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To extend the understanding of dinoflagellate cysts production, excystment and vertical/lateral transport in the water column, we compared upper water cyst export production with cysts associations and concentrations in the subsurface nepheloid layer, bottom nepheloid layer and deeper water column during active upwelling off Cape Blanc (NW Africa) in August 2020. Export production was collected by two drifting trap surveys; DTS1 in an active upwelling cell for 4 days and DTS2 in an offshore drifting upwelling filament for 2 days. Subsurface, bottom nepheloid layers and deeper waters were sampled by in-situ pumps along two transects perpendicular to the shelf break. During DTS1, light limitation hampered phytoplankton production which might have influenced cyst production negatively due to up- and downward movement of water masses. Cyst export production increased at the rim of the upwelling cell. For DTS2, upwelling filament cyst export production was up to 3 times lower than that of DTS1. Echinidinium delicatum had highest relative and absolute abundances in the active upwelling, Echinidinium zonneveldiae and Bitectatodinium spongium in the upwelling filament, and Impagidinium spp. and cysts of Gymnodinium microreticulatum/nolleri at the most distal stations. Comparison of concentrations of cysts with and without cell contents showed that the majority of cysts hatched before reaching deeper waters and displayed a dormancy period of less than 6 days. About 5% of the living cysts reached deeper waters and/or the ocean floor. Living cysts were transported offshore in the upwelling filament. In case ships exchange ballast waters in the studied region, they will take up laterally transported living cysts. Upon release of the ballast waters in the port of arrival, these cysts have the potential to become “invader species” that can threaten economy and/or health. Lateral transport of cysts was observed in the bottom nepheloid layer and in deeper waters (800 - 1200m depth) with a maximal extension of about 130km off the shelf break. Therefore, sediments in the region will contain a mixture of regionally and locally produced dinoflagellate cysts. This insight contributes to the improvement of environmental reconstructions of the Cape blanc upwelling system based on downcore cyst associations.
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Introduction

Dinoflagellates form a diverse group of unicellular eukaryotes that constitute an important part of the marine upper water planktic biomass (e.g. Ellegaard et al., 2017). Many dinoflagellate species can be associated with harmful algal blooms (HAB) and their dispersal forms a major economic and health threat. More than 10% of the modern dinoflagellate species produce cysts as part of their complex life cycle (Bravo and Figueroa, 2014). Embedded in the sediments some species/specimens can remain viable for more than a century (Lundholm et al., 2011; Ellegaard and Ribeiro, 2018; Delebecq et al., 2020). Especially sedimentary “seed banks” of cysts of HAB species form a potential risk for future hazards (Figueroa et al., 2018). Therefore, it is important to obtain detailed insight into the dispersal of dinoflagellate cysts from their production to their embedding in the sediment. Apart from being of major importance for HAB studies, information about production and vertical/lateral transport of dinoflagellate cysts in the water column is of major importance for dinoflagellate-cyst reconstructions of palaeoclimate, -oceanography and -environment (e.g. García-Moreiras et al., 2018; de Vernal et al., 2020 and references therein). Here, cyst associations are studied in sedimentary archives to reconstruct the past oceanographic and environmental conditions above the archive sites at times of deposition. For an adequate interpretation of the signal it is of major importance to determine if the deposited cysts are formed by an autochthonous or allochthonous association or a combination of both.

Although over the last years, information increased about cyst dispersal due to human activities (e.g. Hallegraeff and Bolch, 1992; Casas-Monroy et al., 2013; Rodrígez-Villegas et al., 2020) as well as natural dispersal in coastal settings (e.g. Brosnahan et al., 2017 and references therein) extremely limited information exists on cyst dispersal in the open ocean (e.g. Dale and Dale, 1992; Zonneveld and Brummer, 2000; Aretxabaleta et al., 2014; Butman et al., 2014; Zonneveld et al., 2018). Recently, Zonneveld et al. (2018) observed that dinoflagellate cysts could be laterally transported offshore for about 130 km within intermediate and bottom-water nepheloid layers in the active upwelling area off Cape Blanc. It is however not clear if this lateral transport in nepheloid layers is a permanent feature in the studied region or corresponds to sporadic or seasonal events. Furthermore, it is not known if 130 km is the maximal extension of lateral transport of dinoflagellate cysts in the studied region.

The upwelling system off Cape Blanc is part of the Canary Current Eastern Boundary Upwelling Environment (CC-EBUE). Surface waters are characterized by high nutrient concentrations as a result of year-round upwelling of intermediate waters into the photic zone, as well as frequent input of Sahara dust (e.g. Mittelstaedt, 1991; Kolber et al., 1994; Friese et al., 2017). Both upwelling and dust fertilize the upper ocean resulting in the Cape Blanc upwelling region to be one of the most productive regions in the world. The active upwelling cells are concentrated in a small band along the shelf edge about 20-30 km offshore (Figure 1). The upwelled water can be transported further offshore along the ocean surface in the form of eddies and filaments (Mittelstaedt, 1991). In nepheloid layers, particle densities are higher than in the surrounding waters. They are frequently observed in the subsurface waters in this region (Nowald et al., 2006; Fischer et al., 2009; Basse et al., 2014; Nowald et al., 2014). Generally, three types of nepheloid layers can be distinguished: sub-surface nepheloid layers (SNL) that are mainly associated with biologically active surface mixed layers; intermediate nepheloid layers (INL) at different levels in the water column below the subsurface and a bottom nepheloid layer (BNL) in the lowermost water column just above the ocean floor (Inthorn et al., 2006). Zonneveld et al. (2018) showed that particles of the BNL and one INL observed at deeper water depths had a similar source, most probably in the region of the active upwelling cells at the shelf break whereas a second intermediate layer showed an association of a different origin. However, until now it is not clear if the nepheloid layer particles originate in active upwelling cells/filaments or represent resuspended shelf material.




Figure 1 | Satellite derived surface water temperature in the research area with major upper water current systems and station positions (satellite image with courtesy of State of the Ocean: https://podaac-tools.jpl.nasa.gov/soto/). DTS1= Drifting trap survey 1, DF1-4 = Drifting trap array tracks during DTS1 on day 1, 2, 3, 4, DTS2 = Drifting trap survey 2, DF5,6 = Drifting trap array track on day 1 and 2 during DTS2, numbers 5 and 6 refer to the deployment numbers as given in the cruise report (Zonneveld et al., 2021a), CC, Canary Current, NEC, North Equatorial Current, CVC, Cape Verde Current, MC, Mauritania Current. Blue arrow represents the direction of the Sahara air layer. Redrawn from Zonneveld et al., 2021b.



