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In marine ecosystems, carbon export is driven by particle flux which is modulated by aggregation, remineralization, and grazing processes. Zooplankton contribute to the sinking flux through the egestion of fast sinking fecal pellets but may also attenuate the flux by tearing apart phytoplankton aggregates into small pieces through swimming activity or direct ingestion. Freely suspended cells, artificial monospecific aggregates from two different diatom species (Chaetoceros neogracile and Skeletonema marinoi) and natural aggregates of Melosira sp. were independently incubated with five different copepod species (Acartia clausi, Temora longicornis, Calanus helgolandicus, Euterpina acutifrons, and Calanus hyperboreus). During the grazing experiments initiated with free diatoms, E. acutifrons feeding activity evidenced by ingestion rates of 157 ± 155 ng Chl a ind–1 d–1, induced a significant increase of S. marinoi aggregation. Transparent exopolymeric particles (TEP) production was only slightly boosted by the presence of grazers and turbulences created by swimming may be the main trigger of the aggregation processes. All copepods studied were able to graze on aggregates and quantitative estimates led to chlorophyll a ingestion rates (expressed in Chla a equivalent, i.e., the sum of chlorophyll a and pheopigments in their guts) ranging from 4 to 23 ng Chl aeq ind–1 d–1. The relation between equivalent spherical diameters (ESDs) and sinking velocities of the aggregates did not significantly change after grazing, suggesting that copepod grazing did not affect aggregate density as also shown by Si:C and C:N ratios. Three main trends in particle dynamics could be identified and further linked to the copepod feeding behavior and the size ratio between prey and predators: (1) Fragmentation of S. marinoi aggregates by the cruise feeder T. longicornis and of Melosira sp. aggregates by C. hyperboreus at prey to predator size ratios larger than 15; (2) no change of particle dynamics in the presence of the detritic cruise feeder E. acutifrons; and finally (3) re-aggregation of C. neogracile and S. marinoi aggregates when the two filter feeders A. clausi and C. helgolandicus were grazing on aggregate at prey to predator size ratios lower than 10. Aggregation of freely suspended cells or small aggregates was facilitated by turbulence resulting from active swimming of small copepods. However, stronger turbulence created by larger cruise feeders copepods prevent aggregate formation and even made them vulnerable to breakage.

Keywords: diatom aggregate, grazing experiment, copepod, sinking velocity, particle dynamics


INTRODUCTION

In marine ecosystems, diatoms play a key role in the biological carbon pump (Jin et al., 2006; Tréguer et al., 2017). Diatom contribution to the export is mainly driven by particle dynamics such as aggregate formation, by coagulation of freely suspended phytoplankton cells or small detritus into a sticky matrix made of transparent exopolymeric particles (TEPs). Considering the balance between sinking and remineralization, only large and fast sinking particles formed in the mixed layer can reach the sequestration depth (Moriceau et al., 2007), i.e., 1000 m depth considering that an efficient carbon entrapment is longer than a thousand year (Passow and Carlson, 2012). This mechanistic view is confirmed by in situ profiles of particle fluxes (Guidi et al., 2007). Yet, viable freely suspended cells were collected at depth down to 4000 m (Agustí et al., 2015). Due to their slow sinking rates (1–5 m d–1, Bienfang, 1981) isolated living cells cannot reach water layer as deep. Living cells may require transportation to depth via aggregates and then dispersed after disaggregation of the fast sinking particle by unknown processes. Strong decrease of the particle size with depth confirm the attenuation of particle fluxes under the mixed layer depth (Guidi et al., 2007). From in situ observations in the NW Mediterranean Sea, Stemmann et al. (2004) proposed different processes possibly explaining fragmentation of sinking particles, namely microbial activity and zooplankton feeding. Zooplankton grazers can strongly modulate the particle fluxes in the water column. Organisms such as salps, appendicularians, and copepods are acknowledged to be important contributors to carbon export via the production of fast sinking fecal pellets resulting from grazing (Stemmann et al., 2002; Turner, 2002, 2015; Boyd and Trull, 2007; Stamieszkin et al., 2015; Lalande et al., 2016). Overall, the contribution of fecal pellets to the total particle carbon flux varies from 1 to 100%, most values being <40% (Turner, 2015). In addition, during vertical migrations, zooplankton egest fecal pellets deeper than the mixed layer (Wilson et al., 2008; Brierley, 2014) resulting in an active transport of fresh organic matter at depth (Gorgues et al., 2019) as observed in the Scotia Sea and the Southern Ocean (Cavan et al., 2015, 2017; Bode et al., 2018). As a consequence, a significant proportion of the particle flux may escape remineralization processes in the upper pelagic zone (Cavan et al., 2015). Additional metabolic processes such as respiration and excretion occurring deeper during zooplankton migration also contribute to transport dissolved carbon to the deep sea (Turner, 2015; Steinberg and Landry, 2017; Hernández-León et al., 2019). Direct relation between increasing carbon export and copepod abundance was evidenced in situ in Kongsfjorden (Norway, Lalande et al., 2016) when diatoms dominate the community as well as during a mesocosm study conducted in the Bay of Hopavagen (Norway, Moriceau et al., 2018). However, in the latter case, this increase in carbon export was only visible when cyanobacteria (and not diatoms) dominated the phytoplankton community. Other zooplankton organisms, such as appendicularians, are major contributors to vertical particle carbon flux (Alldredge et al., 2005), via the production of cellulosic houses embedded with detritus or other plankton organisms (Gorsky et al., 1999; Vargas et al., 2002; Lombard and Kiørboe, 2010; Lombard et al., 2013a).

Moreover, zooplankton may also attenuate vertical particle fluxes through different activities. Swimming of large Euphausiids was demonstrated to fragment marine aggregates into small particles that sink more slowly, become accessible to small grazers and microbial organisms, thus enhancing remineralization and carbon cycling (Dilling and Alldredge, 2000; Goldthwait et al., 2004, 2005). Sinking organic materials such as marine snow aggregates and fecal pellets could also constitute alternative food sources for mesozooplankton (Dagg, 1993; Lampitt et al., 1993; Steinberg, 1995; Dilling et al., 1998; Kiørboe, 2000; Dilling and Brzezinski, 2004; Koski et al., 2017). Ostracods, cladocerans, ascidian larvae, and copepods are aggregate colonizers, and can feed either on prokaryotic community located inside or at the surface of the aggregates, or directly on the aggregate matrix (Green and Dagg, 1997; Shanks and Walters, 1997). From 20 to 70% of the aggregate carbon biomass may be degraded by these colonizers during their sinking under the euphotic zone (Kiørboe, 2000). In a recent study investigating copepod grazing behavior on aggregated particles, Koski et al. (2017) demonstrated that both harpacticoida and poecilostomatoida copepods were able to feed on aggregates and could thus attenuate the particle carbon flux. Aggregation processes and dynamics are increasingly understood via the combination of laboratory experiments and models (Beauvais et al., 2006; Passow and De La Rocha, 2006; Gärdes et al., 2011; Jackson, 2015; Prairie et al., 2019), mesocosm experiments (Alldredge et al., 1995; Passow and Alldredge, 1995b; Svensen et al., 2001, 2002; Moriceau et al., 2018; Cisternas-Novoa et al., 2019), and in situ observations (Lampitt et al., 2010; Laurenceau-Cornec et al., 2015; Nowald et al., 2015; Giering et al., 2017; Cavan et al., 2018; Bach et al., 2019). In the meantime, studies focusing on disaggregation processes due to remineralization or zooplankton activity (Goldthwait et al., 2004; Taucher et al., 2018) remain limited despite their importance in providing new insights to better understand particle export in the mesopelagic zone. As dominant components of zooplankton communities, copepods may be considered as “gatekeepers of the biological carbon pump” if they limit carbon export by breaking aggregates as previously suggested in laboratory (Goldthwait et al., 2004), mesocosm experiments (Moriceau et al., 2018; Taucher et al., 2018), and in situ studies (Dilling and Alldredge, 2000). They may also enhance carbon export by (1) egesting large sinking fecal pellets (Turner, 2015; Lalande et al., 2016; Steinberg and Landry, 2017), (2) boosting the aggregation, as seen for cyanobacteria, appendicularians, and doliolids (Moriceau et al., 2018; Taucher et al., 2018), and (3) increasing the particle sinking rates when increasing the silicon content of diatoms (Pondaven et al., 2007). Swimming activity being intrinsically linked to feeding, copepod flexible diet may also modulate particle fluxes through differential grazing between free diatoms and aggregated diatoms (Bochdansky and Herndl, 1992; Bochdansky et al., 1995) or by changing the composition of the phytoplankton community (Bach et al., 2019). Their distinct functional feeding traits as filter feeders or ambush feeders (Kiørboe, 2011; Lombard et al., 2013b; Koski et al., 2017) make them organisms of particular interest to study particle dynamics. Recognizing that only very few studies have dealt with the interactions between large particles and grazers under laboratory conditions, we propose here to study the effects of both copepod grazing and swimming activities on diatom aggregate dynamics (i.e., changes in size, sinking velocity, and elemental composition) using rolling tank experiments (Shanks and Edmondson, 1989).



