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The autotrophic plankton assemblage along the subtropical coastal embayments of
the South Brazil Bight is dominated by the cyanobacterium Synechococcus. This
investigation aims to assess its contribution to the total carbon metabolism within the
planktonic system of Mamanguá Ría, a sub-system of the Bay of Ilha Grande, southeast
Brazilian coast. We hypothesized that photosynthetic carbon fixation by cyanobacteria
does not support the plankton metabolism inside the Ría. Net community production
(NCP) was calculated from differences between gross community production (GCP)
and dark community respiration rates measured by in situ incubations using the oxygen
light-and-dark technique. Our results reveal the carbon budget inside the Ría is not
balanced by autotrophic production. The deficit of net ecosystem production throughout
the year ranged from 0.5 to 1.5 mg m−2 d−1 below what is necessary to sustain local
plankton metabolism. We argue that the offset between daily GCP and total community
respiration may be balanced by grazing of nano-heterotrophs on heterotrophic bacteria.
Our conclusions apply to the majority of the meso-oligotrophic Brazilian inner shelf
waters away from estuarine plumes and upwelling systems.

Keywords: plankton metabolism, gross primary production, net community respiration, Mamanguá Ria, Bay of
Ilha Grande, southeastern Brazil

INTRODUCTION

Coastal waters constitute less than 10% of the total oceanic area, yet account for ca 25% of
the global oceanic primary production (Berger et al., 1989). Part of this primary production
is transferred to the nearshore sediment carbon pool, which may increase in volume in the
next few decades due to coastal eutrophication worldwide (Selman and Greenhalgh, 2009;
Selman et al., 2009). Better assessment of the balance between production and loss of organic
carbon from coastal ecosystems would provide a more complete picture of their roles in the
global carbon cycle. The main processes behind gains and losses in the water column carbon
budget are, respectively, phytoplankton photosynthesis and respiration by heterotrophic bacteria
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(Williams, 1981), using dissolved organic matter of low molecular
weight excreted throughout the planktonic foodweb system
(Fuhrman, 1987; Lignell, 1990; Jahnke and Craven, 1995). The
carbon biomass stocked in heterotrophic bacteria may return to
the classic food chain through bacterivory by microheterotrophs
(e.g., flagellates and ciliates) which in turn may be predated by
larger zooplankton. This alternate trophic pathway, a microbial
loop (sensu Azam et al., 1983), drives back the excreted dissolved
organic matter toward the classic food chain. Depending on
local hydrodynamics, detritus sedimentation, and/or advection
are additional losses of organic carbon that are more difficult to
assess quantitatively.

The oligotrophic southwestern Atlantic boundary current
limits phytoplankton production, lower than in eastern upwelling
systems by at least one order of magnitude (Longhurst, 2006).
The overall shortage of nitrate, the main driver of new production
(sensu Dugdale and Goering, 1967), along ca 8,500 km of the
Brazilian continental margin (4◦N – 28.5◦S) limits primary
production to rates between 0.02 and 4 gC m−2 day−1 and
mean chlorophyll concentrations to between 0.2 and 0.4 mg
m−3, usually less than 0.05 gC m−2 day−1 (Brandini, 1990;
Teixeira and Gaeta, 1991; Smith and DeMaster, 1996; Gaeta et al.,
1999; Medeiros et al., 1999; Castro et al., 2006). New nutrients
are scarce throughout this oligotrophic coastal zone, which is
dominated by the adjacent nutrient-poor open shelf waters. Here
the net ecosystem production is negative because heterotrophic
carbon consumption is substantially higher than autotrophic
production in the classical food chain. Except near estuarine
and mouths local upwelling systems (Valentin et al., 1987;
Gonzalez-Rodriguez et al., 1992; Odebrecht and Djurfeldt, 1996;
Brandini, 2018) where a diatom-based autotrophic ecosystem
dominates, point sources of nutrients tend to be washed
out by tidal currents and diluted alongshore by barotropic
circulation; coastal waters in the South Brazil Bight (hereafter
SBB) typically have chlorophyll concentrations of <1 µg L−1