A drifting trap study executed at maximal upwelling in November 2018 (Zonneveld et al., 2021a) indicated that resuspension of shelf material can occur in the Cape Blanc region. By following the export production of cysts in an active upwelling cell during a 7-day survey, Zonneveld et al. (2021b) revealed that particles resuspended from shelf sediment formed a considerable part of the cyst association collected at 400m water depth in a water column that was characterized by active upwelling. However, resuspended cysts disappeared from the association when the trap had drifted to more offshore waters where the water column was more stratified. This latter study does not provide information about whether such resuspension of shelf material is momentum- or season-bound, or occurs throughout the year.

To investigate if lateral transport of cysts within nepheloid layers and resuspension of cysts from the shelf is momentum- or season-bound, we executed a 4-day drifting trap survey (DTS1) in an active upwelling cell located at the shelf break and a 2-day drifting trap survey (DTS2) in an offshore moving upwelling filament (Figure 1) in the Cape Blanc region during the season with low upwelling activity in August 2020. We compared the cysts associations (recording empty cysts and cysts with cell content) of the trap samples with cysts associations collected by in-situ pumps from the SNL in the subsurface water column, deeper water layers and BNL along two onshore - offshore transects (Figure 1). This allowed us to obtain insight in the possible source areas and potential lateral transport of cysts recovered from the water column.



Material and methods


Study area

The region of active upwelling off Cape Blanc (NW Africa) is characterized by permanent upwelling of which the intensity depends on the seasonal variation in wind direction and strength, ocean currents as well as the shelf width and the seafloor topography along northwestern Africa (e.g. Mittelstaedt, 1991). Apart from upwelled water, surface waters are additionally fertilized by dust input bringing nutrients and trace elements such as iron and phosphorus into the photic zone (e.g. Kolber et al., 1994).

The surface currents are the southward flowing Canary Current (CC) and the combined northward flowing Mauritania Current (MC) and Poleward Undercurrent (PUC, Figure 1, e.g. Mittelstaedt, 1991; Alves et al., 2002). The Canary Current flows along the northwest African coast as far as Cape Blanc where it detaches from the shelf between 7° and 20°N, forming the westward-flowing North Equatorial Current (NEC). The MC/PUC gradually flow northwards up to 20° N. Towards late autumn, the MC is gradually replaced by a southward flow associated with upwelling water due to the increasing influence of trade winds south of 20° N (Zenk et al., 1991). During summer the MC is enhanced and is pushed onto the shelf by the relatively strong North Equatorial Countercurrent. The presence of strong coastal currents in the region leads to substantial horizontal shear within the surface layer forming a convergence zone: the Cape Verde Frontal Zone (CVFZ, Figure 1; Zenk et al., 1991). Ekman transport induced by the prevailing north-easterly winds in the region result in coastal upwelling, typically along a band off the continental shelf. The source of upwelling waters is either North Atlantic Central Water (NACW), or the South Atlantic Central Water (SACW, Meunier et al., 2012). The NACW has higher salinity and temperature but less nutrients than the SACW. It has its source in the North Atlantic and reaches subsurface waters at lower latitudes through the thermohaline circulation. The SACW originates in the Subantarctic Zone of the Southern Ocean. South of the CVFZ upwelled waters are mainly formed by SACW whereas the more northern upwelled waters are a mixture of NACW and SACW (see references in Olivar et al., 2016).

The position and strength of the surface currents are strongly coupled to the atmospheric circulation, which in turn is mainly controlled by the seasonal migration of the intertropical convergence zone (e.g. Mittelstaedt, 1991). Upwelling intensity is modified by short-term intensification and relaxation of the wind stress on a scale of days to weeks. Most intense upwelling is observed during late winter and spring (Fischer et al., 2016). Off Cape Blanc, coastal waters and upwelling filaments can reach to >280 km offshore (e.g. Meunier et al., 2012; Ohde et al., 2015; Lovecchio et al., 2017).



Material

Material was collected during R.V. METEOR cruise M165, 18 - 25 August 2020 (Zonneveld et al., 2021a) during a drifting trap survey of 4-days (DTS1) and one of 2-days (DTS2) as well as by deploying in-situ pump systems (ISP, Zonneveld et al., 2021b). ISPs were deployed along two transects perpendicular to the coast from the shelf break (ca 500m water depth) towards the deep ocean (> 3000m water depth). Prior to deployment upwelling cells in the region were monitored on a daily basis using the NOAA satellite sea surface temperature record available at the “State of the Ocean” website: https://podaac-tools.jpl.nasa.gov/soto/. For this the characteristic of freshly upwelled waters having a lower temperature than surrounding ocean waters was used. Water column characteristics were determined with a CTD system (Seabird 9+) with additional oxygen, chlorophyll-a and turbidity sensors.

The first trap array was deployed in the center of a newly formed active upwelling cell (Figure 1). Trap arrays were exchanged every day (Supplementary Table 1). Traps collected material at 150 m, 250m and 450m water depths. During the third day, the array drifted towards shallower waters. Therefore, the deepest trap was dismantled and replaced by a trap at 350m water depth during the fourth day of the survey. During the second survey the drifting trap was released in an offshore moving upwelling filament. The arrays collected material at 150m, 250m and 450m water depth. Each particle trap consisted of four collection cylinders that were arranged in a free-swinging mounting bracket. Two alternating sets of tubes with a diameter of 10 cm and a volume of 8 L were used. Prior to deployments, the tubes were filled with brine water that consisted in filtered seawater (0.75 µm pore size, GFF) with NaCl added to reach salinities between 40 to 44. This brine water prevented wash out of settled material during trap recovery. The complete drifting array consisted of a surface buoy with an Iridium satellite unit and an AIS transmitter sending four signals every hour. Two surface floats and 26 small floats served as wave breakers. During deployment, the array drifted freely with the surface currents. Upon recovery, tubes were kept upright and steady until further treatment. Immediately after recovery, the contents of two tubes were sieved with filtered seawater through a metal sieve with pore size of 150 µm. The fraction < 150 µm was ultrasonically treated and sieved with tap water over a 20 µm metal sieve (Storck-Veco) to remove the salt. Although this method caused lysis of thecae and naked dinoflagellates it did not the morphology or lysis of cysts. The material was successively transferred to centrifuge tubes to let the material settle for 24 h. Subsequently, the upper part of the water was carefully removed. The settled material and remaining water were transferred to Eppendorff tubes that were centrifuged at 3000 rpm for 1 min and concentrated to 1 ml of suspension. After homogenization of the material a known aliquot was transferred onto a glass slide where it was embedded in glycerin-gelatin, covered with a cover slip and sealed with wax to prevent oxidation of the organic material. Cysts were counted by light microscopy at 400x magnification. Cyst fluxes were calculated by multiplying the cyst counts with the aliquot fraction and dividing by the tube opening surface and hours of sampling.