MATERIALS AND METHODS


Experimental Set-Up

Two types of incubation experiments were carried out to estimate the effect of copepod grazing on particle dynamics. The first set of experiments tested whether copepod activities influence coagulation rate of free diatoms and/or the size, sinking velocity, and composition of the resulting aggregates (Experiments 1–3). The second set of experiments monitored the changes in diatom aggregate abundance, size, sinking velocity, and composition under grazing pressure (Experiments 4–8; Figure 1). Aggregates studied here were visible to the naked eyes starting in length from 1 mm.
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FIGURE 1. Experimental design. (Left) Copepod grazing experiments on free diatom cells (Experiments 1–3). (Right) Copepod grazing experiments on diatom aggregates (Experiments 4–8). Photo on the right corresponds to in situ floating Melosira sp. aggregates between the ice packs, taken from the deck of the NGCC Amundsen at about 15 m distance.




Phytoplankton Cultures

For laboratory experiments (Experiments 1–7), Skeletonema marinoi (strain CCAP 1077/5) and Chaetoceros neogracile (strain CCAP 1010/3) were obtained from Ifremer collection (Laboratory of Functional Physiology of Marine Organism, Ifremer Brittany’s Centre, France). They were continuously grown in Conway medium (Conway et al., 1976) prepared with autoclaved 1 μm filtered seawater from the Bay of Brest (Brittany, France). Cells were maintained in exponential growth phase in 2 L glass round bottom balloons at 20°C under continuous irradiance (100 μmoles photons m–2 s–1). Balloons were kept in constant aeration and CO2 was supplied to keep the pH between 7.5 and 7.9. These cultures were directly used for experiments using free diatom cells as prey type (Experiments 1–3, Table 1). Subsamples of the cultures were used for chemical analyses at Tinit (see below).


TABLE 1. Initial conditions in incubations using freely suspended diatoms as prey (Experiments 1–3).

[image: Table 1]


Aggregate Preparation From Diatom Cultures and in situ Aggregate Collection

In order to perform Experiments 4–8, monospecific aggregates were produced in the laboratory. Once diatom cultures reached the stationary phase, i.e., stable cell concentrations of 106–107 for S. marinoi and 108 cell mL–1 for C. neogracile, 2 L were diluted into 10 L cylindrical rolling tanks containing 1 μm filtered UV sterilized seawater (FSW hereafter, Figure 1). Cultures were then maintained at 18°C under a 12:12 h photoperiod cycle, for 2–10 days, and rotated at 3 rpm on a rolling table to promote cell collision and aggregation (Shanks and Edmondson, 1989). As soon as aggregates were formed inside the 10 L rolling tank, 10–20 aggregates were carefully transferred inside a set of 1 L rolling tanks containing FSW using a large aperture plastic pipette (10 mL). Similar sampling was done to measure the initial chemical conditions (Tinit) of the aggregates (see below).

For the in situ experiment (Experiment 8), large floating mono-specific aggregates of Melosira sp. were sampled from the surface from a zodiac boat on the 3rd of July 2016 during the GreenEdge expedition on-board the NGCC Amundsen. The aggregates were sampled at station 600 (70°30.653 N, 63°59.258 W) using a 0.1 mm mesh sieve (Figure 1). Melosira sp. aggregates were diluted into 200 mL of 0.7 μm FSW sampled with a Niskin bottle at 50 m depth (salinity 32.7, T0−1.5°C). The mixture was homogenized and divided into four aliquots. The first aliquot was kept for biogeochemical analyses [particulate organic carbon (POC)/nitrogen (PON) and bSiO2 content] and for taxonomic analysis of phytoplankton. The three other aliquots were distributed into three rolling tanks (4 L) containing in situ 0.7 μm FSW. Rolling tanks were stored in the dark in a cold room (4°C) and rotated on a rolling table at 3.3 rpm. This incubation ended up in the formation of a large aggregate (26.8–34 mm, Figure 1).



Copepod Sampling and Rearing Phase

Four copepod species (Euterpina acutifrons, Temora longicornis, Acartia clausi, and Calanus helgolandicus) were selected for the laboratory experiments on diatom free cells and aggregates (Tables 1, 2). They were chosen for their easiness of cultivation, as their presence generally matches phytoplankton spring blooms in the area (Schultes et al., 2013), and because they display different functional traits (Benedetti et al., 2015) regarding feeding strategies and sizes. A. clausi (0.9 mm total length) and C. helgolandicus (2.7 mm total length) are both omnivorous filter feeders with a clear tendency to herbivory, the latter being able to migrate vertically (Andersen et al., 2001, 2004). T. longicornis (0.8 mm total length) and E. acutifrons (0.5 mm total length) are described as cruise feeders (Lombard et al., 2013b), E. acutifrons having the tendency to feed on detrital matter (Benedetti et al., 2015). Copepods used in the experiments were collected at the Lanveoc sampling site (48°18.00 N, 4°27.360 W) during cruises on-board the oceanographic ship “Albert Lucas” (INSU-CNRS-UBO) from January to April in years 2017 and 2018. Zooplankton were collected with a WP2 plankton net (200 μm mesh size) fitted with a 2 L filtering cod-end during horizontal net tows (speed < 1 m s–1 for <10 min) at 3 m depth. After each plankton haul, zooplankton samples were immediately diluted in 30 L of surface seawater, stored in the dark in a cool box, and brought back within few hours to the laboratory. To initiate the rearing phase, a ratio of 1 male per 5 females was assured with at least 100 (for E. acutifrons) to 250 (for calanoid copepods) adult females of each species individually sorted under a dissecting microscope. The copepods were placed in polycarbonate beakers of varying volume (from 7 to 20 L according to species size) containing 1 μm FSW. During at least 1 week of acclimation inside the culture room, copepods were kept at 18°C, at 33 salinity, and under 12:12 h day:night photoperiod for about up to 1 month. They were daily fed in excess with a mixture of algae continuously cultured (Rhodomonas salina, Thalassiosira weissflogii, Tisochrysis lutea, and Tetraselmis suecica, grown under the same condition as for S. marinoi and C. neogracile) at concentration exceeding 103–104 cell mL–1 (Berggreen et al., 1988; Vincent et al., 2007), thus avoiding predation of calanoid copepods on younger stages (Bonnet et al., 2004; Boersma et al., 2014). Seawater was renewed every other day by adding 10–20% volume of 1 μm FSW and air was supplied via small bubbles in each rearing tank. Twenty-four hours prior to the beginning of the experiment, 30 (C. helgolandicus) to 100 (E. acutifrons) cultured copepods were isolated in 1 L beakers containing 0.2 μm FSW without food. This starving phase allowed gut evacuation and maximized feeding during incubation.


TABLE 2. Initial conditions in incubations using aggregates as prey (Experiments 4–8).

