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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.
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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:

[image: image]

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).
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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.
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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:
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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.
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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).





OPS/images/feart-08-00366-t002.jpg
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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