(Castro et al., 2006).
The autotrophic plankton assemblage is dominated mostly by

picoplankton cells, represented mostly by the cyanobacterium
Synechococcus (prokaryote) and, to a lesser extent, by pico-
eukaryotes (Gérikas Ribeiro et al., 2016; Moser et al., 2016; Bergo
et al., 2017). This study assessed planktonic carbon metabolism in
the Saco do Mamanguá Ría (Figure 1A), an inlet subsystem of the
Bay of Ilha Grande (hereafter BIG, Lat 23 – 23.5◦S; Long 43.5 –
44.5◦W) that is representative of most of the alongshore Brazilian
cyanobacteria-dominated oligotrophic coastal ecosystem. The
BIG is a conspicuous feature of the SBB coastline (Figure 1C)
therefore subjected to oligotrophic conditions as described above.
The Ría is∼11 km long and∼2 km wide inlet running northeast-
southwest and connected to the ocean only on the northeast side
(Figure 1A). It is characterized by shallow waters with mean
water depth about 5 m, reaching a maximum of 20 m at the
outer área, and steep coastlines made of old crystalline rocks
(Rodelli et al., 2019).

Here we hypothesized that net community production (NCP),
the difference between gross community production (GCP),
and dark community respiration (DCR), is not sufficient to
sustain the carbon flow metabolism within the planktonic system

of the Ría and ultimately along most subtropical Brazilian
coastal environments that are far from estuarine plumes and
upwelling systems.

MATERIALS AND METHODS

Study Area
The Ría is sheltered against strong SW and SE winds that are
common in winter seasons (June-August), resulting in weak
currents inside the western portion of the BIG (∼10 cm s−1)
that circulate clockwise due to a combination of tidal-, wind-
and density-driven forces (Ikeda and Stevenson, 1980; Signorini,
1980). Coastal waters along northern São Paulo typically move
northeastward by wind-driven barotropic currents, enter the
western mouth of the BIG, flow clockwise with a mean 10 cm
s−1 around the western side of the bay, and out to the ocean
through the eastern opening (Figure 1B). Hence, physical-
chemical features tend to be similar to those of the northern
coast of São Paulo (e.g., Ubatuba, São Sebastião), with minor
differences that are attributed to local geomorphology and
continental drainage. Air temperature ranges from 14.4 to 38.8◦C
with an annual mean of 24.9◦C, and predominant winds are
from the northeast. Mean monthly precipitation over a 20-year
period (1979–1999) varied from 64.1 to 170.5 mm as reported
by Brazil’s National Hydrometeorological Network operated by
the Geological Survey of Brazil1. The innermost and shallower
inlets of the Bay (e.g., Saco do Mamanguá Ría; Benites et al., 2015)
are rapidly affected by the local wind field and by continental
freshwater drainage from surrounding coastal-plain watersheds,
particularly the Paraty Mirim river. Drainage is usually low,
however, even during rainy summer seasons, so the year-
round salinity fluctuations are slight, varying from 34 to 35
(Signorini, 1980).

Meteorological Data
Meteorological data were measured with the automatic
meteorological station of Ubatuba coastal research laboratory
located near the experiment site over the whole study
period. Wind field, daily and monthly average of air
temperature, solar radiation, and daily and monthly
precipitation were then obtained from the LabDados database
at http://labdados.io.usp.br/. Due to technical problems
precipitation was not measured between September 2014 and
January 2015. To complete the seasonal trend of precipitation
during these periods, we used data from the CIIAGRO online
database2. The Supplementary Figure S1 reveals a good
agreement (r2 = 0.765) between both meteorological stations.
Daily solar radiation data during the incubation experiments
was obtained every 15 min from CS300 Cambbell Scientific
pyranometer installed in the coastal research laboratory
of the Oceanographic Institute in Ubatuba, approximately

1http://www.cprm.gov.br/en/
2http://www.ciiagro.sp.gov.br/rede.html
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FIGURE 1 | Sampling station (#A) position in Mamanguá Ría (A), Bay of Ilha Grande (B), and southern Brazil (C). Contour lines show the bathymetry inside the Ría.
Main circulation is clockwise as shown by small arrows (apud Signorini, 1980). Dashed arrows represents wind-driven barotropic coastal currents.

50 km southward of the field site. Data was made available by
Oceanographic Data Laboratory (LabDados3).

