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Abstract
Diatoms are considered the main base of the Southern Ocean food web as they are responsible for more than

85% of its annual primary production and play a crucial role in the Antarctic trophic structure and in the bio-
geochemical cycles. Within this context, an intense diatom bloom reaching > 45 mg m−3 of chlorophyll a was
registered in the Northern Antarctic Peninsula (NAP) during a late summer study in February 2016. Given that
nutrient concentrations and grazing activities were not identified here as limiting factors on the bloom develop-
ment, the aim of this study was to evaluate the effect of water column structure (stability and upper mixed layer
depth) on the phytoplankton biomass and composition in the NAP. The diatom bloom, mainly composed by
the large centric Odontella weissflogii (mostly > 70 μm in length), was associated with a local ocean carbon diox-
ide uptake that reached values greater than −60 mmol m−2 d−1. We hypothesize that the presence of a vertically
large water column stability barrier, just below the pycnocline, was the main driver allowing for the develop-
ment of the intense diatom bloom, particularly in the Gerlache Strait. Contrarily, a shift from diatoms to dino-
flagellates (mainly Gymnodiniales < 20 μm) was observed associated with conditions of a highly stable thin
layer. The results suggest that a large fraction of this intense diatom bloom is in fast sinking process, associated
with low grazing pressure, showing a crucial role of diatoms for the efficiency of the biological carbon pump in
this region.

The Antarctic Peninsula has experienced one of the largest
warming rates on Earth during the last 50 years (Ducklow
et al. 2007), including a significant warming of the oceanic
surface waters (Meredith and King 2005; Couto et al. 2017). In
addition, the warming of the atmosphere has been linked to
sea ice dynamics, affecting the timing of the sea ice formation
and melting (Smith and Stammerjohn 2001; Stammerjohn
et al. 2008; Turner et al. 2013). As life histories of most Antarc-
tic organisms are attuned to sea ice, the recent atmospheric
warming of the Antarctic Peninsula and consequent changes in

the seasonality of the sea ice cover (e.g., Turner et al. 2015; Mas-
som et al. 2018) have been associated with changes in key food
web trophic levels. This includes shifts in the composition of
phytoplankton community and decrease in the abundance of
Antarctic krill, with direct consequences throughout the whole
regional ecosystem (Moline et al. 2004; Ducklow et al. 2007;
Montes-Hugo et al. 2009; Seyboth et al. 2018).

Diatoms, a dominant phytoplankton group in the Southern
Ocean (e.g., Arrigo et al. 1999; Pondaven et al. 2000; Armbrust
2009), are considered the core of the austral food web as they
are responsible for more than 85% of its annual primary pro-
duction (Rousseaux and Gregg 2014). Consequently, the dia-
toms play crucial role in the trophic structure and
biogeochemical cycles of the region (Falkowski et al. 1998;
Tréguer et al. 2017; Person et al. 2018; Brown et al. 2019).
Although this group seems well adapted to regimes of inter-
mittent light and nutrient exposure, it is particularly common
in nutrient-rich environments encompassing polar regions, as
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well as upwelling and coastal areas (Smetacek et al. 2012).
Such characteristics highlight its success in occupying a wide
range of ecological niches and biomes (Malviya et al. 2016).
However, despite their importance for the Antarctic ecosys-
tems and in the marine carbon cycle, the current knowledge
on ecology and distribution of diatoms in the Southern Ocean
remains generalized at best.

The Northern Antarctic Peninsula (NAP), which encom-
passes the Gerlache and Bransfield Straits, the southernmost
sector of the Drake Passage, the northwestern Weddell Sea and
the regions offshore of the western Antarctic Peninsula, is a
good example of how environmental changes can alter and
transform the polar ecosystem through time (Kerr et al. 2018c
and references therein). This is a highly productive area and a
key-feeding region for whales (e.g., Dalla Rosa et al. 2008;
Nowacek et al. 2011; Secchi et al. 2011; Seyboth et al. 2018)
and other krill-feeding predators (e.g., Trivelpiece et al. 2011;
Southwell et al. 2012). The relevance of the NAP as a foraging
ground is probably related to the high local biological produc-
tivity (Rodriguez et al. 2002; Varela et al. 2002), usually domi-
nated by diatoms, but can also be positively impacted by or
benefited from the physical complexity of hydrography and
circulation, sea ice dynamics, continental meltwater input, and
protection from severe weather (Prézelin et al. 2000, 2004).

