transfer efficiency in the deep sea in the subarctic region (station K2) than in the subtropical region (station S1) are inconsistent with previous reports of higher transport efficiencies in subtropical regions (e.g., Francois et al., 2002; Henson et al., 2012). Instead, the here reported higher transfer efficiency for the subarctic region (K2) compared to the subtropical region (S1) supports former observational and modeling studies featuring the found pattern (Marsay et al., 2015; Weber et al., 2016; DeVries and Weber, 2017; Cram et al., 2018; Maerz et al., 2020). In the next section, mechanisms related to the preservation of the POC flux and settling particles in the water column are discussed.



Correlations Between POC and Ballast Materials

Because settling particles are, in general, aggregates of various kinds of particles, the POC flux is usually positively correlated with the Opal, CaCO3, and LM fluxes (Figures 4A,B). However, which of these three materials plays the most important role in ballasting the vertical transport of light and labile POC is still being debated. By conducting multiple linear regression analyses (MLRAs) of global sediment trap data, Francois et al. (2002); Klaas and Archer (2002) have determined that CaCO3 is the dominant ballast material for POC on a global scale. In the western Pacific, including the Japan Sea, however, Otosaka and Noriki (2005) have reported that Opal is the dominant ballast material. Moreover, because the MLRA used a global sediment trap dataset consisting of annually averaged data, spatiotemporal variation of the Si/C ratio of primary production might have been missed; as a result, the conclusion that Opal is unimportant as ballast for POC transport might be inaccurate (Passow and De La Rocha, 2006; Boyd and Trull, 2007). Honda and Watanabe (2010), who conducted an MLRA of seasonal time-series of settling-particle data from individual sediment trap collecting cups, have reported that Opal is the dominant ballast material for vertical POC transport in the western Pacific subarctic gyre, including station K2. In accord with Honda and Watanabe (2010), we used an MLRA to fit the sediment trap data at a depth of 4810 m at K2 and S1 to the following equation to estimate the carrying coefficients (CCs) of Opal (A), CaCO3 (B), and LM (C):
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FIGURE 4. Relationships between the relative organic carbon flux (R-OCF) and other variables. (A,B) are relative fluxes of Opal (R-OPF: blue), CaCO3 (R-CAF: red), and lithogenic materials (R-LMF: black); (C,D) are modeled organic carbon: open circles) (obtained by using carrying coefficients estimated by multiple linear regression analysis) at K2 (A,C) and S1 (B,D). Broken lines in panels (C,D) are regression lines for panel (C) K2 (n = 89, r2 = 0.89, p < 0.001) and (D) S1 (n = 94, r2 = 0.92, p < 0.001).
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where ROC, ROpal, RCaCO3, and RLM are the relative fluxes of OC, Opal, CaCO3, and LM, respectively (i.e., the flux of each material relative to its average flux). Because we used relative fluxes in Eq. (6), each CC indicated the fraction of the POC flux carried by or associated with the corresponding ballast material (A + B + C + D = 1). The parameter D represents the residual ROC flux, that is, the fraction of the ROC not associated with any ballast material. The MLR equations at each site were as follows:

K2:
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S1:
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Figures 4C,D shows the relationship between the observed relative POC fluxes (R-OCFs) and the modeled relative POC fluxes, that is, the relative fluxes calculated by using the MLRA equations. At K2, A was equal to 0.79. Thus, consistent with the results reported by Otosaka and Noriki (2005); Honda and Watanabe (2010), this result indicates that ∼80% of the POC was ballasted by or associated with Opal. It is thus likely that Opal plays a pivotal role in the vertical transport of POC flux to the ocean interior in the western Pacific subarctic gyre, even though CaCO3, because it is denser than Opal, might be expected to function better as ballast. Although the composition of the collected Opal was not quantitatively determined, diatoms are likely the main source of the opal, because diatoms are the dominant phytoplankton group in the western Pacific subarctic gyre. Diatoms are among the producers of transparent exopolymer particles (TEP), which aggregate with small suspended particles to form macroscopic, settling particles (e.g., Passow et al., 2001; Simon et al., 2002 and references in their paper). Qualitatively speaking, a sediment trap sample containing many diatoms is very sticky or mushy. Thus, owing to their large size, their tendency to aggregate with small particles, and their stickiness, diatoms might surround labile materials such as POC and even CaCO3 and could serve to protect them from biological degradation and chemical reactions, as reported previously (Mayer, 1994; Armstrong et al., 2002). Hansen et al. (1996) also found that fecal pellets formed from a diet of diatoms were more recalcitrant to microbial degradation.

At S1, B (= 0.79) was the largest CC. This result indicates that ∼80% of the POC was ballasted by or associated with CaCO3, which is produced not only by phytoplankton such as coccolithophores but also by zooplankton such as foraminifera. Thus, in the western Pacific subtropical region, as in many other ocean regions (Francois et al., 2002; Klaas and Archer, 2002), CaCO3 might function as ballast for POC. Observations of carbonate chemistry made during the K2S1 project have confirmed that ocean acidification is ongoing at both K2 and S1 but that the shoaling rate of the CaCO3 saturation depth is higher at S1 than at K2 (Honda et al., 2017). Although the effects of ocean acidification on the ocean ecosystem and biogeochemistry are still being debated (e.g., Doney et al., 2009), ocean acidification might reduce the production of CaCO3. Whereas a decrease in CaCO3 production could increase alkalinity and decrease the production of CO2 associated with calcification, a decrease in the supply of CaCO3 ballast could cause the POC flux to decrease and surface pCO2 to increase, especially in subtropical regions (e.g., Heinze, 2004; Kwon et al., 2009).



Effects of Lower Water Temperature and Lower Oxygen Concentration

Seasonal observations during the K2S1 project have shown that water temperatures were much lower at K2 than at S1: ∼15°C lower at the surface, ∼18°C lower at 100 m (the depth of the cold subsurface dicothermal layer at K2; Dodimead et al., 1963; Favorite et al., 1976), ∼8°C lower at 500 m, and ∼1.5°C lower at 1000 m (Figure 5A). The rates of metabolic processes, including the rates at which microbial organisms respire, consume oxygen, and decompose POC, generally decrease with decreasing temperature and vice versa. The Q10 is a well-known index used to express the sensitivity of metabolic processes to a temperature increase of 10°C, and the Q10 value of microbial metabolism typically ranges from 2 to 3 (Quinlan, 1981).


[image: image]

FIGURE 5. Seasonal vertical profiles of temperature and dissolved oxygen. (A) Temperature and (B) dissolved oxygen (O2) at stations K2 (small blue dots) and S1 (small red dots). Large circles for respective stations are averages of each 1-m interval with standard deviation (1σ). Note that the scales of both axes are logarithmic.


In addition, it is possible that the rate of POC decomposition was affected by dissolved oxygen (O2) concentrations. The O2 concentration in the upper 100 m was generally higher at station K2 than at station S1 (Figure 5B), because the solubility of atmospheric oxygen in the surface ocean layer is higher at low temperatures. In the twilight zone, however, the O2 concentration was significantly lower at station K2 than at station S1. A sufficiently low O2 concentration would be expected to cause rates of microbial respiration and POC decomposition to decrease. For example, DeVries and Weber (2017) have reported that the rate of POC decomposition decreases by 70% and 20% when the O2 concentration is reduced to 50 μM and 20 μM, respectively. In addition, based on an on-deck incubation experiment in the Arabian Sea, Keil et al. (2016) have reported that an O2 concentration of 20 μM is the threshold for O2 effects on respiration; aerobic rates of POC decomposition in their experiments dropped to 0% for a few days at O2 concentrations below 1 μM. Pavia et al. (2019) have reported that the exponent b of Eq. (1) is small (low rate of attenuation of POC flux) in the eastern tropical Pacific, an hypoxic area with O2 < 20 μM, a finding supported by numerical simulation results (Cram et al., 2018). The oxygen sensitivity of the respiration rate thus has the potential to affect the rate of POC decomposition in water columns that include oxygen minimum zones, in which the O2 concentration may become low enough to slow aerobic rates of particle degradation. A half-saturation constant, [KO2], has been proposed as an index of the O2 dependence of POC decomposition rates (e.g., DeVries and Weber, 2017), and [KO2] values ranging from 4 to 30 μM have been suggested (Ploug, 2001; Kalvelage et al., 2015; Keil et al., 2016; DeVries and Weber, 2017; Laufkötter et al., 2017).

In this study, the rate of attenuation of the POC flux [R(T, O)] due to remineralization was estimated at K2 and S1 by using the following equation proposed by Cram et al. (2018):
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where T and O2 are the observed water temperature and dissolved oxygen concentration, respectively (Figures 5A,B). Cr (day–1) is the base remineralization rate of POC at a reference temperature (Tref). On the basis of incubation experiments, Iversen and Ploug (2013) have proposed that the carbon-specific respiration rates are 0.12 ± 0.03 day–1 at 15°C and 0.03 ± 0.01 day–1 at 4°C, and they applied these rates to an analysis of the vertical attenuation of POC fluxes observed by sediment traps in the world ocean. In this study, their carbon-specific respiration rate was used as the Cr at Tref: 0.12 ± 0.03 day–1 at 15°C or 0.03 ± 0.01 day–1 at 4°C. Use of these numbers indicated that the Q10 was 3.5 on average with a range from 2.1 to 6.2 (Figure 6A). The [O2]/([KO2] + [O2]) ratio is a metric of the intensity of the dependence of the rate of POC remineralization on the O2 concentration: the smaller [KO2], the smaller the O2 dependence (Figure 6B). [KO2] = 0 means that the O2 concentration does not affect POC remineralization rates.
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FIGURE 6. Relationships between variables and temperature or oxygen concentrations. (A) Carbon-specific respiration rates (black circles) reported by Iversen and Ploug (2013) and temperature. Curves are regression curves (exponential functions) fit to various combinations of data (I: average-average, II: lower value (average –1σ)-upper value (average +1σ), III: upper value-lower value, IV: upper value-upper value, V: lower value-lower value). Based on these exponential curves, the following Q10 values were estimated for these datasets (I: 3.5, II: 6.2, III: 2.1, IV: 3.3, V: 3.9). Cr at reference temperature of 4°C in Eq (9) (see text) for I, II, III, IV and V are 0.03, 0.02, 0.04, 0.04 and 0.02 day– 1, respectively. (B) Relationship between O2 concentration and [O2]/([KO2] + [O2]) for various [KO2] values (0–50 μM).


The estimated (Cr)(Q10(T–Tref)/10) (hereinafter Cr(T)) at K2 was nearly constant (2–3% day–1 on average) throughout the water column (Figure 7A) (note: the original rate [day–1] was converted to [% day–1] by multiplying the original rate by 100%). I attributed this small rate of change to the small change in water temperature throughout the water column at K2 (1–4°C, Figure 5A). In contrast, the Cr(T) at 100 m at S1 was estimated to be ∼19% day–1 on average, and it decreased with depth. At around 1000 m, the Cr(T) values at both stations were comparable, and they were nearly constant below 1000 m. The [O2]/([KO2] + [O2]) ratio at around 100 m at K2 was about 0.9 (Figure 7B), and it decreased with depth. The minimum [O2]/([KO2] + [O2]) ratio of 0.5 occurred at a depth of ∼600 m. This pattern is attributable to the O2 minimum at that depth (∼12 μM, Figure 5B). The [O2]/([KO2] + [O2]) ratio at S1 was estimated to be ∼0.9 in the upper 600 m and below 3000 m. Between these depths, the [O2]/([KO2] + [O2]) ratio decreased (Figure 5B) and reached a minimum (∼0.7) at around 1000 m. A comparison of the Cr(T) values and [O2]/([KO2] + [O2]) ratios between the two stations revealed that the Cr(T) was on average ∼8 times higher at around 100 m and more than twice as high in the upper 600 m at S1 than at K2, whereas the [O2]/([KO2] + [O2]) ratio was slightly higher in the twilight zone (200–1000 m) and at most twice as high at around 600 m at S1 than at K2 (Figure 7C). These analyses indicated that the rate of respiration of POC in the upper ∼600 m was significantly higher at S1 than at K2. This difference could be attributed mainly to the higher water temperature at S1; the rates of respiration of POC below ∼1500 m were comparable at both stations.


[image: image]

FIGURE 7. Vertical profiles of variables related to respiration. (A) (Cr)(Q10(T– Tref)/10) (hereinafter Cr(T)), (B) ([O2]/[KO2] + [O2]) at K2 (blue) and S1 (red). Values in panels (A,B) are averages of values estimated with various Q10 values and various [KO2] in Figure 6 with standard deviation (1σ). (C) Vertical profiles of ratios at S1 and K2 of Cr(T) (label: Temp) and ([O2]/([KO2] + [O2]) (label: O2). Note that only edge of error bars or standard deviation for respective values are shown in respective figures.


Using these relationships, I estimated the vertical profiles of R(T, O) (note: the original rate [day–1] was converted to [% day–1] by multiplying the original rate by 100%) at K2 and S1 (Figure 8A). The error bounds (1σ) of the R(T,O) values were large, ∼40%, because Cr(Tref of 4°C), Q10 and [KO2] ranged from 0.02 and 0.04, 2.1 to 6.5 and 0 to 50 μM, respectively (Figures 6A,B). The variation with depth of R(T,O) at K2 was small, and the average of R(T,O) throughout the water column was ∼2.5% day–1. The small depth dependence could be attributed to the small range of temperatures throughout the water column (Figure 5A). At depths of 300–1000 m, where O2 concentrations were less than 20 μM, R(T,O) decreased slightly to ∼1% day–1. At S1, the R(T, O) between 100 and 200 m was estimated to be ∼16 (15–17)% day–1 on average, ∼8 times the corresponding rate at K2. This difference could be attributed mainly to the higher temperature at S1 versus K2. The R(T, O) at S1 decreased with increasing depth, and below 1500 m it became comparable to the corresponding R(T, O) at K2.
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FIGURE 8. Vertical profiles of variables related to attenuation of particle fluxes. (A) R(T, O) (rate of respiration of POC flux:% day– 1), (B) vertical attenuation rate of POC flux (R(VA):% m– 1) at K2 (blue) and S1 (red), and (C) POC sinking velocity (SV) at K2 (blue) and S1 (red). The values in panels (A,C) are averages for each 1-m interval with standard deviations (1σ). Error bars in panel (B) are 2% (10%) of respective values for K2 (S1) based on data in Figure 3. Note that only edge of error bars or standard deviation for respective values are shown in respective figures.


To determine whether these R(T,O) rates were reasonable, I compared them to the attenuation rate of the POC flux (R(VA):% m–1). Although some deviations from the shape of the Martin curve could not be ruled out at depths below 200 m because of limited POC flux data, values of R(VA) at z m (R(VA) (z)) were estimated using the Martin curve with the exponent b proposed in this study (K2: 0.64, S1: 0.90) as follows:

[image: image]

At K2 and S1, the R(VA) values at 200 m were ∼0.3 and ∼0.5% m–1, respectively (Figure 8B), and they decreased with increasing depth. At 1000 (5000) m, the R(VA) values at K2 and S1 were ∼0.05 (0.02) and 0.1 (0.02)% m–1, respectively:

The R(VA) rate was determined from the R(T,O) rates and the sinking velocity of the POC or particles (SV) as follows:
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It should be noted that R(VA)/100 is inversely related to the Remineralization Length Scale (RLS: RLS = SV/R(T,O)), which has been used as an index of biological carbon pump efficiency (e.g., Cram et al., 2018).

I used R(T,O) (Figure 8A) and R(VA) (Figure 8B) to estimate SV (Figure 8C). At K2, the average SV at 200 m was estimated to be ∼6 m day–1, and the SV increased with increasing depth. The SV became roughly 25 m day–1 at ∼1000 m and roughly 150 m day–1 at ∼5000 m. At S1, the average SV at 200 m was estimated to be ∼40 m day–1, and the SV increased to roughly 45 m day–1 at ∼350 m. The SV then decreased with increasing depth, and at around 1000 m the SV was ∼25 m day–1, comparable to the SV at the same depth at K2. At depths greater than 1000 m, the SVs at S1 were estimated to be smaller than those at K2, and they increased with depth again. This pattern is attributable to the fact that the R(VA) was still larger at S1 than at K2 at depths greater than 1000 m, whereas R(T,O) values were comparable at both stations. At 5000 m, the average SV was estimated to be ∼110 m day–1. An increase of SV with depth has previously been reported (Berelson, 2002; Honda et al., 2009, 2013; Villa-Alfageme et al., 2016). My estimate that the SV was larger at S1 than at K2 in the upper 500 m is consistent with the results of previous studies (Honda et al., 2013; Sukigara et al., 2019) and thus seems reasonable. However, the absolute values of the SVs estimated in this study seem somewhat low compared to previous estimates: 72 m day–1 between 60 and 1000 m, and 136 m day–1 between 1000 and 4810 m at K2 (Honda et al., 2009); 26–71 m day–1 at K2 and 22–46 m day–1 at S1 in the upper 500 m, and >180 m day–1 below 500 m at both stations (Honda et al., 2013); and ∼30 m day–1 at K2 and ∼60 m day–1 at S1 at depths of 100–200 m (Sukigara et al., 2019). The low SVs estimated in this study might be attributable to the low Cr values used, 0.12 ± 0.03 day–1 at 15°C and 0.03 ± 0.01 day–1 at 4°C, based on the report of Iversen and Ploug (2013). For comparison, McDonnell et al. (2015) reported an average Cr of 0.5 (0.5–1.5) day–1 for POC flux at the Atlantic subtropical station BATS, and DeVries and Weber (2017) used a Cr of 0.32 ± 0.15 day–1 for fast-sinking POC and of 0.16 ± 0.06 day–1 for slow-sinking POC in their numerical simulation of the vertical attenuation of the global POC flux. In this study, metabolic rates were assumed to depend only on water temperature and O2 concentration. Although many papers have discussed the hydraulic pressure effect on prokaryote production (reviewed by Nagata et al., 2010; Tamburini et al., 2013), I did not consider the hydraulic pressure effect on Cr and Q10 because no appropriate parameterization of its effect that could have been applied to this study has been proposed.

In addition, I did not take into account the biomass and rate of production of zooplankton and prokaryotes. The K2S1 project (Honda et al., 2017) has revealed that the biomasses of metazoan zooplankton (hereinafter ZP) and prokaryotes are ∼7 times and ∼1.5 times higher at K2 than at S1, respectively, and the carbon demands of ZP and prokaryotes at K2 were estimated to be ∼2.5 times and ∼1.4 times the corresponding demands at S1 (Table 2). This pattern is inconsistent with the smaller POC remineralization rate at K2 than at S1. The ZP carbon demand per unit biomass at S1 has been estimated to be ∼2.8 times (7/2.5) the corresponding demand at K2. In contrast, based on Figure 8A, the average R(T,O) at S1 in the twilight zone (100–1000 m) was estimated to be ∼4.4 times the average R(T,O) at K2. Thus, the estimated R(T,O) at K2, without consideration of the effect of ZP, might be underestimated relative to the R(T,O) at S1.


TABLE 2. Biomasses of metazoan zooplankton (ZP) and prokaryotes, estimated biological carbon demands of ZP and prokaryotes, and carbon supplies estimated from differences of POC fluxes, DOC fluxes, and ZP excretion.

[image: Table 2]Moreover, it has been reported that the total carbon demands of ZP and prokaryotes tend to exceed the total carbon supply by remineralization of sinking POC and the excretion of dissolved organic carbon (DOC) by ZP, especially at K2 (Table 2). A similar mismatch between the carbon supply and demand has also been observed in other ocean basins. In a recent review, Boyd et al. (2019) proposed that, besides the particle flux due to gravitational settling, other carbon transport mechanisms may contribute to the carbon supply. They call such mechanisms “particle injection pumps”: the supply of suspended particles to the ocean interior by, for example, eddy-induced subduction or the seasonal deepening of the mixed layer. In addition, slowly sinking particles (Giering et al., 2014) or suspended particles in the mesopelagic layer (Briggs et al., 2020), some of which are transported laterally (Lam and Bishop, 2008) and are difficult to observe with sediment trap measurements, might help to meet the biological carbon demand in the ocean interior. A discrepancy between the remineralization of sinking POC and biomass/carbon demand is therefore possible, and quantification of the relationship between these is strongly recommended in future studies.



CONCLUSION

Measurements of the fluxes of sinking particles at the western Pacific subarctic-eutrophic time-series station K2 and the subtropical-oligotrophic station S1 during the K2S1 project showed that the vertical attenuation of POC fluxes was smaller at subarctic station K2 than at subtropical station S1. In other words, POC was transported vertically more efficiently at station K2 than at station S1. The more efficient transport at K2 might be due to protection of the POC by diatoms from degradation and to the lower microbial metabolic rates in the twilight zone at K2 due to the lower temperatures and O2 concentrations at K2. However, the carbon supplied by POC, DOC, and ZP to the ocean interior was insufficient to satisfy the observed biological carbon demand there, especially at station K2. The reason for this mismatch is still an open question.



DATA AVAILABILITY STATEMENT

Publicly available datasets were analyzed in this study. This data can be found here: http://ebcrpa.jamstec.go.jp/k2s1/en/.



AUTHOR CONTRIBUTIONS

MH designed the research and wrote the manuscript with great support from all concerned in the K2S1 project.



FUNDING

This work was financially supported by Grants-in-Aid for Scientific Research (KAKENHI JP18H04144 and JP19H05667) funded by the Ministry of Education, Culture, Sports, Science, and Technology-Japan (MEXT).



ACKNOWLEDGMENTS

The author acknowledges all scientists, students, marine technicians, and ship crews who participated in the K2S1 project. Without their hard work, this research would never have been completed. Dr. Mario Uchimiya of the University of Georgia provided prokaryote data and valuable comments concerning the discussion of prokaryote biomass and production. The author deeply appreciate reviewers for their constructive and suggestive comments, TF as handling editor and guest editors of special issue, including Drs. Maureen H. Conte, Rut P. Pamies, and Gerhard J. Herndl.


FOOTNOTES

1http://ebcrpa.jamstec.go.jp/k2s1/en/


REFERENCES

Armstrong, R. A., Lee, C., Hedges, J. I., Honjo, S., and Wakeham, S. G. (2002). A new, mechanistic model for organic carbon fluxes in the ocean based on the quantitative association of POC with ballast minerals. Deep Sea Res. Part II 49, 219–236. doi: 10.1016/S0967-0645(01)00101-1

Bach, L. T., Stange, P., Taucher, J., Achterberg, E. P., Algueró−Muñiz, M., Horn, H., et al. (2019). The influence of plankton community structure on sinking velocity and remineralization rate of marine aggregates. Global Biogeochem. Cycles 33, 971–994. doi: 10.1029/2019GB006256

Banse, K. (1990). New views on the degradation and disposition of organic particles as collected by sediment traps in the open ocean. Deep Sea Res. Part A 37, 1177–1195. doi: 10.1016/0198-0149(90)90058-4

Berelson, W. L. (2002). Particle settling rates increase with depth in the ocean. Deep Sea Res. II 49, 237–251. doi: 10.1016/s0967-0645(01)00102-3

Berelson, W. M. (2001). The flux of particulate organic carbon into the ocean interior.: a comparison of four U.S. JGOFS regional studies. Oceanography 14, 59–64.

Berger, W. H., Fischer, K., Lai, C., and Wu, G. (1987). “Ocean carbon flux: global maps of primary production and export production,” in Biogeochemical Cycling and Fluxes between the Deep Euphotic Zone and Other Oceanic Realms, Vol. 3, ed. C. Agegian (Silver Spring, MD: NOAA), 87–30.

Betzer, P. R., Shower, W. L., Laws, E. A., Winn, C. D., Ditullio, G. R., and Kroopnick, P. M. (1984). Primary productivity and particle fluxes on a transect of the equator at 153°W in the Pacific Ocean. Deep Sea Res. 31, 1–11. doi: 10.1016/0198-0149(84)90068-2

Boyd, P. W., Claustre, H., Levy, M., Siegel, D. A., and Weber, T. (2019). Multi-faceted particle pumps drive carbon sequestration in the ocean. Nature 568, 327–335. doi: 10.1038/s41586-019-1098-2

Boyd, P. W., and Trull, T. W. (2007). Understanding the export of biogenic particles in oceanic waters: is there consensus? Prog. Oceanogr. 72, 276–312. doi: 10.1016/j.pocean.2006.10.007

Briggs, N., Dall’Olmo, G., and Claustre, H. (2020). Major role of particle fragmentation in regulating biological sequestration of CO2 by the oceans. Science 367, 791–793. doi: 10.1126/science.aay1790

Buesseler, K. O. (1998). The decoupling of production and particulate export in the surface ocean. Global Biogeochem. Cycles 12, 297–310. doi: 10.1029/97GB03366

Buesseler, K. O., and Boyd, P. W. (2009). Shedding light on processes that control particle export and flux attenuation in the twilight zone of the open ocean. Limnol. Oceanogr. 54, 1210–1232. doi: 10.4319/lo.2009.54.4.1210

Buesseler, K. O., Lamborg, C. H., Boyd, P. W., Lam, P. J., Trull, T. W., Bidigare, R., et al. (2007). Revisiting carbon flux through the ocean’s twilight zone. Science 316, 567–570. doi: 10.1126/science.1137959

Buesseler, K. O., Trull, T. W., Steinberg, D. K., Silver, M. W., Siegel, D. A., Saitoh, S. I., et al. (2008). VERTIGO (VERtical Transport In the Global Ocean): a study of particle sources and flux attenuation in the North Pacific. Deep Sea Res. Part II 55, 1522–1539. doi: 10.1016/j.dsr2.2008.04.024

Cael, B. B., and Bisson, K. (2018). Particle flux parameterizations: quantitative and mechanistic similarities and differences. Front. Mar. Sci. 5:395. doi: 10.3389/fmars.2018.00395

Cram, J. A., Weber, T., Leung, S. W., McDonnell, A. M. P., Liang, J.-H., and Deutsch, C. (2018). The role of particle size, ballast, temperature, and oxygen in the sinking flux to the deep sea. Global Biogeochem. Cycles 32, 858–876. doi: 10.1029/2017GB005710

DeVries, T., and Weber, T. (2017). The export and fate of organic matter in the ocean: new constraints from combining satellite and oceanographic tracer observations. Global Biogeochem. Cycles 31, 535–555. doi: 10.1002/2016GB005551

Dodimead, A. J., Favorite, F., and Hirano, T. (1963). Winter oceanographic conditions in the central Subarctic Pacific. Bull. Int. North Pacific Comm. 13, 1–195.

Doney, S., Fabry, V. J., Feely, R. A., and Kleypas, J. A. (2009). Ocean acidification: the other CO2 problem. Annu. Rev. Mar. Sci. 2009, 169–192.

Favorite, F., Dodimead, A. J., and Nasu, K. (1976). Oceanography of the subarctic Pacific region. Bull. Int. North Pacific Comm. 33, 1–187.

Fisher, G., and Karakas, G. (2009). Sinking rates and ballast composition of particles in the Atlantic Ocean: implications for the organic carbon fluxes to the deep ocean. Biogeosciences 6, 85–102. doi: 10.5194/bg-6-85-2009

Francois, R., Honjo, S., Krishfield, R., and Manganini, S. (2002). Factors controlling the flux of organic carbon to the bathypelagic zone of the ocean. Global Biogeochem. Cycles 16:1087. doi: 10.1029/2001GB001722

Garcia, H. E., Locarnini, R. A., Boyer, T. P., Antonov, J. I., Zweng, M. M., Baranova, O. K., et al. (2010). World Ocean Atlas 2009, Volume 4: Nutrients (Phosphate, Nitrate, Silicate). ed. S. Levitus (Washington, DC: U.S. Government Printing Office), 398.

Giering, S. L. C., Sanders, R., Lampitt, R. S., Anderson, T. R., Tamburini, C., Boutrif, M., et al. (2014). Reconciliation of the carbon budget in the ocean’s twilight zone. Nature 507, 480–483. doi: 10.1038/nature13123

Gloege, L., McKinley, G. A., Mouw, C. B., and Clochetto, A. R. (2017). Global evaluation of particulate organic carbon flux parameterizations and implications for atmospheric pCO2. Global Biogeochemical Cycles 31, 1192–1215. doi: 10.1002/2016GB005535

Hansen, B., Fotel, F. L., Jensen, N. J., and Madsen, S. D. (1996). Bacteria associated with a marine planktonic copepod in culture. II. Degradation of fecal pellets produced on a diatom, a nanoflagellate or a dinoflagellate diet. J. Plankton Res. 18, 275–288. doi: 10.1093/plankt/18.2.275

Heinze, C. (2004). Simulating oceanic CaCO3 export production in the greenhouse. Geophys. Res. Lett. 31:6308. doi: 10.1029/2004GL020613

Henson, S., Le Moigne, F., and Giering, S. (2019). Drivers of carbon export efficiency in the global ocean. Global Biogeochem. Cycles 33, 891–903. doi: 10.1029/2018GB006158

Henson, S. A., Sanders, R., and Madsen, E. (2012). Global patterns in efficiency of particulate organic carbon export and transfer to the deep ocean. Global Biogeochem. Cycles 26:GB1028.

Henson, S. A., Yool, A., and Sanders, R. (2015). Variability in efficiency of particulate organic carbon export: a model study. Global Biogeochem. Cycles 29, 33–45. doi: 10.1002/2014GB004965

Honda, M. C., Imai, K., Nojiri, Y., Hoshi, F., Sugawara, T., and Kusakabe, M. (2002). The biological pump in the northwestern North Pacific based on fluxes and major components of particulate matter obtained by sediment trap experiments (1997–2000). Deep Sea Res. II 49, 5595–5625. doi: 10.1016/s0967-0645(02)00201-1

Honda, M. C., and Kawakami, H. (2014). Sinking velocity of particulate radiocesium in the northwestern North Pacific. Geophys. Res. Lett. 41, 3959–3965. doi: 10.1002/2014GL060126

Honda, M. C., Kawakami, H., Matsumoto, K., Wakita, M., Fujiki, T., Mino, Y., et al. (2015). Comparison of sinking particles in the upper 200 m between subarctic station K2 and subtropical station S1 based on drifting sediment trap experiments. J. Oceanogr. 72, 373–386. doi: 10.1007/s10872-015-0280-x

Honda, M. C., Kawakami, H., Watanabe, S., and Saino, T. (2013). Concentration and vertical flux of Fukushima-derived radiocesium in sinking particles from two sites in the Northwestern Pacific Ocean. Biogeoscience 10, 3525–3534. doi: 10.5194/bg-10-3525-2013

Honda, M. C., Sasai, Y., Siswanto, E., Kuwano-Yoshida, A., Aiki, H., and Cronin, M. F. (2018). Impact of cyclonic eddies and typhoons on biogeochemistry in the oligotrophic ocean based on biogeochemical / physical / meteorological time-series at station KEO. Prog. Earth Planet. Sci. 5:42. doi: 10.1186/s40645-018-0196-3

Honda, M. C., Sasaoka, K., Kawakami, H., Matsumoto, K., Watanabe, S., and Dickey, T. (2009). Application of underwater optical data to estimation of primary productivity. Deep Sea Res. I 56, 2281–2292. doi: 10.1016/j.dsr.2009.08.009

Honda, M. C., Wakita, M., Matsumoto, K., Fujiki, T., Siswanto, E., Sasaoka, K., et al. (2017). Comparison of carbon cycle between the western Pacific subarctic and subtropical time-series stations: highlights of the K2S1 project. J. Oceanogr. 73, 647–667. doi: 10.1007/s10872-017-0423-3

Honda, M. C., and Watanabe, S. (2010). Importance of biogenic opal as ballast of particulate organic carbon (POC) transport and existence of mineral ballast-associated and residual POC in the Western Pacific Subarctic Gyre. Geophys. Res. Lett. 37:L02605. doi: 10.1029/2009GL041521

Ittekkot, V. (1993). The abiotically driven biological pump in the ocean and short-term fluctuations in the atmospheric CO2 content. Global Planet. Change 8, 17–25. doi: 10.1016/0921-8181(93)90060-2

Iversen, M. H., and Ploug, H. (2013). Temperature effects on carbon-specific respiration rate and sinking velocity of diatom aggregates – potential implications for deep ocean export processes. Biogeosciences 10, 4073–4085. doi: 10.5194/bg-10-4073-2013

Kalvelage, T., Lavik, G., Jensen, M. M., Revsbech, N. P., Löscher, C., Schunck, H., et al. (2015). Aerobic microbial respiration in oceanic oxygen minimum zones. PLoS One 10:e0133526. doi: 10.1371/journal.pone.0133526

Keil, R. G., Neibauer, J. A., and Devol, A. H. (2016). A multiproxy approach to understanding the “enhanced” flux of organic matter through the oxygen-deficient waters of the Arabian Sea. Biogeosciences 13, 2077–2092. doi: 10.5194/bg-13-2077-2016

Klaas, C., and Archer, D. E. (2002). Association of sinking organic matter with various types of mineral ballast in the deep sea: implications for the rain ratio. Global Biogeochem. Cycles 16:1116. doi: 10.1029/2001GB001765

Knauer, G. A., Martin, J. H., and Bruland, K. W. (1979). Fluxes of particulate carbon, nitrogen, and phosphorus in the upper water column of the northeast Pacific. Deep Sea Res. 26, 97–108. doi: 10.1016/0198-0149(79)90089-x

Kobari, T., Nakamura, R., Unno, K., Kitamura, M., Yanabe, K., Nagafuku, H., et al. (2016). Seasonal variability in carbon demand and flux by mesozooplankton communities at subarctic and subtropical sites in the western North Pacific Ocean. J. Oceanogr. 72, 403–418. doi: 10.1007/s10872-015-0348-7

Kwon, E. Y., Primeau, F., and Sarmiento, J. L. (2009). The impact of remineralization depth on the air–sea carbon balance. Nature Geosci. 2, 630–635. doi: 10.1038/ngeo612

Lam, P. J., and Bishop, J. K. B. (2008). The continental margin is a key source of iron to the HNLC North Pacific Ocean. Geophys. Res. Lett. 35:L07608. doi: 10.1029/2008GL033294

Laufkötter, C., John, J. G., Stock, C. A., and Dunne, J. P. (2017). Temperature and oxygen dependence of the remineralization of organic matter. Global Biogeochem. Cycles 31, 1038–1050. doi: 10.1002/2017GB005643

Laws, E. A., DiTullio, G. R., Betzer, P. R., Karl, D. M., and Carder, K. L. (1989). Autrophic production and elemental fluxes at 26°N, 155°W in the North Pacific subtropical gyre. Deep Sea Res. 36, 103–120. doi: 10.1016/0198-0149(89)90021-6

Laws, E. A., Falkowski, P. G., Smith, W. O. Jr., Ducklow, H., and McCarthy, J. J. (2000). Temperature effects on export production in the open ocean. Global Biogeochem. Cycles 14, 1231–1246. doi: 10.1029/1999gb001229

Lima, I. D., Lam, P. J., and Doney, S. C. (2014). Dynamics of particulate organic carbon flux in a global ocean model. Biogeosciences 11, 1177–1198. doi: 10.5194/bg-11-1177-2014

Lorius, C., Jouzel, J., Raynaud, D., Hansen, J., and Treut, H. L. (1990). The Ice-core record: climate sensitivity and future greenhouse warming. Nature 347, 139–145. doi: 10.1038/347139a0

Maerz, J., Six, K. D., Stemmler, I., Ahmerkamp, S., and Ilyina, T. (2020). Microstructure and composition of marine aggregates as co-determinants for vertical particulate organic carbon transfer in the global ocean. Biogeosciences 17, 1765–1803. doi: 10.5194/bg-17-1765-2020

Marsay, C. M., Sanders, R. J., Henson, S. A., Pabortsava, K., Achterberg, E. P., and Lampit, R. C. (2015). Attenuation of sinking particulate organic carbon flux through the mesopelagic ocean. Proc. Natl. Acad. Sci. U.S.A. 112, 1089–1094. doi: 10.1073/pnas.1415311112

Martin, J. H., Knauer, G. A., Karl, D. M., and Broenkow, W. W. (1987). VERTEX: carbon cycling in the northeast Pacific. Deep Sea Res. 34, 267–285. doi: 10.1016/0198-0149(87)90086-0

Matsumoto, K., Abe, O., Fujiki, T., Sukigara, C., and Mino, Y. (2016). Primary productivity at the time-series stations in the northwestern Pacific Ocean: is the subtropical station unproductive? J. Oceanogr. 72, 359–371. doi: 10.1007/s10872-016-0354-4

Mayer, L. M. (1994). Surface area control of organic carbon accumulation in continental shelf sediments. Geochim. Cosmochim. Acta 58, 1271–1284. doi: 10.1016/0016-7037(94)90381-6

McDonnell, A. M. P., Boyd, P. W., and Buesseler, K. O. (2015). Effects of sinking velocities and microbial respiration rates on the attenuation of particulate carbon fluxes through the mesopelagic zone. Global Biogeochem. Cycles 29, d175–d193. doi: 10.1002/2014GB004935

Nagata, T., Tamburini, C., Aristegui, J., Baltar, F., Bochdansky, A. B., Fonda-Umani, S., et al. (2010). Emerging concepts on microbial processes in the bathypelagic ocean-ecology, biogeochemistry, and genomics. Deep Sea Res II 57, 1519–1536. doi: 10.1016/j.dsr2.2010.02.019

Otosaka, S., and Noriki, S. (2005). Relationship between composition of settling particles and organic carbon flux in the western North Pacific and the Japan Sea. J. Oceanogr. 61, 25–40. doi: 10.1007/s10872-005-0017-3

Pace, M. L., Knauer, G. A., Karl, D. M., and Martin, J. H. (1987). Primary production and vertical flux in the eastern Pacific Ocean. Nature 325, 803–804. doi: 10.1038/325803a0

Palevsky, H. I., and Doney, S. (2018). How choice of depth horizon influences the estimated spatial patterns and global magnitude of ocean carbon export flux. Geophys. Res. Lett. 45, 4171–4179. doi: 10.1029/2017GL076498

Passow, U., and De La Rocha, C. L. (2006). Accumulation of mineral ballast on organic aggregates. Global Biogeochem. Cycles 20:GB1013. doi: 10.1029/2005GB002579

Passow, U., Shipe, R. F., Murray, A., Pak, D. K., Brzezinski, M. A., and Alldredge, A. L. (2001). The origin of transparent exopolymer particles (TEP) and their role in the sedimentation of particulate matter. Cont. Shelf Res. 21, 327–346. doi: 10.1016/s0278-4343(00)00101-1

Pavia, F. J., Anderson, R. F., Lam, P. J., Cael, B. B., Vivancos, S. M., Fleisher, M. Q., et al. (2019). Shallow particulate organic carbon regeneration in the South Pacific Ocean. Proc. Natl. Acad. Sci. U.S.A. 116, 9753–9758. doi: 10.1073/pnas.1901863116

Ploug, H. (2001). Small-scale oxygen fluxes and remineralization in sinking aggregates. Limnol. Oceanogr. 46, 1624–1631. doi: 10.4319/lo.2001.46.7.1624

Quinlan, A. V. (1981). The thermal sensitivity of generic Michaelis-Menten processes without catalyst denaturation or inhibition. J. Thermal Biol. 6, 103–114. doi: 10.1016/0306-4565(81)90061-9

Redfield, A. C., Ketchum, B. H., and Richards, F. A. (1963). “The influence of organisms on the composition of seawater,” in The Sea, Vol. 2, ed. M. N. Hill (New York, NY: Interscience), 26–77.

Simon, M., Grossart, H.-P., Schweitzer, B., and Ploug, H. (2002). Microbial ecology of organic aggregates in aquatic ecosystems. Aquat. Microb. Ecol. 28, 175–211. doi: 10.3354/ame028175

Smith, K. L. Jr., Ruhl, H. A., Huffard, C. L., Messie, M., and Kahru, M. (2018). Episodic organic carbon fluxes from surface ocean to abyssal depths during long-term monitoring in NE Pacific. Proc. Natl. Acad. Sci. U.S.A. 115, 12235–12240. doi: 10.1073/pnas.1814559115

Suess, E. (1980). Particle organic carbon flux in the ocean surface productivity and oxygen utilization. Nature 288, 260–263. doi: 10.1038/288260a0

Sukigara, C., Mino, Y., Kawakami, H., Honda, M. C., Fujiki, T., Matsumoto, K., et al. (2019). Sinking dynamics of particulate matter in the subarctic and subtropical regions of the western North Pacific. Deep Sea Res. I 144, 17–27. doi: 10.1016/j.dsr.2018.11.004

Tamburini, C., Boutrif, M., Garel, M., Colwell, R. R., and Deming, J. W. (2013). Prokaryotic responses to hydrostatic pressure in the ocean – review. Environ. Microbiol. 15, 1262–1274. doi: 10.1111/1462-2920.12084

Taylor, S. R. (1964). Abundance of chemical elements in the continental crust: a new table. Geochim. Cosmochim. Acta 28, 1273–1285. doi: 10.1016/0016-7037(64)90129-2

Uchimiya, M., Fukuda, H., Wakita, M., Kitamura, M., Kawakami, H., Honda, M. C., et al. (2018). Balancing organic carbon supply and consumption in the ocean’s interior: evidence from repeated biogeochemical observations conducted in the subarctic and subtropical western North Pacific. Limnol. Oceanogr. 63, 2015–2027. doi: 10.1002/lno.10821

Villa-Alfageme, M., de Soto, F. C., Ceballos, E., Giering, L. C., Le Moigne, F. A. C., Henson, S., et al. (2016). Geographical, seasonal, and depth variation in sinking particle speeds in the North Atlantic. Geophys, Res. Lett. 43, 8609–8616. doi: 10.1002/2016GL069233

Volk, T., and Hoffert, M. I. (1985). “Ocean carbon pumps: analysis of relative strengths and efficiencies in ocean-driven atmospheric CO2 changes,” in The Carbon Cycle and Atmospheric CO2: Natural Variations Archean to Present, 32. Geophysical Monograph, eds E. T. Sundquist and W. S. Broecker (Washington, DC: American Geophysical Union), 99–110. doi: 10.1029/gm032p0099

Wakita, M., Honda, M. C., Matsumoto, K., Fujiki, T., Kawakami, H., Yasunaka, S., et al. (2016). Biological organic carbon export estimated from carbon budget in the surface water of western subarctic and subtropical North Pacific Ocean. J. Oceanogr. 72, 665–685. doi: 10.1007/s10872-016-0379-8

Weber, T., Cram, J. A., Leung, S. W., DeVries, T., and Deutsch, C. (2016). Deep ocean nutrients imply large latitudinal variation in particle transfer efficiency. Proc. Natl. Acad. Sci. U.S.A. 31, 8606–8611. doi: 10.1073/pnas.1604414113

Wilson, J. D., Barker, S., Edwards, N., Holden, P. B., and Ridgwell, A. (2019). Sensitivity of atmospheric CO2 to regional variability in particulate organic matter remineralization depths. Biogeosciences 16, 2923–2936. doi: 10.5194/bg-16-2923-2019

Yamanaka, Y., and Tajika, E. (1996). The role of the vertical fluxes of particulate organic matter and calcite in the oceanic carbon cycle: studies using an ocean biogeochemical general circulation model. Global Biogeochem. Cycles 10, 361–382. doi: 10.1029/96gb00634

Yu, E., Francois, R., Bacon, M., Honjo, S., Fleet, A., Manganini, S., et al. (2001). Trapping efficiency of bottom-tethered sediment traps estimated from the intercepted fluxes of 230Th and 231Pa. Deep Sea Res. I 48, 865–889. doi: 10.1016/s0967-0637(00)00067-4


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Honda. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

		ORIGINAL RESEARCH
published: 24 September 2020
doi: 10.3389/feart.2020.560893


[image: image2]
Relative Importance of Phosphodiesterase vs. Phosphomonoesterase (Alkaline Phosphatase) Activities for Dissolved Organic Phosphorus Hydrolysis in Epi- and Mesopelagic Waters
Blair Thomson1*, Jess Wenley1,2, Scott Lockwood1,2, Isla Twigg1, Kim Currie3, Gerhard J. Herndl4,5, Christopher D. Hepburn1 and Federico Baltar4*
1Department of Marine Science, University of Otago, Dunedin, New Zealand
2Department of Microbiology, University of Otago, Dunedin, New Zealand
3NIWA/University of Otago Research Centre for Oceanography, Dunedin, New Zealand
4Department of Functional and Evolutionary Ecology, University of Vienna, Vienna, Austria
5Department of Marine Microbiology and Biogeochemistry, NIOZ, Royal Netherlands Institute for Sea Research, Utrecht University, Utrecht, Netherlands
Edited by:
Timothy Ferdelman, Max Planck Institute for Marine Microbiology (MPG), Germany
Reviewed by:
Masahiro Suzumura, National Institute of Advanced Industrial Science and Technology (AIST), Japan
France Van Wambeke, Centre National de la Recherche Scientifique (CNRS), France
* Correspondence: Blair Thomson, blair.thomson@otago.ac.nz, Federico Baltar, federico.baltar@univie.ac.at
Specialty section: This article was submitted to Biogeoscience, a section of the journal Frontiers in Earth Science
Received: 11 May 2020
Accepted: 31 August 2020
Published: 24 September 2020
Citation: Thomson B, Wenley J, Lockwood S, Twigg I, Currie K, Herndl GJ, Hepburn CD and Baltar F (2020) Relative Importance of Phosphodiesterase vs. Phosphomonoesterase (Alkaline Phosphatase) Activities for Dissolved Organic Phosphorus Hydrolysis in Epi- and Mesopelagic Waters. Front. Earth Sci. 8:560893. doi: 10.3389/feart.2020.560893

