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The active carbon flux mediated by diel vertical migration (DVM) of zooplankton is an important component of the downward carbon flux in the ocean. However, active fluxes transported by zooplankton DVM are poorly known in the South China Sea (SCS) and the Western Philippine Sea (WPS). In this study, active carbon fluxes in the SCS and WPS were evaluated on the basis of the data of mesozooplankton community and DVM at two stations of these areas. The mesozooplankton community in the SCS was obviously different from that in the WPS, and higher species number and abundance in the SCS were observed, which may be related to the higher chlorophyll a (Chl a) concentration and the wide gradients of temperature and salinity in this sea. Moreover, shallow depth Chl a maximum and strong thermocline were detected in the SCS, causing lower migration amplitudes of mesozooplankton in the SCS than those in the WPS. However, the migrant biomass of mesozooplankton in the SCS was 98.40 mg C m–2, higher than that in the WPS at 25.12 mg C m–2. The mesozooplankton active carbon flux in the SCS (4.64 mg C m–2⋅d–1) was also higher than that in the WPS (1.80 mg C m–2⋅d–1). The mesozooplankton active fluxes were equivalent to 8.3 and 8.1% of the total flux (active flux plus passive flux) of the SCS and WPS, respectively, and they play an important role in the biological pump functioning in the two regions.
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INTRODUCTION

The biological pump is one of the most important paths that transport carbon from the euphotic zone to the mesopelagic layer (Hernández-León et al., 2019b; Pakhomov et al., 2019). Diel vertical migration (DVM) of zooplankton is an important component of the biological pump; it mediates the carbon export referred to as active flux (Steinberg and Landry, 2017). The active carbon flux carried by migrant zooplankton represented a considerable percentage (more than 50% in some cases) of the total carbon flux (Longhurst et al., 1990; Steinberg et al., 2000; Al-Mutairi and Landry, 2001; Hidaka et al., 2001). Active carbon fluxes transported by zooplankton DVM have been recorded worldwide (Steinberg et al., 2000, 2002; Al-Mutairi and Landry, 2001; Hidaka et al., 2001; Stukel et al., 2013), indicating that active fluxes varied significantly in different marine systems with distinct hydrological properties. The process of zooplankton DVM is generally influenced by temperature, food, or thermohaline barriers (Hays, 2003), and the response of zooplankton to these factors varies among taxa in spatial and temporal ranges (Irigoien et al., 2004), leading to the variation of active fluxes in different water regions.

The South China Sea (SCS) and the Western Philippine Sea (WPS) are located in the Western Pacific, and they belong to the oligotrophic marginal sea. The proportion of zooplankton active flux in the total carbon flux is generally higher in the oligotrophic marine systems than in the meso- and eutrophic regions (Al-Mutairi and Landry, 2001; Steinberg and Landry, 2017; Yebra et al., 2018; Hernández-León et al., 2019b). The passive carbon fluxes (particle organic carbon, POC) in the SCS and WPS have been well documented (Chen et al., 1998; Hung and Gong, 2007; Ma et al., 2008; Cai et al., 2015; Zhang et al., 2019; Tan et al., 2020). In summer, the passive carbon flux in the oligotrophic basin region (51.6 mg C m–2 d–1) was lower than that in the costal (368.4 mg C m–2 d–1) and shelf (128.4 mg C m–2 d–1) regions in the SCS (Cai et al., 2015), and it was higher than that in the WPS (20.1 mg C m–2 d–1; Hung and Gong, 2007). In addition, the nutrients (such as phosphate and nitrate) in the SCS were higher than those in the WPS (Wu et al., 2003; Shiozaki et al., 2015). However, the knowledge of active fluxes transported by zooplankton DVM in the SCS and WPS is limited, and the difference in zooplankton active flux between the SCS and WPS is not clear.

During July to August 2017, we conducted an observational study in SCS and WPS, to examine mesozooplankton DVM and their contributions to the vertical active carbon flux in these oligotrophic waters. We addressed two key questions with our study:

(1) How much is the active flux contributed by mesozooplankton DVM in SCS and WPS?

(2) What is the difference of active flux between SCS and WPS? What causes these differences?