The high phytoplankton productivity in the Antarctic
waters, particularly in coastal regions, is fuelled by an abun-
dant supply of nutrients and the availability of light when the
mixed layers are shallow, thus allowing cells to overcome light
limitation (Mendes et al. 2012; Rozema et al. 2017; Schofield
et al. 2017). Recent studies have shown that the NAP is also
being affected by several environmental factors, such as early
retreat of sea ice and increase in sea surface temperature,
which have been associated with an increase in occurrence
and abundance of certain phytoplankton groups, such as
cryptophytes (Moline et al. 2004; Montes-Hugo et al. 2009;
Mendes et al. 2013, 2018a,b). As diatoms are more efficiently
grazed by Antarctic krill than cryptophytes (Haberman et al.
2003), the shift from a diatoms- to a cryptophyte-dominated
community may affect food web trophic interactions and,
consequently, the ecology of the local marine food web
(Moline et al. 2004; Ducklow et al. 2007). Due to intensifica-
tion of meltwater conditions in the Southern Ocean, the water
column stability has been pointed as an important driver con-
trolling the biomass and composition of phytoplankton com-
munities (Dierssen et al. 2002; Moline et al. 2004; Mendes
et al. 2012; Höfer et al. 2019). Therefore, studies on phyto-
plankton and the influence of environmental constraints in
species/groups composition are relevant to evaluate ecosystem
changes on short- and long-term scales.

Although the ecological and biogeochemical relevance of
diatom blooms to the Antarctic ecosystem are well known
(e.g., Rodriguez et al. 2002; Varela et al. 2002; Garibotti et al.
2005), in situ measurements of the prevailing environmental
conditions during the period of development and

establishment of the blooms are scarce and almost
unexplored. In this context, we reported here in loco observa-
tions of an intense diatom bloom dominated by the large
(mostly > 70 μm in length) centric diatom Odontella weissflogii,
spanning a vast area of the NAP during a late summer oceano-
graphic survey conducted in February 2016, and described its
biogeochemical role in that environment. Results presented
here contribute to a better understanding of the causal link-
ages between environmental conditions and the composition
of the phytoplankton community during diatom blooms in
the Antarctic Peninsula. Moreover, this study elucidates fac-
tors that can disrupt ecosystem balance in a critically impor-
tant Antarctic coastal region.

Material and methods
Cruise design and sampling collection

The data set was collected during an oceanographic cruise
conducted on board the RV Almirante Maximiano of the Brazil-
ian Navy along of the NAP, during late summer of 2016 (from
14 to 24 February; 40 stations). The study area covered the
Gerlache Strait, which separates the Anvers and Brabant
Islands from the Antarctic Peninsula, the Bransfield Strait,
between the southern Shetland Islands and the Peninsula, and
the north-eastern Bellingshausen Sea (Fig. 1). Therefore, in
order to better evaluate the effects of hydrographic properties
on the phytoplankton community, the sampling stations were
split into three data sets (different symbols in Fig. 1): the
region under higher influence of waters advected from the
Bellinghausen Sea (Bellingshausen), the Gerlache Strait
(Gerlache), and the Bransfield Strait region (Bransfield).