Suspended matter of the SNL, deeper water column and BNL was collected at 10 stations with ISP systems. The ISP pumped water volumes of 434 to 965 L though polycarbonate filters with pore size of 10 μm and diameter of 142mm (Zonneveld et al., 2020). Immediately after the pumps were recovered from the water column, filters were carefully removed from the pumps and washed in tap water to collect all the filtered particles. Successively, the material was ultrasonically treated and sieved with tap water through a high precision metal sieve (Storck-Veco) with pore size of 20 μm to remove the salt. The residue was transferred to Eppendorff cups and concentrated to 1 ml. After homogenization of the material a known aliquot was transferred onto a glass slide where it was embedded in glycerin-gelatin, covered with a cover slip and sealed with wax to prevent oxidation of the organic material. Cysts were counted by light microscopy at 400x magnification. Cyst concentrations were calculated by multiplying the cyst counts with the aliquot fraction and dividing through the volume pumped (L) by the ISP.

Taxonomy of organic dinoflagellates was according to Zonneveld and Pospelova (2015); Mertens et al. (2020) and van Nieuwenhoven et al. (2020). The count data were deposited in the PANGAEA database.

An as yet undescribed cyst morphotype was observed (Plate 1). The morphotype is marked throughout the manuscript as “brown cruciform”. These cysts had a cruciform cavate morphology. Both inner wall and outer wall had a brown color. The average diameter of the outer wall of the girdle was 28 µm, that of the apex-antapex 25 µm (n=10). Cysts contained an intercalary archeopyle (Plate 1). 41 specimens in 16 samples were recorded in this study.




PLATE 1 | Cruciform brown cysts. (A) Apical Vew; Epicyst with Split Archeopyle, (B) Apical View Cross Section, (C)Apical View; Hypocyst, (D) Ventral View, (E) Vross Section,(F) Dorsal View.



Species of which less than 3 cysts were recorded in the samples or occurred in a single sample only, were combined in species groups. The following groups were established:

Brigantedinium spp.: all round brown cysts without processes and without signs of tabulation other than the archeopyle.

Echinidinium spp.: cysts of Archaeperidinium constrictum, unidentified cysts of the genus Echinidinium, cysts of Polykrikos hartmannii.Echinidinium zonneveldiae: Echinidinium zonneveldiae, Echinidinium transparantum.

“Other peridiniacean”: Lejeunecysta invisitatum, Lejeunecysta paratenella, Trinovantedinium applanatum, Quinquecuspis concreta, Votadinium spinosum, Xandarodinium xanthum.

Impagidinium spp.: Impagidinium aculeatum, Impagidinium patulum, Impagidinium paradoxum, Impagidinium sphaericum, Impagidinium strialatum, unidentified cysts of the genus Impagidinium.

Other phototrophic dinoflagellate cysts: Ataxiodinium choanum, Dalella chathamensis, Nematosphaeropsis labyrinthus, Operculodinium centrocarpum, Pyxidinopsis reticulatum, Spiniferites mirabilis, unindentified cysts of the genus Spiniferites and Tectatodinium psilatum.

Microreticulate cysts: cysts of Gymnodinium microreticulatum, cysts of Gymnodinium nolleri. Note, none of the microreticulate cysts observed displayed more than 4 paravesicle rows in the cingulum. Since in the majority of the microreticulate specimens observed in this study did range in size between 25 and 30 µm, and not show a clear archeopyle, no separation was made between G. microreticulatum and G. nolleri.



Statistical analyses

Samples were analyzed by Hierarchic Cluster Analysis (HCA) based on euclidian distances using PAST 4.08 (Hammer et al., 2001) as well as Principal Component Analyses (PCA) and Detrended Correspondence Analysis (DCA) using the software package Canoco-5 (Smilauer and Leps, 2014). Multivariate analyses were performed on relative abundance data by exclusion of samples that contained less than 70 dinoflagellate cysts. DCA has been carried out previous to further analyses to determine the length of the gradient to verify if the species response curves in the dataset indeed had a linear character.




Results


Oceanographic conditions during sampling

During day 1 and 2 of DTS1 (DF-1, DF-2), upper water conditions were relatively similar, with temperature (∼ 21°C), salinity (∼36), oxygen (∼ 4.5 ml/l), chlorophyll-a ∼ 1.8 mg/m3) and turbidity (NTU ∼ 0.25) in the upper 50 m of the water column (Figure 3). An oxygen minimum was observed between 100 m and 200 m water depth (< 1 ml/l). Below 200 m depth water masses had, relative to the upper waters, low temperatures (14-16°C), low salinity (∼ 35.7), low turbidity (NTU ∼ 0.1) and intermediate oxygen concentration (suboxic conditions ∼ 1-2 ml/l). Chlorophyll-a concentrations were below the detection limit (Figure 2).




Figure 2 | Cross section of the upper 500 m of the water column depicting CTD derived temperature, salinity, oxygen concentrations, chlorophyll-a concentrations and turbidity along the drifting trap tracks. Thick black lines represent the position of the CTD casts along the drifting trap track. CTD casts are deployed at the start and the end of the individual trap array deployments.






Figure 3 | Cross section of the upper 500 m of the water column depicting CTD derived temperature, salinity oxygen and chlorophyll-a concentrations along the northern and southern transects. Blue lines represent the positions of the CTD casts at the studied stations.



At day 3 (DF-3), a waterbody with relatively higher temperatures, salinities, oxygen concentrations and low particle concentrations was present between 150 m and 250 m depth. During day 4 (DF-4) temperature and salinity increased to about 25°C and 36.5 respectively in the water column above 200 m. The water column was characterized by a subsurface oxygen minimum zone were oxygen concentrations were less than 1 ml/l. Again, chlorophyll-a concentrations were below detection limit below 200 m water depth. The water column contained high particle concentrations (NTU > 0.2) notably above 50 m water depth and between 325 and 425m water depth.

Oceanographic conditions were similar at both days of DTS2. Compared to the first survey, we observed higher surface water temperatures (∼ 24°C), salinity (∼ 36.5), oxygen (∼ > 5 ml/l), chlorophyll-a (> 1.5 mg/m3) and turbidity (NTU > 0.2) in the upper 100 m of the water column. Temperature and salinity increased gradually with depth. Below 100 m water depth, oxygen concentrations were low (< 1.5 ml/l). Chlorophyll-a could not be detected below 50 m water depth. Intermediate turbidity values were observed between 50 m and 300 m water depth (NTU ∼ 0.1 - 0.15). Below 300 m water depth turbidity was very low (NTU < 0.05). Comparison of oceanographic conditions in the subsurface water column and satellite imaging reveals that surface and subsurface waters belong to an offshore drifting upwelling filament.