Marine microbes use extracellular phosphatases to hydrolyze phosphate from organic matter. Dissolved organic phosphorus (DOP) is typically present in higher concentrations than phosphate in oceanic surface waters. Yet, the fate and role of different DOP components, such as phosphomonoester and phosphodiester, are poorly understood. Most of the investigations on extracellular enzymatic hydrolysis of marine DOP have focused on phosphomonoesterase (MEA) activity (i.e., alkaline phosphatase), whereas phosphodiesterase (DEA) measurements are scarce. This limits our understanding of the ecological and biogeochemical role of DOP sources other than P-monoesters in the sea. We determined extracellular MEA and DEA activities including their cell-free fractions on a bimonthly basis over 14 months in surface and mesopelagic subantarctic waters, thus covering a wide range of phosphate availability levels (from <0.5 to 2.3 µM). We found that DEA and MEA exhibit similar hydrolysis rates in surface as well as in mesopelagic waters. The MEA:DEA ratio varied between 0.38 and 5.42 during the study period, indicating potential differences in function and/or expression among the two enzyme groups, potentially reflecting differences in the availability and/or utilization of P-monoester and P-diester pools. Interestingly, the MEA:DEA was negatively correlated to phosphate (r = −0.82, p = 0.02, R2=0.67) and positively with the inorganic N:P ratio (r = 0.84, p = 0.02, R2 = 0.67), suggesting that the relative importance of DEA vs. MEA is linked to inorganic P availability and the N:P ratio. DEA was also related to the N:P ratio, both at the surface and at depth, suggesting DEA alone is sensitive to changes in the N:P ratio. The majority (>70%) of extracellular MEA and DEA was found in the cell-free fraction, increasing with depth for MEA. Our results indicated that DOP hydrolysis mediated by DEA in the surface as well as in dark ocean is as important as the frequently measured MEA.
Keywords: extracellular enzymatic activity, phosphomonoesterase, phosphodiesterase, alkaline phosphatase activity, phosphorus
INTRODUCTION
Microbial communities are the main drivers of the global biogeochemical cycles (Falkowski et al., 2008). In contrast to terrestrial systems, the bulk of the organic matter pool available in the oceans is largely comprised of dissolved organic matter (DOM) (Arnosti et al., 2014). Microbes, due to their small size, have exclusive access to this DOM pool, recycling essential nutrients back into marine food webs (Azam et al., 1983; Fenchel 2008). Microbes utilize preferentially high molecular weight DOM as conceptualized by the “size-reactivity model” (Amon and Benner, 1996; Benner and Amon, 2015). High molecular weight DOM, however, needs to be enzymatically cleaved into small molecular weight compounds (<600 Da) outside the cell before they can be funnelled through the complex cell wall of heterotrophic bacteria (Nikaido and Vaara, 1987; Nakae, 1976; Weiss et al., 1991; Amon and Benner, 1996; Benner and Amon, 2015). This requirement for extracellular hydrolysis makes microbial extracellular enzymatic activity (EEA) a rate limiting step in the recycling of marine organic matter (Hoppe, 1991).
Although dissolved inorganic phosphate (Pi) is the preferred form of phosphorus for microbial growth, phosphorus in the epipelagic, and upper mesopelagic layers of the ocean is mainly present as dissolved organic phosphorus (DOP) (Björkman and Karl, 2003; Duhamel et al., 2010; Moore et al., 2013). Phosphate esters (including monoesters and diesters), along with phosphonates, are the main components of DOP (Kolowith et al., 2001). The limited number of studies available indicate that marine P-diesters exhibit similar concentrations as P-monoesters in oceanic waters (Suzumura et al., 1998; Monbet et al., 2009; Yamaguchi et al., 2019). Still, most of the research on the extracellular hydrolytic activity in the ocean has focused on P-monoesterase (MEA) (i.e., alkaline phosphatase), while very little is known about P-diesterase (DEA) activity. MEA and DEA can come from a variety of sources in the environment including phytoplankton as well as heterotrophic microbes (Hoppe, 2003; Yamaguchi et al., 2014). Published DEA research has largely been based on culture studies (Yamaguchi et al., 2014; Accoroni et al., 2017). Available environmental studies have indicated that both P-monoesters and P-diesters can act as phosphorus sources for marine microbes living in the epipelagic layer (Sato et al., 2013; Yamaguchi et al., 2019). However, there are no studies on the seasonal dynamics of DEA to date. Hence, the relative importance of MEA and DEA in DOP hydrolysis in the surface waters remains unknown. Even less is known about the relative importance of MEA vs. DEA in the meso- and bathypelagic ocean. There are some studies on mesopelagic MEAs, often reporting comparable MEA activities in surface and in deep waters (Koike and Nagata, 1997; Hoppe and Ullrich, 1999; Tamburini et al., 2002; Baltar et al., 2009), with cell-specific MEAs increasing with depth down to the bathypelagic zone (Hoppe and Ullrich, 1999; Baltar et al., 2010; Baltar et al., 2013). However, there are no measurements available of DEA in the meso- and bathypelagic waters.
Extracellular enzymes can either be associated to the cell surface or released into the environment, i.e., cell-free enzymes or dissolved enzymes (Hoppe et al., 2002; Baltar, 2018). It has been found that cell-free EEA represents a significant fraction of the total EEA (cell-associated plus cell-free EEA), often accounting for the majority of the total enzyme pool (Duhamel et al., 2010; Allison et al., 2012; Baltar et al., 2016b; Baltar et al., 2019). A large contribution of the cell-free EEA to the total EEA has important ecological and biogeochemical implications because cell-free enzymes can be temporally and/or spatially decoupled from the producing cell (Baltar et al., 2010; Arnosti, 2011; Baltar et al., 2016b). Since residence times for cell-free enzymes are on the scale of days to weeks (Li et al., 1998; Ziervogel et al., 2010; Arnosti, 2011; Steen and Arnosti, 2011; Baltar et al., 2013; Thomson et al., 2019), the history of the water mass may have more explanatory power than the in situ microbial community in understanding EEA dynamics (Kamer and Rassoulzadegan, 1995; Baltar et al., 2010; Arnosti 2011; Baltar et al., 2016b). It has been suggested that a high proportion of cell-free MEA might explain the paradox of “high alkaline phosphatase activity at high Pi concentration” (Thomson et al., 2019). Thus, to understand the role of a particular type of EEA it is important to determine the contribution of the cell-free to the total EEA, and how it changes in response to different environmental conditions. The contribution of cell-free to total DEA ranged from 13–49% in the only study where the cell-free fraction of DEA was studied (Sato et al., 2013). The percentage of cell-free to total MEA ranges from 12–100% throughout the water column (Hoppe, 1986; Li et al., 1998; Van Wambeke et al., 2002; Van Wambeke et al., 2009; Duhamel et al., 2011; Allison et al., 2012; Baltar et al., 2016b; Baltar et al., 2019; Thomson et al., 2019). The proportion of cell-free MEA (as well as of glucosidases and leucine aminopeptidase) tends to increase with depth from the epi- to bathypelagic waters (Baltar et al., 2010). This increase in the cell-free EEA with depth is consistent with a recent multi-omics study revealing a relative increase in the secretory peptidases and carbohydrate active enzymes (CAZymes) expression from the epi- to bathypelagic layers (Zhao et al., 2020). However, despite the importance of cell-free EEA in the dark ocean, there are no reports on the contribution of cell-free to total DEA and its relation to MEA in the dark ocean.
In this study, the seasonal dynamics of total and cell-free DEA and MEA are reported for epi- and mesopelagic waters. We hypothesized that the relative contribution of MEA and DEA varies from surface to mesopelagic waters and that the fraction of cell-free DEA covaries with the fraction of cell-free MEA.
METHODS
Study Site and Sampling
Sampling was conducted bimonthly between November 2017 and January 2019 as part of MOTS (Munida Microbial Observatory Time-Series, https://www.otago.ac.nz/mots/about/index.html). MOTS is part of the well-established Munida Time Series Transect, where samples across the subtropical and subantarctic waters off the south east coast of New Zealand are taken for more than two decades (Currie and Hunter 1999; Currie et al., 2011; Baltar et al., 2015; Baltar et al., 2016a). For this study, samples were taken at the most offshore station (Station 8), located in subantarctic waters approximately 65 km off the Otago coast (−45.83°N, 171.54°E). Station 8 was chosen for this sampling as it is known to be subantarctic water consistently thought the year in the epi-and mesopelagic (Jones et al., 2013). Seawater samples were taken in triplicate for extracellular enzymatic activities from 2 m depth using an onboard continuous pump, and from the mesopelagic (500 and 1000 m) waters using Niskin bottles mounted on a rosette sampler. Temperature was logged on conductivity temperature depth profilers. Samples collected from 1000 m were only taken on the final two research cruises.
Nutrient and Chlorophyll-a Analyses
Nutrient analyses were performed on a SEAL AA3 HR auto-analyser (Seal Analytical, United States). All sampling equipment was rinsed three times with Milli-Q water before and after soaking in 10% HCl for > 6 h and oven dried at 60°C prior to collecting samples. Seawater samples were filtered (GF/F) then immediately frozen until analysis for dissolved reactive phosphorus and dissolved inorganic nitrogen. The detection limits were 0.1 mmol m−3 for dissolved inorganic nitrogen and 0.03 mmol m−3 for dissolved reactive phosphorus. Samples for chlorophyll-a analysis were filtered on-board using low vacuum (e.g., <200 mm Hg) through Whatman GF/F filters and frozen until analysis. Chlorophyll-a was extracted in 90% acetone for 16–24 h and measured using a calibrated Turner Designs Fluorometer following the procedures outlined by Parsons et al., (1984).
Bacterial Abundance
The bacterial abundance was determined by flow cytometry as described elsewhere (Gasol (1999), Gasol and Del Giorgio (2000) using a FACS Canto II (Becton & Dickinson) with a blue laser (488 nm wavelength). Samples (0.4 ml) preserved in 2% glutaraldehyde were stained with 1:10,000 final concentration of Sybr Green I in the dark for 15 min. Samples were analyzed at low speed for 2 min each and FL1 positive events counted on a FL1 vs. SSC plot using FlowJo10 software.
Extracellular Enzymatic Activity Assays
Extracellular enzymatic activities were assessed based on the hydrolysis of the fluorogenic substrate analogues (Hoppe, 1983). The fluorogenic substrates 4-methylumbelliferyl (MUF)-phosphate, and Bis(MUF)-phosphate were used to assess phosphomonoesterase (MEA, i.e., alkaline phosphatase) and phosphodiesterase (DEA) activities. DEA estimates using Bis(MUF)-phosphate can theoretically be overestimated because one molecule of Bis-MUP can release two molecules of 4-methylumbelliferone, the latter of which is catalyzed by monoesterase, although in practice it was shown that it was overestimated by at most 5–16% in a large transect extending from the North to the South Pacific Ocean (Sato et al., 2013). Saturating substrate concentrations of 100 μM were used based on pre-established kinetics for MEA with sample from this study site. Since P-diesters are usually at lower concentrations than P-monoesters in the ocean (Yamaguchi et al., 2019), and therefore what is saturating for MEA should also be so for DEA, we decided to use the same saturating concentration of 100 µM for DEA in order to compare MEA to DEA rates under the same conditions. These concentrations are saturating, and hence they only represent potential activity rates in the environment. The saturating concentrations we obtained in our preliminary test (which ranged between 50 and 100 µM) are consistent with those from many other previous marine studies (Baltar et al., 2010; Celussi and Del Negro, 2012; Steen et al., 2016; Celussi et al., 2019). Greiner Bio-one 96-well non-protein binding microplates were filled with six technical replicates of the fluorogenic substrates (10 μl) and seawater (290 μl) reaching final concentrations of 100 μM. Standards were prepared using 0.22 μm filtered seawater. Plates were read in a Spectramax M2 spectrofluorometer (Molecular Devices, United States) with excitation and emission wavelengths of 365 and 445 nm, respectively, both before and after an incubation time of 3 h. The wavelength bandwidth was 9 nm with a detection limit of 3.0 fmol/well in 200 μl FITC 96 wells. Six replicate samples without substrate addition served as blanks in each plate. Incubations were performed in the dark at the mean seawater temperature at the time of sampling. To separate the cell-free fraction from the total EEA pool, samples were gently filtered through low protein binding 0.22 μm PES Millex-GP syringe filters following published protocols (Kim et al., 2007; Baltar et al., 2010). Cell-specific extracellular enzymatic activities were calculated by dividing the EEA rates by the abundance of bacterial cells.
Statistical Analyses
Pearson’s correlations were carried out using the software package Sigma Stat 2.03 (SPSS). When tests for normality (Kolmogorov-Smirnov) were not met, data were square root transformed prior to analysis. When transformations were not possible Spearman’s correlations were applied.
RESULTS AND DISCUSSION
Temperatures ranged from 8.7 to 17.4°C in the epipelagic layer and around 7°C in the mesopelagic waters (500 m) during the study period (Figure 1A). There was a shift in the inorganic nutrient concentrations in July 2018 in the epi- and mesopelagic waters, which separated the study into two periods (pre- and post-July 2018) (Figure 1A). In the epipelagic waters, mean phosphate and nitrate concentrations increased in July 2018 (from 0.51–1.03 µM and 8.1–11.8 µM for phosphate and nitrate, respectively), remaining at about these levels for the rest of the study (Figure 1A). In contrast, in the mesopelagic layer phosphate and nitrate concentrations decreased from February 2018 to April 2018. This increase in surface waters and decrease in mesopelagic waters of inorganic nutrients might be due to the austral winter overturning and mixing of surface and mesopelagic waters, which would cause a relative dilution of deep water and an enrichment in surface waters. This is consistent with the seasonal characterisation of our study region/transect, in which the mixed layer of our Station 8 (SAW) varied from 20 m in summer to >200 m in winter (Jones et al., 2013). Chlorophyll-a concentrations indicated the presence of an austral autumn and spring-summer phytoplankton bloom in March-April and November 2018, respectively, coinciding with an increase in bacterial abundance (Figure 1B).
[image: Figure 1]FIGURE 1 | Seasonal variability in temperature, phosphate, and nitrate (A), and chlorophyll-a and mean (±SE) bacterial abundance (B) in the epi- and mesopelagic layer at the study site in subantarctic waters.
MEA and DEA activities were always detected throughout the study (both in the epi- and mesopelagic waters despite the observed differences in temperature and phosphate concentrations (Figure 2). MEA and DEA were in the same range in both epi- and mesopelagic waters (Figure 2A). MEA ranged between 2.75–12.23 nmol L−1 h−1 (mean ± SE: 8.6 ± 1.5 nmol L−1 h−1), and DEA between 1.43–20.44 nmol L−1 h−1 (10.9 ± 4.7 nmol L−1 h−1). The MEA rates measured in the subantarctic waters were similar to the MEA rates measured previously in this water mass (Thomson et al., 2019) and in the North Atlantic by Steen et al. (2016) but were frequently lower than some reports from the Mediterranean (Celussi and Del Negro, 2012; Celussi et al., 2019). In addition, our MEA rates were higher than those reported from the North Atlantic by (Baltar et al., 2009; Baltar et al., 2010; Baltar et al., 2013), North Pacific (Koike and Nagata, 1997), Indian Ocean (Tamburini et al., 2002) and Mediterranean Sea (Hoppe and Ullrich, 1999) which typically exhibit MEA rates < 4 nmol L−1 h−1. The DEA rates measured in the subantarctic waters were comparable at times to values reported by Yamaguchi et al. (2019) from the North Pacific but were generally higher overall and were much higher (1–2 orders of magnitude) than those reported by Sato et al. (2013) for the North and South Pacific.
[image: Figure 2]FIGURE 2 | Seasonal variation in mean (±SE) total phosphomonoesterase activity (MEA) and phosphodiesterase activity (DEA) (A), the ratio of MEA to DEA (±SE) (B), the mean (±SE) cell-specific MEA and DEA given in nmol/cell−1/h−1 (C), and the mean (±SE) cell-free (CF) fractions for MEA and DEA (D) in the epi- and mesopelagic layer at the study site.
Prior to July 2018, MEA was higher than DEA, however, this was reversed after July 2018 (Figure 2A). The ratio MEA:DEA decreased from 5.3 to 2.1 in the epipelagic and from 4.0 to 1.8 in the mesopelagic waters by July 2018 and decreased to MEA:DEA ratios <1 from November 2018 onwards (Figure 2B). The shift in the MEA:DEA ratio also indicates potential changes in the availability of different P-esters and/or microbial enzyme groups. The distribution pattern for the two P-esters has been shown to differ latitudinally and with depth in the open ocean (Yamaguchi et al., 2019), which might explain the changes in the dominance from MEA prior to July to DEA after July (Figure 2B). Unfortunately, no measurements of phosphate esters are available from the study site. The shift in the MEA:DEA ratio coincides with the increase in inorganic P and N concentrations in July. Although no significant correlations were found for the MEA or DEA and any of the environmental parameters, a negative correlation between the MEA:DEA ratio and phosphate concentration was observed in surface waters (Table 1, Pearson’s R2 = 0.67, p = 0.02) along with a positive correlation between the N:P ratio and MEA:DEA (Pearson’s R2 = 0.67, p = 0.02). These relationships between the MEA:DEA ratio, phosphate, and the N:P ratio were not found in the mesopelagic, which is reasonable considering the fairly high phosphate concentration in the mesopelagic waters. The N:P ratio also showed negative correlations with total DEA in the epipelagic waters (Table 1, Pearson’s R2 = 0.58, p = 0.02) and in the mesopelagic layer (Spearman’s R2 = 0.59, p = 0.03). It is not clear why the negative correlations between DEA and the N:P ratio exist. Sato et al. (2013) found no relationship between phosphate concentration and total MEA and DEA in the South Pacific, but a negative relationship in the North Pacific. These findings from the South Pacific are consistent with the observations in this study, as we also did not find any relation between total MEA or DEA and phosphate. Collectively, these results show that DEA can, at times, be as important as MEA for DOP hydrolysis, indicating a key role of phosphate availability in the relative role of MEA vs. DEA.
TABLE 1 | Pearson’s correlation coefficient (r) between the total, cell-free fractions (%) and ratios of phosphomonoesterase activity (MEA) and/to phosphodiesterase activity (DEA) and temperature, phosphate, nitrate, chlorophyll-a, and bacterial abundance.
[image: Table 1]Interestingly, the temporal patterns in MEA and DEA described above were detected in the epi- as well as in the mesopelagic waters, indicating a strong link between these two layers in DOP cycling. The cell-specific (i.e., total enzymatic activities per bacterial cell) MEA and DEA activities increased with depth (Figure 2C), mainly caused by the decreasing bacterial abundance with depth (Figure 1B). This is consistent with increases in cell-specific MEA from the epi- to the bathypelagic waters reported for the North Atlantic and Indian Ocean (Hoppe and Ullrich, 1999; Baltar et al., 2010; Baltar et al., 2013). As there are no previous cell-specific DEA rates available from mesopelagic waters, our results are the first to confirm hydrolysis of DOP in the mesopelagic waters by DEA. In our particular study, the key observation that almost all MEA and DEA was found in the cell-free fraction implies that the activity that we measured was in fact not associated with any particular group of organisms. The high (and comparable to surface) MEA and DEA rates in the mesopelagic (where phytoplankton should not be active) further indicates that if these extracellular enzymes would be associated with some organism it is most likely that it will be to heterotrophic prokaryotes (at least in the deep waters). The intention of normalizing the MEA and DEA rates to some biological source (in this case we selected heterotrophic prokaryotes because of the reasons just mentioned above) was to see briefly how the relation was between the MEA and DEA rates and the presence of microorganisms with depth/time. However, this should be interpreted with some skepticism due to the complications arising from the cell-free fractions.
Cell-free enzymes accounted for the vast majority of both MEA and DEA in the epi- and mesopelagic waters throughout the study period (Figure 2D). In the epipelagic water, cell-free MEA contributed 88 ± 1.4% to total MEA and cell-free DEA 87 ± 4.3% to total DEA. Reports of the cell-free MEA proportion on total MEA vary widely ranging from as low as 12–100% of total MEA (Hoppe, 1986; Allison et al., 2012; Baltar et al., 2016b). Cell-free DEA contributed between 71 and 100% (91 ± 2%) to total DEA and was higher than reported in the only other published study (range: 13–49%, 38 ± 15%) in epipelagic waters (Sato et al., 2013). Possibly, the high cell-free DEA fraction in the present study might be associated with the low temperature characteristic of the subantarctic waters at our study site. The increase in the contribution of cell-free enzymes has been repeatedly linked to lower temperatures in the Atlantic Ocean (Baltar et al., 2010), in the Baltic Sea (Baltar et al., 2016b) and in laboratory experiments (Baltar et al., 2017). Lower temperatures are suggested to contribute to higher cell-free enzymatic activities due to the combined positive effects of cold preservation and reduced rates of heterotrophic consumption of dissolved proteins/enzymes (Baltar et al., 2016b; Baltar 2018).
In the mesopelagic layer, the contribution from cell-free MEA (92 ± 1.6%) was higher than in the epipelagic waters t(12) = −2.322, p = 0.039*, DEA was also higher (93 ± 1.4%) but was not statistically significant t(12) = −1.413, p = 0.163 (Figure 2D). This is consistent with previous studies reporting increasing cell-free proportions of MEA with depth (Baltar et al., 2010; Baltar et al., 2013). Although there are no other mesopelagic DEA estimates to make comparisons, the high contribution of cell-free MEA and DEA in the epi- and mesopelagic waters might explain the coupling observed between these two water layers, by transport of extracellular enzymes either via winter vertical overturning and mixing, and/or by fragmentation and dissolution of sinking particles (Koike and Nagata, 1997).
In conclusion, at the study site in South Pacific Antarctic waters, DEA rates can be comparable, at times, to the more frequently measured MEA. This suggests that DEA is relevant for the hydrolysis of DOP. The negative relationship between the MEA:DEA ratio and phosphate concentrations, and the positive relationship with the inorganic N:P ratio in epipelagic waters suggest that inorganic phosphorus availability along with the N:P ratio is the key parameter in controlling the relative importance of MEA vs. DEA in marine DOP hydrolysis. N:P ratios also showed negative relationships with DEA alone, both in the epi- and mesopelagic layer, suggesting DEA is sensitive to changes in the inorganic N:P ratio. Most of the DEA and MEA was found in the cell-free fraction and the contribution of the cell-free fractions to the total MEA and DEA was higher in the mesopelagic than in the epipelagic layer. These findings enhance our understanding of the marine ecological and biogeochemical mechanisms underpinning the cycling of phosphorus.
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Mechanisms underlying barite precipitation in seawater and the precise depths of barite precipitation in the water column have been debated for decades. Here we present a detailed study of water column barite distribution in the mesopelagic zone at diverse stations in the open ocean by analyzing samples collected using multiple unit large volume in-situ filtration systems in the Pacific, Atlantic and Indian oceans. Our results demonstrate that barite is an organo-mineral particularly abundant at intermediate depths throughout the world’s ocean regardless of saturation state with respect to barite. This is confirming the notion of precipitation at depths of intense organic matter mineralization. Our observations further support the link between barite formation and microbial activity, demonstrated by the association of barite particles with organic matter aggregates and with extracellular polymeric substances. Evidence for microbial mediation is consistent with previous experimental work showing that in bacterial biofilms Ba binds to phosphate groups on cell surfaces and within extracellular polymeric substances. This organo-accumulation promotes high concentrations of Ba leading to saturated microenvironments and nucleation sites favoring precipitation. The distribution of Ba isotopes in the water column and in particulate matter is also consistent with the proposed precipitation mechanism.
Keywords: pelagic barite, organo-mineralization, barite saturation state, extracellular polymeric substances, bioaccumulation
INTRODUCTION
Barium and barite are routinely used for reconstructing past export production in the ocean yet the processes linking barite formation to export production are still elusive. Since the early work of Chow and Goldberg (1960) who reported high Ba concentrations in marine sediments underlying regions of high biological productivity, a link between organic matter fluxes and Ba abundance has been broadly demonstrated (e.g., Dehairs et al., 1980; Dymond et al., 1992; Francois et al., 1995; Paytan et al., 1996; Paytan and Griffith 2007; Griffith and Paytan, 2012; Carter et al., 2020 and references therein). Studies using sediment traps have provided further evidence on the association of particulate Ba and particulate organic carbon (POC). It has been proposed that barite precipitates in close association with aggregates of organic matter and sinking biological debris (e.g., Bishop, 1988; Dehairs et al., 1991). Different algorithms have been suggested to correlate export production and excess Ba (total Ba concentration corrected for the lithogenic phase) or barite accumulation (e.g., Dymond et al., 1992; Francois et al., 1995; Paytan et al., 1996; Eagle et al., 2003), allowing the reconstruction of past ocean productivity (e.g., Dymond et al., 1992; Gingele and Dahmke, 1994; Nürnberg et al., 1997; Eagle et al., 2003; Ma et al., 2015). Nevertheless, quantification of export production from Ba proxies is still hindered by poor understanding of the mechanisms and processes leading to barite (the main phase carrying excess Ba) formation in the oceanic water column. Moreover, barite distribution in the oceanic water column is variable in space, time, and depth and such variability is not yet fully understood (e.g., Hernandez-Sanchez et al., 2011; Bates et al., 2017).
Over decades of research, several hypotheses have been proposed to explain barite precipitation in the oceanic water column given that most of the world’s ocean mesopelagic zone (200–1,000 m depth, Sutton et al., 2017) is undersaturated with respect to barite (Monnin et al., 1999; Rushdi et al., 2000). Hypotheses included precipitation in microenvironments formed within sinking biogenic particulate matter (e.g., Dehairs et al., 1980; Bishop, 1988), precipitation as a result of celestine (SrSO4) dissolution from Acantharian tests (e.g., Bernstein et al., 1992; Bernstein et al., 1998) and by way of microbially mediated precipitation processes (Gonzalez-Muñoz et al., 2003; Gonzalez-Muñoz et al., 2012; Torres-Crespo et al., 2015). Specifically, Gonzalez-Muñoz et al. (2003) demonstrated in laboratory culture experiments the ability of soil bacteria to induce precipitation of barite, and later also highlighted the potential role of bacteria in barite precipitation in the ocean by using diverse marine strains in culture experiments (Gonzalez-Muñoz et al., 2012; Torres-Crespo et al., 2015). Bacterially mediated precipitation of barite is consistent with studies demonstrating the positive correlation between mesopelagic particulate Ba abundance and enhanced bacterial production in the North Pacific and the Southern Ocean as well as the relation between particulate Ba abundance and microbial oxygen consumption (Dehairs et al., 2008; Jacquet et al., 2011; Planchon et al., 2013). Moreover, mesocosm experiments inducing the decay of various phytoplankton species in the dark demonstrated that Ba is released during the decomposition of the phytoplankton, leading to barite precipitation (Ganeshram et al., 2003). Overall, several lines of evidence have supported the suggestion that the nutrient-like behavior of Ba is due to biological processes mediating barite precipitation. In particular, analyses of Ba isotopes of both water column and particulate matter at various sites in the ocean (e.g., Horner et al., 2015; Bates et al., 2017; Bridgestock et al., 2018) are also consistent with the formation of barite which preferentially incorporates the light Ba isotope at mesopelagic depths.
Additional experimental work (Martinez-Ruiz et al., 2018) demonstrated that bacterial biofilms, specifically, extracellular polymeric substances (EPS) may play a major role in barite precipitation by providing nucleation sites to locally enhance Ba concentration leading to barite precipitation. This work also showed that an amorphous P-rich phase is formed at the initial stages of Ba bioaccumulation eventually being replaced by sulfate and leading to the formation of barite crystals. The capacity of EPS to bind metal ions to negatively charged functional groups has been broadly demonstrated (e.g., Braissant et al., 2007; Tourney and Ngwenya, 2014) and the role of phospholipids acting as nucleation sites to incorporate diverse cations has been demonstrated for diverse metals such as U (e.g., Morcillo et al., 2014). Moreover, P-rich precursors have been described in the precipitation of several minerals such as aragonite apatite and iron oxides, both under experimental conditions (Rivadeneyra et al., 2010), and in the geological record (e.g., Sanchez-Navas and Martin-Algarra, 2001; Miot et al., 2009). In general, microbial precipitation through an amorphous precursor is a widespread process in natural environments (e.g., Weiner et al., 2005; Enyedi et al., 2020). Such crystallization path through an amorphous precursor phase is also associated with the inorganic precipitation of barite. For example, a metastable amorphous Ba sulfate phase that precedes barite formation has been recognized during the early stages of barium sulfate crystallization from aqueous solutions (Ruiz-Agudo et al., 2020), however, the binding of Ba to EPS in the open ocean has not been thoroughly investigated.
Mineralogical and crystallographic analyses of marine barite collected using multiple unit large volume in-situ filtration systems (MUL-VFS) at two stations in the North Atlantic and the Atlantic sector of the Southern Ocean demonstrated that barite formation in the open ocean also involves an amorphous precursor (Martinez-Ruiz et al., 2019). This initial amorphous precursor is a phosphorus-rich phase that evolves into barite when phosphate groups are substituted by sulfate. These crystallization pathways are similar to those reported to form within biofilms in laboratory based experiments (Martinez-Ruiz et al., 2018). These findings support the role of EPS in the precipitation of barite in the oceanic water column and the correlation between bacterial production and the abundance of Ba-rich particles. As our previous study (Martinez-Ruiz et al., 2019) focused only on two stations, from the North Atlantic and the Atlantic Sector of the Southern Ocean, the present work aims at providing new insights into the mechanisms of barite formation in the ocean water column by analyzing barite, also collected by MUL-VFS, at new stations representing additional ocean sectors with diverse barite saturation conditions. Stations within each sector were selected in high productivity settings. Barite crystallography, mineralogy and abundance in the water column have been investigated at different depths within the mesopelagic zone at the locations and sites described below.
SAMPLES AND METHODS
Oceanographic Setting
Locations for this study have been selected to represent four different ocean sectors (Figure 1; Table 1) where productivity is relatively high and hence barite is abundant in the upper water column however these sites represent different saturation states within the mesopelagic zone.
[image: Figure 1]FIGURE 1 | Location map showing the analyzed stations (orange color), and two previously analyzed sites (yellow color) in the North Atlantic and in the Atlantic sector of the Southern Ocean (Martinez-Ruiz et al., 2019). Black triangles indicate the location of the stations with available Ba concentration depth profiles used for Ωbarite calculations. Base map modified from NASA/Goddard Space Flight Center, The SeaWiFS Project and GeoEye maps, https://svs.gsfc.nasa.gov/30801).
TABLE 1 | Analyzed samples for this study.
[image: Table 1]North Pacific: OC1608A, C-SNOW cruise, California current system, coastal North Pacific Station 1 (1,929 m water depth), and OC1608A, C-SNOW cruise, California current system, Santa Barbara basin, Station 2 (4,880 m water depth). These stations are at the edge of the North Pacific oligotrophic gyre. The North Pacific Subtropical Gyre harbors one of the largest biomas on Earth, it is a relatively stable oligotrophic environment, with low surface concentrations of nitrogen and phosphorus. Nutrients derived from advective transport from depth into the surface ocean stimulates primary production in this region (Karl and Church, 2017; Robidart et al., 2019). The two stations in the Santa Barbara basin are on the edge of this gyre and are characterized by relatively high productivity and high phytoplankton biomass that supports a productive pelagic ecosystem (Letelier, et al., 2019). The productivity is fueled by intensive coastal upwelling induced by northerly winds along the California margin (e.g., Brzezinski and Washburn, 2011; Abella-Gutiérrez and Herguera, 2016).
Atlantic: MV1101, Great Calcite Belt (GCB) 1, South Atlantic, Station 117 (Rosengard et al., 2015; Balch et al., 2016). During the GCB1 cruise the R/V Melville crossed the Atlantic sector from Punta Arenas, Chile, to Cape Town, South Africa, sampling between 39° S and 59° S. Station 92 from this cruise has been previously analyzed for marine barite (Martinez-Ruiz et al., 2018) and station 117 has been selected for this study (5,048 m water depth). Station GCB1-117 is located in the subtropical region of the South Atlantic Ocean and is dominated by seasonal coccolithophores and diatoms blooms (Smith et al., 2017).
Indian ocean: RR1202, Great Calcite Belt (GCB) 2, South Indian Ocean, Station 63 (Rosengard et al., 2015; Balch et al., 2016; Smith et al., 2017). During the GCB2 cruise, the R/V Revelle crossed the Indian sector from Durban, South Africa, to Perth, Australia, sampling between 37° S and 60° S. Station 63 has been selected for this study (1,310 m water depth). The region is characterized by elevated surface reflectance that is thought to result from high seasonal concentrations of coccolithophores. Data for multiple parameters sampled during the GCB cruises including chlorophyll, particulate inorganic carbon (PIC), POC, biogenic silica (BSi), coccolithophore concentration, calcification, photosynthesis, dissolved inorganic carbon (DIC), total alkalinity, iron limitation of phytoplankton and 234Th-based vertical flux rates are available for these stations (Rosengard et al., 2015; Balch et al., 2016). Shipboard scientists reported dense coccolithophore populations that exported small, highly degraded, and compact particles out of the euphotic zone. Coccolithophore blooms are considered very efficient in transferring POC to the base of the mesopelagic zone, although the magnitude of exported POC is not as high as in diatom-rich regions (e.g., Henson et al., 2012).
South Pacific: NBP1101, Seafarers cruise, Ross Sea, Station 14. This station is located off the Ross Sea Shelf in the Pacific (1,887 m). Samples were collected between January 17, and February 13, 2011 aboard the R/V Nathaniel B (Hatta et al., 2017). The Ross Sea continental shelf is one of the most productive areas in the Southern Ocean (e.g., Smith, Jr. et al., 2014). Here a significant supply of dissolved Fe to surface waters is required to sustain high productivity (Sedwick et al., 2011;Hatta et al., 2017), and include dust, sea-ice, icebergs and upwelling of deeper waters as some of the main inputs (e.g., Measures et al., 2012; Marsay et al., 2014).
Particulate Ba Sampling, Particulate Organic Carbon Analyses, and Barite Saturation State (Ωbarite)
Size-fractionated particulate material has been collected using multiple MUL-VFS (Bishop et al., 1985) and battery-operated McLane in-situ pumps (LV-WTS) (Rosengard et al., 2015). Analyzed samples and corresponding depths are indicated in Table 1. Particulate Ba concentrations (pBa) have been determined at the South Atlantic (Great Calcite Belt) and South Pacific Ocean (Antarctic sector) stations, but these data are not available at other stations. In situ deployed filters were processed using the protocol described in Bishop and Wood (2008). Samples for pBa were collected on PES filters to ensure low blank and Ba concentrations in the particulate leachate was analyzed using an iCAP RQ inductively-coupled plasma mass spectrometer. Quantification was achieved via comparison of blank- and indium-normalized ion beam intensities in samples against those measured in a serially diluted multi-element standard that was prepared in house. Precision is generally better than ±3% relative standard deviation. POC samples were collected on pre-combusted QMA filters and concentrations were measured using a CHN elemental analyzer immediately on the ship during the cruises as described in Rosengard et al. (2015). Sampling details and complication associated with particles collected by MUL-VFS as well as retention efficiency are discussed in detail in Bishop et al. (2012). In the South Indian ocean station, both large (>51 μm) and small (1–51 μm) size particulates were analyzed. For the rest of stations, only filters retaining the 1–51 μm fraction were analyzed. The MUL-VFS sampling was found to be highly suitable for barite particles retention and QMA filters were ideal for barite microscopic detection and observation.
To place the p[Ba] data in context, we calculated the barite saturation state of seawater with respect to barite (Ωbarite) at the depths of sample collection Ωbarite is the ratio between the barium and sulfate ion activity product and the barite solubility product. Values of Ω <1, =1, and >1 indicate under-, perfect-, and super-saturation, respectively. For consistency with the literature, we consider water samples with Ω between 0.9 and 1.1 as being in saturation equilibrium (e.g., Monnin et al., 1999). Since co-located samples for analysis of dissolved Ba and sulfate were generally not available for our study, we estimated Ωbarite from nearby stations with reliable published Ba concentration depth profiles (see Table 2 for details and Figure 1 for locations). Calculations were performed using PHREEQC version 3 (Parkhurst and Appelo, 2013). Values of Ωbarite were computed for each sample based on input parameters of in situ temperature, d[Ba], pressure (estimated from depth). Both pH and salinity were prescribed in all calculations at 8.1 and 35, respectively. The major ion composition of seawater in the calculations was based on that reported by Kester et al. (1967). We believe that using a fixed salinity in our calculations is a reasonable assumption given the relatively minor effect this property has on Ωbarite over the range of salinities encountered in open ocean seawater.
TABLE 2 | Dissolved Ba, temperature, and calculated profiles of dissolved Ωbarite across depth in nearby stations to those analyzed in this work (co-located dissolved samples were generally not available for our study).
[image: Table 2]Electron Microscopy Observations
Quartz fiber filters (Whatman QMA) have been used for scanning electron microscopy (SEM) observation and analyses. Representative filter pieces were coated with carbon for observation under the SEM using an AURIGA FIB-FESEM Carl Zeiss SMT microscope equipped with an energy dispersive X-ray (EDX) detector system (Centre for Scientific Instrumentation, University of Granada). Filter pieces were grounded in an agate mortar and then dispersed in ethanol by sonication for approximately 3 min. Particulate matter released from the filter was deposited on carbon-film-coated copper grids for high-resolution transmission electron microscopy (HRTEM) observation by using a FEI TITAN G2 60–300 microscope with a high brightness electron gun (X-FEG) operated at 300 kV and equipped with a Cs image corrector CEOS (Centre for Scientific Instrumentation, University of Granada). For analytical electron microscopy (AEM), a SUPER-X silicon-drift windowless EDX detector was used. EDX maps and selected area electron diffraction (SAED) patterns were also collected on barite particles for crystallographic characterization and for determining major constituents composition.
RESULTS
Barite particles were observed in all the analyzed samples from all the locations and water depths (Figures 2–6). Figure 2 shows representative examples of barite particles from the Coastal East Pacific water column. Barite shows typical rounded to oval morphologies ranging in size from nanometers to a few microns, and it is always associated with organic material, which in many cases has EPS-like morphology (Figures 2A,C,E). Aggregates of barite grains are commonly observed with grains of different sizes ranging from less than 100 nm to a few hundred nm (Figure 2B). Barite is also observed as individual barite grains of micron size (Figure 2D) present at all depth analyzed. Figures 2F,G show examples of the deepest samples analyzed at 603 and 535 m water depth at these stations.
[image: Figure 2]FIGURE 2 | SEM photographs showing representative examples of barite from the Pacific sector. Samples are indicated in Table 1. Both secondary electron and in backscattered electron (BSE) mode at 30 kV are shown in each sample. (A) CS4 (267 m), (B) CS9 (99 m), (C) CS10 (149 m), (D) CS20 (151 m), (E) CS 17 (503 m). (F) (CS 23) and (G) (CS 5) correspond to the deepest filter samples obtained at this ocean sector, 603 and 535 m, respectively.
[image: Figure 3]FIGURE 3 | SEM photographs showing representative examples of barite from the Atlantic sector analyzed in this study. Samples are indicated in Table 1. Both secondary electron and in backscattered electron (BSE) mode at 30 kV are shown in each sample. (A) GCM 122 (112 m), (B) GCM 123 (162 m), (C) GCM 124 (300 m), and (D) GCM 126 (750 m). (E) GCM 125 (500 m) shows the barite abundance at 500 m depth, and (F) GCM 127 (1,000 m) shows a detailed image of the square indicated in photograph e, in which different sizes of barite grains are shown in organic aggregates. (G) GCM 127 corresponds to the deepest filter sample obtained at this ocean sector, 1,000 m, in which barite is not abundant but still present.
[image: Figure 4]FIGURE 4 | SEM photographs showing representative examples of barite from the Indian sector of the Southern Ocean. Samples are indicated in Table 1. Both secondary electron and in backscattered electron (BSE) mode at 30 kV are shown in each sample. (A) GCM 199 (20 m), (B) GCM 197 (125 m), (C) GCM 193 (500 m). (D) and (E) GCM 194 (300 m) show a detail of the different size of barite grains formed within organic aggregates.
[image: Figure 5]FIGURE 5 | SEM photographs showing representative examples of barite from the Southern Ocean edge Ross Sea sector. Samples are indicated in Table 1. Both secondary electron and in backscattered electron (BSE) mode at 30 kV are shown in each sample. (A) NBP 1017 (100 m), (B) NBP 1018 (150 m), (C) NBP 1019 (250 m) and (D) NBP 1021 (600 m). In all analyzed filter samples barite is particularly abundant.
[image: Figure 6]FIGURE 6 | (A) High Angle Annular Dark Field (HAADF) STEM image and corresponding EDX maps showing the distribution of S, Ba and Ca in an organic aggregate from sample GCM 195 (Indian sector of the Southern Ocean). In the upper left corner, a selected area electron diffraction (SAED) image obtained by HRTEM is included to show the poor crystallinity of the nanometer-sized particles with barite composition; (B) representative spectrum (indicated in the HAADF image as square 2) showing the barite composition of nanometer-sized particles; (C), (D), and (E) show HAADF-STEM images and corresponding EDX maps of P (D) and Sr, S, and Ba (E) in a barite particle from NBP 1019 sample; (F) representative EDX spectrum from the barite particle shown in photograph c. Analyzed area corresponds to square 2 in that photograph, the Sr peak shows its enrichment in this grain; (G) shows a lattice-fringe image from sample GCM 124 in which d-spaces characteristic of barite are indicated: 3.77 Å (201), 3.57 Å (002), 2.83 Å (112), and 2.72 Å (020). In upper left side, a HAADF-STEM image and corresponding EDX maps (S and Ba) of the analyzed particle are included.
Figure 3 shows examples from the South Atlantic sector demonstrating barite associated with organic aggregates, which in some cases show EPS-like morphologies (Figure 2D). SEM observations confirm the abundance of barite throughout this water column including the deepest sample at 1,000 m water depth (Figure 3G) and demonstrate that barite is particularly abundant in the intermediate mesopelagic zone (Figures 3E,F; sample GCM 125, 500 m). In the Indian sector of the Southern Ocean, a profile down to 800 m also shows higher barite abundance at depths corresponding to the upper mesopelagic zone (Figure 7). Crystals of different sizes are observed (Figure 4) as well as barite in organic aggregates (Figures 4D,E) at all depths. In the Antarctic sector of the South Pacific Ocean, barite shows similar morphologies and organic association as at the other sites (Figure 5). The particulate barite abundance at this station is slightly lower than at the studied station in the South Atlantic sector (Figure 7).
[image: Figure 7]FIGURE 7 | Particulate Ba (pBa) concentration (1–51 μm size fraction) and POC profiles at the studied stations in the South Atlantic (Great Calcite Belt) (red dots) and South Pacific (Antarctic sector) (blue triangles).
Electron microscopy observations demonstrate that morphology and composition of the barite particles are similar at all the studied ocean sectors and across depth in each station. The composition of the analyzed barite grains is similar to that previously reported in Martinez Ruiz et al. (2019), hence the EDX spectra are not shown in this work. EDX analyses show the expected barite composition, and in some cases, some barite grains also contain appreciable amounts of Sr and P. Although some variability among sites and depths in the P and Sr content is seen, a clear quantitative pattern of vertical or spatial variability in the content of P and Sr cannot be established with the EDX available data. However, qualitatively, at the South Atlantic and South Indian ocean stations, the number of barite grains enriched in Sr and P generally decreased with depth, suggesting that barite grains are more enriched in these elements at shallow depths. Acantharia shells have also been observed at the shallow depths in several stations (South Atlantic and South Indian oceans and East Pacific). It is important to note that the large Si peaks in EDX analyses from the quartz filter substrate overlap with the Sr L alfa (1.806 keV) peak, which may mask Sr when it is not in high enough abundance. However, at high concentrations Sr is easily detectable by the Sr K alfa 1 (14.165 keV) peak, and this has been carefully checked in SEM and HRTEM EDX spectra. As reported by Martinez Ruiz et al. (2019), Sr is clearly present in some of the analyzed barite grains but in other cases it is not detectable likely because of relatively low concentrations resulting in peaks obscured by the EDX Si spectra. HRTEM analyses also allow for Sr detection and indeed it is observed in many of the analyzed particles as shown in Figure 6. EDX maps also show that Sr content is variable at the nanometer scale and may vary even within the same particle (Martinez Ruiz et al., 2019).
Composition and crystallographic characteristics have been obtained by HRTEM. Representative examples are included in Figure 6. The analyses of organic aggregates indicate that barite crystallization starts with nanometer-sized amorphous precursors either P-rich (Martinez Ruiz et al., 2019) or with a barite-like composition and that the composition is variable even at this nano scale (Figures 6A–F). The amorphous nature of some of these particles is supported by SAED images and HRTEM diffraction data (Figure 6A). These analyses show crystals in which d-spaces corresponding to barite are clearly recognized (Figure 6G) as well as particles without a clear crystalline organization. High Angle Annular Dark Field (HAADF) STEM images and corresponding EDX map also demonstrate the high concentration of P and Sr in some of the barite grains (Figures 6C–E).
Particulate organic carbon (POC) and particulate Ba (pBa) profiles from the South Atlantic (Great Calcite Belt) Station 117 and the South Pacific Ocean (Antarctic sector) are shown in Figure 7. POC profiles are similar at both sites and show the typical POC profile with export out of the euphotic zone. At the Great Calcite Belt, Rosengard et al. (2015) argued that in this ocean region diatom-rich communities produce large and labile POC aggregates, which result in intense mineralization in the mesopelagic zone. The pBa profiles also support a significant increase in barite abundance at about 300 m, decreasing above and below that depth. At the Antarctic sector, the pBa profile show barite down to the deepest sample (600 m) analyzed at this station. Samples recovered from the top 1,000 m at low latitude sub/tropical locations exhibit undersaturation (Ωbarite < 1) in the epipelagic and upper mesopelagic zones (e.g., east Pacific, southeast Atlantic). In contrast, water samples from the high-latitude Southern Ocean are generally close to saturation (Ωbarite = 1) or even slightly supersaturated (Ωbarite > 1), consistent with previous studies (e.g., Monnin et al., 1999; Rushdi et al., 2000).
DISCUSSION
Barite Distribution in the Open Ocean
To date, a large body of work from multiple oceanographic expeditions and sampling location has provided ample datasets of dBa and non-lithogenic pBa distribution in the ocean water column. In general, the GEOTRACES-era datasets exhibit similar depth-dependent patterns in pBa to those shown here; however, this study also adds novel results regarding the mechanisms behind these distributions. It has been demonstrated that barite abundance shows significant spatial differences mostly related to productivity. Also, significant differences are recognized with depth in the water column since processes involved in precipitation are occurring at certain depths and the barite may dissolve deeper in the water column. Since pBa is closely correlated with the flux of organic carbon, it is enriched in the mesopelagic zone and typically shows a maximum abundance at intermediate depths (200–600 m) (e.g., Dehairs et al., 1980; Bishop, 1988; Dehairs et al., 1991; Dymond and Collier, 1996; Dehairs et al., 1997; Dehairs et al., 2008; Stenberg et al., 2008; Jacquet et al., 2011; Planchon et al., 2013; Lemaitre et al., 2018; Conte et al., 2019). Overall, vertical pBa profiles are similar to those of calculated oxygen consumption rates, which supports the link between organic matter degradation and barite formation (e.g., Dehairs et al., 1997). Importantly, pBa has been correlated with rates of microbial degradation of organic matter, which further support the link to oxygen consumption and carbon respiration. Barium isotopes also support barite formation at mesopelagic depths as demonstrated by enrichment in the isotopically-heavy Ba in seawater (138Ba) and depletion of the lighter Ba (134Ba) due to the preferential incorporation of the lighter Ba isotopes in barite (Horner et al., 2015; Hsieh and Henderson, 2017; Bates et al., 2017; Bridgestock et al., 2018). Indeed a local maximum in δ138Ba at depths between 200 and 600 m in diverse ocean basins indicates that barite precipitation mostly occurs at these depths (Horner et al., 2015; Bates et al., 2017). Our pBa data from the two analyzed stations at the South Atlantic (Great Calcite Belt) and South Pacific (Antarctic sector) stations are also consistent with the idea of enhanced barite formation at this depth the mesopelagic zone. Profiles show higher pBa concentrations below 200 m and down to 600 m with a maximum in at about 200–400 m. Though qualitative, SEM observations from all the analyzed stations similarly show higher barite abundance at these intermediate depths.
As discussed above, barite formation is linked to organic carbon mineralization and export production, however a notable spatial variability in the Ba:Corg ratio is found over ocean regions. For instance, sediment trap samples from the Western Atlantic have significantly lower Ba/Corg values than samples from the Pacific (e.g., Dymond and Collier, 1996). The causes for this spatial variability are still poorly understood. Differences in the Ba:Corg ratio have been related to the efficiency of mineralization of POC in the mesopelagic zone relative to the exported amount (e.g., Francois et al., 1995). Thus, using algorithms that relate Ba to carbon export may not be appropriate in regions of highly variable carbon flux. Moreover, barite formation may be affected by the rate at which particles sink, given that particles that are quickly removed from the water column by rapid sinking may reduce the likelihood for precipitation of particulate Ba phases (McManus et al., 2002). This has also added uncertainty to sedimentary Ba interpretations and paleoproductivity reconstructions, particularly to the use of Ba content as a quantitative proxy for reconstructing productivity. In general, the poor understanding of barite distribution in the water column stems from our limited knowledge of the processes leading to barite saturation. A better knowledge of such processes may improve our ability to assess changes in past productivity. Results from experimental work and from the analyses of pBa phases in the water column have recently shed light into potential mechanisms leading to saturation and precipitation of barite in microenvironments within sinking particulate matter in the mesopelagic zone (Martinez-Ruiz et al., 2018; Martinez-Ruiz et al., 2019). Collectively this work emphasizes the role of biofilms as Ba-concentrating agents in a process that could be termed organo-mineralization. According to the Encyclopedia of Geobiology, organo-mineralization (Défarge, 2011) is a process of mineral formation mediated by organic matter (OM), independent of the living organisms which the OM derives from. The organic compounds may be excretion products or detached parts of living organisms, or relics and by-products of dead organisms that have been released into waters or incorporated into soils, sediments, or rocks. Our observations from suspended marine particulate matter agree with this process and further support previous findings. Our SEM and TEM observations at multiple stations also demonstrate that barite forms through a P-rich amorphous precursor phase, seen in the pBa composition, ranging from Ba-phosphate to Ba-sulfate consistent with previous studies from two Atlantic Ocean stations (Martinez-Ruiz et al., 2019). The present study adds further evidence in support of these findings. Moreover, although the Ωbarite (Table 2) in the epipelagic and upper mesopelagic zone at the newly studied ocean sectors differs from site to site, this does not seem to be a major control in barite precipitation as no relation between Ωbarite and pBa or barite abundance is evident. At all the studied stations, barite crystals show similar characteristics in terms of composition, size, distribution and association to organic material, prominently showing association with EPS-like morphologies, which further supports EPS production is a major factor in promoting barite formation (Figures 2–5) as well as organo-mineralization as a common process for barite formation throughout the ocean. Considering that the relation of pBa with export production depends on microbial processes related to organic matter degradation, barite formation is therefore linked to the suite of complex processes involved in the ocean biological carbon pump. Specifically, the fraction of primary production that leaves the upper ocean and is exported to depth, defined as export production is the fraction that “fuels” barite formation. Export production depends on diverse factors such as phytoplankton and zooplankton community structures, the formation of aggregates, sinking by ballasting, and bacterial mineralization rates (e.g., Francois et al., 2002; Cavan et al., 2015; Belcher et al., 2016; Le Moigne et al., 2016) and these factors change in space and time. For example, Henson et al. (2019) demonstrated that low primary production and high export efficiency regimes tend to occur when macro-zooplankton and bacterial abundances are low in the surface ocean. Thus, a large fraction of primary production is exported, likely as intact cells or phytoplankton-based aggregates. In contrast, when macro-zooplankton and bacterial abundances in the surface ocean are high, the export efficiency decreases. These results support that the whole ecosystem structure, rather than just the phytoplankton community, play a major role in export efficiency (Dehairs et al., 1992). All these factors not only depend on seasonality but can also be very different at regional and global scales. Hence, appropriate knowledge of the processes involved in carbon export fluxes, the formation of organic aggregates, and particle sinking is required for assessing the relationship between productivity and Ba proxies, and proper interpretative care and caution are required for using Ba as a proxy for export production. As the relation between export production and barite largely depends on microbial processes and EPS production, temperature, oxygen abundance, and the type of organisms involved may impact this relationship. Although the reason for Ba accumulation in bacteria and EPS or in other living organisms is not yet well understood, it is known that bioaccumulation of Ba occurs throughout the ocean. The nucleation and crystallization of barite results in the formation of a highly stable mineral that is hard to dissolve under oxygenated conditions, consequently a relatively large fraction of the particulate barite that forms reaches the sediments (Paytan and Kastner, 1996). Barite accumulation in the sediment would therefore represent a record of the combination of diverse processes including export productivity, organic matter degradation, bacterial activity, and EPS production. This complexity should be considered when interpreting temporal and spatial variability in the Ba:Corg ratios and in barite accumulation in marine sediments.
Role of Extracellular Polymeric Substances in Barite Precipitation
Understanding the microbial processes leading to the formation of the mineral barite in the oceanic water column is crucial to determining the utility of Ba proxies for paleo-productivity and paleo-chemistry reconstructions. How and why Ba associates with organic matter in microenvironments and how the rates of organic matter decomposition affect barite production are key questions that link primary productivity or export productivity to barite abundance in marine sediments. The important role that EPS and microbial cells may play in nucleation and crystallization in the ocean is still far from being well understood at the molecular scale. Even though the EPS in the ocean have been widely investigated, their role in mediating mineral precipitation remains mostly unknown, in particular as it pertains to barite formation. In seawater, these secretions facilitate attachment to surfaces leading to the formation of biofilms, organic colloids, and larger aggregations of cells (marine snow). Though difficult to measure accurately, EPS represent a significant portion of the bioavailable carbon pool in the ocean. These substances occur in a range of molecular sizes, with diverse physical and chemical properties, and their composition includes polysaccharides, proteins, lipids, and nucleic acids (Decho and Gutierrez, 2017). In general, the attachment of microbes to surfaces, or to each other, provides higher environmental stability than being a free-living cell and may be favorable in the ocean (e.g., Flemming et al., 2016). The EPS matrix of biofilms provides a three-dimensional architecture framework (Decho, 2000) that is the building block of the aggregates suspended in the water column. These organic aggregates are known to be very rich in microbial communities with abundances up to two orders of magnitude higher than in the surrounding seawater environment (e.g., Alldredge et al., 1986; Herndl, 1988).
While both experimental work and observations in diverse natural environments have demonstrated that functional groups associated with EPS are able to bind different metal ions (e.g., Braissant et al., 2007; Tourney and Ngwenya, 2014), their precise role for the binding, trapping and concentrating metals in the open ocean has not been sufficiently investigated. For instance, in bioremediation, it has been demonstrated that the polyanionic nature of the EPS promotes the binding of heavy and toxic metal ions, and EPS use for detoxification of heavy metals is well known. Many examples have been described in the literature such as in the remediation of Cd, Cr, Pb, Ni, Cu, Al, and U (e.g., Beech and Cheung, 1995; Iyer et al., 2005; Bhaskar and Bhosle, 2006; Gerber et al., 2018). However, as many of these studies had commercial purposes, very few have addressed the ecological implications of marine EPS in metal biogeochemical cycles. Loaec et al. (1997, 1998) reported the heavy metal-binding capacity of EPS produced by hydrothermal vent bacteria and suggested that this could represent a survival strategy for the bacteria by reducing their exposure to toxic metals released from the hydrothermal vents. Major elements such as Na, Mg, Ca, K, Sr, and Si, have also been shown to be adsorbed by marine bacterial EPS (Gutierrez et al., 2008). Likewise, Fe uptake by EPS in eukaryotic phytoplankton has been investigated (Hassler et al., 2011; Gutierrez et al., 2012), and binding of Th to carboxylate, phosphate and sulfate groups in marine EPS has also been shown (Alvarado Quiroz et al., 2006). Nevertheless, the ecological implications of these binding processes are not well understood, and Ba has not been investigated yet in this regard. Thus, our data open an unexplored field and support the crucial role that EPS play not only for Ba bioaccumulation but also for mineral precipitation in the ocean, with important implications for paleo-oceanographic reconstructions. Although further investigations are required to elucidate precise nucleation and crystal growth processes, the available data strongly support that biofilm matrix is crucial for metal precipitation in the ocean. In this dynamic environment, with abundant microbial cells, polysaccharides and water, together with excreted cellular products (e.g., Sutherland, 2001), functional groups including sulfate and phosphate would contribute to the overall negative charge of the EPS, and these functional groups would interact with metals promoting precipitation.
The Microbial Pump and Future Perspectives
The use of barite as a proxy to gain insights into past microbial processes is a promising tool in paleoceanographic research. It is broadly known that microbial communities play a major role in biogeochemical cycles since they play a role both at the base of the oceanic food web and as decomposers (e.g., Falkowski et al., 2008; Robidart et al., 2019). Further knowledge of microbial productivity and structure of communities is required for predicting future marine ecosystem functions, and the impact of increasing environmental effects on ocean ecosystems. This is challenging at present because biogeochemical processes and microbial communities are very complex, but it is far more complex for the past because a record of microbial processes is not usually well preserved in marine sediments beyond the preservation of biomarkers and some minerals that form through direct or indirect association with microorganisms. Accordingly, although barite accumulation rates are closely correlated with carbon export to the deep ocean (Carter et al., 2020 and references therein), the occurrence of barite may also reflect Ba utilization in the surface ocean through microbial processes, EPS production and organic matter mineralization. Except in sulfate reducing environments, barite is well preserved in marine sediments, thus the presence of pelagic barite particles is an indication of past bacterial respiration processes. In fact, barite has been proposed as a good proxy reflecting average mineralization processes (e.g., Cardinal et al., 2005), which are in turn a major control in the global carbon cycle and atmospheric carbon sequestration (e.g., Cavan et al., 2017). Our observations at diverse ocean sectors and depths showing formation within organic aggregates commonly rich in EPS, further support that mineralization due to microbial respiration is responsible for barite formation and consequently barite is a bioindicator for such processes.
The occurrence of barite in marine particles may have additional effects that have so far not been thoroughly investigated. For example, the potential role of barite particles within marine snow in the ballasting and mineralization controls of carbon sedimentation. It has been demonstrated that particulate minerals, for instance eolian dust, can be incorporated into organic aggregates and act as ballast enhancing the marine carbon export hence the significant increase in the sinking velocities of aggregates (Van der Jagt et al., 2018). Although biological processes affecting the fragmentation and mineralization of large particles are the most important factors determining the POC profiles (e.g., Lam and Bishop, 2007), barite is a high-density mineral that could also affect export processes. Another important aspect that still requires further investigation is the distribution of barite at greater depths than the mesopelagic zone. To date most of the studies on barite distribution have focused on mesopelagic depths and little is known about distribution and potential precipitation or dissolution with depth since only very few data from deeper samples are available (Conte et al., 2019). Furthermore, in the bathypelagic ocean (depth >1,000 m), Archaea and Viruses are particularly important in the microbial loop, but they remain largely unexplored in deep waters, and interactions between microbes and minerals beyond bacterial precipitation is almost unknown, except some recent work on the role of viruses in carbonate precipitation (e.g., Lan et al., 2020; White III et al., 2020).
CONCLUSIONS
Comparisons of suspended marine particulate matter obtained from diverse ocean sectors indicate barite formation at intermediate depths (200–600 m) in the mesopelagic zone independent of barite saturation state. The formation of barite within organic aggregates in close association with EPS is a common process recognized in all the studied regions. Our results further confirm that microbial processes are mediating barite precipitation (organo-mineralization) within such aggregates as previously supported by experimental work showing that Ba binds to phosphate groups on cell surfaces and EPS in bacterial biofilms. Mineralogical and crystallographic characteristics of suspended barite particles in the ocean support the same crystallization path, from an amorphous P-rich phase to mineral barite. EPS play a crucial role in locally concentrating Ba and providing nucleation sites leading to saturation. The binding capacity of the functional groups associated with EPS, including phosphate groups, has been widely demonstrated in experimental conditions and diverse natural environments, and the interactions between Ba and the EPS is similarly occurring in the ocean leading to barite precipitation. The distribution of particulate Ba and Ba isotopes in the water column are consistent with this precipitation mechanism. Many processes are involved in barite precipitation including primary production, export production, organic matter degradation, bacterial respiration, EPS formation, aggregation and sinking, and all should be further investigated and taken into account when interpreting temporal and spatial variability in the Ba:Corg ratios and barite accumulation in sediments. In addition, EPS production by organisms other than bacteria, such as phytoplankton, may also play an important role in barite production. However, the ecological implications of these processes and interactions between diverse organisms have been poorly investigated. The strong link between organo-mineralization of pelagic barite and microbial processes could be used to gain insights into past microbial processes and the functioning of the microbial pump. This is of importance for reconstructing mineralization and microbial respiration, and their link to export production, which are key processes in the global carbon cycle and the ocean carbon sink.