Hydrographic data profiles (temperature and salinity) and sea-
water discrete samples were collected using a combined Sea-Bird
CTD/Carrousel 911 + system® equipped with 24, 5-L Niskin bot-
tles. Surface seawater samples were taken in all conductivity–
temperature–depth stations for both dissolved nutrients and
phytoplankton pigments analyses. At some stations, chosen
based on the downcast fluorescence profiles (WetLabs® profiling
fluorometer), seawater samples were taken from several depths
between the surface and 150 m to characterize the vertical distri-
bution of phytoplankton communities. However, due to the
absence of deep chlorophyll maximum (DCM) layers, seawater
samples at these selected stations were generally collected at reg-
ular depths of 5 (hereafter defined as surface), 25, 50, 75, 100,
and 150 m. In order to investigate differences in phytoplankton
composition between regions, five surface sampling stations
were selected for microscopic analysis, that is, Stas. G10 and
G13, in Gerlache Strait; Stas. I18 and I16, in north-eastern
Bellingshausen Sea; and Sta. B33 in Bransfield Strait (Fig. 1).

Additionally, to complement the phytoplankton taxo-
nomic information, size fractionation of phytoplankton chlo-
rophyll a (Chl a) biomass was performed at 10 selected surface
samples, which were representative of the study region. The
fractionation was carried out by sequential filtering of water
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subsamples (1000 mL). Each sample was firstly filtered using a
polycarbonate filter with pore size of 20 μm (GE Water & Pro-
cess Technologies, 47 mm). The collected filtrate was subse-
quently filtered into a polycarbonate filter with pore size of 2 μm
(GE Water & Process Technologies, 47 mm). Lastly, the collected
filtrate was filtered into GF/F filter (Whatman) to retain the cells
between 0.7 and 2 μm. The first two filtrations were performed by
gravity and the last one under low vacuum pump (< 5 in. Hg).
The filtration by gravity minimizes the problems of vacuum filtra-
tion, such as breaking phytoplankton cells. This procedure
yielded high-performance liquid chromatography (HPLC) mea-
sured Chl a concentration for the picophytoplankton (between
0.7 and 2 μm), nanophytoplankton (2–20 μm), and micro-
phytoplankton (> 20 μm).

Physical measurements
The seawater potential density (ρ, kg m−3) was determined

based on seawater potential temperature, salinity, and pressure
data in order to evaluate the physical structure of the water
column. The upper mixed layer depth (UMLD) was deter-
mined as the depth at which ρ deviate from its 10 m depth
value by a threshold of Δρ = 0.03 kg m−3 (de Boyer Montégut
et al. 2004). The water column stability was estimated using
vertical ρ variations, as a function of buoyancy or the Brunt–
Väisälä frequency (N2), which is determined by

N2 = −
g
ρ

∂ρ
∂z

rad2s−2
� �

,

where g is gravity, z is the water depth, and ρ is the potential
density of seawater. The water column stability (E) was further
estimated from

E=
N2

g
10−6 rad2m−1

� �
:

In order to represent the horizontal variation of stability
within the upper layers of water column along the three regions,
we tried three different forms of stability values: mean stability
between 0 and 150 m (depth range where biological samples were
taken), mean stability within the upper mixed layer, and peak sta-
bility value directly below the UMLD. Since a good linear correla-
tion was found between the three forms (data not shown), the
mean stability between 0 and 150 m (hereafter referred to as sta-
bility and represented by the parameter E) was then selected to be
used in this study to show the horizontal variation of water col-
umn stability values, to keep the same approach as in previous
works of the group (e.g., Mendes et al. 2012, 2013, 2018a,b).

