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Quantification of the actual amount of carbon export to the mesopelagic layer by both zooplankton and micronekton is at present a gap in the knowledge of the biological pump. These organisms perform diel vertical migrations exporting carbon through respiration, excretion, mortality, and egestion during their residence at depth. The role of zooplankton in active flux is nowadays partially assessed. However, micronekton active flux is scarcely known and only a few studies addressed this downward transport. Even less is known about the capacity of both communities to export carbon in the ocean. Here, we show the results of zooplankton and micronekton active flux across a productivity gradient in the tropical and subtropical Atlantic Ocean. Biomass vertical distribution from the surface up to 800 m depth by day and night was studied during April 2015 in a transect from 9°S to 25°N, covering from the quite oligotrophic zone off Brazil to the meso- and eutrophic areas of the equator, Guinea Dome, and the oceanic upwelling off Northwest Africa. Zooplankton and micronekton migrant biomass was estimated from day and night catches at different layers of the water column using MOCNESS-1 (1 m2 mouth area) and Mesopelagos (35 m2) nets, respectively. Respiratory flux was assessed by measuring the enzymatic activity of the electron transfer system (ETS) of organisms at depth. Results showed a close relationship between migrant biomass and respiratory flux in zooplankton and micronekton as expected. Using a rather conservative 50% of efficiency for the net used to capture micronekton, respiratory flux resulted in similar values for both communities. Gravitational (passive) flux measured using sediment traps increased from the oligotrophic toward the meso- and eutrophic zones. Total active flux (including respiration and estimated mortality, excretion, and gut flux) by zooplankton and micronekton accounted for about 25% of total flux (passive plus active) in oligotrophic zones. Total active flux also increased toward meso- and eutrophic zones, reaching about 80% of total flux and being at least twofold higher than passive flux. These results alert about an important underestimation of the ocean biological pump using only passive flux measurements.
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INTRODUCTION

The biological carbon pump exports organic matter from the euphotic to the mesopelagic zone through diverse mechanisms. Sinking particles and the active transport by diel vertical migrants are two main processes, jointly with physical mixing of particulate and dissolved organic matter (Buesseler et al., 2007). Passive or gravitational flux due to particulate organic carbon (POC) sinking is, by far, the most studied mechanism (see Honjo et al., 2008; Guidi et al., 2015). However, active flux, the transport of organic matter performed by organisms due to feeding at night in the epipelagic layer and their egestion (Angel, 1989), metabolism (Longhurst et al., 1990), and mortality (Zhang and Dam, 1997) during their daylight permanence at depth remains partially unknown. More than two decades of research provided a relatively important data set about zooplankton active flux. However, modeling the biological pump is still a challenge due to (1) the limited knowledge of downward transport in different areas of the ocean, and (2) the almost nescience about the actual amount of carbon transported by micronektonic organisms. The latter mechanism is, at present, an important gap in our assessment of the biological pump.

Diel vertical migrants are organisms showing a high diversity and a wide size spectrum. They spread from relatively small crustaceans, mainly large copepods and euphausiids, to micronektonic forms such as fishes (mainly myctophids), large crustaceans (mainly decapods), and cephalopods. This wide spectrum entails serious difficulties for the study of the importance of these organisms in the carbon pump. The use of different types of nets of different meshes and sizes, and depth stratified sampling covering most of the mesopelagic zone are time-consuming ship operations in standard oceanographic cruises. Moreover, expertise in a rather complex taxonomy from zooplankton to micronekton is also needed. Thus, the study of these migrants becomes a rather arduous and expensive subject to obtain a complete picture of the biological pump.

Zooplankton is known to perform diel vertical migrations transporting a significant fraction of organic matter to deep waters (Longhurst et al., 1990). The amount of carbon transported based on respiration at depth (respiratory flux) is somehow related to primary productivity as the biomass of the vertical migrant community is larger in meso- and eutrophic areas of the ocean (Yebra et al., 2018; Hernández-León et al., 2019b). This active flux is quite variable and accounts for less than 4% (Le Borgne and Rodier, 1997) to more than 100% (Yebra et al., 2018) of the POC flux. Micronekton active flux is poorly known simply because its study requires large nets which are not a standard in oceanographic cruises. In fact, there are only a handful of works studying their role in transporting carbon downward, most of them on single groups of organisms such as fishes (Hopkins et al., 1996; Davison et al., 2013; Hudson et al., 2014) or decapods (Schukat et al., 2013; Pakhomov et al., 2018). Assessment of active flux by both zooplankton and micronekton are, to our knowledge, limited to two studies (Hidaka et al., 2001; Ariza et al., 2015). Only respiratory fluxes in those studies ranged from 14 to 55% of the POC flux. Although the latter range is based in only two studies, they suggest that total active flux (considering mortality, excretion, and gut flux) in relation to POC flux by both communities (zooplankton and micronekton) could be significant, and sometimes larger than particle sinking rates (see Yebra et al., 2018).

In this sense, besides the magnitude of the migrant biomass, community structure of pelagic communities also change with productivity. For instance, large organisms increase in areas characterized by abundant resources for feeding (Frost, 1974). Thus, migrant biomass and, therefore, active flux should also change in different productive regimes. Moreover, some populations of large zooplankton could perform seasonal migrations, accumulating lipids in the epipelagic zone and respiring them at depth, promoting the so-called lipid pump (Jónasdóttir et al., 2015). Thus, our knowledge of total active flux and their sources of variability are still quite limited.