[image: Table 2]Wild Calanus hyperboreus (6.3 mm total length) were collected during the GreenEdge expedition on-board the NGCC Amundsen in July 2016. C. hyperboreus displays an omnivorous suspensive feeding behavior (Conover, 1966; Huntley, 1981; Greene, 1988; Darnis et al., 2008, 2012). Collection of zooplankton organisms via plankton nets resulted in retrieving high amounts of dead or injured individuals. The exact cause of this mortality could not be inferred and to undertake the grazing experiment, copepods were collected from 24 Niskin bottles (10 L) deployed over the 0–300 m depth at station 615 (70°29.926 N, 59°31.504 W). 240 L of seawater from the Niskin bottles was sieved over a 200 μm mesh sieve partially immersed in seawater to avoid individual stress. Only copepods of the C. hyperboreus species were collected. Immediately after sieving, copepods were isolated via pipetting in 1 L of 0.7 μm FSW and left for 24 h in the dark to limit stress and allow gut evacuation. On the day of the experiment, only the most active specimens (N = 18) were collected using a sieve and added to the 4 L rolling tank containing the large Melosira sp. aggregate (Experiment 8).



Grazing Experiments

A set of eight laboratory experiments were carried out and allowed to integrate variable predator to prey size ratios, the latter ranging in size and type from small isolated diatom cell [6–10 μm equivalent spherical diameter (ESD)] up to few centimeters aggregates (Tables 1, 2). For three out of the eight experiments carried out at laboratory (Table 1, Experiments 1–3), isolated diatom cells at exponential growth state were provided as food source at concentration higher than bloom density in the area (2.3–5.3 × 105 cell mL–1), i.e., maximum cell concentrations of 104 cell mL–1 are generally recorded during bloom for Chaetoceros sp. and Skeletonema sp. (Soudant and Belin, 2018). This high diatom cell concentration was set on purpose to induce diatom collision and provided high likelihood to form aggregates during the course of the incubation. Aggregation of S. marinoi was indeed shown to take >40 h at cell density <105 cell mL–1 (Grossart et al., 2006). This high cell concentration was also chosen considering that even though copepod grazing could induce a large decrease in cell density (e.g., up to 50% of the initial stocks over the incubation at food density matching bloom), cell concentration would still remain close enough in controls compare to copepod tanks. The only differences in parameters promoting aggregation between the two tanks being related to copepod presence (i.e., swimming and grazing and possible change in mucus production, Malej and Harris, 1993). In the remaining four experiments (Table 2, Experiments 4–7), diatom aggregates were used as exclusive prey type. The incubation was initiated using 10–20 aggregates per roller tank (Guidi et al., 2008). Since the initial aggregate abundance varied during the first hours of the experiment as aggregation/disaggregation processes occurred before reaching an “equilibrium,” the latter was chosen as the time set for estimating copepod effects (T0). “Copepod tanks” received a known number of reared copepods as detailed in Tables 1, 2. In order to obtain a significant grazing signal, copepod abundance in rolling tanks was set high, i.e., being 2–4 times higher for calanoids and 10 times higher for E. acutifrons than those commonly measured in situ during the decline of phytoplankton blooms in the North Atlantic Ocean (typically 4 ind L–1 for calanoid copepods such as T. longicornis, A. clausi, and C. helgolandicus and 0.2 ind L–1 for harpacticoida (Schultes et al., 2013). However such high copepod abundances are totally congruent with those recorded over a 3-year survey in the eutrophic system of Long Island (Capriulo et al., 2002) with 30–50 ind L–1 for T. longicornis and >35 ind L–1 for Acartia hudsonica. These chosen abundance remained also highly comparable to values used in most experimental studies ranging from 8 to >15 ind L–1 (Sautour and Castel, 1993; Vincent and Hartmann, 2001; Sarthou et al., 2008). For all experiments, dead and injured individuals were discarded and living ones were individually pipetted to 1 L rolling tanks containing prey assemblages. Rolling tanks were then filled to the rim with FSW, avoiding air bubbles introduction and placed on the rolling table at 3 rpm. Tank rotation allowed prey homogenization and mimicked continuous settling of aggregates in the water column. Incubation was carried out at 18°C under natural photoperiod regime. Preliminary experiments permitted to set optimal incubation duration between 24 and 48 h (Tf end of incubation) so as to measure adequate growth and grazing rates and limit bottle effects (Roman and Rublee, 1980).

During Experiment 8, the large Melosira sp. aggregate (26–34 mm) was incubated with wild copepods (C. hyperboreus) by adding 18 living individuals to a 4-L roller tank. The grazing experiment was undertaken at 4°C. Melosira sp. aggregates were shown to have strong negative buoyancy under light regime due to bubble formation induced by photosynthesis (Fernández-Méndez et al., 2014). Therefore, to keep aggregates suspended in the rolling tank during the experiment, the incubation with C. hyperboreus was undertaken in the dark and during 72 h to follow the temporal dynamic of the fragmentation and potential changes in copepod behavior.



Aggregates Enumeration, Size, and Sinking Velocity

Aggregate morphological characteristics were measured at T0 and Tf in rolling tanks before aggregate sampling. Image analyses were based on pictures and videos taken using a digital camera (Canon EOS 600D). Video recordings allowed to avoid aggregate manipulation and bias due to sampling. Aggregates were enumerated in each tank using image of the whole tank. Diameter (d, mm) and height (h, mm) of each aggregate (with d > h) were derived from the pictures and estimated using an image system analysis software (Inkscape®) calibrated with the rolling tank characteristics (e.g., front diameter, back diameter, and width), measurement precision was 0.3 mm. A minimum of six images was used for each tank, all aggregates were individually measured on each picture unless aggregate concentration was >20 agg L–1. In this case a minimum of 20 aggregates were analyzed in each picture (aggregate volume and ESD computations are presented in Table 3).


TABLE 3. Equations used to calculate volume (μm3 and mm3) and equivalent spherical diameter (ESD; μm and mm) for aggregates, fecal pellets, and copepods.

[image: Table 3]Aggregate sinking velocities (Uagg, m d–1) were measured directly in the tank, using the method of Ploug et al. (2010). Sinking velocities of all aggregates were directly measured in the rolling tanks having aggregate concentrations <20 agg L–1. In the tank where aggregate concentrations were higher, a minimum of 20 sinking velocities were independently measured. At steady state, aggregates follow a circular trajectory. For each aggregate, the rotation center of the aggregate was located using small video recordings and the software Inkscape®. Sinking velocities were deduced from the rotation of the tank and from the distance between the rotation center of the aggregate and the center of the tank, using Eq. 1.
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where T is the tank rotation period (in d), and Xa the distance between the rotation center of the aggregate and the center of the tank (in m). As such, the error linked to sinking velocity computations is directly related to the minimum Xa measurable (0.3 mm) using image analysis, and the associated uncertainty is 0.7 m d–1. Diatom aggregates are fractal particles, their sinking velocities increase with size according to a power law curve defined in Eq. 2 (Alldredge and Gotschalk, 1988; Iversen et al., 2010). The relation between sinking velocity (Uagg) and aggregate size (ESD) was computed for S. marinoi and C. neogracile aggregates, using a non-linear relation function nls() function; R software® (R Core Team, 2017).

[image: image]

where A and B are the unidimensional parameters of the regression.



Final Sampling (Tf)

Aggregates were carefully removed from the rolling tank using a large aperture plastic pipette (10 mL) and isolated inside 50 mL falcon tubes containing FSW (one to four tubes were used depending on the amount of material). After being homogenized by vigorous shaking, subsamples were taken for chemical analyses. Once aggregates were removed, copepods were carefully retrieved from each rolling tank by sieving seawater through an immersed 200 μm mesh sieve. For Experiments 1–3 and 8, copepods were sorted and preserved in formalin solution (4% final concentration) for stage analyses and size estimations (length and width of the prosome and urosome). For Experiments 4–7, copepods were placed in 2 mL cryotubes (one per tank), flash frozen in liquid nitrogen in order to estimate aggregate ingestion via the gut content fluorescence method of Mackas and Bohrer (1976). Size measurements were made concurrently from 75 A. clausi, 79 C. helgolandicus, 100 T. longicornis, and 173 E. acutifrons, randomly sieved from the copepod culture over a 200 μm mesh sieve and preserved in formalin. Copepod size measurements were performed under a dissecting microscope and measurement precision was 10 μm.

