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Cyclonic and anticyclonic eddies are common mesoscale features in the flow past the
Canary Islands throughout the year. While drifting southward, eddy pairs interact among
them but also with upwelling filaments and eddies generated at the coastal jet of the
nearby African upwelling system. These interactions force the generation of frontal zones
where ageostrophic secondary circulation (ASC) may occur. With the aim of contributing
to understand how meso-submesoscale interactions modulate plankton distribution,
we carried out an interdisciplinary cruise across a mesoscale eddy field. The sampled
region was characterized by the presence of a cyclonic eddy interacting with two
anticyclonic eddies and an upwelling filament. High-resolution sampling allowed us to
assess the upwelling/downwelling processes associated with eddy pumping and ASC,
the injection of nutrients into the euphotic zone, and the subduction of particles related
to these processes. The planktonic community, which included heterotrophic bacteria,
cyanobacteria-like Prochlorococcus and Synechococcus, pico and nanoautotrophic
eukaryotes, and heterotrophic nanoflagellates, showed a heterogeneous distribution
in response to meso-submesoscale processes. Redundancy analysis and plankton
distribution suggest that while the distribution of small organisms (picoplankton) is
modulated by a combination of physical and biogeochemical drivers, the distribution of
larger autotrophic and heterotrophic nanoflagellates is modulated by nutrient inputs and
grazing, respectively. These observational results provide new insights in the study of the
impact of mesoscale structures in the dynamics of nutrients, chlorophyll and planktonic
communities, and valuable to validate theoretical and modeling studies.

Keywords: plankton community structure, mesoscale-submesoscale interactions, eddies, upwelling filaments,
eddy pumping, frontogenesis, Canary Islands, NW Africa upwelling

INTRODUCTION

Mesoscale eddies may originate nearly everywhere in the World Ocean (Chelton et al., 2007,
2011), being one of the key processes driving nutrient supply into the euphotic zone of the oceans
(McGillicuddy et al., 2003; Klein and Lapeyre, 2009), and consequently affecting phytoplankton
growth and its distribution at global scale (Mcgillicuddy et al., 2007; Lévy et al., 2018). Several
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processes, known as the “Oceanic Vertical Pump,” have been
proposed as responsible of eddy-related nutrient fluxes (Klein
and Lapeyre, 2009). Of particular interest are two mechanisms:
“eddy pumping” at the core of the eddies (McGillicuddy, 2016
and reference therein), and frontogenesis, resulting from eddy-
eddy interaction (Mahadevan and Tandon, 2006; Capet et al.,
2008b; McWilliams, 2016).

Eddy pumping is used to define the upwelling and
downwelling generated during eddy intensification. When
cyclonic (anticyclonic) eddies intensify, isopycnals are uplifted
(depressed) inducing to upwelling (downwelling) at the eddy
center, with associated vertical velocities up to 1 m·d−1

(Gaube et al., 2014). This may lead to a surface enhancement
of chlorophyll in cyclones and a depression and downward
transport of chlorophyll in anticyclones (Falkowski et al., 1991;
McGillicuddy et al., 1998; Siegel et al., 2008, 2011). On the
other hand, eddy-eddy interactions may lead to frontogenesis,
resulting in convergent strain fields that will act by destroying
the thermal wind balance, establishing an ageostrophic secondary
circulation (ASC) in order to restore geostrophy (Mahadevan,
2016; McWilliams, 2016). Vertical velocities originated by
frontogenesis may be as high as 100 m·d−1 (Mahadevan and
Tandon, 2006). Nagai et al. (2008) modeled the distribution of
chlorophyll related to frontal ASC predicting a subduction in the
cold (cyclonic) side (Fielding et al., 2001; Omand et al., 2015)
and chlorophyll enhancement in the warm (anticyclonic) side
(Hosegood et al., 2017).

Past studies reporting the effect of the “Oceanic Vertical
Pump” over phytoplankton communities point out that the
whole phytoplankton community does not respond in the
same way against the same stressor (Benitez-Nelson et al.,
2007; Nencioli et al., 2008; Bibby and Moore, 2011; Chenillat
et al., 2015). Rodriguez et al. (2001) showed that the size
structure of the phytoplankton community is controlled by the
strength of vertical velocities. Their observations indicate that the
relative proportion of large cells increases with the magnitude
of the upward velocity. Sangrà et al. (2014) also observed in
a not nutrient-limited environment that phytoplankton size
spectra strongly correlate with turbulence, being the larger
phytoplankton size classes more abundant in high-turbulence
environments. In a study along the Kuroshio Front, Clayton
et al. (2014) described the complexity of the phytoplankton
community structure, shaped by a combination of the large-
scale biogeographical variability of the region, mesoscale mixing
of populations, and finer scale modification of the light and
nutrient environment. However, none of these studies addresses
the variability of the phytoplankton community composition at
submesoscale levels, in spite of the generally accepted view that
processes at small scales govern carbon fluxes in the ocean (Lévy
et al., 2001; McGillicuddy, 2016).

