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Transparent exopolymer particles (TEP) and Coomassie stainable particles (CSP), two prominent classes of gel−like particles in the ocean primarily produced by phytoplankton, play crucial roles in ecological and biogeochemical processes, influencing microbial nutrition, growth, and particle aggregation. The distribution of these particles is intricately linked to the spatiotemporal dynamics of phytoplankton. Mesoscale cyclonic eddies (CEs) are known to stimulate phytoplankton growth and influence particle transport, but their effects on TEP and CSP remain to be determined. In the Eastern Tropical North Atlantic (ETNA), we examined three CEs: one off the Mauritanian coast during summer (Mau), one offshore during winter (Sal), and another near Brava island during winter. Mau and Brava CEs were in their intensification/maturity phase, while the Sal CE was in its decay phase. Both TEP and CSP concentrations correlated with primary productivity, but TEP increased with chlorophyll−a concentration, whereas elevated CSP coincided also with the highest abundance of pico−nanophytoplankton (<20 µm), mainly Synechococcus. Both gels exhibited a positive correlation with bacterial biomass production, indicating their consumption by heterotrophic bacteria. TEP total area in the epipelagic waters of all CEs (Mau, Brava, and Sal) was elevated compared to surrounding waters, with on average 4, 2.5, and 1.6−fold higher values, respectively. However, no significant difference in TEP size distribution was observed within any CEs and their surroundings. Similarly, CSP total area increased in the epipelagic waters of Mau and Brava CEs, with on average 5 and 2.4−fold higher values, respectively, compared to surrounding waters. CSP particles were notably larger in these two eddies, while the Sal CE showed no significant difference from surrounding waters in CSP abundance and size. Overall, TEP and CSP exhibited distinct responses to CEs, with increased concentrations during their intensification/maturation stage and remineralization dominating during their decaying stage.
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1 Introduction

The injection of organic matter from the well−lit surface into the dark interior of the ocean is a key process of carbon sequestration that also supports deep ocean life known as the ‘biological carbon pump’ (Siegel et al., 2023). Organic carbon export is driven mainly by the aggregation of organic matter, lithogenic ballasting, and zooplankton fecal pellets (Armstrong et al., 2002; Burd and Jackson, 2009). Suspended particles predominate in the horizontal transport of organic matter, whereas sinking particles control the vertical exchange between the euphotic zone and the deep ocean (Lam and Marchal, 2015). Marine organisms exude dissolved and colloidal organic matter that aggregates and forms gel−like particles (Passow, 2000; Engel et al., 2004; Verdugo et al., 2004). Those act as a bridge between the dissolved and particulate fractions of organic matter, leading to a size continuum of particles in the ocean (Verdugo et al., 2004; Verdugo, 2012). The two best−studied marine gel particles are polysaccharide−containing transparent exopolymer particles (TEP) and protein−containing Coomassie stainable particles (CSP) (Alldredge et al., 1993; Long and Azam, 1996; Engel et al., 2020). TEP and CSP are independent particle classes with different origins and fates (Cisternas–Novoa et al., 2015; Thornton and Chen, 2017; Zamanillo et al., 2021). TEP are neutrally or positively buoyant and favor aggregate formation by increasing bulk particle volume concentration and, hence, collision between particles and by raising the bulk stickiness of particles (Alldredge et al., 1993; Engel, 2000; Azetsu–Scott and Passow, 2004; Engel, 2004). Thus, TEP can enhance large aggregate formation, favoring the aggregation and sinking of suspended particles (Engel et al., 2004; Burd and Jackson, 2009) and strengthening the vertical transport of organic carbon (Passow et al., 2001). Due to their relatively low density, the proportion of TEP to other particles in aggregates will determine their sinking rates (Engel and Schartau, 1999; Mari et al., 2017). In contrast to TEP, the physical properties of CSP, such as density or stickiness, remain largely unknown, and more studies are needed to confirm whether or not CSP enhance aggregate formation (Prieto et al., 2002; Cisternas–Novoa et al., 2015; Yamada et al., 2018). Heterotrophic prokaryotes colonize both TEP and CSP, which thus represent important microbial habitats comprising significant fractions of extracellular organic carbon and nitrogen (Pedrotti et al., 2009; Cisternas–Novoa et al., 2015; Busch et al., 2017).

Phytoplankton are the primary sources of TEP and CSP in the ocean, but both particles exhibit taxonomic variability and different behavior along bloom stages (see Mari et al., 2017; Thornton, 2018 and reference therein). TEP concentration and aggregation in marine waters continue to increase after the peak of phytoplankton blooms (Alldredge et al., 1995; Mari and Kiørboe, 1996; Engel, 2002; Engel et al., 2004), which has been explained by a ‘carbon−overflow’ mechanism (Schartau et al., 2007; Kreus et al., 2015). CSP reach a maximum during the exponential phase of phytoplankton blooms and decrease during bloom decline (Cisternas–Novoa et al., 2015). Viral lysis and zooplankton grazing may also play a significant role in TEP and CSP production and fate (Bochdansky and Herndl, 1992; Møller et al., 2003; Møller, 2007; Vardi et al., 2012; Lønborg et al., 2013; Yamada et al., 2018). The presence of TEP and CSP is widespread in the ocean, spanning from the surface to the bathypelagic layer (Cisternas−Novoa et al., 2015; Engel et al., 2020). Nevertheless, the determinants that impact their distribution both horizontally and vertically remain unclear, thereby impeding our comprehension of the fate of organic matter.

Mesoscale eddies are ubiquitous rotating water masses crossing the ocean and affect ocean stratification (McGillicuddy, 2016; Gaube et al., 2019). Among them, cyclonic eddies (CEs) can inject nutrients into the euphotic zone through upwelling, thereby stimulating phytoplankton growth even in oligotrophic water (McGillicuddy et al., 2003, 2007; Klein and Lapeyre, 2009; Chelton et al., 2011). For example, patchy blooms of diatoms have been observed in open ocean CEs depending on the relative abundance of silicate over nitrate upwelled (Lochte and Pfannkuche, 1987; Bibby and Moore, 2011). Stimulated phytoplankton activity in CEs has further been shown to attract zooplankton and enhance carbon export fluxes (Shih et al., 2015; Belkin et al., 2022; Zhou et al., 2022). In contrast, anticyclonic eddies (ACEs) are mostly oligotrophic structures characterized by nutrient−poor surface waters constraining primary production (Falkowski et al., 1991; McGillicuddy et al., 1998). Eddies can amplify near−inertial waves, augmenting shear, and potentially leading to increased vertical mixing (Kunze, 1985). Thus, eddies can introduce spatial heterogeneity and variability across scales of 10s to 100s kilometers (Sweeney et al., 2003), affecting phytoplankton community composition (e.g. Lochte and Pfannkuche, 1987), primary productivity (Lasternas et al., 2013; Devresse et al., 2022), viral lysis (Boras et al., 2010) and zooplankton grazing rates (Hernández–León et al., 2001; Belkin et al., 2022). Consequently, eddies can be enriched in organic carbon compared to their adjacent waters (Amos et al., 2019; Zhang et al., 2020).

ACEs are known to agglomerate particles at their edges in shallow waters and in their core at greater depth with an export shape known as the “wine glass effect” (Samuelsen et al., 2012, Waite et al., 2016). Particle dynamics, agglomeration, and fate (export or remineralization) are more difficult to predict in CEs. Horizontal shear instabilities promote cyclonic shear and spirals (Munk et al., 2000). As a result, CEs can relocate floating particles that tend to gather in their cores. This can be visualized by the transport of summer blooms of cyanobacteria in spiral form by CEs in the Baltic Sea (Zhurbas et al., 2019). Shear and turbulence are also known to impact TEP formation rates (Engel and Passow, 2001; Burd and Jackson, 2009). However, particles are formed within CEs mainly as a result of phytoplankton growth triggered by nutrient−rich upwelling. The size and age of the eddies determine the strength of the upwelling (McGillicuddy, 2016), which affects the generation and agglomeration of particles. Most CEs have a lifespan of less than a week, but some live for months and travel hundreds of kilometers, influencing global ocean biogeochemistry (Garçon et al., 2001; Chelton et al., 2011; Schütte et al., 2016). Among these long−lived CEs, some common patterns are described: during their period of intensification (~0−2 months), CEs trigger a notable biological reaction, while in their maturity stage (~2−3 months), they exhibit a biological response along with substantial organic carbon fluxes. As CEs enters their decaying phase (>3 months), remineralization increase with reduced export of organic carbon (Sweeney et al., 2003; Zhou et al., 2020; Zhu et al., 2023).

