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To investigate how pico- and nano-plankton respond to oceanographic conditions in

the Southwestern Atlantic Ocean, we assessed the influence of a summer intrusion

of the South Atlantic Central Water (SACW) on the spatial and vertical dynamics of

planktonic abundance and carbon biomass across environmental gradients. Seawater

samples were collected from six depths within the euphotic zone at nine oceanographic

stations in a transect on the Brazilian continental shelf in January 2013. The abundance

of pico- and nano-plankton populations was determined by flow cytometry, and carbon

biomass was calculated based on conversion factors from the literature. The autotrophic

Synechococcus spp., picoeukaryotes, and nanoeukaryotes were more abundant in the

surface layers of the innermost stations influenced by Coastal Water (maximum of 1.19

× 105, 1.5 × 104, and 8.61 × 103 cell·mL−1, respectively), whereas Prochlorococcus

spp. dominated (max. of 6.57 × 104 cell·mL−1) at the outermost stations influenced

by Tropical Water and in the uplifting layers of the SACW around a depth of 100

m. Numerically, heterotrophic bacterial populations were predominant, with maximum

concentrations (2.11 × 106 cell·mL−1) recorded in the surface layers of the inner and

mid shelves in Coastal Water and the upper limits of the SACW. Nutrient-rich (high silicate

and phosphate) and relatively less saline waters enhanced the picoeukaryotic biomass,

while Synechococcus and heterotrophic bacteria were linked to higher temperatures,

lower salinities, and higher inputs of ammonia and dissolved organic carbon. The relative

importance of each group to carbon biomass partitioning under upwelling conditions

is led by heterotrophic bacteria, followed by picoeukaryotes, Synechococcus and

Prochlorococcus, and when the SACW is not as influential, the relative contribution of

each phytoplanktonic group is more evenly distributed. In addition to habitat preferences,

the physical structure of oligotrophic waters has a large impact on the vertical and spatial

distribution patterns of picoplankton, reflecting the strong effect of the SACW intrusion.

Keywords: Synechococcus spp., Prochlorococcus spp., Picoeukaryotes, heterotrophic bacteria, environmental
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INTRODUCTION

Pico-sized plankton make a significant contribution to
phytoplankton primary production and carbon cycling in
the ocean (Partensky et al., 1999; Agawin et al., 2000; Bell and
Kalff, 2001 and references therein). Despite their small size
(0.2–2 µm) compared to other plankton, picophytoplankton
(which include both prokaryotes and eukaryotes) can export
a large volume of carbon from the surface to deeper layers via
aggregate formation or consumption by organisms at higher
trophic levels (Richardson and Jackson, 2007).

On oligotrophic shelves, picoplankton communities can play
a significant trophic role because they are highly abundant
under certain hydrographic conditions (Murrell and Lores, 2004;
Gaulke et al., 2010). The prokaryotic component is dominated
by two genera: Prochlorococcus, considered the most abundant
photosynthetic organisms on the planet (Partensky et al., 1999),
and Synechococcus, which have a broad geographic distribution
in marine ecosystems that is normally associated with their broad
genomic and phenotypic diversity (Zubkov et al., 1998; Johnson
et al., 2006; Sohm et al., 2015). Cyanobacterial Prochlorococcus
and Synechococcus represent ∼17–39 and 49–69%, respectively,
of the global picophytoplankton biomass production (Buitenhuis
et al., 2012). The eukaryotic fraction of pico- and nano-
plankton communities is even more diverse, comprising taxa
with different physiologies and life strategies, mainly composed
of Chlorophyta, Haptophyta, and Heterokontophyta (Vaulot
et al., 2008).

A large portion of primary production becomes dissolved
organic matter, which is almost exclusively accessible to
heterotrophic prokaryotes, represented by Bacteria and Archaea.
They can use a variety of biochemical strategies to decompose
organic matter and assimilate dissolved organic carbon (DOC),
acting as key components in the microbial loop (Azam and
Malfatti, 2007; Pomeroy et al., 2007). In coastal waters, ∼10–
50% of the total primary production is recycled by heterotrophic
prokaryotes (normally referred to as heterotrophic bacteria;
Fuhrman et al., 1980), determining the balance of carbon
remineralization and sequestration (Buchan et al., 2014). The
remaining carbon enters the classic marine food web or is
transported to the deep sea via the biological pump for long term
storage (Eppley and Peterson, 1979).