With the aim of contributing to understand the impact of
meso-submesoscale processes over plankton communities, we
conducted an interdisciplinary survey across a highly variable
mesoscale field south of Gran Canaria Island (Canary Island).
The main goal of the study was to understand how physical and
biological factors, resolved at a resolution close to submesoscale
(∼1 km) could affect the distribution of pico- and nanoplankton,

the main components of planktonic communities in the Canary
Islands waters (Arístegui et al., 2004). This region spans the
coastal transition zone between the rich eutrophic waters of the
NW Africa upwelling system and the poor oligotrophic waters of
the North Atlantic Subtropical Gyre (Arístegui et al., 2009). It is
almost unique in terms of the high mesoscale and submesoscale
variability resulting both from the topographic perturbation
of the prevailing winds and currents by the islands of the
archipelago and from baroclinic instabilities developed along the
offshore boundary region of the NW African coastal upwelling
system. Mesoscale eddies are continuously shed downstream
off the islands (Arístegui et al., 1994, 1997; Piedeleu et al.,
2009; Barceló-Llull et al., 2017a), being the origin of the
main pathway of long-lived eddies of the northeast subtropical
Atlantic, coined as the “Canary Eddy Corridor” by Sangrà
et al. (2009). On the other hand, upwelling filaments and
eddies, resulting from instabilities along the coastal upwelling
jet, may exchange chemical and biological properties between
the shelf waters and the open ocean, contributing largely to the
coastal-ocean export of organic matter (García-Muñoz et al.,
2004, 2005; Pelegrí et al., 2005; Álvarez-Salgado et al., 2007;
Santana-Falcón et al., 2017). Eventually, upwelling filaments
may interact with island-generated eddies, leading to a complex
hydrographic environment that shapes the distribution and
activity of planktonic communities (Barton et al., 2004; Arístegui
and Montero, 2005; Sangrà et al., 2005). The almost permanent
occurrence of several kind of meso-submesoscale features, as well
as the interaction among them, makes the Canary region a perfect
natural oceanographic laboratory to study the coupling between
physical and biogeochemical processes.

MATERIALS AND METHODS

Sampling and Hydrographic Data
The data for this study were collected during the cruise “RODA I”
(August 11, 2006 through September 7, 2006) on board of
the BIO Hespérides. In order to map the hydrographic field to
search for mesoscale features (Figure 1a), a 70 × 80-nm grid
was first surveyed downstream of Gran Canaria (August 11–
14), by means of 62 expendable bathythermographers (XBTs)
casts down to 1,000 m (Figure 1b). After locating the eddies’
emplacement, a high-resolution physical biogeochemical section
was sampled (August 14–16) crossing a cyclonic eddy interacting
with two anticyclonic eddies and an upwelling filament. The
section consisted in 20 stations (named 64–83) separated 4
nautical miles from each other (Figure 1b).

At each station, hydrographic casts were performed down
to 1,000 m using a SeaBird 911 Plus CTD system mounted on
a General Oceanics rosette sampler equipped with 24 Niskin
bottles of 12 L. A Wet Lab ECO-AFL/FL fluorescence sensor
and a Sea Tech transmissometer were additionally equipped in
the rosette and connected to the CTD probe. All CTD sensors
were previously calibrated in the factory. Chlorophyll a (Chl a)
was also inferred from the fluorescence sensor calibrated with
chlorophyll reference patterns in the factory. Water samples were
collected for inorganic nutrients and planktonic organisms at 5,
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FIGURE 1 | (a) Sea surface temperature (SST) image from NOAA-15 for 15 August 2006. Study area (blue box), showing mesoscale and submesoscale features
sampled during the cruise: upwelling filament (F), cyclonic eddy (CE) and anticyclonic eddies (AE1 and AE2). (b) Topography of the 16◦C isotherm obtained from the
XBT grid. Black dots indicate XBT stations; blue dots indicate CTD stations along the studied section. Labels are only included in the even stations.

25, 50, 75, 100, 150, and 200 m, plus an additional sample at the
depth of the deep chlorophyll maximum (DCM).

The geostrophic velocity (Vg) field, relative to 1,000 dbar, was
estimated from potential temperature (Tθ) and practical salinity
(S). Potential temperature anomaly (1Tθ) was calculated using as
reference values the Tθ profile at station 83 (outside eddy AE2),
and then subtracted from each of the temperature profiles. The
mixed layer depth (MLD) was inferred by means of the de Boyer
Montégut et al. (2004) approximation.

Inorganic Nutrients
Triplicate samples for nitrate and nitrite determination were
poured directly from the Niskin bottles into 15-mL polyethylene
tubes (Van Waters and Rogers Co., VWR) and preserved frozen
at –20◦C until their analysis. Nitrate + nitrite (NOx) were
colorimetrically measured using a Bran + Luebbe Autoanalyzer
AA3 model following the Hansen and Grasshoff (1983) protocol
for automated seawater nutrients analysis. Detection limit for
NOx was 0.02 µM. Instrument precision (0.008 µM for NOx) was
calculated from the standard deviation of replicate samples.