To evaluate the effects of freshwater input on the structure
of phytoplankton communities, the meltwater percentage
(%MW) was estimated, following Rivaro et al. (2014), as:

Fig. 1. Study area and stations’ locations during 2016 in the late austral summer cruise. Hydrographic stations positions are marked by circles, squares,
and triangles, indicating zones characterized by Gerlache, Bellingshausen, and Bransfield surface waters, respectively. Labeled stations with “x” indicate
locations where high-resolution vertical pigments’ profiles are available. The bathymetry is represented by the color scale bar on the right. An inset map
in the upper left corner shows a larger area that pinpoints where the main map is located. The abbreviations are as follows: AI, Anvers Island; AP, Antarctic
Peninsula; BI, Brabant Island; SSI, South Shetland Islands.
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%MW= 1−
Smeas−6
Sdeep−6

� �
×100:

The equation above considers the ratio of the difference
between the measured surface seawater salinity (Smeas) and at
a greater depth (Sdeep; i.e., at 300 m), which was presumably
not influenced by freshwater from sea ice dilution and conti-
nental melting on the same station, and the average sea ice
salinity of 6 (Ackley et al. 1979).

The euphotic layer depth (Zeu) is defined as the depth
where the downwelling photosynthetically available radiation
(λ = 400–700 nm) is reduced to 1% of its value at surface. A
direct measure of Zeu was not available in the present study.
Therefore, Zeu was estimated as:

log10 zeuð Þ= −0:45× log10 Chlað Þ+1:79,

where the surface Chl a concentration was used. This equation
was developed by an empirical relationship derived from mea-
sured Zeu and Chl a concentration, measured at 5 m for day-
light stations and obtained during two oceanographic surveys
conducted in the same region covered in this study (Ferreira
et al. 2017).

Dissolved nutrients analysis
Surface seawater samples were filtered through cellulose

acetate membrane filters to determine dissolved inorganic
nutrients (i.e., dissolved inorganic nitrogen [DIN]: nitrate,
nitrite, and ammonium; phosphate and silicic acid). The sam-
ples were immediately frozen at −20�C until the laboratory
analysis. Nutrients were analyzed at the Laboratory of Biogeo-
chemistry at the Federal University of Rio de Janeiro, Brazil,
following the spectrophotometric determination methods
described by Aminot and Chaussepied (1983). Orthophos-
phate was measured by reaction with ammonium molybdate,
with absorption readings at 885 nm. Silicic acid measure-
ments, in the form of reactive Si, were corrected for sea salt
interference.

HPLC pigment analysis
For phytoplankton pigment analysis, seawater samples

(0.5–2.5 L) were filtered under low vacuum through GF/F fil-
ters and these were immediately frozen in liquid nitrogen for
later HPLC pigment analysis. In the laboratory, the filters were
placed in a screw cap centrifuge tube with 3 mL of 95% cold-
buffered methanol (2% ammonium acetate) containing
0.05 mg L−1 trans-β-apo-80-carotenal (Fluka) as internal stan-
dard. Samples were sonicated for 5 min in an ice-water bath,
placed at −20�C for 1 h, and then centrifuged at 1100 g for
5 min at 3�C. The supernatants were filtered through
Fluoropore PTFE membrane filters (0.2 μm pore size) to sepa-
rate the extract from remains of filter and cell debris. Immedi-
ately prior to injection, 1000 μL of sample was mixed with

400 μL of Milli-Q water in 2.0-mL amber glass sample vials,
which then were placed in the HPLC cooling rack (4�C). The
pigment extracts were analyzed using a Shimadzu HPLC con-
stituted by a solvent distributor module (LC-20 AD) with a
control system (CBM-20A), a photodiode detector
(SPDM20A), and a fluorescence detector (RF-10AXL). The
chromatographic separation of the pigments was performed
using a monomeric C8 column (SunFire; 15 cm long; 4.6 mm
in diameter; 3.5 μm particle size) at a constant temperature of
25�C. The mobile phase (solvent) and respective gradient
followed the method developed by Zapata et al. (2000), dis-
cussed and optimized by Mendes et al. (2007), with a flow rate
of 1 mL min−1, injection volume of 100 μL, and 40 min runs.
All the studied pigments were identified from both absor-
bance spectra and retention times, and the concentrations
were calculated from the signals in the photodiode array
detector in comparison with commercial standards obtained
from DHI (Institute for Water and Environment, Denmark).
The peaks were integrated using LC-Solution software, and all
of the peak integrations were checked manually and corrected
when necessary. A quality assurance threshold procedure,
through application of limit of quantification (LOQ) and limit
of detection (LOD), was applied to the pigment data as
described by Hooker et al. (2005) to reduce the uncertainty of
pigments found in low concentrations. The LOQ and LOD
procedures were performed according to Mendes et al. (2007).
In order to correct for losses and volume changes, the concen-
trations of the pigments were normalized to the internal
standard.