In order to study the natural variability of active flux by zooplankton and micronekton in the ocean, we performed a transect of stations from the quite oligotrophic waters off Brazil to the meso- and eutrophic waters off the Northwest African upwelling. The goal of the study was to estimate active flux by both communities in a gradient of productivity at the basin scale from subtropical to equatorial and tropical Atlantic Ocean. We performed vertical profiles of zooplankton and micronekton during day and by night in order to study their vertical migrations, to assess migrant biomass, and to measure the enzymatic activity of the electron transfer system (ETS) as a proxy for respiration rates of these organisms in the water column. Respiratory flux was estimated in both zooplankton and micronekton as a basis to assess total active flux in tropical and subtropical ecosystems.

MATERIALS AND METHODS

Sampling took place during the “Migrants and Active Flux In the Atlantic ocean” (MAFIA) cruise on board the R. V. “Hespérides” along the tropical and subtropical Atlantic Ocean. We sailed from Salvador de Bahía (Brazil) to the Canary Islands (Spain) from March 31st to April 29th, 2015 (Figure 1). Vertical profiles of temperature, conductivity, oxygen, fluorescence, and pressure were obtained using a CTD (Seabird 911 plus) mounted on a rosette sampler equipped with 12 l Niskin bottles. Fluorescence obtained in vertical profiles (0–200 m) was converted to chlorophyll using samples at discrete depths for calibration. Chlorophyll a was measured filtering 500 ml of Niskin water samples through a 25 mm Whatman GF/F filter and freezing it at −20°C until their analysis in the laboratory. We extracted pigments by placing the filter in 90% acetone at −20°C in the dark during 24 h. They were measured on a Turner Design 10A Fluorometer, previously calibrated with pure Chl a (Yentsch and Menzel, 1963), and measured following the acidification method by Strickland and Parsons (1972). Temperature, salinity, oxygen, and chlorophyll sections were represented using Ocean Data View and the DIVA gridding procedure (Schlitzer, 2016).
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FIGURE 1. Location of stations carried out in the tropical and subtropical Atlantic Ocean during the Mafia Cruise. CC, Canary Current; OU, Oceanic Upwelling; GD, Guinea Dome; NECC, North Equatorial Counter Current; SEC, South Equatorial Current; SECC, South Equatorial Counter Current (see text).



Passive flux was measured at 150 m depth using a free-drifting multi-trap array having eight cylinders following the model described by Knauer et al. (1979) using the procedure described in Hernández-León et al. (2019b). In short, the trap was deployed during approximately 24 h with cylinders containing filtered seawater and a high salinity (∼45 g⋅l–1 NaCl analytical reagent grade) to increase density. No poisons were added to retard bacterial decomposition. After recovering, swimmers (different zooplanktonic organisms, mainly copepods) were removed and samples were filtered onto pre-combusted (450°C for 12 h) 25 mm Whatman GF/F filters. They were frozen at −20°C until analysis in a Carlo Erba CHNSO 1108 elemental analyzer (UNESCO, 1994).

Zooplankton samples were obtained using a MOCNESS-1 net with a 1 m2 mouth opening area, fitted with 200 μm mesh size (Wiebe et al., 1976). Oblique hauls were made at about 1.5–2.5 knots during day and night from stations 2 to 12 (Figure 1), and from 800 m depth to the surface in eight strata: 800–600, 600–500, 500–400, 400–300, 300–200 m, the lower thermocline layer (200 m – ca. 100 m), the upper thermocline layer (ca. 100–50 m), and the upper mixed layer (ca. 50–0 m) (see Olivar et al., 2018b). Immediately after sampling, organisms were gently collected and samples for enzymatic measurements were picked up, frozen in liquid nitrogen (−196°C), and later preserved at −80°C. After this, the entire sample was preserved in 5% buffered formalin and seawater. On board, a subsample from each layer was stained using Rose Bengal and later photographed using a Nikon D800 digital camera (36 MP) using a macro lens (MicroNikkor 600 mm f/2.8G ED) over a white LED backlight. Images were taken at 1850 dpi resolution and later processed using ZooImage1 according to Grosjean and Denis (2007). Organisms were classified in six groups (copepods, chaetognaths, euphausid-like, gelatinous, other zooplankton, and particles-like). Body area was converted to biomass in terms of dry weight using the empirical relationships given by Hernández-León and Montero (2006), and improved by Lehette and Hernández-León (2009) for the different organisms. Dry weight was converted to carbon units assuming that carbon is 40% of dry weight (Dam and Peterson, 1993).

Micronekton samples were obtained using a Mesopelagos midwater trawl (Meillat, 2012) with an average mouth opening of 35 m2 and a total length of 50 m. Mesh opening changed from 30 mm at the mouth to 4 mm at the end where a multi-sampler, able to collect samples in five different layers, was installed. Details of the system are given elsewhere (Olivar et al., 2017). Hauls were made at about 2–3 knots during day and night from 800 m to the surface in five consecutive layers (800–700, 700–400, 400–200, 200–100, and 100–0 m) except for station 1 which was restricted to the upper 150 m depth. The multi-sampler failed to obtain samples in areas or strata with abundant large gelatinous zooplankton or sargassum-weeds, so some stations were not considered for active flux. On board, organisms were sorted and classified to, at least, the family taxa, and wet weight (Ww) measured using a marine precision balance POLS S-182 P-15 (precision 2 g). Thereafter, samples were frozen for later species identification and dry weight measurements in the laboratory. Selected species of fishes and decapods were also frozen in liquid nitrogen and stored at −80°C for later ETS activity analysis. Leptocephali, relatively abundant at night in the upper surface layer of station 6, were removed from the migratory organisms as their residence depth during day expanded from surface to ca. 300 m (Castonguay and McCleave, 1987; Olivar et al., 2018b). Wet weight of fishes were converted to dry weight (Dw) using the Dw/Ww ratio of 0.23 obtained for the cruise specimens (López-Pérez, unpublished), similar to the ratios given by Childress and Nygaard (1973). The ratio used for crustaceans was the one given by Pakhomov et al. (2018) of 0.179. Carbon biomass was obtained assuming that it was 40% of dry weight (Bailey et al., 1995; Lindsay, 2003; and mean value obtained from 79 individuals examined in an earlier study on stable isotope analyses by Olivar et al., 2018a).