Gel−like particles that impact the particle size continuum, particle sinking, their rate of remineralization/exportation, and thus the horizontal and vertical distribution of organic matter have not yet been studied in eddies. Here, we investigated the distribution of TEP and CSP at high resolution in and around three CEs in the Mauritanian Upwelling System (13−20°N), a region in which ∼150 eddies are generated per year (Schütte et al., 2016). The CEs differed by their life stage (intensification/decay), source (island/coastal), and the time of year they were sampled (summer/winter). We analyzed the strength of upwelling in CEs by examining the distribution of nutrients and hydrographic parameters. To infer particle aggregation, we investigated the size−frequency distribution of TEP and CSP. To understand their origins, we explored the relationship between these gels and phytoplankton biomass (Chl−a), as well as the abundance of phytoplankton based on size (<20µm) and their carbon production through primary production rates (total and exuded). Additionally, we examined how these gels were linked to the abundance of heterotrophic bacteria, the rates of bacterial biomass production, and planktonic community respiration to understand their sinks. Furthermore, we estimated the relative contribution of TEP to the particulate organic carbon (POC). We investigated the connections between TEP and CSP with various biogeochemical and ecological variables, such as the quality (lability) and quantity of dissolved organic matter, the quantity of particulate organic matter, and the abundance of virus−like particles.




2 Materials and methods



2.1 Study area and eddy characterization

Data used in this study were collected during the cruises M156 (July 3rd to August 1st 2019) and M160 (November 22nd to December 20th, 2019), on board R/V Meteor, in the Eastern Tropical North Atlantic (ETNA) in the vicinity of the Cape Verde archipelago and the Mauritanian coast. During the cruises, three eddies (Mau, Brava, and Sal) differing in their origin, position, and lifespan were sampled at high spatial resolution. Sea surface height (SSH) and Acoustic Doppler Current Profiler (ADCP) velocity data characterized the three eddies as cyclonic eddies (CE). Salinity, temperature, and depth were determined using a Seabird 911 plus CTD system equipped with two independently working sets of temperature−conductivity−oxygen sensors and the WetLabs turbidity/chlorophyll sensor. The oxygen sensor was calibrated against discrete water samples using the Winkler method (Winkler, 1888; Strikland, 1968). The WetLabs Chl−a sensor was calibrated against discrete water samples for cruise M160 (Supplementary Figure S1). Seawater samples were collected using 10 L Niskin bottles attached to the CTD Rosette. During the cruise M156, 25 stations were sampled; with 14 of them inside the Mau eddy (Devresse et al., 2022). During the cruise M160, 26 stations were sampled with 4 stations inside the Brava eddy (Devresse et al., 2023) and 5 inside the Sal eddy (Figure 1). Sampling was conducted in the epi−mesopelagic layer (0−800m during M156 and 0−400m during M160), including samples from the surface mixed layer, the Chl−a maximum, and the shallow oxygen minimum zone (OMZ;<50 µM kg−1 between 0−200 m) when present. Analysis of eddy statistics from an eddy detection and tracking algorithm (Le Vu et al., 2018) established Mau, Brava and Sal CEs to be 1.5, 1.5, and 4 months old, respectively. The Mau and Brava CEs were extensively described in (Devresse et al., 2022, 2023). Briefly, during M156, the Mau CE was sampled at ∼ 200km off the Mauritanian Coast. In addition, water was sampled along a typical coast−to−open ocean trajectory of eddies in this region (Schütte et al., 2016; Devresse et al., 2022; Figure 1). In M160, the Brava and Sal CEs were sampled near the Brava and Sal Islands respectively (Figure 1). Peripheries of Mau, Brava (Devresse et al., 2022, 2023), and Sal (Supplementary Figure S2) CEs were defined as the area influenced by eddies, based on sea surface temperature, salinity, dissolved inorganic nitrogen (DIN) and Chl−a data through high−resolution sampling. During cruise M156, just beyond the eddy periphery at St. E3, a front was observed with surface temperature and salinity (not compensated by density) different from the adjacent stations. Hence, we referred to that station as “frontal zone” (Devresse et al., 2022).




Figure 1 | Sampling stations during RV Meteor cruises M156 (white dots) and M160 (red dots) (A), with zoom into the Brava eddy (B), Sal (C), and Mau eddy (D). The background in (B–D) shows the variations in Absolute Dynamic Topography (ADT) obtained from http://www.aviso.altimetry.fr. Adapted from Devresse et al. (2023) with permission.






2.2 Analysis of gel−like particles

Filtration and analyses of TEP and CSP were performed according to Engel (2009). For each sample, 15−300 mL of seawater were filtered onto 0.4 µm pore size polycarbonate filters (Nucleopore track−etched, 25 mm, Whatman, GE Healthcare Life Sciences, UK), and subsequently stained with 1 mL of either Alcian Blue Working Solution (0.02% final concentration, Alcian Blue 8GX, pH 2.5, Sigma Aldrich, Germany) for 5 s or with Coomassie Brilliant Blue (0.04% final concentration, Coomassie Brilliant Blue, G−250, SERVA Electrophoresis, Germany) for 30 s to stain TEP or CSP particles, respectively. Both dyes were stored at 5°C and pre−filtered through 0.2 µm syringe filters before use (Acrodisk, Sigma Aldrich). The volume of samples was selected based on microscopic inspection of the filter directly on board of the research vessel and assuring that the filters contain neither too little nor too high amounts of particles. In particular, a high particle load should be avoided to allow for later identification of individual particles using automated image analysis. Filters were air−dried, mounted on glass slides (Menzel Gläser, Thermo Scientific, Germany) using two drops (∼10 µL each) of immersion oil (Standard series A, nD 1.5840 ± 0.0002, Cargille, USA), covered with coverslips (Menzel Gläser, Thermo Scientific, Germany) and stored at −20°C until microscopic analysis in the home laboratory. Filters were then screened at 200× magnification using a light microscope (Zeiss Axio Scope A.1) connected to a camera (AxioCAM Mrc5). About 30−40 images were taken randomly from each filter in two perpendicular cross−sections (15−20 images each; resolution 1040 × 1040 pixels, 8−bit color depth). The equivalent spherical diameter (ESD) of individual particles was calculated by measuring its cross−sectional area with image−analysis software (Image J, US National Institutes of Health), and counts were combined and classified into 99 logarithmic size classes from 0.5 to 50 µm. The concentrations of TEP and CSP were reported in two different ways: i) as the area covered by exopolymer particles per volume (cm2 L−1) and, ii) as the number of particles per volume (particles L−1).

The carbon content of TEP (TEP−C) was estimated after Mari (1999) using the size−dependent relationship (Equation 1):

	

with ni being the number of TEP in the size class i and ri being the mean equivalent spherical radius of the size class. The constant a = 0.25 × 10−6 µg C and the fractal dimension of aggregates D = 2.55 were proposed by Mari (1999). To relate to organic carbon concentration in seawater, concentrations of TEP−C are given as µmol L−1. The size−frequency distribution of TEP and CSP gels was described by (Equation 2):

	

where   is the number of particles per unit water volume in the size range   to [  +   ( )] (Mari and Kiørboe, 1996). The factor k is a constant that depends on the total number of particles per volume, and δ (δ <0) describes the spectral slope of the size distribution. The less negative is δ, the greater the fraction of larger gels. The process of collision of particles in shear is typically important for particles larger than a few micrometers in diameter and less important than Brownian motion for particles in the submicron size range (McCave, 1984); therefore, both δ and k were derived from regressions of log[dN/d(dp)] versus log[dp] over the size range 0.5−50 µm ESD, size class with less than ten counts were excluded (Supplementary Figure S3).