Sampling Procedure and Water Column
Properties
Inside Saco do Mamanguá, Bay of Ilha Grande, in situ primary
production incubations of light-and-dark bottles were performed
on 8 occasions at irregular intervals between January 2014 and
July 2016 at station A, which had a 14-m bottom depth at high
tide (Figure 1). Despite the irregularity of field experiments, we
were able to cover sufficiently the seasonal scale in which main
differences may be accounted by the extremes in hydrographic
conditions of summer (December to February) and winter (June
to August) periods.

Gross community production and dark community
respiration were measured by in situ incubations of a modified
light and dark bottle oxygen method (Gaarder and Gran, 1927;
Strickland and Parsons, 1972). We collected a vertical profile of
water samples the night preceding an incubation with a Niskin

3http://labdados.io.usp.br/

bottle: at the surface, 2, 4, 5, 6, 7, and 8 meters irrespective of tidal
state. Prior to incubation, 5 L of water from each sampling depth
was filtered through a 200-µm nylon mesh to remove the larger
macro-zooplankton and kept in coolers for at least 8 h to allow
community respiration, reducing the concentration of dissolved
oxygen to levels below saturation. This procedure was necessary
to avoid loss of oxygen via bubbles when bottles were open for
oxygen flux determinations. Before sunrise, water from each
depth was poured into paired 300 mL light and dark Borosilicate
glass bottles. These bottles were re-suspended at their original
depths until midday, an incubation period of approximately 6 h.

An optical Pro-ODO oxygen probe (YSI Inc.) determined
initial and final oxygen concentrations in the incubation bottles
with an accuracy of 0.001 mg O2 L−1. The probe was pre-
calibrated prior to each experiment at the nearby shore laboratory
of the Oceanographic Institute’s research station using 100%
water-saturated air under the stable ambient temperature of
approximately 23◦C provided by air-conditioning.

Daily GCP was determined from the difference between final
oxygen concentrations in light and dark bottles and multiplied by
the ratio of total integrated daily solar radiation to the integrated
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solar radiation during the incubating period. Daily DCR was
calculated multiplying the DCR during the incubation by 24 h
over the incubating period. NCP was then calculated as the
difference between GCP and DCR. Mass oxygen fluxes were then
converted into mass carbon fluxes using a CO2/O2 molar ratio of
0.375 (=12 mg C/32 mg O2) assuming a photosynthetic quotient
(PQ) of 1.28 irrespective of nitrogen sources or phytoplankton
composition as reported by Wielgat-Rychert et al. (2017).

Aliquots of the same samples used for incubation were
poured into Falcon tubes and kept frozen at −20◦C until lab
analyses of Phosphate-P, Nitrate (+Nitrite)-N, and Ammonium-
N using spectrophotometry according to Grashoff et al. (1999).
Water column distributions of temperature, salinity, dissolved
oxygen, turbidity, chlorophyll, and phycoerythrin fluorescence
were obtained with an EXO2 multi-parametric probe (YSI Inc.,
United States). Sensors were 2-point calibrated (except dissolved
oxygen) with deionized water and the following environment-
range concentrated solutions: 1000 µS cm−1 standard solution
(salinity), 124 NTU standard solution (turbidity), and 625 and
25 µg L−1 Rhodamine WT solutions for chlorophyll-a and
phycoerythrin, respectively. The oxygen probe was calibrated
with water saturated air. The light regime at each incubating
depth was estimated with the light extinction coefficient k as
determined from Secchi disk readings according to Poole and
Atkins (1929).

Analyses of the Plankton Community
The water column microbial community was simultaneously
investigated from May 2015 to February 2016 with cytometric
analyses with one additional sampling obtained in August 2016
without further incubation experiments. Aliquots (1.5 ml) of
the different water depth samples were poured into cryotubes,
fixed with 0.1% glutaraldehyde (final concentration), and kept
frozen (−80◦C) in liquid nitrogen until later flow cytometry
analysis using a BD AccuriTM C6 cytometer. Cell densities
of Synechococcus, Prochlorococcus, pico- (<2 µm) and nano-
(between 2 and 20 µm) phytoeukaryotes were determined
according to Marie et al. (1999) and converted into carbon
biomass based on cell-to-carbon conversion factors of 255 fgC
cell−1 for Synechococcus, 36 fgC cell−1 for Prochlorococcus, and
2,590 fgC cell−1 for pico-eukaryotes (Buitenhuis et al., 2012).
We used the factor of 132,005 fgC cell−1, considering the mean
biomass of dinoflagellates smaller than 20 µm from Menden-
Deuer and Lessard (2000), to convert cell densities of the nano-
autotrophs into cell carbon.