MATERIALS AND METHODS


Sampling Procedures and Samples Analysis

Sampling was carried out on board R/V “Dong Fang Hong 2” at stations A (123.09° E, 22.10° N, water depth ca. 3,030 m) in the SCS on 14–15 July 2017 (local time: daytime, 13:30; nighttime, 01:30) and station B (115.00° E, 15.20° N, water depth ca. 4,260 m) in the WPS on 4 August 2017 (local time: daytime, 08:30; nighttime, 21:30). The locations of these two stations and the surface currents in these areas are shown in Figure 1. Samples were collected from five strata (0–30, 30–50, 50–100, 100–200, and 200–300 m) by using a multinet plankton sampler system (MultiNet, HYDRO-BIOS, mouth opening of 0.25 m2, mesh size of 200 μm) during day and night at these two stations. The towing speed was 0.5–1.0 m⋅s–1. The MultiNet was equipped with two flowmeters (HYDRO-BIOS) to measure the filtered water volume. The zooplankton samples were preserved in 4% buffered formalin-seawater solution immediately after each towing. A total of 10 samples were obtained for each sampling site.


[image: image]

FIGURE 1. Sampling stations and surface currents in the investigating areas.


The depth-specific sea temperature and salinity were recorded using a conductivity-temperature-depth system (Sea-Bird SBE 911 plus). The maximum salinity at station A was 35.2, and the temperature was approximately 24.5°C, which is a typical characteristic of Kuroshio water (KW, Chen et al., 2011), while the highest salinity at station B was 34.8 when the water temperature was 20.1°C, representing the characteristic of SCS water (SCSW, Chen et al., 2011). The surface current also showed that stations A and B were influenced by KW and SCSW, respectively (Figure 1). Water samples for chlorophyll a (Chl a) measurement were collected at 5, 25, 50, 75, 100, and 150 m depth for station A and at 5, 25, 50, 60, 100, and 150 m depth for station B. The water samples were filtered through Whatman GF/F filters and preserved in liquid nitrogen for further analyses.

Data of the surface currents during the investigation period were downloaded from the European Center for Medium-range Weather Forecasts (ECMWF; data source: 1). Remotely sensed surface temperature and Chl a concentration were obtained from Moderate Resolution Imaging Spectroradiometer level 3 products (data source: 2). The data showed a monthly average in July 2017 and a spatial resolution of around 4 km.

In the laboratory, zooplankton were identified and counted under a stereomicroscope (Leica S8APO), and all zooplankton were identified to species level if possible. For each sample, a subsample of 1/4–1/16 fractions of the preserved amount was extracted with a Folsom plankton splitter. Subsample volume was determined on the basis of zooplankton density in the original sample which included at least 500 adult individuals. The dry weight (DW) of the zooplankton samples were measured using an analytical balancer (Sartorius BSA224S) after drying at 60°C for 24 h. The Chl a on each filter was extracted in 90% acetone for 24 h in the dark and measured using Shimadzu Design 20A Liquid Chromatograph (Shimadzu).



Data Analysis

Zooplankton abundance data were standardized to individuals per square meter (ind m–2). The abundance of each species was calculated in each layer, and the top five were selected as the dominant species.

Multivariate analyses were conducted using the software PRIMER V6.0 (PRIMER-e). The zooplankton abundances were calculated as lg (x + 1) –transformed, and then a similarity matrix between the sampling layers was built on the basis of Bray–Curtis coefficient of similarity (Field et al., 1982). Cluster analyses based on the average linkage group classification were conducted to determine the interrelations between stations (Field et al., 1982). Analysis of similarity was used to test the differences among the resultant groups, and a R-statistic value close to 1 indicates considerable difference in pairwise comparisons. The correlation between zooplankton abundance and environmental factors was analyzed by the RELATE procedure. The BIO-ENV procedure was used to test which environmental factors (average temperature, salinity, density, and Chl a concentration of water column in each layer) could best explain the patterns in the cluster result. Given that the Chl a sample at 200–300 m layer was not collected in this study, the Chl a data at 200–300 m layer applied to correlation analyses were referenced to the literature of Dai et al. (2017) and Li et al. (2021). Redundancy analysis (RDA) was used to explain the relationship between zooplankton and environmental factors in different stations and depth layers (Lepš and Šmilauer, 2003).

