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Abstract
Thin layers are vertically compressed, horizontally extensive, highly concentrated features comprised of

plankton and/or particles. They are critical components of the marine ecosystem, likely playing a key role in the
life histories and evolutionary trajectories of species found in, or, interacting with them. These structures have
been reported in diverse marine environments around the globe. However, the mechanisms of thin layer forma-
tion/dissipation in the southwestern Atlantic Ocean were unknown until this contribution. To assess the tempo-
ral evolution of thin phytoplankton layers on the inner shelf off Ubatuba, Brazil, we conducted two
oceanographic fixed station cruises, including optics, acoustics, and imaging techniques. Over a period of
2 days, three thin layers were observed: within the pycnocline close to the maximum stratification, and below
the pycnocline where phytoplankton were affected by enhanced nutrient supply provided by the South Atlantic
Central Water (SACW). Changes in regional wind patterns influenced the presence of SACW, which directly
affected shear and stratification: the primary physical mechanisms we attribute to thin layer formation in this
region. The associated biological mechanisms contributing to thin layer formation were biomass accumulation
(in situ growth) and likely the mobility of dinoflagellates. The dominant organisms in the thin layer depths and
surroundings, by our in situ imaging system, were cyanobacteria, diatoms, dinoflagellates, and crustaceans. Thin
Layers likely have crucial importance for meso-oligotrophic environments, representing important feeding
resources for higher trophic levels.

The vertical distribution of plankton is influenced by an
interplay of physical, chemical and biological factors that can
lead to the formation of structures called “thin layers.” Thin
layers are features with accumulation of plankton or particles
on a vertical scale from centimeters to a few meters
(Donaghay et al. 1992), often extending horizontally for kilo-
meters (Cowles et al. 1998) and persisting for hours to several
days. Fine-scale aggregations of phytoplankton are common
features and can be found in a wide variety of environments,
being recurrent in stratified coastal and ocean waters (Sullivan
et al. 2010).

Marine phytoplankton influence the abundance and diver-
sity of organisms, stimulate the functioning of the marine eco-
system and determine the maximum limits for fishery
production (Chassot et al. 2010), in addition to exerting a

strong influence on climatic processes and biogeochemical
cycles (Roemmich and McGowan 1995). Previous research has
pointed out important implications of thin layers of phyto-
plankton for trophic dynamics (Benoit-Bird et al. 2009), car-
bon fluxes in the ocean (Bochdansky et al. 2010) and harmful
algal blooms (McManus et al. 2008). Thin layers represent an
important food resource that is restricted vertically in the
water column and important in determining the nutrition
and survival of grazers (Mullin and Brooks 1976). The presence
of thin layers likely alters local concentrations of nutrients,
toxins and organisms, playing an important role in biological
processes in coastal environments (Cowles et al. 1998).

In view of their role in planktonic ecosystems, it is essential
to determine what controls the formation of thin plankton
layers. Thin layers can be generated by a variety of biological
and physical mechanisms, including cell behavior, morphol-
ogy, population dynamics, fluid stratification and vertical cur-
rent shear (Durham and Stocker 2012). Studies have
documented the processes involved in the formation and per-
sistence of thin layers in coastal regions (McManus et al. 2012;
Barnett et al. 2019) and in frontal and coastal upwelling zones
(De Verneil et al. 2019).
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Dekshenieks et al. (2001) presented one of the first quanti-
tative studies of thin layers and the associated physical pro-
cesses, in a Northern Pacific fjord, and emphasized the
importance of studying local circulation patterns and regional
physical forcing in understanding the dynamics of these fea-
tures. Cheriton et al. (2007) studied the occurrence of thin
layers along the west coast of the U.S., noting that a change in
regional wind patterns precipitated a change in physical struc-
ture of the water column, leading to the absence of thin layers
of zooplankton. Stacey et al. (2007) point out that the turbu-
lent diffusion caused by regional winds, convective processes
and action of internal waves act as divergent or dissipating
processes of layers, while the vertical current shear, the passive
deposition of phytoplankton on a density surface and the
phytoplankton mobility act as convergent, layer-forming
processes.

Thin layers are often related to the pycnocline, thermocline
or halocline (Dekshenieks et al. 2001; Steinbuck et al. 2009;
Breckenridge and Bollens 2010) and have been reported in
environments with both low shear and turbulent mixing.
Shroyer et al. (2014) identified thin biological layers in regions
where intense mixing events were rare, within the pycnocline
(close to maximum stratification) and at the base of the
pycnocline. Talapatra et al. (2013) found several peaks of
Chaetoceros socialis colonies, nonmotile diatoms, near the
pycnocline, in a region of almost zero shear, low rates of dissi-
pation and high stratification. Onitsuka et al. (2018) observed
the temporal evolution of a diatom-rich layer formed just
below the pycnocline, where the turbulent mixture was weak,
in a stratified bay in Japan.

Studies on fine-scale plankton structures have been highly
dependent on available technology and sampling methodolo-
gies (McManus et al. 2012). Effective measurement methods
comprise profiling with high vertical resolution (order of cen-
timeters), typically from sensors with slow deployment speeds
through the water column and/or high sampling rates. In
addition, the decrease in the effects of the vessel’s movement
during profiling must be considered, using free-fall sensors or
from platforms decoupled from the vessel (Sullivan
et al. 2010).

In this study, optical and acoustic sensors and a high reso-
lution imaging system were combined to investigate the
occurrence, persistence and dissipation of fine-scale phyto-
plankton aggregations and to study the influence of these
structures on zooplankton distributions. Thin layers of phyto-
plankton were observed in the coastal waters of Ubatuba,
southeastern Brazil, in February 2019 during the summer,
when vertical stratification associated with bottom intrusions
of cold and nutrient-rich water occur.

Motivated by the hypothesis that physical constraints pro-
vide an appropriate environment for the formation of thin
layers in the study area, and that their presence has important
ecological implications to this meso-oligotrophic environ-
ment, this work investigates the short-term temporal changes

in phytoplankton vertical distribution and its relationship
with physical and biological processes, and represents the first
study on thin layers in the southwestern Atlantic Ocean.

Study site
The study area is in the central part of the Southeastern

Brazilian Continental Shelf (SBCS), on the inner shelf off
Ubatuba, on the north coast of S~ao Paulo, Brazil (Fig. 1a). Due
to the South Atlantic Subtropical Anticyclone, in the summer
months (i.e., December to March), winds are predominantly
from the northeast on the Brazilian continental shelf between
20�S and 30�S. In the winter months (i.e., June to September),
the winds are predominantly from the south and southwest
associated with the passage of cold fronts (Reboita et al. 2019).
The inner shelf circulation dynamics are controlled by the
winds, while the outer shelf circulation dynamics are
influenced by the Brazil Current (Castro and Lee 1995).