2.3 Inorganic nutrients

Nutrient concentrations were measured onboard in duplicates from unfiltered seawater samples (11 mL). Phosphate (PO43−), nitrate (NO3−), and nitrite (NO2−) were measured photometrically with continuous−flow analysis on an auto−analyzer (QuAAtro; Seal Analytical) after Grasshoff et al. (1999). Detection limits for PO43−, NO3−, and NO2− were 0.02, 0.1, and 0.02 µM, respectively, for M156 and 0.01 µM for M160. Dissolved inorganic nitrogen (DIN) was determined as the sum of NO3− and NO2−.




2.4 Semi−labile dissolved organic matter

Analyses of semi−labile dissolved organic matter are described in detail in Devresse et al (Devresse et al., 2022, 2023). Briefly, we determined high−molecular−weight (HMW > 1 kDa) dissolved combined carbohydrates (dCCHO) and dissolved hydrolyzable amino acids (dHAA) as the main biochemical components of DOM (Carlson, 2002). dCCHO samples were desalted by membrane dialysis (1 kDa, Spectra Por), which exclude polysaccharides<1 kDa, oligosaccharides, and monosaccharides. After desalination, samples were hydrolyzed and analyzed with high−performance anion exchange chromatography coupled with pulsed amperometric detection (HPAEC−PAD) (DIONEX ICS3000DC) after Engel and Händel (2011). The analysis detected 11 monomers: arabinose, fucose, galactose, galactosamine, galacturonic acid, glucosamine, glucose, glucuronic acid, rhamnose, co−elute mannose, and xylose. For dHAA, samples were measured by high−performance liquid chromatography (HPLC; Agilent Technologies, USA) and detected fluorometrically after hydrolysis and neutralization and in−line ortho−phthaldialdehyde derivatization with mercaptoethanol (Lindroth and Mopper, 1979; Dittmar et al., 2009). The analysis classified 13 monomers: alanine, arginine, aspartic acid, isoleucine, glutamic acid, glycine, leucine, phenylalanine, serine, threonine, tyrosine, valine; and γ−aminobutyric acid (GABA). The calculations for the carbon and nitrogen content of dCCHO and dHAA were based on carbon and nitrogen atoms contained in the identified monomers. Hydrolyzable HMW compounds have varying lability and can be defined as labile or semi−labile with degradation time from hours to month (Carlson and Hansell, 2015, and references therein). Here, the sum of dCCHO and dHAA carbon and nitrogen contents are referred to as semi−labile dissolved organic carbon (SL−DOC) and nitrogen (SL−DON), respectively.




2.5 Dissolved organic carbon and nitrogen

Analyses of dissolved organic matter are described in detail in Devresse et al. (2023). Briefly, duplicate samples for DOC and dissolved organic nitrogen (DON) were filtered through 0.45 µm GMF GD/X filters (Whatman, GE Healthcare Life Sciences, UK) and collected in combusted glass ampoules. Samples were acidified with 20 µL of hydrochloric acid (30%) and stored at 4°C. DOC was analyzed by high−temperature combustion using a Shimadzu TOC−VCSH after Engel and Galgani (2016), and total dissolved nitrogen (TDN) was measured in parallel with a TNM−1 detector of the Shimadzu analyzer (Dickson et al., 2007). Values of TDN were corrected with DIN and thereafter referred to as dissolved organic nitrogen (DON).




2.6 Particulate organic carbon and nitrogen

For analyses of particulate organic carbon (POC) and particulate nitrogen (PN), water samples (0.5−1 L) were filtered onto pre−combusted (450°C for 5 h) Whatman GF/F filters (25 mm, 0.7 µm) under low pressure (<200 mbar). Filters were frozen at −20°C and stored until analysis. Prior to analysis, filters were acid−fumed (37% HCl for 24 h) in order to remove inorganic carbon and dried at 40°C for 24 h. Subsequently, filters were wrapped in tin cups (8×8×15 mm), combusted, and analyzed according to Sharp (1974) using an elemental analyzer (Euro EA).




2.7 Chlorophyll−a

Analyses of chlorophyll−a are described in detail in Devresse et al (Devresse et al., 2022; Devresse et al., 2023). Briefly, during the M156 cruise, 1 L samples were collected on 25 mm GF/F (Whatman, GE Healthcare Life Sciences, UK). The samples were stored frozen (−20°C) until extraction using 90% acetone for photometric analyses (Turner Designs, USA), slightly modified after Evans et al. (1987). During M160, the concentration of Chl−a was determined by separation through HPLC and was detected fluorometrically (Shimadzu). after a modified version of the method described in Garrido et al. (2003). For HPLC system calibration, pigment standards from DHILAB products (Denmark) and Sigma−Aldrich (St. Louis, MO, USA) were used. The true concentrations of the standards were determined by spectrophotometric measurements using the specific extinction coefficient for each pigment based on Roy et al. (2011).




2.8 Determination of microbial cells (prokaryotes and micro−plankton) and virus abundance

Seawater samples (1.7 mL) were collected and glutaraldehyde (1% and 0.5% final concentration, respectively) was added to fix heterotrophic bacterial cells and viruses. The samples were stored at −80°C after being flash−frozen in liquid nitrogen. Bacteria and viruses were counted after thawing using flow cytometry (FACSCalibur, Becton Dickinson, Oxford, UK) after Brussaard (2004) and Marie et al. (1999). For viruses, thawed samples were diluted in TE buffer (10 mM Tris HCl, 1 mM EDTA; pH 8). Bacteria and viruses were stained with SYBR Green I (molecular probes) and enumerated with a laser emitting at 488 nm and detected by their signature in a plot of side scatter (SSC) versus green fluorescence (FL1). Three distinct viral populations (V1–V3) were identified; the sum of the three populations is referred to as “Virus”. Cell counts were determined with the CellQuest software (Becton Dickinson). Heterotrophic bacteria were distinguished from photosynthetic bacteria (Prochlorococcus spp. and Synechococcus spp.) by their signature in a plot of red fluorescence (FL2) versus green fluorescence (FL1). Yellow−green latex beads (1 µm, polysciences) were used as an internal standard (Gasol and Del Giorgio, 2000). Picoplankton and nanoplankton populations containing Chl−a and/or phycoerythrin (i.e. Synechococcus) were identified and enumerated. We converted the cell abundance of the different autotrophic pico− and nanoplankton populations into biomass assuming 120 fg C cell−1 for Synechococcus, 500 fg C cell−1 for eukaryotic picoplankton and, 3.100 fg C cell−1 for eukaryotic nanoplankton after Hernández–Hernández et al. (2020).




2.9 Microbial activities

Analyses of microbial activities are described in detail in Devresse et al (Devresse et al., 2022, 2023). Primary productivity (PP) was determined from 14C incorporation, according to Gargas (1975) and Nielsen (1952). Polycarbonate bottles (Nunc EasYFlask, 75 cm2) were filled with 260 mL prefiltered (mesh size of 200 µm) sample and spiked with 50 µL of an ∼11 µCi NaH14CO3− solution (Perkin Elmer, Norway). Two hundred microliters were removed immediately after spiking and transferred to a 5 mL scintillation vial for determination of added activity. Then 50 µL of 2N NaOH and 4 mL scintillation cocktail (Ultima Gold AB) were added. Duplicate samples from the top three depths at selected stations were incubated in 12−hour light and 12−hour darkness at 22°C. Incubations were stopped by filtration of a 70 mL sub−sample onto 0.4 µm polycarbonate filters (Nuclepore). Particulate primary production (PPPOC) was determined from the material collected on the filter, while the filtrate was used to determine dissolved primary production (PPDOC).