In order to quantify the presence and extent of DVM of zooplankton at two stations, the weighted mean depth (WMD) for zooplankton abundance was calculated in this study, as a measure of the center of gravity of zooplankton’s vertical distribution, according to Andersen and Sardou (1992) following equation:
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where ni is zooplankton abundance (ind m–3) at depth di, and di is the mean depth of each stratum (m).

The amplitude of vertical migration (ΔDVM) was also calculated in this study, as the difference between the WMD of the organisms during the day and the night (Tutasi and Escribano, 2020). This ΔDVM was considered as the criterion to assess the zooplankton DVM behavior.

Carbon content (C) of zooplankton was converted from DW. Formalin preservation usually leads to 37% loss of the zooplankton DW (Giguère et al., 1989). Additionally, the carbon content constitutes 40% of the DW (Omori, 1969; Dam and Peterson, 1993). Thus, the C was calculated using the following equation:
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The active carbon flux mediated by migrating mesozooplankton was the sum of respiratory carbon flux (Fr), excretory carbon flux (Fe), and mortality carbon flux (Fm). The migrant biomass of the mesozooplankton was estimated on the basis of the difference between nighttime and daytime biomass in the euphotic zone (0–200 m, Dam et al., 1995). The respiratory carbon flux of the migrant mesozooplankton was calculated using the following equation (Zhang and Dam, 1997):
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where B = diel migrant mesozooplankton biomass (mg C m–2); R = hourly weight-specific rate of carbon respiration estimated from the body weight and the mean temperature (°C) between 200 and 300 m (h–1); T = number of hours per day that the migrant mesozooplankton stayed below 200 m (12 h⋅d–1 in this study).

The hourly weight-specific rate of carbon respiration (R) was estimated using the following equation:
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where RO (μl O2 ind–1⋅h–1) is the respiratory rate, which is estimated using the model of Ikeda (2014); RQ is the respiration quotient (assumed to 0.97; Omori and Ikeda, 1984), which is the molar ratio of carbon dioxide produced to oxygen consumed; 12 is the molecular weight of carbon; 22.4 is the molar volume of an ideal gas at standard temperature and pressure; and W is the body weight of mesozooplankton (μg C per individual).

The excretory carbon flux of the migrant mesozooplankton was estimated on the basis of the findings of Steinberg et al. (2000). They suggested that the respiration and excretion rates vary depending on zooplankton dry weight and environmental temperature, and the excretion of DOC was 32% of CO2 respiration. Therefore, in the present study, Fe was assumed to be equal to 32% of Fr.

Mortality flux of zooplankton was estimated from growth assuming steady-state conditions in the mesopelagic zone (growth = mortality) using the equation of Ikeda and Motoda (1978) relating respiration and growth, where Growth = 0.75 × Respiration.



RESULTS


Environmental Factors

The temperature within the 0–300 m water column at station A ranged from 18.6 to 30.8°C. The salinity at station A varied from 34.5 to 35.2, with the highest and lowest values detected at 126 m depth and the surface, respectively. The temperature and salinity at station B varied from 11.3 to 29.2°C and from 33.4 to 34.8, respectively. The temperature and salinity at station A were higher than those at Station B, but the temperature and salinity showed no obvious diel variation in the vertical profiles for both stations (Figure 2A). In addition, the mixed layer depth reached approximately 50 m at both stations where thermoclines were evident, and the thermocline at station B was stronger than that at station A. The Chl a concentration at station A ranged from 0.10 to 0.44 mg m–3, while that at station B ranged from 0.04 to 0.74 mg m–3 (Figure 2B). The satellite data of sea surface temperature and Chl a concentration are shown in Figures 2C,D.
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FIGURE 2. Vertical profile of temperature and salinity above 300 m at stations A and B (A) (Temp, temperature; Sal, salinity; D, daytime; N, nighttime). Vertical distribution of Chl a concentration above 150 m at stations A and B (B). Surface sea temperature (C) and Chl a concentration (D) based on satellite data (Date: 01–31 July 2017).