The tidal currents on the continental shelf are low in
energy and no large river discharges exist. Hydrodynamic
energy in this region is considered low to moderate, due to
the presence of islands (Ilhabela, Mar Virado and Anchieta
Islands), which act as a barrier to the action of waves from the
open ocean (Batista and Harari 2017). These are the reasons
why winds have been identified as the primary forcing mecha-
nism of circulation on the SBCS (Mazzini 2009).

The shelf region off Ubatuba is influenced by the following
water bodies: Tropical Water (TW; relatively high salinity,
high temperature, low nutrient concentration), Coastal Water
(CW; relatively low salinity, high temperature, variable nutri-
ent concentration) and South Atlantic Central Water (SACW;
relatively low temperature, high nutrient concentration). Pre-
dominant winds from the E-NE quadrant induced SACW pen-
etration onto the shelf by Ekman transport from late spring to
late summer (Castro Filho et al. 1987). The coastal water in
the surface moves offshore (Ekman transport is to the left of
the wind in the southern hemisphere), inducing the SACW to
intrude toward the coast near the bottom, sometimes reaching
the euphotic zone (Miranda and Katsuragawa 1991). When
SACW intrudes onshore from the slope onto the inner shelf, a
strong stratification is established at midwater depth. Despite
the nutrient enrichment during the summer caused by the
SACW, previous studies in the region point to meso-
oligotrophic conditions prevalent near the surface for most of
the year, due to relatively low nutrient levels (Sassi and
Kutner 1982; Aidar et al. 1993).

Materials and methods
Sampling—fixed stations

A fixed oceanographic station was occupied in two consec-
utive 12-h intervals from 8:00 h to 20:00 h on February
20 and 21, 2019, aboard the 14 m research boat Veliger II of
the Oceanographic Institute of the University of S~ao Paulo
(IOUSP), at the study site (Fig. 1b; 45�5.5330 W, 23�35.3180 S).
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During these intervals, profiles were collected roughly every
30-min, resulting in a total of 48 profiles over 2 days. The
RINKO-profiler and a plankton imaging system and were
attached to the same frame for simultaneous profiling. The
sinking speed (~ 0.27 m s−1) and buoyancy of the instrumen-
tation packaged were controlled by adding floats to the frame
to reduce turbulence during lowering.

A high resolution multiparameter RINKO-profiler (JFE
Advantech) was used to obtain fine-scale profiles of water tem-
perature, salinity, chlorophyll a fluorescence (Chl-Flu) and tur-
bidity (optical backscatter intensity) at 0.1 m intervals (depth
trigger mode) at each station (Fig. 2b). Table 1 presents the
specifications of the sensors used.

A plankton imaging system was used to obtain qualitative
and quantitative plankton data (Fig. 2a). The system, based on
shadowgraphic imaging, is a prototype developed by IOUSP
(Medeiros 2017), consisting of a collimated infrared LED beam
and a high-resolution camera (4MP) with a frame rate ranging
between 6 and 15 frames per second, pixel size of 5.5 μm and
a volume of 4.5 × 10−6 m3 per image. Computer vision
processing tools developed at the Laboratory of Plankton Sys-
tems (LAPS-IOUSP) allowed for the characterization and classi-
fication of organisms down to taxonomic groups, using the
Random Forest algorithm. The system captures particles above
5.5 μm, but only particles above 100 μm can be reliably identi-
fied in the taxonomic classification step.

For analysis of the chlorophyll a (Chl a) and nutrient con-
centrations, water was collected with a go-flo bottle every 4 h
at various depth levels along the water column: surface (0 m),
mixing layer (~ 5 m), top of the thermocline (~ 10 m), vicinity

of the fluorescence peaks (~ 15 to ~ 21 m, at 2 m intervals)
and bottom (~ 23 m). The water samples were filtered through
a 25 mm GF/F filter immediately after collection and the filters
were stored in an ultrafreezer (− 80�C) until the extraction of

Fig 1. (a) Map of the northern coast of the state of S~ao Paulo, Brazil, with a high-resolution view of the Southeastern Brazilian Continental Shelf (SBCS)
located on the inner shelf off Ubatuba. (b) High resolution view of the study area. The location of the fixed-point sampling station is indicated by the
closed black triangle (25 m isobath). Bathymetric contours are in increments of 5 m, where dark blue represents deeper depths.

Fig 2. (a) Shadowgraphic imaging system consisting of two cylindrical
pressure cases, both 1.12 m long and 9.5 cm wide. (b) Rinko-profiler,
49.1 cm long and 13.6 cm wide. The RINKO-profiler was coupled in the
imaging system frame for simultaneous profiling.

Penninck et al. Thin layers on the inner shelf off Ubatuba, Brazil

3



Chl-a in the laboratory. Aliquots of the filtered water were sep-
arated and frozen (− 20�C) for analysis of dissolved inorganic
nutrients (nitrite, nitrate, phosphate, and silicate). The nutri-
ents were determined in the laboratory using a flow injection
auto-analyzer. Chl-a concentrations were measured using a
fluorometer (10-AU, Turner Designs) according to the method
proposed by Welschmeyer (1994). The correlation coefficient
between the Chl-Flu and the extracted Chl-a concentration
was 0.89 (n = 50).

To obtain velocity data throughout the water column, a
vessel-mounted downward-looking Sontek 500-kHz ADCP was
used. The vessel-mounted ADCP made measurements from
near-surface (~ 3 m) to near-bottom with 1.0 m vertical resolu-
tion, during the 12-h observations, on both days. The tidal
level was predicted by harmonic analysis (Harari and Mes-
quita 2003). The hourly sea level data were provided by the
Copernicus Marine Environment Monitoring Service
(CMEMS). Wind data were obtained from the Climate Forecast
System Version 2 (CFSv2), produced by the NOAA National
Centers for Environmental Prediction (NCEP).

Calculation of physical variables
Stratification in the water column was estimated by calcu-

lating the Brunt-Väisälä Frequency (N2). This parameter is
related to both the stability of the water column and the verti-
cal density gradient, and was calculated from:

N2 = −
g
ρ0

∂ρ

∂z

� �
ð1Þ

where g is the acceleration of gravity, z is the depth, ρ is the
seawater density and ρ0 is the average density (Pond and
Pickard 1983). High N2 values indicate a stratified portion of
the water column, while low values are found in vertically
homogeneous regions. The quantification of vertical shear (S2)
was determined by:

S2 =
∂U
∂z

� �2

+
∂V
∂z

� �2

ð2Þ

where U and V are, respectively, the zonal and meridional
components of the currents (Itsweire et al. 1989).