The Brazilian continental shelf is predominantly autotrophic,
thus acting as a sink of atmospheric CO2 (Chen, 2004). On
the inner shelf of the South Brazilian Bight (SBB), the annual
primary production is supported by a combination of continental
runoff and regeneration of sediment nutrients. On the mid
and outer shelves, the western boundary currents prevail, with
an overlay of water masses that possess distinct physical and
chemical characteristics (Castro et al., 2006; Longhurst, 2007)
(Figure 1). The Brazil Current, which is shallow (ca. 200 m)
and restricted to the shelf-break, flows southwest toward the
Brazil-Malvinas Confluence Zone, and transports the warm
(>20◦C), saline (>36 psu) and nutrient-poor Tropical Water
(TW) (Emílsson, 1961; Silveira et al., 2000). Flowing southwards,
it meets the relatively less saline (<35 psu) Coastal Water
(CW), which originates on the continental shelves, influenced by

riverine and estuarine inputs (Castro et al., 2006). Particularly
during spring and summer, the predominant northeastern-
eastern winds favor the onshore intrusion of the oceanic
South Atlantic Central Water (SACW, sensu Sverdrup, 1954;
see review in Castro et al., 2006) and the stratification of
the water column (Castro, 2014; Cerda and Castro, 2014).
This relatively cold (5–20◦C) and nutrient-rich water mass
fertilizes the base of the euphotic zone, forms deep chlorophyll
maximum (DCM) layer, and is particularly relevant to the
dynamics of planktonic communities (Brandini et al., 2014).
DCM layers are evident year-round, with different thicknesses
and phytoplankton communities associated with bathymetry and
pycnocline depths (Castro et al., 2006; Brandini et al., 2014).
The development of two main fronts, the Surface Haline Front
and the Bottom Thermal Front, occurs as a direct consequence
of winds and tidal forcing in the SBB. These fronts separate
coastal and shelf mixed waters from the outermost stratified
TW of the Brazil Current, and the mixed inner-shelf from
the thermally stratified mid-shelf, respectively (sensu Castro
et al., 1987). The seasonal dynamics and interactions of different
water masses create frontal ecological niches in the euphotic
zone of oligotrophic waters, affecting the microbial distribution.
Consequently, the carbon partitioning among the different
planktonic groups is altered along the shelf (Gérikas-Ribeiro
et al., 2016a).

Despite increasing efforts to study microbial communities on
the Brazilian continental shelf (Alves et al., 2014; Gérikas-Ribeiro
et al., 2016a), the relative contribution of photoautotrophs and
heterotrophic bacteria to the carbon cycle is largely unknown
in terms of abundance and carbon biomass, particularly their
distribution within distinct water masses in the South Atlantic.
We examined the influence of the SACW summer intrusion
on the spatial dynamics of abundance and carbon biomass
partitioning of pico- and nano-plankton communities across
environmental gradients.

MATERIALS AND METHODS

Sampling Strategy
Seawater samples were collected at nine stations along a
cross-shelf transect of the SBB during a summer expedition
(January 2013) onboard the R/V Alpha Crucis from the
University of São Paulo (IO-USP). The sampling stations were
placed over the inner-, mid- and outer shelf sections of the
bight, reaching up to 2,500m (latitudes 24◦35′–26◦71′S and
longitudes 45◦78′ 46◦01′W; Figures 2A,B). Six sampling depths
per oceanographic station within the euphotic zone were chosen,
defined using the temperature, salinity and onboard fluorimeter
profiles.

In order to explore the oceanographic conditions
and the biological responses, wind stress was plotted
for the sampling period (25–31 January 2013) using the
dataset “CFSv2 Operational Analysis” (Saha et al., 2014),
available from the National Oceanic and Atmospheric
Administration (https://www.ncdc.noaa.gov/data-access/
model-data/model-datasets/climate-forecast-system-
version2-cfsv2). Data of absolute geostrophic currents
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FIGURE 1 | Schematic representation of a typical cross-shelf transect showing the positions of the Surface Haline Front (SHF) and the Bottom Thermal Front (BTF),

and the associated biogeochemical processes. The overlying water masses are shown as follows: Coastal Water (CW) in yellow, Tropical Water (TW) in red, South

Atlantic Central Water (SACW) in blue. Different arrows represent the continental runoff, onshore intrusion, front oscillations and particle export. Green squares and

dots represent autotrophic communities. Redrawn from the Project OCEANOS/CARBOM (Environmental Characterization and Evaluation of Biogenic Ocean

Resources from the Brazilian Continental Shelf and the Adjacent Oceanic Zone).

were obtained from the E.U. Copernicus Marine Service
Information, and the “Global Ocean” dataset was selected
from 15 to 30 January 2013. The product identifier was the
“SEALEVEL_GLO_PHY_L4_REP_OBSERVATIONS_008_047”
(http://marine.copernicus.eu/services-portfolio/access-toprodu
cts/?option=com_csw&view=details&product_id=SEALEVEL_G
LO_PHY_L4_REP_OBSERVATIONS_008_047, last accessed in
June 2017).