Except for chlorophyll-a and turbidity, the oceanographic conditions at the northern and southern transect were similar (Figures 4, 7). Highest temperatures (∼ 24°C) and salinity (> 36) were observed in the upper 100 m of the water column. A clear oxygen minimum zone with oxygen concentrations < 1 ml/l was present between ∼150 and 800 m water depth. Below 800 m water depth oxygen concentrations increased rapidly and reached < 5 ml/l below 1200 m water depth.




Figure 4 | Total flux of cysts with and without cell content during drifting trap surveys 1 and 2. Solid lines = cysts with and without cell content, dotted lines = cysts with cell content.



At both the northern and southern transect chlorophyll-a concentrations could not be detected below 50 m water depth. Chlorophyll-a concentrations at the northern transect were higher and patchier than at the southern transect (Figure 3). Comparison with satellite images revealed that these patches of high chlorophyll-a concentration corresponded to active upwelling cells and offshore drifting upwelling filaments. Upwelling intensity was more pronounced at the northern transect compared to the southern transect at times of sampling.At both transects, turbidity in the upper water column decreased with distance to the shelf edge. Higher turbidity was observed close to the ocean floor forming a bottom nepheloid layer (BNL; Figure 3). In contrast to the northern transect slightly higher particle concentrations were present between about 800 -1200 m water depth at the southern transect.



Drifting trap surveys

Accumulation rates of total dinoflagellate cysts (with and without cell contents) were 2 to 3 times higher in the active upwelling cell than in the more offshore upwelling filament (Figure 4). During DTS1, cyst accumulation rates at day 4 were considerably higher than at the previous three days. Accumulation rates remained constant during DTS2.

The dinoflagellate cyst association in both the upwelling cell and upwelling filament were dominated by cysts of dinoflagellates with a heterotrophic life strategy (Figure 5).




Figure 5 | Relative abundances of dinoflagellate cysts. DF-survey 1 and 2: Sample numbers xx-xxx = sample number - sampling depth, north (sub)surface = samples collected in the upper water column at the northern transect, south (sub)surface = samples collected in the upper water column at the southern transect, north deep = samples collected in the deeper water column and bottom nepheloid layer at the northern transect, south deep = samples collected in the deeper water column and bottom nepheloid layer at the southern transect, dist. stat. = most distal station at the southern transect. Sample numbers: xx - xxxx = discriminating station number - sampling depth.



In the upwelling cell (DTS1), the cyst association was dominated by Echinidinium delicatum (ca. 39%) followed by Brigantedinium spp. (ca. 36%) and Echinidinium spp. (ca. 11%). Cysts of the heterotrophic species Stelladinium stellatum (ca. 3.6%), Echinidinium zonneveldiae (ca. 2.5%), and Protoperidinium mericanum (ca. 1.5%) formed a minor part of the association. All other species formed less than 1% of the association. At day 4, a strong increase in export flux and relative abundance of Stelladinium stellatum (ca. 8.7%) was observed. Cysts of phototrophic species formed about 2% of the association and were mainly formed by Pentapharsodinium dalei (ca 1.3%). Both empty and living cysts of Pentapharsodinium dalei increased over time during the first three days of the survey but disappeared almost from the association at day 4.

The cyst association in DTS2 (upwelling filament) was also dominated by Brigantedinium spp. (ca. 49%) followed by Echinidinium zonneveldiae (ca. 16%) and Echinidinium delicatum (ca. 15%). Relative abundances of Echinidinium zonneveldiae were about twice that of DTS1. Echinidinium spp. (9.4%), Stelladinium stellatum (3.8%) and cysts of Protoperidinium mericanum (1.1%) formed a minor part of the association. All other cyst species formed less than 1% of the association. Cysts of phototrophic species formed about 2.7% of the association. Living cysts of Impagidinium spp. And a few empty microreticulate cysts were collected in the upwelling filament during DTS2.

The percentage of cysts with cell content compared to the total cysts was generally higher in the upper traps compared to the deepest trap. Exceptions were DF-2 and DF-5 where there was no change with depth (Figure 6).




Figure 6 | Cross section of the water column of the northern and southern transect depicting turbidity in the water column with relative amount of cysts of the total cyst association that contained cell content. Yellow stars present drifting trap samples, yellow dots in-situ pump samples and vertical dark blue lines CTD-casts.





Cyst concentration and association composition along the northern and southern transects

Cyst concentrations in the water column of both the northern and southern transect were highest on the upper shelf and decreased in the more offshore samples (Figure 7). East of about 18.1° W cyst concentrations in the bottom nepheloid layer were remarkably higher than in the SNL and intermediate waters. West of this point, cyst concentrations were slightly enhanced in intermediate water layers compared to the subsurface and bottom water layers.




Figure 7 | Turbidity map of the northern and southern transects with cyst concentrations (cysts/l). Yellow dots represent in-situ pump samples and vertical dark blue lines represent CTD-casts.



Cyst associations of the water column at the northern and southern transects were similar (Figures 5, 8). They were dominated by Brigantedinium spp. (ca. 58%) followed by cysts of Protoperidinium americanum (9.5%), Echinidinium delicatum (6.4%), Echinidinium zonneveldiae (5%) and cysts of Protoperidinium monospinum (4%). Cysts of phototrophic dinoflagellates formed about 3.5% of the association and were dominated by Impagidinium aculeatum (ca. 1.3%).




Figure 8 | Cyst concentrations in the in-situ pump samples. Black: cysts with cell contents, grey: empty cysts. Sample numbers: xx - xxxx = discriminating station number - sampling depth.



Samples collected in the upper 300 m of the water column contained higher relative amounts of cysts with cell content compared to below 300 m (Figure 6) except at station GeoB 24127 where highest relative abundances of cysts with cell content were observed at 1700 m water depth (Figure 6).



Comparison of drifting trap associations with northern and southern transects

Combined results from the HCA and PCA showed roughly 5 groups of samples and two outliers (samples DF-2_150 and 24129-300; Figures 9, 10). Samples from group 1 were ordinated at the positive side of PCA axis 1 (Figure 9). This group combined all samples from the first drifting trap survey except for the upper and deepest samples of DF-2. Samples of group 1 had high relative abundances of Echinidinium delicatum (38%), and Echinidinium spp. (12%) and comparably low relative abundances of Brigantedinium spp. (34.6%). Cysts from phototrophic dinoflagellates formed less than 2% of the association (1.8%).