Calanus helgolandicus fecal pellets from Experiments 1 (free cells) and 7 (aggregate) were recovered after the 24 h incubation by filtering the remaining seawater of each rolling tank onto a 40 μm mesh sieve. Fecal pellets retained on the mesh sieve were resuspended in FSW in a plankton counting chamber (Dolfuss cuvette, 6 mL volume), pipetted, and pooled into a 50 mL falcon tubes for size measurements and counting (see below).



Chemical Analyses


Biogenic Silica (bSiO2)

Ten milliliters of the free cells or aggregate suspension were filtered through 0.4 μm polycarbonate filters (Millipore). For fecal pellet measurements, 100–200 fecal pellets of C. helgolandicus were directly placed on the filter. All filters were individually placed in petri dishes and dried at 55°C for 24 h. They were then kept at room temperature until bSiO2 analysis following Moriceau et al. (2007). Briefly, filters were digested in 8 mL of sodium hydroxide (NaOH 0.2 M) during 4 h at 90°C under constant agitation. Digestion was stopped by cooling the solution to 4°C and neutralized with 2 mL of chloride acid (HCl 1 M). Digestates containing the dissolved silica (dSi) were analyzed using an AutoAnalyzer (Bran and Luebbe Technicon Autoanalyzer 0.1% precision).



Particulate Organic Carbon and Nitrogen

Ten milliliters of the free cell or aggregate suspensions were filtered through pre-combusted (4 h 450°C) glass fiber filters (Whatman GF/F). For fecal pellets measurements, 100–200 fecal pellets of C. helgolandicus were directly placed on the filter. All filters were then rinsed with 10 mL of FSW. The filters were placed inside aluminum foil, dried at 55°C for 24 h, and analyzed for elemental C and N using a Carlo Erba NA-1500 elemental analyzer (Aminot and Kérouel, 2004).



Transparent Exopolymeric Particles

Transparent exopolymeric particles were measured following the method of Passow and Alldredge (1995a) for Experiments 1–3. Sub-samples of 10 mL were pipetted from the cell suspension, and filtered onto 0.4 μm polycarbonate filters (Whatman) under low vacuum pressure (<60 mm Hg) in order to prevent TEP forcing through the filter pores. Filters were stained with 0.5 mL of Alcian blue solution for 2 s (0.02% in aqueous solution, 0.06% acetic acid, pH 2.5, filtered through 0.2 μm before use) and kept frozen (−20°C) until analysis. Filters were then soaked for 2 h in 6 mL of 80% H2SO4 solution under constant agitation. The absorption of the obtained solution was measured at 787 nm (spectrophotometer prim’Light SECOMAM) in a 1 cm cuvette and was converted into mg of Gum Xanthan equivalent per liter (mg Xeq L–1) using a calibration curve valid for our working solution of Alcian blue and made onto 0.2 μm polycarbonate filters. TEP concentrations were expressed in g Xeq L–1 and ng Xeq cell–1, the latter taking into account the growth of the cells during the incubation. TEP production (ng Xeq cell–1 d–1) was calculated from the difference between TEP concentrations over the course of the incubation normalized by cell concentration at Tinit and Tf.



Copepod ESD Computation

Copepod ESD was computed for each species from copepod volumes using shapes and equations from the literature (Table 3).



Specific Growth Rate and Grazing Parameters

Phytoplankton growth rates (k, d–1), copepod grazing rates (g, d–1), clearance rates (F, mL ind–1 d–1), and ingestion rates were calculated from cell counts in Experiments 1–3 according to Frost (1972). At the beginning (Tinit) and the end of incubation (Tf), 5 mL sub-samples of seawater from each tank were pipetted and preserved in acid Lugol solution (2% final concentration). Phytoplankton cell concentration was estimated using a Malassez cell counting chamber. Depending on cell density in the roller tanks, 3–12 sub-samples were counted corresponding to the enumeration of 120–300 cells per sample. When cell concentrations at Tf were not significantly different between controls and copepod tanks, grazing was considered under the detection limit (i.e., <dl in Table 4). Ingestion rates were converted to ng Chl a ind–1 d–1 using a literature-based mean value of 0.10 pg Chl a cell–1 for S. marinoi (Norici et al., 2011; Chandrasekaran et al., 2014; Orefice et al., 2016; Smerilli et al., 2019) and 0.35 pg Chl a cell–1 for C. neogracile (unpublished data from González-Fernández et al., 2019).


TABLE 4. Final cell concentration (105 cell mL–1) and copepod clearance (mL ind–1 d–1) and ingestion rates (ng Chl a ind–1 d–1) for Experiments 1–3.

[image: Table 4]


Copepod Gut Content

For gut content analyses (Experiments 4–7), copepods were individually sorted from freshly thawed samples under a cool light stereomicroscope. Individuals were rinsed with 0.2 μm FSW to eliminate phytoplankton cells and aggregates stuck to feeding appendages, and were then transferred into 4 mL acetone (90%). Individuals (N = 6–27 copepods per replicate) were grinded and chlorophyllian pigments (Chlorophyll a and pheopigments) were extracted in the dark at 4°C overnight. Fluorescence of the extract was measured before and after acidification with 10% HCl (Parsons et al., 1984) using a Fluorometer (Turner design). Copepod gut content (Gcop, ng Chl aeq ind–1) was obtained by addition of Chlorophyll a and pheopigments concentrations and values were not corrected for pigment degradation on the recommendation of Durbin and Campbell (2007). Ingestion rates (ng Chl aeq ind–1 h–1) were derived from gut content (Gcop) using Eq. 3:

[image: image]

where k is the gut evacuation rate (min–1), computed following the model of Dam and Peterson (1988) which accounts for the temperature of incubation.



Fecal Pellet Production, Size, and Sinking Velocities

Fecal pellets production (FP ind–1 d–1) was estimated in experiments with C. helgolandicus (Experiments 1–7). Up to six sub-samples of the total fecal pellet suspension were counted. Each fecal pellet was measured (length and width in μm) with 10 μm precision (see Table 3 for shape and volume computations).

Fecal pellet sinking velocities (UFP, m d–1) follow Stokes’ law and were computed following Eq. 4 (Komar et al., 1981).
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where μ is the kinetic viscosity of seawater (0.0123 g cm–1 s–1), ρSW and ρPF are the density of seawater (1.071 g cm–3 at 18°C) and of C. helgolandicus fecal pellets (1.26 g cm–3; Cole et al., 2016), respectively, L and d the fecal pellet length (cm) and width (cm), respectively, and g is the acceleration due to gravity (981 cm s–2).



Statistical Analyses

Results are expressed in mean ± standard error (SE), or ±cumulative error when manipulations or analysis involved error propagation (e.g., aggregates abundances, TEP production, Si:C ratios, and C:N ratios). Statistics were performed using Sigmaplot® 14.0 software. As data distribution matched the parametric assumption of normality (using Shapiro–Wilk test, p < 0.05), the effects of copepod grazing on the mean size, aggregate abundance, and stoichiometric ratios during the incubation were tested by one-way ANOVA. Tukey’s post hoc tests were used to determine specific copepod influence on measured parameters. Covariance between ESD and sinking velocity was analyzed on logarithmic transformed data using an ANCOVA. Linear correlation between two variables was analyzed using Pearson correlation test under assumption of normality, and using Spearman rank correlation test when otherwise.