PP of organic carbon was calculated according to Gargas (1975) (Equation 3):

	

where a1 and a2 are the activities (DPM: disintegrations per minute) of the added solution and the sample corrected for the dark sample, respectively, and DI12C is the concentration (µmol L−1) of dissolved inorganic carbon (DIC) in the sample. DIC concentration was calculated from total alkalinity using the R package seacarb (Gattuso et al., 2021). The total alkalinity of the seawater was acquired through the open−cell titration method (Dickson et al., 2007). The value 1.05 is a correction factor for the discrimination between 12C and 14C, as the uptake of the 14C isotope is 5% slower than the uptake of 12C, k1 is a correction factor for sub−sampling (bottle volume = filtered volume), and k2 is the incubation time (d−1). Total primary production (PPTOT; µmol C L−1 d−1) was derived from the sum of PPPOC and PPDOC according to (Equation 4):

	

Bacterial biomass production rates (BP) were measured through the incorporation of radiolabeled leucine (3H) (specific activity 100 Ci mmol−1, Biotrend) using the microcentrifuge method (Kirchman et al., 1985; Smith and Azam, 1992). Duplicate samples and one killed control (1.5 mL each) were labeled using 3H−leucine at a final concentration of 20 nmol L−1. BP was determined down to 800 m depth in M156 and to 450 m depth in M160, and, for practical reasons, we chose an incubation temperature of 14°C and 13°C respectively as an average over those depth intervals. However, in this paper, only data from the top 100 m depth are shown, and BP rates were corrected for the difference between incubation and in situ temperature (Equations 5 and 6). All samples were incubated for 6 h in the dark with headspace. Controls were poisoned with trichloroacetic acid. All Samples were measured on board with a liquid scintillation analyzer (Packard Tri−Carb, model 1900 A). 3H−leucine uptake was converted to carbon units by applying a conversion factor of 1.55 kg C mol−1 leucine (Simon and Azam, 1989). BP rates from incubations at 13 and 14°C, respectively, were converted to BP rates at 22°C following the equation from López–Urrutia and Morán (2007):

	

	

Community respiration rates (CR) were estimated from quadruplicate incubations at selected station in the top 100 m depth by measuring changes of dissolved oxygen over 24−36 hours at the same temperature as used for BP (14°C in M156, 13°C in M160) using optode spot mini sensors (PreSens PSt3; Precision Sensing GmbH, Regensburg, Germany). The detection limit (DL) for CR was 0.55 µM O2 L−1 d−1. CR at 22°C was estimated using the extrapolation from Regaudie–de Gioux and Duarte (2012) (Equations 7 and 8):

	

	

BP and CR extrapolation to 22°C were described in detail in the supplement of Devresse et al. (2022) for incubations from cruise M156 and the same procedures were applied for incubation from cruise M160.




2.10 Data analysis

Statistical analyses and calculations were conducted using the software R (v4.0.2) in R studio (v1.1.414; Ihaka and Gentleman, 1996). Spearman correlation matrices were done with corrplot (Wei and Simko, 2021). Vertical and surface distribution figures were realized with R packages ggplot2 v3.3.3 (Wickham and Wickham, 2016) using multilevel B−spline approximation (Lee et al., 1997) and inverse distance weighted interpolation (Kravchenko and Bullock, 1999) respectively. TEP and CSP did not follow a normal distribution (Shapiro−Wilk test, p<0.05), and non−parametric test were used. Data from the cruises M156 and M160 used in the Spearman correlation matrix are available in the open database PANGAEA.





3 Results



3.1 Hydrography and biogeochemical variability

The hydrography of the cruises M156 and M160 (Brava eddy) were extensively described for the epipelagic layer (0−200 m depth) in Devresse et al. (2022) and Devresse et al. (2023). Briefly, the regions of interest exhibit distinct differences in hydrography associated with local dynamics. Along the transect during cruise M156, open ocean waters (from 20 to 24.5°W) had a temperature and salinity range of 17.9–24.2°C and 36.19–36.79, respectively, in the upper 100 m depth and 7.9–17.9°C and 34.92−35.45 between 100 and 800 m depth (Supplementary Figures S4A, B). Oxygen decreased with depth until ∼400–500 m depth, where it reached ∼50−60 µM and increased towards 800 m depth with a concentration of ∼100 µM (Supplementary Figure S4C). DIN was depleted (<0.5 µM) over the upper ∼50 m depth and its concentration increased with depth (Supplementary Figure S4D). Depth distribution showed a Chl−a maximum in the open ocean around ∼75 m from 23.61 to 24.33°W and around ∼50 m from 22.78 to 20.3°W, up to 0.68 µg L−1 (Supplementary Figure S4E). At the coastal stations (16.51–16.92°W), the temperature and salinity had a range of 16.0–26.1°C and 35.94–36.08 respectively in the upper 100 m depth and 7.2–15.7°C and 34.95–35.69 respectively between 100 and 800 m depth (Supplementary Figure S4B). Two peaks of oxygen decline with concentration<50 µM were observed at coastal stations, one at ∼70 m depth and one at ∼400 m depth (Supplementary Figure S4C). DIN was depleted at the surface (5 m depth), while the deeper coastal waters (∼80 to 200 m depth) were colder and richer in DIN than the open ocean waters (Supplementary Figure S4D). At the coastal stations, the Chl−a maxima were found between 30 and 40 m with values up to 0.96 µg L−1. The frontal zone station E3 (19.55°W) was distinct from the adjacent stations with respect to surface temperature (1°C colder; Supplementary Figure S4A). In Mau and Brava eddies and at the frontal zone, elevated DIN (>1 µM) concentrations were observed at the surface (Devresse et al., 2022, 2023). In those regimes, a compression of isopycnals with a strong doming of the nitraclines, isotherms, isohalines, and oxyclines was observed (Supplementary Figures S4A–D, 5A–D). In the Mau eddy, two zones of oxygen decline were observed at coastal stations, one at ∼30−75 m depth with [O2]<25 µM and one at ∼200−400 m depth with [O2]<50 µM (Supplementary Figure S4C). Chl−a concentrations >0.5 µg L−1 were detected down to ∼45−70 m depth in both Mau and Brava eddies and at the Frontal Zone (Supplementary Figures S4E, 5E). Chl−a was significantly higher in the upper 100 m depth of both eddies compared to their respective surrounding waters (Wilcox test, p<0.05; Figure 2A). In the Sal eddy, the temperature and DIN concentration at the surface were lower and higher respectively than in the station around the eddy (Supplementary Figure S2). The effect of the eddy on surface Chl−a was masked by the northern stations outside the eddy which displayed higher concentration (Supplementary Figure S2). At depth, colder and less saline waters were found within the eddy in the upper ∼40 m depth, with slightly higher DIN concentration in the eddy with on average 1.7 ± 3.5 µM within the eddy and 1.2 ± 2.9 µM outside (Supplementary Figures S6A, B, D). The distribution of oxygen in the eddy and its surrounding waters was similar (Supplementary Figure S6C). In the Sal eddy, Chl−a formed a layer from the surface down to 40 m depth with an average of 0.60 ± 0.12 µg L−1, whereas outside the eddy Chl−a concentration for the same depth range was on average 0.35 ± 0.18 µg L−1 (Supplementary Figure S6E).




Figure 2 | Box plots showing the epipelagic distribution (< 100 m depth) of chlorophyll−a, (Chl−a; A), picoplankton (pico; B), nanophytoplankton (nano; C), Synechococcus (syn; D), heterotrophic bacterial (HB; E), virus (F), particulate organic carbon (POC; G), particulate organic nitrogen (PON; H), total primary production (PPTOT; I), dissolved primary production (PPDOC; J), bacterial production (BP; K) and community respiration (CR; L) in the three cyclonic eddies (red) compared to their respective outer waters (blue). Out−Mau refers to open ocean stations in cruise M156. Systems connected by different letters (a, b) are significantly different (Wilcox test, p<0.05).



Cyanobacteria (Synechococcus) and eukaryotic nanoplankton biomass in the upper 100 m depth of Mau and Brava eddies were not statistically different compared to their respective surrounding waters (Wilcox test, p<0.05; Figures 2C, D). Yet, biomass were unevenly distributed within both eddies. In the Mau eddy Synechococcus and eukaryotic nanoplankton biomass were relatively depleted on the western edges (St. E3 to EDZ−2) compared to the rest of the eddy (Supplementary Figure S7). In the Brava eddy, at the core (St. 136), where the isoclines rise and DIN concentrations are higher, Synechococcus, eukaryotic pico− and nanophytoplankton, and heterotrophic bacteria dropped in abundance (Supplementary Figure S8). In the Sal eddy, eukaryotic nanophytoplankton and Synechococcus abundances were significantly higher compared to its surrounding waters (Wilcox test, p<0.05; Figures 2C, D; Supplementary Figure S9). Heterotrophic bacterial abundance was higher within the upper 100 m depth of Mau, Brava and Sal eddies compared to their respective surrounding−waters, although with high spatial variability (Figure 2E; Supplementary Figures S7, 8; Devresse et al., 2022). Virus−like particle abundance was significantly higher in the Mau and Sal eddies and lower in the Brava eddy compared to their surrounding waters (Wilcox test, p<0.05; Figure 2F).