Species Composition and Community Structure of Zooplankton

A total of 170 mesozooplankton taxa at station A and 217 taxa at station B were recorded. Copepods were the most dominant component at both stations (Supplementary Figures 1A,B). In addition, the species numbers varied in different layers at the two stations (Supplementary Figure 1C). During daytime, the maximum and minimum species number presented at 100–200 and 0–30 m layers of Station A, respectively. The highest species number was recorded at 100–200 m layer in nighttime, and the lowest was found in the 30–50 and 200–300 m layers. At station B, the maximum species numbers during daytime and nighttime were recorded at 50–100 m layer, while the minimum numbers were documented at 200–300 m layer. The common dominant species included copepods Acartia negligens, Clausocalanus furcatus, Oithona plumifera, Oithona similis, Oncaea venusta and Paracalanus aculeatus and protozoans Noctiluca scintillans and Trilobatus trilobus at stations A and B (Supplementary Tables 1, 2).

Cluster analyses showed that the mesozooplankton were divided into three assemblages (0–50, 50–200, and 200–300 m) at both stations with obvious differences among the mesozooplankton assemblages at the two stations (Figure 3). Compared with station A, station B showed a high similarity of the three assemblages. In addition, the mesozooplankton assemblage at 50–200 m at station A showed a relatively high similarity compared with that at 0–50 and 50–200 m at station B. RELATE analyses showed that the mesozooplankton communities were significantly correlated with environmental factors at both station A (R = 0.778, p < 0.001) and B (R = 0.622, p < 0.001; Table 1). BIOENV analyses revealed that the combination of temperature and salinity could best explain the patterns in the cluster result at station A (coefficient = 0.785, p < 0.001), and temperature had the highest correlation with mesozooplankton communities (coefficient = 0.761, p < 0.001). At station B, temperature could best explain the patterns in the cluster result (coefficient = 0.744, p < 0.001).
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FIGURE 3. Cluster analyses of zooplankton between different water layers at two stations.



TABLE 1. Correlations between zooplankton abundance and environmental factors (sea temperature, sea salinity, and phytoplankton density) according to BIOENV and RELATE analyses.

[image: Table 1]
The result of RDA showed that Chl a (F = 6.1, p = 0.002) and salinity (F = 4.9, p = 0.004) were the crucial environmental factors affecting the mesozooplankton community structures and vertical distributions. Additionally, all mesozooplankton taxa except for hydromedusae and siphonophore were positively correlated with Chl a (Supplementary Figure 2).



Diel Vertical Distribution of Mesozooplankton

The vertical distributions of mesozooplankton abundance showed remarkable diel variations at both stations (Figure 4A). An obvious mesozooplankton DVM pattern was found at station A. The mesozooplankton were mainly concentrated at 50–200 m layer during the daytime, while they migrated to 0–50 m layer at nighttime (Figure 4A1). The mesozooplankton also migrated from the deep to sea surface at nighttime at station B (Figure 4A2). The migration amplitudes of mesozooplankton were higher at station A than at station B (Figure 4A and Supplementary Table 3). The ΔDVM of total abundance of mesozooplankton ranged from 98 to 81 m at station A, which was higher than that at station B (ΔDVM = 9 m). The migration of biomass was bound up with abundance, but it differed between the migration patterns of these two parameters. The migrant DW biomasses of mesozooplankton varied between two stations (Figure 4B). The DW biomass at night increased from 1,361.2 to 1,423.9 mg⋅m–2 at station A in the euphotic layer and from 2,731.3 to 2,976.1 mg m–2 at station B.
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FIGURE 4. Diel vertical distribution of mesozooplankton abundance and dry weight biomass in two fixed stations [(A) total abundance; (B) total dry weight biomass; (C) copepod; (D) protozoan; (E) tunicate; (F) chaetognath; (G) pelagic larvae; (H) others; 1, station A; 2, station B; white, day; gray, night].


Copepods, protozoans, chaetognaths, and tunicates were the main groups of mesozooplankton, and these taxa showed different DVM patterns between stations A and B (Figure 4). Copepods, tunicates and chaetognaths showed an obvious DVM trend at both stations, while the migrant ranges differed, and the migration amplitudes at station A were greater than that at station B except for tunicates (Figures 4C,E,F and Supplementary Table 3). Protozoans showed no obvious diel variations at both stations (Figure 4D1,2).