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Late Summer Peak and Scavenging-Dominant Metal Fluxes in Particulate Export Near a Seamount in the Western North Pacific Subtropical Gyre
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We measured sedimentation fluxes around JA06 Seamount (Xufu Guyot; 19°30′N, 158°00′E) as part of an environmental baseline survey in Japan’s exploration area for cobalt-rich crusts in the subtropical northwest Pacific. Sinking particles were collected at the flat top (sediment trap depths: 900 and 1,000 m) and northeastern base (sediment trap depths: 1,000 and 4,720 m) of the seamount from June 2016 to April 2017. Total mass fluxes were very low, with average values of 4.3–4.9 and 9.3 mg m−2 d−1 in the shallow traps at the flat top and base, respectively, which is consistent with an oligotrophic system. The lower fluxes at the flat top probably reflect lower productivity of siliceous microplankton, such as diatoms. However, we were unable to substantiate any potential mechanisms for this difference in productivity and cannot evaluate whether this is representative of typical conditions. When combined with previous observations at two adjacent seamounts, our results indicate widespread seasonality in sediment fluxes with a peak in late summer (August–September). However, satellite data indicate that summer is the season with the lowest primary production. This discrepancy could be explained either by phytoplankton blooms fueled by symbiotic nitrogen fixation that only cause minor increases in surface-ocean chlorophyll or short-lived blooms induced by passing typhoons under thick cloud cover. At the base site, we also analyzed material and element transport rates from shallow to deep waters. Half of the organic matter and >80% of the carbonate in sinking particles was not degraded in the water column, suggesting that most of the regeneration of these materials occurs near or on the sediment surface. Furthermore, four major processes appeared to control elemental fluxes in the area: lithogenic (Al, Ti, Fe), carbonate (Mg, Ca, Sr), biogenic (+scavenging) (Ni, Zn, Cd, Pb), and scavenging (V, Mn, Co, Cu, rare earth elements) processes. The estimation of excess flux based on the composition of upper continental crust demonstrated that >85% of total Mn, Co, Ni, Cu, Zn, Cd, and Pb fluxes were attributable to scavenging (+biogenic uptake). Scavenging-dominant metal fluxes are likely ubiquitous in the oligotrophic open ocean.
Keywords: seamount, sinking particle, sediment trap, trace element, scavenging
INTRODUCTION
Deep-sea mining has attracted increased interest in recent years due to rising demand for metallic elements that are crucial for cutting-edge and green technologies. One potential target for deep-sea mining is cobalt-rich ferromanganese crusts, which are marine polymetallic mineral deposits composed of hydrogenetic manganese oxide layers that slowly precipitate on seamount basement rocks. The subtropical Northwest Pacific is considered a prime area for exploration because of the presence of thick crusts on old seamount groups. On the high seas of the northwest Pacific, several countries including Japan, China, Korea, and Russia have already signed exploration contracts for cobalt-rich crusts with the International Seabed Authority (ISA). To minimize environmental impacts from any future deep-sea mining, careful environmental surveys, and assessments are essential. The ISA environmental guidelines (ISBA/25/LTC/6) mandate the study of six environmental baseline data groups: 1) physical oceanography, 2) chemical oceanography, 3) geological properties, 4) biological communities, 5) bioturbation, and 6) fluxes to the sediment.
The subtropical northwest Pacific is strongly oligotrophic. Since seamount ecosystems are mainly sustained by sinking organic matter, fluxes to the sediment are extremely important. Furthermore, a baseline assessment of fluxes and sinking particle compositions around the seamount is necessary to assess the impact of sediment plumes and discharge water from mining activities. Sediment traps are used to quantitatively study the seasonality and vertical transport of sinking particles in the ocean. Sediment trap observations are usually conducted in highly productive regions and have been used to improve marine carbon-cycle modeling (e.g., Ittekkot et al., 1991; Honjo, 1996; Kawahata, 2002). Observations in oligotrophic regions, however, are very limited (see the map compiled by Lutz et al., 2007). Seasonal variations in primary production and resulting export fluxes are generally small in the stratified north Pacific subtropical gyre (e.g., Field et al., 1998). However, enigmatic phytoplankton blooms have been recorded in the eastern north Pacific during the summer, which is the season when the ocean is most stratified (Karl et al., 2001; Wilson, 2003), and subsequent studies have revealed some of the unique mechanisms involving nitrogen fixation that support these blooms (e.g., Dore et al., 2008; Karl et al., 2012). Many knowledge gaps about fundamental processes in the oligotrophic open ocean remain unaddressed today, such as the influence of large seamounts on particulate fluxes, relationships between primary production and export fluxes, differences in particle composition between shallow and deep water, and particulate elemental fluxes from the shallow ocean to seafloor.
In 2016, four sediment traps were deployed and moored for a year on the flat top and base of JA06 seamount (Xufu Guyot) in the ISA-licensed area as part of an environmental baseline survey. In this paper, we discuss ISA baseline data group six (fluxes to the sediment) based on spatial/seasonal differences in flux rate and chemical compositions of sinking particles. Other environmental baseline data we obtained in the vicinity of the seamount have been reported elsewhere (Nagao et al., 2018; Sugishima et al., 2018; Iguchi et al., 2020; Yamaoka et al., submitted).
MATERIALS AND METHODS
Sediment Trap Experiments
JA06 seamount (Xufu Guyot; 19°30′N, 158°00′E) is a large Guyot located in international waters in the northwest Pacific (Figure 1). The seamount summit has a depth of ∼1,500 m, and the rise is located at >5,000 m. JA06 seamount is the southernmost of six seamounts located within Japan’s exploration area for cobalt-rich ferromanganese crusts, and it is located within the oligotrophic subtropical gyre throughout the year. According to CTD measurements taken around the seamount in May 2016, surface water temperature and salinity are 27.7°C and 34.8, respectively; there were no marked differences between water column profiles taken at the flat top and base (Yamaoka et al., submitted).
[image: Figure 1]FIGURE 1 | (A) Map of Japan’s exploration area for cobalt-rich ferromanganese crusts, covering six seamounts (JA02, 03, 04, 06, 12, and 17) southeast of Minamitori Shima Island (also known as Marcus Island) in the northwest Pacific. Yellow circle indicates Japan’s exclusive economic zone (EEZ). (B) Bathymetry of JA06 Seamount showing locations of mooring sites JA06-M01 and M02 (red circles) and sampling sites for deep-sea sediments (pelagic clay) (black squares; JA06-B02 and B04). (C) Deployment depths of sediment traps used in our study.
Time-series sediment traps (SMD-26S, NiGK Corporation, Tokyo, Japan) comprising 22 sample bottles, each with a 0.5 m2 inlet aperture, were moored to the seafloor at two sites. Site JA06-M01 was located on the northeastern side of the seamount at the seamount base (water depth, 5,220 m), and site JA06-M02 was located on the flat top (water depth, 1,270 m). Two traps were deployed at each site. At site JA06-M01, traps were deployed at depths of 1,000 m (“Shallow-3”) and 4,720 m (“Deep-1”). The deep trap was located 500 m above the seafloor. At site JA06-M02, traps were deployed at 900 m (“Shallow-1”) and 1,000 m (“Shallow-2”). According to the pressure data of sensors attached to the sediment traps, the actual water depths of Shallow-2, Shallow-3, and Deep-1 traps were 990, 839, and 4,792 m, respectively. Before deployment, all sample bottles were filled with filtered seawater (filter pore size: 0.45 µm). Formaldehyde was then added to produce a 3% solution buffered with sodium borate. Traps were deployed at site JA06-M01 from June 7, 2016 to April 20, 2017 (318 days) and at site JA06-M02 from June 7, 2016 to April 21, 2017 (319 days). Sampling interval (sampling period per one collecting cup) was 15 days. Upon recovery, sample bottles were immediately refrigerated at about 4°C onboard the vessel.
Analytical Procedures
The trapped material was carefully wet-sieved through a 1-mm sieve after all recognizable zooplankton swimmers were removed. The <1 mm fraction was freeze-dried and homogenized in preparation for bulk analysis. Carbonate and opal contents were determined by using modified versions of methods developed by Engleman et al. (1985) and Mortlock and Froelich (1989). For each sample, total carbon and nitrogen contents were measured with an elemental analyzer (Flash 2000, Thermo Scientific, Waltham, MA, USA), and then organic carbon content was calculated by subtracting carbonate content from total carbon content. The amount of lithogenic matter in each sample was calculated as follows: Lithogenic matter = total matter − carbonate − opal − organic matter (where organic matter was assumed to be 1.8 × organic carbon content, Kawahata et al., 2000). For elemental analysis, ∼5 mg of the powdered sample was weighed in a Teflon vial and completely digested in an ultrapure HNO3-HF-HClO4 mixture. After the sample was dried down, the residue was dissolved in 2% HNO3. Concentrations of major elements (Na, Mg, Al, P, K, Ca, Fe) were measured by using inductively coupled plasma atomic emission spectroscopy (ICP-AES SPS7800, Seiko Instruments, Chiba, Japan). Concentrations of trace elements were determined by using inductively coupled plasma mass spectroscopy (ICP-MS 7700x, Agilent Technologies, Santa Clara, CA, USA) combined with the indium internal standard technique. Analytical precision was better than 7% for each elemental analysis, except for the Na, K, and Ti analyses, which had an analytical precision of 10%.
Satellite Data Processing
Ocean color data, including chlorophyll a concentration, photosynthetically active radiation, and sea surface temperature were obtained from the Moderate Resolution Imaging Spectroradiometer (MODIS) mounted on the aqua satellite through NASA’s ocean color Web. The Aqua satellite passes over the equator from south to north in the afternoon, and aqua MODIS views the entire surface of the Earth every 1 to 2 days, acquiring data in 36 spectral bands or wavelength groups. Further details on data collection are compiled in Table S1. To estimate depth-integrated monthly-averaged net primary production (NPP), defined as the difference between gross photosynthetic production rate and respiration rate, the Vertically Generalized Production Model (Behrenfeld and Falkowski, 1997) was used in combination with the two-phytoplankton community model of Kameda and Ishizuka (2005).
RESULTS AND DISCUSSION
Sinking Particles in the Shallow Traps on and Around the Seamount
At Site JA06-M02 (on the flat top), mean total mass fluxes were 4.3 and 4.9 mg m−2 d−1 for traps Shallow-1 (900 m) and Shallow-2 (1,000 m), respectively (Table 1). For Shallow-1, mean fluxes of organic matter, carbonate, biogenic opal, and lithogenic matter were 0.5, 3.7, 0.1, and 0.4 mg m−2 d−1, respectively, and the corresponding mean contents were 11%, 78%, 2%, and 9%. C/N atomic ratios for most of the samples were about seven. Mean opal/carbonate and Corg/Cinorg ratios were 0.03 and 0.67, respectively. Samples from Shallow-2, which was deployed at a similar depth, had similar characteristics.
TABLE 1 | Mean fluxes, average compositions, and ratios (C/N, opal/carbonate, and Corg/Cinorg) of sinking particles collected at JA06 seamount.
[image: Table 1]At Site JA06-M01 (on the northeastern side of the seamount base), mean total mass fluxes were 9.3 mg m−2 d−1 for trap Shallow-3 (1,000 m; Table 1). Mean fluxes of organic matter, carbonate, biogenic opal, and lithogenic matter for this trap were 1.7, 5.7, 0.7, and 1.2 mg m−2 d−1. Mean contents of organic matter, carbonate, biogenic opal, and lithogenic matter were 18%, 62%, 7%, and 13%, respectively. C/N atomic ratios for most of the samples were about 8. Mean opal/carbonate and Corg/Cinorg ratios were 0.12 (mass ratio) and 1.4 (molar ratio), respectively.
These obtained total mass fluxes were the lowest among reported sediment trap observations in the global ocean and comparable to the mass flux of 4.8 mg m−2 d−1 obtained at 1,200 m water depth in the western Pacific below the north equatorial current (Kempe and Knaack, 1996), with similar mean percentage composition (15% organic matter, 70% carbonate, 9% biogenic opal, and 6% lithogenic matter). In the shallow traps at both sites around JA06 Seamount, seasonal variations in total mass fluxes showed similar patterns (Figures 2A–C, Table S2). However, average total mass fluxes at the base site were twice as large as those at the flat top site. One possible explanation is that the two sites have different rates of primary production; sinking fluxes roughly correspond to production rate in the surface ocean. Previous studies have posited the existence of a “seamount effect,” in which local upwelling caused by circular currents at the seamount summit can boost primary production (Furuya et al., 1995; Oliveira et al., 2016; Turnewitsch et al., 2016). This effect, however, is inconsistent with the lower primary productivity at the flat top inferred from the sinking fluxes in this study. In fact, seamount effects have only been reported for seamounts with shallow summits (<300 m depth). Due to the much greater depth at the summit of JA06 seamount (∼1,500 m), any interaction between the seamount and ocean currents might have little effect on surface ocean structure. This is supported by physicochemical parameters (temperature, salinity, dissolved oxygen, and inorganic nutrient concentrations) measured around the seamount in May, which showed no obvious differences in the vertical profiles measured at the flat top and base (Yamaoka et al., submitted).
[image: Figure 2]FIGURE 2 | Fluxes of organic matter, carbonate, opal, and lithogenic elements from June 2016 to April 2017 at four sediment traps around JA06 seamount (A) shallow-1 (depth, 900 m) and (B) shallow-2 (1,000 m) at site JA06-M02 on the seamount flat top, and (C) Shallow-3 (1,000 m) and (D) Deep-1 (4,720 m) at site JA06-M01 on the seamount base.
Organic matter C/N ratios were similar (around 7–8) in both flat-top traps and in Shallow-3 (the shallow trap at the base site). This range is consistent with the C/N ratios of living marine phytoplankton (6.6–7.0; Redfield et al., 1963; Takahashi et al., 1985). However, Shallow-3 had an elevated opal/carbonate ratio (0.12) and Corg/Cinorg ratio (1.4) compared to the flat-top traps (opal/carbonate ratio, 0.03; Corg/Cinorg ratio, 0.53–0.67). This suggests that settling organic matter is also associated with other materials besides carbonate.
Figure 3 shows relationships between organic matter flux and fluxes of various components (carbonate, biogenic opal, and lithogenic), as well as total flux, at all the sediment traps. The larger organic matter flux observed in Shallow-3 is associated with increased opal and lithogenic fluxes (Figures 3C, D). The lithogenic fraction at sediment traps in the north Pacific is mainly composed of fine clay minerals, which originate in eolian dust transported from the Asian continent by westerly winds (Kawahata, 2002). Atmospheric dust concentrations peak in spring across wide areas of the north Pacific, reflecting frequent dust storms in the source region, with the greatest concentrations occurring at mid-latitudes (Uematsu et al., 1983). However, lithogenic fluxes at JA06 Seamount were relatively low in spring, suggesting small loads and little seasonality of atmospheric dust. Since secular differences in atmospheric input between flat top and base sites are unlikely, lithogenic fluxes probably depend on organic matter flux.
[image: Figure 3]FIGURE 3 | Organic matter (OM) flux vs. (A) total mass, (B) carbonate, (C) opal, and (D) lithogenic fluxes. Dashed lines show regression lines for data from shallow and deep sediment traps.
Planktic organisms such as diatoms are known to play an important ballasting role in particulate organic carbon transport due to their propensity to form aggregates and sink rapidly (Smetacek, 1985; Honda and Watanabe, 2010). A two-year observation timeseries at station ALOHA in the oligotrophic north Pacific subtropical gyre demonstrated that diatoms account for only 3–7% of annual primary production but support 9–20% of organic carbon flux at 150 m (Brzezinski et al., 2011). Radiolarians and phaeodarians are another major siliceous microplankton taxon. Although rates of organic carbon export by them have not been quantitatively estimated, it is likely that they also effectively transport organic carbon downward due to their larger size. The mean contents of organic matter, biogenic opal, and lithogenic matter in Shallow-3 were 9%, 5%, and 3% higher, respectively, than in the flat-top traps. By contrast, the mean carbonate content was 17% lower (Table 1). Despite the fact that biogenic opal was the smallest constituent of the sinking particles, its efficient vertical transport capacity seems to contribute greatly to total mass fluxes. Based on these observations, we speculated that growth rates of siliceous microplankton may be constrained at the flat top site. However, the environmental basis of this constraint is unclear. Further comparative studies are needed to clarify the mechanisms controlling primary production and particulate fluxes on and off the seamount.
Seasonality of Sinking Particles in Japan’s Exploration Area
In Figure 4, the total mass fluxes at all three shallow traps at JA06 seamount are compared with those from two other seamounts in Japan’s exploration area. The first sediment trap experiment conducted within the area was conducted on the flat top of JA04 seamount (20°50′N, 157°18′E; water depth 2,257 m), where a single trap was deployed 23 m above the seafloor from April 8, 2001 to May 18, 2002. Another sediment trap was deployed above the flat top of JA02 Seamount (21°19′N, 159°47′E; water depth 1,600 m), where a single trap was deployed 23 m above the seafloor from August 5, 2006 to July 31, 2007. The results from these two seamounts showed a similar low total mass flux with a strong peak in September. These observations suggest that low total mass fluxes with late summer peaks are common in Japan’s exploration area in the north Pacific subtropical gyre. The range of total mass fluxes observed in our study is similar to those observed in the oligotrophic region under influence of the equatorial counter current. Kawahata et al. (2000) reported a mean total mass flux of 13.2 mg m−2 d−1 at their site 4 (8°N, 175°E; water depth 1,637 m), although they did not observe any seasonal patterns.
[image: Figure 4]FIGURE 4 | Seasonal variations in total mass fluxes at shallow sediment traps on the (A) JA02, (B) JA04, and (C,D) JA06 seamounts in Japan’s exploration area. Three-letter month designations show the month of peak flux for each sediment trap.
Interestingly, the observed seasonality in total mass fluxes is inconsistent with satellite-based estimates of NPP in the area. This is an important inconsistency that needs to be addressed. Figure 5 shows monthly average NPP at three seamounts (JA02, JA04, and JA06) estimated by using a 17-year timeseries (July 2002 to October 2018) of NASA Aqua/MODIS data. The estimated NPP varied seasonally, with an early spring bloom from February to May. This early spring bloom may be related to broader and lower-amplitude peaks in total mass fluxes observed around April in sediment traps at JA02 Seamount (Figure 4). Kawahata (2006) reported one broad maximum from January through March in total mass fluxes obtained from a sediment trap (site 6; 30°N, 175°E; water depth 3,873 m). However, the August to October NPP minimums estimated from the satellite data conflict with the late summer peaks in total mass flux observed at JA02, JA04, and JA06 seamounts.
[image: Figure 5]FIGURE 5 | Annual climatology of satellite-based net primary production for the period 2002–2018 around the (A) JA02, (B) JA04, and (C,D) JA06 seamounts.
On the basis of a global-scale compilation of sediment trap experiments, Lutz et al. (2007) found that sediment flux maxima are generally synchronous with peaks in primary production and that the oligotrophic subtropical gyres in the Pacific, where production is relatively constant year-round, are characterized by reduced seasonality. Indeed, seasonal maximum-to-minimum monthly flux ratios in the shallow traps on and around JA06 Seamount ranged from 2 to 3. This is clearly lower than the ratios observed at high latitudes and in polar regions, where maximum-to-minimum (summer to winter) flux ratios are ∼20 (Lutz et al., 2007). However, it is still unclear why we obtained very high maximum-to-minimum flux ratios (6–10) on JA04 and JA02 seamounts.
The late summer phytoplankton booms and subsequent particle export pulses appear to be a recurring phenomenon in the oligotrophic eastern north Pacific, especially to the northeast of the Hawaiian islands (Karl et al., 2001; Wilson, 2003). The blooms are not associated with deep mixing events or with dust deposition (Wilson, 2003), but rather are fueled by N2 fixation by Trichodesmium and/or diatom–cyanobacteria symbiosis assemblages and nitrogen influx to the euphotic zone from vertical diatom migrations (Wilson et al., 2008; Church et al., 2009; Karl et al., 2012). When analyzing satellite remote sensing data on ocean color, Wilson (2003) used a threshold of chlorophyll a concentration >0.15 mg m−3 to define a bloom. Based on this definition, blooms have never been observed in the western north Pacific subtropical gyre (Wilson et al., 2008; Wilson and Qiu, 2008). A shallower nutricline and convergent surface conditions in the eastern gyre are considered to be more favorable for the accumulation of buoyant organisms and nitrogen fixers (Dore et al., 2008; Wilson et al., 2008). However, summer blooms are not always detected by satellites and do not always reach the arbitrary 0.15 mg m−3 chlorophyll threshold (White et al., 2007; Villareal et al., 2011). Furthermore, Karl et al. (2012) concluded that there is no direct coupling between the appearance of increased surface chlorophyll and the summertime export pulse, based on analysis of a 13-year sediment trap dataset obtained at Station ALOHA (22°45′N, 158°W). Therefore, it is possible that the late summer peak of total mass fluxes observed in this study reflects blooms supported by N2 fixation that are invisible to satellite observation, although the trigger for these blooms has not yet been thoroughly resolved.
Alternatively, the presence of unusual seasonal peaks in sedimentation fluxes invokes the possibility of an episodic climate event. In late summer, our study area is frequently influenced by hurricanes and tropical depressions. According to historical hurricane tracks obtained from NOAA (Figure 6), a tropical depression formed 450 km east-southeast of JA06 seamount on August 8, 2016, then developed into a tropical storm the next day and moved in a clockwise direction from southeast to west around 200–350 km off the seamount over a period of 4 days. Although one more tropical depression quickly passed by the seamount on 7–8 October, its impact would have been limited. The numerical simulations suggested that typhoon-induced blooms in the western north Pacific depend on the moving speeds of typhoons, that is, slow-moving typhoons induce stronger upwelling and vertical mixing (Shibano et al., 2011; Lin, 2012). From 16 to September 19, 2006, a tropical depression rapidly developed into an H3 hurricane 100–350 km southwest of JA02 seamount. In 2001, from the end of August to early September, three tropical depressions appeared 240–600 km south, southeast, and east of JA04 seamount. Hurricane (typhoon)-induced blooming is well established, although its impact on sinking particle flux is still unknown. Strong upper-ocean mixing by intense typhoon winds and the upwelling of nutrient-rich waters have been proposed as a mechanism for storm-induced blooms (Price, 1981; Dickey et al., 1998; Lin et al., 2003; Sanford et al., 2011). Especially, many typhoons-induced phytoplankton blooms have been reported as enhancement of chlorophyll a concentration and sea surface temperature cooling of −2 to −7°C in the south China sea (Sun et al., 2010; Lin, 2012; Ye et al., 2013; Zhao et al., 2015; Liu and Tang, 2018; Wang et al., 2020). Based on analyses of satellite data in the subtropical northwest Pacific, Lin (2012) proposed that typhoon-induced phytoplankton blooms require intense wind speed, sufficiently long transit time, and the absence of a warm ocean eddy. A recent study also suggested that heavy rainfall from typhoons could enhance blooming (Lin and Oey, 2016). In addition to the fact that heavy cloud cover inhibits satellite observation, the local and short-lived nature of these blooms may hinder their detection in average monthly NPP data. It is also important to consider the possibility of subsurface phytoplankton bloom. Subsurface chlorophyll a maximum (SCM) has been observed frequently in tropical and subtropical oceans. Ye et al. (2013) showed that subsurface chlorophyll a bloom was stronger and lasted longer than the surface chlorophyll a bloom after the passage of a typhoon in the south China sea. The physical-biogeochemical coupled model supported increase in the chlorophyll a lasted for longer in the subsurface layer than in the surface layer (Pan et al., 2017). According to Honda et al. (2018), in the western Pacific subtropical gyre, mesoscale cyclonic eddies enhanced subsurface primary productivity resulting in increase in sinking particle flux. It is likely that such responses of the subsurface chlorophyll a were invisible from satellite.
[image: Figure 6]FIGURE 6 | Tracks of hurricanes (typhoons) passing through Japan’s exploration area in (A) 2001 (B) 2006, and (C) 2016. Data are from NOAA’s historical hurricane tracks (https://coast.noaa.gov/hurricanes/). TD: tropical depression, TS: tropical storm, H1–H5: hurricanes of category 1–5 on the Saffir–Simpson scale. For each year, the seamount where sediment trap observations were conducted is highlighted in yellow. Yellow dashed-line circle indicates radius 500 km from the highlighted seamount.
Material Transport From Shallow to Deep
In trap Deep-1 (depth, 4,720 m) at site JA06-M01 (on the northeastern side of the seamount base), mean total mass flux was 8.6 mg m−2 d−1 (Figure 2D). Mean fluxes of organic matter, carbonate, biogenic opal, and lithogenic matter were 0.9, 4.9, 1.5, and 1.4 mg m−2 d−1, respectively. Mean contents of organic matter, carbonate, biogenic opal, and lithogenic matter were 11%, 55%, 17%, and 17%, respectively. C/N atomic ratios for most of the samples were about 10. Mean opal/carbonate and Corg/Cinorg ratios were 0.32 (mass ratio) and 0.96 (molar ratio).
Compared to the shallow trap (Shallow-3), organic matter and carbonate fluxes in the deep trap were low and fluxes of lithogenic matter were almost the same. This is due to the degradation of organic matter and dissolution of carbonate in the water column. Organic matter fluxes correlated more closely with lithogenic fluxes (Figure 3D), suggesting an important role of atmospheric dust in downward organic matter transport. The slope of the regression between organic matter and lithogenic fluxes was steeper for the deep trap than for other traps around the seamount (Figure 3D). Assuming settling speeds of 160–200 m day−1 (e.g., Takahashi, 1986), degradation would decrease organic matter flux from depths of 1,000–4,720 m by half within 19–23 days. The elevated C/N ratio of ∼10 at the deep trap is also attributable to organic matter degradation because of the preferential decomposition of organic nitrogen compounds relative to organic carbon. As for carbonate, only 14% of the carbonate at 1,000 m dissolved before leaching at 4,720 m. The local carbonate compensation depth in the area occurs at 4,000–4,500 m (Pälike et al., 2012). Although calcium carbonate solubility (Ω) falls to less than 1 (i.e., is undersaturated) at depth due to the large pressure effect (Kawahata et al., 2019), the dissolution rate of carbonate minerals is likely to be much slower than the sinking speed of settling particles. Surface sediments collected from the base of JA06 seamount (St. B02; water depth 5,009 m) were composed of pelagic clay and contained only 0.1 wt% of total organic carbon (=1.8 wt% organic matter) and 0.5 wt% of carbonate (Yamaoka et al., submitted). Thus, the remaining >50% of organic matter and >80% of carbonate would have degraded or dissolved near or on the seafloor. This is consistent with work by Noriki and Tsunogai (1986), which suggested that the regeneration of biogenic particles occurs mainly in the bottom water and at the sediment surface.
The high biogenic opal content in the deep trap is difficult to interpret. Some species of radiolarians inhabit intermediate (200–1,000 m) and deep water (>1,000 m) (e.g., Yamashita et al., 2002). It is likely that the deep trap collected radiolarian shells from these depths.
Elemental Fluxes From Shallow to Deep
Figure 7 shows the relationships between Al and trace element fluxes. The slopes for Ti and Fe are close to the mean values for upper crustal rock (McLennan, 2001), suggesting a lithogenic origin for these elements. On the other hand, Ni, Zn, Cd, and Pb showed elevated fluxes with large variations in the shallow traps. These characteristics resemble P fluxes, implying that these elements are closely related to organic matter. The nutrient-like behaviors of Ni, Zn, and Cd and their correspondence to biogenic flux have been reported in the northeast Atlantic (Kuss and Kremling, 1999; Kuss et al., 2010) and the central Baltic Sea (Pohl et al., 2004). Although the interaction of Pb with sinking particles is still unclear, Pb could be intensively absorbed onto organic matter particles (Schüßler et al., 1997; Pohl et al., 2004). The regression of V, Mn, Co, Cu, and ΣREE fluxes with Al also had elevated slopes. In contrast to the biogenic elements (Ni, Zn, Cd, and Pb), however, fluxes of these elements in the shallow and deep traps were continuously correlated with Al fluxes. These observations suggest that scavenging onto lithogenic materials is the primary process that controls fluxes of these elements.
[image: Figure 7]FIGURE 7 | Correlations between trace element and Al fluxes in sediment trap samples from JA06 Seamount. Dashed lines indicate average ratios in upper continental crust (McLennan, 2001). Element names in individual figures with bold, italic, and underline indicate the belonging to lithogenic, biogenic, and scavenging groups, respectively.
Although scavenging behaviors of these elements are well known, they have never been detected from the chemical compositions of sinking particles except for Mn due to the large contribution of lithogenic materials. Kuss and Kremling (1999) found a large excess flux of Mn in the deep northeast Atlantic (from 33 to 54°N at ∼20°W) but did not observe a corresponding enrichment of elemental fluxes. Similarly, excess Mn fluxes in the northwest Pacific (47°N, 160°E) did not coincide with any elemental fluxes (Lamborg et al., 2008). This is because these Mn enrichments were derived from lateral Mn input from a nearby continental shelf. In contrast, our study area is far from continental shelves. Therefore, scavenging is the dominant process. That is, dissolved Mn in seawater is scavenged onto suspended fine aluminosilicate (i.e., clay mineral) particles and metals are absorbed onto the Mn oxide coating. Then, the Mn-enriched suspended matter is incorporated into sinking particles. The positive correlations between biogenic elemental fluxes (i.e., Ni, Zn, Cd, and Pb) in the deep trap (Figure 7) suggest that these elements are also affected by scavenging processes. Previous studies have posited the existence of biological Cu and Co uptake (Saito and Moffett, 2002; Lamborg et al., 2008; Sun et al., 2016). However, the relative impacts of such processes in the removal of elements seems small compared to scavenging in our study area. Although Hwang et al. (2010) suggested that the resuspension of sediments is widespread, especially near continental margins, the direct contribution of resuspended sediments is negligible in our study area. In fact, the chemical composition of sediments in the area is distinct from that of the observed Mn-enriched fraction in sinking particles. As shown in Table 2, pelagic clays collected from the base of JA06 Seamount have greater Mn/Al, Co/Al, and Ni/Al ratios by factors of 2–3 than the deep trap samples. Furthermore, the consistent correlations between the shallow and deep traps observed for scavenging elements (V, Mn, Co, Cu, and REE) indicate that the source of the Mn-enriched fraction is independent of distance from the seabed. Loading of resuspended sediments to both the shallow and deep traps is unlikely.
TABLE 2 | Average element concentrations, fluxes, and excess fluxes in shallow and deep traps at the base of the JA06 seamount. The corresponding values for pelagic clay sampled at the same seamount are provided for comparison.
[image: Table 2]We also compared average element fluxes between the shallow and deep traps at Site JA06-M01 (Table 2). Based on the ratio of deep trap/shallow trap fluxes (D/S), the elements can be divided into three groups as follows: group 1: P, Zn, Cd, Pb (D/S < 1); group 2: Mg, Ca, and Sr (D/S = 1); group 3: Al, Ti, V, Mn, Fe, Co, Ni, Cu, and ΣREE (D/S > 1). The group 1 elements correspond to biogenic elements and are characterized by biological uptake and/or adsorption onto organic matter in surface water and low rates of transport to deep waters due to organic matter degradation. These elements (except for P) are also influenced by scavenging, but recycling processes are predominant. The group 2 elements are carbonate elements, which are major and minor of ions of biogenic calcite. The refractory behaviors of these elements are consistent with the low rate of carbonate dissolution in sinking particles, as discussed above. The group 3 elements have larger fluxes in the deep trap, which results from the incorporation of suspended Mn-oxide coated aluminosilicate particles. Despite the biogenic behavior of Ni, its D/S ratio (1.4) is larger than those of other biogenic elements, suggesting the relative importance of scavenging in its vertical transport.
According to Kuss et al. (2010), excess trace element flux (FTEexc) is determined as follows:
[image: image]
where FTE and FAl are the measured fluxes of the trace element and Al, respectively, and (TE/Al)ucc reflects the average TE/Al ratio of the upper continental crust (McLennan, 2001). Based on this calculation, >85% of total fluxes of Mn, Co, Ni, Cu, Zn, Cd, and Pb are attributed to scavenging (+biogenic uptake) processes. These enrichments in excess metal fluxes would be unique to and common across the pelagic and oligotrophic ocean. Recently Hawco et al. (2018) estimated the Co scavenging rate in the water column in the South Pacific to be 0.11 μg m−2 d−1, which is strongly consistent with the excess Co flux in the deep trap (0.12 μg m−2 d−1).
Assuming the same Al flux to the sediments as to the deep trap (74.9 μg m−2 d−1) and a sediment density of 2.6 g cm−3, the sedimentation rate at the base of JA06 seamount can be roughly estimated as 0.16 mm kyr−1 based on the Al concentration in the sediments (66,900 μg g−1). We then calculated elemental fluxes to the sediments based on this sedimentation rate (Table 2). According to the distribution of metal flux into modern Pacific ocean basins (Chester, 2003), the Mn and Fe fluxes to the seabed in the study area are <27 and <164 μg m−2 d−1, respectively. Thus, our calculated values (24.2 μg m−2 d−1 for Mn and 37.7 μg m−2 d−1 for Fe) seem to be reasonable. The Ti, Mn, Co, Ni, and ΣREE fluxes into the sediments are 2–4 times greater than the fluxes in the deep trap, suggesting further accumulations of these metals near and on the sediment surface. In contrast, Cu, Zn, Cd, and Pb show lower fluxes into sediments than those in the deep trap. This could be explained by losses of the labile fraction associated with biogenic materials. The fluxes of carbonate elements, such as Mg, Ca, and Sr, also significantly decreased in the sediments. In other words, the chemical compositions of sinking particles at 500 m above the seafloor are considerably different from those of deep-sea sediments, especially in areas with slow sedimentation rates where sediments are exposed to bottom water for a long period. Sato and Usui (2018) estimated metal fluxes into cobalt-rich crusts on pelagic seamounts in the Northwest Pacific as 1.9–3.0 μg m−2 d−1 for Mn, 1.4–2.5 μg m−2 d−1 for Fe, 0.03–0.11 μg m−2 d−1 for Co, and 0.01–0.11 μg m−2 d−1 for Ni. Interestingly, the Mn and Co fluxes roughly correspond to the excess fluxes of Mn (1.3–7.0 μg m−2 d−1) and Co (0.04–0.1 μg m−2 d−1) observed in sinking particles in this study. This similarity supports the newly proposed model that continuous Mn oxidation occurs even within the oxygen minimum zone (OMZ) such that particulate Fe-Mn oxide forms piled ferromanganese crusts and nodules (Usui et al., 2017). Recently, Usui et al. (2020) presented evidence of ongoing precipitation of Fe-Mn oxide particles (a few micrometers in diameter) from normal seawater at 900–4,500 m depth based on in situ 15-years exposure tests. Such particulate precipitates could be a common source of Mn for both cobalt-rich crusts and sinking particles.
CONCLUSION
One year of sediment trap observations on and around seamounts in the exploration area for cobalt-rich crusts revealed unique characteristics of sinking particles in the western North Pacific subtropical gyre. The main findings obtained in this study are as follows:
(1) Total mass fluxes on the seamount flat top were half of those on the base throughout the year. This is probably attributable to a lower population of siliceous microplankton, such as diatoms, in the euphotic zone, although the influence of environmental factors including a putative “seamount effect” is still unresolved.
(2) Particle sinking rates in the north Pacific subtropical gyre are characterized by low total mass fluxes with a sharp peak in late summer. However, summer plankton blooms were not detected by satellite observations. The increased fluxes in late summer may be explained by blooms supported by N2 fixation (similar to those in the eastern gyre but on a smaller scale) or short-lived blooms induced by typhoons (hurricanes) and tropical depressions.
(3) During the vertical transport of particles from depths of 1,000–4,720 m, half of the organic matter was decomposed as compared to only 14% of carbonate elements. Most of the biogenic materials in sinking particles could be regenerated mainly in the bottom water and at the sediment surface.
(4) Elemental analyses of the sinking particles demonstrated that fluxes of metal elements, such as V, Mn, Co, Ni, Cu, Zn, Cd, Pb, and REE, were predominantly driven by scavenging (+biogenic uptake) processes. Such scavenging-dominated metal flux is characteristic of oligotrophic oceans. Among these metals, Ti, Mn, Co, Ni, and REE seem to further accumulate on the seabed.
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We have investigated the effect of eddies (cold and warm eddies, CEs and WEs) on the nutrient supply to the euphotic zone and the organic carbon export from the euphotic zone to deeper parts of the water column in the northern South China Sea. Besides basic hydrographic and biogeochemical parameters, the flux of particulate organic carbon (POC), a critical index of the strength of the oceanic biological pump, was also measured at several locations within two CEs and one WE using floating sediment traps deployed below the euphotic zone. The POC flux associated with the CEs (85 ± 55 mg-C m−2 d−1) was significantly higher than that associated with the WE (20 ± 7 mg-C m−2 d−1). This was related to differences in the density structure of the water column between the two types of eddies. Within the core of the WE, downwelling created intense stratification which hindered the upward mixing of nutrients and favored the growth of small phytoplankton species. Near the periphery of the WE, nutrient replenishment from below did take place, but only to a limited extent. By far the strongest upwelling was associated with the CEs, bringing nutrients into the lower portion (∼50 m) of the euphotic zone and fueling the growth of larger-cell phytoplankton such as centric diatoms (e.g., Chaetoceros, Coscinodiscus) and dinoflagellates (e.g., Ceratium). A significant finding that emerged from all the results was the positive relationship between the phytoplankton carbon content in the subsurface layer (where the chlorophyll a maximum occurs) and the POC flux to the deep sea.
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INTRODUCTION
Eddies are ubiquitous in oligotrophic regions of the open ocean. They are believed to induce an upward mixing of deep, nutrient-enriched waters, alleviating the nutrient limitation of the euphotic zone, and thus resulting in an increase in primary production (PP, as known as biological carbon fixation), which in turn enhances its prospect for export out of the euphotic zone (Hung et al., 2004; Hung et al., 2010a; Zhou et al., 2013; Shih et al., 2015; Boyd et al., 2019). Broadly speaking, the eddies in the Northern Hemisphere can be separated into two types: 1) the cold eddy (CE), also called cyclonic eddy, containing cold nutrient-rich waters and generally associated with higher phytoplankton abundance and PP (Vaillancourt et al., 2003), and 2) the warm eddy (WE), also called anticyclonic eddy, containing warm nutrient-depleted water with lower phytoplankton abundance and low PP. Neighboring eddies of opposite sign, i.e., CE against WE, and vice versa, can also interact with one another to produce an injection of nutrients into the surface layer (McGillicuddy et al., 1998). Warm eddies can further be split into two types depending on whether surface water sinks, depressing the thermocline and taking nutrients away from the photic zone or, on the contrary, the thermocline forms a dome which brings nutrients closer to the sea surface and results high phytoplankton biomass (Sweeney et al., 2003; McGillicuddy et al., 2007). Despite this broad classification, recent research has produced inconsistent results among studies conducted in various marine environments when it comes to the intensity of vertical mixing and/or the stimulation of phytoplankton blooms (Hung et al., 2004; Hung et al., 2010a; Zhou et al., 2013; Chen et al., 2015; Shih et al., 2015). Indeed, it is difficult to resolve biogeochemical responses to eddies, partly because they are superimposed on large regional and seasonal changes in water characteristics, and partly because satellite image observations and field cruise observations only allow large-scale surface signatures and small-scale spatiotemporal variability to be captured, respectively. Satellite observations are limited to surface properties which then need to be extrapolated to the relevant depth horizon. Field observations can provide detailed spatial variations regarding thermocline/pycnocline and nutrients in the water column of the euphotic zone, but only in selected regions and on an episodic basis.
The South China Sea (SCS) is one of the largest marginal seas in the world. It has a complicated flow, with the surface waters of the Kuroshio flowing into the SCS and the surface water of the SCS flowing out to the Taiwan Strait and the Bashi Channel (Figure 1 of Wong et al., 2007). In terms of its nutrient budget, the main input to the SCS comes mainly from an influx of intermediate and deep waters originating from the western Philippine Sea and flowing west through the Luzon Strait (Chen et al., 2001). Chen (2005) reported that nitrate was more limiting than soluble reactive phosphate in the SCS. Despite nutrients being supplied to ocean gyres by lateral transport and vertical diapycnal diffusion, the rates of supply involved are generally insufficient to support new production (Liu et al., 2002). Other mixing dynamics associated with eddies must therefore be invoked to account for the nutrient pumping which they are thought to generate (Wong et al., 2007). Nutrient fluxes generated by the eddies are thought to be comparable to benthic nutrient fluxes from shelf sediments (Liu K.‐K et al., 2007), Kuroshio intrusions (Liu et al., 2002; Chou et al., 2005; Du et al., 2013; Gan et al., 2016; Li et al., 2016), entrainment by internal waves (Li et al., 2018) or typhoons (Shih et al., 2020) (Supplementary Figure S1). Satellite altimetry is one of the most widely used eddy detection methods (Wang et al., 2003). Based on altimetry measurements, Xiu et al. (2010) and Chen et al. (2011) reported that there were approximately thirty eddies appearing in the SCS every year, with no apparent difference between the numbers of CEs and WEs, with radii ranging from 50 to 220 km and with an average lifetime of 8.8 weeks.
[image: Figure 1]FIGURE 1 | Maps showing the locations of the main sampling stations (solid circles, S1 to S6) in the NSCS in (A) April 2013 (cold eddy), (B) May 2014 (cold eddy) and (C) September 2013 (warm eddy). Contour plots of sea level anomaly (SLA, unit: m) were obtained from the Copernicus Marine Environment Monitoring Service (CMEMS) and are based on comprised daily measurements within 0.25 × 0.25 grid cells (http://marine.copernicus.eu). Solid and dashed lines represent positive (warm eddy) and negative (cold eddy) SLAs, respectively. (D) T−S diagrams for the upper 300 m of the water column at stations S1 to S6 including the T−S diagrams of the South China Sea (SCS) and the Kuroshio waters (KW, thick red arrows in A–C). The SEATS site is represented with a square symbol.
Although the diffusional supply of nutrients, phytoplankton abundance and new production associated with eddies were examined by Chen et al. (2007); Chen et al. (2015), little attention has been paid to the direct measurement of carbon fluxes and their modification by eddies over the deep basin of the SCS (Zhou et al., 2013). In particular, particulate organic carbon (POC) measurements are sorely needed to support the contention that POC exports out of the euphotic zone of an eddy are enhanced relative to those outside of the eddy. In this study, we examined this long-neglected issue, first by characterizing the nutrient regime and large algae composition in the water column of three eddies which had formed successively in the SCS. Secondly, POC and particulate nitrogen (PN) export fluxes, together with upward fluxes of dissolved nitrogen associated with these eddies were measured. The results are discussed in relation to the potential mechanisms that control the magnitude and composition of PP and the fate of plankton-fixed carbon in the SCS.
MATERIAL AND METHODS
The daily altimetry sea level anomalies (SLAs) at 1/4° resolution obtained from the Copernicus Marine Environment Monitoring Service (CMEMS) (http://marine.copernicus.eu) were used to detect the CEs and the WE (Figure 1) and define their sea surface properties and dynamics at the start of each field survey. Daily satellite measurements of chlorophyll a (Chl) and sea surface temperature (SST) provided further indication that the eddies were biogeochemical distinct from the surrounding waters. The Chl data were obtained from the European Space Agency’s GlobColour project (http://www.globcolour.info), at 4-km resolution. The SST data were obtained from the Remote Sensing System (http://www.remss.com), at 0.25° resolution.
Three cruises were conducted on April 14–17, 2013 (Stations S1 and S2), September 12–18, 2013 (Stations S5 and S6) and May 20–28, 2014 (Stations S3 and S4) onboard Ocean Researcher III (first cruise) and V (second and third cruises). Stations S1 and S2 (Figure 1A) were located inside a cold eddy at (22.0°N, 120.3°E) and (20.3°N, 120.3°E) and exhibited temperatures at 50 m depth of 25.6°C and 22.9°C, respectively (Table 1). Stations S3 and S4 (Figure 1B) were located at (18.8°N, 116.2°E) and (18.3°N, 116.2°E) inside the second CE, and both stations exhibited a temperature at 50-m depth of 24.5°C (Table 1). Stations S5 and S6 (Figure 1C) were located inside a warm eddy at (19.0°N, 116.0°E) and (18.3°N, 116.0°E) where S5 and S6 were close to the periphery and the core of the WE, respectively, and exhibited temperatures at 50 m of 27.9 and 29.0°C, respectively (Table 1). It is also worth noting that S4 and S6 were both in the vicinity of the South East Asia Time-series Study (SEATS) site (18°N, 116°E). The CEs and WE displayed by the SLA maps in Figure 1 were further confirmed by the Okubo-Weiss (OW) parameters (Okubo, 1970; Weiss, 1991; Chen G. et al., 2011; Faghmous et al., 2015), which can provide the difference between deformation rate and rotation rate of ocean currents. If the OW parameters are negative, then the rotation is dominant in the ocean-current field, which is consistent with the presence of an eddy. As can be seen in Figure 1, the points of minimum (maximum) SLA in the CEs (WE) corresponded with negative OW parameters (Supplementary Figure S2).
TABLE 1 | Summary of given parameters (mean ± SD), including temperatures at 50 m water depth (Temp50m); mean temperature and salinity values of the mixed layer (TempMLD and SalinityMLD); mixed layer, nitracline, euphotic zone and subsurface Chl maximum depths, respectively (MLD, ZN, Zeu and SCM); surface water concentrations of N, P and Chl, respectively (N, P and Chl); water column inventories (0–150 and 0–100 m) of N and Chl (I-N and I-Chl); inventories in the upper 150 m of POC and PN (I-POC and I-PN); vertical gradients (MLD–150 and MLD–100 m) of N (N-gradient); water column phytoplankton and diatom inventories in the upper 100 m (I-Phyto. and I-Diatom); water column phytoplankton and diatom carbon inventories in the upper 100 m (I-Phyto. C. and I-Diatom C.); export fluxes of POC and PN at 150 m depth (POC flux and PN flux); the periods of deployment; at respective stations of the CEs and the WE relevant to this study.
[image: Table 1]An SBE 911 plus mode (SeaBird Scientific Inc.) sensor was deployed to record temperature, density and salinity of seawater. The mixed layer depth (MLD) was defined by the criterion of the depth where the temperature had decreased by 0.8°C from the surface (Kara et al., 2000; Shih et al., 2015). Nitrate + nitrite (N) was analyzed by flow injection analysis according to Gong et al. (2000). Phosphorus (P) was analyzed by the molybdenum blue method (Pai et al., 1990). The concentration of Chl was determined by established fluorometric procedures using a Turner model 10-AU-005 ﬂuorometer. Seawater samples for Chl analysis were directly filtered through 25-mm filters (GF/F) and stored at −20°C pending analysis. The Chl retained on the filter was extracted by 90% acetone and measured by the non-acidiﬁcation method (Gong et al., 2000; Hung et al., 2000). Particulate matter was collected by filtration of a 2-L volume of seawater through 0.7-μm filtration pre-combusted GF/G filters. Subsamples for POC and PN analyses were then measured with a CHN analyzer following fuming with concentrated HCl in a desiccator to remove particulate inorganic carbon (Liu et al., 2007; Hung and Gong, 2010). Water column inventories of N (I-N), P (I-P), Chl (I-Chl), POC (I-POC) and PN (I-PN) were calculated by the trapezoidal integration for the upper 150 m. The depth of the nitracline (ZN) was determined as the depth at which N equaled 1 μM (Reynolds et al., 2007).
Phytoplankton size and abundance measurements were undertaken on 50 ml aliquots of seawater sampled at standard depths (e.g., 5, 25, 50, 75 and 100 m) and quickly preserved in acidic Lugol’s solution with a volumetric ratio of 1:100. Large phytoplankton cells (>5 μm) were filtered out on 25 mm polycarbonate filters (Whatman Nuclepore Membranes, 5 μm pore size) under the influence of gravity. Large phytoplankton cells and other particles retained on the filter were counted with an optical microscope (OLYMPUS CX31) operating at 400 × magnification. Large phytoplankton abundance was reported at a specific depth while the water column phytoplankton (I-Phytoplankton) and diatom (including centric and pennate diatoms) inventories (I-Diatom) were obtained from measurements in the upper 100 m. Phytoplankton species were morphologically distinguished in accordance with the criteria of Hasle and Syvertsen (1997) (diatoms), Steidinger and Tangen (1997) (dinoflagellates) and Throndsen (1997) (other flagellates). Their respective contributions to the phytoplankton carbon inventory were then estimated from cellular carbon contents, as follows: 1) select a geometric shape that best represents each phytoplankton cell and use an ocular micrometer to measure all the dimensions needed to calculate its biovolume (μm3) (Table 1 and Annex 1 in Olenina et al., 2006); 2) calculate its cellular carbon content (pg-C) by using the carbon to volume ratio commonly found in the relevant plankton group (Menden-Deuer and Lessard 2000); 3) sum up the cellular carbon contents of all the cells contained in a sample; 4) calculate the water column phytoplankton carbon inventory (mg-C m−2) by integrating the depth-dependent carbon contents between 0 and 100 m.
Sinking particles were collected at 150 m using a buoy-tethered drifting sediment trap. This collection depth lay below the euphotic zone (Zeu, Table 1), meaning that light intensity had declined to less than 1% of its surface value. The trap array was composed of 12 plastic cylindrical tubes (6.8-cm diameter and 68-cm height) with honeycomb baffles covering the mouth of each tube (Hung and Gong 2010; Hung et al., 2009; Hung et al., 2010b). Each collecting tube was filled with seawater that had been filtered through 0.5-μm and 0.1-μm Sparkling Clear polypropylene filters. The period of deployment was generally 24–48 h (Table 1), but less than 24 h if sea state or weather conditions precluded launch and recovery operations. After recovering the trap, samples for POC and PN analysis were filtered on pre-combusted quartz filters (1.0 μm pore size), and swimmers on filters were carefully removed using forceps under a microscope before analysis. POC and PN fluxes were determined by following the detailed procedures mentioned in Hung et al. (2010a). Briefly, POC and PN analyses of the sinking particles were carried out with an elemental analyzer (CHNS/O Elementar, Vario EL) following HCl-fuming to remove particulate inorganic carbon after rinsing and drying of the filters. The analytical errors for POC and PN were 1–3 and 1–5% for duplicate measurements, respectively. Retention times of POC and PN (RT-C and RT-N) within the upper 150 m of the water column were calculated by dividing I-POC and I-PN (mg m−2) by the fluxes of POC and PN (mg m−2 d−1) at 150 m (RT-C = I-POC/POC flux; RT-N = I-PN/PN flux).
For the sake of comparison with fluxes obtained from mass balance calculations, the vertical entrainment of N from depth was conservatively estimated by Fick’s first law of diffusion:
[image: image]
where N flux (mmol m−2 d−1) is the upward vertical diffusive flux of N through the base of the euphotic zone, Kz (m2 d−1) is the average diffusion coefficient in the upper 150 m water column and dN/dz (mmol m−4) represents the vertical gradient of N between the MLD and 150 m of the depth interval over which turbulent diffusion is occurring. Note that the mixed layer itself, which is characterized by intense vertical advection and mixing, is excluded from that depth interval. The diffusion coefficient Kz is then determined from the formula of Denman and Gargett (1983):
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where ε represents the turbulent energy dissipation rate and is computed using the in situ density profile to detect overturns of water layer in the whole water column (Thorpe 1977). When density inversions are encountered, the Thorpe scale is defined as the distance by which a water parcel has to be moved to reinstate stability. For each overturn, the overall stratification is computed, and the turbulence dissipation rate can be estimated as the multiplication of Thorpe scale squared by the overall stratification squared (Dillon 1982). The f−2 is the Brunt-Välsälä buoyancy frequency, which is derived from the vertical gradient in density between the MLD and 150 m. The values of f−2 measured at S1−S6 were 2.1, 2.2, 2.6, 2.7, 3.5 and 3.1 × 10–4 s−2, respectively.
To compare sets of measurements made between different eddies, t tests (with a one-tailed or two-tailed alternative hypothesis—depending on our biogeochemical knowledge of the sites, please see Supplementary Table S1 for explanations) with 0.10 of significance level were applied. Linear regressions were used to describe relationships between any two of the parameters. All values are reported as mean ± one standard deviation (SD).
RESULTS
Vertical Hydrographic Characteristics and Biogeochemical Data Distributions
The two CEs of 2013 and 2014, and the WE of 2013 were initially detected through their negative and positive SLAs, respectively, using satellite altimetry records (Figures 1A–C). Based on satellite observations, Supplementary Figure S3 shows that CEs can also be defined by cooler SST (<28°C) and higher Chl (>0.14 mg m−3) while the WE exhibits warmer SST (>28°C) and lower Chl (<0.14 mg m−3), near the eddy cores. The temperature-salinity diagrams of the main sampling stations (S1−S6) are shown in Figure 1D. At the four main stations inside the two CEs, the T-S diagrams reflect the mixing between warmer, high-salinity Kuroshio water and cooler, lower-salinity SCS water. By contrast, the two main stations sampled in the WE produced a T-S diagram more representative of a typical SCS water column. The mean temperature and salinity values of the mixed layer were 26.2 ± 0.0°C and 33.85 ± 0.01 in the first CE, 29.6 ± 0.4°C and 34.09 ± 0.04 in the second CE, and 29.3 ± 0.1°C and 33.30 ± 0.01 (Table 1) inside the WE. The lower temperature and higher salinity values inside the CEs can likely be attributed to an upward transport of subsurface water at the CE sampling sites (Table 1; Supplementary Figure S4). Despite these lower temperatures, the mixed layers were no deeper in the second CE (2014) than in the WE. In fact, the MLD was shallower in the second CE (14 ± 1 m) than in either the first CE (42 ± 8 m) (p < 0.05) or the WE (52 ± 6 m) (p < 0.01) (Table 1; Supplementary Figure S4).
We have added a figure depicting the seasonal variations of the MLD, as previously recorded in the vicinity of the SEATS station in two published studies (Chen 2005; Chou et al., 2005). It can be observed that the MLD of our second CE is shallower than the value expected in May from the seasonal trend defined by the previous studies; on the other hand, the MLD of the WE is deeper than would be expected in the SEATS area for the month of September (Supplementary Figure S5). These anomalies strongly suggest that seasonal effects alone cannot account for our MLD observations. The most likely explanation is that these anomalies are produced by the direct influence of the eddies on the MLD. Indeed, CEs are known to drive the mixed layer shallower and thinner while WEs can drive the mixed layer deeper and suppress mixing of the water column (Chen et al., 2011). As such, we believe that the passage of eddies may induce short-term fluctuations of the MLD in a given location of the SCS. Positive anomalies, i.e., deeper MLD, are expected to be produced by WEs while negative anomalies, i.e., shallower MLD, result from the passage of CEs.
All N and P concentration profiles displayed characteristic surface depletion and increased with depth. Surface concentrations of N and P were analytically detectable in the CEs but not in the WE, as shown in Table 1, Table 2 and Figure 2 (A1–A3 for N and B1–B3 for P). The ZN of the WE, CEs sampled in 2013 and 2014 were 57 ± 6, 36 ± 28 and 46 ± 11 m, respectively (Table 1, Figures. 2A1–3). The difference of ZN between the CEs and WE was statistically insignificant (tdf=4 = −1.13, p = 0.162; Table 2). Vertical profiles of POC, PN and Chl concentrations showed strongly similar trends at both CE and WE stations (Figure 2 C1–C3 for Chl, D1–D3 for POC, E1–E3 for PN). It suggests that POC and PN were mostly derived from phytoplankton biomass. There was no significant difference between the mean surface Chl concentrations measured in the CEs and WE (Table 2). However, the subsurface Chl maximum (SCM) was present at shallower depths in the CEs than in the WE, showing the vertical motion induced by the eddies may bring nutrients to the water close to the upper layer (Moloney et al., 1991; Shih et al., 2020). Note that, the satellite-obtained surface Chl concentration (Supplementary Figure S3) is not comparable with that obtained from the in situ observation (Table 1), due to the different time and space scales of these two different observations. Moreover, the Chl concentration obtained from the in situ observation may be more sensitive to the changes of physical and biogeochemical processes in the NSCS within a day than the SCM. The concentrations of POC were high in the top 50 m of the water column in the CEs, reaching maximum values of 45 and 30 mg-C m−3, and decreasing with depth to less than 30 and 25 mg-C m−3 in 2013 and 2014, respectively (Figures 2D1–D3). Likewise, high concentrations of POC were observed in the upper 75 m of the WE, reaching a maximum of ∼45 mg-C m−3, and declining to less than 20 mg-C m−3 at depth. The vertical concentration profiles of PN followed the same pattern as the POC profiles, both in the CEs and the WE (Figures 2E1–E3).
TABLE 2 | Summary of the hydrographic and biogeochemical parameters (±SD) measured in this study of the northern South China Sea, including the temperatures at 50 m water depth (Temp50m); mean temperature and salinity values of the mixed layer (TempMLD and SalinityMLD); the mixed layer, nitracline, euphotic zone and subsurface Chl maximum depths, respectively (MLD, ZN, Zeu and SCM); surface water concentrations of N, P, Chl, POC and PN, respectively (N, P, Chl, POC and PN); the surface abundances of large (>5 μm) phytoplankton and diatoms (Phytoplankton and Diatom); water column inventories (0–150 and 0–100 m) of N, P and Chl (I-N, I-P and I-Chl); inventories in the upper 150 m of POC and PN (I-POC and I-PN); water column phytoplankton and diatom inventories in the upper 100 m (I-Phytoplankton and I-Diatom); water column phytoplankton and diatom carbon inventories in the upper 100 m (I-Phytoplankton C. and I-Diatom C.); the values of diffusion coefficient (Kz); the vertical gradients (MLD–150 and MLD–100 m) of N (N-gradient); the upward vertical diffusive fluxes (0–150 and 0–100 m) of N (N flux); export fluxes of POC and PN at 150 m depth (POC flux and PN flux); retention times of C and N in the upper 150 m (RT-C and RT-N).
[image: Table 2][image: Figure 2]FIGURE 2 | Vertical profiles of (A1–A3) nitrate + nitrite (N), (B1–B3) phosphate (P), (C1–C3) chlorophyll (Chl), (D1–D3) POC, (E1–E3) PN, (F1–F3) phytoplankton abundance and (G1–G3) diatom abundance at stations S1 (CE), S2 (CE), S3 (CE), S4 (CE), S5 (WE) and S6 (WE). Horizontal dashed lines in A1–A3 represent the depth of the nitracline (ZN).
Total phytoplankton and diatom abundances showed a much wider range of values in the CEs than in the WE (Figure 2 F1–F3 for phytoplankton, G1–G3 for diatom). In the two CEs, cell counts for phytoplankton and diatoms were lowest near the surface (0.12–0.26 and 0.10–0.26 × 103 cells L−1, respectively; Figure 2) and increased with depth to a subsurface maximum (0.52–2.28 and 0.32–1.94 × 103 cells L−1, respectively; Figure 2). An unusually high abundance of phytoplankton and diatoms (1.86 and 1.76 × 103 cells L−1, respectively; Figure 2) was also observed in the surface waters of station S1, inside the first CE. At WE stations S5 and S6, however, cell densities of phytoplankton and diatoms were not only low near the surface (0.20–0.26 and 0.12–0.22 × 103 cells L−1, respectively; Figure 2), but they also remained uniformly low with increasing depth (0.16–0.34 and 0.06–0.08 × 103 cells L−1, respectively; Figure 2). In the first CE and the WE, centric diatoms (Figure 3, blue) were more abundant than pennate diatoms (Figure 3, red) in the surface waters, with the dominant genera being Bacteriastrum, Thalassiosira and Chaetoceros. The most abundant diatoms genera in the surface waters of the second CE were pennate diatoms represented by Pleurosigma and Nitzschia species (Figure 3). In subsurface waters (i.e., SCM), centric diatoms were most abundant at stations S1 and S2, with the dominant genera being Bacteriastrum, Thalassiosira and Chaetoceros, while at S3 and S4 the dominant centric and pennate diatoms were genera of Chaetoceros and Pseudo-nitzschia, respectively. Finally, a clear difference was observed between the periphery (S5) and the core (S6) of the WE, with the centric diatom Thalassiosira being dominant at S5 but Nitzschia and other unknown pennate diatoms being dominant at S6 (Figure 3).
[image: Figure 3]FIGURE 3 | Pie charts showing the relative abundances of centric and pennate diatom cells in surface (5 m) and subsurface (Chl maximum depth) waters.
Inventories (I-N, I-P, I-Chl, I-POC, I-PN, I-Phytoplankton and I-Diatom), POC and PN Fluxes, Retention Times (RT-C and RT-N) and Vertical Diffusion Flux of N
It should be noted from the outset that Figure 4 presents water column inventories calculated from the surface to 150 m (i.e., I-N, I-P, I-Chl). On the other hand, Tables 1, 2 also present inventories of the upper 100 m of the water column so as to allow direct comparison with previously published results. Figures 4A1−A2 showed that the I-N was lower—although not significantly so—in CEs than in the WE (tdf=4 = −0.32, p = 0.380) whereas I-P tended to be higher in CEs than in the WE (tdf=4 = 0.67, p = 0.260; Table 2). The comparable results of I-N or I-P between the CEs and WE might be attributable to transient spatiotemporal characteristics of the eddies in distinct sampling locations, such as the extremely high value of 1,268 mmol m−2 of I-N which occurred at station S5 (Table 1; Figure 4A2), close to the periphery of the WE as revealed by the satellite SLA map (Figure 1C). It is commonly understood that the cores of CEs and WEs are associated with upwelling and downwelling which may correspondingly enhance and suppress nutrients vertical transport, respectively (Sweeney et al., 2003; Zhou et al., 2013; Shih et al., 2015). However, the upwelling can also be induced around the periphery of WEs via the eddy-wind, eddy-eddy and/or eddy-front interactions (McGillicuddy, 2016), supplying more nutrients than near the WE cores (compare the values of I-N at stations S5 and S6 in Table 1).
[image: Figure 4]FIGURE 4 | Depth-integrated (0–150 m) values of (A) nitrate + nitrite (N), phosphate (P), chlorophyll (Chl) and (B) POC and PN; (C) POC and PN fluxes measured at a depth of 150 m; (D) Retention times of carbon (RT-C) and nitrogen (RT-N) in the upper 150 m representing how long it would take for sedimentation by itself to remove all of POC and PN from the water column (RT-C = I-POC/POC flux; RT-N = I-PN/PN flux); (E) Vertical eddy diffusion coefficient (Kz) between MLD and 150-m depth and corresponding nitrate + nitrite (N) concentration gradient; (F) Total phytoplankton and diatom inventories (0–100 m) (I-Phytoplankton/I-Diatom), and nitrite + nitrate flux (N flux) due to turbulent mixing.
The I-Chl values ranged from 26 to 38 and 28–33 mg m−2 for the CEs and WE, respectively (Table 1, Figure 4). Mean values across the CEs and the WE were 32 ± 5 and 30 ± 4 mg m−2 (Table 2), respectively. These values were consistent with those previously observed (Table 3) in the northern SCS (NSCS) (Chen et al., 2004; Chen 2005; Tseng et al., 2005; Li et al., 2016), with the exception of a higher value (38 ± 4 mg m−2; Table 1) recorded in the first CE and which was more comparable with the value (35 mg m−2) reported in winter by Tseng et al. (2005) (Table 3). The average I-POC of the CEs and WE were 3.8 ± 1.0 and 4.1 ± 0.2 g-C m−2, respectively (Table 2; Figure 4). The average I-PN were 0.7 ± 0.2 and 1.0 ± 0.4 g-N m−2 for the CEs and WE, respectively (Table 2; Figure 4). Although there was no significant difference between the mean values of I-POC and I-PN in the different eddies, there were significant differences between the values measured at individual stations: thus I-POC values were 4.7 and 4.5 g-C m−2 at S1 and S2, respectively, against 2.7 and 3.2 g-C m−2 at S3 and S4; I-PN was 1.2 g-N m−2 at S6 against 0.7 g-N m−2 at S5 (Table 1; Fig. 4).