RESULTS

Environmental Properties
The Ría of Saco do Mamanguá is shielded from wind stress in
adjacent open waters. Hence, its hydrographic regime is directly
linked to local meteorology and poor freshwater discharge from
the local minor hydrographic basin in the adjacent coastal plain.
Southeast winds become more frequent in winter seasons from
April to August, entering the Ría through its innermost section
(Figure 2). These winds push surface waters to the outer section

of the Ría, causing turbulence and vertical water column mixing.
Seasonal trends of mean monthly air temperatures ranged from
21 to 28◦C, closely following seasonal trends of total solar
radiation. Mean monthly precipitation varied from 5 mm in
winter periods (June to August of 2015 and 2016) up to 558 mm
in January 2016.

Water Column Properties
The vertical distribution of water column properties depicted
an unclear seasonal pattern. It alternated between physical
stratification and homogeneity (Figure 3) depending on the local
wind field and daily radiation from the previous days. Calm
winds and high insolation predominated during the summer
seasons when surface temperature increased up to 28–30◦C
(e.g., January 2014 and January/February 2016), decreasing to
21–22◦C in colder periods. Even in summer, strong southeast
winds may blow sporadically and rapidly homogenize the water
column properties, as observed in February 2015. Total solar
radiation, along with surface water temperature, decreases during
winter becoming vertically homogeneous due to tidal and wind
forcing, as seen in April and August 2014, and May 2015. Light
extinction coefficients estimated with the Secchi disk revealed
light conditions never limited photosynthetic rates at any of the
depths where bottles were re-suspended, with bottom intensities
of approximately 15% incident surface light throughout the study
period. Salinity is usually lower at the surface than in bottom
layers due to constant freshwater runoff entering the inlet from
the Paraty Mirim drainage basin; it ranged from 30.9 to 34.7 PSU
at the surface and from 33.7 to 36.9 PSU at the bottom. The
inlet is well ventilated, storing high amounts of dissolved oxygen,
ranging between 6 and 7 mg L−1 at the surface and decreasing
with depth to between 5 and 6 mg L−1 during stratified periods.
Thus, the biochemical demand for dissolved oxygen inside the
inlet never offsets atmospheric and biological sources. Even
bottom layers tend to be well ventilated by deeper coastal waters
entering the inlet during high tides (Figure 3).

Mean Nitrate (+Nitrite)-N and Phosphate-P concentrations
in the water column (Table 1) ranged from 0.19 to 0.61
and from 0.17 to 0.44 µM, respectively. Reliable results of
ammonium were obtained only in May 2015 (autumn) and
January 2016 (summer) when water column concentrations
varied, respectively, from 0.04 to 0.13 µM (mean of 0.11 µM)
and from 0.4 to 0.85 µM (mean of 0.60 µM). The lowest
concentration of Phosphate-P, <0.1 µM, was measured at
the surface under highly stratified conditions in January
2014 (summer) (Figure 4), increasing steadily bottomward up
to 0.3 µM. Concentrations were higher (0.4–0.5 µM) and
homogeneously distributed in the water column in August
2014 (winter) and May 2015 (autumn) under unstratified
conditions. The vertical distribution was also irregular in
April 2014 (spring) and December 2015 (summer) under
weakly stratified conditions depicting concentrations between
0.2 and 0.4 µM in the upper half of the water column,
increasing or decreasing downward in April 2014 and December
2015, respectively. Nitrate+Nitrite-N concentration was lowest,
between 0.1 and 0.2 µM, in April 2014 and May 2015, increasing
bottomward under unstratified conditions. In January and
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FIGURE 2 | Meteorological data obtained from the Ubatuba coastal research station near the experiment site over the whole study period, wind field (intensity and
direction) daily (black lines), and monthly average (red lines) of air temperature and solar radiation. Daily (vertical lines) and monthly (bars) precipitation were obtained
from the LabDados database at http://labdados.io.usp.br/). Exceptions are between September 2014 and January 2015 (shown as pink bars) when the precipitation
regime was completed with data from the CIIAGRO online database (see text footnote 2). The Supplementary Figure S1 shows a good Pearson’s coefficient of
determination (r2 = 0.765; a = 1.0101) between both databases.