The Richardson number (Ri) defines the relative importance
of stabilization due to vertical density stratification
vs. destabilization due to vertical velocity shear, and was cal-
culated by the following equation:

Ri=
N2

S2
ð3Þ

To analyze the effects of the wind forcing in the surface, a
simplification of the Ekman transport (Ue), east-southeastward,
considering the shoreline orientation, was estimated as:

Ue =
τy
ρ0f

ð4Þ

where τy is the wind stress on the sea surface, obtained using
the bulk formula (Stewart 2008), ρ0 is the density of sea water
(ρ0 = 1025 kg/m3), and f is the Coriolis parameter.

Estimation of the mean volume backscatter strength
The Sontek 500 kHz ADCP was initially deployed to measure

water velocity, however it was also used to estimate the volume
backscattering strength from the ADCP signal strength data
(echo level). To estimate the volume backscattering strength, a
rearrangement of the sonar equation was used (Sontek-YSI 1997;
Deines 1999):

MVBS=C+10log10 Tx +273:16ð ÞR2� �
−LDBM−PDBM +2αR+Kc E−Erð Þ

ð5Þ

where C is a constant factor specific to the instrument used
(dB); MVBS is the mean volume backscattering strength (dB); Tx

is the temperature detected at the transducer (�C); R is the slant
rage (m); LDBM is the 10log10 of the transmit pulse length (1 m);
PDBM is the 10log10 of the transmit power, specific for the
instrument; α is the frequency-specific absorption coefficient in
seawater (0.14 dB/m at 500 kHz); Kc is an instrument-specific
constant that converts counts in decibels (in this case Kc = 0.43;
Sontek-YSI 1997); E is echo level or signal strength (counts);
and Er is the noise level. Because C and PDBM could not be accu-
rately measured during sampling, they were set to zero. These
missing parameters do not affect the objectives of the applica-
tion of the acoustic data in this study. However, in this contri-
bution the MVBS was considered an indirect and qualitative

Table 1. RINKO-profiler sensor specifications.

Sensor Type Resolution Accuracy

Depth Pressure sensor 0.01 m �0.3% FS

Temperature Thermistor 0.001�C �0.01�C (0–35�C)
Salinity Practical salinity 0.001 —

Turbidity Backscattered light 0.03 FTU �0.3 FTU or �2% of measured value

Chlorophyll Fluorometric 0.01 ppb �1% FS (0–200 ppb)
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proxy for relative zooplanktonic biomass, representing relative
volume backscatter strength (RVBS).

Thin layer identification
During the evolution of research on thin layers the criteria

for their identification have been customized for different
environments. There is no standard for thin layer characteriza-
tion in the literature, but there are some criteria to be followed
for identification, which vary depending on the instruments
to be used, type of organisms in the layer and region of study
in the ocean (Dekshenieks et al. 2001; Sullivan et al. 2010).

For this work, three specific criteria were established to
define a thin layer structure. (1) The fluorescence peak must
be present in two or more subsequent profiles; this helps elim-
inate ephemeral structures. (2) The layer must be ≤ 3.61 m
thick at half maximum intensity; this value was chosen based
on previous studies (Dekshenieks et al. 2001; Ryan et al. 2008;
McManus et al. 2012). (3) The intensity of the fluorescence
peak must be at least 1.3 times the background levels, a signal
intensity previously considered for oligotrophic or mesotro-
phic waters with low plankton biomass (Benoit-Bird et al. 2010;
McManus et al. 2012).

Results
Meteorological and oceanographic conditions

On February 20th, 2019, winds were predominantly from the
northwest and from the northeast with speeds from 3.60 to
5.70 m s−1 and 2.10 to 3.60 m s−1, respectively (Fig. 3d). On
February 21st, winds were predominantly from the southwest
and southeast at speeds between 2.10 and 3.60 m s−1, and from
the east with speeds between 3.60 and 5.70 m s−1 (Fig. 3e). The
wind fields for February 20th and 21st are illustrated in Fig. 3a.
The ocean currents in this region have a predominant flow to
the southwest; however, when cold fronts pass through the
area from the southwest, the current direction is known to
reverse and flow to the northeast (Castro et al. 2006). There
were no cold fronts during our study.

The general shoreline orientation of the southeastern Bra-
zilian coast, approximately southwest-northeast, and the shal-
low shelf with isobaths parallel to the coast, provides
conditions for raising or lowering sea level by Ekman trans-
port, due to the action of winds along the coast from south-
west or northeast, respectively. Over the study days, there was
an increase in sea surface height (Fig. 3b, solid line), of about
+ 0.1 m, while the Ekman transport (Fig. 3b, dashed line)
changed direction from offshore (to east, positive signal) to
onshore (to west, negative signal). This was most likely due to
the relaxation of the winds from north-northeast (weak winds
< 3 m s−1) and an increase in winds from southwest-southeast.

The study took place during a spring tide. The tides in this
region are semidiurnal with diurnal inequality (Mesquita and
Harari 1983). On February 20th, the tide flooded from 09:49 h
to 14:32 h, with a range of 0.80 m, and ebbed from 14:32 h to

22:13 h, with a range of 1.20 m. On February 21st, the tide
flooded from 10:24 h to 15:00 h, with a range of 0.90 m and
ebbed from 15:00 h to 23:00 h, again with a range of 1.20 m
(Fig. 3c).

On February 20th, during the flood tide the currents flowed
to east/northeast in subsurface (3–5 m) and, predominantly,
to west between 7 and 18 m, and to northwest near the bot-
tom, between 19 and 25 m (Fig. 4a1). During the ebb tide, the
current direction was reversed to east/southeast (Fig. 4a2). On
February 21st, during the flood tide, currents flowed to the
east/northeast between the surface (3 m) and 15 m depth,
while from 16 m to the bottom the currents underwent anti-
cyclonic rotation, flowing to the west/northwest (Fig. 4b1).
On ebb tide, the predominant flow throughout the water col-
umn was to the east, except for a rotation in current to the
north between 18 and 21 m (Fig. 4b2).

Thin layer observations
Three thin layers were observed on February 20th (Fig. 5a).

In the 24 profiles on February 20th, 50 fluorometric chlorophyll
(Chl-Flu) peaks were detected, among which 45 (90%) were
considered discrete observations of the 3 thin layers. Sixty per-
cent of these observations were within the pycnocline, while
40% were below the pycnocline. The average Chl-Flu intensity
in the thin layer depths inside the pycnocline was 2.12 μg L−1,
and the thickness averaged 0.85 m. The Chl-Flu intensity in the
layer depths below the pycnocline averaged 3.62 μg L−1, and
the thickness averaged 2.27 m.