Frozen samples were homogenized at the laboratory in a Teflon pestle at 0−4°C to avoid degradation of enzyme activity and proteins. ETS activity was measured following the method of Packard (1971) modified by Owens and King (1975), Kenner and Ahmed (1975), and Gómez et al. (1996). Samples were homogenized and centrifuged thereafter at 4000 rpm at 0°C for 10 min. An aliquot was subsampled from the homogenate and incubated at 16°C for zooplankton and 18°C for micronekton, and darkness using NADH, NADPH, succinate, and a tetrazolium salt (INT) as the artificial electron acceptor. After 20 min, the incubation was stopped with a quench solution. The ETS activity was estimated spectrophotometrically at 490 nm with a turbidity baseline of 750 nm. In order to correct ETS activity for in situ temperature, we used the Arrhenius equation and an activation energy of 15 kcal⋅mol–1 (Packard et al., 1975). Protein content was determined using the method of Lowry et al. (1951) modified by Rutter (1967), and using bovine serum albumin (BSA) as the standard. Zooplankton protein content was converted to dry weight using the ratio of 2.49 recently given by Hernández-León et al. (2019a) for zooplankton in subtropical waters. This ratio was also used to convert ETS activity and respiration rates data from previous estimates of respiratory flux in subtropical waters (Hernández-León et al., 2019b) and then compared to the results of the present study. ETS activity in micronekton was measured in the whole animal. Organisms were homogenized and a sub-sample taken for the ETS assay. We converted wet weight (Ww) to dry weight using the above mentioned ratio, and into protein (Prot) using the average Dw/Prot ratios given by Bailey et al. (1995) of 2.21 for fishes, and 2.48 for crustaceans.

Night minus day of integrated biomass profiles in the upper 200 m layer were used as an estimate of the zooplankton and micronekton migrant biomass. Cephalopods were excluded from our estimations as they did not showed a significant biomass, probably due to escapement. Migrant biomass values were converted to carbon units as shown above. For zooplankton we assumed no net avoidance. However, night minus day biomass for micronekton was estimated for two different capture efficiencies of the net (20 and 50%). No data about Mesopelagos trawl efficiency is, to our knowledge, available. This is an important shortcoming of our research as it is known that mesopelagic fish biomass in the ocean could be an order of magnitude higher than fishes captured using trawls due to their poor capture efficiency (Koslow et al., 1997; Kloser et al., 2009; Yasuma and Yamamura, 2010; Kaartvedt et al., 2012). Based on comparison between acoustics and net sampling, estimations of catchability for large mid-water trawls normally vary between 6 and 13% (Gjøsaeter, 1984; May and Blaber, 1989). Koslow et al. (1997) found a similar value of 14% using a Young Gadoic Pelagic Trawl (YGPT, opening mouth of 105 m2). Nets such as MOHT trawl (5 m2, Oozeki et al., 2004) showed capture efficiencies of 14% for gas-bearing organisms (e.g., mesopelagic fishes), and 38% for large non-gas-bearing (e.g., decapods) fauna (Davison, 2011). Similarly, a 33.3% catch efficiency was estimated for the 10 m2 MOCNESS net by Pakhomov et al. (2018). Thus, we assumed the Mesopelagos trawl to catch between 20 and 50% of the biomass of fishes and crustaceans, and therefore, we estimated biomass using a quite conservative capture efficiency of 50%. In any case, values for an efficiency of 20% are also provided for comparison.

Respiratory flux in zooplankton was determined using the average ETS activity (in μlO2⋅mg protein–1⋅h–1) in the 200–800 m layer (considered as the residence depth of migrants), and multiplied by the migrant biomass obtained in the epipelagic layer. In micronekton, respiratory flux was determined for fishes and crustaceans using the average ETS activity (in μlO2⋅mg protein–1⋅h–1) for myctophids and decapods obtained during the survey, assuming an activation energy of 15 kcal⋅mol–1 (Packard et al., 1975) and correcting for the average temperature in the 200–800 m layer. A quite conservative respiration to ETS (R/ETS) ratio of 0.5 was used as in zooplankton this ratio normally varies between 0.5 and 1, mainly depending on the food availability to organisms (see Hernández-León and Gómez, 1996). A residence time at depth of 12 h was also assumed for both communities. To convert respiration into carbon units, a respiratory quotient (CO2 respired/O2 consumed) of 0.97 (Omori and Ikeda, 1984) was used.