RESULTS


First Set of Experiments: Effects of Copepod Grazing/Swimming on Diatom Aggregation


Copepod Ingestion Rates

During the incubations, copepods actively grazed on S. marinoi (Experiments 1 and 2) but no grazing was measurable on C. neogracile (Experiment 3), i.e., phytoplankton growth exceeded grazing rates as evidenced by similar cell abundance in controls and copepod tanks at Tf (Table 4). E. acutifrons ingestion rates ranged from 157 ± 155 to 225 ± 6 ng Chl a ind–1 d–1 (Table 4). C. helgolandicus ingestion rates were five to eight times higher, reaching 1159 ± 248 ng Chl a ind–1 d–1 (Table 4). During the incubation with S. marinoi, C. helgolandicus egestion averaged 64 ± 55 fecal pellets ind–1 d–1 (Experiment 1). Their average ESD was 173 ± 24 μm, with a carbon content of 30 ± 7 nmol C PF–1 and a sinking velocity of 122 ± 32 m d–1. The majority of fecal pellets recovered at the end of the incubation were intact.



Aggregation of Free Diatom Cells

Sizes and sinking velocities of the S. marinoi aggregates formed in the presence of E. acutifrons and C. helgolandicus were not significantly different from the controls with respective mean values of 1.6 ± 0.0 mm ESD and 230 ± 1 m d–1 (Table 5 and Figure 2A). At lower cell density, S. marinoi formed less but bigger aggregates than during Experiment 1, with a mean ESD of 3.1 ± 0.6 mm (Table 5 and Figure 2C) and an average sinking velocity of 320 ± 10 m d–1 (Table 5). However, mean aggregate abundance was significantly higher (p-value < 0.05) in Experiment 1 in the presence of E. acutifrons (288 ± 80 agg L–1) compared to controls (145 ± 25 agg L–1) and C. helgolandicus (113 ± 35 agg L–1) (Table 5 and Figure 2B). At lower initial cell concentration (Experiment 2), aggregate abundance was also slightly higher (but not significantly) in E. acutifrons tanks, with a mean of 60 ± 9 agg L–1 compared to 46 ± 9 agg L–1 in controls (Table 5 and Figure 2D). A non-significant but systematic increase in the TEP concentration or production by S. marinoi was measured in the presence of E. acutifrons and C. helgolandicus (Table 5). Concerning Experiment 3 with C. neogracile, aggregates were formed in two out of the six copepod tanks (Table 5). In the rolling tanks containing A. clausi (Experiment 3), TEP production was significantly higher than in controls (4 ± 2 versus 10 ± 3 pg Xeq cell–1 d–1, p = 0.045). C. neogracile formed larger aggregates than S. marinoi with average ESD of 4.5 ± 0.5 and 4.3 ± 1.5 mm in the presence of E. acutifrons and A. clausi, respectively. In this experiment, C. neogracile aggregates were too numerous and had too low contrast in pictures and videos to measure their sinking velocity, probably due to their low cell content. Indeed, the percentage of aggregated cells was only 0.3 ± 0.3% (Table 5).


TABLE 5. Final conditions in incubations (Experiments 1–3) using free diatom cells as prey.
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FIGURE 2. Influence of copepod grazing on aggregation of free S. marinoi cells at high (top) and low (bottom) initial concentrations. Graphs (A) and (C) display boxplot of S. marinoi aggregate ESD (mm) at the end of the incubations (n = 60). Graphs (B) and (D) display S. marinoi aggregate abundance (agg L–1; mean ± cumulative error) at the end of the incubations. ∗p-value < 0.05.




Elemental Cell Composition

Si:C ratios of S. marinoi significantly increased from 0.14 ± 0.04 to 0.21 ± 0.04 (p = 0.018) in the presence of E. acutifrons (Experiment 1), whereas C. helgolandicus grazing did not influence Si:C nor C:N ratios (Experiment 1). In general S. marinoi C:N ratios decreased similarly in all rolling tanks (p < 0.05), except for Experiment 1 where E. acutifrons grazing led to a stronger decrease of S. marinoi C:N ratio. C. neogracile elementary ratios were not modified during incubation in the presence or absence of copepods (controls), as shown by the marked stability in mean values of Si:C and C:N ratios (Table 5).



Second Set of Experiments: Effects of Copepod Grazing/Swimming on Aggregate Dynamics


Copepod Grazing on C. neogracile Aggregates

Chaetoceros neogracile aggregates were grazed by both E. acutifrons and A. clausi as proven by copepod mean gut contents values reaching 0.08 ± 0.03 and 0.12 ± 0.04 ng Chl aeq ind–1 for E. acutifrons and A. clausi, respectively (Table 6). Derived ingestion rates ranged from 4 ± 1 to 6 ± 2 ng Chl aeq ind–1 d–1 for E. acutifrons and A. clausi, respectively (Table 6).


TABLE 6. Copepod gut contents (ng Chl aeq ind–1) and ingestion rates (ng Chl aeq ind–1 d–1) while grazing on aggregates (Experiments 4–7).
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C. neogracile Aggregate Distribution and Sinking Velocity

In Experiment 4, no significant changes in C. neogracile aggregate abundance, ESD, and sinking velocity were observed in the presence of E. acutifrons (Table 7 and Figures 3A,B). During Experiment 5, re-aggregation was observed in all rolling tanks causing a shift in aggregate abundance (from 18 ± 6 to 3 ± 1 agg L–1 in controls and from 15 ± 3 to 1.7 ± 0.6 agg L–1 with A. clausi), size (from 1.8 ± 0.1 to 5 ± 1 mm in controls and from 1.9 ± 0.1 to 5 ± 1 mm with A. clausi), and sinking velocity (from 141 ± 27 to 439 ± 153 m d–1 in controls and from 145 ± 26 to 501 ± 106 m d–1 with A. clausi), between T0 and Tf (Table 7 and Figures 3C,D). This pattern was similar in copepod and control tanks suggesting that grazing by A. clausi had no influence on aggregation dynamics (Table 7 and Figures 3C,D).


TABLE 7. Initial and final aggregate abundances (agg L–1), ESD (mm), and associated sinking velocities (m d–1) in incubations using aggregates as copepod prey (Experiments 4–8).
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FIGURE 3. Change in C. neogracile aggregate characteristics over the course of the incubation (Experiments 4 and 5): on the left for controls (A,C) and on the right in copepod tanks containing E. acutifrons (B) and A. clausi (D). Depicted are the sinking velocities of aggregates (m d–1) over ESD (mm) at the beginning (T0, black dots) and at the end (Tf, gray dots); boxplots of aggregate size distribution (ESD, mm; on top of the graph), and sinking velocities (m d–1; on the right part of the graph) at the beginning (T0, black boxes) and end (Tf, gray boxes) of the incubations.




Elemental Composition of the C. neogracile Aggregates

Euterpina acutifrons grazing on C. neogracile aggregates did not influence the particulate organic matter elemental composition and mean values remained stable, with final C:N ratios of 7.9 ± 0.3, and final Si:C ratios of 0.04 ± 0.02 (Table 7). Due to technical problems, no data were available for Experiment 5.



Copepod Grazing on S. marinoi Aggregates

All copepods studied fed on S. marinoi aggregates (Experiments 6 and 7). This resulted in mean gut content values of 0.5 ± 0.3 ng Chl aeq ind–1 for T. longicornis and 0.3 ± 0.2 ng Chl aeq ind–1 for C. helgolandicus. The smallest copepod E. acutifrons exhibited the lowest values with an average of 0.05 ± 0.02 ng Chl aeq ind–1 (Table 6). Derived ingestion rates reached 23 ± 14 ng Chl aeq ind–1 d–1 for T. longicornis, 14 ± 9 ng Chl aeq ind–1 d–1 for C. helgolandicus, and 2.6 ± 0.9 ng Chl aeq ind–1 d–1 for E. acutifrons (Table 6).

Calanus helgolandicus fecal pellets collected were intact, and fecal pellet mean production rate was 25 ± 3 FP ind–1 d–1, which is a twofold lower value than what was observed when grazing on free S. marinoi (Experiment 1). Fecal pellets produced were smaller when aggregates were the only prey, averaging 145 ± 25 μm in ESD. Corresponding carbon content (33 ± 7 nmol C PF–1) and sinking velocity (97 ± 31 m d–1) were also lower.