The vertical distribution of Chl a fluorescence and density
indicated that thin layers closely followed the 25.4, the 23.75
and the 24.5 isopycnals (Fig. 5a). The TS-Chl-Flu diagram con-
firmed the presence of SACW (T < 20�C and S < 36.40;
Miranda and Katsuragawa 1991) associated with higher Chl-
Flu intensity (Fig. 5c). The water column was strongly strati-
fied, with temperatures that ranged from 29�C in the surface
and 18.6�C near the bottom, and salinities that varied from
34.0, in the surface, to 36.5, near the bottom. The average
concentrations of dissolved nutrients at the surface were:
0.08 μM for nitrite, 0.60 μM for nitrate, 0.18 μM for phosphate
and 5.44 μM for silicate. Near the bottom, the average nutrient
concentrations were: 0.93 μM for nitrite, 3.16 μM for nitrate,
0.64 μM for phosphate and 10.00 μM for silicate. These high
concentrations of nutrients in the bottom corroborate the
presence of SACW in this zone.

The overall vertical distribution of particles (Fig. 6) captured
by the imaging system reveals higher particle concentration at
the surface (0–5 m; ~ 200 × 103 Particles L−1), near the thin
layers (13–16 m, ~ 10 × 103 Particles L−1; and 19–21 m,
~ 50 × 103 Particles L−1), and a particle aggregation near the
bottom (> 23 m, ~ 170 × 103 Particles L−1), presumably because
of bottom sediment resuspension (after Ryan et al. 2014) cau-
sed by the increase in the current shear close to the bottom
(Fig. 5e). Full-frame images provided an overall assessment of
particle occurrence in different layers (Fig. 6a1–d1). The water
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in the layer regions ~ 20 m (Fig. 6c1) and near the bottom
(Fig. 6d1) visually appeared to be more turbid. The shad-
owgraphic system captured small disturbances in a thin fluid
layer on the top of the pycnocline (~ 15 m) with a “mixing
appearance” seen in the images in Fig. 6b1. This appearance is
likely due to small turbulence induced by diffusive convection
in the presence of small density inversions. According to
Yoshida et al. (1987), even with very small density differences
between fluids double diffusive effects can produce inhomoge-
neity of density and induce currents (shear).

A video recorded by the imaging system during vertical pro-
filing was provided for the online version of this publication
(Supporting Information Video S1). In the video, it is possible
to observe when the instrumentation passes through the region
with fluid disturbances on the top of the pycnocline (similar to
Fig. 6b1), and through the thin layers as it drops to the bottom.

The classification results for February 20th showed
mesozooplankton (appendicularians, cnidarians, chaetognaths,

cladocerans and copepods) peaks between 0 and 5 m (Fig. 6a2).
There were higher concentrations of appendicularians
(~ 50 Ind L−1) and cnidarians (~ 20 Ind L−1) near the surface
(0–3 m) and in the mixed layer (~ 5 and 9–10 m), respectively,
while the concentrations of crustaceans were higher between
15 and 24 m, reaching a maximum of ~ 80 Ind L−1 (Fig. 7a).

In the region between 18 and 22 m cyanobacteria and dia-
toms were observed most frequently. The regions above and
below the pycnocline (~ 15 and ~ 20 m, respectively) showed
corresponding turbidity (optical backscattering) and Chl-Flu
peaks (Fig. 7a). Within the pycnocline diatoms, dinoflagellates
and cyanobacteria were identified (Fig. 6b2). Below the
pycnocline there was a noticeable increase in cyanobacterial
concentration (~ 80 Ind L−1), but many diatom species were
also identified in the thin layer region (Fig. 6c2).

On February 21st, there was an enhancement in the
cyanobacterial population between 11 and 20 m depth compared
to the previous day, reaching a maximum of ~ 150 Ind L−1. This

Fig 3. Wind and ocean conditions between Feb 19 and 23, 2019. (a) Stick plots showing the direction the wind is “going to” and magnitude of the wind
speed (data from CFSv2/NCEP). (b) Sea surface height (m; left axis) (solid line) (provided by CMEMS). Ekman transport, Ue (m2 s−1; right axis), in the surface
layer (dashed line). (c) Predicted tidal curve (m) with the times of occurrence of high and low tide levels. The shadows display the fixed-stations periods on
Feb 20th and 21st. (d) Wind rose for Feb 20th, (e) wind rose for Feb 21st. Wind rose (direction frequency) indicates the direction the wind is coming from.
The red lines in (d) and (e) are the resultant vector derived from the wind direction data. Wind speed range is indicated on the color bar (red: 0.50–-
2.10 m s−1; orange: 2.10–3.60 m s−1; yellow: 3.60–5.70 m s−1; light green: 5.70–8.80 m s−1; dark green: 8.80–11.10 m s−1; blue: ≥ 11.10 m s−1).
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enhancement was accompanied by an increase in crustacean con-
centration and in Chl-Flu and turbidity signals (Fig. 7b).

The RVBS (in dB), obtained from ADCP acoustic backscatter
data, is a measure that can be used to estimate the relative
amount of particles suspended in the water (such as sediments,
organisms or bubbles) (Guerra et al. 2019). On February 20th, the
RVBS distribution revealed higher values (> 65 dB) in the upper
mixed layer (~ 3–6 m) and near-bottom (24–25 m; Fig. 7c). This
result shows relationships to the particle concentration profile
obtained by the imaging system (Fig. 7d), indicating a peak of
particles in the surface and another peak in the bottom.

Thin layer formation
Thin layers within the pycnocline were associated with

median values of N2 = 0.89 × 10−4 s−2 and S2 = 0.37 × 10−4 s−2.
The thin layers below the pycnocline were associated with
lower stratification, N2 = 0.12 × 10−4 s−2 (median value), and

with higher current shear, S2 = 0.89 × 10−4 s−2 (Table 2). The
Richardson number, Ri, was used to assess water column sta-
bility due to stratification, and instability due to shear in the
regions where thin layers were observed. Higher Ri values
occurred in regions with higher N2. The critical value Ri = 0.25
(equivalent to log10Ri = −0.6) is related to regions with high
mixing potential due to shear instabilities. The Log10Ri pres-
ented an average of 0.57 within the pycnocline, and 0.01
below the pycnocline (Table 2).