August 2014 and December 2015, concentrations were higher
though still limiting to enhance GCP, ranging between 0.3 and
0.5 µM in the upper half of the water column and increasing
irregularly bottomward up to 0.5 and 0.7 µM. The relationship
between nutrient concentrations and seasonal stratifications
was not clear as the lowest and highest concentrations of
both Phosphate and Nitrate+Nitrite did not correlate with
the seasonal period or stratified conditions. Overall inputs of
nutrients to the Ría are constantly low even in summer in
spite of increasing continental runoff due to higher precipitation
(see Figure 2).

Photosynthetic Pigments and Turbidity
Turbidity ranged from almost 0 to 9 FNU with low values
in the upper layers increasing up to one order of magnitude

in the near bottom due to particle sedimentation and/or
sediment resuspension by tidal currents independently on the
seasonal period (Figure 5). However, an opposing trend was
observed in early January 2014 (summer) during the first survey
of this investigation and, to a lesser extent, later in April
(autumn) when turbidity was much higher in surface layers,
decreasing downward. The vertical distribution of chlorophyll
depicted a regular pattern, with low chlorophyll concentrations
of usually <0.5 µg L−1 in surface layers (0–4 m), decreasing
with depth, then increasing to much higher concentrations
in the near bottom, up to a maximum of 8–9 µg L−1

measured on May 2015 (autumn). The vertical distribution
of phycoerythrin, the pigment indicator of Synechococcus,
depicted a similar trend confirming the dominance of this
coccoid pico-cyanobacterium in the photoautotrophic plankton
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FIGURE 3 | Temperature, salinity, and dissolved oxygen distribution in the water column of the experiment site inside Mamanguá Ría, Bay of Ilha Grande, between
January 2014 and February 2016.
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TABLE 1 | Mean (n = 8 except for ammonium) water column concentration of
macronutrients at the Mamanguá Ría (Bay of Ilha Grande) experiment site,
southeast Brazilian coast, in different seasonal periods.

Date NO3 + NO2-N∗ NH4-N∗ PO4-P∗

01/09/2014 0.61 – 0.17

04/24/2014 0.22 – 0.33

08/12/2014 0.41 – 0.41

05/25/2015 0.19 0.11 0.44

12/01/2015 0.38 0.60 0.18

∗ concentration in µM.

community. No clear seasonal pattern of pigments and
turbidity was observed.

Phytoplankton Density and Carbon
Biomass
Cytometric analyses of the nano- and pico-phytoplankton
community revealed the numerical dominance of Synechococcus
(Table 2) with densities ranging between 99,420 to 192,349
cells mL−1 (water column mean of 157,557 cells mL−1), with
the maximum in the surface layers (1–5 m) decreasing with

depth. Another frequent autotrophic pico-cyanobacterium was
Prochlorococcus, though always in very low concentrations of
<20,000 cells mL−1. Pico-eukaryotes were also frequent in low
densities ranging from 11,721 to 19,301 cells mL−1. Densities
of nano-eukaryotes were lowest among the phytoplankton
community though in the same order of magnitude of the pico-
eukaryotes, ranging from 2,450 to 6,792 cells mL−1. In spite of
low densities, the bulk of the planktonic carbon biomass was
concentrated within this nano-sized group, ranging from 118 to
176 µgC L−1 whereas the contribution of Synechococcus to the
planktonic carbon biomass was much smaller, varying from <25
to 50 µgC L−1 with the tendency of decreasing with depth during
the experimental surveys.