S. marinoi Aggregates Distribution and Sinking Velocity

The presence of T. longicornis induced a fragmentation of aggregates evidenced by a significant increase in aggregate abundance (from 3 ± 1 to 14 ± 8 agg L–1; p = 0.039) and a significant decrease in their mean ESD (from 9 ± 3 to 4.1 ± 0.7 mm; p = 0.013). As a consequence, corresponding sinking velocities were twofold higher in controls at Tf compared to copepod tanks (Table 7 and Figures 4A,B). During Experiment 7, re-aggregation processes were observed in all incubations suggesting no influence of copepod presence (Table 7 and Figures 4C–E).
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FIGURE 4. Change in S. marinoi aggregate characteristics over the course of the incubation (Experiments 6 and 7) for controls (A,C) and for copepod tanks containing T. longicornis (B), E. acutifrons (D), and C. helgolandicus (E). Depicted are the sinking velocities of aggregates (m d–1) over ESD (mm) at the beginning (T0, black dots) and end (Tf, gray dots); boxplots of aggregate size distribution (ESD, mm; on top of the graph), and sinking velocities (m d–1; on the right part of the graph) at the beginning (T0, black boxes) and end (Tf, gray boxes) of the incubations.




Elemental Composition of S. marinoi Aggregates

We did not observed any significant variation of Si:C and C:N ratios over time and between tanks. Ratios remained stable reaching respective mean ratios of 0.13 ± 0.07 and 6.8 ± 0.2 for Si:C and C:N, respectively, in Experiment 6 and mean ratios of 0.14 ± 0.11 and 6 ± 3 for Si:C and C:N, respectively, in Experiment 7 (Table 7).



In situ Experiment: Effects of C. hyperboreus Grazing/Swimming on Melosira sp. Aggregate Characteristics and Elemental Composition

The Melosira sp. aggregates formed at Tinit were stable in size and sinking rates over the 72 h incubation in controls (Table 7). By contrast, after 24 h incubation with C. hyperboreus the fragmentation of this large aggregate into seven smaller ones (1.75 agg L–1) of 14.3 ± 7.0 mm ESD and associated mean sinking velocity of 1017 ± 257 m d–1 was evidenced. Fragmentation processes were ongoing over time and after 48 h resulted in an aggregate abundance of 4.8 agg L–1 (with respective ESD of 9.8 ± 2.7 mm and average sinking velocity of 740 ± 351 m d–1, Table 7 and Figure 5). After 72 h, incubation with copepods resulted in 50 ± 12 aggregates (12.5 ± 1.2 agg L–1). Due to the huge amount of small particles and the low quality of the video recordings, size and sinking velocities measurements could not be done at 72 h.
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FIGURE 5. Aggregate dynamics for natural Melosira sp. aggregate incubated with C. hyperboreus. Black triangles represent the aggregate abundances (agg L–1) and boxes the aggregate ESD (mm) distribution, both plotted over the course of the experiment (h).


While it was not possible to measure ingestion, analyses of videos showed active interactions between copepods and aggregates. Copepods were ripping aggregates or swimming through aggregates. We observed a switch in C. hyperboreus swimming behavior between T0 and Tf. In fact, during the first hours of incubation while only one large aggregate was present, copepods were passively swept within the rolling tank rotation and only exhibited few jumps. After 48 h of incubation, copepods were more active and we observed several jumps, and changes in swimming trajectories to avoid collision with aggregates (Figure 6 and Supplementary Videos S2, S3).
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FIGURE 6. Calanus hyperboreus swimming trajectories drawn from video recordings (Experiment 8). Comparison of the feeding strategy of C. hyperboreus at the beginning of the incubation with one large Melosira sp. aggregate (A), and after 48 h with 19 fragmented aggregates (B).


When C. hyperboreus were incubated during 72 h with Melosira sp. aggregates, we did not observe any changes in Si:C and C:N ratios, compared to the controls and mean values were 0.16 ± 0.02 and 11 ± 1, respectively (Table 7).



DISCUSSION


Methodological Considerations

The main purpose of this study was to investigate the influence of copepod grazing/swimming on aggregate formation and dynamics. Aggregate formation depends on coagulation processes regulated by particle stickiness and collision rate inside the tank, the latter being directly linked to particle concentration (Jackson, 1990, 2015; Riebesell, 1991). Our experimental set up allowed to study if copepod activity favored or prevented aggregate formation, independently from particle concentration variations due to grazing and swimming. Despite the high cell concentrations needed to promote aggregation in 24 h, grazing activity was still measurable in all experiments except Experiment 3. Clearance rates of 3–9.6 mL ind–1 d–1 for E. acutifrons and of 24 ± 6 mL ind–1 d–1 for C. helgolandicus were congruent with literature values for the same species, e.g., from 2.8 to 31 mL ind–1 d–1 for E. acutifrons (Sautour and Castel, 1993; de Melo Júnior et al., 2013), and from 36 to 126 mL ind–1 d–1 for C. helgolandicus (Fileman et al., 2007). The same holds for ingestion rates, our values for E. acutifrons are highly comparable with values recorded during laboratory experiments (157–225 ng Chl a ind–1 d–1, this study vs. 360–408 ng Chl a ind–1 d–1 in Sautour and Castel, 1993). By contrast, C. helgolandicus exhibited ingestion rates twofold higher (1159 ± 248 ng Chl a ind–1 d–1) than the value found in Irigoien et al. (2000) (600 ng Chl a ind–1 d–1) and rates commonly range between 30 and 300 ng Chl a ind–1 d–1, depending on food concentration (Mauchline, 1998; Fileman et al., 2007). In our study, this discrepancy could be explained by the combined effects of high prey concentration, the absence of stress due to predation, and the 24 h starvation phase prior to the beginning of the experiment, all these factors being acknowledged to maximize ingestion (Bollens and Frost, 1989a, b, 1991; Bollens and Stearns, 1992; Mauchline, 1998).

In the second set of experiments (Experiments 4–7), it was impossible to use the Frost (1972) method to compute grazing rates. Firstly because aggregates are complex cell assemblages preventing the measurement of the exponential phytoplankton growth. Secondly, the high heterogeneity of aggregates does not allow to rely precisely on the same initial Chl a concentration in each tank, and may thus introduce biases in rate computations. As an alternative, ingestion rates were estimated from the gut fluorescent content method (Mackas and Bohrer, 1976) which is often performed at laboratory or in situ to estimate zooplankton herbivory. It constitutes a fast and easy method to set up that could be carried out on a variety of planktonic (copepods, salps, and krill; Pakhomov et al., 1996; Perissinotto and Pakhomov, 1998; Lópes et al., 2007), pelagic (herring larvae, Denis et al., 2018), and benthic organisms (Díaz et al., 2012; Gaonkar and Anil, 2012). Although potential issues exist regarding gut pigments destruction (Conover et al., 1986; Durbin and Campbell, 2007) and gut evacuation rate estimates (Perissinotto and Pakhomov, 1996), the method appeared well suited to quantify aggregate ingestion by copepods, using total chlorophyllian pigments as a proxy of prey biomass. The ingestion rates obtained via gut content are, however, not directly comparable to those estimated from cell decrease (e.g., Frost, 1972) and rather correspond to a snapshot of the amount of aggregates ingested at the time of sampling. In any case, our results highlighting significant ingestion of most copepod species while offered aggregate as prey, revealed copepod ability to deal with larger and more complex preys (i.e., containing a mix of cell and mucus assemblage) such as whole or fragmented aggregates as shown by Iversen and Poulsen (2007), when copepods were offered fecal pellets as food. If copepod preferences for fragmented aggregates could not be inferred from our study, direct feeding on large aggregates was observed for E. acutifrons and C. hyperboreus, and individuals seemed to hang on aggregates while feeding (Supplementary Video S1 for E. acutifrons).



First Set of Experiments: Copepod Grazing/Swimming Effects on Diatom Aggregation

Different processes could explain how copepod presence have modified cell aggregation dynamic in our study.