All samples for biological and chemical analyses, in addition to
physical data (temperature [◦C], salinity [psu] and fluorescence
[Relative Fluorescence Units; RFU]) were obtained using a
combined Sea-Bird CTD/Carrousel 911 system with 12 10-L
Niskin bottles and a chlorophyll-a fluorescence sensor (ECO FL).
Samples for inorganic and organic nutrients were filtered through
0.22-µm filters onboard and frozen (at−20◦C) until analysis (up
to 30 days). Triplicate samples (1.5 ml) for flow cytometry were
placed into cryovials and immediately preserved with a Sigma-
Aldrich glutaraldehyde solution (0.1% of final concentration),
flash-frozen in liquid nitrogen for a fewminutes to fix, and stored
at−80◦C for 30 days until analysis.

Environmental Factors
Concentrations of inorganic nutrients (nitrate, nitrite, phosphate,
and silicate) were determined using a flow injection auto-
analyzer (FIAstar 5000, Foss Tecator, Denmark), after filtration
through 0.22-µm filters. Samples for DOC and nitrogen (DON)
were analyzed by Pt-catalyzed high-temperature combustion
method in a Total Organic Analyzer (TOC—V 2.0 with a VNP
module, Shimadzu Scientific Instruments) according to Benner
and Strom (1993).

Flow Cytometry Analysis
Cell abundance of Synechococcus spp., Prochlorococcus spp.,
picoeukaryotes (≤2 µm), nanoeukaryotes (2–5 µm) and
heterotrophic prokaryotes were determined according
to Marie et al. (1999, 2014) using a BD AccuriTM C6
flow cytometer (Ann Arbor, MI, USA) equipped with a
peristaltic pump for quantitative volume sampling and
two argon-ion lasers for red (640 nm) and blue (488 nm)
excitation.

Cells of Prochlorococcus, Synechococcus, picoeukaryotes, and
nanoeukaryotes were quantified based on auto fluorescence in
red (FL3—intracellular concentration of chlorophyll, 4,650 nm)
and orange (FL2—intracellular concentration of phycoerythrin,
580 ± 30 nm) wavelengths simultaneously. To reduce the noise,
a threshold of 500 was applied to FL3. After analyzing the
autotrophs, SYBR Green I (Invitrogen Life Technologies, USA)
was added, and the samples were incubated in the dark at room
temperature for 15 min (Marie et al., 1999). Flow cytometry
acquisition for heterotrophic bacteria was triggered on FL1 (530
± 30 nm) with a threshold value of 500 and 90◦ scatter light
side. Data were analyzed using Flowing Software R© 2.5 (http://
flowingsoftware.btk.fi/index.php?page=1).

Picoplanktonic cell abundance (cell·L−1) was converted to
biomass (µgC·L−1) using constant cell-to-carbon conversion
factors based on the literature: 36 fgC·cell−1 for Prochlorococcus,
255 fgC·cell−1 for Synechococcus and 2,590 fgC·cell−1 for
picoeukaryotes (Buitenhuis et al., 2012) as well as 20 fgC·cell−1

for heterotrophic bacteria (Lee and Fuhrman, 1987). Due to the
lack of robust conversion factors, nanophytoplankton biomass
was not calculated.
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FIGURE 2 | Sampling map on the Brazilian continental shelf, Southwestern

Atlantic Ocean. (A) Basic scheme of circulation: The South Equatorial Current

(SEC) bifurcates into the North Brazil Current (NBC) and the Brazil Current

(BC). (B) Oceanographic stations sampled in January 2013 (black dots),

bathymetry of the South Brazilian Bight and the Brazil Current flowing

southward (dashed arrow).

Data Analysis
Sampling maps and graphs of the hydrographic conditions of
the water column and picoplankton carbon distribution were
generated using Ocean Data View (version 4.7.6) with the DIVA
algorithm for variable resolution in a rectangular grid (Schlitzer,
2016). The software R (version 3.2.3) was used for statistical
analyses.

Linear regressions were performed between total biomass of
picophytoplankton and heterotrophic bacteria to determine their
relationship. Carbon biomass was transformed (log(x+1))
and an nMDS (non-metric multidimensional scaling)
using the Bray-Curtis similarity index was performed to
look for patterns in the data. Environmental parameters
were fitted to the nMDS using the envfit function of the
vegan package with 999 permutations (Oksanen et al.,
2016).

FIGURE 3 | Summer scenario during the sampling period in the South Atlantic

Ocean: (A) Wind direction and magnitude (m.s−1), (B) Geostrophic velocity

(m.s−1) from daily-mean observations.

A principal component analysis (PCA, n = 51) based on
Euclidean distance was performed to study the influence of
environmental parameters (temperature, salinity, fluorescence,
inorganic nutrients, DOC, and DON) on the sample
distributions. For both analyses, the samples were classified
according to their sampling location across the continental
margin, and their respective water mass signatures. Additionally,
to verify differences in biological groups between locations
(continental shelf, slope, and rise) and water masses (CW, TW,
and SACW), we performed a permutational multivariate analysis
of variance (PERMANOVA, adonis function) using the vegan
package (Anderson, 2001).