Cell Abundance and Biomass
Conversion
Picoplankton (0.2–2 µm) was enumerated by flow cytometry
(Becton–Dickinson FACScalibur with 488 nm argon ion
laser). Duplicate samples were collected in sterile cryovials
(2 mL), immediately fixed with paraformaldehyde (2% final
concentration), refrigerated at 4◦C for half an hour, and quickly
frozen in liquid nitrogen (–196◦C) until their analysis on board.
For the enumeration of total heterotrophic bacterioplankton
(HB; which includes also Archaea), as well as the proportion
of high DNA (HNA) and low DNA (LNA) bacteria (Gasol
et al., 1999), the samples were stained with SYTO-13 (Molecular
Probes Inc.), using a dilution of the stock solution (1:10)

to a final concentration of 2.5 µM; and their signature was
identified in a plot of side scatter vs. green fluorescence. The
identification and enumeration of autotrophic picoplankton –
the cyanobacteria Prochlorococcus (Pro) and Synechococcus (Syn),
and picoeukaryotes (PEuk) – in unstained samples was based on
the analysis of multiple bivariate scatter plots of side scatter, and
red and orange fluorescence. The analyses were run at low speed
for the HB and at medium or high speed for the autotrophic
picoplankton, until 10,000 events were acquired. A suspension
of yellow-green 1 µm latex beads (105 and 106 mL beads mL−1

for autotrophs and bacterioplankton, respectively) was added
as an internal standard (Polyscience Inc.). The flow rate was
determined volumetrically after every 10 samples run.

Autotrophic (NEuk) and heterotrophic (HNF) nanoplankton
(2–20 µm) were analyzed by epifluorescence with an inverted
microscope (ZEISS AXIOVERT 35) with 1000× resolution.
Samples (100 ml) were preserved with glutaraldehyde (1% final
concentration) and stored under cold (4◦C) and dark conditions
during few days. Subsamples (45 ml) were then filtered through
0.6-µm black polycarbonate filters and stained with DAPI (4,6-
diamidino-2-phenylindole; Porter and Feig, 1980) at a final
concentration of 5 µg·L−1 (Sieracki and Johnson, 1985). To
differentiate between HNF and NEuk, the samples were analyzed
under UV, green, and blue light filters. The enumeration included
at least 100 cells of each group per sample.

Plankton abundances were transformed to biomass following
the conversion factors obtained by Montero et al. (unpublished)
for coastal and oceanic waters of the Canary Islands region.
To estimate picoplankton cell biovolumes, more than 60
experiments of sequential filtration (through seven polycarbonate
filters from 0.2 to 3 µm) were performed, with water from
the surface and the deep chlorophyll maximum around Gran
Canaria. Average biovolumes from cell counts obtained by
flow cytometry were calculated from sigmoidal fits assuming a
spherical shape. For nanoplankton, 140 samples were counted
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and measured by epifluorescence microscopy from three size
classes (2–6, 6–11, and 11–20 µm). Average biovolumes were
derived from mathematical equations, according to the shape
of the cell. The following conversion factors were applied: 18
fg C·cell−1 for HB, 43 fg C·cell−1 for Pro, 120 fg C·cell−1

for Syn, 500 fg C·cell−1 for PEuk, and 3,100 fg C·cell−1 for
average NEuk and HNF.

Data Analysis
In order to elucidate the influence of the physical and
biogeochemical variables (Vg, Tθ, MLD, NO3, and HNF;
environmental variables hereafter) on the distribution of the
planktonic groups (Pro, Syn, PEuk, NEuk, HB, and HNF),
a correlation analysis was performance following Legendre
and Legendre (2012). Note that HNF is included in both
environmental variables and planktonic groups since grazing
by HNF may modulate other planktonic groups distribution.
For statistical analysis, all plankton biomasses and nutrient
concentrations were depth-integrated from 0 to 200 m at every
station (Tables 1, 2). Since both Tθ and Vg are not accumulative
magnitudes, they were depth-averaged instead (Table 2). To
select the suitable correlation analysis, data gradient linearity was
first tested by means of a detrended correspondence analysis
(DCA). Since all DCA values were below 3 (in fact, <0.4),
which indicates linear gradient of the data set, a distance-based
redundancy analysis (db-RDA) was computed. Plankton data
matrix was transformed using the Hellinger’s method, while
environmental variables remained untransformed. Absence of
multicollinearity was inferred by means of variance inflation
factors. Monte Carlo permutation significance test was conducted
to obtain the p-value and the adjusted correlation coefficient
(R2

adj) was calculated. RDA results were graphically represented
in non-scaled correlation triplots. All statistical analyses were
conducted in R software using vegan package1.