Dissolved (DOC, DON) and semi−labile (SL−DOC, SL−DON) dissolved organic matter distribution in the epipelagic layer (0−200 m depth) were extensively described for the cruises M156 and for the Brava eddy in Devresse et al. (2023). Briefly, we observed a relative depletion in surface DOC at the center of both Mau and Brava eddies, with higher values in all stations collected during M156 than in those collected during M160. DOC distributions showed compression of isoclines with a dome shape in both eddies, but contrarily to DIN, waters uplifted had lower DOC concentrations. In the Sal eddy, albeit no clear compression of isocline was observed, DOC concentration was slightly lower compared to surrounding waters with on average 65 ± 2 µM and 71 ± 9 µM respectively, in the upper 20 m depth (Supplementary Figure S10). DON distribution was contrasted during cruise M156, with elevated values (>5 µM) down to 800 m depth (data not shown) from the eddy center (St. EDM−4) to open ocean St. S1. During cruise M160, depth distribution did not show contrasting differences between eddy and non−eddy stations (Supplementary Figures S10, 11; Devresse et al., 2023). Semi−labile DOC (SL−DOC) and semi−labile DON (SL−DON) concentrations varied considerably during M156 ranging from 1.7 to 54.4 µM and from 0.15 to 3.49 µM, respectively, in the upper 100 m depth. In contrast, during M160, SL−DOC variations were lower, with SL−DOC ranging between 0.5 and 7.4 µM and SL−DON between 0.14 and 1.3 µM (Devresse et al., 2023; Supplementary Figures S10, 11). Particulate organic carbon (POC) ranged between 1.0 and 69.6 µM in the epi−mesopelagic waters (0−800m depth) during cruise M156 (Figure 3A) and was significantly higher in the upper 100 m depth within the Mau eddy than in the open ocean stations (Wilcox test, p<0.05; Figure 2G). Particulate organic nitrogen (PON) ranged between 0.14 to 6.8 µM during cruise M156 (Figure 3B) and was also significantly higher in the upper 100 m depth within the Mau eddy than in the open ocean stations (Wilcox test, p<0.05; Figure 2H). During cruise M160, POC and PON ranged between 0.19 to 36.4 µM and between 0.11 to 6.3 µM respectively in the epi−mesopelagic waters (0−450m depth; Figures 3C–F) and were both significantly higher in upper 100m depth of the Brava eddy than its surrounding waters (Wilcox test, p<0.05; Figures 2G, H).In the Sal eddy, POC and PON were slightly higher than in its surrounding waters but not significantly (Wilcox test, p=0.08 and 0.18, respectively; Figures 2G, H).




Figure 3 | Epi− and mesopelagic distribution (0−800 m) of particulate organic carbon (POC) and particulate organic nitrogen (PON) concentrations in samples collected during cruise M156 (A, B) and during cruise M160 along West−East (left) and South −North (right) transect across Brava (C, D) and Sal (E, F) eddies. Red dashed lines show the boundaries of the eddies periphery. FZ refers to the Frontal Zone.






3.2 Microbial activities

Microbial activities (BP, CR, PPDOC, PPTOT) for the Mau eddy were extensively described in Devresse et al. (2022). Higher rates were observed within the Mau eddy compared to open ocean waters (Out−Mau; Figures 2I–L), although significantly higher only for BP and PPDOC (Wilcox test, p<0.05). The epipelagic distribution of all rates showed strong sub−mesoscale variability, with higher rates at the western edge (St. E3 to St. EDZ−2) of the eddy (Devresse et al., 2022). During M160, the submesoscale variability could not be resolved in the same details due to lower spatial coverage of sampling locations across Sal and Brava eddies. In any case, we observed differences between the eddies and their surrounding waters. Total and dissolved primary production rates (PPTOT, PPDOC) were higher and lower respectively in the upper 100 m depth of the Brava and Sal eddies compared to their respective surrounding waters albeit not statistically different (Wilcox test, p>0.05; Figures 2I, J). Bacterial production and community respiration rates were higher in the eddies’ upper 100 m depth than in their respective surrounding waters albeit not significantly (Wilcox test, p>0.05) expected for BP in the Brava eddy (Figures 2K, L).




3.3 Gel−like particles distribution

During the cruise M156, TEP were widespread in the water column (5−800 m depth), but their abundance and total area (Figures 4A, B) varied considerably between 1x106 to 7.4x108 L−1 and between 9x10−3 to 18.5 cm2 L−1 respectively. The highest abundance and total area of TEP (> 0.5x108 L−1 and >1 cm2 L−1) was observed in the ∼40 m upper surface waters in the Mau eddy and in the frontal zone (except St. S4 at 25 m depth and St. EDZ−2 at 400 m depth). In the epipelagic layer (<100 m depth), TEP abundance was on average 4−fold higher in the Mau eddy than in open ocean stations (Out−Mau; Wilcox test, p<0.01; Figure 5A). The carbon content of TEP (TEP−C) as a fraction of particulate organic carbon (POC; Figure 4C) was on average 9 ± 13.4%POC and varied greatly ranging between 0.23 − 96.3%POC. No significant differences in TEP−C contribution to POC were reported between stations within or outside the Mau eddy in the epipelagic layer (Wilcox test, p>0.05). TEP−C >20%POC was sporadically found everywhere along the water column (0−800 m depth) except in coastal stations. Size–−frequency distribution of TEP was also heterogeneous, with the spectral slope (TEP−δ) ranging between −3.56 and – 2.69. Different patterns could withal be noticed, TEP−δ was significantly lower in the epipelagic layer of coastal waters compared to the Mau eddy and open ocean stations (Wilcox test, p<0.05). TEP−δ was not statistically different between open ocean and Mau eddy stations (Wilcox test, p>0.05; Figure 5C). In open ocean (St. S3 and S4) and frontal zone (St. E3) stations, elevated slope (TEP−δ >−3) in the upper 50 m depth contrasted with lower slope (TEP−δ<−3) down to 800 m depth. Elevated slopes (TEP−δ >−3) were found at 400 m depth in the Mau eddy stations but also in open ocean stations (St. S2).




Figure 4 | Epi− and mesopelagic distribution (0−800 m) of Transparent exopolymer particle (TEP) area (A) and abundance (B), TEP carbon content (TEP−C) as a percentage of particulate organic carbon (POC; C), slope (δ) of the size−frequency distribution of TEP (D; δ −TEP) in samples collected during cruise M156. Red dashed lines show the boundaries of the Mau periphery. FZ refers to Frontal Zone.






Figure 5 | Box plots showing the epipelagic (<100 m depth) distribution of TEP and CSP area (A, B) and spectral slope (δ; C, D) in the three cyclonic eddies (red) compared to their respective surrounding waters (blue). Out−Mau refers to open ocean stations in cruise M156. Systems connected by different letters (A, B) are significantly different (Wilcox test, p<0.05).



CSP microgel abundance and total area (Figures 6A, B) ranged between 1x106 to 1.1x108 L−1 and 0.01 to 2.9 cm2 L−1, respectively. In the epipelagic layer, CSP total area was on average 4.7−fold higher in the Mau eddy than in open ocean stations (Wilcox test, p<0.01; Figure 5B). For all stations, CSP abundance and total area were globally higher in the upper 50 m depth, but vertical trends were also found in the Mau eddy with abundance >0.1x108 L−1 and total area >0.1 cm2 L−1 down to 800 m depth. CSP spectral slope (CSP−δ) ranged between −3.54 to −2.36, with significantly higher values in the epipelagic layer in the Mau eddy compared to open ocean stations (Figures 5D, 6C; Wilcox test, p<0.05). The CSP spectral slope decreased from the coast to the open ocean, with δ >−3 found from the surface to 800 m depth until 20.3°W (St. S4). CSP, as a percentage of total gel area (TEP+CSP), represented between 2.1 to 95.6%, with values decreasing from the coast to the open ocean (Figure 6D). In the Mau eddy, values >50% were found from the surface to 800 m depth whereas at open ocean stations, this was mostly restricted to the upper 100 m depth (except St. E3, at 800 m depth with 52%).