Respiratory flux is only a component of active flux as mortality, excretion, and gut flux should also be considered. In these sense and in order to compare these conservative estimates of active flux with POC flux, we assessed total active flux by zooplankton and micronekton derived from respiratory flux. In zooplankton, mortality 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, and assuming gross growth (growth/ingestion) and assimilation efficiencies of 30 and 70%, respectively (see review in Omori and Ikeda, 1984). Excretion was assessed using the values of Steinberg et al. (2000) making up 24% of the respired plus excreted carbon. Gut flux was no added in the total zooplankton active flux assessment as gut passage time in zooplankton is short (<1 h, Dam and Peterson, 1988), and we assume that fecal pellets are released in the epipelagic zone, and thus, included in the sediment trap data. We are aware that this is not completely true as large copepods and euphausiids have longer gut passage times. However, because of the uncertainty in this transport and in order to be conservative in our estimations we did not add this flux.

Active flux by micronekton including mortality, excretion, and gut flux was also obtained from respiratory flux. Mortality was estimated from growth assuming steady-state conditions, and using the growth/metabolism ratio of 0.66 given by Brett and Groves (1979). Excretion was estimated as in zooplankton (see above), gut flux assuming that carnivorous organisms egest an amount equivalent to the 40% of the respired carbon (Brett and Groves, 1979), and they transport feces to the mesopelagic because of their density and the long gut passage time of large animals. Thus, we used an egestion equivalent to 80% of the respired carbon as in Ariza et al. (2015) because of their residence at depth and their long gut passage time. Because of this, micronektonic migrants should egest after the downward migration. Thus, the egestion should be double in relation to respiration during 24 h. We are also aware that carbon egestion by marine fishes is also higher because they also release carbonate precipitates as a by-product of osmoregulation (see Wilson et al., 2009). In order to be also conservative in our estimations we did not consider this carbon egestion.

Primary production was obtained from remote sensing data following Behrenfeld and Falkowski (1997) through the Ocean Productivity web site1 for the specific dates of the cruise and using the Vertical Generalized Production Model (VGPM). Values were averaged every 0.5° of longitude around the stations in order to account for the strong variability in the very productive upwelling zones, and because of the comparatively low turnover of zooplankton and micronekton.

RESULTS

Hydrography and Productivity

The section carried out covered the tropical and subtropical Atlantic Ocean from the very oligotrophic, high stratified waters off Brazil (Figure 2A) to the meso- and eutrophic waters off the Northwest African upwelling. Descriptions of the physical scenario were published elsewhere (Olivar et al., 2017; Armengol et al., 2019). In short, we moved from the South Equatorial Counter Current (SECC, stations 1–3) observing there a deep thermocline and high salinity (Figure 2B). Stations 4–6 were located in the South Equatorial Current (SEC) and the Intertropical Convergence Zone (ITCZ). The mid-ocean upwelling was close to station 6 and the North Equatorial Current (NEC) was near station 8. The Oxygen Minimum Zone (OMZ, Figure 2C) expanded from the south to stations 8 and 9, coinciding with the Guinea Dome, where the minimum dissolved oxygen values were observed. Northern stations were marked by the oceanic upwelling off Cape Blanc (Northwest Africa) except station 12 which was performed in the oceanic waters of the Canary Current.
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FIGURE 2. Vertical distribution of (A) temperature (°C), (B) salinity, (C) oxygen (ml⋅l–1), and (D) chlorophyll (mg⋅m–3) along the transect performed in the tropical and subtropical Atlantic Ocean during the cruise.



As expected, we found a sharp chlorophyll gradient from the southern stations to the north, showing a deep chlorophyll maximum (DCM) related to the thermocline, and being shallower northward (Figure 2D). Chlorophyll a concentration at the DCM also increased northward and displayed higher values at those stations where the thermocline was shallower (Figure 3A). POC flux showed low values increasing northward in areas of high primary production (Figure 3B). Higher POC fluxes were observed in the Guinea Dome and in the oceanic upwelling off Cape Blanc. Primary production sharply increased north of the Guinea Dome and remained high through the oceanic upwelling off Cape Blanc, decreasing in the Canary Current (Figure 3B).
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FIGURE 3. (A) Chlorophyll at the surface (empty dots), mixed layer (empty squares), and at deep chlorophyll maximum (full squares). (B) POC flux (dots) and primary production (squares) obtained from remote sensing (VGPM model) along the transect performed during the cruise.



Zooplankton and Micronekton Biomass

Vertical profiles of zooplankton biomass were obtained from stations 2 to 12 during day and night (Figure 4). The gradient of productivity observed in fluorescence, chlorophyll a, and primary production was also observed in the zooplankton biomass, displaying quite low values in the SECC and SEC but increasing northward of the ITCZ (station 7). Zooplankton biomass was always higher at night in the epipelagic zone as the consequence of the diel vertical migration. Largest values of zooplankton migrant biomass were found in station 8 related to the Guinea Dome and in the oceanic upwelling off Northwest Africa (station 11, Figure 5A). The magnitude of this vertical migration was also related to the zooplankton biomass, showing higher migrant biomass in both stations 8 and 11 (Table 1). Variability of zooplankton migrant biomass was considerable, and changed over two orders of magnitude from the oligotrophic to the eutrophic waters.
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FIGURE 4. Vertical distribution of zooplankton biomass during day (empty dots) and night (black dots) at the different stations along the Atlantic Ocean transect.
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FIGURE 5. (A) Zooplankton and micronekton migrant biomass (night minus day in the epipelagic zone) along the Atlantic transect. Micronekton migrant biomass was estimated at 20 and 50% of capture efficiency (see text) and it is depicted here for comparison. (B) Fish and crustacean migrant biomass along the transect.