In Fig. 5e,f, the temporal distributions of N2 are illus-
trated, with contours indicating the log10Ri values, highlight-
ing critical values (log10Ri ≤ −0.6), to indicate the regions
with intense mixing processes. On February 20th (Fig. 5e)
higher values of log10Ri, between 1 and 1.5, occurred in the
pycnocline region, where the N2 values were higher. From
the pycnocline the log10Ri decreased toward the surface and
the bottom. Negative values of log10Ri probably occurred due

Fig 4. (a) ADCP measured currents (m s−1) from near-surface to near bottom on Feb 20th. (a1) Average of the current vectors during the flood tide;
(a2) average of the current vectors during the ebb tide. The red markings indicate the medium depths where thin layers were observed (at ~ 14.5, ~ 16,
and ~ 20 m). (b) ADCP measured currents (m s−1) from near-surface to near bottom on Feb 21st. (b1) Average of the current vectors during the flood
tide; (b2) average of current vectors during the ebb tide.
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to the influence of high shear near the surface, due to wind-
driven mixing, and below 20 m depth, due to bottom fric-
tion. From 17:00 h, approximately, mixing processes along
the water column intensified, indicated by values less
than − 0.6.

Consecutive profiles of Chl-Flu and Ri (in terms of log10Ri)
obtained between 08:30 h and 11:00 h on February 20th (Fig. 8a–
c) showed that an initial Chl-Flu patch, between 19 and 21 m
depth, increased in intensity and thinned as the Ri approached
the critical value (log10Ri = −0.6). This indicates that the mecha-
nism leading to thin layer formation in the region below the
pycnocline was most likely related to shear. Around 15–16 m
depth, Chl-Flu peaks were associated with log10Ri > 1, showing
the strong influence of stratification within the pycnocline. In

this case the observed thin layers were likely associated with both
density stratification and current shear processes.

Thin layer dissipation
From 17:00 h on February 20th, the thin layers started to

increase in vertical dimension (Fig. 5a), and on February 21st

they had completely dissipated (Fig. 5b). Differences in
weather and oceanographic conditions between February
20–21, 2019, are likely causes of the disappearance of the
thin layers. The T-S diagram does not indicate the presence
of SACW (Fig. 5d) on February 21st. The temperature ranged
between 28.5�C, in the surface, and 19.8�C, near the bottom,
and the salinity varied from 33.8, in the surface, to 36.0 near
the bottom. In addition, the distribution of the log10Ri

Fig 5. (a) Vertical distributions of chlorophyll a fluorescence (Chl-Flu) with isopycnal contours (σt black contours) over the day of Feb 20th; the dotted
blank lines indicate the times when the profiles in Fig. 8 were collected. (b) Vertical distributions of Chl-Flu with isopycnal contours on Feb 21st. (c) TS-
Chl-Flu diagram with isopycnals indicating water bodies on Feb 20th (CW = coastal water; TW = tropical water; SACW = South Atlantic central water).
The red contours represent the 25.4, the 23.75 and the 24.5 isopycnals in the panels a and b, and in the T-S diagrams. (d) TS-Chl-Flu diagram on Feb
21st. (e) and (f) illustrate the vertical distributions of N2 (× 10−4 s−2) with log10Ri contoured, on Feb 20th, and Feb 21st, respectively; white contours rep-
resent log10Ri < −0.60 (equivalent to Ri < 0.25). Data were plotted in Ocean Data View (Schlitzer, 2020).
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contours indicated high mixing potential throughout most of
the water column (Fig. 5f). The average speed, V (cm s−1),
throughout the water column was 1.13 cm s−1 on February
20th, and 1.92 cm s−1 on February 21st (Table 3).

On February 20th, the current shear increased during the ebb
tide. The shear through the entire water column averaged
0.51 × 10−4 s−2 during the flood tide and 0.56 × 10−4 s−2 during
the ebb tide. Below the pycnocline (near the bottom), in general,
there was an increase in the current shear in relation to the upper
levels (within the pycnocline and in the mixed layer; Table 3). A
small increase in current intensities and shear close to the bottom
is shown in the vertical profiles of current vectors (Fig. 4).

The relaxation of the winds observed from the end of the day
on February 20th (Fig. 3a), and change in wind direction on
February 21st, caused an increase in the sea surface height by
Ekman transport (Fig. 3b), and, consequently, the offshore advec-
tion of the SACW. Moreover, on February 21st there was an
increase in current speed and shear, likely caused by the variabil-
ity in the winds (Table 3). Thus, changes in the winds ultimately
dissipated the thin layers observed on February 20th by driving
the downwelling and the offshore advection of the nutrient-rich
water mass, forcing changes in the vertical current distribution,
and increasing the turbulent processes through the water column.

Discussion
Meteorological and oceanographic forcings and biological
responses

Horizontal (or lateral) transport mediated by mesoscale and
submesoscale processes is a major player in the dynamics of plank-
ton populations, providing the basic mechanism for patchiness in
the plankton distribution (Martin 2003). On the SBCS, the

hydrodynamics are controlled primarily by winds, especially on
the inner shelf, limited by the coast and by the 40–50 m isobaths.
The South Atlantic Subtropical Anticyclone, the main feature of
the atmospheric circulation over the South Atlantic Ocean, favors
upwelling conditions on the SBCS during spring and summer
months via Ekman transport, due to the predominant winds from
the northeast (Castro et al. 2006). These meteorological and
oceanographic conditions led to the presence of the SACW, a rela-
tively cold (< 20�C) and nutrient-rich water body, close to the bot-
tom, below 19.5 m depth (25 m total depth), on February 20th,
2019. Thin layers of phytoplankton with a Chl-Flu intensity ~ 2
times the background formed just below the pycnocline, coincid-
ing with the upper limit of the SACW advection zone (Fig. 5a).

As SACW flows toward the coast in contact with the bot-
tom layer, it is enriched with inorganic nutrients from the
microbial mineralization of organic matter in the water col-
umn and in the sediments, acquiring high levels of nutrients,
mainly nitrate (Braga and Müller 1998). The marine environ-
ment of the study area is meso-oligotrophic (Sassi and
Kutner 1982). In such areas, primary productivity is strongly
dependent on nutrients regenerated in the water and
sediment, discharged by runoff from land or transported
with oceanic water to the coast during upwelling events
(Teixeira 1973).