The HPLC analysis allowed separation, identification, and
quantification of three types of Chl a degradation products:
chlorophyllide a (Chlide a), pheophytin a (Phytin a), and phe-
ophorbide a (Pheide a). The relative content of those degrada-
tion products can be used as a proxy for grazing pressure and
for senescence of phytoplankton cells (e.g., Jeffrey 1974;
Mendes et al. 2012; Pillai et al. 2018). Thus, the sum of the
Phytin a and Phide a was used as a proxy of zooplankton
assemblage grazing, while Chlide a was used as senescence
index of the phytoplankton community.

Chemical taxonomy analysis of pigment data
The relative contribution of phytoplankton groups to the

overall biomass was calculated from the class-specific accessory
pigments and total Chl a using the Chemical taxonomy
(CHEMTAX) software v1.95 (Mackey et al. 1996). CHEMTAX
uses a factor analysis and steepest descent algorithm to best fit
the data onto an initial matrix of pigment ratios (the ratios
between the respective accessory pigments and Chl a). This
software package has been extensively and successfully used
in many worldwide investigations (Mendes et al. 2011;
Schlüter et al. 2011; Araujo et al. 2017; Carvalho et al. 2019;
Lima et al. 2019), including in the Southern Ocean
(e.g., Rodríguez et al. 2002; Wright et al. 2010; Mendes et al.
2012, 2015), to determine the distribution and Chl a biomass

Costa et al. Diatom bloom in the NAP

2059



of phytoplankton functional groups. This approach provides
valuable information about the whole phytoplankton com-
munity, including small-size species, which are normally diffi-
cult to identify by light microscopy. The basis for calculations
and procedures is fully described by Mendes et al. (2018a).
Although concentration of Chl a is not an absolute measure
of algal biomass, such as carbon, it can be used as a proxy for
biomass (Jeffrey et al. 1997; Huot et al. 2007), since this pho-
tosynthetic pigment is common to all autotrophic phyto-
plankton. Therefore, in this work, we use the term Chl
a referring to either total biomass or relative biomass attrib-
uted to the corresponding taxonomic groups, as has been
widely applied with the CHEMTAX approach.

Six algal groups were chosen for CHEMTAX analysis based
on previous experience in the region (Mendes et al. 2012,
2013, 2018a,b) and confirmation of the higher taxonomic
groups by microscopy. The algal groups chosen are diatoms,
dinoflagellates-A (peridinin-containing dinoflagellates),
dinoflagellates-B (containing gyroxanthin esters and fucoxan-
thin derivatives), “Phaeocystis antarctica,” cryptophytes and
green flagellates. Although Mendes et al. (2018a) have used a
7-class CHEMTAX approach, including two types of diatoms—
Type A (containing typical diatom pigmentation; Chl c1, Chl
c2, fucoxanthin, and diadinoxanthin) and Type B, where Chl
c3 replaces Chl c1—in this work, we chose to use only one
group of diatoms due to absence of Chl c1 in the samples ana-
lyzed. In addition, the strong correlation between Chl c3 and
fucoxanthin, in association with the large abundances/bio-
masses of diatoms, allowed us to assert that the assemblage of
diatoms occurring in the study area (mainly O. weissflogii) was
Type B.