TABLE 1. Average temperature and zooplankton migrant biomass, ETS activity, respiration rates, and respiratory flux along the tropical and subtropical Atlantic Ocean.
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Micronekton migrant biomass, as also expected, increased from the oligotrophic to the meso- and eutrophic stations in the Guinea Dome, and the upwelling off Northwest Africa (Figure 5A). Large migrant crustaceans increased north of the ITCZ coinciding with the lowest oxygen values in the water column, while fish migrant biomass showed less variability along the transect (Figure 5B). Micronekton biomass changed depending on the capture efficiency (CE) used to convert the catch to biomass (see Material and Methods). Differences between our quite conservative 50% CE, and the 20% CE were rather high (see Figure 5A), and illustrate the implications of the criteria used to estimate micronekton biomass. In any case, replicated hauls performed with the Mesopelagos trawl showed quite close values (see station 11 in Figure 5A).

Zooplankton and Micronekton Respiratory Flux

Zooplankton ETS activity profiles showed higher values in the epipelagic zone as expected from the higher temperature there (Figure 6). An increasing trend was also observed in the mesopelagic zone along the transect as temperature was higher at depth in the northern stations (Table 1). We also found statistically significant higher ETS activities during the day compared to night values in the mesopelagic zone (t-test for independent values, p < 0.001, Figure 7A). This higher activity was observed coinciding with the expected residence depth of migrants but also related to the oxygen minimum zone (see Hernández-León et al., 2019a).
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FIGURE 6. Vertical profiles of zooplankton ETS activity (in μlO2⋅mg protein–1⋅h–1) along the transect. Empty dots are daylight activity values, while black dots are nighttime ETS activity.
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FIGURE 7. (A) Vertical distribution of average zooplanktonspecific ETS activity (in μlO2⋅mg protein–1⋅h–1) during daytime (empty dots) and nighttime (black dots). Observe the higher ETS activity during daylight hours in the mesopelagic zone. (B) Specific ETS activity (in μlO2⋅mg protein–1⋅h–1) of fishes and crustaceans sampled in the mesopelagic zone along the transect. Organisms captured in the whole water column were analyzed for ETS and the activity calculated for the mesopelagic temperature given in Table 1.



Micronekton ETS activities were obtained in the epipelagic zone by night and at mesopelagic depths by day for fish (myctophids and bristlemouths) and crustaceans (decapods and euphausiids). Organisms captured by the Mesopelagos trawl sampling the entire water column were also corrected for the average temperature at 200–800 m layer (Table 2 and Figure 7B). ETS values along the transect were quite variable but, in general, increased north of the ITCZ (Figure 7B). We used all the ETS values from Figure 7B to derive respiration rates for the different groups at the average temperature for the 200–800 m layer at each station (Table 1). Myctophids showed values in the range 0.18–1.13 μlO2⋅mg Dw–1⋅h–1 (average 0.44 ± 0.31 SD), while respiration in bristlemouths was more variable and in the range 0.03–0.64 μlO2⋅mg Dw–1⋅h–1 (average 0.25 ± 0.24 SD). Respiration rates of decapods were in the range 0.03–2.29 μlO2⋅mg Dw–1⋅h–1 (average 0.66 ± 0.67 SD).

TABLE 2. Micronekton migrant biomass using 20 and 50% of capture efficiency for the Mesopelagos trawl and respiration rates, respiratory flux obtained using both capture efficiencies along the tropical and subtropical Atlantic Ocean.
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Respiratory flux by zooplankton was obtained from the migrant biomass and respiration rates by day averaged for the 200–800 m layer (Table 1). Values were higher in stations showing higher migrant biomass. Respiratory flux was highly correlated to migrant biomass as expected (as respiratory flux is a function of migrant biomass). This regression (Figure 8A) is given in order to compare to other results in the literature. In this sense, our values were highly comparable to previous studies also performed at the large-scale (Figure 8A, Hernández-León et al., 2019b). The new equation calculated using data from both studies showed a highly significant correlation (r2 = 0.866, p < 0.001, n = 20). The values from Hernández-León et al. (2019b) were recalculated using the same dry weight/protein ratio as used here and given by Hernández-León et al. (2019a) from a recent review of this ratio for subtropical waters. Respiratory flux by micronekton (myctophids and decapods) using the quite conservative capture efficiency of 50% was also highly correlated to migrant biomass, and relatively similar to the respiratory flux by zooplankton obtained in this study (Figure 8B).
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FIGURE 8. (A) Relationship between zooplankton migrant biomass and respiratory flux for this study (filled dots) and results by Hernández-León et al. (2019b). The data from the latter authors were converted to the new Dw/Prot ratio of Hernández-León et al. (2019a). See text for details. (B) Comparison between migrant biomass and respiratory fluxes by zooplankton and micronekton in the present study using a 50% of capture efficiency for the Mesopelagos trawl.