RESULTS

Distribution of Environmental
Characteristics
The prevailing winds during the sampling period were blowing
from the east, which are favorable to coastal upwelling in
the region, and were more intense in the study area, varying
from 4.0 to 6.4 m.s−1 (Figure 3A). Additionally, two cyclonic
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meanders were found close to our transect (Figure 3B).
The combination of the two effects (winds and meanders)
results in a strong mechanism capable of bringing the SACW
from the slope regions to near the coast, as described by
Campos et al. (2000) and Silveira et al. (2004) in the study
domain.

Seawater temperatures varied between 14 and 26.7◦C, with
the coolest temperatures near the bottom at stations 56 and
59 and the warmest temperatures in the upper mixed layer at
the shallowest station 38 (Figure 4A). Salinities ranged from
34.97 psu at station 38 to 37.15 psu at the outer station
43 (Figure 4B). The temperature-salinity signatures indicate
the presence of three main epipelagic water masses of the
Southwestern Atlantic Ocean: Coastal Water (T>20◦C, S<36
psu), mainly found up to 25m depth on the continental
shelf, Tropical Water (T>20◦C, S>36 psu) at ca. 150m depth,
from the shelf break to the open ocean, and the SACW
(5<T<20◦C, 34.3<S<36 psu). Deepening of the thermocline
was observed in the oceanic waters over the shelf break (station
40) and on the outer shelf (stations 50, 42, 43, and 49)
(Figure 4).

Relatively lower temperatures and lower salinities were
associated with fluorescence peaks (>900 RFU) and upward
enhancement of the DCM due to the thermocline rise.
Chlorophyll fluorescence ranged from 3.83 at station 49 to
1457.72 RFU at station 38; and the maximum values occurred
on the continental shelf at ∼50 m, beyond the continental slope
at∼100 m, as well as in the mixed layer (Figure 4C).

The nutricline was also well-defined and coincident with
or immediately below the SACW upper limit. The vertical
and spatial fluctuations of nitrate (0–10.45 µM), silicate (0.02–
10.61 µM), and phosphate (0.07–1.61 µM) also reflected the
SACW intrusion; maximum concentrations were found near
the bottom of the continental shelf. DOC and DON varied
between 0.67–1.61mg·L−1 and 0.12–0.83 mg·L−1, respectively
(Supplementary Table 1, Supplementary Figure 1).

Stations representing the different water masses are clearly
distributed based on their environmental and physical
characteristics in our PCA analysis (Figure 5). Three PCA
components explained 70.1% of the samples variability
based on the environmental parameters (temperature,
salinity, fluorescence, phosphate, silicate, ammonia, nitrite,
nitrate, DOC, and DON). The first component (PC1) was
negatively correlated with temperature and salinity and
positively correlated with nutrients, which may reflect
the influence of the cold and nutrient-rich SACW. The
second axis (PC2) showed a high positive correlation with
DOC and ammonia, while the third component (PC3) was
negatively correlated with fluorescence and ammonia and
positively correlated with DON (Table 1). Higher temperatures
and salinities characterized the Tropical Water. Higher
concentrations of DOC and ammonia, which represent the
continental inputs, characterized the Coastal Water. Higher
concentrations of nutrients (silicate, phosphate, and nitrate)
and higher fluorescence (as a proxy of primary productivity) in
addition to lower temperatures and salinities, represented the
SACW.

Pico- and Nano-plankton Abundance
Synechococcus were more abundant in surface layers of the
innermost stations, 38 and 39 (1.19 × 105 and 1.16 × 105

cell·mL−1, respectively). Maximum cell numbers were counted
above the DCM at all stations, and the highest concentrations
were more confined to the continental shelf, particularly in the
CW. Decreasing abundances were observed with depth at the
outermost stations 50, 42, 43, and 49 (Supplementary Table 2).

Prochlorococcus were dominant in the Tropical Water and
in the uplifted layers of the SACW, ∼100m depth. The highest
abundances were recorded at the outermost stations, 49, 42, and
50, with 6.37 × 104, 6.57 × 104, and 5.78 × 104 cell·mL−1,
respectively. Generally, in surface waters, few or no cells were
recorded (Supplementary Table 2).

Picoeukaryotic populations were more abundant on the
inner continental shelf than in the surface waters of the CW
(station 38) and in the upper limit of SACW (stations 59 and
39). The maximum concentrations (1.0–1.5 × 104 cell·mL−1)
were distributed at the innermost stations along the transect,
whereas lower abundances (<9.7 × 102 cell·mL−1) were found
at the outer stations (50, 42, 43) below depths of 100–150m
(Supplementary Table 2).