Upon reaching the euphotic zone on the inner shelf,
SACW often triggers phytoplankton blooms due to its
enhanced nutrient levels (Aidar et al. 1993; Brandini 2006).
For subtropical ecosystems of the southwestern Atlantic, the
responses of the planktonic community to the enrichment of
nutrients are well known, both for phytoplankton (Metzler
et al. 1997; Saldanha-Corrêa and Gianesella 2004), and for
zooplankton (Lopes et al. 2006; Marcolin et al. 2015; Melo

Fig 6. Vertical distribution of the average particle concentration (×103 Particles L−1) captured by the imaging system on Feb 20th. (a1–d1) are full
frames obtained by the system. (a2–d2) are examples of organisms from each corresponding region (a1–d1), obtained after the image segmentation
and classification process. The taxonomic classification is indicated by the symbols (open square: Chaetognath; black square: Appendicularia; black line:
Cnidaria; open dot: Crustacea; black dot: Cyanobacteria, black triangle: Diatom, upside-down triangle: Dinoflagellate; diamond: Detritus).
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Júnior et al. 2016). However, until this contribution, the
action of both physical and biological mechanisms on the for-
mation of fine-scale phytoplankton aggregations had not been
well documented.

Despite the quasi-synoptic sampling of this study (2 d), the
mechanism that led to the formation of the phytoplankton-
rich layer can be placed within a larger temporal context. We
assume that the wind-driven mesoscale and submesoscale

Fig 7. (a) Vertical distribution of individuals per liter of the main taxonomic groups found (bars; bottom-axis) and vertical profiles of Chl-Flu (black line;
top-axis), turbidity (blue line; top-axis) and density (red line; bottom-axis), on Feb 20th at 10:30 h. (b) Vertical distribution of individuals per liter (bars;
bottom-axis) and vertical profiles of Chl-flu (black line; top-axis), turbidity (blue line; top-axis) and density (red line; bottom-axis), on Feb 21st at 13:00 h.
(c) Time distribution of the relative volume backscatter strength (RVBS, in dB); the dotted blank line indicate the time when the profile in the panel d was
collected. (d) The particle distribution profile corresponding to time 13:30 h, on Feb 20th. Color legend in (a) is the same as in (b).
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(1–500 km) processes allowed SACW to approach the coast,
reaching the euphotic zone, and the phytoplankton responded
to the availability of nutrients with in situ growth. The pres-
ence of SACW on the coast has a seasonal time scale, being
more frequent from late spring to early autumn.

Regional meteorological and oceanographic conditions also
acted in the dissipation of the phytoplankton layers. Between
08:00 h on February 20th and 20:00 h on February 21st, there
was a relaxation in the upwelling winds (north-northeast
winds < 3 m s−1), and a subsequent increase in the winds from

the southwest and southeast. These meteorological variations
caused rapid changes in the water column, the sea surface
height increased and favored coastal surface water down-
welling, resulting in the SACW moving away from the coast.
On February 21st, Chl-Flu was more evenly distributed and thin
layers were absent.

Mechanisms of thin layer formation and dissipation
Several mechanisms have been posed leading to the forma-

tion of thin layers. In this work, the physical mechanisms of

Table 2. Average and median values for intensity, layer thickness, Brünt-Vaisala frequency N2, shear S2, and Richardson number
(log10Ri), related to the thin layer depths for the three observed thin layers within and below the pycnocline on Feb 20th. The
corresponding minimum (maximum) values are in parentheses, above (below) the average values.

Intensity Layer thickness (m) N2 (× 10−4 s−2) S2 (× 10−4 s−2) Log10Ri

Layer location Average Median Average Median Average Median Average Median Average Median

Within the

pycnocline

(n = 27)

(1.12)

2.12

(3.52)

2.12 (0.40)

0.85

(3.00)

1.00 (−0.13)
0.96

(1.85)

0.89 (0.07)

0.46

(1.93)

0.37 (−1.42)
0.57

(1.17)

0.40

Below the

pycnocline

(n = 18)

(2.39)

3.62

(4.32)

3.62 (0.80)

2.27

(3.40)

2.40 (−0.04)
0.14

(0.92)

0.12 (0.02)

0.34

(1.49)

0.89 (−2.40)
0.01

(0.83)

−0.29

Fig 8. Chl-Flu (solid blue line) and log10Ri (dotted line with open circles) profiles, obtained at the fixed-station point on Feb 20th at (a) 08:30 h, (b)
10:00 h, and (c) 11:00 h. The gray bars indicate the portions of the profile that met the criteria defining thin layers. The solid red lines indicate the critical
value of log10Ri = −0.60 (log10Ri < −0.60 is equivalent to Ri < 0.25).
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stratification and vertical current shear will be specifically dis-
cussed. Fluid stratification can cause organisms and biogenic
materials (e.g., marine snow) to establish at certain depths
based on density gradients (Prairie and White 2017). Large
plankton patches can become thinner by vertical shear due to
current jets, internal waves and horizontal intrusion
(Eckart 1948; Ryan et al. 2008; Durham and Stocker 2012).
Phytoplankton motility can also act to form thin layers
(Stacey et al. 2007; Durham and Stocker 2012).

Strong vertical density stratification was established on
February 20th, with density (σt) ranging from 21.8 in the sur-
face to 25.6 in the bottom. Thin phytoplankton layers were
observed in different depths in the water column. Sixty per-
cent of the recorded chlorophyll peaks were associated with
high stability within the pycnocline (~ 14.5–16.0 m depth)
with average N2 = 0.96 × 10−4 s−2. Forty percent of the Chl
a peaks formed below the pycnocline (~ 19–21 m depth), in a
relatively cold water zone (~ 19�C), with an average N2 =
0.14 × 10−4 s−2 (Table 2).

Although with low values, the vertical current shear was
present in the depths of the thin layers on February 20th. Ver-
tical profiles of horizontal currents indicate vertical shear at
medium depths (~ 14.5, 16, and 20 m) where thin layers were
observed (Fig. 4a1). However, no thin layers were observed in
regions with values of Ri < 0.25—critical value that signals
regions with high turbulent processes due to shear.
Dekshenieks et al. (2001) found no thin layers when Ri < 0.23,
which was probably due to the dissipation caused by the
turbulence.

Consecutive profiles, obtained between 8:00 h and 11:00 h
on February 20th, allowed us to observe that as the log10Ri
approached critical values (− 0.6, i.e., Ri = 0.25), a Chl-Flu
patch located below the pycnocline (~ 19–21 m) decreased in
the vertical scale (thickness) and increased in intensity
(Fig. 8a–c). This suggests that the increase in current shear
resulted in the phytoplankton layer thinning at this depth, a
mechanism known as straining (Durham and Stocker 2012).
Ryan et al. (2008) indicated shear as a convergent process (for-
ming thin layers) in a coastal upwelling system (Monterey
Bay), in 2003, where 92% of the thin layers recorded were
associated with shear peaks.