Figure 9 | Multivariate analyses of combined drifting trap and in-situ pump samples. (A) Cluster analysis, (B) principal component analysis with samples represented by dots and species by arrows. Bold species abbreviations: B. spon, Bitectatodinium spongium; B.spp, Brigantedinium spp.; brown crus., brown cruciform; D.spp, Dubridinium spp.; E.acu, Echinidinium aculeatum; E. del, Echinidinium delicatum; E. gran, Echinidinium granulatum; E.zon, Echinidinium zonneveldiae; E.spp, Echinidinium spp.; Gony, other Gonyaulacoid; G.mic, Gymnodinium microreticulatum/nolleri; I.spp, Impagidinium spp.; L.mac, Lingulodinium machaerophorum; L.oli, Lejeunecysta oliva; P.ame, Protoperidinium americanum; P.dal, Pentapharsodinium dalei; Peri, other Peridinioid; P.mon, Protoperidinium monospinum; P.sch, Polykrikos schwartzii; S.nep, Selenopemphix nephroides; S.stel, Stelladinium stellatum; S.qua, Selenopemphix quanta; V.cal, Votadinium calvum; Blue arrows, phototrophic species; Black arrows, heterotrophic species.






Figure 10 | Representation of the clusters derived from the cluster analysis on the turbidity map.



The upper sample of DF-2 (DF-2_150) was clustered as outlier, apart from samples of group 1 but ordinated at the most positive side of PCA axis 1. Similar to the species composition of group 1 its assemblage was dominated by Echinidinium delicatum (65%) followed by Brigantedinium spp. (21.1%) and Echinidinium spp. (10%). Cysts from phototrophic dinoflagellates formed less than 1% of the association (1.8%).

Samples from group 2 consist of the two upper samples of DTS2 (DF-5_150, DF-6_150) and were ordinated at the positive side of PCA axis 1 and negative side of PCA axis 2. These samples had high relative abundances of Echinidinium zonneveldiae (26%) and Echinidinium spp. (11.7%). Compared to group 1 these samples contained higher relative abundances of Brigantedinium spp. (40%) whereas Echinidinium delicatum (13.4%), formed a much lower part of the association. Relative abundances of cysts of phototrophic species were also higher in group 2 than in group 1 (2.3%) and were mainly formed by Bitectatodinium spongium (1%) and cysts of Pentapharsodinium dalei (1.1%).

Samples from group 3 were ordinated at the positive side of PCA axis 2 and consisted of samples collected in subsurface waters by in-situ pumps at stations 24108, 24109, 24122 and deeper samples collected during DTS2 (DF5-250, DF5-450, DF6-250, DF6-450). These samples were dominated by Brigantedinium spp. (56%) followed by Echinidinium delicatum (17.2%). Echinidinium zonneveldiae (7.4%) and Echinidinium spp. (6.3%) formed a notable part of the association although not as pronounced as in samples from group 2. Cysts of photosynthetic species formed 2.7% of the association with, compared to group 1 and 2, higher relative abundances of Impagidinium spp. (0.6%) and Lingulodinium machaerophorum (0.7%) and lower relative abundances of cysts of Pentapharsodinium dalei (0.6%).

Group 4 includes all other subsurface samples as well as sample 24127-1700 m depth and 24129-3173 m depth. The composition of the species association is quite similar to that of group 3 although relative abundances differ. These samples were dominated by Brigantedinium spp. (73%) followed by Echinidinium delicatum (6.3%), Echinidinium zonneveldiae (3.8%) and Echinidinium spp. (3.1%). Cysts of photosynthetic species formed 2% of the association notably formed by Impagidinium spp. (0.7%).

Group 5 consisted of all samples from the bottom- and deeper intermediate nepheloid layers with exception of the sample of the most offshore station. Group 5 was ordinated at the negative sides of PCA axes 1 and 2. The cyst association of these samples was dominated by Brigantedinium spp. (53.4%) followed by cysts of Protoperidinium americanum (14.6%), Echinidinium zonneveldiae (5.1%) and cysts of Protoperidinium monospinum (4.4%). Cysts of phototrophic species formed 3.2% of the association and were mainly formed by “other Gonyaulacoid (1.2%), Impagidinium spp. (0.6), cysts of Pentapharsodinium dalei (0.6%) and cysts of Gymnodinium microreticulatum/nolleri (0.5%).

Sample 24129-300 is clustered separate from group 5 but ordinated in the vicinity of this group. Similar to group 5 its association was dominated by Brigantedinium spp. (56%) and relatively high abundances of Echinidinium zonneveldiae (7.2%). However, in contrast to the other samples it contained high relative abundances of brown cruciform cysts (6%) and of phototrophic cysts, notably Impagidinium spp. (14%) and cysts of Gymnodinium microreticulatum/nolleri (3%).




Discussion


Drifting trap surveys

Satellite imaging of surface water temperatures indicated that during DTS1, the drifting trap array collected particles in an active upwelling cell on 4 successive days. During days 2 and 3 a subsurface body of water with higher temperature, salinity, oxygen and low turbidity was observed (Figure 2). The T/S characteristics of this water body were different from NACW or SACW but similar to surface waters. In combination with the high oxygen concentrations of this water body, this suggests that this water mass was formed by downward movement of surface water, indicating active vertical movement and instability of water masses within the upwelling cell. Intense vertical movement of waters during the first three days of the survey was also reflected by relatively low temperatures in the upper 50 m indicating that upwelled colder deeper waters reached the ocean surface. Therefore, we can assume that during the first three days of the survey both upwelling and downwelling of waters occurred in the upper 500 m of the water column. During day 4, the upper waters had higher temperatures and salinities and became more stratified indicating that the trap had drifted out of the zone of active upwelling towards the rim of the upwelling cell (Figure 2). Both chlorophyll-a and turbidity increased in the upper water column during day 4 as well as turbidity at 350 m depth. In the research area, the waters of the photic zone can be fertilized by upwelling of nutrient-rich subsurface waters and by mineral input through Sahara dust. During the research cruise M165 no dust was recorded in the atmosphere so that fertilization of the upper waters solely resulted from upwelling.

At day 4, the export flux of cysts with and without cell content increased with the increasing chlorophyll-a concentrations in the upper 100 m of the water column (Figure 2). Vertical movement of water masses in upwelling cells might limit phytoplankton production due to light limitation as plankton being trapped in these masses is present consecutively within the photic zone and below (e.g. Smayda and Trainer, 2010; Trainer et al., 2010; Armengol et al., 2019; Villemaña et al., 2019; Burger et al., 2020 and references therein). Based on laboratory experiments that showed that extremely strong turbulence decreased or inhibited phototrophic dinoflagellate growth, it was assumed that turbulence itself had a negative effect on dinoflagellate growth and production (e.g. Smayda, 2000 and references therein). However, later experiments showed that these early experiments investigated turbulence levels several factors higher than those occurring in nature (e.g. Sullivan and Swift, 2003). Sullivan and Swift (2003) showed that enhanced turbulence, comparable to naturally occurring levels, known from upwelling areas did not decrease or inhibited growth in 9 of the 10-studied species, but could enhance growth. rates. Smayda (2000; 2010) showed that swimming speed plays an important role with respect to tolerance of species towards turbulence, with faster swimming species having a larger tolerance. He concluded that mobility rates of upwelling dinoflagellates generally exceed upwelling rates. Protoperidinians appear to be among the fastest swimming dinoflagellates. Since the association recovered in our study is largely dominated by protoperidinians we, therefore, assume that turbulence itself did not affect growth rate and cyst export production.