Figure 6 | Epi− and mesopelagic distribution (0−800 m) of Coomassie blue stainable particle (CSP) area (A) and abundance (B), slope (δ) of the size−frequency distribution of CSP (C; δ −CSP) and CSP as a percentage of total area (D; TEP+CSP) in samples collected during cruise M156. Red dashed lines show the boundaries of the Mau periphery. FZ refers to Frontal Zone.



During the cruise M160, TEP abundance and total area ranged between 2x105 to 7x107 L−1 and 3x10−3 to 1.2 cm2 L−1, respectively. TEP−C between 0.04 and 17.3%POC. The slope of the TEP size−frequency distribution (δ −TEP) ranged between −3.4 and −2. CSP abundance and total area ranged between 1x105 to 7x107 L−1 and 2x10−3 to 3.1 cm2 L−1, respectively, representing 2 to 96% of the total gel area. CSP−δ ranged between −3.4 and −2.2. Within the Brava eddy at St. 175 and St. 180, TEP abundance > 0.1x108 L−1, TEP total area> 0.1 cm2 L−1 and TEP−C > 1.5%POC were observed from the surface down to 200 m depth (Figures 7A–C). In the epipelagic layer (<100 m depth), TEP abundance and total area were on average 1.5−fold and 2.5−fold higher, respectively, in the Brava eddy compared to its surrounding waters (Wilcox test, p<0.05; Figure 5A). In contrast, δ −TEP did not show a significant difference between Brava eddy and its surrounding water (Figures 5C, 7D, Wilcox test, p>0.05). CSP abundance and total area were 1.6−fold and 2.4−fold higher, respectively, in the Brava eddy, albeit not significantly different, due to high variability (Wilcox test, p>0.05 for both; Figure 5B), contrarily to CSP−δ, which was significantly higher in the Brava eddy compared to its surrounding waters (Wilcox test, p<0.05; Figures 5B, 8A–C). CSP, as a percentage of total gel area (TEP+CSP), represented between 2.1 to 96.5%, and was not significantly different between the eddy and its surrounding waters (Wilcox test, p>0.05; Figure 8D).




Figure 7 | Epi− and mesopelagic distribution (0−450 m) of Transparent exopolymer particle (TEP) area (A) and abundance (B), TEP carbon content (TEP−C) as a percentage of particulate organic carbon (POC; C), slope (δ) of the size−frequency distribution of TEP (D; δ −TEP) along West−East (left) and South−North (right) transect across Brava eddy in samples collected during cruise M160. Red dashed lines show the boundaries of the eddy peripheries.






Figure 8 | Epi− and mesopelagic distribution (0−450 m) of Coomassie blue stainable particle (CSP) area (A) and abundance (B), slope (δ) of the size−frequency distribution of CSP (C; δ −CSP) and CSP as a percentage of total area (D; TEP+CSP) along West−East (left) and South−North (right) transect across Brava eddy in samples collected during cruise M160. Red dashed lines show the boundaries of the eddy peripheries.



Higher TEP abundance, total area, TEP−C as %POC and TEP−δ were observed in the Sal eddy during the West−East transect (19.7 to 21.4°W at 17.8°N; Figure 9 panel left) compared to its surrounding waters but not in the Northern stations in the South−North transect where higher values were observed just outside of the eddy (St. 67 and St.69; Figure 9 panel right). Those stations were characterized by high Chl−a content at the surface (Supplementary Figures S2C, 6E). CSP abundance and total area presented similar distribution by being higher in the Sal eddy along the East−West transect (Figure 10 panel left), whereas higher values were found outside (St. 67 and 69) along the South−North transect (Figure 10 panel rigth). δ −CSP showed vertical trends with values >−3 from the surface to 400 m depth within and outside the Sal eddy (Figure 10C). In the epipelagic layer (<100 m depth), TEP and CSP total area were on average 1.6 and 1.2−fold higher, respectively in the Sal eddy compared to its surrounding water albeit not significantly different (Wilcox test, p=0.24 and 0.45 respectively; Figures 5A, B).




Figure 9 | Epi− and mesopelagic distribution (0−450 m) of Transparent exopolymer particle (TEP) area (A) and abundance (B), TEP carbon content (TEP−C) as a percentage of particulate organic carbon (POC; C), slope (δ) of the size−frequency distribution of TEP (D; δ −TEP) along West−East (left) and South−North (right) transect across Sal eddy in samples collected during cruises M160. Red dashed lines show the boundaries of the eddy peripheries.






Figure 10 | Epi− and mesopelagic distribution (0−450 m) of Coomassie blue stainable particle (CSP) area (A) and abundance (B), slope (δ) of the size−frequency distribution of CSP (C; δ −CSP) and CSP as a percentage of total area (D; TEP+CSP) along West−East (left) and South−North (right) transect across Sal eddy in samples collected during cruises M160. Red dashed lines show the boundaries of the eddy peripheries.






3.4 Correlation of gel-like particles with other biogeochemical parameters

We applied a Spearman correlation matrix to reveal significant correlations between TEP and CSP with the measured parameters in samples collected from the epipelagic layer (<100 m depth) of both cruises merged (Figure 11). The strongest correlations observed for TEP (number, area, and carbon content) were by order, bacterial production rates (BP; rs= 0.59, 0.57, 0.57; p<0.001), community respiration rates (rs= 0.44, 0.49, 0.47; p<0.001), POC (rs= 0.44, 0.43, 0.42; p<0.001), PON (rs= 0.42, 0.43, 0.40; p<0.001), Chl−a (rs= 0.43, 0.42, 0.41; p<0.001) and virus abundance (rs= 0.37, 0.34, 0.40; p<0.001). TEP (number, area, and carbon content) was also positively correlated to a lesser extent to dissolved organic matter (DOC, DON; p<0.001), and to semi−labile dissolved organic matter (SL−DOC, SL−DON; p<0.001), to heterotrophic bacterial abundance (HB; p<0.001) and dissolved primary production rates (PPDOC; p<0.05) and negatively to salinity (p<0.01). Spearman correlation matrices for each cruise taken individually reveal that these observations hold for cruise M156 (except for salinity p>0.05) but not for cruise M160 (Supplementary Figure S12). Plotting these correlations as a scatterplot showed that the linear trends were similar whether the cruises were taken individually or grouped together (Supplementary Figures S13–15). The differences observed were due to a smaller data set during M160 with a smaller concentration range. The size−frequency distribution slope of TEP was significantly positively correlated to oxygen concentration, pico− and nanophytoplankton biomass (p<0.01) and to salinity and Chl−a (p<0.05; Figure 11), albeit those correlations were weaker (all rs<0.3).




Figure 11 | Spearman correlation of TEP and CSP against various biochemical parameters and microbial activities in the upper 100 m depth from the total of samples collected during cruises M156 and M160. Statistical significance: ‘***’< 0.001, ‘**’< 0.01, ‘*’< 0.05. HB, Heterotrophic bacteria; Pico, Picoplankton; Syn, Synechococcus; Nano, Nanophytoplankton; Chl−a, Chlorophyll−a; DOC, Dissolved organic carbon; SL−DOC, Semi−labile DOC; POC, Particulate organic carbon; DON, Dissolved organic nitrogen; SL−DON, Semi−labile DON; PON, Particulate organic nitrogen; CR, community respiration; BP, Bacterial production; PPTOT, Total primary production; PPDOC, dissolved primary production; PER, Percentage of extracellular release. n is the sample size used in Spearman correlations.



The strongest correlations observed for CSP (number and total area) were by order, BP (rs= 0.49, 0.49; p<0.001), Chl−a (rs= 0.44, 0.46; p<0.001), virus abundance (rs=0.41 and 0.36; p<0.001), SL−DON (rs=0.39 and 0.37; p<0.001), PON (rs=0.36 and 0.38; p<0.001), PPDOC (rs= 0.36 and 0.39; p<0.05 and<0.01), PPTOT (rs= 0.35 and 0.39; p<0.05 and<0.01), HB abundance (rs= 0.36 and 0.34; p<0.001) and Synechococcus biomass (Syn; rs=0.36 and 0.33; p<0.001). To a lesser extent, CSP number and area were also positively correlated to POC (p<0.001), DOC (p<0.001 and<0.05) nanophytoplankton biomass (p<0.01) and negatively to salinity (p<0.01 and<0.05). Separate Spearman matrices of the cruises also revealed that these observations hold for cruise M156 but not for cruise M160 (Figure S12). Although, individual scatterplot also showed that the differences observed were due to a smaller data set during M160 with a smaller concentration range (Supplementary Figures S13–15). The size−frequency distribution slope of CSP was significantly negatively correlated to temperature and DOC (p<0.001), and positively to picoplankton biomass (pico), Chl−a, an PON (p<0.01).