The dominant species of mesozooplankton also showed different DVM patterns between stations A and B (Figure 5). A. negligens, O. venusta and P. aculeatus showed obvious DVM at two stations, while the ΔDVM of these species at station A was higher than that at Station B (Figures 5A,F,G and Supplementary Table 3). C. furcatus and O. plumifera showed different DVM patterns at two stations (Figures 5B,D). C. furcatus exhibited obvious DVM at station A with 36 m ΔDVM, while no diel variation was detected at station B (Figure 5B). Contrastingly, O. plumifera showed no obvious diel variation at station A, but a significant DVM trend was detected at station B, migrating from the 50–200 m layer to sea surface at nighttime (Figure 5D). Copepods O. similis and protozoans N. scintillans showed no obvious diel variations at two stations, but the distributions of these species were deeper at station A than that at station B (Figures 5C,E and Supplementary Table 3). T. trilobus also showed no obvious diel variation at two stations, and they mainly distributed in the 0–30 m layer (Figure 5H1,2).
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FIGURE 5. Diel vertical distribution of mesozooplankton dominant species at two fixed stations (white, daytime; gray, nighttime; 1, station A; 2, station B).




Migrant Biomass and Active Carbon Flux

The migrant biomass of mesozooplankton was 25.12 mg C m–2 at station A and 98.40 mg C m–2 at station B (Table 2). The total active flux of migrant mesozooplankton was 1.80 mg C m–2 d–1 at station A and 4.64 mg C m–2 d–1 at station B, while the total downward carbon flux at station B was 2.6 times that at station A (Table 2). The respiratory flux accounted for the highest proportion in the total active flux at two station, followed by the mortality and excretory flux.


TABLE 2. Total biomass of mesozooplankton and downward active fluxes below the depth of 200 m.
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DISCUSSION

Different water masses (or currents) have distinct natural physical and chemical properties, which influenced the zooplankton species composition and community structure (Yamaguchi et al., 2002, 2015; Raybaud et al., 2008; Eisner et al., 2013; Lian et al., 2013). In the present study, the distinct hydrological regime shaped the mesozooplankton communities of two waters with striking difference in abundance, biomass and species richness. Previous study in western Pacific showed that Chl a concentration could be a crucial factor influencing the abundance and biomass of zooplankton (Sun and Wang, 2017; Yang et al., 2017). In our study, the Chl a concentration at Station B in the SCS was higher than that at station A in the WPS, and it could possibly provide abundant food resources for zooplankton growth and reproduction (Martin et al., 2015), resulting in higher abundance and biomass of mesozooplankton in the SCS. Moreover, the temperature and salinity variation may contribute to the difference in species richness between two stations. The ranges of temperature and salinity were wider above 300 m depth in the SCS than that in the WPS, which possibly provide more diverse habitats with higher species richness for mesozooplankton in the SCS. Lian et al. (2013) also indicated that the abundance and species richness of zooplankton in the SCS were higher than that in the WPS.

The characteristics of distinct water masses also influence the migrating amplitudes (ΔDVM) of zooplankton, which was observed in our study and previous researches in Pacific (Sogawa et al., 2016; Tutasi and Escribano, 2020). The ΔDVM of the total abundance, as well as dominant groups except for protozoan and tunicate, were higher in the WPS than that in the SCS. In general, the vertical distribution of zooplankton was closely related to Chl a (Madhupratap and Haridas, 1990; Onsrud and Kaartvedt, 1998; Steinberg et al., 2008a; Briseño-Avena et al., 2020). Steinberg et al. (2008a) indicated that the deeper the maximum depth of Chl was, the stronger the DVM was performed. In the present study, the vertical distribution of mesozooplankton was also obviously influenced by Chl a (Supplementary Figure 2). The depth of Chl a maximum at station B appeared at 60 m, which was shallower than that at station A (100 m), possibly leading to a small ΔDVM at station B. In addition, the thermocline strength may also control the migration amplitude of mesozooplankton. Previous studies suggested that zooplankton DVM was restricted by strong thermoclines (Farstey et al., 2002; Júnior et al., 2014; Ge et al., 2021). For instance, over 70% of the zooplankton (>100 μm) was restricted above 100 m by the strong stratification in the Red Sea, whereas zooplankton could migrant throughout the euphotic layer when the thermocline decreased due to vertical mixing (Farstey et al., 2002). In the present study, thermoclines were detected at both two stations, and the thermocline was stronger at station B than at station A (Figure 2A). The strong thermocline at station B restricted the DVM of zooplankton with poor swimming abilities, thereby resulting in a small ΔDVM in the SCS (Figure 5).