RESULTS

Signature of Meso-Submesoscale
Features in the Hydrographic Field
Figure 1a shows a satellite image of sea surface temperature
(SST) at the time of the study, where the eddy field south of
the Canary Islands and several offshore filaments stretching from
the NW African upwelling region are observed. Four different
mesoscale-submesoscale features were sampled during our cruise
(blue box in Figure 1a): A cyclonic eddy (CE) in the center of the
box, the margins of two anticyclonic eddies (AE1, AE2) at the
southwest and northeast position of the CE, respectively, and
the offshore extension of an upwelling filament (F) between CE
and AE2. Figure 1b represents the 16◦C isotherm topography
as obtained from the XBT grid, and shows the position of the
high-resolution biogeochemical section (stations 64–83) crossing
all the mentioned features, with the isotherms’ topography in
AE1 being deeper than in AE2. In Figure 2, the CE is clearly
identified by the doming of isotherms and isopycnals at stations

1http://www.r-project.org

TABLE 1 | Integrated (0–200 m) biomass concentrations (µg C·m−2; ×103) for
Prochlorococcus (Pro), Synechococcus (Syn), picoeukaryotes (PEuk),
nanoeukaryotes (NEuk), heterotrophic bacteria (HB), and heterotrophic
nanoeukaryotes (HNF) at every station.

Station Pro Syn PEuk NEuk HB HNF

64 334.830 34.3830 49.892 736.046 661.519 593.482

65 574.230 56.333 73.374 785.963 1358.828 604.955

66 424.76 39.652 167.522 1068.997 2525.680 786.170

67 241.890 39.862 110.502 901.381 686.436 702.452

68 176.116 43.465 142.390 918.386 591.305 740.412

69 92.503 11.328 57.641 684.336 506.492 579.007

70 98.385 11.416 72.033 1147.113 475.885 950.370

71 48.799 27.638 16.407 1146.802 636.875 963.380

72 154.056 29.138 84.533 1250.464 698.072 1050.256

73 314.795 42.327 136.298 1005.244 995.558 819.515

74 406.545 66.544 122.003 1255.191 1121.546 998.722

75 244.266 33.667 58.610 785.925 1095.068 754.185

76 309.070 40.824 88.703 1307.702 1701.209 1005.162

77 467.478 68.324 70.142 1270.363 1071.691 833.153

78 232.152 32.571 23.191 870.417 989.976 677.854

79 165.025 40.034 27.779 740.150 1147.866 652.270

80 191.887 56.646 43.179 662.869 1140.080 517.792

81 222.625 63.377 92.168 664.548 1218.129 556.902

82 381.959 53.109 67.812 966.238 1073.152 776.010

83 390.556 70.626 82.070 824.713 1103.313 641.420

TABLE 2 | Integrated (0–200 m) and averaged values for nitrate + nitrite (NOx),
and average values for across-section geostrophic velocities (Vg) and potential
temperature (Tθ) at every station.

Station NOx (µM) Vg (m·s−1) Tθ (◦C) MLD (m)

64 2.00 0.09 20.62 16.61

65 1.60 0.19 20.45 15.1

66 3.40 0.47 19.92 26.17

67 8.43 0.14 18.59 22.65

68 1.76 0.09 18.01 18.63

69 10.06 0.18 17.59 9.06

70 10.19 0.17 17.80 11.58

71 10.32 0.02 17.70 8.05

72 8.39 0.12 17.94 14.09

73 10.32 0.18 18.33 16.61

74 1.88 0.23 18.24 15.01

75 7.76 0.04 17.86 22.65

76 5.14 0.20 17.93 20.64

77 8.49 0.20 18.50 22.65

78 2.60 0.15 18.66 15.1

79 1.85 0.39 19.25 16.61

80 1.08 0.04 19.01 14.09

81 0.88 0.33 19.38 31.21

82 2.59 0.03 19.30 18.63

83 6.12 0.02 18.84 19.13

MLD, Mixed Layer Depth.

67–75, being the eddy center located at station 70. Although the
XBT grid did not cover the whole extension of the two AE, the
downwelling of surface warm and high salinity water at stations
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FIGURE 2 | Vertical sections of potential temperature (Tθ) in◦C (A), potential density (σθ) in kg·m−3 (B), and practical salinity (S) (C). Inverted red triangles on the top
axis indicate stations position. The locations of the anticyclonic eddies (AE), the cyclonic eddy (CE), and the filament (F) are also indicated on the top axis. The bold
black line shows the depth of the mixed layer (MLD).

FIGURE 3 | Vertical sections of potential temperature anomaly (1Tθ) in◦C (A) and across section geostrophic velocity (Vg), relative to 1,000 dbar, in m·s−1 (B), both
with the isopycnals superimposed. Inverted red triangles on the top axis indicate stations position. The locations of the anticyclonic eddies (AE), the cyclonic eddy
(CE), and the filament (F) are also indicated on the top axis. The bold black line shows the depth of the mixed layer (MLD). In the Vg plot, positive values indicate
north-westward currents, while negative values indicate south-eastward currents.

64–67 and 81–83, as well as other signatures (see below), indicate
the presence of AE1 and AE2, respectively.