4 Discussion



4.1 Impact of cyclonic eddies on gel−like particles distribution in the Mauritanian upwelling system



4.1.1 Transparent exopolymer particles (TEP)

Marine gels abundance varied considerably in our study, but fall within the range of reported values for TEP particles abundance (between 104−108 L−1) (Mari et al., 2017 and reference therein) and total area (0.08−2.59 cm2 L−1; Engel et al., 2020). In a mesocosm study, Engel et al. (2015) investigated the effect of varied nitrate and phosphate supply on TEP and CSP production near Cape Verde. They reported a wide range of concentrations and of total gel area similar to those reported here highlighting the strong disparity in the ETNA, where ultra−oligotrophic waters are found alongside highly productive waters due to physical factors (currents and eddies) impacting nutrient distribution at the submesoscale. We observed a wide range of TEP contributions to the POC pool, in line with those reported in the north−east Atlantic Ocean (1.5−68%; Harlay et al., 2009, 2010) and the Mediterranean Sea (3−44%; Zamanillo et al., 2021). Albeit most studies report percentages in a higher range across various environments (see Zamanillo et al., 2021 and reference therein), our values concord with observations from surface water close to Cape Verde (3%; Engel et al., 2015) and from sediment trap values in the epi−mesopelagic waters of the subtropical northeastern Atlantic Ocean (2–7%; Engel et al., 2017). These differences can be explained by the fact that TEPs are mainly derived from bacteria or phytoplankton, whereas POCs can be included in various types of particles, such as large cells, detritus or fecal pellets.

Higher TEP total area was found in all eddies compared to their surrounding waters (Figure 5). It can be inferred that the increased production of TEP is due to the development of phytoplankton in the eddies caused by the upwelling of nutrients. TEP correlated with the particulate matter pool (POC, PON) and to Chl−a concentration suggesting that phytoplankton were the primary source (Engel et al., 2015). High TEP concentrations have been associated with phytoplankton blooms (Mari and Kiørboe, 1996; Hong et al., 1997; Engel et al., 2004) and regions where algal biomass increased due to favorable growth conditions (Prieto et al., 2006). TEP can accumulate after blooms as dissolved polysaccharide precursors aggregate together (Engel et al., 2004, 2015) and become stickier with age (Rochelle–Newall et al., 2010). As TEP are neutrally or even positively buoyant due to their high water content (Engel and Schartau, 1999; Azetsu–Scott and Passow, 2004), they might accumulate in eddies unless being ballasted by heavier particles. Hence, in the Sal eddy, despite lower productivity inside the eddy compared to its surrounding waters, TEP concentration remained higher. In the Mau and Brava eddies TEP abundance and total area were higher on the West edges of the CEs (Figures 4, 7). Horizontal advection within CEs may redistribute plankton communities due to their rotational velocities associated with their westward propagation (Chelton et al., 2011). Hence, phytoplankton (and likely TEP) tends to accumulate on the West edges of CEs where they also continue to produce TEP (by exudation or through cell lysis). Studies on cyclonic eddies reported higher organic matter export on their edges compared to their cores (Shih et al., 2015; Zhou et al., 2020, 2022). On CEs edges, TEP had higher chances to agglomerate with other particles (e.g. cell debris, fecal pellet) increasing their weight and ability to sink to deeper depths. In the Mau eddy, δ−TEP was higher below the surface on the edge of the eddy, which is potentially due to the rapid export of fast−sinking aggregate enriched in TEP. In the Sal eddy, it is possible that we did not observe such a gradient because the eddy rotated more slowly due to its lower azimuthal velocity than Mau and Brava eddies (Fischer et al., 2021).

Despite visible effect on TEP concentration, we did not observe any striking effect of eddies on δ−TEP We attribute this to a number of factors that can impact size distributions in different ways. Protists, small zooplankton, and larval stages of metazoans are known to fragment and ingest TEP (Bochdansky and Herndl, 1992; Passow and Alldredge, 1999; Dilling and Alldredge, 2000). They might have play a role in δ−TEP variation by fragmenting particles as they can be present and active in CEs (Hernández–León et al., 2001; Boras et al., 2010; Noyon et al., 2019). Turbulence and shear enhance encounter rates of TEP precursor and coagulation of particles increasing their sizes (Beauvais et al., 2006; Pedrotti et al., 2010; Burns et al., 2019). Floating particles tend to gather in CEs’s core due to horizontal shear instabilities promoting shear and spirals (Munk et al., 2000) and turbulence kinetics are higher at the center of the CEs due to upwelling (Li et al., 2021). Simultaneously, though, it is also expected that the increased frequency of collisions will facilitate more collisions amongst larger aggregates. Consequently, a rise in δ does not always correspond with an increase in shear rate (Li et al., 2004). But as TEP aggregation tends to increase in the course of phytoplankton blooms (Passow et al., 1994; Engel et al., 2015), we expected that δ−TEP would be higher in the mesopelagic waters of the eddies due to sedimentation. This might be due to the persistence of TEP associated with physical fluctuations surrounding the three CEs, which likely affected δ−TEP distribution. TEP may persist in the environment as its consumption by heterotrophic prokaryotes depends on their chemical composition which impacts their degree of lability (Zhou et al., 1998; Aluwihare and Repeta, 1999; Simon et al., 2002; Taylor and Cunliffe, 2017). TEP were correlated to BP (Figure 11; Supplementary Figure S15) in line with other studies (Sugimoto et al., 2007; Ortega–Retuerta et al., 2009; Pedrotti et al., 2009; Ortega–Retuerta et al., 2010; Bar–Zeev and Rahav, 2015; Ortega–Retuerta et al., 2017; von Jackowski et al., 2020) albeit this relationship has been shown to vary seasonally (Ortega–Retuerta et al., 2009). TEP was also correlated to community respiration (CR) but only during the M156 cruise when the two cruises were analyzed separately (Supplementary Figures S12, 15). This could be due to the quantity of TEP being greater during the cruise M156 allowing a better signal or to the nature of the polysaccharides making up the TEP. TEPs are a complex mixture of different polysaccharides that can be enzymatically degraded more or less quickly depending on the number of unique bonds they possess (Bligh et al., 2022). Furthermore, the Mau eddy was sampled during the relaxation period in which eddy generation peaks and their passage is recurrent (Schütte et al., 2016). Moreover, Saharan dust export peaks at this time of year potentially ballasting TEP and reducing δ−TEP in surface water (Engelstaedter and Washington, 2007; Louis et al., 2017; Van der Jagt et al., 2018). The Brava Island is a hotspot of eddy kinetic energy, a proxy for mesoscale variability in the ocean due to eddies (Cardoso et al., 2020). Fluctuations in the shape of the Brava eddy could have made the impact on δ−TEP indiscernible. The Sal eddy was in a complex eddy field in which eddy−eddy interaction likely occurred creating front and submesoscale variability (see review by Mahadevan, 2016).