Over this same sequence of profiles (Fig. 8a–c), for thin
layers located in the pycnocline (~ 14.5–16.0 m), the log10Ri
values remained greater than 1, while the Chl-Flu peak
increased, indicating a greater influence of the stratification in
this region. The thin layers that had formed within the
pycnocline followed two isopycnals (σt = 24.5 and σt = 23.75),
suggesting that the phytoplankton could be composed of
motile cells in these layers (Ryan et al. 2010; Durham and
Stocker 2012). The results of the imaging system indicate the
presence of motile dinoflagellate cells of the genus Ceratium
and colonies of Chaetoceros coarctatus with their motile Vorti-
cella epibionts in this region (around 15 m) (Fig. 6b2). Stratifi-
cation may have driven the establishment of phytoplankton
in a specific density gradient according to cell buoyancy. The
shear probably acted to form thin layers at this depth, by
interrupting the vertical movement of cells through the fluid,
trapping them in the form of thin layers, the mechanism
known as gyrotactic trapping (Hoecker-Martínez and Smyth
2012). The thin layers below the pycnocline followed a single
isopycnal (σt = 25.4) during the study period, indicating that
the cells did not move vertically. Image classification results
revealed filamentous cyanobacteria and many species of dia-
toms in this depth (19–21 m) (Fig. 6c2). Although some
C. coarctatus were found in this layer depth, most diatoms
were nonmotile cells.

Mechanisms of thin layer formation triggered by shear
have been pointed out in several studies (Dekshenieks
et al. 2001; Stacey et al. 2007; Hoecker-Martínez and Smyth
2012). Even though the shear values were underestimated by
Ryan et al. (2008) by the coarse sampling scale (meter-scale), it
was possible to identify shear as the main mechanism for the
formation of thin layers observed in their study. The results of
our study imply that differencing levels of shear acted both as
a convergent process in the formation of thin layers, and as a
divergent process leading to the dissipation of thin layers at
the end of February 20th and throughout February 21st.

On February 21st, the average current speed almost doubled
in value through the pycnocline between 12 and 18 m
(2.08 cm s−1) compared to the previous day (1.14 cm s−1)
(Table 3). Higher shear values were obtained in both flood and
ebb tide periods through the water column (S2 = 0.55 × 10−4 s−2

Table 3. Average speed and average shear through the water column (3–25 m), mixed layer (3–11 m), through the pycnocline
(12–18 m), and below the pycnocline to the bottom (19–25 m) for the flood and ebb tide periods, on Feb 20 and 21, 2019.

S2 (× 10−4 s−2)

V (cm s−1) Flood tide Ebb tide

Depth (m) 20/Feb 21/Feb 20/Feb 21/Feb 20/Feb 21/Feb

Mixed layer 3–11 1.18 2.10 0.57 0.59 0.65 0.54

Pycnocline 12–18 1.14 2.08 0.33 0.49 0.36 0.44

Below pycnocline 19–25 1.07 1.50 0.61 0.56 0.66 0.59

Water column 3–25 1.13 1.92 0.51 0.55 0.56 0.53
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and S2 = 0.53 × 10−4 s−2, respectively). In addition, a water col-
umn with a higher mixing potential was evidenced by the
more widespread distribution of critical values (Ri < 0.25). No
thin layers were observed under these conditions, probably
due to decreased stability. According to Dekshenieks
et al. (2001), persistent thin layers are not expected in regions
under tidal mixing, nor in surface layers subject to wind stress.
That is, in regions of instability and active mixing, the mainte-
nance of these structures is impaired and there is a greater ten-
dency to dissipate.

The current speed had intensities in the order of centime-
ters per second, which is consistent with the typical tidal cur-
rents (suprainertial) on the continental shelf of the study
region (Alves 1992). Although tidal regimes in coastal and
shallow areas can act strongly in the mixing of the water col-
umn, the tide is not considered the most energetic forcing in
this region, but the wind is. The ocean circulation response to
the wind field variability, in the inner and midshelf regions,
can occur practically in phase with the wind, as the local forc-
ing is dominant in highly frictional regimes (Csanady 1978).

Vertical distribution of particles and plankton
Studying the distribution of plankton organisms in their

natural environment and their behavior in relation to thin
layers is of crucial importance to assess the ecological impact
of these structures. Imaging systems have been used to docu-
ment the relationships between thin layers of phytoplankton
and higher trophic levels (Möller et al. 2012; Talapatra
et al. 2013). Here images were used quantitatively and qualita-
tively to analyze the distribution of microplankton and meso-
plankton, generating an overview of the main classes present
in the vicinity of the phytoplankton layers and through the
water column.

In the images collected in the location of the thin layers,
on February 20th, dinoflagellates, diatoms and cyanobacteria
were identified. In the depths between 13 and 16 m, within
the pycnocline, dinoflagellate species of the genus Ceratium
were found (Fig. 6b2). Species of Ceratium are mixotrophic,
that is, they are both photosynthetic and heterotrophic, feed-
ing on other plankton. They belong to the microplankton
(20–200 μm), but some species can reach more than 200 μm
in length. Most dinoflagellates are motile cells during their
planktonic stage and can migrate vertically (Baek et al. 2009).
This may explain why the thin layers found in this depth
range appeared to move vertically between two isopycnals.

Some species of large diatoms (> 200 μm) were identified in
the depths between 19 and 21 m, mostly nonmotile species,
and many filaments of the cyanobacteria Trichodesmium
erythraeum (Fig. 6c2). Although Trichodesmium and the large
diatoms contribute to Chl-a fluorescence, the Chl-Flu peaks
may also had been composed mainly of phytoplankton less
than 100 μm in length, which were not considered in the image
classification stage. In addition, small diatoms and dinoflagel-
lates from the picophytoplankton and nanophytoplankton

(< 20 μm fractions) make up a large part of the plankton in the
study area (Villac et al. 2008) and could not be identified using
the imaging system. The organisms in the fraction > 20 μm were
estimated in the general particle count, which indicated aggre-
gations of particles at depths coinciding with the locations of
the thin layers.

A higher density of crustaceans was found in the vicinity of
Chl-Flu peaks on February 20th. A major representative of crus-
taceans in the region are copepods (Melo Júnior et al. 2016),
which feed on phytoplankton, but are mostly omnivorous
(Turner 2004). Marcolin et al. (2015) employed an Laser Opti-
cal Particle Counter (LOPC) to study the distribution of
marine particles and mesozooplankton, on the Brazilian coast,
finding positive correlations between chlorophyll fluorescence
and particle aggregates, and between Brunt-Väisälä frequency
(N2) and particle aggregates; peaks of zooplankton and aggre-
gate concentration usually coincided with each other and
with the pycnocline.