TABLE 3 | Compilation of published field data on N, P and Chl inventories, N gradients, vertical diffusion coefficients and N fluxes in the upper 100 m of the water column at different locations of the NSCS. Numbers in parentheses represent one standard deviation.
[image: Table 3]The vertical POC export flux from the WE averaged 20 ± 7 mg-C m−2 d−1, which was lower than the fluxes (85 ± 55 mg-C m−2 d−1) out of the CEs (tdf=4 = 1.56, p = 0.097; Table 2; Figures 4C1–C2). Similarly, the mean export flux of PN tended to be smaller in the WE than that in the CEs (tdf=4 = 1.26, p = 0.130; Table 2; Figures 4C1–C2). Although the CEs produced elevated export fluxes of POC and PN, they did not differ noticeably from the WE in terms of their nutrient concentration profiles (Figures 2A1–A3,B1–B3) or nutrient inventories (Figures 4A1–A2) because nutrients were replenished by upwelling at a greater rate than in the WE. In turn, these elevated fluxes resulted in shorter RT-C and RT-N of the CEs compared with RT-C and RT-N in the upper 150 m of the WE (Table 2; Figures 4D1,D2). These results thus reinforce the notion of CEs as sites of enhanced vertical POC fluxes (Bidigare et al., 2003; Hung et al., 2004; Hung et al., 2010a; Zhou et al., 2013; Shih et al., 2015).
Vertical diffusion coefficients (Kz) were calculated as a function of quantities derived from the in situ density profiles in the upper 150 m water column. Values of Kz ranged from 2.0 to 5.5 m2 d−1 with an average of 4.0 ± 1.5 m2 d−1 in the CEs, ranging from 1.8 to 7.9 m2 day−1 with an average of 4.8 ± 4.3 m2 day−1 in the WE (Table 2; Figures 4E1–E2). These mean values were higher than the value of 2.0 m2 day−1 derived from the model estimation previously reported in November at low-latitude area of SCS by Cai et al. (2002); the values of 1.2–2.3 m2 day−1 derived from the constant ε estimation previously reported during the summer period at SEATS site by Chou et al. (2006); the value of 0.6 m2 day−1 derived from the in situ ε estimates recently reported in summer at SEATS site by Du et al. (2017). Reversely, these values were lower than the value of 18.3 ± 10.8 m2 day−1 averaged from the in situ ε calculation recently proposed in spring at NSCS by Li et al. (2016) (Table 3). Vertical concentration gradients of N (N gradient) in the CEs ranged from 0.07 to 0.12 mmol m−4 with an average of 0.10 ± 0.02 mmol m−4, while in the WE they ranged from 0.14 to 0.20 mmol m−4 with an average of 0.17 ± 0.04 mmol m−4 (Table 2; Figures 4E1–E2). On the other hand, the average value (0.13 ± 0.06 mmol m−4) of N gradient in the upper 100 m of the CEs was higher (tdf=4 = 1.93, p = 0.06) than the value (0.07 ± 0.03 mmol m−4) investigated in spring by Li et al. (2016); the average value (0.22 ± 0.12 mmol m−4) of N gradient in the upper 100 m of the WE (in September) was noticeably higher than the value (0.01 mmol m−4) reported in the summer (in August) by Du et al. (2017) (Table 3). Adopting these values (Kz and N gradient) yields vertical entrainment N fluxes of 0.42 ± 0.18 mmol m−2 d−1 for the CEs and 0.90 ± 0.92 mmol m−2 d−1 for the WE from the water depth of 150 m (Table 2; Fig. 4F1–F2). I-Phytoplankton and I-Diatom in the CEs were higher than in the WE (Table 2; Figures 4F1−F2). To summarize, phytoplankton and diatom inventories were ∼3.1 and ∼5.9 times higher in the CEs than in the WE, respectively.
DISCUSSION
Nutrients Dynamics in CE and WE
It has been reported that phytoplankton growth in the SCS is limited by nitrogen availability (Chen 2005; Chen et al., 2004). To put our work in a broader perspective, we therefore began by examining the potential role of eddies in supplying nitrogen to the euphotic zone. To facilitate comparison with reports from previous studies (Chen et al., 2007; Du et al., 2013, 2017; Li et al., 2016), we reported our nitrogen results in terms of depth-integrated inventories in the upper 100 m water column, referred to as I-N. The corresponding values of I-N at stations S1−S6 were exhibited in Table 1. On average, I-N was 293 ± 257, 351 ± 132 and 337 ± 264 mmol m−2 in the first, second CE and the WE, respectively, i.e., tended to be higher (p = 0.132) than the range of values previously reported in the NSCS (183–292 mmol m−2; Table 3) over the entire year (Chen et al., 2007; Du et al., 2013). The mean value of 322 ± 170 mmol m−2 in the CEs (Table 2) was 76 and 28% higher than the values of 183 ± 25 and 252 mmol m−2 in spring by Chen et al. (2007) and Du et al. (2013), respectively (Table 3). The average of 337 ± 264 mmol m−2 in the WE (Table 3) was 15 and 38% higher than the values of 292 and 245 mmol m−2 previously reported in summer and autumn (Du et al., 2013), respectively. It is important to note that the individual value we measured close to the WE periphery (524 mmol m−2) was exceptionally high. Indeed, that value was similar to inventories measured in other eddies of the Northern Hemisphere where a clear upwelling of nutrient-rich waters had been demonstrated (Chen et al., 2007; Zhou et al., 2013; Shih et al., 2015).
Here we found that the average water column (0–100 m) concentrations of N increased by 1.04 μM [(322–218) mmol m−2/100 m = 1.04 mmol m−3] and 0.68 μM [(337–269) mmol m−2/100 m = 0.68 mmol m−3] in the CEs and WE, respectively (the detail estimation was listed in Supplementary Table S2). The values of 218 and 269 mmol m−2 within the estimation above were the mean I-N values calculated from 183 to 252 mmol m−2 reported by Chen et al. (2007) and Du et al. (2013) in Spring, from 292 to 245 mmol m−2 reported by Du et al. (2013) in Summer and Autumn, respectively (Table 3). These net concentration increases took place despite the loss of some quantity of N bound up with sinking particles. Assuming the N concentrations were at steady state over that period, the amount of N associated with this lost particulate matter must therefore be added to the observed net N increases to compute the amount of N injected into the upper layer. Here we conservatively assumed that nutrient injection took place over 7-days (Chelton 2001). During that period, biological uptake caused a drawdown of N at the CEs and the WE were accordingly 0.05 and 0.02 μM (PN flux mg-N m−2 d−1/150 m × 7 days/14 mg mmol−1), respectively. This would have required a compensating upward transport of N to produce the N concentrations of 1.09 (1.04 + 0.05) and 0.70 (0.68 + 0.02) μM (Supplementary Table S2) within the upper layer at the CEs and the WE, respectively. These values tended to be lower (or comparable) (CE: p = 0.10; WE: p = 0.14) than the simulated estimate (3.21 ± 3.04, 0.2–10.7 μM) under the pass of CEs for the time-series study KEO (Kuroshio Extension Observatory) reported by Honda et al. (2018). They were nevertheless sufficient to stimulate the growth of phytoplankton species and to induce biological responses that would otherwise be constrained by the insufficient N-availability in the oligotrophic surface open waters of the NSCS. If we assume steady state and use our particulate N flux value of 16 mg-N m−2 d−1/14 g mol−1 = 1.14 mmol m−2 d−1 and upward vertical diffusive flux of N of 0.42 mmol m−2 d−1 (Table 2), we obtain a value of 37% for the approximate contribution of CEs to the nutrient sources to the water column. In terms of the annual budget, however, this figure should only be viewed as a first-order approximation due to the limited temporal dataset of our study.
Figure 5 shows no significant correlation between I-Phytoplankton (or I-Diatom) and I-Chl (or I-N). This might be due in part to the variability in the chemical composition of phytoplankton as a function of taxa and bloom phases. Interestingly, a negative linear relationship was observed between I-Phytoplankton (or I-Diatom) and the vertical N gradient (Figures 5E–F). On average, the vertical N-gradient was smaller in the CEs than in the WE (Table 2; Figures 4E1–E2), which therefore implies that the turbulent diffusion coefficient must have been larger in the CEs than in the WE.
[image: Figure 5]FIGURE 5 | I-Phytoplankton and I-Diatom vs. (A, B) I-Chl; (C, D) I-N; (E, F) N gradient between the lower boundary of the mixed layer and 150 m. The lines in the E and F denoted the result of linear regression.
Community Structure of Large Phytoplankton in the CEs and the WE
The phytoplankton species and cell size composition appears to respond to the passage of the eddies in a similar way to that observed after the passage of a winter storm or a typhoon. The upper ocean response to both CE (core zone) and WE (periphery zone) in terms of its water column physical structure is the onset of upwelling and the upward transport of deeper, nutrient-rich water into the photic zone, thus providing suitable conditions for large phytoplankton growth (Chen et al., 2004, Chen et al., 2011, Chen et al., 2015; Chen 2005). The relationship between Chl and large phytoplankton inventories is a matter of continuing debate despite reports of significant positive relationships at a few different areas (Liu et al., 2007). Our observations in both the CEs and the WE do not support the notion of a widely applicable relationship, or indeed a relationship at all. For example, the average I-Chl of the WE and of the CEs were comparable (Table 2), however, I-Phytoplankton and I-Diatom were higher in the CEs than in the WE (Table 2). The uncoupling between I-Chl and I-Phytoplankton or I-Diatom might be due to different population dynamics and assemblages of phytoplankton at the different locations. The lack of significant relationship between the abundance of large phytoplankton or diatoms and the Chl stocks can thus be attributed to the differing phytoplankton assemblages and their cellular fluorescence signals in the CEs and the WE. Previous field observations (Chen 2000; Sweeney et al., 2003; Liu et al., 2007) have revealed that small phytoplankton, such as Synechococcus, Prochlorococcus and picoeukaryotes contribute most of the Chl fluorescence in the upper water column. It follows that the high value of I-Chl at S5, without a correspondingly high POC export, may reflect a greater portion of small-celled phytoplankton compared to the phytoplankton assemblages in the CEs.
Nutrient replenishment, as occurs in the CEs, triggers the growth of the larger phytoplankton species while the N:P ratio further affects their species composition and succession. In this study, the average I-N:I-P ratio in the upper 150 m was 14 ± 1 in the CEs and 20 ± 8 in the WE. In the CEs, diatoms made up 78 ± 13% of all the large-celled phytoplankton, including 59 ± 17% as centric and 19 ± 10% as pennate diatoms (Figure 4F1). In the WE, diatoms made up only 59 ± 20% of all the large-celled phytoplankton, including 39 ± 20% as centric and 18 ± 2% as pennate diatoms (Figure 4F2). The abundance of large cells, including diatoms (e.g., Chaetoceros, Coscinodiscus, Bacteriastrum) and dinoflagellates (e.g., Ceratium), is what resulted in shorter fractional retention times of POC and PN within the CEs than within the WE (Table 2). In addition, retention time in the upper layer was shorter for POC than for PN since carbon takes longer to regenerate and hence a greater share of POC than PN is removed by sinking from the euphotic zone (Liu et al., 2002, Liu et al., 2007). Note that the residence time defined here (Figures 4D1–D2) represents how long it would take for the process of sinking by itself to vertically remove all the particulate organic matters from the upper 150 m water column. Dividing the distance of transport (150 m) by the residence time of carbon (RT-C (days)) yields an average sinking rate of 3.9 ± 3.5 (1.6–9.1) m d−1 in the CEs and 0.7 ± 0.3 (0.5–0.9) m d−1 in the WE. We believe that the faster POC sinking velocity and shorter retention time of larger celled phytoplankton in the CEs compared to the WE (p < 0.10), has the effect of shortening oceanic food webs and increasing grazing pressure on the other components, thus promoting the repackaging of the organic carbon pool and further strengthening the biological pump (Sweeney et al., 2003; Hung et al., 2010b; Chung et al., 2012).
Origin of the POC Flux in the CEs and the WE
Phytoplankton species composition determines to a large extent the fraction of the total biological production that is exported from the surface ocean. For example, POC generated by diatoms and other large species is more effectively exported than POC generated by smaller and/or soft-bodied plankton (Sweeney et al., 2003 and references therein). It is worth noting that the average POC flux of the first CE (Table 1; Fig. 4C1) was higher than that reported (50 ± 7 mg-C m−2 d−1) in the same area of the NSCS in winter (Hung and Gong, 2010) even though this region as a whole exhibits highest productivity in winter (Liu et al., 2002; Liu et al., 2007; Chen et al., 2007). Likewise, the POC flux driven by the second CE (Table 1, Figure 4C1) in spring was somewhat higher than previously reported (12 mg-C m−2 d−1) for the same area and during the same period. Finally, the POC flux driven by the WE (Table 1, Figure 4C2) in autumn was quite comparable to the value (29 mg-C m−2 d−1) reported near the SEATS site by Chen et al. (1998) during the summer monsoon. The major discrepancy with previously reported POC fluxes was at station S3, where the structure of the water column persisted for at least ∼15 days (Supplementary Figure S6): the POC flux there reached a value of 166 mg-C m−2 d−1 (Table 1; Figure 4C1), i.e., well beyond the range of values defined by the time-series observational record (83 ± 34 mg-C m−2 d−1) at the SEATS site (Wei et al., 2011). Supplementary Figure S7 shows how the core of the second CE remained quasi-stationary for more than 2 weeks. This unusual event differs from previous descriptions of eddies in the SCS (Chen et al., 2011). That eddy was a small eddy with a radius of 53–74 km and a lifetime of 1 month (Supplementary Figure S7). These observations suggest that the intensity of biogeochemical processes may be stronger in sub-mesoscale than in mesoscale eddies (Chen et al., 2011).
The surface-to-deep ocean transfer efficiency of plankton-fixed POC is affected by the production of biogenic particles in the surface ocean as well as the carbon content of the large, fast-sinking phytoplankton species (Sweeney et al., 2003; Olenina et al., 2006). As such, we had initially expected to find a significant relationship between POC fluxes and the water column carbon inventory from the large phytoplankton and diatoms species we identified. No such relationship held in the upper 100 m (Figures 6A,B). We subsequently reexamined this relationship separately in both surface and SCM waters. We found significant linear relationships between the POC export flux and the carbon contents of phytoplankton and diatoms in the waters of the SCM (Figures 6E−F) but not in the surface waters (Figures 6C–D).
[image: Figure 6]FIGURE 6 | POC fluxes vs. (A, B) I-Phytoplankton and I-Diatom carbon inventories (I-Phytoplankton C. and I-Diatom C.); (C, D) phytoplankton and diatom carbon contents (Phytoplankton C. and Diatom C.) in surface waters; (E, F) phytoplankton and diatom carbon contents (Phytoplankton C. and Diatom C.) in subsurface waters (i.e., SCM). The lines in the E and F denoted the result of linear regression.
These results provide several vital clues for the further understanding of carbon sequestration caused by eddies and points to the transfer efficiency being related to the type of phytoplankton. Larger cells with heavy, durable shells (e.g., diatoms) sink relatively rapidly and are more efficient carbon carriers than smaller phytoplankton cells (e.g., Synechococcus, Prochlorococcus) (Karl et al., 2003). Some studies (Karl et al., 2003; Sweeney et al., 2003) have identified diatoms as a principal component for total organic carbon export flux from the upper water column. Yet our compositional data suggest that carbon sources other than diatoms contribute to the flux of sinking particles. Honda and Watanabe (2010) have argued that the association with ballast minerals, opal or CaCO3, can control the export flux of organic matter in the subarctic Pacific Ocean. However, the relative contribution of ballast minerals to the downward POC flux in tropical regions such as the NSCS remains an open question. Answering this question will be the next critical step in explaining and modeling sediment trap results in these regions. A portion of the POC that is unlikely to be associated with ballast minerals consists of zooplankton fecal pellets. These have been identified as one of the main component of sinking particulate matter, but their overall contribution to the POC flux can be highly variable. Turner (2015) and references therein report contributions of fecal pellets to POC export ranging from less than 1–100%. Clearly, the potential contribution of fecal pellets to POC export cannot be ignored since they may explain the weak and insignificant relationships we obtained between the POC flux and the I-Phytoplankton (I-Diatom included) carbon inventory. Although we did not collect fecal pellets in the present study, it would be important to obtain fecal pellet measurements in future work.
An important positive finding of our study is the significant positive relationship between the POC flux and the phytoplankton carbon content in subsurface waters (i.e., SCM), which holds equally strongly for total phytoplankton or diatom cells alone (Figures 6E,F). This finding and our other results underscore the importance of measuring primary production in subsurface waters, especially as it cannot be estimated from satellite measurements of ocean color. All in all, our result suggests that the large phytoplankton and diatoms of the SCM within subsurface waters that appear to govern the POC export to the deep sea. This important finding highlights the limitations of remote sensing as a tool to further our understanding of the impact of eddies on oceanic interior biogeochemical responses, since remote sensing is limited to the very top layer of the sea surface.
Numerous field investigations based on different techniques such as buoy-tethered floating sediment traps (Hung et al., 2004; Hung et al., 2010a; Benitez-Nelson et al., 2007; Buesseler et al., 2008; Shih et al., 2015; this study), moored sediment traps (Honda et al., 2018), neutral buoyancy sediment traps (Buesseler et al., 2007), radioactive isotope disequilibrium (Bidigare et al., 2003; Sweeney et al., 2003; Buesseler et al., 2008; Verdeny et al., 2008; Zhou et al., 2013) as well as modeling approaches (Xiu and Chai 2011) have generally drawn the conclusion that POC export fluxes associated with eddies are high relative to those measured in the surrounding waters. We have compiled POC fluxes collected from “target zones”—where high fluxes are expected—versus POC fluxes from ‘reference zones’—where low fluxes are expected (Figure 7). In practice, target vs. reference zones (circle and triangle symbols in Figure 7) may correspond to CE vs. WE, WE’s edge vs. WE’s core, WE’s edge vs. CE’s edge, CE vs. no eddy (external waters), or CE vs. mode water (MW) or WE. Taken collectively, these comparisons serve to evaluate the impact of eddies on the magnitude of the POC export flux (Figure 7; Supplementary Table S3). Among all references listed in Figure 7, the target zone to reference zone POC flux ratios ranged from 1.3 to 5.7 (Supplementary Table S3), confirming that enhanced POC export fluxes are associated with eddies. Although our own results fall into this classification, we also found that the two CEs differed in several aspects from each other as well as from the WE. These differences point to the influence of phytoplankton community structure, which in turns depends on the evolution and stability of the upper water column, as a critical factor controlling the biogeochemistry of the eddy.
[image: Figure 7]FIGURE 7 | POC fluxes associated with eddies in subtropical regions of the Northern Hemisphere: South China Sea (SCS), Western North Pacific (WNP), Kuroshio Extension Observatory (KEO), Lee of Hawaii (LOH), Gulf of Mexico (GOM), Sargasso Sea (SS). POC fluxes at KEO (Honda et al., 2018), 150-m depth, was estimated according to the Martin’s flux attenuation equation, i.e., POC flux = Flux100 (Z/100)−b (Martin et al., 1987) with b values from Shih et al. (2019) and Martin et al. (1987) (1.10 and 0.86, respectively); the POC flux denoted by symbols of circle and triangle when CE passed and did not pass over a moored sediment trap, respectively (CE pass and Normal). POC fluxes in the Sargasso Sea, 150-m depth, were calculated according to [POC flux (mg-C m−2 d−1)] = [234Th flux (dpm m−2 d−1)] × [POC/234Th (μmol dpm−1)], where the flux of 234Th was obtained from Sweeney et al. (2003) and an average value for [POC/234Th] was obtained from the references listed in Hung et al. (2012). Relative to the reference zone or period, i.e., triangle symbols, circle symbols represented the POC flux which the high value was expected to be observed at the target zone or period.
SUMMARY
Our study provided in situ and direct measurement of POC flux associated with CEs and WE in the NSCS. Both CEs exhibited a shorter retention time, a higher sinking velocity of POC and a higher POC flux than the WE, indicating that carbon export processes were more intense in the CEs than the WE. The enhanced POC export was primarily due to the greater abundance of large cell phytoplankton (e.g., diatoms, large dinoflagellates) at depths ranging between 30 and 90 m (subsurface Chl maximum). These findings highlight the limitations of remote sensing as a tool to study the upper ocean biogeochemical responses to eddies. The lack of correlation between Chl and large phytoplankton inventories in the upper 100 m of the water column was likely due to the variability in the Chl content of the phytoplankton taxa making up the different assemblages in different eddy conditions. Large cell phytoplankton growth was favored under the high-turbulence, weak N-gradient prevailing in the CEs. Conversely, the more stratified, strong N-gradient conditions encountered in the WE encouraged the growth of smaller-celled phytoplankton which may be grazed by small protozoa. Further field investigations are required to clearly elucidate and accurately quantify the evolution and transport of biogeochemical properties induced by cold and warm eddies. This will require new sampling and sensor technologies to extend the spatial and temporal scales of the present study. Especially useful would be the establishment of a long-term observation system to monitor the physical and biogeochemical properties of NSCS waters outside the eddies.
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Sinking particles are a critical conduit for the export of organic material from surface waters to the deep ocean. Despite their importance in oceanic carbon cycling, little is known about the biotic composition and seasonal variability of sinking particles reaching abyssal depths. Herein, sinking particle flux data, collected in the deep Ierapetra Basin for a three-year period (June 2010 to June 2013), have been examined at the light of atmospheric and oceanographic parameters and main mass components (lithogenic, opal, carbonates, nitrogen, and organic carbon), stable isotopes of particulate organic carbon (POC) and source-specific lipid biomarkers. Our aim is to improve the current understanding of the dynamics of particle fluxes and the linkages between atmospheric dynamics and ocean biogeochemistry shaping the export of organic matter in the deep Eastern Mediterranean Sea. Overall, particle fluxes showed seasonality and interannual variability over the studied period. POC fluxes peaked in spring April–May 2012 (12.2 mg m−2 d−1) related with extreme atmospheric forcing. Summer export was approximately fourfold higher than mean wintertime, fall and springtime (except for the episodic event of spring 2012), fueling efficient organic carbon sequestration. Lipid biomarkers indicate a high relative contribution of natural and anthropogenic, marine- and land-derived POC during both spring (April–May) and summer (June–July) reaching the deep-sea floor. Moreover, our results highlight that both seasonal and episodic pulses are crucial for POC export, while the coupling of extreme weather events and atmospheric deposition can trigger the influx of both marine labile carbon and anthropogenic compounds to the deep Levantine Sea. Finally, the comparison of time series data of sinking particulate flux with the corresponding biogeochemical parameters data previously reported for surface sediment samples from the deep-sea shed light on the benthic–pelagic coupling in the study area. Thus, this study underscores that accounting the seasonal and episodic pulses of organic carbon into the deep sea is critical in modeling the depth and intensity of natural and anthropogenic POC sequestration, and for a better understanding of the global carbon cycle.
Keywords: sinking particle fluxes, carbon cycle, lipid biomarkers, atmospheric forcing, eastern mediterranean sea, surface sediment, deep ocean, particulate organic carbon
INTRODUCTION
The export of carbon from the surface to the deep ocean through sinking particulate biogenic material, also known as the biological pump (Volk and Hoffert, 1985), is an essential component of the ocean carbon cycle. This plays an important role in atmospheric CO2 fluctuations (Archer et al., 2000; Kwon et al., 2009; Lima et al., 2014) and in deep ocean ecosystems functioning (Smith et al., 2009 and references therein). The overall fraction of net primary production (NPP) that is exported from the surface ocean to the mesopelagic and bathypelagic layers and the vertical attenuation of this flux with depth are both good measures of the export efficiency (POC export flux/NPP) of the biological pump (De La Rocha and Passow, 2007; DeVries et al., 2012), which is largely being determined by the structure and functioning of the ocean’s ecosystem (e.g., Francois et al., 2002; Honjo et al., 2008; Dagg et al., 2014; Le Moigne et al., 2016). However, the processes controlling the biological pump efficiency are not fully understood (Boyd and Trull, 2007). Since oligotrophic waters cover about 75% of the ocean surface (Lewis et al., 1986) and contribute over 30% of the global marine carbon fixation (Longhurst et al., 1995; Marañón et al., 2003), understanding these processes therein is critical in order to assess their biogeochemical functioning and feedbacks between the ocean carbon cycle and human-induced environmental change.
The Eastern Mediterranean Sea (EMS) is one of the most oligotrophic areas of the world ocean, in other words “an oceanic desert” (Azov, 1991). It exhibits ultra-oligotrophic characteristics, related to: 1) a net outflow of nutrients due to its anti-estuarine circulation, 2) nutrient-depleted surface Atlantic Water flowing in through the Strait of Sicily and nutrient-rich Levantine Intermediate Water flowing out at intermediate depths (Ribera d’Alcalà, 2003; Huertas et al., 2012), and 3) extremely low phosphorus levels, which strongly limits both primary and secondary productions (Krom et al., 1991). Carbon vertical flux was found to be differentiated along a north-south oligotrophy gradient and “hot spots” for CO2 sequestration to the ocean interior on long time scales were detected in the less oligotrophic area (Siokou-Frangou et al., 2002; Gogou et al., 2014; Pedrosa-Pàmies et al., 2016; Pavlidou et al., 2020). The weak seasonality of the phytoplankton biomass and production drives NPP rates below 200 mg C m−2 d−1 (Psarra et al., 2000; Moutin and Raimbault, 2002; Bosc, 2004), while very low amounts of POC (<0.5% of NPP) reach the deep sea floor (Warnken, 2003; Koppelmann et al., 2004; Stavrakakis et al., 2013; Gogou et al., 2014; Pedrosa-Pàmies et al., 2016; Karageorgis et al., 2018).
The oligotrophic regime of the EMS is modulated by sub-basin gyres and mesoscale features. These may result in distinct changes of the water column biogeochemical properties, through the horizontal and vertical mass transfer that play an important role on nutrient and carbon distribution (Siokou-Frangou et al., 2010, and references therein). Moreover, in the EMS atmospheric deposition plays a major role in the supply of bioavailable nutrients and anthropogenic compounds due to the limited inputs from external sources (Krom et al., 2004; Christodoulaki et al., 2013; Theodosi et al., 2019; Kanakidou et al., 2020). A variety of sources at the regions surrounding the Mediterranean Sea, but also distant sources due to long range transport of air masses, affect the quality of atmospheric deposition which could have important implications on the pelagic productivity and, overall, carbon cycle (Kouvarakis et al., 2001; Jickells et al., 2005; Kanakidou et al., 2012).
Understanding the processes that control the quantity and quality of POC flux to the deep EMS is needed to better characterize the strength and efficiency of the biological pump as well as to accurately project the response of this oligotrophic system to climate fluctuations and anthropogenic perturbations. Bulk geochemical proxies, such as the stable isotopic composition of organic carbon (δ13C), and lipid biomarkers have been widely used as indices of sources and transformation processes of organic matter in marine systems (Meyers, 1994; Wakeham, 1995; Volkman and Tanoue, 2002; Goñi et al., 2003; Hu et al., 2006; Pedrosa-Pàmies et al., 2013; Quirós-Collazos et al., 2017), as well as to assess the biogeochemical dynamics controlling the export of POC to the deep sea (Goutx et al., 2000; Wakeham et al., 2002; Conte et al., 2003; Pedrosa-Pàmies et al., 2018, 2019; De Bar et al., 2019). While there have been several investigations on the δ13C signature of sinking particles in the Mediterranean Sea (Kerhervé et al., 2001; Turchetto et al., 2012; Pasqual et al., 2015; Theodosi et al., 2019) but also on the molecular composition of POC particulate fluxes in the western Mediterranean Sea, both in the upper mesopelagic layers (100–300 m depth) (e.g., Tolosa et al., 2005; Goutx et al., 2007; Marty et al., 2009; Méjanelle and Dachs, 2009) and the deep sea (Marchand et al., 2005; Wakeham et al., 2009), little is known about the POC molecular composition of the EMS particle fluxes (Tsapakis et al., 2006; Theodosi et al., 2013) and deep-sea floor (Gogou and Stephanou, 2004; Parinos et al., 2013a; Pedrosa-Pàmies et al., 2015).
Herein, we present a 3-year time series of sinking particles flux data in the deep Ierapetra Basin (4,310 m depth). The collected data have been examined at the light of atmospheric and oceanographic parameters and main mass components (lithogenic, calcium carbonate, opal and organic matter), stable isotopic composition of POC and source-specific lipid biomarkers (long chain n-alkanes and the unresolved complex mixture of aliphatic hydrocarbons, long-chain n-alkanols, long-chain alkenones, long-chain diols&keto-ols and selected sterols). The aim of the present study is to improve the current understanding of the dynamics of particle fluxes and the linkages between atmosphere dynamics and ocean biogeochemistry shaping the export of organic matter in this oligotrophic abyssal region of the EMS. Moreover, in order to evaluate the benthic-pelagic coupling in the study area, the time series of sinking particles flux data were compared to the corresponding data of biogeochemical parameters previously reported for surface sediments from the deep-sea in the study area. To the best of our knowledge, this study presents for the first time the lipid biomarker composition of sinking particles reaching the deep EMS.
OCEANOGRAPHIC AND ATMOSPHERIC SETTINGS
The northwestern part of the Levantine Basin covers an area extending from south of Crete up to the southeast of Rhodes island. It is dominated by the presence of the permanent Rhodes cyclonic gyre centered south of Rhodes but occasionally expanding westwards toward Crete (Figure 1). A second feature is the recurrent Ierapetra anticyclonic gyre situated to the southeast of Crete (Larnicol et al., 2002; Mkhinini et al., 2014) showing a climatological mean position close to 26–27°E and 34–35°N. The Ierapetra anticyclone is a mesoscale eddy created by the strong northerly Etesian winds and their interaction with the orography of the island of Crete. Its seasonal variability relates to that of the Etesians, hence it starts developing in summer and intensifies in autumn. Its seasonal variability is correlated with an average three-month lag between maximum negative wind stress curl caused by the Etesians and maximum negative current vorticity linked to the anticyclone (Amitai et al., 2010). The Ierapetra anticyclone entraps water masses exiting from the Cretan straits enhancing the downward fluxes/transport of particulate matter and nutrient-depleted waters with important implications on the biogeochemical functioning of the area (Lampadariou et al., 2009; Pedrosa-Pàmies et al., 2015). The Ierapetra anticyclone also presents interannual variability in intensity and positioning. Nevertheless, during the study period (2010–2013) it had rather typical seasonal behavior (Ioannou et al., 2017).
[image: Figure 1]FIGURE 1 | (A) Location of the mooring line deployed in the deep Ierapetra Basin from June 2010 to June 2013 (yellow dot), and 10 surface sediment samples collected in the Levantine Sea (red dots) reported by Pedrosa-Pàmies et al. (2015) (lipid data for sediment samples BF19, BF22 and BF24 are not available). (B) Schematic representation of the upper thermocline circulation in the study area (Robinson and Golnaraghi, 1993), and location of Ierapetra mooring (yellow dot), and Finokalia atmospheric station (blue dot). Circulation patterns and water masses: MMJ-Mid-Mediterranean Jet, AMC-Asia Minor Current, LSW-Levantine Surface Water, CC-Cretan Cyclone. The dashed red polygon is the contour of the Rhodes Gyre phytoplankton bloom of March 2012 as indicated by Chlorophyll-a concentrations above 0.2 mg m−3 (48291.3 km2). The bathymetric map was produced using metadata from the EMODnet Bathymetry portal—http://www.emodnet-bathymetry.eu.
The Levantine Basin atmosphere is at the crossroad of air masses of various origins that affect atmospheric composition. Air masses coming from the south carry significant amounts of African desert dust, from the northwest/north/northeast carry anthropogenic pollution from Central Europe, Balkans, and Ukraine, and Turkey, respectively from the east air masses are rich in dust mixed with anthropogenic pollution from the Middle-East, while coming from the west air masses are significantly affected by marine emissions (Kanakidou et al., 2011). In addition, when passing over continental regions, air masses are also affected by land sources (i.e., vegetation, forest fires, soil resuspension) (Sciare et al., 2003), and are enriched in air pollutants emitted by land sources (Mihalopoulos et al., 1997; Lelieveld et al., 2002; Kanakidou et al., 2011). Therefore, the quality of atmospheric deposition and its fingerprint in the export of material in the seawater column depend upon the origin of the air masses that are reaching the area during the study period.
METHODS AND DATA
Oceanographic and Atmospheric Data
To investigate the effects of various atmospheric and upper ocean processes on particle fluxes, we consider a variety of environmental parameters for the study area during the investigated period, i.e. atmospheric deposition, sea surface temperature (SST), surface Chlorophyll a (Chl a) concentration, and net primary production (NPP). These data were obtained either from in-situ observations or satellite data from one grid cell above the location of the sediment trap: 34.3–34.6°N, 26.0–26.3°E (see below for details).
Total atmospheric deposition data (dry and wet deposition) were obtained from the Finokalia atmospheric monitoring station located at a remote site in the northern coast of the island of Crete, Greece (35°20′N, 25°40′E; Figure 1). The site is not impacted by local human activities and it is a well characterized location for atmospheric composition and deposition, characteristic for the eastern Mediterranean atmosphere, operating since 1993 (Mihalopoulos et al., 1997). Moreover, in order to investigate the potential sources that contributed to the atmospheric deposition and therefore affected the flux of material into the sea water column during the study period, characteristic air mass 5-days back-trajectories have been calculated and analyzed. The back-trajectories have been computed using the HYSPLIT trajectory model of NOAA (Stein et al., 2015; Rolph et al., 2017) and considering as arriving point the Finokalia atmospheric monitoring station at 1,000 and 3,000 m.
Monthly SST and 8-days Chl a concentrations were obtained from the Moderate Resolution Imaging Spectrometer (MODIS), in orbit on the Aqua platform, using 4-km resolution level 3-binned data. Both monthly SST and Chl a data are processed and distributed by the NASA Goddard Earth Sciences (GES) Data, Information Services Center (DISC) and Ocean Biology Processing Group (OBPG). Monthly NPP estimates (1/12° resolution) were obtained from the Vertically Generalized Production Model (VGPM) (Behrenfeld and Falkowski, 1997), and provided by the Oregon State University (OSU).
Additionally, deep-sea daily mean current speed and direction at the deep Ierapetra Basin were evaluated. The moored line deployed in the Ierapetra Basin, included an Aanderaa RCM8 current meter deployed at 23 m above the bottom with a measuring interval of 1 h.
Sample Collection
Sinking particles were collected at 4,285 m water depth with a PPS3 Technicap sequential sampling sediment trap (0.125 m2 collecting area) from June 2010 to June 2013 at the 4,310 m deep Ierapetra Basin (Figure 1). The trap was equipped with 12 receiving cups with a sampling interval of 1 month. The collecting cups were filled with a 5% (v/v) formaldehyde solution in 0.45 μm filtered seawater buffered with sodium borate. As earlier reported by Altabet (2001), formaldehyde preservative does not add sufficient organic carbon to the sediment trap material to alter organic composition (e.g., δ13C of POC), and it has been extensively used for the preservation of sediment trap material (Thunell et al., 2000; Tolosa et al., 2003; Struck et al., 2004; Sanchez-Vidal et al., 2008; Tesi et al., 2010; Henley et al., 2012). After recovering, sediment trap samples were stored in the dark at 2–4°C until they were further processed in the laboratory.
Moreover, in order to evaluate the benthic-pelagic linkages in the study area, the time series data of sinking particles flux are being discussed along with the corresponding biogeochemical parameters and lipid compounds/indices data previously reported by Pedrosa-Pàmies et al. (2015) for surface sediment samples (undisturbed top 0–1 cm) collected from January 2007 to June 2012 in the NW Levantine Sea (Figure 1, Supplementary Table S1). The sedimentation rate in the deep EMS is in the order of 0.003 cm y−1 (Van Santvoort et al., 1996).
Analytical Methods
Elemental and Stable Isotope Analysis of Carbon
Sediment trap samples were processed in the laboratory according to a modified version of Heussner et al. (1990). Large swimming organisms were removed by wet sieving through a 1 mm nylon mesh, while organisms <1 mm were handpicked under a microscope with fine tweezers. Samples were repeatedly split into aliquots using a high precision peristaltic pump robot to obtain 10–20 mg subsamples, and then they were stirred three times with ultrapure water, centrifuged and the supernatant removed to eliminate salt and formaldehyde. Samples were finally freeze-dried and weighted for total mass determination.
Total carbon (TC), POC and total nitrogen (TN) contents and stable isotopic composition of POC were analyzed using a Flash 1112 EA elemental analyzer interfaced to a Delta C Finnigan MAT isotope ratio mass spectrometer. Samples analyzed for %OC and δ13C were initially de-carbonated using repetitive additions of a 25% HCl (v/v) solution, separated by 60°C drying steps, until no effervescence was observed (Nieuwenhuize et al., 1994). Uncertainties for elemental composition were lower than 0.1%, while uncertainty for δ13C was lower than 0.05‰. In consistency with published data in the Mediterranean Sea we assumed OM as twice the OC content (e.g., Heussner et al., 1996; Masqué et al., 2003). The inorganic carbon content was calculated from the difference between TC and OC measurements. Assuming all inorganic carbon is contained within calcium carbonate, CaCO3 content was determined using the molecular mass ratio of 100/12 [(TC%−OC%)×8.33].
Molar TN/POC ratios were also calculated. TN/POC is plotted in order to constrain the elemental ratios of N-depleted samples (i.e. TN/POC ≈0 rather than POC/TN ∞ 0) following Goñi et al. (2006), and to avoid the underestimation of the terrestrial-derived carbon fraction (Perdue and Koprivnjak, 2007).
Biogenic Opal and Lithogenic Fraction Analysis
The biogenic silica content was analyzed using a two-step 2.5 h extraction with a 0.5 M Na2CO3 solution, separated by centrifugation of the leachates. Si and Al contents of both leachates were analyzed with a Perkin-Elmer Optima 3200RL Inductive Coupled Plasma Optical Emission Spectrometer (ICP-OES), correcting the Si content of the first leachate by the Si/Al ratio of the second one (Kamatani and Oku, 2000). All values are reported as opal (SiO2.0.4H2O), a parameter defined by 2.4 times the weight percentage of biogenic Si content determined for each sample (Mortlock and Froelich, 1989). The opal detection limit, associated to the detection limit of the ICP-OES system, is approximately 0.2%. Analytical precision of opal measurements was 4.5%.
The lithogenic fraction was estimated by subtracting the concentration of the major constituents from total dry weight [%lithogenic = 100 – (%OM + %CaCO3 + %opal)]. This fraction represents the residual component of particles such as quartz, feldspars, clay minerals and aluminosilicates (Mortlock and Froelich, 1989).
Lipid Biomarkers
A range of selected lipid biomarkers are considered in this study, namely long chain n-alkanes and the unresolved complex mixture of aliphatic hydrocarbons, long-chain n-alkanols, long-chain di- and tri-unsaturated C37 and C38 methyl ketones and C38 ethyl ketones, commonly referred to as long-chain alkenones, long-chain diols and keto-ols and a suite of sterols.
The analytical procedure followed for the determination of lipid biomarkers has been previously presented in detail (Gogou et al., 1998, 2000, 2007). Briefly, freeze-dried samples were initially solvent-extracted three times by sonication with dichloromethane. Combined extracts were subsequently separated into different compound classes by column chromatography using silica gel that had been activated for 1 h at 150 °C. The following solvent systems were used to elute the different compound classes of the considered lipid compounds: (1) n-hexane (fraction F1; aliphatic hydrocarbons), (2) dichloromethane/n-hexane (fraction F2; long-chain alkenones) and (3) ethyl acetate/n-hexane (fraction F3; n-alkanols, sterols, diols and keto-ols).
F1 and F3 fractions were analyzed by Gas Chromatography-Mass Spectrometry (GC-MS) while F2 fractions were analyzed by Gas Chromatography using Flame Ionization Detection (GC-FID). Hydroxyl-bearing compounds (fraction F3) were derivatized to the corresponding trimethylsilyl ethers prior to GC-MS analysis using N,O-bis-(trimethylsilyl)-trifluoroacetamide (BSTFA) + 1% trimethylchlorosilane (TMCS) for 1 h at 90 °C. Details regarding the GC instrumental parameters are presented elsewhere (Gogou et al., 2007; Parinos et al., 2013a).
The individual lipids were identified by a combination of comparison of GC-retention times to authentic standards and comparison of their mass spectral data to those in the literature. Quantification was based on the GC-MS or GC-FID response and comparison of peak areas with those of known quantities of standards added prior to the extraction of the samples ([2H50]n-tetracosane for n-alkanes, n-hexatriacontane for long-chain alkenones, 5α-androstan-3β-ol for sterols, diols and keto-ols, and n-heneicosanol for n-alkanols).
Source Indicators of Sinking Particulate Organic Carbon
The study of the natural isotopic variations of organic carbon (δ13C) is a valuable tool to trace sources and transformation processes of the particulate organic matter in the marine environment. The isotopic variations of carbon in the organic particles initially present depletion in 13C, which derives from the formation procedures of the organic matter during primary production (Kerhervé et al., 2001). Then, a stepwise enrichment of 13C occurs in the particles through the food chain and by the processes that are performed at the successive trophic levels (Altabet, 1996). According to this, the isotopic ratios of carbon, should be essentially affected both by the biological sources of the particles and the transformation processes that the latter have to undergo during their transfer through the water column (Kerhervé et al., 2001).
Concerning the suite of lipid biomarkers employed in this study, they have been widely used as proxies to identify the relative importance of natural vs anthropogenic, marine- and land-derived, sources for settling particulate matter along with the food web dynamics in the overlying water column (Meyers, 1997; Volkman, 2006; Christodoulou et al., 2009; Close et al., 2014; Pedrosa-Pàmies et al., 2015, 2019).
Herein, the sum of the concentrations of the considered lipid biomarkers having a marine (algal) origin was calculated as follows:
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where C28Δ5,22E is brassicasterol (24-methyl cholest-5,22-dien-3β-ol), and 4αC30Δ22E is dinosterol (4α,23,24R-trimethyl-5α-cholest-22-en-3β-ol).
Brassicasterol (C28Δ5,22E) is primarily derived from diatoms and Prymnesiophyta, while dinosterol (4αC30Δ22E) is a major compound in many dinoflagellates (Volkman, 1986). Long-chain alkenones are produced by some Prymnesiophyte class, e.g., Emiliania huxleyii (Marlowe et al., 1984) the later constituting the dominant primary producers across the Mediterranean Sea (Ziveri et al., 2000; Triantaphyllou, 2004; Skampa et al., 2019). Long-chain C30n-alkan-1,15-diols have been commonly reported in marine and freshwater environments (Versteegh et al., 1997, 2000; Rampen et al., 2012; Pedrosa-Pàmies et al., 2015, 2018, 2019), but little is known about their specific biological sources. They have been identified in the microalgae Nannochloropsis sp (class Eustigmatophyceae) (Volkman, 1986; Volkman et al., 1992; Gelin et al., 1997; Versteegh et al., 1997). C30 keto-ols might result from oxidation of the corresponding C30 diols (Volkman, 1986; Volkman et al., 1999; Rampen et al., 2012), or, on the contrary, as recently suggested by Versteegh and Lipp (2019), might be produced by currently uncharacterized source organisms.
In addition, we have evaluated the abundance of both cholesterol and β-sitosterol. Cholesterol (C27Δ5, cholest-5-en-3β-ol) is ubiquitous in the marine environment, both in plants and animals (e.g., Harvey et al., 1989; Volkman et al., 1992, 1999). However, high concentrations cholesterol is typically associated with the existence of marine consumers such as zooplankton and benthic animals (Teshima, 1971; Volkman, 1986; Harvey et al., 1989; Grice et al., 1998), and fecal material (Prahl et al., 1984; Neal et al., 1986; Wakeham and Canuel, 1986). β-Sitosterol (C29Δ5, 24-Ethylcholest-5-en-3β-ol) may derive from both terrigenous and marine sources (Volkman, 1986).
The abundance of the Unresolved Complex Mixture (UCM) of aliphatic hydrocarbons, a commonly observed persistent contaminant mixture in environmental samples consisting of branched alicyclic hydrocarbons (Gough and Rowland, 1990), is used as an indicator of the contribution of anthropogenic organic matter from degraded petroleum hydrocarbons and/or apolar products deriving from combustion processes, such as grass/wood/coal combustion and/or the incomplete combustion of fossil fuels (e.g., Simoneit, 1984; Wang et al., 1999; Hays, 2004 and references therein).
The carbon preference index of long-chain n-alkanes (Cn with n ≥25; CPINA) refers to the ratio of the concentrations of the long straight-chain homologues with an odd number of carbon atoms over those with an even number of carbon atoms. Higher (terrestrial) plants produce a higher proportion of odd than even hydrocarbons with a CPINA of ≥4 (Eglinton and Hamilton, 1967; Collister et al., 1994). Fossil fuels have a CPINA of ∼1 (Wang et al., 1999). For phytoplankton, data are not conclusive, though they generally tend to produce shorter n-alkanes (Cn with n <20) (Volkman et al., 1998). The index is calculated as:
[image: image]
The sum of the concentrations of the most abundant high molecular weight odd n-alkanes (TerNA) and even n-alkanols (TerN-OH), which are major components of epicuticular higher plant waxes (Eglinton and Hamilton, 1967; Ohkouchi et al., 1997), are defined, respectively, as: 
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With their total sum referred to hereafter as ∑Ter:
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Since the CPINA values are indicative of a mixture of both fossil and land-derived long-chain n-alkanes in most of the cases (see discussion below), the n-alkane contribution by fossil fuels (CPINA = 1) was subtracted in order to obtain the distribution signatures of the plant wax n-alkanes. To this, each individual terrestrial higher plant wax n-alkane signature considered in ∑TerNA sum was calculated by subtracting the average of the next higher and lower even carbon numbered homolog after Schneider et al. (1983), Simoneit et al. (1990) and Aboul-Kassim and Simoneit (1995) as follows:
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Statistical Analysis
Principal component analysis (PCA) (Meglen, 1992) was performed to identify the dominant factors of the variance within the dataset. Several studies have successfully applied PCA for discriminating organic matter sources (Reemtsma and Ittekkot, 1992; Yunker et al., 1995; Goñi et al., 2000; Pedrosa-Pàmies et al., 2015, 2019) and its transformation patterns in marine systems (Dauwe and Middelburg, 1998; Sheridan et al., 2002; Pedrosa-Pàmies et al., 2018). The observations include 30 sediment trap samples collected during the study period. Samples RedI-3 and RedI-6 are excluded due to lack of atmospheric deposition data for those months, RedII-8 and RedII-9 (Jan–Feb. 2012) and RedIII-4 (Sep. 2012) due to no data for lipids are available, and Red III-11 (Apr. 2013) due to it is an outlier based on the interquartile range of cholesterol (see “Lipid Biomarkers” section). The 18 variables considered refer to environmental conditions (SST, NPP, total atmospheric deposition), bulk properties (fluxes of POC, TN, CaCO3, lithogenic, TN/POC ratio, and δ13C) and lipid biomarkers (fluxes of ∑TerNA, ∑TerN-OH, UCM, cholesterol, brassicasterol, β-sitosterol, dinosterol, C30diol&keto-ols, and CPINA).
Prior to PCA, the data were standardized using the mean values and standard deviations to bring all of the variables into proportion with one another. A subroutine, the Varimax rotation, was applied to the first three factors in order to maximize or minimize loadings within each factor and thus simplify the visual interpretation of PCA projections. Correlation analysis was also performed using the same variables. PCA was carried out by using STATGRAPHICS v. 18.
RESULTS
Environmental Conditions
Total atmospheric deposition ranged from 130 to 5,600 mg m−2 month−1 (Figure 2A). Highest atmospheric wet deposition was recorded in winter, especially in Feb 2011. Highest dry deposition was recorded in summer (Jul 2011), early fall (Sep 2011), and spring (Apr 2013). SST was highest during summer (25.5 ± 1.85°C) and lowest during winter (17.9 ± 1.69°C) (Figure 2A). Total Chl a concentrations were lowest during summer (0.07 ± 0.01 mg m−3), relatively high during winter-spring (0.14 ± 0.05 mg m−3), and the highest in March 2012 (0.43 mg m−3). NPP followed the same trends as Chl a concentrations, with highest values in March 2012 (696 mg C m−2 d−1) (Figure 2B).
[image: Figure 2]FIGURE 2 | Time-series of atmospheric and oceanographic parameters at the vicinities of the Ierapetra Basin station from June 2010 to June 2013. (A) monthly total aerosol [dry (yellow area) + wet (blue area)] deposition (in g m−2 month−1) at the Finokalia station*, and monthly Sea Surface Temperature (SST, in °C, blue line); (B) 8-days surface Chlorophyll a concentration (Chl a, in mg m−3), and monthly net primary production (NPP, in mg C m−2 d−1, green line); and C) daily mean deep-sea current speed (in cm s−1) and direction (º) at 4,287 m depth in the Ierapetra Basin (* gray area from September to November 2011 indicates values are available only for total atmospheric deposition, no distinction is made between dry and wet).
Deep-sea currents at the sediment trap site at in the deep Ierapetra Basin were extremely slow with a predominant S/SW direction of the flow (Figure 2C). Intensified current speeds were recorded in January 2011 (up to 8 cm s−1) and March 2012 (up to 9.8 cm s−1) with a SW direction (i.e., topographically constrained). The magnitude of the current speeds and the strong topographic control registered in the deep Ierapetra Basin are of the same magnitude as currents registered at 3,542 m in the Samaria Canyon at the southern Cretan margin (Karageorgis et al., 2018) and at 4,300 m at NESTOR site in the deep Ionian Sea (Stavrakakis et al., 2013).
Sinking Particle Fluxes and Component Ratios
Total mass flux (TMF) and its major constituents (organic matter, opal, CaCO3, and lithogenic matter) were highly variable, including significant seasonal variations (Figure 3, Table 1). During the three-year deployment, TMF ranged from 1.46 to 306.7 mg m−2 d−1 (Figure 3A). The highest particle flux was in spring 2012 (April-May, from 306.7 to 180.2 mg m−2 d−1). Additionally, three other events had relatively high particle fluxes: summer 2010 (June, 174.6 mg m−2 d−1), 2011 (June, 105.7 mg m−2 d−1) and 2012 (June-July, from 123.2 to 104.5 mg m−2 d−1).
[image: Figure 3]FIGURE 3 | Time-series at the Ierapetra Basin station from May 2010 to June 2013 of (A) Total Mass Flux (TMF, in mg m−2 d−1), and cumulative percentages* of organic matter (OM), opal, carbonates (CaCO3) and lithogenic; (B) Fluxes of lithogenic, opal and CaCO3; (C) Particulate organic carbon (POC) flux, and export efficiency ratio (POC flux/NPP); (D) TN/POC molar ratio and δ13C stable isotope (*Gaps of cumulative percentages of flux components correspond to periods where there are no opal data available).
TABLE 1 | Total mass fluxes (TMF) and bulk composition of sinking particles collected at 4,285 m in the Ierapetra Basin (n.d.: no data).
[image: Table 1]During the three-year sampling period POC, opal, CaCO3 and lithogenic fluxes were significantly and positively correlated with TMF (Figure 4). Lithogenic matter was the primary flux component, ranging from 0.04 to 156.1 mg m−2 day−1 and accounting for 86.6 ± 1.2% of TMF on average. Biogenic minerals were the next most abundant, with CaCO3 (0.34–69.5 mg m−2 d−1) and opal (0.03–58.7 mg m−2 d−1) accounting for 28.6 ± 16.6% and 3.9 ± 4.1%, respectively, of TMF on average. OM contributed from 0.15 to 24.5 mg m−2 d−1, accounting for 6.0 ± 3.2% of TMF on average.
[image: Figure 4]FIGURE 4 | Pearson correlation heatmap matrix with significance level expressed by asterisks (***p-value ≤ 0.001, **p-value ≤ 0.05, *p-value ≤ 0.1) of A) fluxes (F) and percentages (%) of bulk parameters, fluxes of lipid biomarkers, CPINA, total atmospheric deposition, and net primary production, and (B) POC-normalized concentrations of lipid biomarkers and CPINA, total atmospheric deposition, and net primary production. Positive correlations are displayed in blue and negative correlations in red color. Color intensity are proportional to the correlation coefficients.
POC fluxes ranged from 0.08 to 12.24 mg m−2 d−1, and during 64% of the three-years studied the POC flux was <0.60 mg m−2 d−1 (Figure 3C). POC fluxes significantly correlated with the different mineral fractions: lithogenic (r = 0.83, slope = 0.051), CaCO3 (r = 0.93, slope = 0.14) and opal fluxes (r = 0.97, slope = 0.21) (Figures 4A and 5). Correlation of POC vs POC percentages was not significant. The highest percentages of POC were observed during the lowest flux periods in fall (5.83 ± 0.80%) and winter 2011 (5.00 ± 0.40%) (Figure 3B). POC percentages significantly and negatively correlated with lithogenic percentages, and positively with CaCO3 and opal percentages (Figure 4A, Supplementary Figure S1).
[image: Figure 5]FIGURE 5 | Scatter plot of POC flux vs. lithogenic, CaCO3 and opal material fluxes. The shaded areas represent prediction interval at the 95% confidence level.
The opal/CaCO3 mole ratio ranged from 0.01 to 1.60, with an average value of 0.34 ± 0.36, and the POC/CaCO3 mole ratio from 0.38 to 3.58, with an average of 1.06 ± 0.74 (Table 1). These two ratios visibly exhibit similar trends, which are positively correlated (r = 0.51, p = 0.004), with the highest opal/CaCO3 and POC/CaCO3 ratios during summer-fall 2011 and spring 2012. The POC/opal ratio ranged from 1.04 to 83.9, with an average of 7.23 ± 15.3, and exhibited exponential negative correlation with opal/CaCO3 (r = 0.73, p < 0.0001).
Bulk Geochemical and Molecular Proxies
TN/POC and δ13C
Total nitrogen (TN) vs POC content presents a significant positive correlation (Figure 4). The TN/POC molar ratio of the sinking particles ranged from 0.11 to 0.25, with an average of 0.15 ± 0.04 (Figure 3D). This ratio was highest during fall 2010 and lowest during fall 2012. The δ13C values of the sinking POC ranged from −26.53 to −21.33‰, with an average of −24.24 ± 0.96‰ (Figure 3D). The heaviest δ13C was observed during the high-flux period of spring 2012 and the lightest during the relatively low-flux period in winter 2010.
Lipid Biomarkers
The major marine C27-C30 sterols considered in this study are cholesterol (C27Δ5), brassicasterol (C28Δ5,22E), β-sitosterol (C29Δ5) and dinosterol (4αC30Δ22E). They show total fluxes ranging from 0.15 to 15.8 μg m−2 d−1, and concentrations ranging between 4.53 and 1,100 μg g−1 (normalized to POC from 0.31 to 31.9 μg mg OC−1) (Figure 6, Table 2). Cholesterol was the most abundant C27–C30 sterol, with fluxes ranging from 0.09 to 14.7 μg m−2 d−1 at 4,285 m depth, with the highest recorded during spring 2013, spring 2012 and early summer 2011, and the lowest during fall-winter (Figure 6A). Cholesterol concentrations ranged between 1.97 and 868 μg g−1 (from 0.14 to 29.6 μg mg OC−1). Brassicasterol, dinosterol and β-sitosterol followed similar flux and concentration trends as cholesterol, positively correlated (Figure 4), but with up to an order of magnitude lower, except during spring of 2012 (Figure 6B, Table 2). The fluxes of long-chain C30n-alkan-1,15-diols and the corresponding C30 keto-ols together ranged from 0.01 to 0.70 μg m−2 d−1, with the highest values during spring 2012, fall 2011 and winter 2010 (Figure 6E). Concentrations ranged from 0.18 to 43.3 μg g−1 (from 0.02 to 0.42 μg mg OC−1). Long-chain alkenones, had total fluxes from 0.02 to 1.81 μg m−2 d−1, and concentrations from 0.53 to 25.6 μg g−1 (from 0.02 to 0.87 μg mg OC−1) (Figure 6F). Highest fluxes and concentrations are observed during spring. The fluxes of ∑Phyto, marine phytoplankton-derived lipids, ranged from 0.02 to 5.52 μg m−2 d−1 and POC-normalized concentrations ranged from 1.07 to 8.99 μg mg OC−1 (Table 2).
[image: Figure 6]FIGURE 6 | Temporal distribution patterns (fluxes and concentrations) of major phytoplankton- and zooplankton-derived POC compounds (marine origin) in sinking particulate matter collected at 4,285 m in the Ierapetra Basin during the studied period (see section “Oceanographic and Atmospheric Settings”. for further details).
TABLE 2 | POC-normalized concentrations of selected lipid biomarkers (n.d.: no data).
[image: Table 2]Total aliphatic hydrocarbons (AH) fluxes ranged from 0.44 to 40.6 μg m−2 d−1, averaging 3.91 μg m−2 d−1. Highest AH fluxes are observed during spring 2012, and in early summers 2010, 2011 and 2012. Total AH concentrations ranged from 23.2 to 492 μg g−1 (average 124 μg g−1). POC normalized AH concentrations are 1.07–8.99 μg mg OC−1, with the highest concentrations during fall (Table 2). The molecular profile of sinking particle-associated AH is dominated in all cases by a UCM and a series of resolved compounds. UCM, appearing as a unimodal hump centered around n-C30, was the major component of sinking particle-associated AH, accounting for up to 91% of their total sum (67% on average). UCM fluxes ranged from 0.29 to 28.7 μg m−2 day−1, averaging 3.04 μg m−2 day−1 (Figure 7A). The highest UCM flux was recorded in May 2012, a month after the maximum TMF. UCM concentrations ranged from 15.6 to 372 μg g−1, and from 0.82 to 7.93 μg mg OC−1. n-alkanes were the main AH resolved compounds accounting for up to 72% (average 31%) of their total sum and for up to 18% of total AH (average 3.1%). Total n-alkanes (∑n-C24–33) fluxes were 0.04–4.12 μg m−2 d−1, and concentrations 0.74–8.45 μg g−1 and 0.11–1.31 μg mg OC−1. During the study period, their molecular profile is dominated by long-chain homologues (n-C20 to n-C35) with a CPINA value from 1.10 to 4.73. Highest CPINA were observed for summer 2011, and lowest for spring 2012 coupled with the highest UCM flux (Figures 7A,D). The flux of the most abundant high molecular weight plant wax n-alkanes corrected for the contribution of oil-derived long chain odd-numbered homologues (∑TerNA) ranged from 0.01 to 0.72 μg m−2 d−1, and concentrations ranged from 0.74 to 8.45 μg g−1 (from 0.06 to 0.27 μg mg OC−1) (Figure 7B).
[image: Figure 7]FIGURE 7 | Temporal distribution patterns (fluxes and concentrations) of major terrestrial and anthropogenic-derived POC compounds in sinking particulate matter collected at 4,285 m in the Ierapetra Basin during the studied period: (A) Unresolved Complex Mixture of aliphatic hydrocarbons (UCM), (B) long-chain n-alkanes (∑TerNa), and (C) long-chain n-alkanols (∑TerN-OH), and (D) Carbon Preference Index of long-chain n-alkanes (CPINA) (see section “Source Indicators of Sinking Particulate Organic Carbon” for further details).
The aliphatic alcohol fraction in the sinking particle samples is dominated in all cases by n-C24 to n-C30 alkanols with a maximum at n-C26. The plant wax n-alkanols (∑TerN-OH) fluxes ranged from 0.03 to 1.65 μg m−2 d−1, with the highest fluxes during spring 2012, and early summer 2010, 2011 and 2012. Concentrations ranged from 1.22 to 22.5 μg g−1 and from 0.11 to 0.38 μg mg OC−1, with the highest values during fall (Figure 7C). ∑TerN-OH and ∑Phyto POC-normalized concentrations showed a positive correlation (Figure 4B)
Land-derived lipid fluxes (∑Ter) ranged from 0.04 to 2.37 μg m−2 d−1, with POC-normalized concentrations from 0.18 to 0.52 μg mg OC−1. ∑Ter fluxes were positively correlated with ∑Phyto fluxes (Figure 4), with highest values during spring 2012 and summers 2010 and 2012 (Figure 8). Highest ∑Ter POC-normalized concentrations were during fall periods. POC-normalized concentrations of ∑Ter vs. ∑Phyto had a very weak positive correlation when considering all sinking particles (Figure 8). However, for each season individually, POC-normalized concentrations of ∑Ter vs. ∑Phyto of summer sinking particles showed a strong positive correlation (Figure 8, Supplementary Figure S2).
[image: Figure 8]FIGURE 8 | Biplot of POC-normalized concentrations of phytoplankton-derived lipid biomarkers (ƩPhyto) vs. terrestrial (ƩTer) of sinking particles collected in the deep Ierapetra Basin from June 2010–June 2013, and surface sediments collected from January 2007 to June 2012 in the NW Levantine Basin (Pedrosa-Pàmies et al., 2015). Symbol shapes correspond to season of the sinking particles and colors correspond to sampling year. Regression lines for all (dashed black line, not significative) and summer period (gray line) sinking particles, as well as for surface sediments (blue line) are represented.
Multivariate Analysis
PCA was conducted to assess the compositional and temporal evolution of particle fluxes during the studied period. The first two principal components are responsible for 68.8% of the variance (Figure 9A). Factor 1 (PC1) explains 57.1% of the total variance and is characterized by positive loadings, above 0.7, for all bulk parameters, brassicasterol, dinosterol and ∑TerNA lipid fluxes, δ13C and CPINA, and negative loadings, below −0.15, for SST and atmospheric deposition. PC1 separates samples according to particle fluxes, with the highest factor scores for the extreme episodic event on spring 2012, and summer months (Figure 9B). Thus, PC1 reflects the high particle flux periods and the impact of episodic events on the deep particle flux in the EMS. Factor 2 (PC2) explains another 11.7% of the variance and has positive loadings, above 0.7, for UCM, β-sitosterol, ∑TerN-OH fluxes, and negative loadings, below -0.15, for TN/POC ratio and CPINA. Therefore, PC2 separates samples by relative contribution of land-derived POC sources. Spring and summer samples showed the highest PC2 factor scores, and fall had the lowest. Factor 3 (PC3) explains 7.9% of the total variance and is characterized by positive loadings, above 0.5, for NPP, δ13C, and negative loadings, below -0.15, for SST, TN/POC ratio and CPINA. Highest PC3 factor scores were observed for spring samples. Therefore, PC3 separates samples by the relative contribution of phytoplankton-derived POC.
[image: Figure 9]FIGURE 9 | PCA results. (A) Factor loadings for environmental forcing, bulk properties, and biomarkers of phytoplankton-derived POC (Phyto, green), zooplankton-derived POC (Zoo, yellow), and land-derived natural and anthropogenic POC (TER, purple) for the collected sinking particles. (B) Biplots of main factor scores for sinking particles identified by sampling year (colors) and season: fall (circle: September, October, November), spring (square: March, April, May), summer (diamond, June, July, August) and winter (triangle: December, January, February).
DISCUSSION
Efficiency of the Biological Pump in the Deep Ierapetra Basin
The mean annual TMF measured in the deep Ierapetra Basin (Figure 3A) is fairly comparable with those reported in previous studies that investigated particle fluxes in the bathypelagic EMS (e.g., Kerhervé et al., 1999; Stavrakakis et al., 2000; Patara et al., 2009; Karageorgis et al., 2018; Theodosi et al., 2019). For comparison, in the western Mediterranean Sea, TMF above 500 mg m−2 d−1 has been reported in the Alboran Sea (e.g., Fabres et al., 2002; Sanchez-Vidal et al., 2005) and submarine canyons of the NW Mediterranean Sea (e.g., Zúñiga et al., 2009; Stabholz et al., 2013).
POC fluxes recorded in this study are also of the same order of magnitude as those reported in previous studies that investigate POC fluxes in the deep EMS. The low POC fluxes during winter and spring are in line with the POC fluxes measured at 2,700 m in the Ierapetra Basin by Koppelmann et al. (2004) during winter/early spring 1999 (0.25–0.57 mg m−2 d−1, from January to March) and late spring 1999 (1.16 mg m−2 d−1 during April). Karageorgis et al. (2018) reported mean annual POC fluxes between 1.5 and 4.8 mg m−2 d−1 (May 2005 - June 2006) in the southern Cretan margin at depths from 1,215 to 3,538 m. Gogou et al. (2014) reported mean annual POC fluxes <6 mg m−2 d−1 (September 2007 to September 2008) in the southern Ionian Sea at 1,400 and 2,800 m water depth. Stavrakakis et al. (2013) reported mean annual POC fluxes between 0.01 and 12.3 mg m−2 d−1 (February 2006 to March 2010) in the SE Ionian Sea (NESTOR site) at depths from 1,200 to 4,300 m. Finally, Stavrakakis et al. (2000) reported POC fluxes <8.03 and <10.96 mg m−2 d−1 (November 1994 to November 1995) in the southern Cretan Sea at 200 m and 1,515 m water depth, respectively.
The low POC fluxes reported herein match the very low NPP observed in the Ierapetra Basin during the study period (∼118 g C m−2 y−1) and reported from other studies in the open waters of the Levantine Basin (97–113 g C m−2 y−1) (Antoine et al., 1995; Napolitano et al., 2000; Bosc et al., 2004), which is lower than in the center of large oceanic gyres, such as the Sargasso Sea, where values around 150 g C m−2 y−1 have been measured (Steinberg et al., 2001; Lomas et al., 2013). For comparison, the primary productivity of coastal and upwelling zones, in some of the most productive areas of the ocean, typically exhibit values close to 250 g C m−2 y−1 (Longhurst et al., 1995). The fraction of primary production exported to the deep Ierapetra Basin averaged 0.35%, which is comparable to what has been observed in the EMS in the southern Ionian Sea at depths from 2,000 to 2,800 m (Stavrakakis et al., 2013; Gogou et al., 2014), but two-fold higher than what was reported at 4,300 m in the sourtheastern Ionian Sea (Stavrakakis et al., 2013).