During cruise M156, TEP concentration within upper 450 meters depth averaged four times higher than during cruise M160 (0.66 ± 2 compared to 0.16 ± 0.18 cm2 L−1, respectively). Despite depleted nutrients, a near−surface Chl−a layer was observed along the coastal offshore transect during M156 (Devresse et al., 2022, 2023; Figure 2). This coincided with a relaxation season where previously upwelled coastal waters moved offshore due to currents and eddies (Lovecchio et al., 2017, 2018; Devresse et al., 2023). We hypothesized that nutrient consumption and limited phytoplankton division led to significant carbon release as TEP due to carbon overflow (Engel et al., 2004; Schartau et al., 2007; Kreus et al., 2015), consistent with elevated extracellular release percentages along the coast−offshore transect; (25−97%; Devresse et al., 2022). Additionally, virus−like particles (VLP) abundance in the near−surface during M156 was notably high, exceeding 2x1010 L−1 until 700 km offshore (Devresse et al., 2023). This abundance was significantly correlated with TEP, suggesting a potential linkage between viral infections, phytoplankton lysis, and TEP formation. VLP abundance, was likely even higher as a substantial fraction of viruses might have been attached to TEP (Mari et al., 2007; Weinbauer et al., 2009). Virus infections are often associated with bloom termination resulting in cell lysis and TEP formation (Vardi et al., 2012; Lønborg et al., 2013; Nissimov et al., 2018; Vincent, 2023). Thus, both carbon overflow and viral lysis could contribute significantly to TEP production in the region. However, distinguishing the origin of viral abundance between bacterial and phytoplankton lysis remains challenging as viral production from bacteria has been linked to their abundance and to DOC concentration (Mojica et al., 2020) which were both widespread along the transect during cruise M156 (Devresse et al., 2022, 2023).




4.1.2 Coomassie stainable particles (CSP)

CSP also fall within the range of reported values for particles abundance (between 104−108 L−1) (Thornton, 2018 and reference therein) and total area (0.03−2.90 cm2 L−1 cm2 L−1; Engel et al., 2020). CSP was significantly correlated to Chl−a and Synechococcus biomass (Figure 11), which is consistent with previous studies linking CSP to cyanobacteria (Endres et al., 2013; Cisternas–Novoa et al., 2015; Thornton and Chen, 2017) and to phytoplankton biomass (Zamanillo et al., 2021). Cellular nutrient content in photosynthetic cells is allometric and nonscalable components such as nucleic acids and membranes occupy an increasingly large fraction of cell volume in smaller than in larger cells (Marañón et al., 2009). Thus, picoplankton cells such as Synechococcus are enriched in nitrogenous compounds compared to larger cells (e.g. diatoms). In addition, Synechococcus has been found to exude nitrogen−containing compounds to attract chemotactic bacteria and increase metabolite exchange (Raina et al., 2023). CSP was also linked to virus abundance, strengthening the hypothesis that viral lysis is a source of CSP (Lønborg et al., 2013; Yamada et al., 2018). CSPs are proteinaceous particles and are, therefore expected to contain large amounts of labile nitrogen compounds preferentially used by heterotrophic bacteria. These points are reinforced by the correlations of CSP with SL−DON, PON, and BP, in line with von Jackowski et al. (2020), who reported that CSP correlated with BP and dHAA.

Higher CSP total area was observed in the Mau and Brava eddies (Figure 5). Chl−a, and Synechococcus biomass alone do not explain CSP increased as their distributions were heterogeneous within the eddies (Supplementary Figures S7–9; Devresse et al., 2022). The epipelagic layer of Mau and Brava eddies exhibited larger CSP particle sizes compared to their surrounding waters (Figure 5). This observation suggests that CSP was able to accumulate in these CEs, despite being labile material preferentially used by bacteria. The production of CSP in these CEs was likely greater than their consumption and export to deeper depth. In addition, during cruise M156, in the mesopelagic water, CSP concentration was particularly elevated near the coast and in the Mau eddy, with relatively large aggregate (δ −CSP>−3) from the surface to 800 m depth, highlighting CSP sedimentation in those productive areas. In contrast, in the Sal eddy total CSP area and δ−CSP were not higher. Thus, we assume that in the Sal eddy, the consumption of CSP by microorganisms and its fragmentation were greater than its production.





4.2 Current understanding of gel−like particles dynamic in CEs

Condie and Condie (2016) estimated that plankton retention times in cyclonic eddies in CEs ranged from 13 to 67 days without influence from eddy size and latitude. From this range it can be assumes 1) that successions of trophic communities take place within them, impacting the production and fate of gel−like particles, and 2) that eddies release particles as they move. It has been reported that CEs have phytoplankton communities that are different from their surrounding waters, with compositional variability at the sub−mesoscale (Lochte and Pfannkuche, 1987; Lasternas et al., 2013). Differences in the distribution and concentration of phytoplankton size−classes population (Synechococcus, pico−, and nanophytoplankton; Supplementary Figures S4−6), point towards distinct phytoplankton community composition with submesoscale variability in the three CEs. The three CEs reported in our study differed by their age, origins, and upwelling intensity. The Mau and Brava CEs (1.5−month−old) were in their intensification/mature stage (Sweeney et al., 2003) as the upwelling within them was pronounced from nutrient and hydrographic parameters distributions. The Mau eddy was more productive (i.e. higher Chl−a, POC, PON, PPDOC, PPTOT) than the Brava eddy. This difference may be explained by the fact that coastal eddies incorporate nutrient− and POM−rich waters during their formation and are therefore more productive than island−induced eddies (Schütte et al., 2016; Amos et al., 2019; Dilmahamod et al., 2022; Devresse et al., 2023). In contrast, the Sal eddy (4 months old) was in the decaying stage (Sweeney et al., 2003), characterized by a barely visible upwelling, slightly higher Chl−a and lower productivity than in its surrounding waters. The higher abundance of heterotrophic bacteria, bacterial biomass production, and respiration rates of the planktonic community in the Sal eddy compared to its surrounding waters suggest a prevalence of remineralization of organic matter over production (Figure 2). Those observations are in accordance with Zhou et al. (2020) and Zhu et al. (2023) who found reduced export of organic carbon and enhanced particle remineralization/fragmentation in decaying CEs in the South China Sea. To summarize, Figure 12 illustrates our current understanding of gel−like particles dynamics in CEs. Initially, the upwelling of nutrients associated with eddies induces an increase in the growth and activity of phytoplankton and the growth and activity of heterotrophic bacteria with submesoscale variability. Phytoplankton (Chl−a) and TEP tend to accumulate on the West edges of CEs due to their horizontal advection and westward propagation, which results in increasing agglomeration with other particles, thereby enhancing the export of organic matter (Chelton et al., 2011; Zhou et al., 2020). As long as the upwelling in the eddy remains strong, the production of organic matter remains greater than its consumption, and the eddy propagates an autotrophic signal across oligotrophic waters. As the eddy enters its decaying stage, its azimuthal velocity decreases and the associated upwelling decreases or reverses (McGillicuddy, 2016). As a result, phytoplankton communities within the eddy shift from larger to smaller cells with lower phytoplankton biomass and primary productivity (Jiao et al., 2014; Zhang et al., 2018). The organic matter that had accumulated in the form of gel−like particles is less ballasted by heavier phytoplankton cells (e.g. diatoms frustule) and the export of organic matter is reduced (Rii et al., 2008; Jiao et al., 2014; Zhou et al., 2020). The organic matter within eddies is gradually degraded while being transported supporting heterotrophy in oligotrophic waters (Duarte et al., 2013; Serret et al., 2015).




Figure 12 | Schematic representation of the impact of cyclonic eddies on the distribution of phytoplankton and organic matter in the Mauritanian upwelling system. Nutrient supply induced by a young cyclonic eddy increases the growth and activity of different phytoplankton communities distributed differently within the eddy. The difference in horizontal advection within the eddy creates an accumulation of phytoplankton and organic matter at its edges. Some of this organic matter get recycled by heterotrophic bacteria and a part sinks, increasing carbon export. As long as there is upwelling in the eddy, it carries an autotrophic signal as a reservoir and source of semi−labile organic matter. As the eddy moves westward and ages, the upwelling associated with the eddy ceases. The organic matter it contains serves as fuel for microbes in the oligotrophic ocean, supporting heterotrophy.







5 Conclusion

Our study supports that cyclonic eddies induce higher TEP and CSP concentrations through nutrient upwelling and associated higher phytoplankton biomass. Yet, both particles presented distinct distributions within CEs, supporting that they are independent particles. Moreover, TEP and CSP correlated differently to physical and biogeochemical parameters and to the different groups of phytoplankton with variation among the cruises. This suggests that TEP and CSP originated from different phytoplankton communities between the cruises, which likely impacted their effect on microbial activities. In order to evaluate their impact on carbon export, further studies are required to follow their temporal evolution associated with bloom dynamics and phytoplankton community composition within CEs.
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