The whole pigment data set was separated in three distinct
oceanographic provinces addressed in this study: Bransfield,
Gerlache, and Bellinghausen. In order to account for pig-
ment ratios’ variations with irradiance, these three data sets
were further split into three bins according to sample depth
(0–25, 25–50, and > 50 m), each of which was separately ana-
lyzed by CHEMTAX to allow for variation in pigment: Chl
a ratios with depth (Mackey et al. 1998). This procedure
assured homogeneity of the pigment: Chl a ratios within all
samples from the same bin, providing some compensation
for changes in these ratios, which are known to vary with
light availability (Schlüter et al. 2000; Higgins et al. 2011).
Regarding the fractionation data, the split of pigment data
set was performed according to size class (> 20, 2–20, and
0.7–2 μm). For optimization of the input matrix, a series of
60 pigment ratio matrices were generated by multiplying
each ratio from the initial matrix by a random function as
described by Wright et al. (2009). The averages of the best six
(10%) output matrices, with the lowest residual or mean
square root error, were taken as the optimized results. The
initial and optimized pigment ratio matrices derived from
CHEMTAX are presented in Supporting Information Tables S1
and S2.

Microscopic analysis
The samples collected at surface were preserved in amber

glass flasks (� 250 mL) with 2% alkaline Lugol’s iodine solu-
tion in order to evaluate the species composition and cell den-
sity of the phytoplankton assemblage. Settling chambers
(2, 10, or 50 mL settling volume) were inspected on an
Axiovert 135 ZEISS inverted microscopic (Utermöhl 1958;
Sournia 1978) at 100×, 200×, and 400× magnification, follow-
ing previous literature (e.g., Scott and Marchant 2005).
Species-specific cell biovolumes were estimated by measuring
cell dimensions (such as length, width, and height) and apply-
ing respective similar geometric shapes as in Hillebrand et al.
(1999). The most abundant species were selected for the
biovolume calculation as represented in Supporting Informa-
tion Table S3.

CO2 partial pressure and sea–air fluxes
We estimated the carbon dioxide (CO2) partial pressure in

surface seawater (pCOsw
2 ) based on the total alkalinity and total

dissolved inorganic carbon measurements, using the CO2SYS
program v2.1 (Lewis et al. 1998; Pierrot et al. 2006). The
pCOsw

2 error associated with this indirect calculation was esti-
mated to be at least �5.7 μatm. We used the carbonate dissoci-
ation constants K1 and K2 proposed by Goeyt and Poisson
(1989) and the sulfate and borate constants proposed by
Dickson (1990) and Uppström (1974), respectively. Those con-
stants have a good response and are recommended for high
latitude regions (e.g., Laika et al. 2009; Kerr et al. 2018a). Total
alkalinity and total dissolved inorganic carbon were deter-
mined simultaneously by potentiometric titration in a closed
cell (Dickson et al. 2007). To ensure the best performance
from these analyses, we used certified reference material batch
no. 149 (Dickson et al. 2003). The analytical precision of total
alkalinity and total dissolved inorganic carbon measurements
were investigated daily through replicate analyses of a single
sample and was determined to be �4.4 and�2.7 μmol kg−1,
respectively.

The net sea–air CO2 flux (FCO2) was calculated by the fol-
lowing equation:

FCO2 =KtKsΔpCO2,

where ΔpCO2 is the difference between pCOsw
2 and CO2 partial

pressure in the atmosphere (pCOair
2 ); Kt is the gas transfer

velocity as a function of wind speed, which we calculated
using the latest Kt relationship (Wanninkhof 2014); and Ks is
the CO2 solubility coefficient, which was calculated as a func-
tion of both temperature and salinity (Weiss 1974). Both

the pCOair
2 and wind speed used here were determined

from measurements obtained at the U.S. Palmer Station

(Dlugokencky et al. 2015). We used the monthly pCOair
2 aver-

age (397.9 �0.48 μatm) for February 2016 to calculate the
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ΔpCO2 across all sampling stations. For the calculation of
FCO2, we used weekly averages of wind speed to ensure that
the whole effect of wind action is acting on CO2 exchanges at
the sea–air surface boundary.