Our association is largely dominated by heterotrophic dinoflagellates of which production and cyst formation is largely dependent on the availability of their food source. The observation of lower chlorophyll-a concentrations during the first 3 days with active vertical movement of upper waters might indicate that plankton growth was light limited. As such, light limitation might have indirectly influenced cyst production as well.

The increase in cyst flux of both living and empty cysts at day 4 was most pronounced for Stelladinium stellatum. This species was observed typically in sediment trap time series of the Arabian Sea, Cariaco Basin and off NW Africa during active upwelling (Zonneveld and Brummer, 2000; Zonneveld et al., 2010; Bringué et al., 2019). Bringué et al. (2019) could clearly link high abundances of this species to large abundances of haptophytes (primarily coccolithophorids), their potential food source, in a 12.5-year sediment trap time series of the Cariaco Basin. Unfortunately, we did not have information about the haptophyte production during our trap survey and therefore cannot confirm this link. Nevertheless, our observation support the characterization of Stelladinium stellatum as a species that can increase its cyst production in freshly upwelled waters.

On first sight, our results seemed in contrast to observations from November 2018 in the same area (Zonneveld et al., 2021a). In November 2018, a drifting trap survey was executed at the rim of an active upwelling cell where the cyst export flux succession was followed over a period of 7 days. In 2018, cyst export fluxes decreased over time when upper waters became more stratified, whereas in this study we observed an increase in cyst export flux when waters become more stratified. However, in November 2018, the first trap array was placed at the rim of an upwelling cell and not in the center. In contrast to the present study, no vertical movement of water masses was observed at that location in 2018. We therefore assume that light limitation due to active vertical water movement did not limit cyst production during the survey in 2018.

Satellite imaging indicated that the sediment traps drifted in an upwelling filament during DTS2 (Figure 1). CTD profiles of the water column support this by showing highly stratified upper waters (Figure 2). Compared to the active upwelling cell, cyst export fluxes were strongly reduced (Figure 2). This agreed with the survey of November 2018 (Zonneveld et al., 2021b) where the first trap drifted from the rim of an active upwelling cell slowly offshore with surface waters becoming increasingly stratified. Also in that case, cyst export flux decreased in the more stratified surface waters.

Compared to the 2018 survey, cyst concentrations in the traps of both DTS1 and DTS2 were higher (Figure 4). In the research area, upwelled waters are formed by a mixture of North Atlantic Central Water (NACW) and South Atlantic Central Water (SACW) with NACW forming a larger part of the upwelled waters in boreal winter, whereas SACW contributes more upwelled water in boreal summer. Compared to NACW, SACW contains more nutrients. Many sediment trap studies showed that cyst production is enhanced with enhanced nutrient availability in surface waters (e.g. Sin et al., 2018; Bringué et al., 2019). The observation of higher cyst export fluxes in summer (this study) compared to the winter situation (2018) might, therefore, be a consequence of different source waters of the waters of the upwelling cell sampled during boreal summer compared to boreal winter.



Resuspension of cysts

During the survey in 2018 the lowermost traps contained large amounts of empty cysts of species that were not recorded in the upper traps (Zonneveld et al., 2021a). This suggested that the deepest trap captured a considerable number of cysts, that had been resuspended from the nearby shelf. In the present drifting trap survey, percentage of cysts with cell contents on the total cysts remained constant in traps at all depths (Figure 6). We also did not observe a difference in species association in the deeper traps compared to the waters above (Figure 5). We therefore had no indications that reworked sediments formed part of the material collected with the drifting traps in summer 2020.



Cysts with cell content

We observed a considerable number of cysts with cell content in our drifting trap and water column samples (Figures 6, 8). We assumed that these cysts represented living cysts since micro-organisms rapidly degrade the cell contents upon death (e.g. Price and Pospelova, 2011; Bravo and Figueroa, 2014; Heikkilä et al., 2016). Encystment experiments have shown that cysts that finished their dormancy period, quickly hatched when exposed to oxic conditions (e.g. Bravo and Figueroa, 2014; Ellegaard and Ribeiro, 2018). We did not observe higher concentrations or relative amounts of cysts with cell content in the oxygen minimum zone and since the majority of sediments in the research area were covered by oxic waters, it could be assumed that cysts that became resuspended, would have hatched quickly. We therefore assumed that the cysts with cell content represented recently produced living cells.

We observed that both the drifting trap and in-situ pump samples collected in the uppermost waters, had higher concentrations of cysts with cell content compared to the samples collected in deeper waters (Figure 6). Since we had no indication of resuspended material in the drifting traps we assumed that in our two surveys, the majority of the empty cysts in the deepest traps have hatched before reaching deeper waters. This agrees with our findings in 2018 and confirms many suggestions made in the literature (e.g. Dale, 1986; Dale and Dale, 1992; Price and Pospelova, 2011). Based on in-situ high resolution camera observations and drifting trap studies in the research area, it has been estimated that material collected at 400 m water depth is about 3 to 6 days older than material collected at 100 m water depth (Iversen et al., 2010; Thiele et al., 2015). This suggests that the dormancy period of the species recovered here is less than 6 days. However, we did observe that cysts with cell content formed up to 5% of the cyst association in the samples collected from the intermediate waters and the bottom nepheloid layer. This indicated that a considerable part of the living population of cysts produced in the upper waters did not hatch before reaching deep waters. A first explanation could be that the length of the dormancy period varies within the species. Differences in dormancy periods between individuals of a cyst population have been documented in several studies (e.g. Bravo and Figueroa, 2014 and references therein). As an example, the dormancy of Alexandrium catenella cysts varied between 69 and 113 +/- 13.5 days in a culture experiment with cysts from Patagonian fjords (Chile). To what extent this applies to the species observed here requires further investigation. A second explanation might be that encystment was inhibited by ambient environmental conditions for a part of the cyst population. Oxygen depletion is a major factor that can inhibit excystment (e.g. Bravo and Figueroa, 2014). Within the research area, a major part of the particulate organic matter produced in the upper water column is thought to be transported towards the deeper ocean by aggregates (e.g. Iversen and Ploug, 2013). Depending on the size and texture, the oxygen concentration of the inner parts of marine aggregates can be strongly reduced (e.g. Iversen and Ploug, 2010; Zetsche et al., 2020). As a consequence, when living cysts are being incorporated within such aggregates, the low oxygen concentrations might inhibit cyst hatching. Again, further investigations are required to see to what extend this is the case for cysts being produced in the upper waters in the upwelling area off Cape Blanc.