A very similar spatial distribution was observed for
photosynthetic nanoeukaryotes. Nanoeukaryotes were more
abundant at the innermost stations 38 (8.62× 103 cell·mL−1), 59
(3.30× 103 cell·mL−1), and 39 (3.88× 103 cell·mL−1). Along the
coastal-ocean gradient, the highest abundance of nanoeukaryotes
was observed at the surface of the inner continental shelf in
the CW; in the external and middle portions, higher cell
concentrations were recorded at∼50m in depth.

Numerically, heterotrophic bacterial populations were
dominant in this study (Table 2). Their highest abundances
occurred in the CW and the upper limits of the SACW. The
highest concentrations were in the surface layers of the inner-
and mid-shelves at stations 38 (2.11 × 106 cell·mL−1) and
59 (2.03 × 106 cell·mL−1). Other samples had concentrations
one order of magnitude lower, except for station 42 (240 m),
which had an even lower abundance of 8.10 × 104 cell·mL−1

(Supplementary Table 2).

Picoplankton Carbon Biomass
Assessments
For carbon biomass, heterotrophic bacteria were dominant
(averaging 67.6%), ranging from 1.62 to 42.23 µgC·L−1.
Regarding the total autotrophic biomass, picoeukaryotes
corresponded to 65.8 ± 24.5% of biomass followed by
Synechococcus (26.9 ± 26.9%) and Prochlorococcus (7.3 ±

11.3%) (Table 3).
A clear association between hydrographic patterns and the

spatial and vertical distribution of picoplanktonic groups was
observed in the water column. Synechococcus (3.86 ± 7.23
µgC·L−1) were generally confined to the first 30m of the
water column, where relatively low concentrations of inorganic
nutrients and higher temperatures prevailed. Peaks of carbon
concentrations from autotrophic Synechococcus were mainly
present on the inner shelf (stations 38 and 39) and associated with
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FIGURE 4 | Hydrographic conditions of the water column (0–250 m) in a 350 km transect: (A) Temperature (◦C), (B) Salinity (psu), and (C) Fluorescence (RFU).

Station labels are indicated at the top of each panel (38, 59, 39, 56, 40, 50, 42, 43, and 49 along a transect from the coast to the ocean).

CW (Figure 6A). Prochlorococcus contributed more to carbon
biomass on the oceanic side of the TW (stations 50, 42, 49),
and the highest carbon biomass (>1.15 µgC·L−1) were observed
below 70 m, near the limit between the TW and the SACW
(Figure 6B). Picoeukaryotes (6.37 ± 8.30 µgC·L−1) were mainly
present on the inner and mid-shelves (stations 38, 59, 39, 56),
with carbon peaks at: surface waters at station 38 (above 20m
depth, CW), at 50m at stations 59 and 39 (SACW) and at
25m at station 56 (interception between CW, TW, and SACW)
(Figure 6C). Heterotrophic bacteria (14.80 ± 11.44 µgC·L−1)

contributed more to carbon biomass on the inner and mid-
shelves (stations 38–56), with peaks related to the CW and mid
concentrations in the upper limit of the SACW (Figure 6D).

If we consider the distribution of the total of
picophytoplanktonic communities, they exhibited similar
spatial patterns to heterotrophic bacteria, with higher biomass
concentrations at stations 38, 59, 39, and 56, connected to
the CW and the upper limits of the SACW (Figure 6E).
Heterotrophic bacterial biomass was positively correlated with
picophytoplankton biomass (p < 0.05, Figure 7).
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FIGURE 5 | Oceanographic-environmental scenario of the study area.

Outcome of the principal component analysis (PCA): Plot of principle

components PC1 and PC2 showing the distribution of environmental variables

(temperature, salinity, fluorescence, phosphate, silicate, nitrite, nitrate,

ammonia, dissolved organic carbon (DOC) dissolved organic nitrogen (DON).

Squares represent samples collected on the continental shelf, circles represent

samples collected on the continental slope, and triangles represent samples

collected on the continental rise. Different colors represent the waters masses:

Red is Coastal Water (CW), blue is Tropical Water (TW), and green is South

Atlantic Central Water (SACW).

TABLE 1 | Results of principal component analysis (PCA) using environmental

variables (temperature, salinity, fluorescence, phosphate, silicate, nitrite, nitrate,

ammonia, dissolved organic carbon, and dissolved organic nitrogen). Principal

component loadings >0.70 are shown in bold.