Total Active Flux

We found a significant relationship between zooplankton and micronekton total active flux (Log10 Micronekton flux = −0.670 + 1.165⋅Log10 Zooplankton flux; r2 = 0.756, p < 0.05, n = 6, see Supplementary Figure S1). So, in order to have a better picture of micronekton active flux and because of the limited set of data for this community (only seven stations), we used this relationship to estimate the total flux of micronekton for the other four stations (stations 4, 5, 8, and 10). Large values of zooplankton and micronekton flux were observed in the Guinea Dome (station 8) and in the upwelling zone off Northwest Africa (Figure 9A). Comparing POC flux and total active flux by both zooplankton and micronekton (Figure 9B and Table 3) we observed relatively constant values of POC flux along the transect with some larger values in the Guinea Dome and the oceanic upwelling off Cape Blanc, but also quite high values of total active flux coinciding with both upwelling areas. This is a striking result as active flux in both productive areas was observed between three and fivefold the POC flux (Figure 9B). These differences are clearly observed comparing the proportion of the different fluxes (zooplankton, micronekton, and POC flux) along the tropical and subtropical transect (Figure 10). As observed, POC flux is the most important component in very oligotrophic systems such as the SECC, but it sharply decreased as productivity increased northward. In the meso- and/or eutrophic zones of the Guinea Dome and the oceanic upwelling off Northwest Africa, POC flux was only 16–25% of total flux considered in this study (Figure 10).
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FIGURE 9. (A) Active flux by zooplankton and micronekton using a 50% capture efficiency for the Mesopelagos trawl, and total active flux by both communities. (B) Comparison between total active flux and POC flux, and estimated total flux. Micronekton active flux for stations 4, 5, 8, and 10 were estimated from zooplankton active flux (see text).



TABLE 3. Total active flux estimated as the sum of respiratory flux and estimated mortality, excretory, and gut flux performed by zooplankton and micronekton in comparison to primary production obtained by remote sensing (VGPM model) and POC flux obtained using sediment traps.
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FIGURE 10. Percentage of POC flux (lower), zooplankton active flux (middle), and micronekton flux using a 50% capture efficiency for the Mesopelagos trawl (upper). Observe the decreasing percentage of POC flux as productivity increases. Micronekton active flux for stations 4, 5, 8, and 10 were estimated from zooplankton active flux (see text).



Finally, despite the low number of both joint zooplankton and micronekton flux assessments, we found significant relationships between primary production obtained from remote sensing and total active flux (Figure 11A). Similarly, we observed primary production and POC flux also significantly correlated (Figure 11B). Total active flux was more variable than POC flux as noted from the different slopes, indicating a more important response of zooplankton and micronekton to an increase in productivity.
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FIGURE 11. Relationships between primary production obtained from remote sensing (VGPM model) and (A) total active flux by zooplankton and micronekton, and (B) particle organic carbon (POC) flux measured using drifting sediment traps at 150 m depth.


DISCUSSION

Zooplankton and micronekton vertical distribution, migrant biomass, and respiratory flux concurrently with passive flux were studied in a sharp gradient of productivity along a transect in the tropical and subtropical Atlantic Ocean. This is to our knowledge the first attempt to estimate these fluxes at the basin scale, and one of the very few assessments of both zooplankton and micronekton active flux in the ocean. We observed respiratory flux closely related to the migrant biomass as expected (Figure 8). This relationship in zooplankton was in accordance with a previous study, also at the large-scale in the Atlantic Ocean in a sharp gradient from the upwelling zone off Northwest Africa to central gyre waters (Hernández-León et al., 2019b). Respiratory flux in micronekton was also closely related to migrant biomass. However, the absolute value of this flux is still pending on the capture efficiency of the trawl used for sampling. This is an important shortcoming of our active flux assessment and clearly identifies a research subject for future studies. Besides trawl sampling, the role of new technologies such as optical systems and in situ acoustic systems should be developed to advance this knowledge.

Another feature of our sampling was the important role of decapods in the most productive area, and coinciding with the sharp oxygen minimum zones (OMZs) observed along our transect. This is similar to the results by Vereshchaka et al. (2016) who also found a high biomass of decapods in the tropical zone, in a similar transect in the Atlantic Ocean. Previous papers emphasized the importance of mesopelagic fishes in relation to decapods and large euphausiids in the micronekton flux (Ariza et al., 2015). This was the case in our transect for the oligotrophic and equatorial zones. However, decapods were abundant in the most productive zones (Figure 5B). Important values of the respiratory flux was also observed for these organisms by Schukat et al. (2013) in upwelling zones, thus, their role in active flux could be considerable. We also observed decapod abundance to match not only the most productive areas but also the OMZs. Many migrant decapods are known to be adapted to survive at quite low oxygen concentrations (Childress, 1975). These organisms are able to regulate their respiration to live aerobically in these OMZs. Thus, this observation could explain at least in part, the large biomass of decapods in the area related to the OMZs in this Atlantic transect.

In any case, our estimates of zooplankton and micronekton active flux were obtained using quite conservative values. Firstly, zooplankton biomass is always considered undersampled due to avoidance of nets by organisms, mainly large zooplankton which are the bulk of migrant biomass. The undersampling in micronekton was considered above (see section “Material and Methods”) but here we used a 50% catch efficiency which is quite conservative. At least, there is no study showing values of the capture efficiency larger than the one used here. In order to keep our assessments conservative in both communities, ETS activity were converted to respiration rates (R) using a R/ETS ratio of 0.5. This ratio is also quite conservative as recently found for migrant copepods (Hernández-León et al., 2019a). These authors observed no differences in mesopelagic respiration between the R/ETS ratio of 1, and the values obtained using the equations of Ikeda (1985) and Ikeda (2014) derived from temperature, body weight, and depth. A R/ETS ratio between 0.5 and 1 during the residence time of migrant organisms at depth approaches better to respiration rates in nature as observed by Hernández-León et al. (2019a). However, we kept the lower value in order to maintain a conservative estimate of active flux. This criterion was also used to convert ETS activity to respiration rates in micronekton. Thus, our assessment of respiratory flux in both communities should be considered as a base line for this downward carbon transport in the ocean due to vertical migrants. In any case, ETS activities obtained were compared to previous studies (Ariza et al., 2015) and ranged closely, indicating that values were comparable in magnitude.