GCP, DCR, and NCP
Gross community production rates in the Ría (Figure 6) varied
from 2 to 31.5 mgC m−3 h−1, highest in upper layers in January
2014. In all other experiments, GCP did not change significantly
with depth. Rates at the surface did not differ significantly from
those obtained in the deepest layers, ranging from ca 1.1 to
19.3 mgC m−3 h−1. DCR ranged from 0.7 to 25 mgC m−3 h−1,
with the minimum in surface layers during colder seasons and

FIGURE 4 | Vertical distribution of Phosphate-P and Nitrate (+Nitrite) – N in the water column of the sampling station inside Mamanguá Ría, Bay of Ilha Grande, in
different seasonal periods.
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FIGURE 5 | Vertical distribution of turbidity and photosynthetic pigments in the water column of the experiment site inside Mamanguá Ría, Bay of Ilha Grande,
between January 2014 and February 2016.
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TABLE 2 | Mean density (as cells mL−1) and biomass (between parenthesis as µgC L−1) of pico- and nano-sized planktonic photo-autotrophs measured cytometrically
at different depth ranges of the Mamanguá Ría (Bay of Ilha Grande), southeast Brazilian coast, between January 2014 and August 2016.

Depth layer (m) Synechococcus Prochlorochoccus Picoeuk Nanoeuk

1–5 192,349 (49.0) 4,338 (0.2) 17,859 (46.3) 4,560 (118.1)

6–10 188,409 (48.0) 8,657 (0.3) 19,301 (50.0) 6,792 (175.9)

11–20 150,051 (38.3) 16,569 (0.6) 12,455 (32.2) 5,896 (152.7)

21–25 99,420 (25.4) 17,960 (0.6) 11,721 (30.4) 2,450 (63.4)

WC mean 157,557 (40.2) 11,880 (0.4) 15,334 (39.7) 4,924 (127.5)

maximum near bottom in warmer seasons (e.g., January 2014).
NCP varied from −19 to 22 mgC m−3 h−1 with minimum and
maximum at the bottom and surface in January and April 2014,
respectively, when the planktonic system became autotrophic. In
all other experiments, NCP was just slightly positive in surface
layers and frequently negative at the bottom.

The water column integrated GCP varied from 0.5 to 2.4 gC
m−2 d−1 with the highest value on the 9th and 19th of January
2014. In all other periods, it fluctuated between 0.5 and slightly
above 1 gC m−2 d−1 with no clear seasonal pattern. DCR was
usually higher than GCP, ranging from ca 1.0 to 2.4 gC m−2 d−1

and NCP was positive only in January 2014 (Table 3).

DISCUSSION

Overall, the seasonal pattern of all hydrographic and biological
results was unclear. Inputs of inorganic nitrogen were not
sufficient to change the carbon budget of the Ría toward a
more autotrophic system. That is the reason why the system
is net heterotrophic relying mostly on the carbon pathways of
the microbial loop. There were hitherto no previous community
production and respiration measurements in the BIG to which
our results may be compared. C-14 uptake experiments were
conducted in the Bay of Ubatuba (Teixeira, 1973; Teixeira and
Gaeta, 1991; Gaeta et al., 1995, 1999) south of the Mamanguá Ría,
which according to Ikeda and Stevenson (1980) is dynamically
connected with the BIG through coastal water circulation.

These earlier C-14 experiments have reported daily and
seasonal variations of photosynthetic rates similar to those
obtained here with the oxygen light-and-dark technique. Our
range of GCP by water volume (<2 to 31.5 mgC m−3 h−1) are
similar to the 0.24 to 28.1 mgC m−3 h−1 reported by Teixeira
(1973). On an area basis, our range of 0.46–2.38 gC m−2 d−1 is
similar to the range 0.40–1.24 gC m−2 d−1 reported by Gaeta
et al. (1999). Exceptional peaks in GCP (1.93 and 2.38 gC m−2

d−1) were measured in January 2014 as the result of chlorophyll-
rich coastal waters advected westward from the upwelling system
of Cape Frio (Figure 6) by the persistence of strong northeasterly
winds (see Figure 2). This chlorophyll-rich water directly affected
the biogeochemical conditions of the whole BIG, including the
innermost sections.