Variables PC1 PC2 PC3

Temperature −0.83 0.21 −0.12

Salinity −0.59 −0.38 −0.05

Fluorescence 0.55 0.26 −0.60

Phosphate 0.94 −0.13 0.12

Silicate 0.85 0.02 −0.08

Nitrite 0.56 0.04 −0.22

Nitrate 0.86 −0.24 0.14

Ammonia −0.06 0.70 −0.51

Dissolved Organic Carbon −0.01 0.81 0.30

Dissolved Organic Nitrogen 0.23 0.57 0.59

% Explanation 40.50 18.00 11.60

The Influence of Environmental Factors on
Picoplankton Biomass
nMDS analyses showed the biological distribution over the
continental margin and across environmental parameters,
including temperature, salinity, fluorescence, organic, and

inorganic nutrients, as well as the water masses (Figure 8).
Among the factors, temperature, fluorescence, and DOC
presented significant (p < 0.005) correlations with the biological
groups. The plankton community distribution is explained more
by the location (40%) than by the water masses (18%), according
to the PERMANOVA test (r2 = 0.38, p < 0.0001 for “location”;
r2 = 0.18, p < 0.0001 for “water masses”).

Synechococcus were mainly distributed along the continental
shelf and driven by higher temperatures, DOC and ammonia,
that showed high negative correlations with nMDS axis 1. Higher
Synechococcus carbon biomass was related to the water masses
CW and SACW. Prochlorococcus were mostly present on the
continental rise, characterized by relatively higher salinities and
lower temperatures of deeper waters. Picoeukaryotes weremainly
related to the inner continental shelf, with higher fluorescence,
silicate and nitrite. Heterotrophic bacteria did not seem to
respond to any abiotic condition.

DISCUSSION

In an extensive review of the carbon biomass distribution in
the global ocean, there was a noticeable absence of data from
the South Atlantic Ocean (Buitenhuis et al., 2012). Although,
previous studies (Andrade et al., 2004; Alves et al., 2014;
Gérikas-Ribeiro et al., 2016a) have provided relevant data
on picoplanktonic abundance along the Brazilian continental
shelf, the present study contributes to a better understanding
of the influence of a seasonal oceanographic condition, the
SACW intrusion, on the spatial distribution of pico- and nano-
planktonic abundance and carbon biomass partitioning.

The strong uplift of the SACW over the continental shelf and
the development of a seasonal thermocline were promoted by
the combined effect of prevailing eastern winds and the Brazil
Current meanders, and represented the most relevant feature
of the physical structure of the water column. In addition,
the SACW intrusion interacting with the CW and the TW,
created spatial variations in thermohaline characteristics, as well
as in light and nutrient availability as previously reported (e.g.,
Brandini, 1990; Brandini et al., 2014; Moser et al., 2014). This
combination of water masses created a higher niche diversity
of picoplanktonic communities. Nutrient-rich (higher silicate
and phosphate) and relatively less saline waters enhanced the
picoeukaryotic biomass, whereas higher temperatures, lower
salinities, higher inputs of ammonia and DOC, due CW and
continental runoff at innermost stations, have influenced the
distribution of Synechococcus. The significant relation between
Prochlorococcus and salinity showed their preference for more
saline open waters, which explains their peaks in the TW.

In general, our cell concentrations are comparable to
previous studies concerning the influence of oceanographic
processes on planktonic populations in other coastal systems
and oligotrophic waters (Katano et al., 2005; Williams et al.,
2015). The Synechococcus cells were abundant in surface waters
on the continental shelf, and in the CW associated with the
thermocline. These organisms have a predominant distribution
on continental shelves and are less abundant on the continental
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TABLE 2 | Means, standard deviations (SD) and minimum–maximum (min–max) range of picoplankton abundances (cell.mL−1 ) and carbon biomass (µgC.L−1) from all

stations and depths.

Picoplankton group Abundance (cell.mL−1) Range, N = 51 Biomass (µgC.L−1) Range, N ‘ 51

Mean SD Min Max Mean SD Min Max

SYN 1.52E+04 2.83E+04 4.50E+01 1.19E+05 3.86 7.23 0.01 30.40

PRO 8.31E+03 1.67E+04 0 6.57E+04 0.30 0.60 0.00 2.36

PEUK 2.36E+03 3.18E+03 0 1.15E+04 6.37 8.30 0.06 29.90

NANOEUK 9.71E+02 1.44E+03 0 8.62E+03 – – – –

HBAC 7.40E+05 5.72E+05 8.10E+04 2.11E+06 14.80 11.44 1.62 42.23

Autotrophs: PRO, Prochlorococcus spp.; SYN, Synechococcus spp.; PEUK, picoeukaryotes. Heterotrophs: HBAC, heterotrophic bacteria.

TABLE 3 | Comparison of picoplankton biomass contribution (%) for each group [Synechococcus spp. (SYN), Prochlorococcus spp. (PRO), picoeukaryotes (PEUK), and

heterotrophic bacteria (HBAC)] between the current study and Gérikas-Ribeiro et al. (2016a) and Buitenhuis et al. (2012) for the South Brazilian Bight (SBB) and global

ocean, respectively.