Appendicularians and cnidarians were found in greater
quantities close to the surface (0–3 m) and subsurface
(3–10 m) on both days. The presence of these two groups was
also verified close to the Chl-Flu peaks (between 14.5–16 m
and 19–21 m) on February 20th (Fig. 7a). Large concentrations
of appendicularians close to the surface have been reported
previously in the region. Marcolin et al. (2015) found
appendicularians peaks near the surface and below 20 m on
the inner shelf off Ubatuba, in 5-yr time series data, from
2007 to 2012. In this same region, Miyashita and Lopes (2011)
found the most abundant appendicularian species above the
thermocline and in surface layers, where high temperatures
and low Chl-a prevailed. Appendicularians are free-swimming,
solitary, herbivorous tunicates, feeding primarily on
nanoplankton-sized particles using a “house” secreted by the
glandular epithelium. The images indicated that several
appendicularians were without their mucus houses, probably
due to the sensitivity of these structures to the increased tur-
bulence and friction of the currents in the mixed layer.
Appendicularians are an important link between pico-
nanoplankton and higher trophic levels since they are part of
the diet of fish, cnidarians, ctenophores and chaetognaths
(Urban-Rich et al. 2006). Cnidarians are free-living carnivorous
that feed on various species, from microscopic zooplankton to
small fish. Feeding behavior is regulated by chemosensors,
and they move through the water column in search of food
(Miglietta et al. 2000). The presence of cnidarians in the
mixed layer and close to the peaks of Chl-Flu can be related to
the presence of appendicularians and crustaceans.

On February 21st, there was a significant increase in the
density of cyanobacteria through the water column, especially
in midwater (11–20 m), accompanying the increase in Chl-Flu
(Fig. 7b). Previous studies have reported blooms of
Trichodesmium spp. on the southeastern coast of Brazil
(Carvalho et al. 2008; Detoni et al. 2016). The maximum
Trichodesmium abundances were associated in previous studies

Penninck et al. Thin layers on the inner shelf off Ubatuba, Brazil

13



with local enrichments of phosphate, iron, or both
(Fernández et al. 2010; Detoni et al. 2016), high surface tem-
peratures (Carvalho et al. 2008) and salinity range between
33 and 37 (Fu and Bell 2003). In situations where there is a
strong thermal stratification and a shallow mixed layer, phyto-
plankton groups that demonstrate rapid growth under condi-
tions of abundant nutrients (mainly phosphate and iron) can
be overcome by Trichodesmium (Chen et al. 2008). On the
days leading up to the Trichodesmium bloom on February 21st,
the weather conditions were stable, with calm sea and a
smooth water surface, weak winds (< 11 m s−1) and partly clo-
udy skies. Thermal stratification of the water column was
observed on February 20th, with the temperature ranging from
29�C on the surface to 18.6�C on the bottom layer, and the
salinity ranging from 34 to 36.5. These characteristics,
together with the high relative concentration of phosphate
(> 0.12 μM) likely triggered the population growth of
Trichodesmium erythraeum.

Based on the hypothesis that particles are transported pas-
sively by water bodies and they move together at the same
speed, ADCPs use the backscattered sound by particles
suspended in water to measure the velocity of currents. From
the measurements of vertical velocity and echo intensity (signal
strength), ADCPs have been used in the investigation of zoo-
planktonic biomass (Sevadjian et al. 2010; Comfort et al. 2017).
The ADCP signal strength was used to estimate the number of
particles suspended from the RVBS calculation. Because acous-
tic waves are reflected by all objects greater than 1/4 of the pulse
wavelength, it is not possible to determine exactly how much
of the reflected signal is due to zooplankton (Thomson and
Emery 2014). In our case, the wavelength of the sound pulses is
about 0.3 cm (considering the sound speed in seawater of
1475 m s−1 and the ADCP frequency of 500 kHz), meaning
that, in general, particles larger than 750 μm reflect the sound,
and the smaller than 750 μm scatter the sound. However, the
signal strength is proportional to the aggregation of the organ-
isms. Organisms that are aggregated into patches have a greater
volume scattering strength than uniform distributions of the
same zooplankton organisms (Thomson and Emery 2014).

The RVBS distribution graph suggests a patch of particles in
the subsurface layer (~ 3–6 m) (Fig. 7c). As zooplankton swarms
tend to aggregate at specific depths (Guerra et al. 2019), the
higher intensity of RVBS may indicate the detection of a zoo-
plankton layer in this region. Mesozooplankton organisms such
as appendicularians, cnidarians and chaetognaths, were
detected by the imaging system in this depth range. In addi-
tion, the particle counts from the imaging system also revealed
a higher particle concentration in the subsurface layer (Fig. 7d).

Physical-biological coupling in Ubatuba—concluding
remarks

This contribution describes coupled biological-physical pro-
cesses leading to the presence of thin layers in the coastal
region of Ubatuba, Brazil. We demonstrated that the

occurrence and persistence of thin layers were conditioned by
the variability of hydrographic conditions through the water
column. The dynamic processes in quasi-synoptic scale
influenced the fine-scale physical processes of stratification
and current shear, which influenced biological processes, such
as the accumulation of phytoplankton biomass. Although the
observation of the phenomenon was local, the entire region
of the SBCS has its circulation controlled by the same meteo-
rological conditions on a synoptic scale, according to Castro
Filho et al. (1987). The thin layers observed are associated with
mesoscale and submesoscale flows, related to Ekman transport
and the advection of water bodies in the coastal zone. Thus,
the observed changes are likely to occur at the regional level
and are representative of similar coastal ecosystems.

The higher concentration of organisms found in the thin
layer depths, compared to the environment above and below
the layers, indicates that thin phytoplankton layers are likely
attractive food sources for grazers. The importance of thin
phytoplankton layers as enhanced feeding grounds for con-
sumers that migrate to the vicinity of the layers has been well
documented (Benoit-Bird et al. 2010; Greer et al. 2013). As tro-
phic hotspots, thin layers of phytoplankton can mediate the
survival and reproduction rates of organisms belonging to
higher trophic levels (Durham and Stocker 2012).

We conclude that thin layers on the inner shelf of Ubatuba
have a transitory nature, influenced by regional winds and
intermittent SACW intrusions from the outer shelf, and their
occurrence contributes to the ecological function of this eco-
system. Future research projects would require sampling strate-
gies targeting fine-resolution spatial and temporal scales, with
improved multifrequency acoustic and direct sampling
methods. Studies on thin biological layers in the South Atlan-
tic are still incipient and there are many questions to be
answered, such as the influence of nonlinear internal waves
on the occurrence of thin layers, and the role of thin layers in
fish and zooplankton feeding processes. Future studies that
quantify the phytoplankton taxa and size classes exploited by
zooplankton in thin layers will help to better assess the eco-
logical role that these structures play in meso-oligotrophic
coastal environments.
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