Cell stickiness may be enhanced when TEP production is boosted. Exudation of organic compounds and polymers by zooplankton is well known (Alldredge and Silver, 1988; Schuster and Herndl, 1995). In general, copepod cues may also induce physiological responses in marine phytoplankton. For instance, copepodamides are compounds that may induce defensive traits such as increase in toxin production by dinoflagellates (Selander et al., 2011, 2015), change in S. marinoi chain size (Bergkvist et al., 2012, 2018; Amato et al., 2018; Grebner et al., 2018) and increase the silica content of T. weissflogii (Pondaven et al., 2007). In line with the study of Malej and Harris (1993) who measured an inhibition of copepod feeding rate due to high molecular weight polysaccharides produced by phytoplankton, we hypothesized in our experiments that copepod activities may promote mucus production as observed for nutrient limitation stress (Engel, 2000; Passow, 2002). Indeed TEP production in Experiment 3 was higher when A. clausi grazed on C. neogracile and slightly higher (though not significantly) in the presence of E. acutifrons (Experiment 1) than in controls. However, while more aggregates were produced with E. acutifrons, we did not observe an increase in aggregate formation with A. clausi. Conversely to the general postulate stating that aggregation is positively correlated to TEP concentrations, in our study, higher TEP production did not always result in higher aggregation rate, at least during the 24 h of incubation. Moreover, no significant correlation was found between TEP production or concentration and aggregate abundance or size. While TEP are important to trigger aggregation, TEP concentrations and production alone are not sufficient to explain our aggregation patterns.

The collision rates may be modified by two parameters: micro-turbulences created when copepods swim around and particle abundances associated to differential sinking due to egestion of fast sinking fecal pellets and manipulation of TEP by copepods. To aggregate, the particles must collide and then stick together. However, if the collision is too violent (high energy dissipation rates see Alldredge et al., 1990), no coagulation follows and disaggregation processes may even occur (Alldredge et al., 1990). In rolling tanks without copepods, collision is promoted through differential sinking only whereas in situ collision is due to both differential sinking and turbulence (Alldredge et al., 1990; Riebesell, 1991; Jiang and Osborn, 2004; Jackson, 2015). Different feeding behavior of copepods may create at least two types of turbulence. When filtering, copepods generate double shear field (Strickler, 1982) and thus induce micro circulation on the order of 1 to 18 mm s–1 (Kiørboe, 1997; Jiang and Kiørboe, 2011b). Moreover, copepod swimming behavior when foraging such as jump and swimming phases of ambush feeders create wake vortex with velocity of 240 mm s–1 (Kiørboe, 1997; Jiang and Kiørboe, 2011a, b). In our study the two suspension feeders (A. clausi and C. helgolandicus) we used did not promote aggregation. By comparison, in Experiments 1 and 2, activity of the small cruise feeder E. acutifrons induced aggregation. This suggests that turbulences created by filtering activity only were not enough to promote collisions whereas turbulence induced by small cruise feeder behavior (Strickler, 1982; Kiørboe, 1997; Jiang and Kiørboe, 2011b) seemed to favor cell collisions without disrupting coagulation. Possibly, turbulences created by larger cruise feeder such as C. helgolandicus may be too strong and prevent the coagulation of the cells by providing too much energy. Future studies focusing on microfluidic disturbance generated by copepod feeding and foraging are required to highlight the effects on coagulation process, and therefore confirm this statement. Collision rates are additionally related to the amount of particles in the tank (Jackson, 2015). In comparison to E. acutifrons, the lower aggregate abundance formed in the presence of C. helgolandicus could be related to its higher ingestion rates (Table 4). By increasing particle abundance and the differential sinking velocity, we expected that the fecal pellets produced would have increased collision rates (Burd and Jackson, 2009). This was much anticipated as fecal pellets sink much faster than free cells (100–200 vs. 1–5 m d–1 for fecal pellets and free cells, respectively; Yoon et al., 2001; Bienfang, 1981; Turner, 2015). Our set up did not allow to directly observe if fecal pellets got trapped into the aggregates formed but despite C. helgolandicus producing large (145 ± 25 μm) and abundant fecal pellets (190–1528 per tank) no significant change in aggregate formation was evidenced. Therefore, the increase in particle abundance related to fecal pellet production did not compensate aggregate fragmentation linked to copepod grazing (i.e., increase in turbulence and decrease in cell concentration). Another process possibly affecting the collision rate is a modification of the size of the TEP. In fact, copepods do not actively feed on TEP, but could passively influence TEP size spectra by increasing the coagulation of small TEP into larger ones (Prieto et al., 2001). Turbulences due to swimming might induce TEP formation (Schuster and Herndl, 1995). Additionally, TEP size might be increased when TEP are caught into the feeding current, compacted by feeding appendages and rejected after capture (Young et al., 1997). In our study, we can hypothesize that by manipulating TEP with their feeding appendages, copepods may have contributed to increase the likelihood of collision between TEP, diatoms, and fecal pellets. However, to verify such a hypothesis required to use the microscopic TEP assay method to quantify TEP (Passow and Alldredge, 1995a; Mari et al., 2005).

Overall, our results are consistent with what was observed in a mesocosm study conducted in Norway (Moriceau et al., 2018). During this study, phytoplankton aggregation increased with copepod abundance when cyanobacteria were the dominant species. However, when diatoms constituted the bulk of the phytoplankton community, the net impact of copepods on carbon export was negative, suggesting that in this particular case, the balance between aggregation and fragmentation was in favor of particle fragmentation.



Second Set of Experiments: Implications of Grazing and Swimming of Copepods on Aggregate Characteristics

The influence of copepod grazing on aggregate size and abundance after 24 h incubation could be the result of either their direct grazing on aggregates or of their swimming activity while foraging. Similar studies were carried out with zooplankton and marine snow inside rolling tanks (Bochdansky and Herndl, 1992; Bochdansky et al., 1995). For instance, Bochdansky and Herndl (1992) showed that A. clausi does not significantly feed on marine snow, and concluded that the major fraction of free-living filter feeders are unable to use phytoplankton when embedded in a mucoid matrix. On the contrary, quantitative ingestion rates measured here on the four copepod species (including A. clausi) clearly evidenced an active grazing on diatoms even when embedded in aggregates. Direct feeding on aggregates was observed for E. acutifrons (see Supplementary Video S1) increase in gut content could not exclude feeding on both aggregate fragments and disaggregated diatoms. However, we assume the latter negligible since free diatoms were not visible when checking the incubation media via microscopy. Trophic interactions between zooplankton and phytoplankton aggregates were also demonstrated for protists (Artolozaga et al., 2002), euphausiids (Dilling and Brzezinski, 2004), copepods, appendicularians, and doliolids (Taucher et al., 2018), but the process involved remain unknown.

Changes in aggregate structure were explored as a possible pathway for copepods to influence the particle flux. We hypothesized that zooplankton may change the aggregate density by repackaging or increasing Si:C ratios of the cells constituting the aggregates. First of all, in our experiments, Si:C ratios were not affected by the 24 h of grazing. Another test was through the parameters obtained from the fit of the ESD and sinking velocities data for C. neogracile and S. marinoi aggregates. Power law regressions between aggregates ESD and sinking velocity are characterized by A and B constant parameters that are comparable to those described in literature for in situ marine snow (Shanks, 2002; Iversen et al., 2010), with B values ranging from 0.4 to 1.3, corresponding to fractal dimensions between 1.4 and 2.3 (calculated using equation 6 from Xiao et al., 2012). In every situation where copepods fragmented the large aggregates or re-aggregated the small aggregates, the regression linking aggregate ESD and sinking velocities remained the same with unchanged A and B and so the fractal dimension D that may be derived from B (Long et al., 2015). These results suggested that copepod activities did not altered the aggregate porosity and excess density.