Although the migrant amplitudes of mesozooplankton were higher in the WPS, the migrant biomass was higher in the SCS than that in the WPS (Table 2). Migrant biomass was closely related to high primary productivity and zooplankton biomass (Putzeys et al., 2011; Hernández-León et al., 2019b). Thus, primary productivity remarkably influenced the zooplankton migrant biomass in marine systems. In the present study, the Chl a concentration in the SCS was higher than that in the WPS (Figure 2B), likely enhancing the high migrant biomass in the SCS (Table 2). As the main contributors of migrant biomass, the abundances of copepods, chaetognaths, and tunicates in the SCS were one order of magnitude higher than those in the WPS (Figure 4).

The respiratory fluxes transported by zooplankton DVM varied in different marine systems, and they are higher in the eutrophic and mesotrophic regions than in the oligotrophic marine systems (Table 3). In general, the respiratory flux was highly dependent on the migrant biomass of zooplankton (Steinberg et al., 2002; Hernández-León et al., 2019b). The migrant biomasses in the eutrophic and mesotrophic regions were much higher than those in the oligotrophic regions, thereby causing the high respiratory flux (Table 3). In the present study, SCS and WPS belong to oligotrophic zones, and the respiratory fluxes mediated by mesozooplankton in the two zones were remarkably lower than those in other meso- and eutrophic marine systems due to the low migrant biomass (Table 3). Generally, the respiratory fluxes in the oligotrophic regions were low, ranged from 0.87 to 3.8 mg C m–2 d–1, and there was no obvious difference between sea areas (Table 3). However, the high respiratory fluxes have been detected in oligotrophic waters in the case of mesoscale gyre, which could be up to 9.21 and 17.17 mg C m–2 d–1, in the oligotrophic Alboran Sea gyre edge and core respectively (Yebra et al., 2018).


TABLE 3. Zooplankton active flux estimated in different oceanic zones.
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The active flux transported by zooplankton DVM represented a considerable percentage of total carbon flux (active flux + POC flux), especially in the oligotrophic marine systems (Table 3). The relative importance of active flux transported by zooplankton DVM increases highly in oligotrophic regions due to the low sinking POC fluxes (Steinberg and Landry, 2017). The POC fluxes in WPS and SCS in summer were 20.1 and 51.6 mg C m–2 d1, respectively (Hung and Gong, 2007; Cai et al., 2015). Therefore, the mesozooplankton active fluxes also occupied an important proportion in the total flux in WPS and SCS, with similar proportions (Table 3).

The active carbon fluxes calculated in this study might be underestimated due to technical limitations. We primarily focused on the mesozooplankton collected by a net with a mouth opening of 0.25 m2 and a mesh size of 200 μm. Previous study has shown that the net with a mouth opening of 0.25 m2 could not efficiently collect the large-sized zooplankton (Zhang and Dam, 1997), such as euphausiids, decapods and medusae. Thus, the contributions of large zooplankton to the active carbon flux may be underestimated in our study. Additionally, our sampling depth was limited to 300 m, thus, mesozooplankton that migrate deeper than 300 m (Steinberg et al., 2008a), were not included in our calculation. Within our sampling depth, the dominant taxa consisting of small-sized copepods and protozoans had weak swimming abilities (Figure 5), indicating their limited contributions to active carbon export in WPS and SCS. However, we only measured the overall DW of mesozooplankton, instead of lineage-specific DW, thus the dominant contributors of active flux remain unclear and worthy further study.