Higher active flux is expected in productive areas because organisms with a low turnover such as large zooplankton and micronekton could develop into high biomass because of the large and constant food supply. However, POC flux did not increase in a similar proportion in those productive areas. We found respiratory to POC flux ratios to increase toward the most productive area in the north, and quite high values in the Guinea Dome and the oceanic upwelling off Cape Blanc (>100%, Table 1). Similarly, Hernández-León et al. (2019b) found 2.5-fold higher POC flux in the most oligotrophic environment (a longitudinal transect south of the Canary Islands) compared to the most productive zone sampled (a longitudinal transect departing from Cape Blanc along the Cape Vert Frontal Zone). Zooplankton respiratory flux was, on average, less than 10% of POC flux in the oligotrophic transect while it was higher than 40% in the most productive. They explained this relationship between POC and active fluxes as (1) the processing of particles by zooplankton, shaping the downward flux of particles, (2) the intense lateral transport of particles from the upwelling zone to the open ocean, or (3) both. The first explanation is supported by the zooplankton processing and fragmentation of particles through feeding in the epipelagic zone (Le Moigne et al., 2016; Cavan et al., 2017). However, in areas affected by upwelling, the offshore transport of particulate organic matter is known to be considerable (Lovecchio et al., 2017). This transport to the open ocean promotes lower sedimentation because of the lateral transport of particles, and longer residence times in the epipelagic zone, therefore, favoring the zooplankton and prokaryotes processing of particles in the upper layers. Our results in the oceanic upwelling off Cape Blanc could be affected by this offshore transport. In the Guinea Dome, lateral transport should also be important as we sampled in the area affected by the westward motion of the cyclonic structure, probably transporting the highly productive coastal upwelled waters. In this sense, Armengol et al. (2019) showed a filament-like structure affecting station 8 in their surface map of primary production during the same oceanographic cruise (see their Figure 5). Whatever the effect of zooplankton or lateral advection, in areas of high primary production large organisms are favored (e.g., Frost, 1974), as constant energy fuels their longer lives, therefore, promoting a large biomass.

The large values of total active flux observed in areas of persistent productivity such as the mid-ocean upwelling, the Guinea Dome, or the oceanic upwelling off Cape Blanc suggests that the oceanic carbon pump is quite variable and active flux is not simply a constant value of POC flux as it is suggested in recent models (14–18%, Aumont et al., 2018; Archibald et al., 2019). In these studies as well as in the recent review by Steinberg and Landry (2017), active flux showed values lower than about 30 mgC⋅m–2⋅d–1 which is coincident with the values obtained during most of our Atlantic transect (Figure 9B). Thus, their models should reflect the general picture as about 70% of the ocean is oligotrophic. However, the magnitude of the biological carbon pump is quite variable as observed here in a sharp gradient of productivity along the tropical and subtropical Atlantic Ocean (Figure 10). Although most of the ocean is oligotrophic, mesoscale activity is widespread and it is known that there is an increase in productivity in these mesoscale structures maintained over long periods (McGillicuddy et al., 1998; Mahadevan, 2016). This increase in active flux by zooplankton related to mesoscale structures was observed long ago by Yebra et al. (2005) in an anticyclonic eddy shed by the Canary Islands. Recently, Yebra et al. (2018) also showed large active flux values by zooplankton in the Alboran gyre in the Mediterranean Sea. Thus, the development of zooplankton and micronekton related to mesoscale eddies, rings, or oceanic frontal zones could promote sharp increments in the downward carbon transport due to active flux. Moreover, sustained natural (e.g., dust) or artificial (e.g., iron) fertilized areas should also promote an increase of low turnover communities such as zooplankton and micronekton vertical migrants in the long run, promoting vertical flux beyond the immediate effect of an increase in productivity in shallow waters.

In this sense, the large values of active flux observed in the Guinea Dome deserves some attention. Recently, Stukel et al. (2018) found a dominant role of vertical migrants in the biological pump in the Costa Rica Dome, an analogous physical structure to the open-ocean upwelling of the Guinea Dome. Using a different approach, they observed active transport by the pelagic fauna as the dominant vertical transport mechanism, and only 11–17% of export was due to other mechanisms (physical mixing and phytoplankton sinking). This high active flux in the Costa Rica Dome is similar to our results in the Guinea Dome, as we also observed a low proportion of POC flux compared to the zooplankton and micronekton downward transport. Stukel et al. (2018) explained the energy transfer from the characteristic small phytoplankton (cyanobacteria) of these physical structures to zooplankton due to the role of protists as an important intermediate trophic level in these upwelling systems. Armengol et al. (2019) during our cruise observed the Guinea Dome dominated by small cells (picoeukaryotes and Synechococcus), not showing a high microzooplankton biomass compared to other productive stations, but displaying relatively high autotroph growth rates at the surface layer. In any case, oceanic domes are physical structures promoting an important role of the pelagic fauna in the biological pump. Whatever the mechanism, continuous fueling of primary production, the role of protists, or both, the study of active flux in these oceanic structures seems of interest in order to understand the functioning of pelagic systems.

Finally, despite the limited data set of both zooplankton and micronekton active flux in the present study, we found primary production obtained from remote sensing quite well correlated to total active flux by both communities (Figure 11A). POC flux was also significantly correlated to primary production in our study (Figure 11B), but showed a lower slope, therefore, varying less than total active flux. This lower slope should be related to lateral advection and the processing of particles by zooplankton as discussed above. Thus, the role of zooplankton and micronekton in driving the biological pump seems of paramount importance. Further research is required to verify the former equation as it could allow the estimation of total active flux from remote sensing.