Statistical analysis
Relationships between Chl a biomass of phytoplankton

groups and environmental variables at surface (except for deter-
mining water column structure, where data from the upper
150 m were used) were estimated through canonical correspon-
dence analysis (CCA; Ter Braak and Prentice 1988) using CAN-
OCO for Windows 4.5 software. This analysis was performed in
order to identify the main patterns of the phytoplankton com-
munity structure with respect to environmental variables. Biotic

variables were represented by the CHEMTAX-derived taxonomi-
cal groups’ biomass (mg m−3 of Chl a). Environmental variables
included stability (mean between 0 and 150 m), UMLD, %MW,
sea surface temperature (T), sea surface salinity (Salinity), DIN,
phosphate, and silicic acid. All variables were log transformed
before analysis to reduce the influence of different scales in the
data sets. Monte Carlo tests were run based on 499 permutations
under a reduced model (p < 0.01) in order to evaluate the signifi-
cance of the CCA.

Results
Environmental setting

The surface environmental properties showed a well-
defined gradient along the NAP (Fig. 2), reflecting marked

Fig. 2. Surface distributions of temperature (a), both salinity (color scale) and %MW (contour lines) (b), both mean stability (E; color scale) and UMLD
(contour lines) (c), DIN (d), phosphate (e), and silicic acid (f). Black dots represent stations’ location.

Fig. 3. Surface distribution of total Chl a (mg m−3) (a), absolute contribution of diatoms to total Chl a (mg m−3) (b), absolute contribution of dinofla-
gellates Type B to total Chl a (mg m−3) (c). Note the different scales. Black dots represent stations’ location.
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oceanographic contrast between the subregions under inves-
tigation (i.e., Bellingshausen, Bransfield, and Gerlache). The
temperature distribution shows the influence of waters from
Bellingshausen Sea (i.e., warm) and Weddell Sea (i.e., cold)
along the Antarctic Peninsula (Fig. 2a), including the pres-
ence of the Peninsula Front (Sangrà et al. 2011).
The influence of a freshwater layer is clearly seen on the
Bellingshausen zone associated with the minima salinity
values of the study area (Fig. 2b).

A gradual decrease in mean stability was registered in the
upper water layers (0–150 m) from Bellingshausen towards the
Gerlache and Bransfield straits (Fig. 2c). The highest averaged sta-
bility value of 6.71 × 10−6 rad2 m−1 is seen in Bellingshausen
and the lowest stability value of 2.08 × 10−6 rad2 m−1 is observed
in Bransfield. The sea surface temperature distribution (Fig. 2a)
has an opposite pattern with sea surface salinity (Fig. 2b). The
Bellingshausen showed the highest mean sea surface tempera-
ture value of 0.81�C associated with lowest mean sea surface

Fig. 4. Vertical profiles of water column salinity, temperature, density and stability (top panel) to stations: Sta. I16 (a), Sta. I18 (b), and Sta. I24 (c), in
Bellingshausen region, and depth distribution of phytoplankton groups’ biomass (as chlorophyll a concentration) calculated by CHEMTAX to same sta-
tions: Sta. I16 (d), Sta. I18 (e), and Sta. I24 (f), along with their respective UMLD (gray horizontal dashed lines) and euphotic zone (Zeu; red horizontal
dashed lines), as well as both grazing (yellow squares) and senescence (green triangles) indices, represented in the lower panel.
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salinity of 33.57, Gerlache showed mean intermediate values of
both temperature (0.70�C) and salinity (33.98), whereas
Bransfield showed the lowest mean temperature of 0.54�C asso-
ciated with the highest mean salinity value of 34.19 (see
Supporting Information Table S4).