Over the study period, the export efficiency was low during 66% (<0.02, twentieth percentile of data) of the time, and moderate during 30.6% of the time (between 0.2 and 0.02) (Figure 3C). This underscores the strong oligotrophic conditions of the study area. To further investigate the efficiency of the biological carbon pump we tested the correlation between the export efficiency (POC flux/NPP) and NPP (Figure 11). Herein we cannot conclude that in the EMS there is an inverse relationship between PP and export efficiency, as previously identified for the Southern Ocean (Maiti et al., 2013; Cavan et al., 2015; Le Moigne et al., 2016) and globally (Henson et al., 2019). We observed that, overall, there is no clear relationship between the export efficiency and NPP, except when observing seasonal trends (see discussion in section “Seasonal Export Pulses to the Deep Eastern Mediterranean Sea” below).
The POC content of sinking particles of the deep Ierapetra Basin (3.00 ± 1.60% POC) was 6-fold higher than the reported for deep-sea surface sediments in the study area (0.49 ± 0.09% POC). Thus, our data indicate that, on average, just about 16% of the POC that reaches the bathypelagic Ierapetra Basin gets settled and preserved to the seafloor sediments.
Drivers of Natural and Anthropogenic Particulate Organic Carbon Export
The positive correlation of POC fluxes with the different mineral fractions, especially with the biogenic minerals (Figure 5), observed throughout the study period suggests that the ballasting effect of the biogenic minerals is an important factor promoting the export of organic carbon to the deep EMS by increasing the density of settling particles, and/or providing POC protection against remineralization (Armstrong et al., 2002; Francois et al., 2002; Klaas and Archer, 2002). These correlations agree with the study from Klaas and Archer (2002) where they evaluated data from 52 sediment trap experiments worldwide. Low slope of opal vs POC flux suggest that in the EMS opal is more effective than carbonates at facilitating the POC flux.
Plankton and microbial community structure in the upper ocean also play a significant role in the export and transfer efficiency of carbon to the ocean interior (Herndl et al., 2008; Guidi et al., 2009; Henson et al., 2012). The main functional groups of phytoplankton contributing to export production through direct sedimentation are nitrogen fixers (e.g., diazotrophic cyanobacteria), silicifiers (e.g., diatoms), calcifiers (e.g., coccolithophores) and other marine plankton (e.g., dinoflagellates) (Agusti et al., 2015; Le Moigne et al., 2015; Turner, 2015; Basu et al., 2018). Generally, in the EMS there is a predominance of dinoflagellates and coccolithophores over diatoms (Malinverno et al., 2003; Ignatiades et al., 2009; Skampa et al., 2020 and references therein), except for the Rhodes gyre area under strong upwelling conditions where diatoms can be dominant (Siokou-Frangou et al., 1999). Therefore, the more stable POC/CaCO3 ratio compared to the POC/opal ratio (Table 1) can be associated with the phytoplankton community dynamics and morphological and ecological differences between diatoms and coccolithophorids (De La Rocha and Passow, 2007). Moreover, the relatively high fluxes and POC-normalized concentrations of cholesterol (C27Δ5) indicate that secondary production has a critical role exporting POC to the deep EMS.
Phytoplankton growth rate, and availability of CO2, light and nutrients affect isotopic fractionation and thus the δ13C of POC (Rau et al., 1992; Burkhardt et al., 1999). Winter and spring are the only two seasons when sinking particles reaching the deep Ierapetra Basin show a significant positive correlation (spring: r = 0.98, p < 0.0001; winter: r = 0.90, p = 0.003) with sinking POC flux and δ13C values (Figure 11). Because primary production affects the CO2 concentration near the producers, there is a positive correlation between δ13C of the phytoplankton and primary production, and consequently, also with sinking POC fluxes (Deuser et al., 1968; Rau et al., 1992). This suggests that during summer and fall, either CO2 was not depleted enough to cause detectable enrichment of 13C, or δ13C values were shaped by other processes than primary production. Factors contributing to the decline in δ13C of POC values can be microbial activity (Lehmann et al., 2002) and inputs from the overlying surface waters of terrestrial or anthropogenic POC. δ13C values in marine algae from low-to mid-latitude temperate seas vary from -18‰ to -22‰ (Goericke and Fry, 1994; Meyers, 1994; Harmelin-Vivien et al., 2008), whereas most terrestrial POC inputs from C3 plants are -25‰ to -28‰ (Hedges et al., 1997) and POC from crude oil and petroleum products has values between −28.5 and −28.9‰ (Rumolo et al., 2011, and references therein). Therefore, a significant incorporation of terrestrial and anthropogenic POC may be a cause of the more depleted δ13C values in the summer and fall samples. The δ13C of the sinking particles was significantly lighter (average isotopic change -1.9‰) than those of surface sediments (Figure 11). This isotopic change indicates isotopic discrimination during sinking processes and potential incorporation of allochthonous material from the deep EMS. The isotopic fractionation between sinking particles from the deep ocean and surface sediments has been previously reported (e.g., Fischer and Wefer, 1996; Nakanishi and Minagawa, 2003 and references therein), but this is the first study to document it for the EMS.
The deviation of the TN/POC ratios of the sinking particles from the classical Redfield ratio (Redfield et al., 1963), further indicates POC degradation processes of marine labile compounds during transport from surface waters to the deep Ierapetra Basin (Figure 11A). The overall higher TN/POC ratios from the sinking particles vs the seafloor sediments (Figure 11) further reflect the preferential degradation of labile nitrogen-enriched organic matter and the re-working of marine algal organic matter by zooplankton and benthic invertebrates during transport and deposition (Gogou and Stephanou, 2004; Lampadariou et al., 2009). Additionally, by comparing the lipid biomarker composition of sinking particles vs surface sediments, we can provide insight about the pre-depositional processing of the organic matter affecting the POC content and quality in the deep EMS before it gets buried. POC-normalized concentrations of phytoplankton- (∑Phyto) vs land-derived (∑Ter) lipid biomarkers of sinking particles compared with surface sediments (Figure 8) show that sinking particles are an order of magnitude more enriched in phytoplankton-derived POC, indicating the higher preservation efficiency of terrestrial vs marine POC (e.g., Hoefs et al., 2002; Burdige, 2007; Blair and Aller, 2012).
The weak negative correlation between molar TN/POC ratios and δ13C values of the sinking particles (Figures 4 and 11b) indicates that the POC composition of the sinking particles was rather a mixture of marine (high TN/OC and δ13C) and terrestrial (low TN/OC and δ13C) particulate organic matter, but may also suggest significant contribution of other sources (e.g., anthropogenic POC). Indeed, the profile of AHs is indicative of the contribution of anthropogenic POC in the considered samples. Specifically, the CPINA values of long-chain n-alkanes ranging from 1.10 to 4.73 (Figure 7d), being, <2 in 61% of the cases, are indicative of a mixture of long straight-chain aliphatic compounds from both fossil (unburned fossil fuels) and land-derived (higher plant waxes) sources (Wang et al., 1999). Moreover, the presence of a UCM in all cases is indicative of anthropogenic POC deriving from degraded petroleum hydrocarbons and/or apolar products deriving from combustion processes (Wang et al., 1999). The entire EMS is a marine setting under intense anthropogenic pressure receiving substantial amounts of petroleum hydrocarbons through direct discharges from merchant shipping and oil transportation, mainly along shipping routes (Gogou et al., 2000; Parinos et al., 2013a; Parinos and Gogou, 2016; Hatzianestis et al., 2020). Furthermore, UCM hydrocarbons can also be derived from combustion processes, such as grass/wood/coal combustion and/or the incomplete combustion of fossil fuels, and are found in atmospheric aerosols collected from marine and urban areas of the EMS constituting a major source of combustion-related AHs through long-range atmospheric transport and subsequent dry/wet deposition (e.g., Tsapakis et al., 2006; Theodosi et al., 2013; Gogou et al., 1998 and references therein).
The strong positive correlation of UCM vs. POC fluxes (Figure 4A) is in agreement with the widely documented fact that the biogeochemical cycling of anthropogenic hydrocarbons in marine systems is largely controlled by the biological pump and physico-chemical properties of individual compounds (Farrington and Takada, 2014, and references therein). Fossil hydrocarbons introduced into surface waters via the direct release of petroleum products by ships are more available to the dissolved phase, and are efficiently scavenged by organic rich particles (e.g., phytoplankton and fecal pellets), resulting in their sinking in open seas. Direct and indirect evidence of biodegradation has been shown as an important factor affecting their abundance during their downward transport in the water column. On the other hand, hydrocarbons derived from combustion sources, which are mainly introduced into surface EMS waters through long-range atmospheric transport and subsequent dry/wet deposition, are strongly associated to fine combustion particles that protect them from degradation during their transport through the water column. Sorption of combustion particles onto biogenic aggregates has been highlighted as the important mechanism regulating their cycling in marine systems (Deyme et al., 2011; Parinos et al., 2013b; Theodosi et al., 2013 and references therein)
Seasonal Export Pulses to the Deep Eastern Mediterranean Sea
Export during summer periods in the deep Ierapetra Basin was approximately four-fold greater than the export in wintertime, fall and springtime (except for the episodic event in spring 2012). In summer, the highest relative contribution of lithogenic to the TMF and relatively high POC fluxes coincided with the lowest NPP and high atmospheric dry deposition (Figures 2 and 3). It is well-documented that in the Levantine Basin the lowest Chl a and primary production levels and the highest transparency are found during the thermally stratified summer period (Gotsis-Skretas et al., 1999; Bosc, 2004; Ignatiades et al., 2009). Our results indicate that the export efficiency is relatively high during summer in the Levantine Basin (below Figure 3C). This rather high export efficiency in summertime has been previously reported in a wide range of open oceanic regions (Buesseler, 1998; Henson et al., 2012; Karl et al., 2012; Puigcorbé et al., 2015; Smith et al., 2018), and highlighted by biogeochemical models (Henson et al., 2015). The export efficiency can be highly variable depending on the degree of (de-)coupling between phytoplankton community structure (Buesseler, 1998; Francois et al., 2002), and upper ocean remineralization by zooplankton (Steinberg et al., 2002; Dagg et al., 2014; Cavan et al., 2015) and bacteria (Buchan et al., 2014; Belcher et al., 2016; Le Moigne et al., 2016; Henson et al., 2019). Sinking velocities in the EMS have been estimated to be 100–200 m d−1, and are accelerated by pulses of primary production and grazing and by Saharan dust events that fertilize the upper ocean (Patara et al., 2009)
The fact that the relatively high POC fluxes in summer were enriched with land-derived natural AHs (higher plant waxes) as inferred from both ∑TerNA and ∑TerN-OH concentrations and elevated CPINA ratio values), anthropogenic AHs (UCM) (relatively high PC1 and PC2 scores), but also from phytoplankton- and zooplankton-derived lipids suggests that POC export to the deep EMS in summer is controlled by the interactions between the biological pump and different types of ballast minerals (dust/-induced POC export by fertilization and aggregation/adsorption processes) (Marañón et al., 2010; Bressac et al., 2014; van der Jagt et al., 2018).
Moreover, the relatively high fluxes of brassicasterol, dinosterol and C30 diols&keto-ols, and low POC-normalized concentrations of these phytoplankton-derived lipids coupled with high cholesterol fluxes and relatively high POC-normalized concentration of cholesterol (Figure 6), suggest that zooplankton has a significant role in the particle flux and POC degradation in summertime through grazing and repackaging in fecal pellets. This is consistent with previous studies that have reported relatively high export efficiencies during summer, when grazing is able to keep pace with NPP so that the POC flux via fecal pellets increases (Henson et al., 2015). Summertime nutrient limitation in the EMS leads to lower biological production and a plankton community structure dominated by small pico-autotrophic cells (<3 μm) (Psarra et al., 2000; Meador et al., 2010; Siokou-Frangou et al., 2010; Varkitzi et al., 2020). Raveh et al. (2015), revealed that autotrophic cyanobacteria such as Synechococcus and Prochlorococcus generally dominate the phytoplankton biomass during summer in the eastern Levantine Basin, and are also the main contributors to primary production. Small phytoplankton cells have a higher surface area-to-volume ratio, nutrient assimilation efficiency, photosynthetic activity, faster division rates and lower sinking rates than larger phytoplankton (Raven, 1998; Finkel et al., 2010). Therefore, picoautotroph-dominated communities during summer in the EMS may represent food webs with a high degree of aggregate repackaging with potential for accelerated sinking (Buesseler and Boyd, 2009; Bach et al., 2016).
The strong positive correlation of POC-normalized concentrations of ∑Ter vs. ∑Phyto of summer sinking particles (Figure 8), but also fluxes of UCM vs. ∑TerNA, ∑TerN-OH and ∑Phyto (Figure 4, Supplementary Figure S2), suggest that coupled with the plankton dynamics, the mineral ballast plays an important role in the export of natural and anthropogenic POC to the deep EMS during summer. For the EMS the periods of increased atmospheric dust are in spring and early summer, followed by autumn, and the dust sources are from the coasts of Africa, Arabian Peninsula and Red Sea (Moulin et al., 1998; Israelevich et al., 2012). Strict dry deposition is a highly effective mechanism of dust deposition in the Mediterranean Sea, and in summer it can contribute up to 93% to the total dust deposition due to the reduction or even absence of wet deposition (Kubilay et al., 2000). The highest summertime atmospheric deposition values were recorded in 2011. During this period, high aerosol dry deposition was recorded, associated with air masses from the south, carrying significant amounts of desert dust, and also air masses marked by local influence (Supplementary Figure S3).
In winter-spring (November to May) Chl a concentration increased (Figure 2B) but compared to summer, POC fluxes to the deep Ierapetra Basin were relatively low (Figure 3B), with exceptions, such as spring of 2012 (see discussion below in section “Extreme Episodic Event in Spring 2012: Coupling of Atmospheric Conditions Funneled Labile and Recalcitrant POC to the Deep EMS”). The low export efficiency can be explained by the tight coupling between primary producers and their grazers in the upper ocean layers (Henson et al., 2019 and references therein). The highest fluxes and POC-normalized concentrations of alkenones, and relatively high POC-normalized concentrations of brassicasterol, coupled with relatively enriched δ13C values, in early spring sinking particles (March/April) (relatively high PC3 factor scores) (Figure 9), suggest that this tight coupling is broken intermittently during the onset of the spring bloom, allowing a small export pulse of labile phytoplankton-derived POC to the deep sea. Spring (excluding episodic event 2012) is the only season were we found positive trend of UCM vs. ∑Phyto fluxes (r = 0.60, p = 0.15), but also significant positive correlations of UCM fluxes and POC-normalized values vs atmospheric dry deposition (r = 0.73 p = 0.06, r = 0.67 p = 0.10, respectively). This suggests that long-range atmospheric transport of combustion emissions is the major source of these compounds, with subsequent sorption of the fine combustion particles onto biogenic aggregates likely regulating their sinking to the deep Ierapetra Basin. A clear coupling of this process is observed in spring of 2013 (March to May), which had relatively high ∑Phyto and UCM concentrations, and was a period with relatively high atmospheric deposition, with air masses arriving at Finokalia enriched in material from land, affected by both south and north continental areas surrounding the Mediterranean Sea (Supplementary Figure S4).
Fall and winter had the lowest particle and POC fluxes. These low fluxes could be explained by the microbial communities in the mesopelagic zone reducing sinking velocity of particles during this period and thus low export to the deep Ierapetra Basin (Sempéré et al., 2000; Herndl and Reinthaler, 2013). This hypothesis of POC reworking by microbial communities is supported by the very low POC-normalized concentrations of labile phytoplankton-derived lipids (i.e., brassicasterol and dinosterol), and cholesterol (lowest PC3 factor scores) (Figure 9). Fall is the only season where we observed an apparent relationship between NPP and export efficiency (Figure 10). This could imply that NPP become decoupled from the processes acting to remineralize POC in the upper ocean during fall periods.
[image: Figure 10]FIGURE 10 | Net primary productivity (NPP) plotted against export efficiency (POC flux/NPP). Horizontal dashed lines indicate threshold for export efficiency regimes: high export efficiency is defined as >0.2 (eightieth percentile of data), low export efficiency is <0.02 (twentieth percentile), and moderate export efficiency lies between. Significative regression lines are shown for summer (Export efficiency = 0.00006NPP–0.0082, r = 0.824, p < 0.05), and fall (Export efficiency = −0.00001NPP+0.0043, r = 0.661, p = 0.053).
Additionally, during fall period, it is particularly noteworthy to highlight September 2011, which had high total atmospheric deposition (Figure 2A). Air masses had significant continental and regional influence, coming from the northeast and east (sweeping the Balkans and Turkey), but also from the west (African continent) (Supplementary Figure S5). Therefore, during this period atmospheric deposition provided terrestrial material enriched in soil dust and vegetation, as imprinted in elevated land-derived terrestrial lipids (∑TerNA and ∑TerN-OH) POC-normalized concentrations and CPINA values (Figure 7). Interestingly, the highest POC-normalized concentrations of UCM (but also ∑TerNA, ∑TerN-OH and β-sitosterol) are recorded during late fall and winter periods. This could be attributed to the fact that fall/winter periods have the highest atmospheric wet deposition, especially in February 2011 (Figure 2A). During this month, air masses were significantly influenced by land, both coming from the Atlantic close-by the northwest Africa and reaching the EMS after having swept Central and Eastern Europe, and also directly coming from the African continent (Supplementary Figure S6). Atmospheric scavenging by rain drops of hydrocarbons emitted from anthropogenic (mainly air masses originating from the NW/N/NE sector) and terrestrial sources (from the SW/S sector), and subsequent efficient sorption of these hydrocarbons on organic-rich particles is likely the main mechanism driving their cycling during this period.
Extreme Episodic Event in Spring 2012: Coupling of Atmospheric Conditions Funneled Labile and Recalcitrant POC to the Deep EMS
In spring 2012, TMF and POC fluxes were one and two orders of magnitude, respectively, higher than in other spring periods over the study period (Figure 3C). As highlighted by Pedrosa-Pàmies et al. (2016), winter and spring of 2012 were characterized by exceptional atmospheric conditions. During winter 2011–12, particularly strong cold and dry northerly winds triggered intense convection not only in the EMS but also in the NW Mediterranean Sea (Durrieu de Madron et al., 2013; Palanques and Puig, 2018), and in the Adriatic Sea (Bensi et al., 2013; Janeković et al., 2014). The intense convection in winter 2012 caused an upwelling of relatively nutrient-rich cold water masses into the euphotic zone, triggering an exceptional phytoplankton bloom on March 2012 (Figure 2B). As emphasized by Pedrosa-Pàmies et al. (2016), the exceptional phytoplankton bloom was most probably stimulated by the arrival of Si and Fe from airborne Etna volcano ash during March-April 2012. Volcanic eruptions have the potential to cause regional or even global-scale nutrient (mainly Fe)-fertilization (Olgun et al., 2013; Browning et al., 2015; Weinbauer et al., 2017).
Mount Etna experienced high paroxysmal volcanic activity from January 2011 to April 2012 (Scollo et al., 2014; Giacomoni et al., 2018). In February 2012, the air masses that arrived at Finokalia station from the west had passed over south Italy/Sicily, thus collecting pollutants emitted from Etna (Supplementary Figure S7). Similarly, during March air masses remained of west sector and were influenced by volcanic activities in the Etna region together with marine emissions from the Mediterranean Sea, but also from land emissions over Africa (first part of the month) and Central Europe and long-range transport (second part of the month) (Supplementary Figure S8). Therefore, atmospheric deposition during this month integrates all potential sources surrounding the East Mediterranean, including Etna’s emissions, except the East sector source (sources in the Middle-East).
In spring 2012 there was the highest export efficiency of the study period (Figure 3C), indicating that there was a decoupling between primary producers and the grazing population, allowing a strong episodic export pulse to reach the deep Ierapetra Basin (highest PC1, PC2 and PC3 factor scores) (Figure 9). The results of this study highlights that POC fluxes during this reported extreme episodic event were enriched in natural and anthropogenic, marine- and land-derived, lipid biomarkers (as inferred from UCM fluxes and CPINA ratio values ∼1) (Figure 7). In April 2012, the POC exported during this event shows the highest δ13C values (−21.33‰) over the study period, suggesting a high contribution of POC derived from marine relatively to land-derived natural sources (Goericke and Fry, 1994; Harmelin-Vivien et al., 2008). It is particularly noteworthy that surface sediment samples collected in the deep Ierapetra Basin (i.e., BF1MC22, Ier01 and Red 11) showed similar δ13C and TN/POC ratio as sinking particles from the episodic event of spring 2012 (Figure 11B), suggesting that pulses of sinking particles during extreme episodic events can have a major role in modulating the seafloor POC composition in the deep Ierapetra Basin.
[image: Figure 11]FIGURE 11 | (A) Plot of the weight percent content of nitrogen (TN) vs. particulate organic carbon (POC) in settling particles, and surface sediments samples from Pedrosa-Pàmies et al. (2015). The linear fit of the data is shown (solid line) along with the Redfield ratio N16/C106 associated with the fresh marine phytoplankton (0.17 wt/wt, dashed line), (B) Plot of molar TN/OC ratios vs. δ13C, in the sediment trap and surface sediment samples. The compositional ranges of end members of organic matter sources (boxes) are derived from previously published studies (Meyers, 1994; Goñi and Hedges, 1995; Hedges et al., 1997; Harmelin-Vivien et al., 2008; Sanchez-Vidal et al., 2013). Symbol shapes correspond to season and colors correspond to sampling year.
During the same month, the highest fluxes of brassicasterol of the study period and the highest opal fluxes, indicate the enhanced sedimentation of relatively fresh diatoms reaching bathypelagic depths. Although dinosterol, C30diol and alkenones fluxes also had their maxima in April 2012, the high mole ratios of opal/CaCO3 and POC/CaCO3 in the sinking particles (Table 2) suggest that the upwelling event preferentially exported siliceous plankton relative to calcareous plankton (although the calcareous plankton benefitted too). This conclusion agrees with the phytoplankton community dynamics of the Rhodes’ Gyre, where high abundances of large diatoms have been found under extreme meteorological conditions resulting in nutrient enrichment (Siokou-Frangou et al., 1999; Siokou-Frangou et al., 2010). In upwelling regions, the phytoplankton communities are often dominated by large diatoms (Malviya et al., 2016).
Supportive to the above, is that the settling particles collected during this period were embedded in a mucilaginous matrix with a high abundance of ash spherules and highly diverse, well-preserved, medium-sized (5–300 μm) long-chain- forming centric diatoms such as Chaetoceros spp., Thalassiosira spp., and Rhizosolenia spp (Figure 12). This mucilaginous matrix could be attributed to the production of transparent exopolymer particles (TEP) from diatom exudates rich in acidic polysaccharides (Gogou and Repeta, 2010). TEP increase the collision rates between particles, mostly in the form of large, rapidly sinking aggregates, playing an important role in carbon cycling in pelagic/oceanic ecosystems in general (Passow, 2002b and references therein) and the oligotrophic EMS in particular (Bar-Zeev et al., 2011; Parinos et al., 2017; Ortega-Retuerta et al., 2019). Diatoms have been reported to produce large amounts of TEP precursors or TEP directly via sloughing and lysis of senescent colonies under exponentially growing conditions (Passow, 2002a), such as in April of 2012, which are likely to have enhanced post-bloom flocculation and massive sinking of particulate matter in the study area. The ash particles, which typically have a density of twice that of seawater, could have also played an important role for rapid settling of biogenic particles (Passow and De La Rocha, 2006).
[image: Figure 12]FIGURE 12 | Composite of (A) sample lab processing photo and (B-l) scanning electron microscopy (SEM) micrographs of sinking particles collected in April 2012 (REDII-11) in the deep Ierapetra Basin. Images reveal the abundant presence of well-preserved diatoms (B–E, e.g., Chaetoceros spp. and Thalassioria spp.), and coccolithophores (F) as well as ash microspherules (G–L). Mag: Magnification (see more details in Pedrosa-Pàmies et al., 2016).
Furthermore, the exceptional diatom-dominated bloom fueled higher trophic levels, which further enhanced POC export. The covariation of the heterotrophic activity with the labile phytodetritus flux, producing a pulse of zooplankton-derived POC to the deep waters, is evidenced by the increase of cholesterol fluxes in April and May 2012 (3.20 and 7.23 μg m−2 d−1, respectively) (Figure 6A). In the oligotrophic Sargasso Sea (N Atlantic), a similar ecosystem response has been observed as a result of the impact of mesoscale ocean features (fronts and eddies) (Conte et al., 1998, 2003) and extreme weather events (Pedrosa-Pàmies et al., 2019), locally enhancing vertical advection and stimulating production and sinking export of labile marine carbon to the deep ocean (e.g., increased cholesterol fluxes of 4.95 μg m−2 d−1 at 3,200 m depth after a hurricane passage).
Sinking particles during this event were relatively depleted in land-derived natural POC and anthropogenic compounds due to dilution from biogenic material. Nevertheless, in April 2012, the highest fluxes of ∑TerNA and ∑TerN-OH, a decrease of CPINA and an increase in UCM fluxes (Figure 7) indicate that there was an efficient transfer of anthropogenic and higher plant wax-derived hydrocarbons to the deep Ierapetra Basin.
CONCLUSION
In the Ierapetra basin, particle flux data have been examined in combination with atmospheric and oceanographic parameters and main mass flux components (lithogenic, calcium carbonate, opal and organic matter), stable isotopes of POC (δ13C) and source-specific lipid biomarkers, aiming to improve the current understanding of the dynamics of particle fluxes and the impact of external forcing on the deep Eastern Mediterranean Sea. This study highlights that both seasonal and episodic pulses are crucial for POC export to the deep Ierapetra Basin, and likely most of the deep EMS. Overall, summer particle export to the deep EMS fuels more efficient carbon sequestration than during the other seasons. Our results also show that the combination of extreme weather events and aerosol deposition can trigger an influx of marine organic matter to the deep EMS. This influx is a critical factor determining food supply for deep ocean ecosystems, but also induces an increased influx of anthropogenic organic carbon to the deep EMS. Therefore, this study underscores the importance of accounting both seasonal and episodic pulses of POC to the deep sea when modeling the sequestration of natural and anthropogenic POC, and for a better understanding of the global carbon cycle. Finally, the comparison of biogeochemical parameters of the sinking particles flux data with previously reported surface sediments from the deep-sea in the study area revealed an isotopic discrimination, as also as a preferential degradation of labile organic matter during deposition and burial, along with higher preservation of land-derived POC in the underlying sediments. This line of research provides key knowledge to better understand the export, fate and preservation vs. degradation of marine and land-derived organic carbon and for modeling the organic carbon burial rates in the Mediterranean Sea.
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Physical and biogeochemical processes in the Southern Ocean are fundamental for modulating global climate. In this context, a process-based understanding of how Antarctic diatoms control primary production and carbon export, and hence global-ocean carbon sequestration, has been identified as a scientific priority. Here we use novel sediment trap observations in combination with a data-assimilative ocean biogeochemistry model (ECCO-Darwin) to understand how environmental conditions trigger diatom ecology in the iron-fertilized southern Scotia Sea. We unravel the role of diatoms assemblage in controlling the biogeochemistry of sinking material escaping from the euphotic zone, and discuss the link between changes in upper-ocean environmental conditions and the composition of settling material exported from the surface to 1,000 m depth from March 2012 to January 2013. The combined analysis of in situ observations and model simulation suggests that an anomalous sea-ice episode in early summer 2012–2013 favored (via restratification due to sea-ice melt) an early massive bloom of Corethron pennatum that rapidly sank to depth. This event drove high biogenic silicon to organic carbon export ratios, while modulating the carbon and nitrogen isotopic signals of sinking organic matter reaching the deep ocean. Our findings highlight the role of diatom ecology in modulating silicon vs. carbon sequestration efficiency, a critical factor for determining the stoichiometric relationship of limiting nutrients in the Southern Ocean.
Keywords: diatoms, sea ice, marginal ice zone, carbon export, biogenic silicon, scotia sea, southern ocean, corethron pennatum
INTRODUCTION
The Southern Ocean (SO) is one of the most productive regions in the global ocean, and through its connection with all other basins, has sparked intense debate of how this remote region modulates global climate (Falkowski et al., 1998; Sarmiento et al., 2004). In this context, phytoplankton are of utmost importance due to their critical role in ocean carbon sequestration. These tiny organisms are fundamental for modulating climate change through their capacity to consume and export atmospheric carbon dioxide (CO2) to bottom sediments (Smetacek et al., 2012; Boyd et al., 2016; Tréguer et al., 2017). Furthermore, phytoplankton in the SO may influence productivity at global scales by modifying the stoichiometric relationships of SO nutrients that are transported to distant regions around the global ocean (Pondaven et al., 2000; Ragueneau et al., 2000; Brzezinski et al., 2002; Matsumoto and SarmientoBrzezinski, 2002).
While the phytoplankton community varies between different SO biogeochemical provinces, there is clear consensus that diatoms, which are unicellular organisms with silica skeletons, are the dominant phytoplankton group during elevated primary productivity events (Bathmann et al., 1997; Arrigo et al., 1999; Landry et al., 2002). In the remote SO, where macronutrients remain high, dissolved iron (dFe) content in combination with light availability acts as the limiting factor for diatom growth (Martin et al., 1990; Buma et al., 1991; Boyd et al., 2007). Furthermore, dFe variability can also shift diatoms community structure, through the promotion of different physiological and survival strategies (Hutchins and Bruland, 1998; Takeda, 1998; Marchetti and Cassar, 2009; Quéguiner, 2013). The largest ecological manipulation experiment to date in the SO revealed that Fe addition promoted thin-shelled small diatoms, while Fe-limited conditions led to the dominance of heavily-silicified diatoms (Assmy et al., 2013). While the results from this groundbreaking experiment provide invaluable information linking diatom ecology to SO biogeochemistry, other critical aspects, such as how other environmental factors (e.g., irradiance, temperature, and water column stability) control the diatom species succession remain poorly understood (Boyd, 2013).
Due to their high sinking rates, diatoms have the capacity to transfer organic carbon (OC) and biogenic silicon (bioSi) from the productive surface layer to the deep ocean. As a result, diatoms are widely identified as the most relevant phytoplankton group for unraveling SO organic carbon cycling (Bathmann et al., 1991; Smetacek et al., 2012; Krause and Lomas, 2020). To fully understand diatom-driven export, and hence how carbon and silicon are sequestered, it is also critical to consider diatom ecological traits. These traits respond to favorable growth conditions, determine the survival of one species vs. another, and consequently impacts settling velocity. While sinking, the intact survival of diatom frustules depends on the resistance of their siliceous skeletons to dissolution and the impact of remineralization processes on their cell’s organic content. These two aspects, along with the capability of diatoms to avoid grazing by pelagic zooplankton, must be considered for a complete understanding of which diatom species reach the seafloor and impact sediment composition. In this context, studies based on sediment trap data are especially important, since they represent the missing link between processes occurring at the ocean surface and the seafloor. Despite sparse sediment trap observations in the SO, previous in-situ studies have been fundamental for understanding the role of seasonal diatom assemblages in determining the transfer efficiency of biogenic matter escaping the epipelagic domain (Fischer et al., 2002; Pilskaln et al., 2004; Salter et al., 2007; Ichinomiya et al., 2008; Salter et al., 2012; Grigorov et al., 2014; Rembauville et al., 2015; Rigual-Hernández et al., 2015, 2016; Rigual-Hernandez et al., 2019). However, only few studies discuss variability in export rates by considering environmental factors to regulate seasonal diatom production in the upper water column (Salter et al., 2012; Rigual-Hernández et al., 2015, 2019; Rembauville et al., 2018).
In the South Atlantic sector of the SO, naturally Fe-enriched shelf waters from the Antarctic Peninsula meet the southern boundary of the Antarctic Circumpolar Current (Figure 1) (Orsi et al., 1995; Dulaiova et al., 2009; DeJong et al., 2012; Jiang et al., 2019; Sanchez et al., 2019). This leads to relatively high rates of primary production compared to other SO biogeochemical regions (de Baar et al., 1995; Holm-Hansen et al., 2004; Ardelan et al., 2010). Despite their importance in terms of quantifying productivity, previous particle flux studies in this region are scarce and are based on free-drifting traps deployed for short time periods (Bodungen et al., 1986; Gersonde and Wefer, 1987; Abelmann and Gersonde, 1991; Leventer, 1991), which limits our understanding of carbon and silicon sequestration on seasonal and longer timescales.
[image: Figure 1]FIGURE 1 | Map of the study region depicting bathymetry, main oceanographic fronts and the sediment trap location (yellow star). ECCO-Darwin dissolved iron concentration (dFe, in color) for the month of December 2012 at 150 m depth shows the supply of dFe from the tip of the Antarctic Peninsula. Antarctic Circumpolar fronts (Orsi et al., 1995) are shown in gray (SAF: Sub-Antarctic front; PF: Polar Front; SACCF: Southern Antarctic Circumpolar Current Front; Bdy: Southern boundary of the Antarctic Circumpolar Current); the Antarctic Slope Front (ASF) is shown in light green; and the outer limit of the Weddell Gyre is indicated with a dashed black line. The zonal band between the southern boundary (Bdy) of the ACC and the northern limit of the Weddell Gyre is known as the Weddell Scotia Confluence (WSC; Patterson and Sievers, 1980). Isobaths are shown as black contours (500 m, thick line; every 1,000 m, thin lines).
The primary goal of this study is to determine the role of diatoms in driving the export of OC and bioSi to depth in the Fe-fertilized southern Scotia Sea by analyzing sinking diatom assemblage, along with isotopic and major element composition of settling particles. These data provide unprecedented detail on: 1) how diatom survival strategies regulate the biogeochemical signature of exported particles and 2) how diatom floristics respond to changing environmental conditions. Our work fills a critical gap in understanding the role of diatom ecology in the SO carbon cycle, while providing novel information on the use of fossil diatom assemblages as a proxy for past primary production. Ultimately, our results provide new insight on the role of diatoms in the biogeochemistry cycle of SO waters.
DATA AND METHODS
Study Region
The study site is located in the Weddell-Scotia Confluence (WSC, Figure 1), a weakly-stratified region with sub-surface temperature and salinity that is lower than waters located to the north and the south (Patterson and Sievers, 1980; Orsi et al., 1993; Whitworth et al., 1994). Relatively warm sub-surface waters in the north (Circumpolar Deep Water, in the Scotia Sea) and the south (Warm Deep Water, in the Weddell Sea) mark the meridional extension of the Confluence Zone. The currents associated with these water masses (the Antarctic Circumpolar Current and the Weddell Gyre) confer a general eastward zonal flow on both limits. The weak stratification of the WSC is caused by strong lateral mixing along isopycnals (Whitworth et al., 1994), and enhanced diapycnal mixing near the bottom (Naveira-Garabato et al., 2002). Rectified tidal flows are responsible for sustaining the Antarctic Slope Front (Jacobs, 1991) over the complex double-ridge topography (Heywood et al., 2004; Flexas et al., 2015). Wind forcing controls the surface circulation over the South Scotia Ridge. In particular, wind stress curl over the Weddell Gyre determines the pathway of surface waters exported into the Scotia Sea (Youngs et al., 2015) and thus has a large impact on surface-ocean chlorophyll patterns in this region (Thompson and Youngs, 2013). Sea ice from the continental shelf and slope of the Weddell Sea is advected by local winds, which also control sea-ice concentration trends (Holland and Kwok, 2012) (Supplementary Figure S1).
Sediment Trap Observations
In the framework of a multi-year international program focused on studying the Antarctic Slope Front over the South Scotia Ridge (Palmer et al., 2012; Flexas et al., 2015), an instrumented mooring with a near-bottom sediment trap (1,000 m depth) was deployed from March 2012 toJanuary 2013 at the northern slope of the South Scotia Ridge (60°S, 53°W; 1,130 m isobath) with sampling periods of one month. Representing dates are referred to the middle point of each sampling period that begins the first day of the corresponding month. The sediment trap was a Technicap PPS3 (0.125 m2 collecting area) with a cylindroconical collection funnel and 12 polypropylene collecting cups, which were set to rotate every month. Before the deployment, the cups were cleaned with 0.5 N HCl, rinsed with ultrapure water, and filled with buffered 5% (v/v) formaldehyde solution in 0.45 µm filtered seawater. After recovery, the closed cups were stored in the dark at 2–4°C until they were processed in the laboratory, within a maximum delay of a few weeks. After decantation of the supernatant, particles were wet-sieved through a 1 mm nylon mesh to retain the largest swimmers, while the smaller ones were removed under a dissecting microscope using fine tweezers. The sample was then divided into 6–12 equal wet aliquots for biogeochemical analyses and diatom identification using a rotary splitting method following the methodology described in Heussner et al. (1990).
The total mass was determined gravimetrically on two or three sub-samples. The replicates were filtered onto cellulose acetate membranes (0.45 μm pore size, 47 mm diameter), rinsed with distilled water to remove salts and excess formalin, and dried to constant weight at 40 C during 24 h. One of the aliquots of each sediment trap sample was freeze-dried, ground and homogenized. Assuming that all the inorganic carbon was constituted by calcium carbonate, the organic matter (organic carbon × 2) and the calcium carbonate [(total carbon–organic carbon) × 8.33] were calculated. The lithogenic (terrigenous) fraction was obtained by the difference between the total mass and the sum of the biogenic compounds [organic matter, calcium carbonate and biogenic silicon (bioSi)].
Total and organic carbon (OC) and total nitrogen (TN) contents, and the stable isotope composition of OC and TN, were measured on an elemental analyzer interfaced to an isotope ratio mass spectrometer at the Scientific and Technological Centers of the University of Barcelona. Samples for OC analysis were first treated with HCl 25% to remove inorganic carbon. The results of isotopic analyses are presented in the conventional δ notation, which is defined as δX = [(Rsample/Rstandard)- 1] x 1,000, where X is 13C or 15N and R is the isotopic ratio of 13C/12C or 15N/14N. Isotopic ratios of the samples (Rsample) are expressed relative to those of a standard (Rstandard), the Pee Dee Belemnite for C and atmospheric N2 for N.
BioSi was analyzed using a two-step extraction with 0.5 M Na2CO3 (2.5 h each) separated after filtration of the leachate. Inductive Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) was used to analyze Si and Al contents in the leachates, and a correction of the Si of the first leachate by the Si/Al relation of the second leachate was applied in order to correct for the excess Si dissolved from aluminosilicates and obtain the bioSi concentration (Kamatani and Oku, 2000). Thus, in this paper we provide bioSi (silicon) strictly speaking, not silica (SiO2) neither amorphous hydrated silica (opal, SiO2 0.4H2O) as reported by Mortlock and Froelich (1989). Dissolved elements in the supernatant overlying the trap particulate samples were not measured and thus particulate fluxes have not been corrected for total fluxes.
Diatom counting and identification was performed using a full sediment trap sample aliquot (Abrantes et al., 2005). Each sample was first cleaned of organic matter and carbonate by additions of H2O2 30% and HCl 10%, respectively. Permanent slides of the entire aliquots (2 fractions <63 µm and >63 µm) were prepared using the evaporation n-tray method (Battarbee, 1973) and the Norland optical adhesive (NOA61) as mounting medium. Diatom counting and species identification was performed at 1000 X (×10 eyepieces and ×100 objectives), using a Nikon Eclipse E100 microscope equipped with Differential Interference Contrast. Exactly 100 randomly-selected fields of view were counted in three replicate slides. For each sample, 300 specimens were identified to the species level and raw counts were then converted to percent abundance. Data presented in this work only includes the dominant diatom species, which represent >70% of the total diatom assemblage.
Sea-Ice Concentrations
Sea-ice velocity fields (Supplementary Figure S1) were obtained from Tschudi et al. (2016). Sea-ice concentration data for years 2012 and 2013 were obtained from the 89 GHz channels of the AMSR2 satellite microwave radiometer with a grid resolution of 6.25 km (Spreen et al., 2008, data available from www.seaice.uni-bremen.de). Sea-ice concentration anomalies (Supplementary Figure S2) were calculated as differences relative to the December 1979–2016 mean sea-ice concentration based on SMMR and SSM/I-SSMIS data at 25 km grid resolution (Cavalieri et al., 2016). The same sea-ice data were also used to calculate sea-ice persistence (Supplementary Figure S3) and the sea ice concentration time series in Figure 2A for a 75 × 81 km region surrounding the mooring.
[image: Figure 2]FIGURE 2 | Sea-ice concentration from satellite observations (SSM-I) and environmental variables from ECCO-Darwin at the sediment trap location. (A) Sea-ice concentration, (B) Photosynthethic Active Radiation (PAR, µ Eins m−2 s−1), (C) potential temperature, (D) stratification (-dρ/dz, kg m−4), (E) Chlorophyll a (Chl a, mg m−3), (F) and (G) concentration of dissolved nitrate (NO3, mmol m−3) and dissolved iron (dFe, mmol m−3), respectively. Photic layer depth is shown as gray circles in panels (B) and (E).
ECCO-Darwin
The state-of-the-art ECCO-Darwin ocean biogeochemistry model and its performance has been extensively discussed in the literature (Brix et al., 2015; Manizza et al., 2019; Carroll et al., 2020). ECCO-Darwin is based on a global ocean and sea-ice configuration of the Massachusetts Institute of Technology general circulation model (MITgcm) (Marshall et al., 1997). The physical ocean circulation is from the Estimating the Circulation and Climate of the Ocean (ECCO) consortium (Wunsch et al., 2009), which synthesizes the MITgcm with nearly all available ocean observations since the era of satellite altimetry (∼1992), and provides an adjoint-method-based reconstruction of the three-dimensional, time-varying global ocean and sea-ice state. The ECCO circulation estimates are used to drive an online ecosystem model provided by the MIT Darwin Project (Follows et al., 2007; Follows and Dutkiewicz, 2011; Dutkiewicz et al., 2015), which in turn drives and interacts with marine chemistry variables. ECCO-Darwin uses physical fields from the recently released ECCO LLC270 global ocean and sea-ice data synthesis (Zhang et al., 2018); ECCO LLC270 has ∼18 km horizontal grid spacing at high latitudes.
The MIT Darwin Project ecosystem model is used to couple the ECCO physical solution with ocean ecology and carbon chemistry (Brix et al., 2015; Manizza et al., 2019; Carroll et al., 2020). Standard ecological equations and parameters (Dutkiewicz et al., 2019) are employed; the Darwin ecology includes five large-to-small phytoplankton function types (diatoms, other large eukaryotes, Synechococcus, and low- and high-light adapted Prochlorococcus) and two zooplankton types that graze preferentially on either the large eukaryotes or small picoplankton. Biogeochemical tracers (inorganic nutrients, phytoplankton, zooplankton, dissolved organic matter, and detrital particles) are advected and mixed online by the ECCO LLC270 physical fields. The carbon and nitrogen cycle in Darwin is explicitly represented, along with phosphorus, iron, silicon, oxygen, and alkalinity. To provide an estimate of realistic physical and biogeochemical conditions in the water column we use daily model outputs from January 2012 to March 2013, taken at the grid cell closest to the mooring location.
Statistical Analysis
The relationship between the relative abundance of diatom species assemblages and upper-ocean environmental variables obtained from ECCO-Darwin model during the period March 2012 – January 2013 were analyzed using the ordination technique canonical correspondence analysis (CCA) (vegan package, R-project; ter Braak, 1986; Oksanen et al., 2015).
The water-column environmental data used for this exploration is the result of averaging or integrating each value to the photic layer depth after determining the depth where photosynthetic available radiation (PAR) is 1% of its surface value and above a minimum threshold of 1 µ Ein m−2 s−1 (Table 1).
TABLE 1 | Water-column environmental variables obtained from ECCO-Darwin at the mooring location. Daily data were averaged (indicated with *) or integrated within the photic layer depth after determining the depth at which photosynthetic available radiation (PAR) equals 1% of its surface value, and above a minimum threshold of 1 µ Ein m−2 s−1. Data was subsequently averaged over the time interval corresponding to each trap sample (code E1 to E11). PAR: Photosynthethic Active Radiation; MLD, mixed layer depth; Temp, potential temperature; Sal, salinity; Strat, stratification; NO3, nitrate concentration; PO4, phosphate concentration; SiO2, silicate concentration; dFe, total dissolved iron concentration; bioSi/OC, biogenic silicon/organic carbon molar ratio; Chl a, chlorophyll a concentration.
[image: Table 1]Preliminary variable reduction was carried out through hierarchical cluster analysis using euclidean distance, principal component analysis, and correlation matrix plots, which were used to determine the main groups of variables (not shown for brevity). Within each main group, a representative variable was selected, based on the relationship with other variables and on previous scientific knowledge, to avoid issues with collinearity and for variable reduction. Thus, for the final analysis, sampling time (month), temperature (temp), sea-ice concentration (seaice), dissolved iron (dFe), stratification (strat), particulate organic carbon (POC), Photosynthethic Active Radiation (PAR) and chlorophyll a (chl) were considered. The effect of multicollinearity of environmental variables was checked after modeling using variance inflation factors (VIFs) applied to the CCA. For the species matrix, Hellinger distance was used, as recommended for community compositional data (Legendre and Gallagher, 2001). Significant environmental variables were identified via a stepwise procedure, using permutation tests (999 permutations). After the selection of the significant variables, the model was tested a second time through a Monte Carlo global permutation test (999 permutations) to assess the significance of ordination axes, partial terms and global model.
The results of the CCA are presented as an ordination triplot diagram containing the explanatory variables plotted as arrows along with numbers for samples (dates) and diatom species (main groups of diatoms). All statistical analysis was carried out using r-project (ter Braak, 1986; Oksanen et al., 2015).
RESULTS
Environmental Data and Water-Column Characteristics From ECCO-Darwin
We first use ECCO-Darwin, which provides a best-possible estimate of the global-ocean state by assimilating both physical and biogeochemical observation to infer the environmental conditions and the associated seasonal variability at the mooring location during 2012–2013. Larger concentrations of sea ice were observed in June–July 2012 and in December 2012 (Figure 2A), when sea ice was advected into the study region from the Weddell Sea (Supplementary Figure S1). Sea ice is typically present in the area during austral winter but not in summer. In December 2012 the sea-ice edge was located 200–300 km northward from its typical location, causing the study area to be anomalously covered by 30% sea-ice concentration (Supplementary Figure S2). The sea-ice anomaly was such that in over 38 years of satellite data, sea ice was never observed in the area during December (Supplementary Figure S3).
Sea-ice concentration from ECCO-Darwin showed general agreement with satellite observations (Figure 2A). Upper-ocean properties (surface to 150-m depth) extracted from ECCO-Darwin at the mooring location are shown in Figure 2 and Table 1. Relatively high PAR was observed in austral spring and summer months (January – March 2012, and from October 2012 to January 2013; Figure 2B) due to net heat gain from the atmosphere into the ocean. Mean ocean temperatures within the photic layer ranged between −0.1 and 1.8°C and presented maximum values in concordance with high PAR and absence of sea ice (Figures 2A–C and Table 1). The relatively low stratification increased three-fold in January 2013, due to sea-ice melt (Figure 2D). Spring-summer peaks of Chl a between second half of January–March 2012 and January 2013 were associated with dissolved iron and nitrate consumption by model phytoplankton (Figures 2E–G).
Sinking Particulate Material Time Series
Biosiliceous organism fluxes at 1000-m depth ranged between a maximum of 5.6 106 valves m−2d−1 in June 2012 to a minimum of 2.5 106 valves m−2d−1 in September 2012 (Figure 3A). Diatoms dominated the total siliceous microorganisms during all months, whilst silicoflagellates constitute less than 1% (Figure 3A). Diatom fluxes averaged 3.5 106 valves m−2d−1 and showed marked inter-month variability in terms of assemblage. The large-sized diatom Corethron pennatum (Grunow) Ostenfeld (diameter ∼47 μm; pervalvar axis ∼149 µm) (Annett et al., 2010) and Chaetoceros sp. resting spores were dominant during summer (March 2012 and December 2012–January 2013), reaching up to 67% (January 2013) and 25% (March 2012) of the total flux, respectively (Figures 3B, 4A,D). Thalassiosira gracilis (Karsten) Hustedt became more abundant during winter, representing up to 43% of the total diatom flux in June 2012 (Figures 3B, 4C). The diatom assemblage in sinking particles was also explained by the highly silicified Fragilariopsis kerguelensis (O’Meara) Hustedt (whose relative contribution remained relatively constant throughout the year, ∼26%), the sea-ice related species Fragilariopsis curta (Van Heurck) Hustedt and Fragilariopsis cylindrus (Grunow ex Cleve) Helmcke and Krieger (<7% on average), and the large Oodontellaceae diatom Odontella weissflogii (Grunow) Grunow (reached up to 7%) (Figures 3B, 4B,E,F).
[image: Figure 3]FIGURE 3 | Time series for biosiliceous organisms, diatom assemblage and biogeochemical signals of the settling material recovered by a sediment trap at 1,000 m depth in 2012/13. (A) Total biosiliceous (bioSi) organisms. (B) main diatom species abundance. (C) Fluxes of biogenic silicon (bioSi) and organic carbon (OC). (D) OC normalized bioSi molar ratio. (E) Stable isotope ratios of C (δ13OC) and N (δ15N). Shaded areas correspond to periods with relatively high Chl a concentration in the upper photic layer according to ECCO-Darwin model data (see Figure 2E).
[image: Figure 4]FIGURE 4 | Main diatom species found by microscope examination of the sediment trap samples (<63 µm and >63 µm fractions). (A)Corethron pennatum. (B)Fragilariopsis kerguelensis.(C)Thalassiosira gracilis. (D)Chaetoceros sp. resting spores. (E)Fragilariopsis curta. (F)Fragilariopsis cylindrus).
OC and bioSi fluxes varied around averages of 1.53 mmol OC m−2d−1 and 2.86 mmol bioSi m−2d−1, respectively, and showed clear differences between months (Figure 3C and Table 2). OC represented 1–2.3% of the total mass flux, and varied from minimum OC values of 0.76 mmol OC m−2d−1 in August 2012 to maximum values of 2.38 mmol OC m−2d−1 in March 2012. bioSi fluxes were also higher in summer months, especially in December 2012, when bioSi fluxes achieved a maximum of 6.82 bioSi m−2d−1 (Figure 3C and Table 2). Furthermore, the bioSi/OC ratio that varied around a mean of 1.8 showed marked differences during the year, with a maximum of 2.95 in December 2012 (Figure 3D and Table 2). The carbon (δ13C) and nitrogen (δ15N) isotopic signal of sinking particles varied around mean values of −27.52 and 2.24, respectively; these also showed significant differences over the study period, with summer samples characterized by lower values compared to winter samples (Figure 3E and Table 2).
TABLE 2 | Total mass fluxes (TMF), fluxes and concentrations of main components (OC, organic carbon; IC, inorganic carbon; bioSi, biogenic silicon) and lithogenics (litho). The C and N isotope ratios (δ13C and δ15N), and molar bioSi/OC ratio are also presented.
[image: Table 2]Relationships Between Sediment Trap Data and Modeled Environmental Variables
canonical correspondence analysis (CCA; Figure 5) evidenced the importance of both 1) upper-ocean hydrographic conditions and 2) sea-ice concentration, in determining diatom species assemblages collected by the sediment trap. The initial model CCA included: Photosynthethic Active Radiation (PAR), sea-ice concentration (sea ice), temperature, dissolved iron (dFe), stratification, chlorophyll a (chl), and particulate organic carbon (POC). POC was excluded due to VIF results, whereas PAR and Chl a were excluded on the stepwise procedure from the CCA analysis, due to non significance and low contribution to the model. The CCA final model with only four variables (stratification, temperature, sea ice, and dissolved iron content) explained 89% of the total variance in the species assemblage (adjusted R2) (Figure 5). The model was significant (F = 21.064 m p = 0.001), as well as the four environmental terms, with iron being marginally significant (F = 4.38, p = 0.06). The first two axes explained 85 and 5% respectively. Variance inflation factors (VIF) of the four terms were all below two.
[image: Figure 5]FIGURE 5 | RDA triplot results of the final canonical correspondence analysis (CCA) for the most relevant fossil diatom species registered in our sediment trap during the period March 2012-January 2013 (Corethron pennatum: Coreth. sp; Chaetoceros spores: Chaet. Spor.; Fragilariopsis kerguelensis: Fragil. kergu.; Thalassiosira gracilis: Tha. grac; Fragilariopsis curta: Fragil. curta; Fragilariopsis cylindrus: Fragil. cylin; Odontella weisflogii: Odont. weissf), and environmental variables (Seaice: sea ice; Strat: stratification; temp; temperature; dFe: dissolved iron). Numbers from 1 to 12 represent months from January–December. Aut: autumn (purple); Win: winter (orange); Spr: spring (green); Sum: summer (red).
The first canonical axis is primarily associated with temperature and stratification. The analysis discriminates between high/low productivity conditions, along with the species associated with each season. Month 1 (January 2013) is representative of a highly-productive period associated with Corethron pennatum. Months 6 (June 2012), 8 (August 2012), 9 (September 2012), and 10 (October 2012) correspond to periods of low productivity, associated with T. gracillis, F. cylindrus, and F. curta. The second canonical axis reflects sea-ice concentration and shows a separation of species associated with sea-ice in summer (C. pennatum) and winter (T. gracillis, F. cylindrus, and F. curta) from species less impacted by sea ice (Chaetoceros spores and Odontella weissflogii). Note also that the oceanographic variables were associated with the first canonical axis, explaining 85% of the variability in species assemblages, whereas sea ice, associated with the second axis, represents only 5% of the species assemblage variability.
DISCUSSION
Biosiliceous organisms sinking at 1,000 m depth in the South Scotia Ridge -a naturally Fe-enriched region (Fugre 1)-, were primarily represented by diatom valves (Figure 3A). Silicoflagellates contributed only a small fraction (mean of 0.6%), and based on previous studies, radiolarians, another key contributor to biogenic silicon fluxes, appear in minor proportions in our study site (less than 1%) (Gersonde and Wefer, 1987; Abelmann and Gersonde, 1991). Our data thus corroborates that diatoms are the largest contributors of bioSi fluxes in the study area.
The fact that diatom assemblages observed at depth were primarily composed of heavily silicified species with well-preserved valves (Figure 4) highlights the role of silicification in export production, as less-silicified species may be more prone to dissolution in the upper-water column (Annett et al., 2010). We note that other diatom survival strategies such as their huge size (e.g., C. pennatum; Figure 4A) or the formation of chains (e.g., F. kerguelensis;Figure 4B) may also protect diatoms against grazing pressure (Hamm et al., 2003; Smetacek et al., 2004), and thus aiding in their ability to reach deep waters. However, the observation of small fragments during microscopic analysis also suggests the presence of less-silicified species, likely affected by dissolution during vertical export (Abelmann and Gersonde, 1991). In this regard, Nelson and Gordon (1982) estimated that, in the SO, up to 18–58% of biogenic opal might be dissolved in the upper 100 m. This implies that our bioSi content, which does not exceed 14% of the total flux (Table 2), could represent a relatively small fraction of the bioSi in the productive upper water column.
Diatom assemblage in sinking particles appear to have a major role in setting OC and bioSi export rates during our experiment year, with mean fluxes of 1.53 mmol OC m−2d−1 and 2.86 mmol bioSi m−2 d−1 (Figure 3C and Table 2)—these are in the higher range of those reported for the SO at 1000-m depth (Honjo, 2004). Strong evidence that enhanced settling of biogenic compounds occurred in close correlation with primary production in the upper water column is provided by the fact that lithogenic fluxes, as a tracer of the input of continental particles, even representing a significant fraction of the sinking material (Table 2), were not correlated with either OC nor bioSi fluxes (r2 = 0.07 and r2 = 0.05, respectively; Supplementary Figure S4). Instead, sinking OC was closely related to bioSi downward flux (r2 = 0.7; Supplementary Figure S4), suggesting that both biogenic compounds are closely linked to diatom’s production. This finding and the high proportion of well-preserved valves in the samples also suggests that the majority of diatoms recorded at depth sank from the surface, either as solitary cells or as part of fast-sinking fecal pellets and aggregates (i.e., Smetacek, 1985; Manno et al., 2015). In spite of that, OC and bioSi behave differently during their way down to the bottom. The higher bioSi/OC molar ratios in settling material (mean value of 1.8) when compared with those from ECCO-Darwin in the photic layer (average of ∼0.4) (Table 1 and Table 2), point to a preferential export of bioSi relative to OC (DeMaster, 2002; Rembauville et al., 2016). Against this background, Pilskaln et al. (2004) show that the OC exported to 1000-m depth in the SO may represent only 1% of the annual OC production in surface waters, while the preservation efficiency for bioSi is 19%. This means that deep particle fluxes obtained with sediment traps need to be carefully interpreted when attributing OC and bioSi export rates directly to exported particles and diatoms sinking.
Seasonal Succession of Diatoms Assemblage Determining bioSi/OC Variations
OC sinking fluxes down to 1000-m depth were significantly higher during austral summer periods, reflecting the end of the 2012 bloom and the early summer 2012–2013 in agreement with ECCO-Darwin Chl a concentrations (Figures 2E, 3C). The diatom assemblages during these productive periods were principally explained by two bloom-forming diatoms: Chaetoceros spp. (represented by their resting spores) and the giant C. pennatum (Figure 3B). The chain-forming, highly-silicified Fragilariopsis kerguelensis also achieved significant proportions (maximum of 25%) during those intervals. This structure of the diatom’s community corroborates that OC sequestration was characterized by species that build up high biomass under favorable growth conditions (e.g., Chaetoceros and C. pennatum) rather than species whose survival strategy is based on the maintenance of relatively constant stocks throughout the year (F. kerguelensis) (Smetacek et al., 2002; Timmermans et al., 2004; Peloquin and Smith, 2006).
Corethron pennatum fluxes seems to reflect both the end of the 2012 and the early summer 2012–13 blooms (Figures 2E, 3B). Indeed, the high correlation of C. pennatum abundances and δ13OC and δ15N isotopic signals (r2= 0.76 and r2 = 0.77, respectively; Supplementary Figure S4) points to this species exert an important role in determining biogeochemical signature of the sinking organic matter (Figures 3B,E). This is consistent with previous findings that show a lowering δ13C (−30–−32) of settling OC when C. pennatum dominates (Bathmann et al., 1991). Moreover, our data agrees with in-situ observations at Marguerite Bay (West Antarctic Peninsula) that attribute the shift in δ13OC isotopic signals of sinking material to contrasting carbon utilization mechanisms by different diatom species (Henley et al., 2012; Shen et al., 2017).
However, we found some differences in how diatoms community structure regulate bioSi/OC molar ratio during these highly productive periods. In March 2012, despite Corethron pennatum is a relevant species, the comparatively high contribution of dense Chaetoceros spp. resting spores during this month may explain the relatively low bioSi/OC molar ratio (∼1.4) (Figures 3B,D). The reduction in this ratio due to enhanced carbon export by diatom resting spores has been observed in other Fe-rich regions of the SO (Salter et al., 2012; Rembauville et al., 2016). In contrast, during early summer 2012–2013, we found a relatively higher export of bioSi relative to OC (Figure 3D). The relatively low Chl a during December 2012, coinciding with the arrival of sea ice to our study site, suggests that in addition to the onset of the Corethron pennatum bloom (Figures 2A,E, 3B), the high bioSi export occurring during this month might be also explained by advective processes (Abelmann and Gersonde, 1991). The particular increase of the diatom species F. cylindrus, which is associated with coastal regions of Antarctica and consolidated sea ice, would also support this hypothesis (Armand et al., 2005; Lundholm and Hasle, 2008). However, the January 2013 maximum in Chl a in the photic layer, which coincide with the massive bloom of C. pennatum (Figures 2E, 3B,D) indicates that this large diatom has a significant role in favoring the export of bioSi relatively to OC to the deep ocean (bioSi/OC ratio close to two).
Environmental Factors in the Upper Photic Layer Triggering Seasonal Diatom Assemblage
Environmental conditions from ECCO-Darwin show a seasonal productivity pattern in the photic layer with a maximum of Chl a occurring during summer, in agreement with low macronutrients levels reflecting phytoplankton consumption (Figures 2E,F). Modeled Chl a and nutrient concentrations generally agree with field data previously obtained near our study site (Korb et al., 2005; Ardelan et al., 2010). The model also reproduces the consumption of dissolved Fe associated with increased summer productivity in the upper layer (Figure 2G), although the dFe background levels of ∼0.4 nM are typical of non Fe-limited regions (Dulaiova et al., 2009; DeJong et al., 2012; Measures et al., 2013). The Fe-enrichment in this study area is primarily attributed to the arrival of shelf waters from the Antarctic Peninsula (Hatta et al., 2013; Klunder et al., 2014). Additionally, local sea-ice melt -as occurred in January 2013-, is another known source of dissolved Fe in this region (Wang et al., 2014; Lannuzel and Chever, 2016; Monien et al., 2017).
Sinking diatom assemblages, which follow the seasonal trend of environmental variables in the upper photic layer was reflected in the ordination technique canonical correspondence analysis, where we assume that sinking rates are high enough for the particles to sink to 1,000 m depth in less than 30 days (Figure 5). This assumption has been considered in previous SO studies (e.g., Pilskaln et al., 2004; Fisher and Karakaç, 2009; Rigual-Hernandez et al., 2019). Considering this, our analysis shows that, apart from irradiance and dFe, other environmental factors such as water column stratification of the water column need to be considered as triggers of phytoplankton blooms. This means that increased stratification, whether it occurs at the end of summer due to heating of the surface layer (March-April 2012), or it is associated with sea ice melt, as occurred in early summer 2012–2013, plays a key role in promoting C. pennatum blooms (Figures 2D, 3B, 5). Such massive blooms have been previously observed close to our study site (Gersonde and (Wefer, 1987; Fryxell, 1989) as well as in the vicinity of South Georgia Island (Froneman et al., 1995, 1997), and at frontal zones in the Atlantic sector of the SO (Laubscher et al., 1993; Bathmann et al., 1997). Our data suggests that sea ice may trigger an early summer bloom, as recently observed in the Arctic Ocean (Boetius et al., 2013; Clement-Kinney et al., 2020). This may occur via two main processes. First, local melting of sea ice can result in an additional flux of dissolved nutrients (such as Fe) to near-surface waters (Lannuzel and Chever, 2016). This might provide the extra nutrient supply needed to promote blooms and the high ambient Fe concentrations required by the large, slow growing C. pennatum to reach optimal growth rates (Timmermans et al., 2004; Smetacek et al., 2004; Hoffmann et al., 2006). Second, the capacity of C. pennatum to adjust its buoyancy would provide an advantage for exploiting nutrients in stratified waters, allowing for blooms under low-light conditions (as reproduced by ECCO-Darwin; Figure 2B). Though C. pennatum buoyancy adjustment has only been reported by Crawford (1995), this mechanism was observed for other large diatoms (e.g. Rhizosolenia and Proboscia) (Villareal et al., 1993, 1999a, 1999b; Moore and Villareal, 1996; Singler and Villareal, 2005; Kemp et al., 2006). This supports the idea that Corethron might also be adapted to exploit a stratified water column (via sea ice melt) and deep nutrient sources. In this context, Chl a maxima associated with sea-ice melt was attributed to C. pennatum in the Atlantic sector of the SO (Fryxell, 1989), and in the South Georgia region (Whitehouse et al., 2008; Nunes et al., 2019). The blooming of this large diatom, combined with its morphological characteristics (such as the presence of a set of shorted barbed spines that favor entanglement and aggregation, or its large size that allow scape grazing, probably favor larger export into the deep ocean (Smetacek, 1985; Alldredge and Gotschalk, 1989; Smetacek et al., 2004). Increased sinking of C. pennatum half-cell walls may occur due to the fall-down of a sexual reproductive phase event (Crawford, 1995), but the absence of half-cells in the samples prevent us from confirming this hypothesis. Accordingly, this data supports the assumption used by paleoceanographers where C. pennatum creates and rapidly exports substantial biomass under stratified conditions during times of enhanced sea-ice melt (Jordan et al., 1991; Leventer et al., 1993; Sedwick et al., 2001; Leventer et al., 2002; Taylor and Sjunneskog, 2002; Maddison et al., 2012; Alley et al., 2018).