Gaeta et al. (1999) also performed fractionated filtration
of water samples that supports our findings regarding mass
contribution of pico-sized cells to the total carbon uptake;
while their original study did not include specific taxonomic
identification, we now know that their picoplankton community

was mostly the cyanobacterium Synechococcus. This organism
is ubiquitous and numerically dominates the planktonic
photoautotrophs in the global coastal zone (Olson et al.,
1990; Partensky et al., 1999). It has been reported as the main
pico-autotroph along the subtropical continental margin of
the SBB and on eastern shelves (Susini-Ribeiro, 1999; Moser
et al., 2014; Gérikas Ribeiro et al., 2016; Bergo et al., 2017)
along with a minor contribution from pico-eukaryotes (Gérikas
Ribeiro et al., 2016). The hydrographic features encountered
inside the Ría are similar to those along the coastal zone and
the open inner shelf of the SBB, thus its primary autotrophic
carbon biomass also accumulates in Synechococcus cells. In the
absence of significant physical input of new nutrients, nitrogen
sources for the growth of these cyanobacteria and pico-sized
eukaryotes rely mostly on the uptake of ammonium originated
from excretion and microbial regeneration within the planktonic
metabolism. Indeed, ammonium may reach peak concentrations
in the Ría much above the other inorganic nitrogen sources as
measured in December 2015 (Table 1). Pico-eukaryotes also
contribute to primary production in tropical oligotrophic waters
(Partensky et al., 1999; Flombaum et al., 2013; Kirkham et al.,
2013) and may be directly transferred to micro-heterotrophs
in the second trophic link (Sherr and Sherr, 1984; Kuosa, 1991;
Ducklow, 1992; Yun-Chi et al., 2009) of the microbial food web
(sensu Azam et al., 1983). Here they were not as abundant as
Synechococcus cells, except in April 2016 (autumn) when they
contributed with >36% of the total planktonic autotrophs in
surface layers. The carbon biomass of heterotrophic bacteria was
not estimated in this study, but it has been reported to be at least
two orders of magnitude higher than pico-cyanobacteria in the
Ubatuba coastal area near our experiment site (Mesquita, 1993;
Mesquita and Fernandes, 1996) and within the adjacent shelf
system (Gérikas Ribeiro et al., 2016). GCP rates were equally low
in either stratified or homogeneously mixed periods, and not
directly linked to fertilization in the euphotic zone.

Availability of new nutrients was always low in spite of the
wind and tidal-driven water column mixing and lateral advection
of nutrient-rich bottom waters from Cape Frio upwelling
entering the BIG as observed in January 2014 (Figure 7). The
same conclusion was reached by Teixeira and Gaeta (1991) and
Gaeta et al. (1999) for the Flamengo inlet in Ubatuba. They
also did not find a significant correlation between the temporal
dynamics (daily and seasonal) of photosynthesis and nutrient
concentrations. Both Flamengo inlet and Mamanguá Ría lack
steady nitrogen sources to shift the widespread heterotrophic-
dominated ecosystem along the coastal zone of the SBB toward
the diatom-dominated autotrophic planktonic system, as seems
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FIGURE 6 | Vertical distribution of gross community production (GCP), dark community respiration (DCR), and net community production (NCP) in the water column
inside Mamanguá Ría, Bay of Ilha Grande, between January 2014 and February 2016. The black horizontal dotted line shows the 15% surface light level.
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TABLE 3 | Water column integrated gross community production (GCP), net
community production (NCP), and dark community respiration (DCR) in the
Mamanguá Ría, Bay of Ilha Grande, southeast Brazilian coast, between January
2014 and February 2016.

Date GCP∗ DCR∗ NCP∗

01/09/2014 2.38 2.40 −0.02

01/19/2014 1.93 1.30 0.63

04/24/2014 0.82 1.29 −0.47

08/12/2014 1.10 1.59 −0.49

02/08/2015 0.99 1.24 −0.25

05/25/2015 0.68 1.69 −1.01

12/01/2015 0.47 0.92 −0.46

02/17/2016 1.00 1.62 −0.96

∗ in gC m−2 d−1.