On first sight, it might appear that the part of the cyst population that reaches waters below the photic zone is lost for further reproduction. However, it is likely that these cysts remain vital for a longer time. Remaining vital for a longer time period is shown to be extremely efficient in more shallow waters where cysts can form a so called “seed bank” from which upper water can be (re-)colonized (Lundholm et al., 2011; Bravo and Figueroa, 2014; Ellegaard and Ribeiro, 2018; Rodrígez-Villegas et al., 2020). For deep sea environments, remaining vital for a longer period might also be an efficient strategy for dispersal. Many studies showed that cyst forming species can colonize new regions through cysts dispersal by ocean currents (e.g. Anderson, 1997; Ribeiro et al., 2012; Genovesi et al., 2013; Mardones et al., 2016; Murray and Hallegraeff, 2018). We therefore assumed that the part of the cyst population with cell content reaching deeper water was not simply “lost” but formed a part of the life strategy of the species.

We did observe one outlier. At station 24127, 33% of the cyst collected at 1700 m water depth contained cell content (Figure 6). Sediment trap studies from the North Atlantic and Indian Ocean have shown that short pulses of particle transport containing high amounts of cysts can sporadically occur (Dale and Dale, 1992; Dale and Dale, 1992; Zonneveld and Brummer, 2000). Although we observed these high concentrations of cysts with cell content in one sample only, we might have collected material of such a short pulse of downward particle transport here as well.



Cyst associations in relation to surface water conditions

Statistical analyses of the drifting trap and water column samples revealed five sample groups (Figures 9, 10). Four of these groups included surface and subsurface samples along the onshore-offshore gradient whereas group 5 included samples from deeper water masses and the bottom nepheloid layer.

Along the surface/subsurface onshore-offshore gradient environment changes from active upwelling along the shelf break at about 17.3°W, via upwelling further offshore to open oceanic and warm oligotrophic conditions at the most distal station at 19°W. Satellite imaging showed that upwelling filaments increased in temperature on their way west indicating that the upwelled surface waters slowly became stratified and progressively mixed with warm oligotrophic oceanic waters on their way offshore (Figure 1). Visual examination and statistical analyses revealed that the cyst associations of the region with active upwelling were dominated by Echinidinium species and Brigantedinium spp. (Figure 5). Further offshore the relative abundances of Echinidinium species gradually decreased in favor of Brigantedinium spp. Both groups showed a strong decrease in cyst export flux (drifting traps) or concentrations of cysts/l (in-situ pumps) with distance to the active upwelling cells at the shelf break (Figures 5, 8). High concentrations and relative abundances of Echinidinium and Brigantedinium species have also been observed in surface sediments below other areas of active upwelling in the (sub)tropics (e.g. Verleye and Louwye, 2010; Limoges et al., 2010; Zonneveld et al., 2013; Ribeiro et al., 2016; Garcia-Moreiras et al., 2021).

In this study, we observed that Echinidinium delicatum is the most abundant Echinidinium species in the active upwelling whereas it is replaced by Echinidinium zonneveldiae in the upwelling filaments. Echinidinium delicatum as the most dominant Echinidinium species was regularly observed in high relative and absolute abundances in sediment traps recording intensive upwelling (e.g. in the Arabian Sea (Zonneveld and Brummer, 2000), the Cape Blanc region (Zonneveld et al., 2010) and Cariaco Basin (Bringué et al., 2019). In the Santa Barbara Basin, E. delicatum was typically recorded at the onset of upwelling relaxation (Bringué et al., 2013). However, in November 2018, E. zonneveldiae was the dominant species of the cyst export flux at the rim of an active upwelling cell whereas only a few specimens of E. delicatum were observed. This suggests that the cyst composition in individual upwelling cells in the Cape Blanc region may be very different. Since upwelled waters drift offshore in filaments, the higher abundance of E. zonneveldiae might reflect its dominance in the source upwelling cell. Long term sediment trap studies from the Cape Blanc region show that the cyst associations may vary between different events of increased upwelling (see data stored in PANGAEA.de; Romero et al., 2020). Also in Cariaco Basin large variability in associations was observed during the individual upwelling stages over a 12.5-year period. This suggests that although a set of species are typically associated to active upwelling, not all these species occur in every upwelling event.

A clear onshore-offshore change is also documented in the cyst association of phototrophic species. Like other upwelling areas, the active upwelling samples have low relative abundances of cysts of phototrophic species whereas concentrations increased with distance to the shelf. On the species level, a clear trend was seen in the distribution of Bitectatodinium spongium (Figures 5, 8). This species was almost absent in the active upwelling but formed a more prominent part of the association in the upwelling filament area and decreased in relative abundance to the most offshore samples. In other upwelling areas fluxes of this species were enhanced during the southeast monsoon upwelling phase (Zonneveld and Brummer, 2000; Susek et al., 2005; Zonneveld et al., 2010; Bringué et al., 2019). This suggests that this species was formed in a previous upwelling cell and drifted offshore with the filament or was formed in the more stratified waters of the filament itself.

At the most offshore sites, highest relative abundances are observed for the phototrophic Impagidinium spp. (10%) and cysts of Gymnodinium microreticulatum/nolleri (1.6%, Figures 5, 9). Whereas Impagidinium spp. was also present in the active upwelling and in the upwelling filaments, cysts of Gymnodinium microreticulatum/nolleri were restricted to the most offshore stations. Also in other upwelling areas, this species is typically observed in stratified upper waters later in the upwelling succession, when active upwelling has terminated (e.g. Ribeiro et al., 2016; Band-Schmidt et al., 2019; Garcia-Moreiras et al., 2021).



Lateral and vertical transport

Along the studied transects large environmental gradients were present ranging from active upwelling at the shelf break, via offshore drifting upwelling filaments at the more offshore locations towards a stratified open ocean environment at the distal end of the transect. The following hypotheses could be formulated with respect to horizontal and vertical transport of cysts in the water column. In case vertical cyst transport would dominate, cyst association composition would be station specific, independent of the depth the associations were sampled. In case lateral transport would dominate, cyst associations would be related to the water layer and independent of the station position along the gradient. Both visual and statistical analyses showed a clear difference in cyst associations between surface/subsurface and deeper water masses (Figures 5, 8, 9). Along the onshore-offshore transects the subsurface associations collected by in-situ pumps and during drifting trap DTS2 showed large similarity (groups 2, 3, 4; Figure 9, 10). Furthermore, the bottom-, deeper waters contained a similar cyst association as well. Consequently, it is likely that lateral cyst displacement of cysts from the shelf break towards the open ocean has occurred both in (sub)surface water layers through offshore drifting upwelling filaments and in deeper water layers. Lateral transport in subsurface waters has been observed up to the most offshore station about 140 km off the shelf break (= 75 nm; 100 nm/200 km from the coast). This agrees with float and satellite studies that showed that filaments can reach up to >280 km offshore (e.g. Meunier et al., 2012; Ohde et al., 2015; Lovecchio et al., 2017). However, our study shows that although the cyst association in these filaments was similar to that in the subsurface waters, a gradual change in association in the surface waters occurred.