The role of stratification in promoting C. pennatum blooms is also supported by the observed changes in the sinking organic matter total nitrogen (TN) and OC isotopic composition, which are well-established proxies for assimilation of surface-ocean nitrate and dissolved inorganic carbon (DIC) by phytoplankton (Sigman et al., 1999). Exported organic matter shows relatively low δ15N values (1.2–1.6‰) in periods when C. pennatum dominates the diatoms assemblage (Figures 3B,E). These values are significantly lower than the typical summer δ15N values of surface-ocean nitrate (>5‰) (Sigman et al., 2000), suggesting a shift from high δ15N -NO3 to low δ15N -NH4+ as the primary nitrogen source exploitable by these large blooming diatoms. However, this does not agree with the assumption that NH4+-assimilating phytoplankton are typically smaller in size (Berg et al., 2011). Another possibility is that phytoplankton utilize under-ice NH4+ and DIC with low δ13C (because of low ventilation). However, low δ15N and δ13OC were also recorded during sea-ice free conditions in February 2012. Yet, the robust positive correlation of δ13OC and δ15N (r2= 0.74; Supplementary Figure S4) suggests that the mechanism responsible for low δ15N is also decreasing the δ13OC of sinking particles. If assimilation of low 13OC DIC relatively to ambient DIC occurs deeper in the water column, then vertical migration due to buoyancy regulation of C. pennatum would also explain the use of lighter 14N from the nutricline and near-surface waters, triggering lower δ15N in settling particles.
CONCLUSION
Settling material collected by a sediment trap at 1000 m depth in the South Scotia Ridge provides, for the first time, an almost complete annual cycle of diatom abundance and composition in the southern sector of the Scotia Sea. A statistical analysis of in-situ data and realistic ocean biogeochemistry simulation shows that the material collected by the sediment trap reflects changes in upper-ocean environmental conditions. Additionally, sediment trap data provide geochemical evidence that massive C. pennatum blooms occuring in highly-stratified waters thrive during early summer sea-ice melt conditions. Consequently, the sedimentation of these large diatoms enhance silicon removal from SO waters. Our results, together with similar studies that report high bioSi/OC ratios in other Fe-rich SO regions, challenge the conventional view of diatoms growing under Fe-replete conditions as drivers of sinking high OC to bioSi fluxes. We conclude that, along with irradiance and dFe, sea ice concentration (which modulates changes in upper-ocean stratification), needs to be considered when determining which environmental factors trigger specific diatoms blooms, that, in turn, determine carbon sequestration. To our knowledge, this is a novel aspect of diatoms ecology in setting bioSi vs. OC sequestration efficiency—a key controlling factor that regulates the stoichiometric relationship of limiting nutrients for primary production. Ultimately, additional studies that combine water column environmental conditions and surface-to-bottom sediment trap data are required to improve our understanding of diatom dynamics and the coupled physical-biogeochemical processes that regulate export in the Southern Ocean.
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Supplementary Figure 1 | Sea ice velocity fields for the months of November 2012, December 2012 and January 2013 obtained from the NASA National Snow and Ice Data Center Distributed Active Archive Center (Tschudi et al., 2016). Sea ice was strongly advected into the study area during November and December, and the advection stopped in January.
Supplementary Figure 2 | December 2012 sea ice concentration anomaly relative to the reference period 1979–2016. Antarctic Circumpolar Current fronts, after Orsi et al. (1995), are indicated as dashed contours (names labeled). The sediment trap location (60° 24’S; 52° 58’W) is marked by a black star. Gray lines mark parallels and meridians.
Supplementary Figure 3 | Sea ice persistence for the month of December during the 1979–2016 period. Sea-ice persistence gives the frequency of sea ice occurrence (how often sea ice is present) at a given location. Sea ice persistence of 100% means that the area was always covered by sea ice throughout December within the 38-year period 1979–2016; 0% means the opposite: no sea ice was ever present. The mooring location is marked with a star. Sea ice persistence at the mooring location is 2% or 24 days, i.e., 2012 was the only year in which sea ice was observed at that location during the month of December.
Supplementary Figure 4 | Pearson correlation matrix for the sediment trap data. Lithog flux: lithogenic flux (mmol m−2 d−1), OC: organic carbon flux (mmol m−2 d−1) and relative contribution (%), bioSi: biogenic silicon flux (mmol m−2 d−1) and relative contribution (%), biogeochemical variables (d13C= organic carbon isotope ratio; d15N= total nitrogen isotope ratio; bioSi/OC: biogenic silicon/organic carbon molar ratio), and most representative fossil diatoms species (Corethron pennatum: Coreth. sp; Chaetoceros spores: Chaet.Spor.; Fragilariopsis kerguelensis: Fragil.kergu.; Thalassiosira gracilis: Thal.grac; Fragilariopsis curta: Fragil. curta; Fragilariopsis cylindrus: Fragil. cylin; Odontella weisflogii: Odont.weissf) abundances expressed in valves m−2 d−1).
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A rich data set on particulate matter optical properties and parameters (beam attenuation coefficient, volume concentration, particle size and PSD slope), accompanied by measurements of biochemical indices (particulate organic carbon, particulate nitrogen and their stable isotopic composition) was obtained from the surface to deep waters across the Mediterranean Sea, in March-April 2018. A decrease of beam attenuation coefficients, total particle volume concentrations, particulate organic carbon and nitrogen concentrations was noted towards the eastern Mediterranean Sea (EMed) in comparison to the western Mediterranean Sea (WMed). LISST-derived optical properties were significantly correlated with water mass characteristics. Overall, the most turbid water mass identified in the Mediterranean Sea was the Surface Atlantic water (AW), and the most transparent was the Transitional Mediterranean Water (TMW) in the Cretan Sea, whereas a general decrease in particulate matter concentration is observed from the WMed towards the EMed. Relatively depleted δ13C-POC values in the particle pool of the open Mediterranean Sea can be attributed to contribution from terrestrial inputs, mainly via atmospheric deposition. Throughout the entire water column, a significant positive correlation between particle beam attenuation coefficient and particulate organic carbon concentration is observed in the open Mediterranean Sea. Such relationship suggests the predominance of organic particles with biogenic origin. POC concentration and particle median diameter D50 are significantly and negatively correlated both in the WMed and the EMed Sea, confirming that small particles are POC-rich. At depth, a prominent decrease of most measured parameters was observed, with the exception of particle median diameter that increased substantially in the EMed towards the deep sea, suggesting potentially enhanced aggregation processes. The low particle size distribution slope ξ observed in the EMed, corresponding to larger particle populations, supports the above notion. Basin-wide Rayleigh-type isotopic fractionation in vertical profiles of δ15N-PN across the Mediterranean Sea, underlines the differences in the trophic characters of the two sub-basins and highlights the role of circulation changes on biogeochemical parameters and the redistribution of particulate matter as a source of nutrients in the water column.
Keywords: particle dynamics, optical oceanography, LISST-Deep, PSD slope, POC, PN, δ13C-POC, δ15N-PN
INTRODUCTION
The vertical distribution, horizontal distribution, and export at depth of particulate matter (PM) in the world ocean have been the subject of numerous studies over the past decades (Volk and Hoffert, 1985; Honjo et al., 2008; Jeandel et al., 2015). PM is mostly generated in the ocean’s surface layers through primary production and the small fraction that survives remineralization in the upper ocean is exported through physical mixing, aggregation and disaggregation, repackaging and gravitational sinking downwards to the deep sea. During its transit towards the seafloor, most of the particulate organic carbon (POC) particulate nitrogen (PN) and particulate organic phosphorus (POP) is returned to their inorganic forms and redistributed into the water column. This redistribution determines the surface concentration of dissolved CO2 and inorganic nutrients and hence the rate at which the ocean can absorb CO2 from the atmosphere. The ability to quantitatively predict the depth profile of POC remineralization is therefore critical for evaluating the response of the ocean carbon cycle to global change. Processes involved in particle formation, remineralization and transport from the epipelagic to the mesopelagic and bathypelagic ocean are tightly connected to the biochemistry of marine organisms and the biodiversity and health of marine ecosystems.
Optical methods have been used for decades to describe PM behavior in the marine environment, as particle quality, distribution, abundance and size, directly affect light scattering in the ocean, and subsequently regulate the oceans’ optical properties and the water-leaving radiance measured remotely from satellites (Twardowski et al., 2001; Buonassissi and Dierssen, 2010; Karageorgis et al., 2012; Kostadinov et al., 2012; Xi et al., 2014). In particular, particle size distribution quantifies the concentration of particles as a function of particle size, playing a critical role in the determinations of the light scattering and absorption properties of seawater, and thus the penetration of light within the ocean (Runyan et al., 2020). Despite its utility, little is known about the natural variability of the particle size distribution (PSD) due to challenges inherent with its measurement (Buonassissi and Dierssen, 2010). This holds particularly true in the case of deep regional seas, such as the oligotrophic ocean, where very limited particle size data are available to the oceanographic community, mainly due to instrumental limitations, since instruments measuring in-situ particle size at deep waters are so few.
Optical studies in the oligotrophic, open Mediterranean Sea have been limited over past decades, yet can be traced back to the 1990s with the pioneering work of Bricaud et al. (1995, 1998) and Loisel and Morel (1998), and more recently by Loisel et al. (2011), Moutin et al. (2012). Utilizing beam transmissometers, optical instruments routinely used to measure the concentration of suspended particulate matter, and describe the temporal and spatial variability of PM in marine waters, Karageorgis et al. (2008) synthesized numerous transmissometer profiles in the eastern Mediterranean Sea, whereas Karageorgis et al. (2012) reported the PM optical and size properties in the Ionian Sea.
Concerning the quality and origin of the marine PM, valuable information can be obtained by the stable isotopic composition of significant elements such as carbon and nitrogen, which constitutes a tracer of surface biological and biochemical processes, thus providing deeper insight into the physical and biogeochemical processes during its transport towards the deep ocean (Wu et al., 1999). The use of stable isotopes as a mean for source identification is based on the concept that carbon and nitrogen are interrelated in many forms, and measurable differences in the isotopic composition of the source-materials will persist through their biogeochemical cycling (Stumm and Morgan, 1981; Peterson and Fry, 1987). Moreover, transformation processes cause isotopic fractionation between substrates and products (Kerhervé et al., 2001).
As the 15N atom is heavier than the 14N atom, molecules containing 15N are usually less reactive than those containing 14N, leading to a slight discrimination against 15N in almost every no-equilibrium transformation in the N-cycle (Wada and Hattori, 1991; Altabet, 1996; Waser et al., 1998; Möbius, 2013). According to the 14N preference, residual substrate of any reaction (i.e. NO3) becomes enriched in 15N, whereas the product (i.e. assimilated N) is depleted in 15N compared to the substrate. For this “Rayleigh” type fractionation, the intensity, the so-called fractionation factor 15ε (‰), is defined either as the difference in δ15N between product and substrate or as the slope of the logarithmic function δ15N vs the concentration of product or substrate (Mariotti et al., 1981) if additional sources or sinks are negligible. Because of the aforementioned processes, each N-pool has a specific isotopic signature, resulting from the balance of source and sink terms and their isotopic fractionation. Accordingly, the δ15N of marine particulate matter reflects the interplay of isotopically distinct N sources as well as the isotopic fractionation processes during both its formation (as a product of assimilation) and its decomposition (as the substrate of ammonification).
The study of the natural isotopic variations of organic carbon (δ13Corg) presents another important method used to trace sources and transformation processes of the particulate organic matter in the marine environment. The isotopic variations of carbon in the organic particles initially present depletion in 13C, which derives from the formation procedures of the organic matter during primary production (Kerhervé et al., 2001). Then, as in the case of nitrogen, a stepwise enrichment of 13C occurs in the particles through the food chain and by the processes that are performed at the successive trophic levels (Altabet, 1996). Accordingly to this, the isotopic ratios of carbon, are affected both by the biological sources of the particles and the transformation processes that they undergo during their transfer (Kerhervé et al., 2001).
The oligotrophic seas are ideal settings for studying isotopic composition patterns because sources of nitrogen and carbon vary spatially and temporally, and each with a distinct isotopic composition (Meador et al., 2007). So far, the studies that have been performed on δ13C-POC and δ15N-PN in the Mediterranean Sea were focused mainly on sinking organic matter (Kerhervé et al., 2001; Çoban-Yildiz et al., 2006; Emeis et al., 2010; Möbius et al., 2010; Pedrosa-Pàmies et al., 2016). To the best of our knowledge, there are only a few studies reporting on the isotopic composition of PN in suspended particles in the Mediterranean Sea (Struck et al., 2001; Pantoja et al., 2002; Çoban-Yildiz et al., 2006; Koppelmann et al., 2009; Emeis et al., 2010; Pavlidou et al., 2020) and none that provide the isotopic composition of POC in suspended particles along the entire water column, from the surface to deep waters, across the open Mediterranean Sea.
In this study, optical (transmissometry and particle-size spectra) and biochemical (POC, PN concentrations, and their stable isotopic composition δ13C-POC and δ15N-PN respectively) data of marine PM were collected during the MSM72 trans-Mediterranean Sea oceanographic cruise onboard the German R/V Maria S. Merian in spring 2018. The cruise was designed to contribute towards the understanding of interannual changes and trends in the physical and biogeochemical status of the oligotrophic Mediterranean Sea and to further record the hydrological status following the climatological shifts that were observed in the eastern and western part of the basin during the last decades (Durrieu De Madron et al., 2011; Cardin et al., 2015). An east-to-west transect across the EMed and the WMed was conducted, and multidisciplinary measurements took place on an almost zonal section throughout the Mediterranean Sea, following the principle and requirements of the global GO-SHIP repeated oceanographic survey program, tailored for the Mediterranean Sea (CIESM, 2012) (GO-SHIP line MED-01).
The present work combines optical and biochemical data for the Mediterranean Sea to: 1) present the spatial distribution of particle-related optical properties and considered biochemical indices in the study area; 2) examine the potential relationship between hydrology and optical properties of main water masses; and 3) explore the associations of optical parameters with PM, and in particular its organic forms, to gain new insights into the main physical and biogeochemical features driving particle dynamics in the oligotrophic Mediterranean Sea.
METHODOLOGY
Cruise Description and Sampling
The survey was carried out on board the German R/V Maria S. Merian from March 2nd to April 3rd 2018 (Figure 1). The cruise started at Heraklion, Crete, Greece and ended in Cadiz, Spain (Hainbucher et al., 2020). In total, 136 CTD casts were conducted during the cruise materializing a complete east-to-west Mediterranean transect plus another one in the Ionian Sea. The CTD system used was a Seabird SBE911plus and a Seabird SBE32 carousel equipped with 24/10lt Niskin bottles. Dual sensors for temperature and conductivity were employed. Salinity values were checked against water salinity samples with the help of a Guildline Autosal salinometer in the laboratory. Overall accuracies were within the expected instrument range of salinity. More details for the instruments setup and the sampling strategy can be found in Hainbucher et al. (2020). At 62 stations (with depth <3,000 m) the LISST-Deep was deployed along with the rosette system to obtain optical parameters i.e., beam attenuation coefficient, particle volume concentration, particle median diameter, and the slope of PSD. At 15 stations, seawater samples were also collected for the elemental and stable isotopic analysis of carbon and nitrogen of PM.
[image: Figure 1]FIGURE 1 | The study area map annotated with major features discussed in the text. Black dots correspond to CTD casts; orange circles correspond to stations where optical parameters of particulate matter were obtained by using the LISST-Deep; while yellow circles correspond to stations where seawater samples were collected for the elemental and stable isotopic analysis of carbon and nitrogen of particulate matter.
Beam Attenuation Coefficient, Particle Volume Concentration and Particle Median Diameter
Laser diffraction is a method that permits nondestructive in situ measurements of the particle size distribution over a relatively large size range, implemented in Laser in SituScattering and Transmissometry (LISST–Deep), an autonomous instrument manufactured by Sequoia Scientific Inc., to measure particle size distribution and the beam attenuation coefficient in the deep sea (Agrawal and Pottsmith, 2000). LISST-Deep derived variables are the beam attenuation coefficient due to particles (cp at 670 nm in m−1), the total particle volume concentration (VC in μL L−1 or ppm), and the particle median diameter (D50 in μm). A detailed description of the methodology applied is given in the Supplementary Material.
Estimation of Particle Size Distribution Slope, ξ
The PSD slope, ξ, provides information on the relative concentration of small to large particles, i.e. steep slopes correspond to higher abundance of small particles and flatter slopes to the opposite; its mathematical description using the power-law model is used most often in marine studies (Buonassissi and Dierssen, 2010; Xi et al., 2014). For the estimation of ξ, we followed Xi et al. (2014). Methodological details are given in the Supplementary Material.
Elemental and Stable Isotope Analysis of Carbon and Nitrogen
For the determination of POC, PN contents and stable isotopic composition (δ13C-POC and δ15N-PN), seawater samples (5–10 L) were collected close to the sea surface, within the maximum of chlorophyll fluorescence and main water masses from 15 stations across the study area (98 samples in total; Figure 1). The POC and PN contents and their stable isotopic composition were determined at the Stable Isotope Facility at the University of California Davis (Davis, CA, United States), using a PDZ Europa ANCA-GSL elemental analyzer coupled to a PDZ Europa 20-20 isotope ratio mass spectrometer (Sercon Ltd., Chesire, United Kingdom). Methodological details are given in the Supplementary Material.
Surface Chl-α Satellite Imagery
To evaluate the sea surface productivity in the study area for the duration of the cruise, monthly mean and 8 day average sea surface chlorophyll-a concentrations (Chl-a) were obtained using the Ocean Color (OC) climate record developed by the European Space Agency (ESA) in the framework of its Climate Change Initiative (CCI) activity. Detailed description is given in the Supplementary Material.
Visualization and Statistical Analysis of Data
The spatial distribution of the various optical and geochemical parameters considered herein was visualized by using Ocean Data View - ODV (Schlitzer, 2018). The dataset variables are normally distributed (passed Kolmogorov–Smirnov tests) thus, the determined optical and biochemical parameters, including water depth, were tested on their potential statistical relationships by using 2-tailed Pearson correlation analysis (SPSS statistics software v. 17.0); the data set was divided into western and eastern Mediterranean data points and Otranto Strait data points, since those regions exhibited considerable differences in the spatial distribution of the studied parameters (see Discussion below).
RESULTS AND DISCUSSION
Hydrological Setting
The Theta-S diagram of the stations sampled during the MSM72 cruise is presented in Figure 2. The profiles have been assigned into four different groups each with different hydrological characteristics. Two profile groups represent stations in the WMed, one sampled from the Gibraltar Strait up to the Sardinia channel and a second one in the Sardinia channel until the Tyrrhenian Sea. Two profile groups represent stations sampled in the EMed, one sampled in the western part of the EMed (mostly in the Ionian Sea), and a second one sampled in the eastern Ionian Sea, Otranto strait, Cretan Passage and Cretan Sea. The reader is referred to the caption of Figure 2 for information about the group color-coding. For further information related to this section, the reader is referred to Astraldi et al. (1999), Wüst (1961), Millot (1999), Malanotte-Rizzoli (2001), Millot and Taupier-Letage (2005), Tanhua et al. (2013), and references therein.
[image: Figure 2]FIGURE 2 | Theta-S diagram of the stations sampled during the MSM72 cruise. The profiles have been grouped into four categories assigning different colors to different hydrological characteristics. Blue and green profiles represent stations in the WMed: Gibraltar Strait up to the Sardinia channel; Sardinia channel and the Tyrrhenian Sea, respectively. Yellow and red profiles represent stations sampled in the EMed: western part of the EMed (mostly in the Ionian Sea); east Ionian Sea, Otranto strait, Cretan Passage and Cretan Sea, respectively. The abbreviations of the identified main water masses are defined in the text.
The Mediterranean Sea is a concentration basin where the amount of water lost to the atmosphere through evaporation is larger than the water added into the basin through precipitation and riverine input. In order to balance this water budget deficit, low salinity Atlantic Water (AW) enters the basin through the Gibraltar Strait in the WMed and follows an eastward path towards the Sicily strait, before advancing into the EMed. The low salinity signal of the entering AW surface mass is much stronger close to the entrance point, and whilst it is still evident along its eastward route in the Tyrrhenian and Ionian Seas, salinity is increased. Finally, in the eastern part of the EMed, surface AW masses are transformed into a high salinity, warm surface water mass known as Levantine Surface Water (LSW), which is the most saline surface mass of the Mediterranean Sea. Levantine Intermediate Water (LIW) formed mainly in the Levantine Sea during winter is a saline water mass with a density not high enough to penetrate the Mediterranean deep layers. Thus, it is usually traced as a local salinity maximum at intermediate depths. In general, intermediate waters in the Mediterranean are defined as those occupying the layer between ∼150 and 600 m. After formation, LIW follows a path opposite to that of AW, and finally exits the Mediterranean through the Gibraltar Strait below the AW layer. This dual flow regime constitutes the upper thermohaline conveyor belt that runs throughout the whole Mediterranean Sea.
Close to the formation sites, LIW masses cannot be clearly observed, as the shallower layers in the absence of AW are more saline than LIW (Figure 2). However, along its westward route, local salinity LIW core maxima can easily be discerned. From the Ionian Sea, through the Tyrrhenian basin and further on towards Gibraltar, LIW becomes colder and less saline, thus increasing its density (σθ) from ∼29 kg m−3 in the Ionian Sea to ∼29.05 kg m−3 in the Tyrrhenian and ≤29.10 kg m−3 in the western part of the WMed. During this route, LIW core depth increases from 200 to 250 dbar in the Ionian Sea, to 250–300 dbar in the Tyrrhenian, and to 400–500 dbar in the WMed.
The Mediterranean deep water formation areas are different for the west and east sub-basins. The Gulf of Lions in the west and the Adriatic Sea in the east, are the most active formation sources. The deep waters formed are practically isolated by the shallow (∼400 m) strait of Sicily. Hence, East Mediterranean Deep Water (EMDW) is easily distinguishable from West Mediterranean Deep Water (WMDW), as the former is warmer, more saline and denser than the latter. The density (σθ) of these two different water masses is ≥29.20 and <29.15 kg m−3 respectively. In the lower part of the Theta-S diagram (Figure 2) blue and green WMed profiles merge as WMDW shares almost the same properties throughout the basin. The same applies to the lower part of the yellow and red EMed profiles, with two exceptions. Firstly, the isolated high temperature, salinity and density, hook-shaped profile observed in the red group, is a profile in the Cretan Sea, where deep water density is over σθ 29.30 kg m−3. This Cretan Deep Water (CDW) mass has stagnated inside the Cretan Sea for the last two decades (Velaoras et al., 2019). Secondly, the profile sampled in the Otranto strait appears to be slightly denser (σθ ≥29.24 kg m−3) at a depth of ∼760–900 dbar. This marks the winter-formed Adriatic Deep Water (ADW) which plunges through the shallow Otranto strait towards the Ionian abyssal plain. Between the intermediate and bottom layers (approximately from 700 to 1,600 m) of the EMed, a low salinity and oxygen water mass is found called the Transitional Mediterranean Water (TMW). This is the oldest water in the eastern Mediterranean (Stöven and Tanhua, 2014) and is the product of the uplift of deep masses by intrusions of bottom water masses of Adriatic and/or Aegean origin (Velaoras et al., 2019). In the literature (Stöven and Tanhua, 2014; Li and Tanhua, 2020) TMW can be also found as Tracer Minimum Zone (TMZ) due to its low concentration in transient tracers (i.e., CFC-12, SF6).
Finally, it should be noted that during the last decades both Mediterranean sub-basins have been subjected to severe overturning circulation changes. In the EMed during the early 1990s a shift in the dominant dense water formation source from the Adriatic to the Aegean Sea was observed. This event is known as the Eastern Mediterranean Transient (EMT) and resulted in the massive export of dense, warm and saline deep waters from the Aegean Sea to the EMed abyssal reservoirs. The Adriatic Sea gradually regained its role as the main dense water source of the EMed only after the early 2000s (Roether et al., 2007; Cardin et al., 2015). Between 2004 and 2006 significant dense water formation events were observed in the WMed, producing larger quantities of warmer, saltier and denser deep waters masses than ever before. This event is known as the Western Mediterranean Transition (WMT) and is partly attributed to salinity preconditioning caused by the import from the EMed through the Sicily Strait of intermediate water masses with higher-than-usual salinity due to the preceding EMT event (Schroeder et al., 2016; Schroeder et al., 2017).
Biogeochemical Setting
The Mediterranean Sea is a semi-enclosed deep basin (maximum depth 5,125 m offshore Peloponnese, Greece, EMed) characterized by oligotrophy, an overall result of low nutrient inputs into the basin (Krom et al., 2014). Nutrient concentrations in the Mediterranean Sea are characterized by a decreasing trend from the oligotrophic WMed to the ultra-oligotrophic EMed (Azov, 1991; Ignatiades et al., 2002). Redfield-deviated (i.e. higher than 16:1) N/P ratios become more pronounced eastwards and are essentially explained by the excess N over P in all nutrient sources arriving in the basin via atmospheric deposition (Mara et al., 2009; Markaki et al., 2010) and river discharge (Ludwig et al., 2009; Krom et al., 2010). The large loss of inorganic nutrients, through the inflow of relatively nutrient-depleted Atlantic water at surface layers and the outflow of the underlying nutrient-rich Mediterranean waters through the Strait of Gibraltar (Béthoux et al., 1998), prevents nutrient accumulation in deep waters, strongly limiting both primary and secondary production and thus particulate matter formation.
Within the Mediterranean, the EMed waters are very transparent and exhibit unique optical characteristics such as very low beam attenuation coefficient (cp) values at depths >200 m (<0.04 m−1 in the open Ionian Sea), associated with very low particulate matter and particulate organic carbon concentrations (PMC <100 μg L−1, POC <40 μg L−1, respectively) (Karageorgis et al., 2008; Zaccone et al., 2012; Ortega-Retuerta et al., 2019). Overall, the oligotrophy in combination with the dominance of the microbial food web in the pelagic ecosystem results in low food availability for top predators (Turley et al., 2000; Siokou-Frangou et al., 2002) and low levels of carbon sequestration to depth (Gogou et al., 2014).
Satellite chlorophyll-a concentrations during the MSM72 cruise are presented in Figures 3A–C. Figure 3A shows the monthly mean average sea surface chlorophyll-a concentration in the Mediterranean Sea for March 2018, while Figures 3B,C shows the 8 day average sea surface chlorophyll-a concentrations in the Mediterranean Sea for the first (06-13/03/2018) and second (30/03/2018-06/04/2018) legs of the MSM72 cruise, which corresponds to the sampling periods in the EMed and WMed Mediterranean sub-basins, respectively.
[image: Figure 3]FIGURE 3 | Monthly mean (March 2018) (A) and 8 day average sea surface Chlorophyll-a concentration in the Mediterranean Sea for the first (06-13/03/2018) (B) and second (30/03/2018-06/04/2018-right) (C) part of the MSM72 cruise.
According to this, during the MSM72 cruise, a west-to-east, as well as a north-to-south gradient in oligotrophy, was observed in the two sub-basins (Figures 3A–C), which is in accordance with what has previously been described for the different Mediterranean bioregions (D’Ortenzio and Ribera d’Alcalà, 2009; Mayot et al., 2016). In these studies, the biogeography of the Mediterranean Sea and the seasonal cycle of the surface biomass were characterized in different areas of the basin by analyzing 10-year satellite surface Chl-a concentrations, and the results showed that the Mediterranean sub-regions have varying physical, chemical and biological forcing factors. However, it is important to note that surface Chl-a as seen by satellites, is not representative of the total phytoplankton biomass in the Mediterranean waters, i.e. subsurface phytoplankton dynamics, in particular those associated with the Deep Chlorophyll Maximum (DCM) at the base of the upper mixed layer (Barbieux et al., 2019; D’Ortenzio et al., 2021) could be highly underestimated.
Spatial and Vertical Variations of Particulate Matter Optical Properties
A west-east section of cp, VC, D50, and ξ distribution in the study area is presented in Figure 4, and Table 1 summarizes the range and mean values in the entire Mediterranean as well as the considered sub-regions, i.e., Gibraltar and Algerian Basin, Sardinia and Tyrrhenian Sea, Sicily Strait and western Ionian Sea, Otranto Strait, Ionian Sea (excluding the Otranto Strait) and the Cretan Sea. The beam attenuation coefficient, cp, clearly exhibits higher values throughout the water column in the WMed, especially in the upper ∼100 m, and progressively the cp signal decreases towards the east, at first towards the Sicily strait, and then it becomes very weak in the EMed, with values <0.1 m−1. The cruise average cp was 0.53 ± 0.17 m−1 and the highest values were recorded in the upper ∼200 m of the westernmost part of the section (>1.0 m−1). The maximum value of 1.77 m−1 was recorded near-bottom in the Otranto strait, and the minimum (0.025 m−1) in the intermediate waters east of Crete.
[image: Figure 4]FIGURE 4 | West-east section of salinity, cp, VC, D50 and ξ in the Mediterranean Sea. Section location is shown in the upper left panel. Vertical lines correspond to LISST-Deep casts.
TABLE 1 | Ranges and mean values of the determined optical and biochemical parameters considered in this study in the entire Mediterranean Sea as well as in the various considered sub-regions, i.e., Gibraltar/Algerian Basin (stations 94–137), Sardinia/Tyrrhenian Sea (stations 75–93), Sicily Strait/western Ionian Sea (stations 50–72), Otranto Strait (stations 39–42), Ionian Sea (stations 7–50 excluding the Otranto Strait) and the Cretan Sea (station 2). Within each of the considered sub-regions mean values of all parameters are also reported for the identified main water masses. The abbreviations of the identified main water masses are defined in the text. “Inter” signifies intermediate water masses regardless of their origin (LIW, CIW, etc.).
[image: Table 1]The particle volume concentration, VC, along the section shows similar characteristics to cp, with higher values in the WMed and progressively lower values towards the central Mediterranean and the EMed. It exhibits an average of 0.89 ± 0.31 μl L−1 in the entire Mediterranean Sea. Similarly to cp, the maximum value occurs near-bottom in the Otranto strait (3.7 μl L−1), whereas the minimum value appears south of Crete (0.33 μl L−1); overall, we observe a higher abundance of particles in the WMed and a scarcity of particles in the EMed.
Furthermore, the particle median diameter D50, in the Mediterranean shows an average of 27 ± 3 μm (particle size was estimated in the range 1.25–92.6 μm; see Supplementary Material for details). Its evolution from the west to the east is reversed with respect to the previously discussed parameters. D50 exhibits lower values in the WMed up to the Sicily strait, which increases substantially towards the east (>25 μm). The minimum value of D50 is recorded in the Otranto Strait (19 μm), whereas the largest is found in the EMed, south of Crete (37 μm).
Finally, the PSD slope ξ, along the section shows similar characteristics to cp and VC with high values in WMed and lower values in EMed, thus confirming the predominance of relatively smaller particle populations in the western basin over the larger particles dominating the eastern basin. The minimum value is 2.83 at the mid and deep waters of the Ionian Sea; on the other hand, the maximum value is 3.76 in the deepwater of the Otranto Strait. In the WMed, the average ξ is 3.2 ± 0.1; the average value in the EMed is 3 ± 0.1, whereas the Mediterranean Sea average ξ is estimated at 3.1 ± 0.1.
Beam cp values from the present study appear to be high when compared to other data sets from the Mediterranean Sea (cruise average 0.53 m−1). Karageorgis et al. (2008) compiled 11 years of transmissometry data from the EMed and reported that the average cp value in the open sea is ∼0.1 m–1, i.e. five-fold lower than the present case. It should be noted however, that absolute cp values depend highly on the acceptance angle of the transmissometer employed. Boss et al. (2009) concluded that eight different transmissometers’ mean attenuation values differ markedly and in a consistent way with instrument acceptance angle: smaller acceptance angles provide higher beam attenuation values. Later, Boss et al. (2018) tested cp obtained from LISST-100X (5 cm pathlength, acceptance angle 0.069°) against cp from a hyperspectral spectrophotometer and transmissometer (ac-s, Sea-Bird Scientific, Bellevue, WA, United States, formerly WET Labs, 25 cm pathlength, acceptance angle 0.93°) and found particulate beam attenuation coefficients to be well correlated, with LISST values being slightly larger. LISST’s cp values, because of the very small-angle transmissometer employed, would be higher than the ones measured with conventional instruments. In that respect, direct cp comparisons should be avoided, with the exception of cp variation studies conducted in a relative manner.
Data for LISST-Deep derived parameters VC, D50, and occasionally ξ, presented in the current study represent a ∼30% increase relative to that available in the literature (Karageorgis et al., 2012; Karageorgis et al., 2014; Karageorgis et al., 2017b; Parinos et al., 2017; Turner et al., 2017; Leroux et al., 2018). A substantial amount of data have been previously reported with LISST-100X, i.e. the ‘shallow’ version of the instrument, operating up to 300 m depth (Mikkelsen et al., 2006; Barone et al., 2015; White et al., 2015; Yamada et al., 2015; Many et al., 2016; Qiu et al., 2016).
Literature mean VC values from the coastal and shallow (10–12 m depth) Adriatic Sea were two orders of magnitude higher than our measurements (Mikkelsen et al., 2006). In the northwestern Mediterranean, Gulf of Lions, VC average values in the vicinity of the Rhône River plume decreased progressively (Many et al., 2016) in the offshore direction. The latter notion is further strengthened by the observations of Leroux et al. (2018), who reported VC values well below 1 μl L−1 in the open northwestern Mediterranean. In the open Ionian and Levantine Seas, Karageorgis et al. (2012) reported mean VC values in the range 0.29–0.30 μl L−1.
The mean D50 literature values for the coastal Adriatic Sea varied from 112 to 291 μm, much higher than the values reported here. With respect to the Gulf of Lions, in the northwestern Mediterranean Sea, Many et al. (2016) reported PSD in the range of 30–200 μm offshore the Rhône River; it should be noted, however, that those values were derived from a combination of LISST-100X and LISST-HOLO instruments thus covering a wider particle size range, including micro-aggregates or macro-aggregates. In the open northwestern Mediterranean Sea, Leroux et al. (2018) identified particle populations in the range of 2–109 μm that were attributed to river-derived fine silts and microflocs. In the Ionian, Aegean, and Levantine Seas, D50 varied between 86 and 88 μm (note that the latter D50 values have been estimated using different methodological assumptions; Karageorgis et al., 2012). The aforementioned literature excerpts, as well as the MSM72 new data, exemplify the pronounced variety of particle sizes encountered in the marine environment of the Mediterranean Sea, resulting from the interplay of numerous biogeochemical processes, and thus enhancing the complexity of the particle pool and its composition dynamics.
With respect to the PSD slope ξ, very little information exists for the Mediterranean Sea. Many et al. (2016) estimated the spectral PSD slope γ from backscattering measurements and reported values in the range of 0.3–0.7, approximately corresponding to ξ values 3.3–3.7, thus similar to the MSM72 cruise values. Another example of ξ estimates from the north Aegean Sea (Karageorgis et al., 2017a) reports higher values varying from 3.46 to 4.86 which corresponds to smaller particle populations than the present study. In most oceanic observations ξ values range from 2.5 to 5 (Boss et al., 2001; Kostadinov et al., 2012), which, according to our measurements, is the case for the WMed and the EMed as well. Nevertheless, the PSD slope is highly dependent on: 1) the method of calculation; 2) the size range used, and 3) the existence or not of large deviations from the power law distribution. Regardless of methodological differences, the present data set on PSD slope ξ in the Mediterranean Sea indicates that there exists a substantial difference between the small particle abundance in the WMed in comparison to the larger particle populations in the EMed. The potential causes of this consistent pattern will be investigated hereafter using the biochemical data set obtained during the cruise.
Spatial and Vertical Variations of Particulate Organic Carbon & Particulate Nitrogen Contents and Their Stable Isotopic Composition
A west-east section of POC and PN contents and their isotopic composition in the study area is presented in Figure 5, while as in the case of optical properties above, Table 1 summarizes their ranges and mean values in the entire Mediterranean as well as in the various sub-regions considered here. POC and PN concentrations in the study area, considering the entire water column, ranged from 1.06 to 7.12 µmol L−1, 2.71 ± 1.40 µmol L−1 on average, and from 0.09 to 1.99 µmol L−1, 0.40 ± 0.32 µmol L−1 on average, respectively. Consequently, the POC/PN molar ratio ranged from 1.9 to 13.7, with an average of 8.5 ± 2.6. Higher POC and PN concentrations were consistently recorded within surface waters or the maximum of chlorophyll fluorescence of all stations with the highest values being detected in the Alboran Sea and Algerian Basin while lower concentrations were observed in the eastern Ionian Sea and South Cretan margin (Figure 5; Table 1). Within intermediate and deep water layers of the studied sub-basins, POC and PN concentrations gradually decrease exhibiting a rather uniform distribution. The POC/PN ratio values exhibited a uniform distribution within surface waters or the maximum chlorophyll fluorescence depth of all stations with an average of 6.9 ± 0.9. Within intermediate and deep water layers, POC/PN ratio values increase with higher values, up to 11.5, being detected in the EMed stations and the Otranto Strait (Table 1).
[image: Figure 5]FIGURE 5 | West-east section of salinity, POC and PN contents, δ13C-POC and δ15N-PN values in the Mediterranean Sea. Section location is shown in the upper left panel. Dots correspond to the sampled depths.
δ13C-POC ranged between −28.73 and −25.02‰. Close and Henderson (2020) reported δ13C-POC values in open oceanic waters that span over a broad range, varying from −35‰ at high latitudes to −16‰ at low-mid latitudes. Less depleted values of δ13C-POC were recorded within surface waters or the maximum chlorophyll fluorescence depth in all stations. Intermediate and deep water δ13C-POC values varied between −28.73 and −27.10‰, averaging −27.89‰. Within the considered sub-regions, δ13C-POC values in near-surface waters of the WMed are comparable to those recorded within the Ionian Sea in the EMed, while more depleted values are evident within surface waters of the Sicily Strait, Otranto and the Cretan Sea. At deeper water depths, δ13C-POC values in the WMed, the Ionian Sea and the Cretan Sea average −27.96‰ while in the Sicily Strait δ13C-POC values average −28.47‰. In the Otranto Strait, more enriched δ13C-POC values are observed, with the ADW value being −27.36‰ (Table 1; Figure 5).
δ15N-PN values in our data set spans a range from −1.31 to 8.10‰. Depleted values are recorded within surface waters or the maximum of chlorophyll fluorescence in all stations, ranging from –1.31 to 3.35‰ (average 1.88‰), while enriched δ15N-PN values are recorded in deeper water layers ranging between 2.67 and 8.10‰ (average 4.91‰). Within the considered sub-regions, δ15N-PN values in near-surface waters of the WMed averaged 2.40‰, in the Sicily Strait averaged 3.20‰, while in the Ionian Sea, the Otranto Strait and the Cretan Sea δ15N-PN values averaged 1.10‰, with the minimum value being recorded in the surface waters of the Otranto Strait and maximum δ15N-PN value at the maximum of Chl-α fluorescence depth in the Cretan Sea. In deeper water layers, δ15N-PN values in the Gibraltar and the Algerian Basin range from 2.63 to 5.85‰, averaging 4.18‰, while more enriched values are recorded westwards in Sardinia and Sicily Strait, averaging 6.07‰, and the Ionian Sea, 5.64‰ on average with a maximum of 7.79‰ within the EMDW layer in station 55. Less enriched values are evident in the Otranto Strait, where values reaching 1.92‰ for ADW are recorded (Table 1; Figure 5).
The POC and PN contents of PM reported in our study fall within the ranges of previously published data for open Mediterranean Sea waters. POC values up to 16.5 µmol L−1 have been reported for the top 400 m of the water column in open Mediterranean waters (Struck et al., 2001), up to 13.8 µmol L−1 for near surface waters of the open Levantine Basin (Tanaka et al., 2007; Bar-Zeev et al., 2011), up to 7.2 µmol L−1 in epipelagic waters of the open northwestern Mediterranean Sea (Ortega-Retuerta et al., 2017) and up to 9.8 µmol L−1 in near surface waters of the north Aegean Sea (Parinos et al., 2017). Zaccone et al. (2012) has reported mean POC values of 2.29, 0.60, and 0.59 µmol L−1 in epipelagic, mesopelagic and bathypelagic layers of the WMed, with the corresponding values for the EMed being 1.82, 0.77 and 0.59 µmol L−1, respectively. Karageorgis et al. (2018) reported POC values in the range 2.3–11.8 µmol L−1 in canyons and open slopes of the southern Cretan margin (EMed), while Ortega-Retuerta et al. (2019), reported POC values ranging from 0.10 to 8.60 µmol L−1 along an east-west transect across the Mediterranean Sea. Concerning PN contents, Emeis et al. (2010) have reported similar values in vertical profiles of pelagic stations in the Ionian Sea and NW Levantine Sea as has Struck et al. (2001) for the top 400 m of the water column in open Mediterranean waters. Pavlidou et al. (2020) reported mean PN contents values of 3.17, 2.40, and 0.94 µmol L−1 in epipelagic, mesopelagic and bathypelagic layers, in the NE Ionian Sea. It is noteworthy that POC concentrations encountered in the present study are amongst the lowest values observed in the global ocean, as values <10 μmol L−1 were found only in the open Pacific Ocean and Bermuda in the Atlantic Ocean (Gardner et al., 2006).
Concerning δ13C-POC, and to the best of our knowledge, there are no previous published data along the entire water column, from the surface to deep waters, across the open Mediterranean Sea. Çoban-Yildiz et al. (2006) reported an δ13C-POC average value of -22.9‰ in the euphotic zone of the Rhodes Gyre in the Levantine Basin, while Struck et al. (2001) reported an δ13C-POC range between −28.41 and −24.50‰ for the top 400 m of the water column in open Mediterranean waters. In the case of δ15N-PN, the values reported herein fall within the range of previously published data for open Mediterranean Sea waters. Emeis et al. (2010) reported δ15N-PN values averaging 1.3 ± 0.7‰ in the mixed layer and up to 8.1‰ in deeper waters of the EMed. In a transect across the Mediterranean Sea, Pantoja et al. (2002) observed a significant west-to-east decrease in the isotopic composition of PN from the upper 200 m of the water column. In the western basin, δ15N-PN averaged 2.7 ± 1.2‰, in contrast to −0.2 ± 0.7‰ in the eastern basin. Çoban-Yildiz et al. (2006) reported an δ15N-PN average value of 2.2‰ in the euphotic zone of the Rhodes Gyre in the Levantine Basin. Koppelmann et al. (2009) reported δ15N-PN values within a range of 0.43–1.19‰ in surface waters of the Levantine Basin, while slightly higher values were found in the DCM and mesopelagic and bathypelagic depths, ranging between 6.19 and 8.49‰. Struck et al. (2001) reported δ15N-PN values ranging from 2.64 to 13.7‰ for the top 400 m of the water column in open Mediterranean waters, while finally, Pavlidou et al. (2020) reported mean δ15N-PN values of −0.57, 2.98 and 4.18‰ in epipelagic, mesopelagic and bathypelagic layers, in the NE Ionian Sea (Nestor site).
Particle Dynamics in the Mediterranean Sea as Inferred From Optical Properties and Biochemical Indices
In order to gain insights on the relationships between measured optical properties and identified water masses in the Mediterranean Sea, T-S diagrams superimposed with cp, VC, D50, and ξ information were used (Figure 6). Surface Atlantic waters (AW) are clearly characterized as the most turbid waters in the Mediterranean Sea, with average beam cp of 0.68 ± 0.01 m−1. On the other hand, TMW constitutes another extreme; one of the lowest observed cp values averaging 0.20 m−1. AW spreading towards the EMed and particularly in the Ionian Sea exhibits moderate beam cp values. Intermediate waters masses as LIW show overall cp values in-between AW and LSW (average 0.57 ± 0.03 m−1), whereas deep water masses have different cp values according to their location. This pattern is closely followed in the case of VC and is inversed for D50. Average D50 in AW is 25 ± 3 μm, in LSW 35 ± 2 μm, in LIW 28 ± 4 μm, whereas the lowest average D50 value of 19 μm is observed in ADW. AW in the western basin is characterized by low salinities, relatively high turbidity and VC, low particle size, and higher ξ. The highest ξ values (>3.15) are observed within AW in the WMed, which decrease as AW spreads out towards the east. LIW on the other hand, exhibits the smallest ξ values, especially in the EMed.
[image: Figure 6]FIGURE 6 | Theta-S diagram of the stations sampled during the MSM72 cruise superimposed with cp, VC, D50 and ξ data. Abbreviations of optical parameters and main water masses are defined in the text.
The differentiation between the WMed and the EMed is also illustrated in the variability of mean differential particle volume V’(D) (see Supplementary Material for definition), D50, and PSD slope ξ (Figure 7). Mean V’(D) and ξ are higher in the WMed than in the EMed, whereas the opposite is recorded for mean D50 values. These observations demonstrate that in the EMed particle concentration is overall lower than the WMed, whilst mean particle size increases with depth, suggesting that aggregation processes are active in the EMed.
[image: Figure 7]FIGURE 7 | Profiles of mean (smoothed by a 10-point moving average) density, V’(D), D50, and PSD slope ξ for the WMed (A) and EMed (B). Differential particle volume V’(D) in the WMed is almost double in the WMed than in the EMed. Mean ξ in the WMed is overall higher than the EMed demonstrating the presence of larger particle pools below ∼500 m in the latter, corresponding at a mean D50 of ∼35 μm.
The results of the correlation analysis of the determined optical and biochemical parameters considered in this study are shown in Supplementary Table 1. POC is significantly and positively correlated with VC, negatively with D50, and positively with ξ in both the WMed and the EMed. The elevated VC, POC, and PN concentrations recorded within surface waters of the WMed stations, highlight the enhanced surface production therein, compared to the EMed, resulting in a higher abundance of particles within the upper water column. POC concentration and ξ are strongly, significantly, and positively correlated in the Mediterranean Sea, confirming that small particles are POC-rich. Finally, the combined positive correlation of VC with POC concentrations and δ13C-POC can be attributed to surface productivity.
The positive and significant relationship between cp, as a proxy of suspended particle concentration (or turbidity), and POC, has been acknowledged for decades in global ocean studies (Bishop, 1999; Gardner et al., 2006) as well as the Mediterranean Sea (Loisel et al., 2011); this also holds for the EMed, as demonstrated by Karageorgis et al. (2008) who reported a significant positive correlation between beam cp and POC concentrations. However, it should be mentioned that the level of relationship also depends on the acceptance angle of the transmissometer used, and in the present case, LISST employs a very narrow angle transmissometer, hence correlations may differ substantially. In any case, the observed positive and significant correlation (r = 0.613, p = 0.002) in the WMed highlights the predominance of organic particles in the water column, whereas this relationship weakens in the EMed (r = 0.613, p = 0.002) probably due to: 1) the narrow acceptance angle of LISST’s transmissometer resulting in small sampled water volume (Boss et al., 2009), in combination with the extreme scarcity of particles observed in the EMed, and 2) the presence of generally larger particles in the EMed, greater than the 0.5–20 μm range, where most of the light attenuation and scattering occurs, and is detected by transmissometers (Gardner et al., 2006).
D50 is significantly positively correlated with water column depth in both the WMed and the EMed (excluding the Otranto Strait) (Supplementary Table 1) likely suggesting that the process of aggregation of PM with increasing depth is probably present in the study area. Interestingly, D50 is significantly positively correlated with POC/PN ratio values only within the EMed stations (excluding the Otranto Strait), while a significant correlation of the POC/PN ratio vs. depth is also evident (r = 0.422, p = 0.02, n = 30). Various reasons could account for this result. In oligotrophic systems, such as the EMed, a faster and more efficient decomposition of N versus C has been highlighted by previous studies (Altabet, 1996; Meador et al., 2010), which could potentially account for the observed elevated POC/PN values with depth. Moreover, in the EMS, a significant proportion of C fixed by phytoplankton is released to the dissolved phase (Teira et al., 2001; Lagaria et al., 2011; López-Sandoval et al., 2011), leading to the enhanced extracellular release of organic carbon mainly in the form of carbon-rich acidic polysaccharides (Passow, 2002; Gogou and Repeta, 2010; Parinos et al., 2017). The coagulation of this colloidal dissolved organic matter could lead to the formation of extracellular polymeric substances, mainly transparent exopolymer particles (TEP), bearing a C/N ratio signature well above Redfield, i.e. mean value >20 (Engel and Passow, 2001; Mari et al., 2001). The observed significant positive correlation of D50vs POC/PN ratio vs depth (Supplementary Table 1) could be indicative of the efficiency of aggregation mechanisms within the EMed, with carbon-rich surface active organic particles (i.e. TEPs) acting as “biological glue” for the formation of larger sized aggregates (Bar-Zeev et al., 2011; Parinos et al., 2017; Ortega-Retuerta et al., 2019). In support of this, Martínez-Pérez et al. (2017), recorded a substantial increase of high molecular weight dissolved organic matter (TEP precursors) in a transect spanning from the Atlantic and Gibraltar to the Levantine Sea (from 40–55% to 68–76%, respectively) thus providing independent evidence of more important aggregation potential in the eastern sub-basin.
The horizontal patterns of δ15N-PN observed in the mixed layer of the EMed reflect the interplay of isotopically distinct N sources and the degree of N utilization during primary production. Extremely low δ15N-PN values in NO3- replete waters (Hainbucher et al., 2020) at stations 47 and 9 give evidence for diazotrophic N2 fixation or atmospheric NOx deposition in the ultra-oligotrophic EMed (Pantoja et al., 2002; Emeis et al., 2010; Moon et al., 2016). Moreover, low values at still relatively high nitrate levels in the Alboran Sea point towards preferential assimilation of 14N, however, the ambient nitrate most probably had a higher δ15N signature due to its Atlantic origin (Pantoja et al., 2002). Slightly elevated values, in concert with almost depleted NO3- concentrations in the surface waters of remaining stations, imply the assimilation of 15N enriched NO3- at the end of a blooming period, but may, to some extent, also reflect the increasing importance of 15N enriched sources such as Atlantic water and riverine inputs in the WMed as proposed by Struck et al. (2001) and Pantoja et al. (2002).
The striking segregation of relatively depleted δ15N-PN in the surface or mixed layer waters and enriched values in deep Mediterranean waters has been also observed by Emeis et al. (2010) and Pavlidou et al. (2020). Both attributed the higher δ15N-PN values in deep waters to the enrichment of residual 15N during progressive decay of organic matter, whereas the latter for the first time described a systematic relationship to PN concentrations. In contrast to Pavlidou et al. (2020), our EMed data show several (less enriched) outliers in the δ15N-PN of deep waters. Together with lower POC/PN ratios, these values imply less degraded organic matter (Figure 8A). On the other hand, particle concentrations and particle mean sizes remain stable, in defiance of signals from the surface waters such as a sinking algal bloom. At the same time, nitrate concentrations reach their maxima and O2 concentrations their minima (Hainbucher et al., 2020). Interestingly, all these outliers (even in the Sicily Strait) have been sampled between 500 and 1,500 m within the TMW. The TMW contains former bottom waters that have been uplifted during the EMT (Stöven and Tanhua, 2014; Velaoras et al., 2019). We consider it possible that fresh organic matter has been released from larger disaggregating particles settling in the bottom water, which remained in the water mass during uplift. The high apparent oxygen utilization (AOU) rates recorded before in the mesopelagic and bathypelagic waters of the EMed (Meador et al., 2010; Santinelli et al., 2010) are indicative of exhaustive organic matter recycling, but the remaining (semi-refractory to refractory) organic matter may not be readily available to deep-sea microbes (Rahav et al., 2019) or is highly diluted (Arrieta et al., 2015).
[image: Figure 8]FIGURE 8 | Vertical profiles of δ15N-PN (in ‰; solid lines) and POC/PN ratio (dotted lines) for stations 34 (blue lines) and 9 (red lines) showing outliers within the TMW mass (A). PN concentrations per liter, normalized to maximum PN concentrations of surface waters (10 m or DCM depth for each station, except of station 97 for which the max PN values were observed in subsurface waters) vs δ15N-PN (in ‰) for pelagic stations in the WMed (B) and EMed (C) respectively, indicating Rayleigh-type isotope fractionation. The fractionation factors 15ε calculated from the slope of the logarithmic functions and r2 significance in all cases show a clear tendency towards stronger fractionation in the EMed (2.15–4.71‰) compared to the WMed (1.34–3.58‰). Y-intercepts indicate initial δ15N values of the substrate (from −1.13 to 2.97‰).
In support of this hypothesis, Sisma-Ventura et al. (2016) reported depleted values of δ1³C-DIC in the LIW and the EMDW of Aegean origin, claiming that isotopically light anthropogenic carbon penetrates the Levantine interior during pronounced convection events such as the EMT. Alternatively, we cannot exclude that lower δ15N-PN values result from surface waters that have downwelled in the Cretan Sea and the EMed during more recent, extreme winter mixing events (i.e. in 2012 and 2014–2015) (Gačić et al., 2014; Pedrosa-Pàmies et al., 2016; Velaoras et al., 2017; Pedrosa-Pamies et al., 2021).
Similar processes could account for the less enriched values of δ15N-PN being observed in some cases at the subsurface layers of the WMed, as a western Mediterranean Transient after the EMT, and extensive downwelling events, have been reported in this sub-basin (Durrieu De Madron et al., 2013; Stöven and Tanhua, 2014; Testor et al., 2018). Finally, we should also mention the possibility that the outliers could give evidence for in-situ aphotic diazotrophic N2 fixation as earlier described for the Mediterranean Sea (Rahav et al., 2013; Benavides et al., 2016; Moisander et al., 2017), although the isotopic fractionation of the processes and sources involved are not yet delineated.
δ13C-POC values show a surface enrichment-depth depletion profile in all stations. A plausible explanation for the relatively depleted δ13C-POC values in the marine organic pool of the open Mediterranean Sea can be the contribution of terrestrial organic matter, mainly via atmospheric dry and wet deposition (Gogou et al., 1996; Guerzoni et al., 1999; Pedrosa-Pamies et al., 2021; Stavrakakis et al., 2013). Vertical differences in organic matter quality and quantity are also reflected in lower N concentrations and the increase of the POC/PN ratio in deep waters of all studied sites. Following the approach of Pavlidou et al. (2020), we assume a Rayleigh type isotope fractionation discriminating 15N during the decomposition of sinking and suspended PN (Möbius, 2013). Evidenced by their data, basic assumptions of Pavlidou et al. (2020) are: 1) PN distribution in the water column is almost solely driven by vertical transport (sinking) from sea surface to bottom waters and 2) additional sources and sinks of PN are negligible. In this case, the strength of fractionation (fractionation factor ε15) is expressed by the slope of the logarithmic function of δ15N-PN vs PN in depth profiles. In our study, fractionation factors calculated vary from 1.34 to 4.66‰ (Figures 8B,C) and thus are similar to those published in Pavlidou et al. (2020). In contrast to Pavlidou et al. (2020) excellent correlations that cover the full range between both endmembers, our data show stronger scatter and concentrate on the endmembers with only few exceptions. We explain the scattering by both, the above-mentioned outliers in the TMW and by the fact that our sampling sites in the open and deep Mediterranean Sea may be biased by horizontal transport. As correlations in our data set are weaker, we consider the absolute values of fractionation factors with care—nevertheless, a tendency towards stronger fractionation in the EMed can be noted (Figures 8B,C). This could either simply reflect the stronger vertical gradients in δ15N-PN in the EMed (extremely low in surface waters) or it is plausible as organic matter decomposition is expected to be more complete in the nutrient starving ultra-oligotrophic EMed in comparison to the oligotrophic WMed.
Apart from biogeochemical properties, local mesoscale features’ variability and dynamics seem to play an important role in regulating the optical and biochemical characteristics of particulate matter in the study area. Supplementary Figure 1, shows the variability of salinity and beam attenuation coefficient in the Alboran Sea and the Algerian basin. Therein, a sinusoidal variation of salinity is observed, possibly caused by the presence of anticyclonic eddies (Millot, 1999). A similar variation is also observed in the distribution of the beam attenuation coefficient, suggesting that the inherent optical properties of the water masses, and in particular the spatial variability of the beam attenuation coefficient, are largely controlled by mesoscale dynamics.
Interesting optical and biochemical features were also observed in the Otranto Strait which separates the Adriatic and the Ionian Seas (Supplementary Figures 1, 2). Dense waters formed locally in the Adriatic during winter, exit through the bottom of the Otranto Strait, while LIW enters the basin at intermediate layers. The result is a cyclonic flow pattern, with water entry at the eastern part of the Strait and exit through the western part (Kovačević et al., 1999; Yari et al., 2012). Indeed, in the studied section, we observed that waters of Adriatic origin occupy the western Otranto Strait and are characterized by higher cp and VC, and inverse D50 values when compared to the LIW waters prevailing in the eastern Otranto Strait. This is accompanied by elevated POC concentrations along with enriched δ13C-POC, and depleted values for δ15N-PN at intermediate and near bottom-waters in the western part of the section, likely attributed to the newly formed dense water-bearing the biochemical signature of surface waters that they originated from. Finally, maximum values of cp and VC are observed near the bottom layers of the central part of the section. This could likely be attributed to surface sediment resuspension due to currents, a commonly observed feature in the world ocean and the Mediterranean Sea as well (Karageorgis and Anagnostou, 2003; Karageorgis et al., 2008; Karageorgis et al., 2012). In support to this, minimum values for D50 are observed in the same area, probably due to the fact that resuspension favors the detachment of smaller particles from the seabed.
CONCLUSION
A data set of beam attenuation coefficient, total particle volume concentration, particle median diameter, and PSD slope ξ up to 3,000 m depth was obtained across the Mediterranean Sea during cruise MSM72 in March-April 2018, a relatively high productivity period for the region, accompanied by standard CTD, biochemical (POC and PN contents) and isotopic data (δ13C-POC and δ15N-PN) of PM. Surface Atlantic waters were identified as the most turbid waters in the Mediterranean Sea, whilst Transitional Mediterranean Water represents the most transparent water mass. A direct relationship between hydrological parameters, water masses and LISST-derived particle optical properties was observed throughout the Mediterranean Sea. The significant correlation between beam attenuation coefficient cp and POC concentration, consistently observed in the world ocean (Gardner et al., 2006), demonstrates that most particles and particulate organic matter -of marine and/or terrestrial biological origin - predominate in the entire water column of the open Mediterranean Sea. POC concentrations increase inversely with D50 and proportionally with ξ, indicating higher organic carbon contents within smaller particle populations. Our data showed substantial differences between the western-central and the eastern sector of the basin, highlighting the transition from mesotrophic to oligotrophic conditions, as well as the overall decrease in suspended particles concentrations. This pattern is observed both in the euphotic zone as well as within the mesopelagic and bathypelagic waters. A predominance of larger particles in the eastern Mediterranean Sea compared to the western Mediterranean Sea was observed, a pattern that is probably associated with more favorable conditions for aggregation in the eastern sub-basin. Basin-wide Rayleigh-type isotope fractionation of δ15N-PN along the water column and gradients in intensity underline the differences in the trophic characters of the two sub-basins. The presence of relatively depleted δ15N-PN values in the Transitional Mediterranean Water mass highlights the role changes in circulation patterns have on biogeochemical parameters and the redistribution of particulate matter as a source of nutrients.
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Component fluxes expressed as the most likely molecular forms, and for the atom of interest (all in g m=2 yr-1)
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Actual trap depths varied across deployments within £100 m of these nominal values; No corrections were made for depth variations. Material masses based on opal:
Si05.0.4 Hy O; carbonate: CaCOs, POM: 2.2 POC (Klaas and Archer, 2002). Lithogenic fluxes were considered negligible based on previous work — see section “Results
and Discussion.”
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246 031 -27.14 4.43 98 22 027 039 34 297 6927
5.26 067 -26.40 020 783 1 025 045 31 304 97
359 065 -26.77 330 550 1 027 043 32 299 1
308 051 -27.10 267 741 2 021 039 35 290 207
278 038 -27.93 4.06 850 2 020 035 34 295 180
1.97 017 -28.46 299 1ns 1 - - - - -
526 1.22 -26.40 420 115 7 076 069 3 318 485
1.97 017 -28.46 020 31 7 003 034 28 28 485
3.21 053 -27.39 265 79 7 023 039 84 295 485
712 1.99 -24.45 810 137 98 178 870 87 376 49361
1.06 009 -20.87 -1.31 19 98 003 033 19 283 49,361
271 0.40 2734 407 85 98 053 041 27 315 49361