In conclusion, the biodiversities, abundances, migrant biomasses and active fluxes of mesozooplankton were remarkably different between the SCS and WPS due to the distinct environmental factors. The migrant biomass in the SCS was higher than that in the WPS, which was caused by the high Chl a concentration and mesozooplankton biomass of the SCS. Moreover, the active carbon flux mediated by mesozooplankton in the SCS was higher than that in the WPS owing to the high migrant biomass of the SCS. The active flux transported by mesozooplankton DVM represents a considerable percentage of total carbon flux in the SCS and WPS, and plays an important role in the biological pump functioning in the two regions.
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mg C m~2 mgCm-2d-!
Off NW Spain Oct./Nov. 1999 Eutrophic (Coastal) 200 0.25 360.0* 30.0* Isla and Anadodn,
2004
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NW Mediterranean Apr./May 2009 Eutrophic (Bloom) 500 0.25 72 8.4a+b Islaetal., 2015
Canary Current Sep./Oct. 2002 Eutrophic (Coastal) 200 0.13 457.6 4.0 4.00 129.0 3.0 Hernandez-Ledn
etal, 2019b
Atlantic Ocean Mar./Apr. 2015 Meso- and Eutrophic 200 1.0 1,150.1* a2 60.32+b+d 16.9* 78.1* Hernandez-Ledn
et al., 2019a
Subarctic Jul./Aug. 2005 Mesotrophic 150 1.0 22.8 29.92+b Steinberg et al.,
2008b
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Alboran Sea gyre (Coastal) Jul. 2014 Mesotrophic 79-200 0.25/0.13 73.6 1.27 3.852+d 245 13.6 Yebra et al., 2018
Alboran Sea gyre (Edge) Jul. 2014 Oligotrophic 200 0.13 402.0 9.21 23.2g8a+d 26.7 46.6 Yebra et al., 2018
Alboran Sea gyre (Core) Jul. 2014 Oligotrophic 200 0.13 992.9 1717 51.90a+d 7.38 87.6 Yebra et al., 2018
Western equator Pacific Sep./Oct. 1994 Oligotrophic 100 0.25 46.8 3.8 3.8° 47.5 7.4 Le Borgne and
Rodier, 1997
Bermuda BATS Station Mar. 1996-May 1997  Oligotrophic 150 1.0 50.4* 1.5* 2.0a+b 19.8* 9.2* Steinberg et al.,
2000
Hawaii ALOHA Station 1994-1996 Oligotrophic 150 1.0. 157.6* 3.6* 5.32+b 235 18.4* Al-Mutairi and
Landry, 2001
Canary Current (Oceanic) Sep./Oct. 2002 Oligotrophic 200 0.13 162.7 2.6 2.62 31.2 7.7 Hernandez-Ledn
et al.,, 2019b
Atlantic Ocean Mar./Apr. 2015 Oligotrophic 200 1.0 109.2 8.1 6.0a+b+d 11.2* 358" Hernandez-Ledn
et al., 2019a
Western Pacific Warm Pool Jun. 2012 Oligotrophic 100 0.25 2.0 2.8a+b Sun et al., 2019
North Pacific Subtropical Gyre  Jul. 2012 Oligotrophic 100 0.25 1.4 1.98+b Sun et al., 2019
Western Philippine Sea Aug. 2006 Oligotrophic 20.1 Hung and Gong,
2007
Western Philippine Sea Jul. 2017 Oligotrophic 200 0.25 251 0.87 1.802+b+d 8.1 This study
South China Sea Jul./Aug. 2009 Oligotrophic 51.6 Caietal., 2015
South China Sea Aug. 2017 Oligotrophic 200 0.25 98.4 2.24 4. pga+b+d 8.3 This study

T Depth below which active flux was estimated; *mean value; 2Respiratory flux; ®Excretion flux; °Gut flux; “Mortality flux; ®Active flux plus POC flux.
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A 25.12 0.87 0.28 0.65 1.80
B 98.40 2.24 0.72 1.68 4.64





OPS/images/fmars-08-697743-t001.jpg
Station BIOENV analysis (p) RELATE analysis
Temperature Salinity Chla R p (%)

A 0.761 0.644 0.476 0.778 0.1

B 0.744 0.398 0.042 0.622 0.1