to be the rule in the geographically limited upwelling and
estuarine plumes (Valentin et al., 1987; Fernandes and Brandini,
2004). GCP was also not limited by the water column light
regime since light extinction coefficients indicated at least 15% of
surface light reaches the bottom layers (Figure 6). The increase
of photosynthetic pigments in the bottom layers may be related
to photo-adaptation of cells during stratified summer periods,
as in January 2014 and January 2016. This photo-adaptation
explains why these chlorophyll-rich layers at the lower half of
the euphotic zone may not indicate a concomitant rise in GCP
(see Figures 5, 6). Vertical distribution of GCP tends to be
homogeneous, with no relation to the vertical distribution of
chlorophyll. This indicates that photo-adaptation keep the same
level of carbon uptake comparing to the surface. Yet pigment-
rich particles also accumulated near the bottom even in non-
stratified periods (e.g., May 25, 2015) possibly due to sediment

resuspension. Northeasterly winds, the most frequent during the
study period (Figure 2), blow parallel to the main axis of the
Ría and tend to push surface water from the BIG toward the
innermost side of the Ría. Wind and tidal current interactions
cause turbulence in bottom layers that resuspends chlorophyll-
rich sediments.

There is a highly diverse grazer nanoplankton community in
the southeast Brazilian coastal embayments formed mostly by
mixotrophic dinoflagellates (Kutner and Sassi, 1979; Sassi and
Kutner, 1982; Domingos and Menezes, 1998; Tenenbaum et al.,
2006; Villac et al., 2008; Moser et al., 2017) which are possibly
the main consumers of Synechococcus, as reported elsewhere
(Jeong et al., 2005, and references herein). Indeed, plankton
studies in coastal areas of the SBB reported the dominance of
heterotrophic nanoflagellates for the carbon biomass (Gomes
et al., 2007; Santos et al., 2007). This planktonic structure reflects
the meso- oligotrophic conditions of the coastal zone along the
SBB where the usual N to P ratios are around 1, limiting the
dominance of the primary producers to small photosynthetic
cells such as Synecococcus that may rely on sub-micromolar
concentrations of nitrogen (Zwirglmaier et al., 2008). With less
availability of macro-nutrients, the carbon flow is driven through
the heterotrophic bacteria as an alternate (possibly primary)
carbon source as usual in oligotrophic plankton metabolism.

Our results suggest that DCR inside Mamanguá Ría is not
balanced by the GCP. Net ecosystem production by itself, usually
ranging between −0.5 and −1.0 g m−2 d−1, does not sustain
the energy flow at low trophic levels. Hence, the offset between
daily GCP and DCR, may be balanced by other sources of organic
carbon. Nano-eukaryotes contributed with 61.3% of the carbon
biomass estimated in the water column of our experiment site.
According to our results, they cannot be fully supported solely

FIGURE 7 | Satellite images of surface chlorophyll and temperature over the southeastern Brazilian margin in January 2014 showing upwelling off Cabo Frio (black
arrow) and its associated chlorophyll-rich water advected westward, invading the BIG system (white arrow) (monthly mean from
https://giovanni.gsfc.nasa.gov/giovanni/).
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from the photosynthetic production of cyanobacteria. Mesquita
and Fernandes (1996) suggested a predator-prey interaction
between nano-heterotrophs and heterotrophic bacteria in
the coastal embayments of Ubatuba. Accordingly, the mean
water column carbon biomass accumulated in the nano-sized
chlorophyll bearing cells we measured cytometrically was 3 times
higher than the biomass of the autotrophic pico-prokaryotes
mostly represented by Synechococcus (Table 2). We argue that
to sustain heterotrophy at the second plankton trophic level,
at least three times the carbon biomass is needed over what is
available in the cyanobacteria carbon pool. We did not measure
heterotrophic eukaryotes; if they were to be included in the
carbon budget of the Ria it would take even more carbon
biomass to sustain the actual planktonic system. We conclude
the planktonic carbon budget in the plankton system of the Saco
do Mamanguá Ría is not balanced by autotrophic production.
Carbon fixation by Synechococcus, the dominant pico-autotroph,
is not enough to sustain DCR on a daily basis. Other sources
of carbon, possibly heterotrophic bacteria, must supply the
trophic demands of this small subtropical ecosystem. This might
be the basic planktonic metabolic scenario encountered in
similar hydrographic and meso-oligotrophic conditions, hence
representative of the majority of the Brazilian inner shelf waters
outside of estuarine plumes and upwelling systems.
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