The representation of the potential temperature anomaly
(1Tθ) shows that the CE introduces colder waters (about –4◦C)

in the upper layers (Figure 3A). The CE radius, as calculated
from the vertical anomaly section, is about 40 km, which is
of the order of the climatological first baroclinic radius of
deformation (Rd) for the region (Chelton et al., 1998), being
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FIGURE 4 | Vertical distribution of nitrate + nitrite concentrations (NOx) in µM (A), chlorophyll a (Chl a) in µg·L−1 (B), and Transmittance (T) in % (C), with isopycnals
superimposed. Inverted red triangles on the top axis indicate stations position. The locations of the anticyclonic eddies (AE), the cyclonic eddy (CE), and the filament
(F) are also indicated on the top axis. The bold black line shows the depth of the mixed layer (MLD). Black dots indicate sampled depths.

thus a mesoscale structure. At the northern part of the section,
the 21–23◦C isotherms define a bowl-shape structure centered at
station 81 (Figure 2A), introducing positive 1Tθ of about +2◦C
(Figure 3A). This relatively shallow warm core structure is
associated with the above-mentioned submesoscale anticyclonic
eddy (AE2) of 20-km radius. Between the CE and AE2, the
offshore branch of an upwelling filament is observed centered
at station 77. The width of the filament is about 20 km, well
below the Rd, being thus a submesoscale structure. Finally, at
the southern end of the section, there is a strong frontal region
between station 65 and 68 resulting from the interaction of
the CE with AE1, as observed in the SST field (Figure 1a),
with a positive 1Tθ of about +3–4◦C in the 50–100-m depth
range (Figure 3A). The width of this frontal structure is about
35 km, well below Rd, being also a submesoscale structure. AE1
shows signatures of an intrathermocline eddy, characterized by
a biconvex shape of the isopycnals and by a homogeneous layer
of subtropical mode water embedded within (36.9 psu in 64–
69 stations, Figure 2B) similar to the PUMP eddy described by
Barceló-Llull et al. (2017a) in the same region. Along the south-
north (left-right) section (Figure 3B) the frontal region between
AE1 and CE (stations 65 and 68) originates a strong jet, with
south-eastward Vg of up to 1 m·s−1. The subsurface maximum
of the velocity field can be associated with the biconvex shape of
the isopycnals in AE1. The estimated Rossby number (Ro) for this
feature is 0.48, which represents a typical value for submesoscale
processes (Mahadevan, 2016). On the other hand, relatively high
positive and negative Vg regions are found at the boundaries of
AE2, between stations 79 and 80 and 81 and 82, respectively; both
reaching values up to 0.5 m·s−1.

Biogeochemistry
The NOx (nitrate + nitrite) distribution (Figure 4A) presents low
values (<1 µM) in the upper 50 m at all stations, except in the

core of the cyclonic eddy (stations 69–73), where the uplifting
of colder deep waters brings NOx concentrations of about to 2–
µM to the upper 50 m. The lowest NOx concentrations in the
upper 100-m layer are found at the CE boundaries (stations 68
and 74) and in the convergence regions of AE1 and AE2, due to
downwelling of surface water.

Chlorophyll a (Chl a) (Figure 4B) presents the typical
subtropical ocean distribution, with low values in surface waters
and a maximum at depth (DCM). The DCM is closely related
to the physical structure of the water column, being shallower
and more intense in the center of the cyclonic eddy (where NOx
concentrations are higher) and deeper and weaker at stations
associated with downwelling of surface water (AE1, AE2). In
general, the DCM is placed below the seasonal thermocline along
the section, between 50 and 80-m depth.

Transmittance (Tr), as a proxy of accumulation of organic
and mineral particles (Figure 4C), is higher (less particles) in
deep waters below the DCM. Lower Tr values (more particles)
are found in surface waters and coinciding with the DCM
(Figure 4B). The low Tr at surface waters between stations 74 and
76 is probably due to the accumulation of mineral and organic
(low chlorophyll) particles at the intense frontal region between
the CE and the F.

Plankton Community Distribution
The biomass concentrations of Pro and Syn are shown in
Figures 5A,B, respectively. Both cyanobacteria groups present
a rather similar distribution pattern with higher concentrations
between stations 64 and 67, 72 and 77, and 81 and 83. However,
maximum values of Pro are found below the MLD, while
Syn highest concentrations are found above it. Cyanobacteria
concentrations are lowest in the core of the CE (stations 69–
71). PEuk biomass matches the pattern of distribution of the
DCM (Figure 5C). High concentrations are observed below the
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FIGURE 5 | Vertical distribution of cyanobacteria-like Prochlorococcus (Pro) (A), Synechococcus (Syn) (B), autotrophic picoeukaryotes (PEuk) (C), and
nanoeukaryotes (NEuk) (D) biomass concentrations in µg C·m−3, with isopycnals superimposed. Inverted red triangles on the top axis indicate stations position. The
locations of the anticyclonic eddies (AE), the cyclonic eddy (CE), and the filament (F) are also indicated on the top axis. The bold black line shows the depth of the
mixed layer (MLD). Black dots indicate sampled depths. Note the different scales for the plots.

seasonal thermocline with highest biomass at the margins of
the CE. At the core of the CE and in the F region, where the
isopycnals rise and NOx concentrations are higher, PEuk drops in
biomass, being replaced by larger autotrophic eukaryotes (NEuk;
Figure 5D), which are the main contributors to the DCM in these
areas (Figure 4B).