In summary, we observed a striking response of the biological pump in areas of persistent high primary production through the growth of zooplankton and micronekton vertical migrant populations. Their metabolism could promote an increase in the carbon flux of, at least, twofold the POC flux, promoting quite high active flux values (Figure 9). As observed, there is a small response of POC flux to gradients in productivity compared to the effect of the migrant fauna. So, in areas of high productivity most of the vertical flux is suggested to be performed by zooplankton and micronekton (Figure 10). Our assessment of active flux was quite conservative as we used a high capture efficiency for the micronekton trawl (50%), and a quite conservative estimation of respiration rates (R/ETS ratio of 0.5, see Hernández-León et al., 2019a). Thus, our results considering both zooplankton and micronekton communities open new avenues to evaluate the export of carbon in the ocean and the functioning of the pelagic realm. These results confirm the importance of the mesopelagic-migrant pump in driving the biological pump (Boyd et al., 2019).
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Station Primary SD Zooplankton total CE 50% Micronekton CE 20% Micronekton CE 50% Total CE 20% Total
production active flux total active flux total active flux active flux/POC active flux/POC

(mgC-m~2.d~1) (mgC-m~2.12h~1)  (mgC-m~2.12h~1) (mgC-m~2.12h~") (%) (%)

1 0.1 0.1 - -

2 144 10 0.9 - - - -

3 158 11 27 0.4 11 4.4 1.4

4 236 13 2.8 - - - -

5 243 23 58 - - - -

6 405 50 9.0 3.6 9.1 33.3 83.2

7 384 1 14.8 8.3 20.7 93.6 233.9

8 492 11 B12 - - - -

9 4175 578 21.6 21.3 53.3 145.2 362.9

10 3887 2383 5.2 - - - -

11 6438 4409 70.9 14.0 35.1 475 118.9

11 - - - 131 32.7 44.3 110.7

12 814 90 10.4 1.8 4.6 12.7 31.8

Mean 20.5 7.8 19.6 54.4 136.1

SD 27.6 7.7 19.3 493 123.3
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Station ~ CE 50% Migrant biomass CE 20% Migrant CE 50% Respiration CE 20% CE 50% CE 20%
fishes (mgC-m~2) biomass fishes (mgC-m~2.d~1) Respiration Respiratory flux Respiratory flux
(mgC-m~2) (mgC-m~2.d~1) fishes fishes
(mgC-m~2.12h~1) (mgC-m~2.12h~")
1 3.0 7.5 0.04 0.1 0.02 0.05
3 23.7 59.2 0.33 0.83 0.17 0.41
6 161.7 404.4 2.26 5.66 1.13 2.83
7 741 185.3 1.04 2.59 0.562 1.30
9 33.5 83.8 0.47 117 0.23 0.59
11 106.3 265.7 1.49 3.72 0.74 1.86
11 51.3 128.3 0.72 1.80 0.36 0.90
12 34.6 86.5 0.48 1.21 0.24 0.61
Mean 61.0 162.6 0.43 1.07
SD 51.7 1291 0.36 0.90
CE 50% Migrant biomass CE 20% Migrant CE 50% Respiration CE 20% CE 50% CE 20%
crustaceans (mgC-m~—2) biomass (mgC-m—2.d-1) Respiration Respiratory flux Respiratory flux
crustaceans (mgC-m~2.d~") crustaceans crustaceans
(mgC-m—2) (mgC-m~2.12h-1') (mgC-m—2.12h-1)
1 0.00 0.00 0.00 0.00 0.00 0.00
3 0.00 0.00 0.00 0.00 0.00 0.00
6 21.99 54.97 0.46 1.15 0.23 0.58
7 247.69 619.24 5.20 13.00 2.60 6.50
9 740.72 1851.81 15.56 38.89 7.78 19.44
11 431.80 1079.49 9.07 22.67 4.53 11.33
11 433.78 1084.46 9.1 2277 4.55 11.39
12 43.14 107.84 0.91 2.26 0.45 1.13
Mean 239.9 599.7 2.52 6.30
SD 274.3 685.7 2.88 7.20
CE 50% Migrant biomass CE 20% Migrant CE 50% Respiratory flux CE 20% CE 50% CE 20%
fish + crustaceans biomass fish + crustaceans Respiratory flux Respiratory Respiratory
(mgC-m—2) fish + crustaceans (mgC-m~2.12 h-1) fish + crustaceans flux/POC (%) flux/POC (%)
(mgC-m~2) (mgC-m~2.12h™1)
1 3.0 7.5 0.02 0.05
3 23.7 59.2 017 0.41 1.7 4.2
6 183.7 459.3 1.36 3.41 12.5 31.3
7 321.8 804.5 3.12 7.80 35.2 87.9
9 774.2 1935.6 8.01 20.03 54.6 136.4
11 538.1 1345.2 5.28 13.19 17.9 447
11 485.1 1212.8 491 12.28 16.6 41.6
12 Fiera 194.3 0.70 1.74 4.8 12.0
Mean 300.9 752.3 2.95 7.37 20.5 51,2
SD 278.7 696.8 2.90 7.25 18.5 46.4

Respiratory flux was estimated for 12 h of organisms residence at depth during daylight hours. POC flux is also given and compared to the respiratory flux (in %). SD,

standard deviation.
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