Lateral transport in deeper waters has been observed before in the research area, both in intermediate nepheloid layers (INL) and the bottom nepheloid layers (BNL; Zonneveld et al., 2018). Although in this study particle concentrations in the bottom nepheloid layer above the ocean floor were clearly enhanced, in the deeper water column turbidity was near the detection limit and it is not clear if the layers with slightly enhanced turbidity values represent intermediate INL. We observed however clear lateral transport within the BNL and waters at about 800-1200 m water depth.

The principal component analyses indicated that for the most distal station the subsurface waters and bottom waters had a similar association (Figures 9, 10). However, the association of the subsurface sample showed similarity to more coastal subsurface samples as well. This suggests that apart from the lateral transport discussed above, at this station vertical transport was prominent. At station 24127 the cyst association at 1700 m depth was similar to that at the subsurface. As discussed above, the large abundance of cysts with cell content in this sample suggests that we collected a short pulse of downward particle transport. The water layers above this samples and the BNL at this station had a cyst association similar to the more onshore BNL and the deep-water samples. This suggests that in addition to vertical transport lateral transport of cysts occurred at this station. The occurrence of a combination of lateral and vertical transport of particles in this area is in line with previous studies on sediment trap studies (e.g. Fischer et al., 2016; Romero and Fischer, 2017; Fischer et al., 2019; Romero et al., 2021).

Both in November 2015 during high upwelling intensity and in the present study during low upwelling intensity, we observed that the most distal traces of lateral transport of cysts in deeper water layers can be found at about 18.7° W (=about 130 km off the shelf break). On first sight, this suggests that the maximal distance of lateral transport of particles within (sub)surface waters, deeper waters and BNL does not extend much further offshore. This agrees with the observation that INL’s in the region do not extent further west than about 19-20°W (e.g. (Helmke et al., 2005; Nowald et al., 2006; Basse et al., 2014, Helmke et al., 2005; Fischer et al., 2009; Basse et al., 2014). However, a long year sediment trap study at 20.52°W (CBmeso, about 250 km from the shelf break) reveals that about half of the total organic carbon collected at 3600 m depth originated from the coastal area (Fischer et al., 2019 and references therein). Unfortunately, information is absent on what part of this carbon accounts for particles in the size range of dinoflagellate cysts. However, at the same location and depth, a considerable part of the diatom association consisted of benthic species that likely had a coastal origin (Romero et al., 2021). Although benthic diatoms often colonize pelagic species in this region it is not automatically implied that benthic diatoms observed in sediment trap samples originate from the shelf (pers. observation 2018, 2020, 2021) we cannot exclude that maximal lateral transport of particles including dinoflagellate cysts might reach more distal regions as documented until now.



Implications for (harmful) algal bloom studies and environmental reconstructions

We documented lateral transport of cysts in surface/subsurface water filaments to about 100 nm (140 km) west of the Cape Blanc peninsula. According to the International Convention for the Control and Management of Ships’ Ballast Water and Sediments (BWM) ships carrying ballast waters are obliged to replace 95% of their ballast waters at least 50 nm from the shore. Although we observed only a few specimens of potentially toxic species (Lingulodinium machaerophorum and microreticulate cysts), several toxic species have been reported from the region (e.g. Holzwarth et al., 2010; Zonneveld et al., 2010; Zonneveld et al., 2021a). Ballast waters can contain viable populations of cysts of toxic and non-toxic dinoflagellate species (Lin et al., 2021). Within the region the main ship route along southern Africa towards Europe crosses the research area and generally the shortest coastal route is followed, less than 100 nm offshore (e.g. https://www.canadiangeographic.ca/article/mapping-cargo-ship-routes-around-world). This implies that ships replacing their ballast waters in the study region might take in potential harmful or toxic species that are either produced in the upwelling filaments or drifted offshore. Many species observed in this study that have their main distribution world-wide in coastal waters (Zonneveld et al., 2013). This means that taking in ballast waters in the Cape Blanc region may increase the risk of transporting these cyst species to regions that were previously not inhabited by them which could result in the introduction of exotic species in the target harbors.

Our observation that considerable lateral transport occurs in deeper and bottom water layers implies that sediments in the region contain a mixture of regional and a local signal in agreement with Zonneveld et al. (2021b). As such our observation, will lead to an improvement of reconstructions of past upper water bio-production and environmental conditions based on cyst associations in sediments from the region.




Conclusions

The dinoflagellate cyst export fluxes were investigated by means of drifting traps sampling at 150 m, 250 m and 450 m depth in an active upwelling cell and in an upwelling filament. In the center of the active upwelling cell, active vertical movement of water masses of the upper water may have limited cyst production. At the rim of the upwelling cell, cyst export production increased, notably of Stelladinium stellatum. Cyst export production in the upwelling filament was up to a factor 3 lower than in the active upwelling. No resuspension of cysts into the upper water column was observed within the drifting traps.

Higher concentrations of cysts with cell content in the uppermost drifting trap and in-situ pump samples showed that a major part of the cysts hatched before reaching deeper waters. Taking into account regional sinking velocities, the cyst dormancy period of the hatched specimens was less than 6 days. A considerable part of the living cysts reached deeper waters and the ocean floor and we ascribed this to variation in dormancy period or to hatching inhibition by unfavorable conditions during sinking, for instance as a result of encapsulating in e.g. aggregates. These unhatched cysts have the potential to support the wider dispersal of species. Along the studied transects environmental conditions ranged from active upwelling at the shelf break, via offshore drifting upwelling filaments at the more offshore locations to a stratified open ocean environment at the distal end of the transect. Cyst associations in the (sub)surface showed higher relative abundances of Echinidinium delicatum in the active upwelling, Echinidinium zonneveldiae and Bitectatodinium spongium in the upwelling filament and Impagidinium spp. and cysts of Gymnodinium microreticulatum/nolleri at the most distal stations.The cyst assemblages indicated lateral transport from the shelf break towards the open ocean in (sub)surface waters and intermediate/bottom nepheloid layers. Within the deeper water column, the extension of lateral transport of cysts was up to 130 km from the shelf break. At the distal part of the transect both lateral transport and vertical transport of cysts could be observed.

Our study revealed that downcore sediment in the region will contain a mixed regional and local dinoflagellate cyst deposition signal. In case ships replace ballast waters in the studied region there is a risk they take in potential harmful or toxic species that are either produced in the upwelling filaments or drifted offshore. This furthermore increases the risk of introducing exotic species into their destination harbor environments.
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