OPS/images/feart-09-614703/feart-09-614703-g008.gif
poc/e Py






OPS/images/feart-09-614703/feart-09-614703-g007.gif
Whed B EMed

‘ o.um)

e 5w ww w .
TN R,

rosonet
S






OPS/images/feart-09-614703/feart-09-614703-g006.gif
wsul»'lybwl Salinity [psu]





OPS/images/feart-09-614703/feart-09-614703-g005.gif





OPS/images/feart-09-614703/feart-09-614703-g004.gif





OPS/images/feart-08-00376/feart-08-00376-g002.jpg
Depth (m)

Depth (m)

500

1000

1500

2000

500 |

1000

1500

2000

iTP § iETNP

0

10 20 30 0 10 20 30
POP flux (mmolP/m?/yr) POP flux (mmolP/m?/yr)

ETNP
— — — — Martin

0 0.5 1
Normalized flux

TI

0

10 20 30 0 10 20 30
POP flux (mmolP/m?/yr) POP flux (mmolP/m?/yr)

— — — — Martin

0 0.5 1

Normalized flux





OPS/images/feart-08-00376/feart-08-00376-g003.jpg
500

0 0.5 1
Normalized flux

500 1

1000

Depth (m)

1500

diag
Model 0

2000 '
0 05 1

Normalized flux

diag
Model 0
.......... Model 1
= = = |Model 2
Model 3

0 0.5

Normalized flux

AS
/4
/i .
4 diag
g Model 0
:: - Model 1
J /A = = == |\odel 2
i Model 3
A ;
0 0.5

Normalized flux





OPS/images/feart-08-00376/feart-08-00376-g004.jpg
500

1000

Depth (m)

1500

2000

—_
o
o

number density (norm.)
o

Model 0 (TP)

Model 1 (ETNP)

Model 2 (ETNP)

107" 10°
particle diameter (mm)

107" 100
particle diameter (mm)

107" 10°
particle diameter (mm)

Model 3 (ETNP)

om
- = = 400m
s 1000mM

£
"'
e,
0
‘e
0
‘e
.,
0
‘e,

Oom
— = = 400m
snnnnnnns 1000mM

Oom

°

0,
~
»

i~

== = = 400m
s 1000mM

107" 100
particle diameter (mm)

',"'\ ',"7 ~
"'\ "" ~
"',\ ".,. ~
RN e, N
."'.\ .,."\' N
L) \ -
"":' ' ""t.b "",?
. £
107" 100 107" 100 107" 100

particle diameter (mm)

particle diameter (mm)

particle diameter (mm)

om

== = = 400m
wennnnnns 1000mM

101 100
particle diameter (mm)

Iog10 number density (normalized)





OPS/images/feart-08-00376/feart-08-00376-e000.jpg
&=

Cf Q)

(T—Tep)/10
10

(0]





OPS/images/feart-08-00376/feart-08-00376-e001.jpg
(T—Tpy)/10
& = Qi

fox

(2a + (1 —€4) fo,) , where
5+ .5 tanh (03 — Oa,crit) @)






OPS/images/feart-08-00376/feart-08-00376-e002.jpg
ka = k¥ (57 + (1 — &) fo,) , where
Jo, = 02/(02 +Ko,)

®)





OPS/images/feart-08-00376/feart-08-00376-g001.jpg
Latitude

[0,] at 400m (uM)

60 120 180 240
Longitude
B . :
0 50 100 150 200 250

300

500

1000

Depth (m)

1500

2000
0

[0,] (kM)

200





OPS/images/feart-08-00349/feart-08-00349-t003.jpg
COCAI COCAIl
X; R? RI (%) VIF n X R? RI (%) VIF n
Epipelagic (0-200 m) POCsus 0.51 84.9 1.00 32 POCsus 0.65 54.8 1.13 39
DOC 15.1 DOC 452
Mesopelagic (200-1000 m) POCsus 0.46 65.3 1.01 78 POCsus 0.64 70.3 1.03 58
DOC 34.7 DOC 29.7

Xi, predictor variables; R2, correlation coefficient; R, relative importance in percentage; VIF, Variance Inflation Factors; n, number of data.
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Cruise Section  Station NPP (mmolC EP (mmolC Repi (MmolC Rmeso (MmMolC Rmeso/NPP Rmeso/EP e-ratio (%)

m—2d-1) m—2d-1) m—2d-1) m—2d-1) (EP/NPP)

COCA | 26°N 1 186.88 16.60 10.36 23.37 0.13 1.41 8.88
4 33.74 4.88 39.50 56.54 1.68 11.60 14.45

7 28.62 3.70 80.16 54.96 1.92 14.85 12.93

11 19.39 2.40 95.18 105.71 5.45 44.05 12.38

15 24.01 2.60 147.63 86.76 3.61 33.37 10.83

21°N 20 3154 0.70 139.60 67.91 2.15 97.02 2.22
23 84.29 2.30 105.15 72.76 0.86 31.63 2.73

25 30.15 0.80 70.58 59.59 1.98 74.49 2.65

29 104.93 2.60 105.93 70.65 0.67 2717 2.48

31 204.66 5.60 161.87 61.07 0.30 10.91 2.74

COCAl 26°N 1 87.19 - 4714 6.68 0.08 - -
4 4137 1.30 64.10 25.48 0.62 19.60 3.14

7 35.92 0.70 68.37 51.72 1.44 73.88 1.95

1 23.72 .40 145,55 61.41 2.59 55.82 4.64

15 21.29 2.10 134.42 95.24 4.47 45.35 9.86

21°N 20 27.85 1.90 109.17 90.06 3.23 47.40 6.82
23 41.43 1.10 114.60 67.84 1.64 61.67 2.66

25 55.45 3.70 82.36 4553 0.82 12.31 6.67

29 332.89 9.80 89.35 68.34 0.21 6.97 2.94

31 306.68 6.10 226.88 104.43 0.34 17.12 1.99

NPP: satelite-derived (VGPM) net primary production; Repi and Rmeso: microplankton respiration in the epipelagic and mesopelagic zones; e-ratio: export ratio.
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Chlorophyll

ESTOC box

BSi winter R? = 0.62

(ca. 1 km) N = 10
Slope = 138.9
Intercept = —-2.0

Cape Ghir box

B Si winter R2 = 0.49

(ca. 1 km) N = 10
slope = 8.l
intercept = 1.7

ESTOC box

BSi winter R? = 0.57

(ca. 3 km) N = 11
Slope = 26.1
Intercept = —-2.9

Cape Ghir box

BSi winter R? = 0.29

(ca. 3km) N= 11
Slope = 8.6
Intercept = 1.7

SSTs

0.18
15
=(0e]
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0.004
15
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High correlation coefficients (95% confidence level) are in bold. Statistically
relevant relationships are gray-shaded (p < 0.05, Pearson and Spearman tests).
Mesopelagic BSi fluxes at ESTOC are mainly driven by chlorophyll and SSTs around

ESTOC.
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Trap (depth, km)

Mean winter flux

Mean winter flux

Mean winter flux

(Duration) (mgm—2d-1) (mgm-—2d1) (mgm—2d-1)
1992-2009 1992-2004 2005-2009

Winter

1 km 272+ 16.4 8064+ 185 196+7.0

(87 £ 8 days)

3 km 66.0 +29.8 70.6 +£28.5 55.9 + 33.1

(88 + 9 days)

Flux increase 38.8 40.0 36.3

Rel. Increase 59% 57% 65%

Trap (depth, km)

Mean spring flux

Mean spring flux

Mean spring flux

(Duration) (mgm-2d-1) (mgm-2d-1) (mgm-2d-1)
1992-2009 1992-2004 2005-2009

Spring

1 km 28.7 £19.4 22.7 +156 47.0+£19.9

(81 £ 26 days)

3 km 59.0+30.5 51.24+29.7 82.4+21.6

(82 £ 22 days)

Flux increase 30.3 28.5 35.4

Rel. Increase 51% 56% 43%

Flux increase calculated as difference between the flux at 3 km minus the flux at
1 km depths (bold numbers).
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Time period 1 km TRAPS Fluxes Fluxes Ratios
Season Total mass SD B Si SD Total mass B Si Corg Ntot Carbonate Lithogenic B Si/ Corg/ C/N
mgm-2d-1 mgm-2d-1 mgm2d-! mgm2d! mgm2d! mgm2d-' mgm-2d-!' mgm-2d-!' Corg Ccarb  Molar
1992-2004 Winter 30.64 185 0.94 1.4 1992-2000 36.03 1.32 2.74 0.45 18.756 10.28 0.5 T2 74
Spring 22.66 15.6 0.44 0.3 26.87 0.60 2.05 0.31 11.48 9.09 0.3 1.5 7.7
2005-2009 Winter 19.64 7.0 0.71 0.9 2005-2009 18.84 0.82 1.60 0.19 9.01 4.00 0.5 1.5 10.0
Spring 46.97 19.9 1.31 0.6 54.31 1.57 3.49 0.45 26.09 19.65 0.5 1.4 9.0
Changes since 2005 Winter -11.0 -0.2 -17.2 -0.5 -1.1 -0.3 -9.7 —-6.3 0.0 0.3 2.9
Spring 24.3 0.9 27.4 1.0 1.4 0.1 14.6 10.6 0.2 -0.4 1.4
Time period 3 km TRAPS Fluxes Fluxes Ratios
Season Total mass SD B Si SD Total mass B Si Corg Ntot Carbonate Lithogenic B Si/ Corg/ C/N
mgm-2d-1 mgm-2d-1 mgm2d! mgm2d?! mgm2d! mgm2d!' mgm2d' mgm2d-' Corg Ccarb  Molar
1992-2004 Winter 70.63 28.6 2.20 1.1 1992-2000 76.03 2.46 3.16 0.38 31.37 35.18 0.8 0.8 9.6
Spring 51.18 29.7 1.92 1.7 59.44 2.52 2.46 0.29 22.10 29.90 0.8 0.9 10.0
2005-2009 Winter 55.93 33.1 2.03 1.7 2005-2009 44.58 1.94 2.27 0.29 29.91 8.05 0.9 0.6 9.1
Spring 82.35 21.6 2.65 18 78.07 198 2.7 0.28 34.56 22.85 1.0 Q.7 12.0
Changes since 2005 Winter —-14.7 -0.2 -31.5 -0.5 -0.9 —0.1 -1.5 —-27.1 0.1 -0.2 -0.5
Spring 31.2 0.7 18.6 —0.6 0.3 0.0 125 -741 0.2 -0.3 2.0

Note that organic carbon flux was not available for 2000 to 2004. Therefore, the right part shows fluxes and ratios for the periods 1992-2000 and 2005-2009. SD, Standard Deviations.
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0, effect on particle flux

Model 0 None (default model)

Model 1 Slow carbon oxidation following switch
from aerobic respiration to
denitrification

Model 2 Slow fragmentation of large particles at
low Oy due to reduced zooplankton
activity

Model 3 Diffusion limitation of aerobic respiration

and denitrification in large particles.