The highest bacteria accumulations (Figure 6A) are found at
the frontal regions of CE, where isopycnals depress (Figures 3, 4).
The ratio of HNA/LNA bacteria (Figure 6B) is lower outside
the CE region, and particularly low (<0.5) in the whole water
column (down to 1,000 m; data not shown) at the frontal
region between the CE and AE1, where water transmittance is
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FIGURE 6 | Vertical distribution of heterotrophic bacteria (HB) biomass concentration in µg C·m−3 (A), the ratio HNA/LNA (B), and heterotrophic nanoeukaryotes
(HNF) biomass concentration in µg C·m−3 (C); all with isopycnals superimposed. Inverted red triangles on the top axis indicate stations position. The locations of the
anticyclonic eddies (AE), the cyclonic eddy (CE), and the filament (F) are also indicated on the top axis. The bold black line shows the depth of the mixed layer (MLD).
Black dots indicate sampled depths. Note that scales are different for the HB and NEuk plots.

lower (Figure 4C). The lowest HB biomasses, but with highest
HNA/LNA ratios, are observed at the core of the CE, where HNF
distribution are highest (Figure 6C), suggesting a prey-predator
relationship (see below).

Distance-based redundancy analysis correlates phytoplankton
groups with physical and biogeochemical variables. These
correlations are presented in ordination triplots (Figure 7),
where angles between vectors reflect the correlations (Table 3).
Specifically, the correlation (R2) is equal to the cosine of the angle
between vectors. This means that vector pairs describing an angle
of 90◦ are uncorrelated since the cosine of 90◦ is equal to 0, while
vector pairs angles of 50◦ (or lower) would be highly correlated
as cosine of 50◦ is 0.65 (>0.65).

In our case, phytoplankton groups and the physical and
biogeochemical variables present statistically significant
correlation (R2

adj = 0.41, p = 0.006) being a significant percentage
(55.7%) of the plankton variability explained by these variables.
Positive correlations (angles lower than 50◦, i.e., >0.65) are
observed between (i) NEuk, HNF, and NOx concentrations;
(ii) total HB, HNA, LNA, Tθ, and MLD; and (iii) PEuk, Vg, and
MLD. Conversely, there are negative correlations between (i)
all prokaryotic groups (HB, Syn, and Pro) and HNF; and (ii)
nanoplankton (NEuk and HNF) with Tθ and MLD.

DISCUSSION

Mesoscale-Submesoscale Interactions
and Their Effects on Biogeochemistry
Our results show the presence of four different meso-
submesoscale structures interacting among them. The main

structure is a mesoscale CE characterized by a shoaling of the
isopycnals and the nitracline in its core and the consequently
increase in Chl a. The doming of the seasonal pycnocline
produces the upwelling of nutrients into the euphotic zone, hence
increasing Chl a in the core of the eddy at about 50-m depth.
This process, referred as “eddy pumping” (Sangrà et al., 2007;
McGillicuddy, 2016), is characteristic of young eddies south of
the Canary Islands in their early stages of generation (Arístegui
et al., 1997; Sangrà et al., 2009).

At stations 65–68, the CE interacts with AE1 in its
south-western boundary, resulting in a strong submesoscale
frontal zone. The convergence of two water masses with
different densities in a mesoscale flow field, as observed in
this frontal zone, may lead to a loss of the geostrophic
balance and the subsequently ASC (Hoskins, 1982; Capet et al.,
2008a; McWilliams, 2016). Despite vertical velocities not being
measured, several observations give evidence of the presence of
ASC in this frontal zone. The high Ro (0.48) associated with the
front is an indicator of high relative vorticity, which generates
losses in the geostrophic balance (Mahadevan and Tandon,
2006; Mahadevan, 2016). Moreover, Barceló-Llull et al. (2017b)
obtained, in an intrathermocline eddy similar to AE1, maximum
values of vertical velocity (w) of −6.4 m day−1 (downwelling)
in the western edge of the eddy and 3.4 m day−1 (upwelling)
in the eastern edge, between 160 and 185 m depth, showing
a dipolar shape, with gradual changes with depth. Figure 4A
shows that the upward vertical advection of nitrate into the
euphotic zone crosses the isopycnals at the frontal regions of
CE, suggesting diapycnal mixing (Mahadevan and Archer, 2000;
Spall and Richards, 2000; Lévy et al., 2001; Klein and Lapeyre,
2009). To conserve potential vorticity, the implied ASC provides
downwelling on the cyclonic (dense) side of the front and
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FIGURE 7 | Results of the correlation plot of db-RDA, for the integrated biomasses of the different plankton groups (red arrows: Pro, Prochlorococcus; Syn,
Synechococcus; PEuk, picoeukaryotes; NEuk, nanoeukaryotes; HB, heterotrophic bacteria; HNF, heterotrophic nanoflagellates) and the physical-biogeochemical
variables (blue arrows: T, potential temperature; MLD, mixed layer depth; Vg, geostrophic velocity; NOx, nitrate + nitrite; HNF, heterotrophic nano flagellates). Stations
are indicated by open dots. Note that distances among stations are not approximated to ecological distances. The explained variance for canonical axes RDA1 and
RD2 is given on the axis. The percentage on the upper left corner refers to the explained constrained variance by all canonical axes. The adjusted correlation
coefficient (R2