Picoplankton groups Biomass Contribution (%)

Current study Gérikas-Ribeiro et al., 2016a* Gérikas-Ribeiro et al., 2016a** Buitenhuis et al., 2012

SBB SBB SBB Global ocean

SYN 9.06 26.89 15.44 32.87 11.34 25.51 15.00

PRO 2.42 7.29 8.56 19.30 15.15 36.75 17.00

PEUK 20.92 65.82 16.35 47.83 12.76 37.75 69.00

HBAC 67.60 – 59.65 – 60.76 – –

*only TR1: stations 85, 86, 87, 88, 90, 92—similar transect to our study.

**all stations and samples from the South Brazilian Bight (TR1, TR2, TR3).

slope and in oligotrophic waters (Chiang et al., 2002; Tsai
et al., 2005, 2008; Wang et al., 2011). Their high abundance is
normally associated with the presence of tropical and subtropical
mesotrophic waters and upwelling events (Zubkov et al., 1998;
Dongen-Vogels et al., 2011). Synechococcus abundance may
be affected by Ekman transport, which removes the surface
waters through wind action and replaces them with deep water
containing fewer Synechococcus cells (Paerl et al., 2011). In
addition, colder and nutrient-rich waters (including trace metals)
can inhibit Synechococcus growth (Brand et al., 1986; Paerl et al.,
2011), explaining the highest concentrations of their cells at the
innermost stations, 38 and 39.

In this study, Prochlorococcus were abundant at ∼100 m,
close to the nutricline base in the TW, suggesting the presence
of an ecotype adapted to low-light. In surface waters (>50
m), they were less abundant (or even absent) compared
to other picophytoplanktonic groups, and also to previous
studies. Globally, Prochlorococcus distribution is mostly related to
tropical and subtropical oligotrophic oceanic waters (Partensky
et al., 1999), where the vertical distribution is associated with
ecotypes adapted to different depths (Moore et al., 1998; West
et al., 2001; Johnson et al., 2006). For the same region, we
have reported Prochlorococcus abundances at one or two orders
of magnitude lower than those recorded during the spring
2013 by Gérikas-Ribeiro et al. (2016a) (Table 3), probably due
the use of different cytometers (BD Accuri C6 in our case
vs. BD FACSCanto II in their study). The low concentrations
of photosynthetic pigments in Prochlorococcus cells at surface

waters may lead to an underestimation of cell concentrations by
this flow cytometer, whereas cells in deeper waters containing
relatively higher concentrations of pigments have allowed better
detection (Partensky et al., 1999; Gérikas-Ribeiro et al., 2016b).
Even so, the observed mean cell concentrations are of the same
magnitude as previous studies in other marine ecosystems (e.g.,
Vaulot and Marie, 1999; Grob et al., 2007; Guo et al., 2014),
and this underestimation does not affect the spatial distribution
patterns of picoplankton herein demonstrated.

The mean picoeukaryotic cell abundance obtained in this
study (2.4 × 103 cell.ml−1) corroborates literature data from
oligotrophic waters (Zubkov et al., 1998; Kirkham et al., 2013),
including the Southwestern Atlantic (Gérikas-Ribeiro et al.,
2016a). Their optimal temperature distribution ranged from 17 to
20◦C, ca. 5◦C lower than registered by Pan et al. (2007), and their
preference for nutrient-rich waters (high nitrate and phosphate)
was previously observed by Worden and Not (2008). The peaks
of picoeukaryotes in two different layers of the euphotic zone are
probably related to their ability to move in the water column in
response to different gradients of light and nutrients to improve
their optimal growth conditions (Raven, 1998). For instance,
picoeukaryotic cells below the nutricline can be related to the
resident populations that use nitrate from deeper layers. On the
other hand, their presence in surface waters at the innermost
stations could also be linked to Ekman transport, pumping waters
enriched by picoeukaryotic cells from deeper layers to the surface.

The prevailing distribution of heterotrophic bacteria at
the innermost stations and their connection to the CW
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FIGURE 6 | Carbon biomass (µgC.L−1) distribution of (A) Synechococcus

(SYN), (B) Prochlorococcus (PRO), (C) Picoeukaryotes (PEUK), (D)

Heterotrophic bacteria (HBAC), (E) Total picophytoplankton in the water

column along the coastal-ocean gradient.

and upper limits of the SACW seem to be linked to the
accumulation of dissolved and particulate organic matter
in the frontal regions (e.g., Pomeroy et al., 1983; Peele
et al., 1985; Ducklow, 1986; Arístegui and Montero, 2005;
Linacre et al., 2015; Gérikas-Ribeiro et al., 2016a). The
similar distribution (e.g., Zubkov et al., 1998; Gérikas-Ribeiro

FIGURE 7 | Relationship between total carbon biomass (µgC.L−1) of

picophytoplankton (Synechoccocus, Prochlorococcus, and picoeukaryotes)

and heterotrophic bacteria (HBAC). Linear regression is statistically significant

at p < 0.05.

et al., 2016a) and linear relationship between heterotrophic
bacteria and picophytoplankton biomass in the water column
reveal a connection among the picoplankton communities,
the production of organic matter and nutrient cycling (Liu
et al., 2004; Linacre et al., 2015). The growth of heterotrophic
bacteria is partially supported by organic compounds produced
by phytoplankton cells, and the remineralization of inorganic
nutrients by heterotrophic bacteria stimulates, in turn, the
growth of phytoplankton. In addition, other sources of dissolved
organic compounds may sustain the heterotrophic communities,
such as viral lysis, seasonal blooms, and senescent cells
(Myklestad, 2000; Buchan et al., 2014).