Hypothesis tested

Null

Hypothesis 1

Hypothesis 2

Hypothesis 3

Regions applied (RMSE)

TP (0.022), TI (0.025)
ETNP (0.15), AS (0.18)

ETNP (0.036) AS (0.057)

ETNP (0.025) AS (0.027)

ETNP (0.019) AS (0.033)

The final column lists the regions in which each model is applied, and in parentheses gives the root-mean-square error between the model-predicted normalized flux
profiles (unitless) between 100 and 2000 m, and the “observed” profiles reconstructed from geochemical tracers.
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Temp
Phosphate

Nitrate

N:P

Chiorophyll-a
Bacterial abundance

Temp
Phosphate
Nitrate
P
Bacterial abundance

MEA DEA MEA % DEA % MEA:DEA
Surface Surface Surface Surface Surface
r p-value r p-value r p-value r p-value r p-value
-016 0736 030 0517 046 0301 006 0908 066 0109
0.19 0.692 051 0.245 -0.62 0.140 0.24 0.612 -0.82 0.025
-006 0893 020 0,665 -0.46 0303 -0.18 0.701 -0.70 0078
-0.26 0.578 -0.84 0.018 0.70 0.082 -0.61 0.148 0.84 0.186
049 0.269 065 0.114 -066 0.106 029 0532 -032 0489
0.30 0515 049 0.267 -013 0785 048 0278 -0.06 0894
500m 500 m 500 m 500 m 500 m
r p-value r p-value r p-value - p-value r p-value
-028 0615 -022 0,644 -014 0757 0.40 0375 003 0946
0.10 0825 -0.03 0944 -005 0911 073 00608 027 0559
047 0724 -063 0133 052 0236 0.40 0373 069 0083
-032 0438 -0.79 0.025 0.89 0.000 -025 0545 064 0096
065 0116 074 0058 -059 0.164 -021 0658 -037 0415

Spearman correlations are indicated with an *. Values of r that are significant at p > 0.05 are highlighted in bold.
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K2 S1 References

ZP biomass (mg m~2) 2250 300 Honda et al., 2017
Prokaryote biomass:(mg m~2) 1440 940 Honda et al., 2017

Carbon demand

ZP (metazoan) carbon demand 150 (or 200) to 1000 m 100 + 4 40 + 11 Kobari et al., 2016

(mg m=2 day~")

Prokaryote carbon demand 150 (or 200) to 1000 m 13.9+1.8 96+12 Honda et al., 2017

(mgm~=2 day™") 200-4810 m 183.9+0.9 10.6 £0.7 Uchimiya et al., 2018
Carbon supply

APOC flux (mg m=2 day~ ") 200-4810 m 39.7 39.8 This study

DOC flux (mg m~2 day~") 150 m (K2), 200 m (S1) 1.0 8.2 Wakita et al., 2016; Honda et al., 2017

ZP excretion (mg m=2 day~") 150 m (K2), 200 m (S1) 0.9 i Kobari et al., 2016; Honda et al., 2017
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type
(m) TMF POC Opal CaCO3 LM oM Opal CaCO3 LM (mole ratio) (mg m~2 (%) (mole ratio)
day™)
K2 DST 60 631+124 97+34 202.3+£99.8 135.9+54.4 16.6+£12.9 43.8+8.3 321+£12.5 2248 2.6+3.0 2.24+0.2 3156+39 30.7+£9.4 5.94+1.9 Honda et al., 2015
DST 100 483463 63+11 167.2+76.4 121.6+£59.8 156.0+£11.6 37.1+4.5 34.6+13.6 25413 3.1+£2.6 2.0+0.2 19.9+6.1 4.3+1.4 Honda et al., 2015
DST 150 3174140 49423 103.34+99.6 61.0+£47.2 13.2+11.6 44.0+5.0 32.6+£13.6 19+11 4.2+7.8 2.64+0.2 15.5+4.8 6.7+2.1 Honda et al., 2015
DST 200 327+184 45421  105.1+73.5 77.8+£67.3 14.5412.0 39.6+6.5 32.2+14.4 24414 4.446.8 2.0+0.2 14.3+4.4 4.8+1.6 Honda et al., 2015
ST 4810 158+39 5.5+1.6 80.7£36.2 38.5+8.6 23.0+4.1 9.7+1.5 51.2+12.1 2449 14.6+3 3.1+0.3 1.8+0.5 1.2+0.6 This study
S1 DST 60 6704328 150+102 34.4+31.9 193.1+£1354 13.9+16.4 64.0+5.9 5,126 2945 27132 0.3+0.0 369+47 40.7+£12.5 6.5+2.1 Honda et al., 2015
DST 100 3244267 56+46 21.9422.3 128441289 12.8+13.9 49.64+52 6.8+4.9 40+6 4.0+6.2 0.3+0.0 165.2+4.7 3.6+1.2 Honda et al., 2015
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DST 200 3014238 42428 24.84+21.2 136.4+1354 20.0+16.6 39.94+8.5 8.245.5 45+12 6.6+11.0 0.3+0.0 11.44£3.5 2.6+0.8 Honda et al., 2015
ST 4810 41421 2.3+0.7 7.0+2.9 20.4+6.1 7ol = W 16.4+1.6 17.1+2.3 5043 17.5+1.4 0.5+0.1 0.6+0.2 0.940.3 This study

Particles were collected at depths of 60, 100, 150, and 200 m by drifting sediment traps (DSTs) and at 4810 m by moored sediment traps (MSTs). TMF, total mass flux; POC, particulate organic carbon; Opal, biogenic
opal; LM, lithogenic materials; IPR, integrated primary productivity; E-ratio, export ratio (POC flux at respective depths, expressed as a percentage of IPP).
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Station Type 2017 2018

Winter P12 Larvaceans 0.20 2.42
P16 Larvaceans NP 1.45
P26 Larvaceans 0.42 3.10

Spring P12 Doliolids 0.18 41.84
P16 Larvaceans 0.05 187.17
P16 Doliolids 0.21 95.11
P20 Larvaceans 1.33 13.16
P20 Doliolids 0.61 5.48
P26 Salps NP 6.08

Summer P12 Larvaceans 6.37 0.91
P12 Doliolids 36.37 NP
P16 Larvaceans 1.69 6.42
P16 Doliolids 16.75 39.82
P20 Larvaceans 0.45 22.36
P20 Doliolids 0.55 118.11

The data here contain combined abundances of all class sizes; more detailed
information is available in Supplementary Material. Samples that did not contain
the specified organisms are labeled as “not present” (NP).
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Mg Al 3

Concentration (ug g™)
Shallow trap (n = 10) 5330 2,300 2,680
Deeptrap (n=10) 5630 7,800 701

Pelagic clay® 16,200 66,900 9,340
73

Shallow trap 23 - 12
Deep trap 07 - o1
Pelagic clay 02 - 01
Flux (ugm=2d™")

Shallow trap 551 221 270
Deep trap 547 749 681
D/s .0 34 03
Pelagic clay 18.1 - 105
Excess flux (ug m? d')

Shallow trap 515 - 268
% of total 93 - 99
Deep trap 423 - 61
% of total 77 - 90

aData are from Yamaoka et al. (submitted).

Ca

T v

110000 920 448

108,000
26,400

48
14
0.4

1116
1102
1.0
296
1108
99

1074
97

363 kg
6,060 140
0.04 0.002
0.05 0.002
0.09 0.002
0.88 004
346 017

39 4.0
679 0.16
-025 001
-28 32
-0.36 007
-11 41

Mn

156
783
21,600

0.1
0.1
03

1.46

7.52
5.2

242

1.29
89
6.96
93

Fe

1,010
4,510
33,700

04
0.6
0.5

8.56
43.0
5.0
377

-1.04
-12
1041
24

Co

4n
1.9
427

0.002
0.002
0.006

005
012
25

048

0.04
90
0.10
86

Ni

234
321
577

0.01
0.004
0.009

0.22
0.31

1.4
0.65

0.21
95
0.27
87

Cu

271
166
476

0.01
0.02
0.01

0.25
1.53
6.1
0.53
0.24
97

1.50
98

Zn

177
142
208

0.08
0.02

0.003 0.005 0.00001

1.90
1.26
0.7
0.23

1.88
99
119
95

Sr

979
906
307

0.4
0.1

9.66
9.23
1.0
0.34

9.57
99
8.90
96

Cd

0.98
0.36
0.84

0.0004

0.00005 0.002 0.004

0.009
0.003
0.4
0.001

0.009
100
0.003
97

Pb  REE
220 675
193 276
946 7
001 0003

0001 001
019 006
018 026
09 41
011 o087
019 002

98 38

017 013

91 49





OPS/xhtml/Nav.xhtml




Contents





		Cover



		THE OCEANIC PARTICLE FLUX AND ITS CYCLING WITHIN THE DEEP WATER COLUMN



		Editorial: The oceanic particle flux and its cycling within the deep water column



		Author contributions



		Publisher’s note



		References









		High Temporal Variability of Total Organic Carbon in the Deep Northeastern Pacific



		INTRODUCTION



		MATERIALS AND METHODS



		RESULTS



		Distributions in 2017



		Distributions in 2018



		Distributions of DOC in Spring 2018









		DISCUSSION



		Trends in TOC and Fluorescence



		Seasonality in 2017



		Seasonality in 2018









		Modeled Comparison of TOC Between Years



		Contribution of Gelatinous Zooplankton to Organic Carbon Export



		Sinking Particles Delivering DOC to Depth



		Annual Net TOC Accumulation and Removal Rates









		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES









		Deep Ocean Particle Flux in the Northern South China Sea: Variability on Intra-Seasonal to Seasonal Timescales



		INTRODUCTION



		MATERIALS AND METHODS



		Sample Collection



		Elemental Analysis



		Remote-Sensing and Modeling Data









		RESULTS



		Particle Fluxes



		Environmental Parameters









		DISCUSSION



		Controls on Peak Flux in Winter



		Vertical Mixing



		Cyclonic Eddy









		Autumn Secondary Maximum Fluxes Owing to Aerosol Deposition



		Small Values in Summer Induced by Anticyclonic Eddy









		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES









		Influence of Sediment Resuspension on the Biological Pump of the Southwestern East Sea (Japan Sea)



		INTRODUCTION



		MATERIALS AND METHODS



		Sample Collection



		Sample Analyses



		Determination of Net Primary Production Based on Satellite Observations









		RESULTS



		Particle Flux and Composition



		Comparison Between Strong El Niño and Non-El Niño Periods









		DISCUSSION



		Biological Carbon Pump in the EJS



		Sources of Lithogenic Material and Its Influences on Particle Flux



		Potential Connection Between the Particle Flux and the Regional Climate in the EJS









		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES









		Molecular Nature of Marine Particulate Organic Iron-Carrying Moieties Revealed by Electrospray Ionization Fourier-Transform Ion Cyclotron Resonance Mass Spectrometry (ESI-FTICRMS)



		INTRODUCTION



		MATERIALS AND METHODS



		Sample Collection



		Sequential Extraction of Marine Particles



		Incubation of Fe (III) and Sequentially-Extracted POM Fractions



		ESI-FTICRMS Analysis



		Hydroxamate-Like Functionalities Determination in Marine Particles









		RESULTS



		Bulk Hydroxamate Concentrations in Marine Particles



		Relative Distribution of POM in Sequential Extracts With Depth



		Molecular Characteristics of Sequential Extracts of Marine Particles



		Iron-Carrying Molecules



		Direct Evidence for the Presence of Hydroxamate-Like Molecules









		DISCUSSION



		Characteristics of the Molecular Micro-Environment of the Iron-Carrying Molecules in the Settling Particles



		Refractory Nature of Particulate Hydroxamate-Like Moieties Revealed by Their Depth Distribution



		Possible Mechanisms for Incorporation and Preservation of Iron-Carrying Molecules and the Subset Hydroxamate-Like Molecules









		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES









		Long-Term Changes of Particle Flux in the Canary Basin Between 1991 and 2009 and Comparison to Sediment Trap Records Off Mauritania



		INTRODUCTION



		MATERIALS AND METHODS



		Sediment Traps Moorings



		Moored Current Measurements



		Environmental Data



		Statistics









		RESULTS



		Environmental Changes and Trends at ESTOC and the Cape Ghir Box



		Current Strength and Directions in the Water Column



		Amplitudes and Timings of Major Flux Peaks and Particle Composition



		Particle Flux Patterns Before and After 2005









		DISCUSSION



		Influence of Chlorophyll SSTs and MLD on Particle Fluxes at ESTOC



		NAO Controls and an Increased Emphasis in Spring-Time Fluxes at ESTOC Since 2005



		Lateral Particle Advection From the Cape Ghir Filament and Changes of Flux Composition at ESTOC



		Synchronous Particle Flux Records at ESTOC and off Cape Blanc and Long Term Changes









		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES









		Particle Fluxes at the Australian Southern Ocean Time Series (SOTS) Achieve Organic Carbon Sequestration at Rates Close to the Global Median, Are Dominated by Biogenic Carbonates, and Show No Temporal Trends Over 20-Years



		INTRODUCTION



		MATERIALS AND METHODS



		The Southern Ocean Time Series (SOTS) and Sample Collection



		Sediment Trap Preparation and Post Recovery Handling



		Sample Processing



		Chemical Analyses



		Data Processing









		RESULTS AND DISCUSSION



		Average Particle Fluxes and Their Composition



		Flux Variations With Depth: Observations



		Flux Variations With Depth: Comparisons to Common Algorithms



		Can We Explain the Interannual Variability of Mass or POC Fluxes?



		Possible Role of Particle Ballast in POC Flux Magnitude



		Possible Role of Seasonality in Control of Flux – The Flux Stability Index (FSI)



		Possible Role of Seasonality in Control of Flux: Mean Seasonal Cycles



		Possible Role of Seasonality in Control of Flux: Singular Value Decomposition



		Possible Role of Net Primary Production in Control of Flux















		CONCLUSION AND PERSPECTIVES



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		FOOTNOTES



		REFERENCES









		Variability in Water-Column Respiration and Its Dependence on Organic Carbon Sources in the Canary Current Upwelling Region



		INTRODUCTION



		MATERIALS AND METHODS



		Data Sources



		DOC Analysis



		POC Analysis for Water Samples (POCsus) and Particles Collected With Sediment Traps



		Respiratory Electron Transport System (ETS) Activity and Conversions to Actual Respiration Rates



		Satellite-Derived Net Primary Production (NPP)



		Data Analysis









		RESULTS



		Regional Oceanographic Settings



		Spatial and Temporal Variability in Respiratory Activity



		DOC and POC Distribution and Contribution to Water Column Respiration









		DISCUSSION



		Epipelagic Respiration



		Mesopelagic Respiration



		Synthesis: Carbon Fluxes and Metabolic Balance









		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		FOOTNOTES



		REFERENCES









		Efficient Particle Transfer to Depth in Oxygen Minimum Zones of the Pacific and Indian Oceans



		INTRODUCTION



		RECONSTRUCTION OF OMZ PARTICLE FLUXES



		MECHANISTIC PARTICLE SIZE SPECTRUM MODEL



		SIMULATED PARTICLE FLUXES IN THE OMZS



		PARTICLE SIZE SPECTRA DISTINGUISH BETWEEN ATTENUATION MECHANISMS



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		REFERENCES









		Effective Vertical Transport of Particulate Organic Carbon in the Western North Pacific Subarctic Region



		INTRODUCTION



		K2S1 PROJECT



		MATERIALS AND METHODS



		Primary Productivity Measurement



		Particle Flux Observations









		RESULTS



		Primary Productivity



		Fluxes and Chemical Compositions of Settling Particles in the Upper 200 M



		Fluxes and Chemical Compositions of Settling Particles in the Deep Sea









		DISCUSSION



		Vertical Changes in the Organic and Inorganic Carbon Fluxes



		Correlations Between POC and Ballast Materials



		Effects of Lower Water Temperature and Lower Oxygen Concentration









		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		FOOTNOTES



		REFERENCES









		Relative Importance of Phosphodiesterase vs. Phosphomonoesterase (Alkaline Phosphatase) Activities for Dissolved Organic Phosphorus Hydrolysis in Epi- and Mesopelagic Waters



		Introduction



		Methods



		Study Site and Sampling



		Nutrient and Chlorophyll-a Analyses



		Bacterial Abundance



		Extracellular Enzymatic Activity Assays



		Statistical Analyses









		Results and Discussion



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		References









		Barite Precipitation on Suspended Organic Matter in the Mesopelagic Zone



		Introduction



		Samples and Methods



		Oceanographic Setting



		Particulate Ba Sampling, Particulate Organic Carbon Analyses, and Barite Saturation State (Ωbarite)



		Electron Microscopy Observations









		Results



		Discussion



		Barite Distribution in the Open Ocean



		Role of Extracellular Polymeric Substances in Barite Precipitation



		The Microbial Pump and Future Perspectives









		Conclusions



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		References









		Late Summer Peak and Scavenging-Dominant Metal Fluxes in Particulate Export Near a Seamount in the Western North Pacific Subtropical Gyre



		Introduction



		Materials and Methods



		Sediment Trap Experiments



		Analytical Procedures



		Satellite Data Processing









		Results and Discussion



		Sinking Particles in the Shallow Traps on and Around the Seamount



		Seasonality of Sinking Particles in Japan’s Exploration Area



		Material Transport From Shallow to Deep



		Elemental Fluxes From Shallow to Deep









		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References









		The Impact of Eddies on Nutrient Supply, Diatom Biomass and Carbon Export in the Northern South China Sea



		Introduction



		Material and Methods



		Results



		Vertical Hydrographic Characteristics and Biogeochemical Data Distributions



		Inventories (I-N, I-P, I-Chl, I-POC, I-PN, I-Phytoplankton and I-Diatom), POC and PN Fluxes, Retention Times (RT-C and RT-N) and Vertical Diffusion Flux of N









		Discussion



		Nutrients Dynamics in CE and WE



		Community Structure of Large Phytoplankton in the CEs and the WE



		Origin of the POC Flux in the CEs and the WE









		Summary



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References









		Atmospheric and Oceanographic Forcing Impact Particle Flux Composition and Carbon Sequestration in the Eastern Mediterranean Sea: A Three-Year Time-Series Study in the Deep Ierapetra Basin



		Introduction



		Oceanographic and Atmospheric Settings



		Methods and Data



		Oceanographic and Atmospheric Data



		Sample Collection



		Analytical Methods



		Source Indicators of Sinking Particulate Organic Carbon



		Statistical Analysis









		Results



		Environmental Conditions



		Sinking Particle Fluxes and Component Ratios



		Bulk Geochemical and Molecular Proxies



		Multivariate Analysis









		Discussion



		Efficiency of the Biological Pump in the Deep Ierapetra Basin



		Drivers of Natural and Anthropogenic Particulate Organic Carbon Export



		Seasonal Export Pulses to the Deep Eastern Mediterranean Sea



		Extreme Episodic Event in Spring 2012: Coupling of Atmospheric Conditions Funneled Labile and Recalcitrant POC to the Deep EMS









		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References









		Sinking Diatom Assemblages as a Key Driver for Deep Carbon and Silicon Export in the Scotia Sea (Southern Ocean)



		Introduction



		Data and Methods



		Study Region



		Sediment Trap Observations



		Sea-Ice Concentrations



		ECCO-Darwin



		Statistical Analysis









		Results



		Environmental Data and Water-Column Characteristics From ECCO-Darwin



		Sinking Particulate Material Time Series



		Relationships Between Sediment Trap Data and Modeled Environmental Variables









		Discussion



		Seasonal Succession of Diatoms Assemblage Determining bioSi/OC Variations



		Environmental Factors in the Upper Photic Layer Triggering Seasonal Diatom Assemblage









		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References









		Optical Properties and Biochemical Indices of Marine Particles in the Open Mediterranean Sea: The R/V Maria S. Merian Cruise, March 2018



		Introduction



		Methodology



		Cruise Description and Sampling



		Beam Attenuation Coefficient, Particle Volume Concentration and Particle Median Diameter



		Estimation of Particle Size Distribution Slope, ξ



		Elemental and Stable Isotope Analysis of Carbon and Nitrogen



		Surface Chl-α Satellite Imagery



		Visualization and Statistical Analysis of Data









		Results and Discussion



		Hydrological Setting



		Biogeochemical Setting



		Spatial and Vertical Variations of Particulate Matter Optical Properties



		Spatial and Vertical Variations of Particulate Organic Carbon & Particulate Nitrogen Contents and Their Stable Isotopic Composition



		Particle Dynamics in the Mediterranean Sea as Inferred From Optical Properties and Biochemical Indices









		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Publisher’s Note



		Acknowledgments



		Supplementary Material



		References























OPS/images/feart-08-558823/feart-08-558823-t001.jpg
Trap Seafloor  Trap
site depth  depth
(m) (m)
Shalow-1 1,270 900
Shallow-2 - 1,000
Shalow-3 5220 1,000
Deep-1 - 4720

Duration
(days)

319
315°
300
318

Fluxes (ngm2d"") % of total
Total Organic Carbonate Opal Lithogenic Organic Carbonate Opal Lithogenic
matter matter
43 05 37 01 04 1 78 2 9
49 05 43 01 05 9 79 2 10
93 17 57 07 12 18 62 7 13
8.6 09 4.9 15 1.4 1" 56 17 17

aThe last one or two sample bottles were excluded due to contamination by swimmers.

Corg/

067
053
1.4

C/N  Opal/
(mol/ carbonate Cinorg
mol)  (wt/wt)

7.0 003

68 003

79 0.12

99 032

096





OPS/images/feart-08-558823/feart-08-558823-g007.gif
i i i i
g H B H “| 3 3
RN IR = i
>t & ] % L
LA 3 s -
EH K 3 g
v H H E
W ! !
& %
§ s 5 o g g .
[ ot
) B < “laf
H 5 H B
H ol H H BN
{ S { B
Ll “ ]
s & 5 o s = v e s § 3 °
ot PP o, St G






OPS/images/feart-08-558823/feart-08-558823-g006.gif





OPS/images/feart-08-558823/feart-08-558823-g005.gif
. JA0%: Tt o9

Timgenen
EEE ¥

i

H

¥

H

H

®

H

§

]

H

H

10 fattop

ey
sBEEEE

I F v e o o g S O o G

106: it

Miem e
o5 BEEEE

YT

106 e

Vimecmian
sEE¥EE

T F ot o My h g S 0 o O





OPS/images/feart-08-00080/feart-08-00080-e001.jpg
TOCsummer average — TOCy
Days between cruises

8 O _ Removal rate  (2)





OPS/images/feart-08-00080/feart-08-00080-g001.jpg
Gulf of Alaska

- »

P26 Y

...P;24.P22 P20 p13
® o o * o .






OPS/images/feart-08-00080/cross.jpg
3,

i





OPS/images/feart-08-00080/feart-08-00080-e000.jpg
TOCspring average = TOChinter average

= Accumulation rate (1)
Days between cruises





OPS/images/feart-08-00080/feart-08-00080-g004.jpg
145°W 140°W 135°W 130°W
v S o b &

PP QPR

Longitude





OPS/images/feart-08-00080/feart-08-00080-g005.jpg
Aqua MODIS June 2017 Chlorophyll a concentration Aqua MODIS June 2018 Chlorophyll a concentration

0.125  0.15 0.2 0.3 0.4 0.5 0.6 07 0.8
logl0 [mg m?3] log10 [mg m?3]





OPS/images/feart-08-00080/feart-08-00080-g002.jpg
Depth [m]

w

Depth [m]

Winter C
Fluorescence [mg m3]
0 i 1 i [ 73 0
i;J s
1 s |
50 | 2 50
1.5
100 N1 100
gitxs
0 0 150
145°W 140°W 135°W 130°W
1000 1000
2000 2000
3000 3000
4000

Spring

Fluorescence [mg m3]

4000 |

145°W 140°W 135°W 130°W

TOC [umol kg'] o0

E Summer

Fluorescence [mg m3]

0 -3
N B2s
50 [0 ri\ 2
o M5
3
100 1

150 =
145°W 140°W 135°W

1000

2000

3000

4000






OPS/images/feart-08-00080/feart-08-00080-g003.jpg
Depth [m]

w

Depth [m]

Winter C Spring E Summer

Fluorescence [mg m?] Fluorescence [mg m?3] Fluorescence [mg m?]
. o3 : . S

7 0 ; ' i o IS
2.5 B \" ]
15
1 K 50 ]
|15 | |
&1 &
> 100 §
30.5 3
0 " " " w0 0 150 |
145°W 140°W 135°W 130°W 145°W 140°W 135°W 130°W 145°W 140°W 135°W 130°W
1 1
D __ __cimeel L, F S el o

1000 1000 | 55 1000

I 50 2000

245 3000

L

§

S 40

3 4000
35

‘W

2000 2000

3000 3000

4000 4000 1

Longitude

[
(33





OPS/images/feart-10-1020065/crossmark.jpg
©

|





OPS/images/feart-08-558823/feart-08-558823-g004.gif
Aolal mass fux (mg ;™ &)

cwzauns”

K

ouzzBRER

o

123456788000

sep ©
Flattop 2| Fatiop
o2 20| JA06
H <
s
ferensigunen § " rinagyrivany
o - e g
2o
Sep 50
Flat top. £ 25| Base
nos 3 oolme g
0

T2aise e 0N
EQ EQ






OPS/images/feart-08-558823/feart-08-558823-g003.gif
¢
:
:

Lo cnie o iachl Bl #






OPS/images/feart-08-558823/feart-08-558823-g002.gif
>
X}

W MRy mEeS
(X3 o«

- g w7 S°)

+Organic matter _-Cartonate Opdl _-Litwgonic

5
[ ——
sz oo S g | Heeor 000

E

:

e
b
1234567891012 n|=:45|1|l|h|u=
ooy oo

.
st
hosoz vo0am B

Evs

gm

&

i
123456789101112 uv:a‘sl1lnm|n=

g o T 2010





OPS/images/feart-08-558823/feart-08-558823-g001.gif





OPS/images/feart-08-558823/crossmark.jpg
©

2

i

|





OPS/images/feart-08-567714/feart-08-567714-t002.jpg
East Pacific (close to C-SNOW St. 1)

Cruise GEOSECS Test
Station Test
Location 28.483'N, 121.633W
Collected September 1969
Citation Wolgemuth and Broecker, 1970

doi:10.1020AJC0751036007686
Depth (m) [Ba] (M) Temperature ('C) [ -~
1 50 18.07 029
30 43 17.85 025
150 50 11.66 039
255 57 8.71 050
400 67 69 065
700 8 507 089
1,000 3 4.01 1.02
Northeast Pacific (close to C-SNOW St. 2)
Cruise KN195-08
Station SAFe
Location 30N, 140W
Collected May 2009
Citation Geyman et al,, 2019

doit10.1016/.epsl.2019.115751
Depth (m) [Ba] (M) Temperature ('C) Qparie
25 350 19.01 020
75 378 18.20 022
110 35.0 18.18 020
150 353 16.76 022
200 371 12.81 0.27
250 75 11.23 030
300 39.4 992 033
350 435 885 038
400 489 7.95 045
500 59.4 632 059
600 68.3 5.19 071
700 779 464 083
850 89.4 4.08 098
1,000 98.1 372 1.10
South Atlantic (close to MV4101 St. 117)
Cruise D357 (GA10E)
Station 3
Location 36'27.6'S, 1323.4'E
Collected October 2010
Citation Bates et al., 2017

doi:10.1016/.9ca.2017.01.043
Depth (m) [Bal (M) Temperature ('C) Dismie
5 430 12,08 032
23 424 12,07 032
47 42.6 12.06 0.32
97 44.5 1.19 0.36
196 433 108 034
395 480 817 0.44
504 56.1 522 059
989 706 364 079
South Indian Ocean (close to RR1202 St. 63)
Cruise INDIGO 1
Station 18
Location 45'09'S, 72'20'E
Collected March 1985
Citation Jeandel et al., 1996

doi+10.1016/0967-0637(95)00098-4
Depth (m) d[Ba] Temperature ('C) Qoarite
%9 52.7 884 047
124 53.3 7.78 0.49
162 54.1 7.24 0.51
197 55.9 632 055
295 549 6.12 055
307 585 500 062
792 65.8 307 076
1,039 686 258 081
South Indian Ocean (close to RR1202 St. 63)
Cruise INDIGO 3
Station 20
Location 5501'S, 31"13E
Collected June 1987
Citation Jeandel et al., 1996

doi:10.1016/0967-0637(95)00098-4
Depth (m) d[Ba] Temperature ('C) Qparie
52 766 206 093
76 76.1 1.44 096
100 LT 1.22 0.98
151 776 095 098
198 776 1.10 098
303 80.8 1.91 098
400 822 1.70 1.00
496 81.6 1.93 1.00
745 88.1 1.82 112
891 87.2 1.79 1.07
1,289 91.0 1.45 1.15
Southern Ocean (close to NBP1101 St. 14)
Cruise GEOSECS
Station 287
Location -69.3'S, 1865
Collected February 1974
Citation Ku et al.,, 1976

d0i:10.1016/0012-821X(76)90064-9
Depth (m) d[Ba] Temperature ('C) [ -
2 77.8 -1.07 1.10
21 i -1.49 1.02
41 782 -1.40 192
81 78.1 -1.65 112
151 79.8 -0.31 1.07
201 83.1 087 1.07
272 847 1.43 1.05
352 857 1.43 1.07
449 92.6 1.37 1.15
598 89.8 1.27 112
797 % 112 1.18

Q06 Q4.5 0.97 120





OPS/images/feart-08-567714/feart-08-567714-t001.jpg
Ocean (bottom
depth)

East Pacific (C-SNOW cruise)
St 1—Santa Barbara basin (1,929 m)

(1,927 m)

St 2—edge of North Pacific oligotrophic gyre (4,880 m)

(4,830 m)

South Atlantic (Great calcite belt 1, MV1101) (5,048 m)

South Indian Ocean (great calcite bett 2, RR1202) (1,310 m)

South Pacific Ocean (Antarctic sector, SEAFARERS) (1,887 m)

Coo!

Latitude

33.75150

33.7500

34.4167

34.4168

-38.9651

-54.3995

~72.5835

ates

Longitude

-119.4969

-119.5001

-127.1667

-127.1666

9.4866

745562

178.5005

Sample

cs1
cs2
cs3
cs4
Css
cs7
css8
cs9
Ccs 10
cs 1
Cs 13
Cs 14
cs 15
Cs 16
cs 17
Cs 19
Cs 20
cs21
cs22
cs 23
GCM120
GCM121
GCM122
GCM123
GCM124
GCM125
GCM126
GCM127
GCM 199
GCM 198
GCM 197
GCM 196
GCM 196
GCM 194
GCOM 193
GCM 192
NBP 1016
NBP 1017
NBP 1018
NBP 1019
NBP 1020
NBP 1021

Depth (m)

107
160
267
535

70
9
149
248
55
101
151
251
503
25
151
251
402
603
25
62
112
162
300
500
750
1,000
20
90
125
160
200
300
500
800

100
150
250
400
600

p[Bal (PM)

75
247
266
362
276

276

26

99

197
279
256
201

POC (uM)

3.12
0.66
0.46
0.47
0.21

o1

3.66
0.61
0.29
0.18
0.13
0.10





OPS/images/feart-08-567714/feart-08-567714-g007.gif





OPS/images/feart-08-567714/feart-08-567714-g006.gif





OPS/images/feart-08-567714/feart-08-567714-g005.gif





OPS/images/feart-09-591948/feart-09-591948-g010.gif
0% Sinking pariies

e e | w
gt |
.
Lo
P
“ oon.

T W0 20 %o 40 0 %0 700
PP emal T &Yy





OPS/images/feart-09-591948/feart-09-591948-g009.gif





OPS/images/feart-09-591948/feart-09-591948-g008.gif





OPS/images/feart-09-591948/feart-09-591948-g007.gif
I R T

TYTTITTV IR sy






OPS/images/feart-09-591948/feart-09-591948-g006.gif





OPS/images/feart-09-591948/feart-09-591948-g005.gif
‘Components (mgm™ d")

200-

150.

100-

©Opal

Lithogenic|
Caco,

00 25 50 75

POC (mg m” d")

100 125





OPS/images/feart-09-591948/feart-09-591948-g004.gif





OPS/images/feart-09-591948/feart-09-591948-g003.gif
R RN T

i






OPS/images/feart-09-591948/feart-09-591948-g002.gif





OPS/images/feart-09-591948/feart-09-591948-g001.gif





OPS/images/feart-08-00266/feart-08-00266-t003.jpg
Compound class No. of peaks % total

Fe-carrying

compounds
Aliphatic (DBE:C < 0.3, H:C 1.0-3.0) 13 17
Aromatics (Al > 0.5 or Almeg > 0.5) 429 0or460 57.60r61.7
Condensed aromatics (Al > 0.67) 334 44.8
Condensed aromatic ring structures (DBE:C > 0.7) 505 67.8
Black carbon-like (O:C 0.3-0.6; H:C 0.5-0.8) 110 14.8
Carboxylic-rich alicyclic molecules (CRAM) 86 1.5
N(OH)-COOH kendrick mass defect analysis (n > 2) 27 1.48 (and 0.95 in

intensity

percentage)






OPS/images/feart-08-00280/cross.jpg
3,

i





OPS/images/feart-08-00280/feart-08-00280-g001.jpg
A 35°N

North Atlantic
Subtropical Gyre

| k—"
‘ CBmeso® |
| |
20°N + ',1 | Lol y -
- Ay
| NECL{_" A s 3 is?’ Rty
I L— Q0
cvoo ncvel 85 ¢
)
ma=
5]
| * | N
'] ™9 ¢ .
\ = Be .
15N NNy, | SR 2 -
25°W 20°W 15°W 10°W

itter 200500

spnng 1998-99
ENSO

spring 2006

v 4 4 A
Chlorophyll Concentration, OCI Algorithm (mg m—3)

0.05 0.1 0.2 0.5 1 2 5 10 20






OPS/images/feart-08-00280/feart-08-00280-g002.jpg
Environmental conditions

0.13+0.05

ESTOCH

2009

IIIIIIIIIIIII|IIIIIIIIIllIlIIIlIIlIIIIIIIIIIIllIlIIlIlII|IIIIIIllIIIIlIlIIIlII|IIIIIIIllllIIIlIlII|IIIIIIIIIlllllllllllllllllllllll

Illl

IIIIIIllIlI|lII|IIIIIIllIIIIl|lIIIlIl||IIIlllllllIIIlIlIIIlIllllllllllllllllllllllll

16

2009

2005

2000

1995

1992





OPS/images/feart-08-00266/feart-08-00266-g006.jpg
Protein-

Cellulose-like.
like i

°® ° °

- 2 i
2 3k Aromag;
:': .’:.‘0~ & Dl S ‘0'1at'£’ine
< - ZCondenseq

—

o - a_I‘Oma"-c "ne
b

average O/C: 0.44;
average H/C: 0.75

0 0.2 0.4 0.6 0.8 1 12

0/€

1.4





OPS/images/feart-08-00266/feart-08-00266-g007.jpg
Bacterial
activity

|
|
|
|
!
!
!
' I. Chemical cross-linking

hydrophobic mteraction

1onic interaction or hydrogen bonding

II. physical cross-linking

Sinking particles

marine organic
macromolecules

(gel precursors) |

Protein with cavity!
I
|

‘ Siderophore-Fey; 1

Feyy

! N  apo-siderophore






OPS/images/feart-08-00266/feart-08-00266-t001.jpg
# of formulas 500 1500 3200

2184 1127 1354

Number %, total Number %,total Number %, total

intensity intensity intensity
CHO 1013 27.0 418 35.3 547 414
CHON 722 38.1 433 39.4 502 34.0
CHONS 344 31.3 198 16.7 224 9.4
CHOS 48 15 38 3.7 37 3.4
Deoxy- 57 24 40 4.9 44 1.9

compounds





OPS/images/feart-08-00266/feart-08-00266-t002.jpg
Molecular class

All identified formulas

Aliphatics

Aromatics (Al > 0.5)

Aromatics (Almogified > 0.5)
Condensed aromatics (Al > 0.67)
Black carbon (O/C 0.3-0.6; H/C 0.5-0.58)
CRAM

N-containing CRAM

N-containing aliphatics

Average H/C

Average O/C

500 m

1500 m

3200 m

Peak no.

2184
1235
238
325
89
46
149
1056
308
1.31
0.20

Intensity (%, total
intensity)

100
41.8
272
38.6

75
3.1
5.0
41
16.4

Peak no.

1127
621
134
180

49
23
83
57

227
1.47

0.18

Intensity (%, total
intensity)

100
51.8
17.2
22.7

13
1.8
5.1
3.6
33.1

Peak no.

1354
739
174
230

64
22
116
76

252
1.62

0.16

Intensity (%, total
intensity)

100
67.9
8.6
10.9
3.7
0.7
4.4
33
17.6





OPS/images/feart-08-00266/feart-08-00266-g004.jpg
[ ]
n

(¥

H/C

0.5 4

w

(%]

500 m-EDTA

500 m-SDS

cw?®
’.
" ° ...
0 05 1
o/C
1500 m-EDTA 1500 m-SDS
PO
L] .’
3 . . =
Q“o f - o @
g o :' e ® °
.,“’\. o e ©
S °
0 0.5 1 15 ; 1
o/C o/C
3200 m-EDTA 3200 m-SDS
e ® o0 @
L ] o &
0
0.5 1 15 0 05 1
o/C o/C

500 m-HF

o/C

o/C

—
n

1:5





OPS/images/feart-08-00266/feart-08-00266-g005.jpg
500

Depth (m)
%
[en]
S

3200

# of Fe-containing compounds

200 400 600

800

mEDTA
m SDS
= HF

Others:
1L.7%

~__CHO:7.5%

~_CHON:
44.0%

CHOS: -~
4.4





OPS/images/feart-09-591948/crossmark.jpg
©

2

i

|





OPS/images/feart-08-537332/math_qu2.gif





OPS/images/feart-08-537332/math_qu1.gif
N flux = K,dN /dz





OPS/images/feart-08-537332/feart-08-537332-t003.jpg
Season I-N I-P 1-Chl N gradient K. N flux References

(month) (mmol m?) (mmol m™3) (mg m?) (mmol m™%) m?d™) (mmol m2d")

Spring 293 20 31 013 33 033 This study (CE1)*
(Apr 2013) (257) (18) @ 0.10) (1.8 (0.09) -

Spring 351 25 24 013 48 0.64 This study (CE2)*
(May 2014) (132) ©) @ (0.04) 1.0 (©0:31) -
Autumn 337 12 22 022 48 1.34 This study (WE)*
(Sep 2013) (264) © U] ©0.12) “3) (1.54) -

Spring - - 20 - — - Chen et al. 2004°
(Mar 2000) - - @ - - - -

Spring - - 22 - - - Chen et al. 2004°
(Mar 2001) - - @ - - - -

Spring - - 21 - - - Chen 2005°
(Mar 01; 02) - - ) - - - -
Autumn - - 21 - - - Chen 2005°
(Oct 2002) = = ) - = - =

Winter - - 35 - - - Tseng et al., 200
Other seasons - - 15 - - - Tseng et al., 2005
Summer - - - - 18 0.20 Chou et al., 2006
(Jul-Sep) =i = w = 0.8 0.04) =

Spring 183 - - - - - Chen et al., 2007
(Apr-May) (25) = = = = = —

Spring 252 21 - - - - Du et al. 2013*
(May) = = = = = = =
Summer 292 24 - - - - Du et al. 2013¢
(ul-Aug) - - - - - - -
Autumn 245 23 - - - - Du et al. 2013¢
(Oct-Nov) - - - - - - -

Winter 201 13 - - - - Du et al. 20137
(Jan) - - - - - - -

Spring - - 21 007 183 118 Lietal. 2016°
(May) - - ® (0.03) (108) (0.90) -
Summer - - - 0.01" 0.6° 011" Duetal. 2017'
(Aug) = = = = = = —

“Average inventories of N, P and Chl over the upper 100 m of the water column measured at the two main sampling sites. The one standard deviation had shown i parentheses.

“Values have been derived from ratios of integrated PP (IPP) and Chi IPP/IChi)in Table 1 and Table 2 reported by Chen et al. (2004). The values of mean with one standard deviation include
the observations at stations 3, A, B, G and D in Chen et al. (2004).

°The data obtained from Table 3 (Spring; March 2001 and 2002) and Table 4 (Autumn; Oct 2002) reported by Chen (2005). The values of mean with one standard deviation include the
observations of slope and basin stations in the NSCS.

INutrient standing stocks of the upper 100 m reported by Du et al. (2013) were divided by the surface area of the studlied region (2.74 x 10"" m? to yield water column inventories.
“Values in Table 1 reported by Li et al. (2016) have been averaged, excluding values at stations C6 and B.

‘The value is derived from Figure 2 of Du et al. (2017).

IAverage of the maximum and minimum values of K., upper 100 m.

"Maximum value at a depth of 68 m.

N gradient here refers to nitrate (NO=") only.
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CE 1 (2013) CE 2 (2014) WE (2013)
Parameters st s2 Mean + 1SD s3 s4 Maen + 1SD S5 s6 Maen : 1SD
Tempsom (C) 256 229 242420 245 245 245400 279 29.0 28508
Tempu.o (C) 26.2 262 262+ 00 208 29.3 206+ 04 294 29.2 293+ 0.1
Salinityyio 3385 3384 33.85 + 0.01 34.06 34.11 34.09 £ 0.04 33.30 33.29 3330 + 0.01
MLD (m) a7 36 218 13 14 141 a7 56 526
Zn () 56 16 3628 53 38 46+ 11 52 61 57+6
Zou (M) 88 72 80+ 11 83 88 864 82 74 786
SCM (m) 53 49 51+3 64 67 66+ 2 72 79 7645
N (M) 0.1 09 05205 0.1 08 0506 0.1 <01 <01
P (uM) 0.02 001 0.01 £ 0.01 0.05 0.04 0.04 +0.01 <001 <001 <0.01
Chl (mg m ) 0.16 009 0.13+0.05 0.1 009 0.10 £ 001 0.10 0.10 0.10 + 0.00
N (mmol m2) - - - - - - - - -
(0-150 m) 395 1,155 775 + 537 780 1,136 958 + 251 1,268 674 971 + 420
(0-100 m) ) (75) (293 + 257) (@57) (444) (851 £ 132) (524) (150) (337 + 264)
I-Chl (mg m?) - - - - - - - - -
(0-150 m) 38 29 34:6 33 26 2945 33 28 30+4
(0-100 m) @8) ©9) @1+4) ©3) (6) @44 33) (8) @2+ 1)
-POC (mg-C m?) 47 45 46202 27 32 30:03 43 40 41102
-PN (mg-N m™?) 04 07 0502 08 09 0800 07 12 1004
N-gradient (mmol m %) 007 012 0.10 +0.03 0.1 0.12 0.11 £ 001 0.20 0.14 0.17 004
(MLD-150 m) - - - - - - - - -
(MLD-100 m) (0.06) ©.19) 013+ 0.10) ©.10) (0.16) (0.13 £ 0.04) ©031) ©0.14) 0.22+0.12)
I-Phyto. (10° cells m2) 69 32 50 + 26 67 34 51+23 14 18 16+3
I-Diatom (10° cells m™?) 63 20 4131 56 26 41x21 6 8 721
I-Phyto. C. (mg-C m?) 205 196 201+ 06 174 8.1 128+ 66 68 63 66+ 04
I-Diatom C. (mg-C m?) 18.0 165 173+ 11 14.1 6.4 10254 56 35 45:15
POC Flux (mg-C m2d™) 51 72 61+ 14 166 50 108 + 82 15 25 2047
PN Flux (mg-N m2 d™") 6 1 93 33 15 2413 3 T 5:3

Deployment (h) 37 12 - 8 32 o= 47 27 -
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Date TMF oc oc ic ic bioSi bioSi Litho Litho s°c §"°N  bioSi/OC
flux
(mg % (mmol % (mmol % (mmol % (mg (%0) (%) molar
m2d) m2d) m2d) m2d7) m2d)

March 16, 2012 123045 2.32% 238 0.21% 021 7.43% 3.26 75.79% 932.54 -27.94 181 1.37
April 16, 2012 826.60 2.25% 1.65 0.58% 0.40 8.61% 253 69.98% 578.45 -2842 158 1.63
May 16, 2012 1028.76  1.64% 141 0.14% 0.12 6.90% 2.53 78.97% 812.40 -27.45 185 1.80
June 16, 2012 166022  1.16% 151 0.14% 0.18 5.36% 297 83.65%  1305.14 -27.12 282 1.98
July 16, 2012 1097.53  1.28% 17 0.18% 0.17 4.19% 1.64 85.87% 942.41 -26.54 222 1.40
August 16, 2012 886.28 1.03% 0.76 0.21% 0.16 3.86% 1.22 86.90% 770.18 -2639 327 1.60
September 16, 2012 741.11 1.34% 0.82 0.21% 0.13 4.46% 1.18 84.87% 628.99 -2666 3.48 1.43
October 16, 2012 892.53 1.68% 1.18 0.19% 0.14 6.76% 215 79.01% 706.17 -2661 279 1.83
November 16, 2012 1041.74  2.18% 1.89 0.16% 0.13 9.23% 3.42 72.22% 752.38 -28.18 208 1.81
December 16, 2012 141086  1.97% 231 0.26% 0.30 13.57% 6.82 61.38% 866.94 -20.21 121 295
January 12, 2013 122785 1.81% 1.86 0.44% 0.45 8.50% 372 72.34% 888.21 -2822 156 2.00
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E1 March 16, 2012

E2  April 16,2012

E3  May 16, 2012

E4  June 16, 2012

E5  July 16,2012

E6  August 16, 2012

E7  September 16,
2012

E8  October 16, 2012

E9  November 16, 2012

E10  December 16, 2012

E11 January 12, 2013

PAR  MLD Temp* Sal* Strat* NO3 PO4 Sio4 dFe bioSi/ Chia
oc*

©En (M (O (kgm-4)  (mmol (mmol (mmol (mmol  (mok:mol) (mg

m-2s-1) m-3) m-3) m-3) m-3) Chla m-3)
1501 80 181 3371 -00085 1502 108 393.2 070 0.450 635
715 28 059 3360 -00074 1437 103 364.4 074 0.450 418
334 23 -061 3341 -00063 1403 10.0 3495 093 0.449 161
74 33 150 3342 -00009 813 58 207.9 075 0.449 0.12
219 38 141 3362 -00021 1382 97 314.1 153 0451 001
768 39 088 3386 -0.0041 2504 17.5 567.8 3.08 0.452 0.00
1869 86  -037 3400 -00043 8275 228 729.0 411 0452 0.00
601.0 44 -006 3410 -0.0035 3803 265 857.1 495 0.451 0.00
8014 26 015 3405 -0.0048  383.1 267 8428 486 0.450 001
705.5 12 0.20 3381 -0.0111 326.7 27 715.6 3.95 0.448 1.85
2005 18 045 3317 -00284 1213 86 289.7 070 0448 852
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Summer

Autumn Winter
2009-2010 2011-2012 2014-2015 2009-2010 2011-2012 2014-2015 2009-2010 2011-2012 2014-2015
Duration 27 June-30 20 May- 08 July-30 15 09 01 October-07 18 12 08
August 08September September September-17  September-11 December. November-06 November-15 December-01
November November February February March
TRE Maximum (mg m~2 d-" 97.2 136.2 91.0 202.3 161.6 196.0 294.7 297.4 4138.2
Minimum (mg m=2 d=1) 45.4 46.6 59.7 56.9 30.9 75.1 56.9 109.9 118.7
Total amount in the 6230.7 9331.1 6597.2 7001.3 7698.6 1034.7 17758.3 18463.7 22698.5
period (mg m~2)
Daily average (mg m—2 778 83.3 77.6 109.4 120.3 182.2 185.0 192.3 267.0
a1
Period total flux/1 year 14.3 2.7 18.3 16.1 17.9 20.9 40.9 42.9 45.9
total flux (%)
POC flux Maximum (mg m-2d-1) 4.7 8.3 4.9 9.6 8.8 9.1 12.5 14.6 18.2
Minimum (mg m=2 d=1) 2.9 2.8 2.1 2.5 1.4 3.8 25 3.8 5.3
Total amount in the 322.0 572.8 336.1 311.4 366.2 479.2 698.7 705.1 1022.3
period (mg m—2)
Daily average (mg m~—2 4.0 51 4.0 4.9 5.7 73 7.3 7.3 12.0
d-")
Period total flux/1 year 127 208 145 171 18.7 20.6 38.5 36.1 44.0
total flux (%)
Bio. flux Maximum (mg m=2d-1) 84.3 91.9 73.6 139.6 1121 140.2 240.2 1956.7 340.2
Minimum (mg m=2 d=1) 38.9 33.0 47.7 44.9 25.9 54.0 42.2 82.3 87.9
Total amount in the 5056.3 6970.9 4837.3 5309.8 5114.2 7300.3 13081.8 14101.8 18717.2
period (Mg m—2)
Daily average (mg m~2 63.2 62.2 56.9 83.0 79.9 107.4 136.3 146.9 220.2
d-")
Period total flux/1 year 16.0 222 12.6 16.8 16.3 19.1 41.5
total flux (%)

Total amount was calculated as the sum of each period and daily average fluxes were calculated as average of each sapling period.

45.0
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—0.34
—0.39
—0.23
—0.31
—0.41
—0.79*
—0.34
0.41
—0.94*

The annotation ** designates significant correlation at 0.017 level (o < 0.01), and * shows significant correlation at 0.05 level (o < 0.05).
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Parameter 1-year means Baseline condition Summer 08 July-30 Autumn 01 Winter 08
(non-event period) September October-07 December-01 March
December
Biogenic matter fluxes (mg m=2 d=1) 112.7 73.0 56.9 107.4 220.2
PN (% of biogenic matter) 1.03 1.11 117 0.99 0.81
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Average daily flux (mg m=2 d-1) for each period and percentage of year-round flux (%)

1 year total flux Average daily flux Baseline Summer 08 Autumn 01 Winter
(mg m—2) (mgm-2d-1) condition July-30 October-7 08 December -01
(non-event September December March
period)

Total particulate matter 49459.4 145.5 96.2 (20%) 77.6 (13%) 152.5 (21%) 267.0 (46%)
POC 2323.4 6.8 4.8 (21%) 4.0 (14%) 7.0 (21%) 12.0 (44%)
CaCOg 23370.0 68.7 44.4 (19%) 37.3 (14%) 71.5 (21%) 127.1 (46%)
Opal 10750.5 31.6 20.0 (19%) 12.5 (10%) 23.2 (15%) 71.5 (56%)
Lithogenic matter 11156.7 32.8 23.2 (21%) 20.7 (16%) 44.8 (27%) 46.8 (36%)
Particulate nitrogen 361.3 1.1 0.8 (23%) 0.7 (15%) 1.0 (20%) 1.8 (42%)

Average aaily flux was calculated as average of each sapling period. Proportions of each season of 1-year total flux were calculated by multiplying each average daily flux
by its sampling days and dividing by corresponding total flux. Baseline condition was defined as non-event period, which included May 01 to July 07, 2014 and March
02 to April 06, 2015.
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Parameters Whole period Non-El Nino period El Nifo period
Average + o Average + o Average + o
Primary production 794 + 267 774 £ 231 841 + 316
Dust deposition 34+23 41 +£27 2.0 1.0
500 m(300 m)
Particle flux (<1 mm) 338 + 293 361 +137(n = 389) 508 £311(n = 78)
POC flux 28 +24 27 £15(n = 39) 36 +26(n = 78)
POC content 82+42 84+56 7.3+£30
POC flux/NPP (%) 35+21 3.6+19 41 +20
Lithogenic flux 201 + 166 66 £ 61(n = 18) 232 £ 168(n = 78)
Lithogenic content 42 +£15 34 £10 44 £16
Biogenic opal flux 208 + 199 143 £90(n = 18) 261 £245(n = 22)
Biogenic opal content 38+17 35411 41 +£21
Biogenic CaCOg flux 27 + 21 28+ 16(n = 18) 26 +25(n = 20)
Biogenic CaCOg content 6+4 8+56 4+£3
AC (%0) - —14+38(n = 7) 16 £ 18(n = 14)
Excess Mn flux — 212 +£238(n = 9) 147 £136(n = 71)
1000 m
Particle flux (<1 mm) 400 + 258 311 £ 141(n = 65) 600 £+ 290(n = 54)
POC flux 26 +£16 18 £ 8(n = 65) 36 £19(n = 54)
POC content 6.0+1.7 6.1+1.7 59416
POC flux/NPP (%) 33+1.7 25+1.0 44+18
Lithogenic flux 169 + 135 1283 £ 63(n = 65) 272 £189(n = 29)
Lithogenic content 42 +14 41 £13 43 £ 16
Biogenic opal flux 164 + 142 128 £ 67(n = 61) 285 £ 237(n = 18)
Biogenic opal content 39+14 39+12 40 £ 18
Biogenic CaCOg3 flux 21+14 24 +£10(n = 14) 19 +£17(n = 17)
Biogenic CaCO3 content 5+4 818 3+2
A C (%) - —20 + 22" 8+26(n = 13)
Excess Mn flux - 167 £ 127(n = B65) 171 £138(n = 21)
2000 m
Particle flux (<1 mm) 440 + 241 350 + 140(n = 52) 573 £ 275(n = 63)
POC flux 28 + 16 17 £8(n = 52) 37 £19(n = 62)
POC content 574183 50+1.0 6.5+1.3
POC flux/NPP (%) 36+1.8 25+1.0 42+20
Lithogenic flux 249 + 160 1756 £63(n = 19) 272 £ 174(n = 61)
Lithogenic content 47 £ 11 49+9 47 £12
Biogenic opal flux 165 + 99 108 £ 54(n = 19) 220 £ 101(n = 20)
Biogenic opal content 33+ 183 30+ 13 36 + 12
Biogenic CaCOg flux 183+ 11 16 £14(n = 17) 11 +£6(n = 17)
Biogenic CaCOg content 3+3 5+4 242
AC (%o) — —48 £ 24" —26 +19(n = 6)

Excess Mn flux

1038 £ 217(n = 7)

236 + 122(n = 52)

The number of samples analyzed for opal and CaCOs are provided because results are only available for only a subset of samples. Net primary production and all the flux
values are expressed in mg m=2d~1, whereas the contents are expressed as %, with the exception of the excess Mn, the flux and content of which are expressed in g
m~—2d~1and ppm, respectively. ) these results at 1000 m and 2000 m for the non-EN period (March 2011-February 2012) at Station EC1 are from Kim et al. (2017).
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