Particle dynamics was affected by our distinct experimental conditions regarding prey and predator types. We distinguished three different patterns: (1) fragmentation, (2) no change in the particle dynamic, and (3) re-aggregation in larger aggregates. Figures 7, 8 summarize re-aggregation and fragmentation patterns induced by copepods, using the variation in aggregate abundance between T0 and Tf divided by the variation between T0 and Tf in controls. For a given experiment, the net variation was then divided by the copepods abundance (ind L–1) and the duration of the incubation (in d). Figure 7 relates copepod functional traits to fragmentation/aggregation predominance. In Figure 8, we tested the impact of prey to predator size ratios onto aggregation/fragmentation balance.
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FIGURE 7. Influence of different functional traits on aggregate dynamics for each copepod species. Each dot represents the variation in aggregate abundance between T0 and Tf divided by the variation between T0 and Tf in controls. For a given experiment, the net variation is then divided by the copepod abundance (ind L–1) and the duration of the incubation (in d). The figure depicts the functional traits associated to copepod species sensu Benedetti et al. (2015).
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FIGURE 8. Influence of prey to predator size ratios (expressed as ESD) on aggregate dynamics: the net variation of aggregate abundance (agg ind–1 d–1) is correlated to prey to predator size ratios (average aggregate ESD/copepod ESD). Each point represents one rolling tank. Gray shading corresponds to 99% confidence interval of the linear regression. ∗∗∗p-value < 0.001 of Spearman’s rho rank correlation test.


Aggregate fragmentation was evidenced when a significant increase in particle abundance was associated to a decrease in their size spectra and sinking velocity. This pattern was observed for prey to predator size ratios higher than 15 (Figure 8) in the experiment with T. longicornis and C. hyperboreus feeding on S. marinoi and Melosira aggregates, respectively (Table 7 and Figures 4, 5, 7, 8). The cruise feeder T. longicornis was actively feeding on aggregates as also evidenced in previous experiments demonstrating the ability of T. longicornis to eat on sinking organic materials (Kiørboe, 2011; Lombard et al., 2013b). To our knowledge, no studies have quantified copepod ingestion while grazing on aggregates. However, our gut content values are comparable to experimental studies using phytoplankton cells as prey. We measured similar but smaller ingestion rates for T. longicornis in our rolling tank incubations (0.5 ± 0.3 ng Chl aeq ind–1 d–1) compared to measurements done during batch laboratory experiments (117–217 ng Chl aeq ind–1 d–1, Wang and Conover, 1986). In the experiment with C. hyperboreus and the natural Melosira sp. aggregate, videos showed that different types of interactions were at play and may explain the observed decrease in the aggregate size. In fact, the videos evidenced that large pieces of aggregate were broken up by copepod jumping through the aggregate. Copepod swimming velocities range between 0.1 and 100 mm s–1 (Yamazaki and Squires, 1996) and they jump at velocities reaching up to 400 mm s–1 creating wake vortex with velocity of 240 mm s–1 (Jiang and Kiørboe, 2011a, b), which in the vicinity of fragile aggregates could be sufficient to break them. We even observed copepods hanging on aggregate before jumping, thus triggering the fragmentation of the aggregate into pieces. Interestingly when the particles were smaller and more abundant (as a result of the fragmentation), copepods swam more actively around aggregates (Figure 6 and Supplementary Videos S2, S3). C. hyperboreus is generally considered as a passive filter feeder (Conover, 1966; Huntley, 1981; Greene, 1988). However, we observed a switch of swimming behavior from passive swept into the current when copepods were incubated with one large aggregate to active cruising when the aggregates became smaller and more numerous (as described in Strickler, 1982; Kiørboe et al., 2018). This change in their feeding foraging strategy may explain why fragmentation accelerated after 48 h (Figure 5). Overall, the more aggregates are fragmented, the more small aggregate abundance increases and the more copepods increase fragmentation, as can be seen from the exponential increase in aggregate abundance over time (Figure 5). C. hyperboreus seemed to be more active when aggregates ESD decreased during this experiment, suggesting that they may feed more on fragments than on whole aggregates.

Active feeding evidenced by ingestion rates in the range of 2.6 ± 0.9 to 4 ± 1 ng Chl aeq ind–1 d–1 is congruent with the direct feeding on whole aggregates evidenced via video recording (Supplementary Video S1). However, no changes in the S. marinoi and C. neogracile aggregate size or abundance have been observed with E. acutifrons (Table 7 and Figures 3, 4, 7, 8). Cruise feeders detritivores (such as E. acutifrons) feeding on marine snow has already been demonstrated (Koski et al., 2005, 2007, 2017) and is often associated to particle flux attenuation. However in our study, E. acutifrons with prey to predator size ratios ranging from 7 to 20 did not significantly change the particle spectra neither in size nor in abundance or sinking rates (Figure 8). These results suggest that measuring grazing on aggregates is not sufficient on its own to conclude on flux attenuation.

Re-aggregation implies a decrease of aggregate abundance and an increase of the aggregate size compared to controls. This was observed for the experiments with A. clausi and C. helgolandicus feeding on C. neogracile and S. marinoi aggregates (Figures 7, 8). Figures 7, 8 tend to suggest that aggregation processes prevailed over disaggregation for prey to predator size ratios lower than 6 and/or when filter feeders are predators. We believe that this pattern may be explained by the small sizes of the aggregates tested (Initial ESD = 1.9 mm in incubation with A. clausi and C. helgolandicus vs. 9 mm for the incubations with T. longicornis and 34 mm for C. hyperboreus). Small aggregates are more resistant to shear than large aggregates (Jackson, 1990), at a given shear (as induced by copepod swimming) aggregation may be facilitated between small aggregates. Reversely bigger and more fragile aggregates may be broken by the same shear (Jackson, 1990). Unfortunately due to the impossibility to stabilize aggregate at a given size we couldn’t test this hypothesis by incubating large aggregates with filter feeders and small aggregates with cruise feeders.



CONCLUSION

Our work suggested that the ability to predict the consequences of copepod activity on particle dynamic could necessitate better understanding of copepod functional traits. The general trend emerging from our study was that in the surface layer aggregation of freely suspended cells or small aggregates may be facilitated by the turbulence resulting from active swimming of small copepods. However, aggregates are fragile and their formation may be prevented by stronger turbulences as those created by larger cruise feeder copepods. As they grow in size, aggregates become more vulnerable to breakage and the same shear that was favoring aggregation of freely suspended cells (swimming of cruise feeders) or even of small aggregates preferentially fragment bigger aggregates. The main difficulty in testing this hypothesis is to stabilize aggregate at a given size in rolling tanks. While we also observed a slight increase in the diatom TEP production, our experimental set up, both in duration and in chemical analysis did not permitted to conclude on this matter. Indeed, we only measured the total pool of >0.4 μm TEP, and not the chemical composition, such as the proportion of sulfate half ester groups that may be responsible for most chemical bridges leading to aggregation (Mopper et al., 1995; Passow, 2002). We could not link either zooplankton activity to TEP size spectra which would only have been possible via microscopical measurements of the Alcian blue-stained TEP.

Our work may help to better understand the mechanisms driving the biological pump of carbon. Considering that carbon is efficiently isolated from the atmosphere at a depth approaching 1000 m, many recent studies start differentiating between the export efficiency and the transfer efficiency (Henson et al., 2012; Maiti et al., 2013; Cavan et al., 2017). The first is the amount of carbon produced in surface reaching the export depth (100–200 m) while the second is the proportion of the exported carbon reaching the sequestration depth. Large-scale observations suggested that ecosystems with high export efficiency such as high latitude ecosystems dominated by diatoms have a low transfer efficiency (Maiti et al., 2013). Reversely ecosystems with low export efficiency have high transfer efficiency (Henson et al., 2012; Guidi et al., 2015). Considering that aggregation of freely suspended cells and small aggregates are favored by copepod feeding activity while big aggregates are preferentially fragmented, this mechanisms may partly explained the discrepancy observed between diatoms dominated ecosystems and low productive ecosystem. Diatoms ecosystems tend to form bigger aggregates that may be exported very fast (Alldredge and Gotschalk, 1989; Cisternas-Novoa et al., 2015) but are more vulnerable to breakage by the turbulences created when copepods are feeding. Reversely, ecosystems dominated by cyanobacteria tend to form smaller aggregates (Cisternas-Novoa et al., 2015) that sink more slowly and may thus lead to smaller export (Henson et al., 2012) but believing our results may be more resistant to copepods swimming activities.
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