adj) and the Monte Carlo permutation test p-value are also shown in the lower left corner.

upwelling on the anticyclonic (less dense) side (Nagai et al., 2008),
as suggested from the nitrate field (Figure 4A). This leads to
a patchy distribution of Chl a (Figure 4B), as well as of the
PEuk and NEuk organisms responsible of the DCM along the
front (Figures 5C,D).

One prominent characteristic of the AE1-CE frontal zone is
the high horizontal Vg, which reaches up to 1 m·s−1, a value
five times higher than the average Vg (0.2 m·s−1) reported for
the Canary Current (Sangrà, 1995; Pelegrí et al., 2005), and of
the same order of magnitude of the highest ones registered in the
ocean. Strong horizontal velocities (up to ±0.5 m·s−1) are also
observed at the frontal regions of AE2, giving evidence of the
anticyclonic nature of the eddy. These strong horizontal velocities
associated with frontal zones would transport and redistribute
small particles and organisms around the eddy field south of the
islands, being responsible for the patchy distribution of organic
matter and plankton observed in the Canary region (Arístegui
et al., 2003; Arístegui and Montero, 2005; Baltar et al., 2009).

The filament (F) crossing our sampling region (Figure 1a)
stems from the coastal jet of the upwelling system. It recirculates
around the cyclonic eddy, although its signature is rather weak
along our grid of study. In fact, although there are clear evidences
of its presence from the Tθ, S, and σθ fields, there is no evidence
of a larger transport of Chl a, in spite that NEuk present relatively

TABLE 3 | Correlation coefficients (R2) and angles (α) between phytoplankton
groups – Prochlorococcus (Pro), Synechococcus (Syn), picoeukaryotes (PEuk),
nanoeukaryotes (NEuk), heterotrophic bacteria (HB), and heterotrophic
nanoeukaryotes (HNF) – and variables –nitrate + nitrite (NOx), geostrophic velocity
(Vg), potential temperature (Tθ), mixed layer depth (MLD), and heterotrophic
nanoeukaryotes (HNF).

NOx (µM) Vg (m·s−1) Tθ (◦C) MLD (m) HNF

Pro R2
−0.96 −0.05 0.97 0.71 −0.96

α 164◦ 93◦ 14◦ 44◦ 164◦

Syn R2
−0.94 −0.13 0.94 0.65 −0.93

α 159◦ 98◦ 19◦ 49◦ 159◦

PEuk R2
−0.47 0.97 0.45 0.84 −0.49

α 118◦ 15◦ 63◦ 33◦ 119◦

NEuk R2 0.96 −0.49 −0.95 −0.98 0.97

α 16◦ 119◦ 163◦ 167◦ 15◦

HB R2
−0.90 0.63 0.89 0.99 −0.91

α 154◦ 51◦ 27◦ 3◦ 155◦

HNF R2 0.96 −0.48 −0.96 −0.97 –

α 16◦ 119◦ 163◦ 167◦ –

higher biomasses down to 50 m near the core of F (station 77),
coinciding with relatively higher nitrate concentrations close
to the uplifted pycnocline (Figures 4A, 5D). This agrees with
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previous studies of filaments in this region that show a sharp
demise in planktonic biomass along the offshore extension of the
filaments (Arístegui et al., 2004; Baltar et al., 2009).