Only more recently, the partitioning of carbon biomass of
autotrophic and heterotrophic picoplankton populations was
assessed in oceanic waters. The relative picophytoplanktonic
biomass contribution to the global ocean was estimated at
15% for Synechococcus, 17% for Prochlorococcus, and 69%
for picoeukaryotes (Buitenhuis et al., 2012). Excluding the
heterotrophs, a similar picoeukaryote biomass contribution was
found in our study (65.8%), followed by Synechococcus (26.9%)
and Prochlorococcus (7.3%). The relative contribution of each
group under upwelling conditions was led by heterotrophic
bacteria, followed by picoeukaryotes, Synechococcus, and
Prochlorococcus; when the SACW is not as influential, the
relative contribution of each phytoplanktonic group is evenly
distributed (Table 3). Particularly for this region, it seems that
picoeukaryotes benefit from colder and nutrient-rich oceanic
waters.

Using a transect from the coast to the oceanic region we
showed that the physical structure of oligotrophic waters had
a large impact on the vertical (water column) and horizontal
distribution patterns of picoplankton carbon biomass. These
patterns reflect the strong effect of the SACW intrusion on the
Southeastern Brazilian continental shelf, inducing the dispersion
of DOC below the euphotic zone in an effective biological
pump. Influence of northeastern-eastern winds, pumping of deep
water by cyclonic vortices, internal waves, and even mixing of
surface layers by tropical cyclones can bring new nutrients to
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FIGURE 8 | Non-metric multidimensional scaling (nMDS) ordination (stress = 0.059, r2 = 0.996). Squares represent samples collected on the continental shelf,

circles represent samples collected on the continental slope, and triangles represent samples collected on the continental rise. Different colors represent the waters

masses: Red is Coastal Water (CW), blue is Tropical Water (TW), and green is South Atlantic Central Water (SACW). Each arrow shows one environmental gradient,

and dashed arrows show gradients significantly correlated to the ordination (envfit, p < 0.005). The arrow points to the direction of the most rapid change in the

environment (direction of the gradient) and its length is proportional to the correlation between ordination and environmental variable (strength of the gradient).

the euphotic zone that partially sustain the deep picoplanktonic
populations (Dongen-Vogels et al., 2011; Linacre et al., 2015).
However, the fraction of picoplankton in surface layers, as
well as the remarkable biomass peaks found occasionally in
deeper waters of the study area may be associated not only
with the regional physical dynamics favoring the summer
intrusion of the SACW, but also with habitat preferences
(light and nutrient availability) of the different picoplankton
populations.

From our findings, a combination of water masses has
created a higher niche diversity of picoplanktonic communities
and determined their spatial distribution. The wind-driven and
meander-induced SACW intrusion has favored the autotrophic
and heterotrophic carbon biomass, influencing the carbon
biomass partitioning in oligotrophic waters of the Southwestern
Atlantic.
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Figure S1 | Concentrations of inorganic and organic nutrients in the water column

(0–250 m) along a 350 km transect: (A) Ammonia (µM), (B) Nitrate (µM), (C)

Nitrite (µM), (D) Phosphate (µM), Dissolved Organic Carbon—DOC (mg.L−1),

Dissolved Organic Nitrogen—DON (mg.L−1 ). Station labels are indicated at the

top of each panel (38, 59, 39, 56, 40, 50, 42, 43, and 49 along the transect from

the coast to the ocean).

Table S1 | Environmental data, with the following information: ship station, sample

number, bottom depth (m), latitude (◦N), longitude (◦E), sampling depth (m),

temperature (◦C), salinity (psu), fluorescence (RFU), phosphate (µM), silicate (µM),

nitrite (µM), nitrate (µM), ammonia (µM), dissolved organic carbon (mg.L−1),

dissolved organic nitrogen (mg.L−1).

Table S2 | Cell abundance (cell.mL−1 ) of Synechococcus spp. (SYN),

Prochlorococcus spp. (PRO), picoeukaryotes (PEUK), nanoeukaryotes

(NANOEUK) and heterotrophic bacteria (HBAC) for each sample, considering the

ship station, latitude (◦N), longitude (◦E), sampling depth (m), and the

corresponding water mass.
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