Drivers of Plankton Distribution and
Community Structure
Although Syn and Pro share similar patterns of distribution,
with higher concentrations in AE1 and AE2 and lower in the
core of CE, Syn presents maximum concentrations in shallower
waters than Pro, each one dominating different niche. This
has been previously attributed to differences in light harvesting
between the two groups (Bouman et al., 2006; Mackey et al.,
2013; Biller et al., 2015; Grébert et al., 2018). RDA analysis shows
a strong negative correlation between the two cyanobacteria
groups and NOx, indicating that either they are outcompeted
by eukaryotes when nutrient concentrations are higher, or that
picocyanobacteria rely mainly on dissolved organic matter for
their growth (Berman and Bronk, 2003; Mulholland and Lee,
2009; Znachor and Nedoma, 2010; Duhamel et al., 2018). Strong
vertical velocities associated with eddy pumping and ASC in CE
could have contributed to displace the smaller picoplanktonic
cells (Pro, Syn, and HB) to the frontal regions of the eddy,
where they accumulate (McGillicuddy et al., 2003; Guidi et al.,
2012; Omand et al., 2015). In particular, HB present high
biomasses in the water column (down to at least 1,000 m;
data not shown) at the strong frontal zone between AE1 and
CE, presumably due to aggregation to sinking particles. Past
studies in the Canary region have shown that HB accumulate
in frontal zones between eddies, where dissolved and particulate
organic matter are concentrated (Arístegui et al., 2003; Arístegui
and Montero, 2005; Baltar et al., 2009). However, there is
not a clear explanation of why LNA bacteria prevail over
HNA bacteria in this frontal region, except that there could
be preferential grazing pressure over HNA bacteria. Syn, Pro,
and HB also present strong negative relationship with HNF,
suggesting that grazing of bacteria and cyanobacteria by HNF,
commonly reported in the literature (e.g., Massana et al., 2009;
Baltar et al., 2016; Yang et al., 2018; Livanou et al., 2019),
could have also contributed to determine their distribution
across the eddy field.

Like in other oceanic regions (Zubkov et al., 2000), PEuk
accumulate below the thermocline, close to the nitracline,
being the principal contributor to the DCM across the section.
Painter et al. (2014) observed that nitrate uptake rates by
PEuk are 10-fold higher in the DCM than in surface waters,
contributing to higher growth rates. They argued that PEuk
are well adapted to low light regimes, granting them the
benefit to thrive at deeper layers than other phytoplankton
groups. RDA shows a strong inverse correlation between PEuk
and the MLD, indicating that the deeper the mixed layer
is (and hence the DCM) the greater the contribution of
PEuk to the DCM.

There are two exceptions where PEuk dominance at the DCM
is replaced by NEuk: the cores of the CE and the F, where the
uplifting of isotherms brings high nutrient concentrations to
the upper 50 m, with higher irradiances benefiting the growth

of larger eukaryotic cells. Indeed, larger cells of micro- and
nanoplankton have an advantage over smaller cells in utilizing
nutrient pulses (Marañón et al., 2013; Marañón, 2015). Moreover,
the greater motility of larger flagellate cells allows NEuk to
withstand at some extent physical forcing, maintaining their
position in the core of these features, in spite of advection. The
strong positive relationship with NOx and negative relationship
with Tθ, obtained by RDA, support the notion that upwelling of
cold nutrient-rich water drives NEuk distribution.

HNF display biomass maxima at the same stations than
NEuk, also presenting strong positive correlations with NOX and
negative with Tθ and all prokaryotic groups (Pro, Syn, and HB). It
is well-known that nanoflagellates prey over small picoplankton
(Christaki et al., 2005; Tsai et al., 2018). However, the fact that
HNF correlates inversely with nutrients could also indicate that a
large part of these organisms may behave as mixotrophs (Stoecker
et al., 2017 and references therein).

Collectively, the distribution of small prokaryotic
picoplankton would be modulated by physical forcing, displacing
the organisms away from highly advective regions (like the core
of CE and F), but also by grazing of HNF and the availability
of organic matter at the frontal regions between mesoscale
features. The PEuk distribution would depend mainly on the
competition with NEuk on light availability and nutrients, but
also on grazing by HNF. Conversely, the distribution of larger
flagellate organisms, with a moderate capacity to withstand water
advection, would be driven by their metabolic requirements:
nutrient concentration (NEuk) and prey availability (HNF).

CONCLUSION

The small-scale resolution of our sampling provides new insights
into the study of the impact of mesoscale and submesoscale
features in the dynamics of nutrients, chlorophyll, and planktonic
communities. We were able to assess the upwelling/downwelling
processes at submesoscale resolution, associated with eddy
pumping and with the ageostrophic secondary circulation, which
dominates small-scale circulation patterns at the frontal regions
between adjacent structures.

We found that autotrophic and heterotrophic pico-
and nanoplanktonic organisms presented a heterogeneous
distribution in response to nutrient inputs caused by meso-
and submesoscale processes, but also due to potential motility
and grazing pressure. Redundancy analysis suggests that the
distribution of motile organisms like the nanoplanktonic
NEuk and HNF are driven by nutrient supply and prey
availability, respectively. Due to their mobility, these organisms
may maintain their position at the core of the eddy. On the
contrary, the distribution of small picoplanktonic organisms is
modulated by physical (vertical and horizontal velocities) and
biogeochemical (nutrient/organic matter availability or grazing
pressure) drivers, or a combination of both.

We are aware that this study is limited to a single section,
and therefore, our conclusions may be interpreted with caution.
However, our results strongly suggest that the structure of
the planktonic community; hence, its contribution to primary
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productivity and flux of carbon to the deep ocean will be modified
along the life cycle of eddies through their interaction with
other mesoscale and submesoscale features, from their generation
state to their final fading, as the relative impact of physical and
biogeochemical processes vary.
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