The freshwater input, represented by %MW, showed a notice-
able southwest–northeast surface gradient associated with surface
salinity values, where the lower (higher) sea surface salinities
were recorded in association with the higher (lower) values of %
MW (see Fig. 2b). The pattern presented by the UMLD, in turn,
is not associated with any other variable (Fig. 2c). It shows high
averaged values of 47 � 25 m registered in Bransfield, intermedi-
ate values in Bellinghausen (34 � 9 m), and the lowest UMLD
values in the Gerlache Strait (23 � 9 m). The euphotic zone
depth (Zeu) of ~ 45 m was very similar in Bellingshausen and
Bransfield zones, whereas on the Gerlache Strait this depth
decreases to ~ 20 m (see Supporting Information Table S4).

The surface nutrient concentrations were relatively high
throughout the study area (Supporting Information Table S4).
However, there was a considerable spatial variability, for
example, in silicic acid concentrations, whose values were sub-
stantially higher in Gerlache Strait. In turn, Gerlache Strait
presented the lowest DIN and phosphate values (Fig. 2d–f).

Phytoplankton Chl a biomass and community
composition

The surface Chl a concentration, ranging from 0.3 to
46.5 mg m−3, varied significantly along the NAP (Fig. 3a).
Three clear spatial features associated with each subregion
were observed: (1) high Chl a region greater than 45 mg m−3

in the Gerlache Strait; (2) intermediate Chl a levels varying
between 10 and 15 mg m−3 in the deep zones of the Bransfield
central basin; and (3) low Chl a concentration (< 2 mg m−3)
observed in the Bellingshausen region and southeast of the
Peninsula Front (i.e., stations influenced by Weddell Sea
waters advected into the Bransfield Strait).

Phytoplankton assemblages were generally dominated by
diatoms (Fig. 3b), especially at stations with high Chl a con-
centration (Fig. 3a). In the northern Gerlache Strait and at the
center of the Bransfield Strait, diatom’s contributions were
higher than 90% of total Chl a. The predominant species in
those blooms was the large centric diatom O. weissflogii
(mostly > 70 μm in length), as identified by microscopic analy-
sis (Supporting Information Table S3). Dinoflagellates Type B
(mainly small Gymnodiniales < 20 μm; Table S3) appeared as
the second most representative taxonomic group (Fig. 3c), par-
ticularly at the Bellingshausen stations with higher %MW and
lower salinities (Fig. 2b). Dinoflagellates Type A, cryptophytes,
P. antarctica, and green flagellates showed much lower Chl
a biomass, and their contributions were more significant at
stations with low values of Chl a (Supporting Information
Fig. S1).

Due to the presence of the low salinity surface layers, the
Bellingshausen region displayed an evident shift between the

main phytoplankton groups, as a result of the increased stabil-
ity immediately below the UMLD (Fig. 4a–c). Lower Chl a bio-
mass and an increase in contribution of dinoflagellates-B over
diatoms were observed at stations with high stability values

Fig. 5. Vertical profiles of water column salinity, temperature, density,
and stability (top panel) to stations: Sta. G10 (a) and Sta. G13 (b), in Ger-
lache region, and depth distribution of phytoplankton groups’ biomass
(as chlorophyll a concentration) calculated by CHEMTAX to same stations:
Sta. G10 (c) and Sta. G13 (d), along with their respective UMLD (gray
horizontal dashed lines) and euphotic zone (Zeu; red horizontal dashed
lines), as well as both grazing (yellow squares) and senescence (green tri-
angles) indices, represented in the lower panel.
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(Fig. 4d–f), particularly associated with the formation of
a thin layer of high stability that markedly separated the
water column above and below the UMLD (see Fig. 4b,c).
Inversely, the Gerlache and Bransfield Straits were absolutely
dominated by diatoms associated with lower variation of
the water column stability (see Figs. 5, 6, respectively). How-
ever, it was possible to observe substantial differences in
the intensity (Chl a biomass) and in vertical distribution

of these blooms between the Gerlache and Bransfield Straits.
In Gerlache, the diatom blooms were conspicuously found
in shallow upper mixed layers (0–25 m) (Fig. 5c,d). These
profiles showed a distinct pattern of stability/density at
the pycnocline (Fig. 5a,b), corresponding to a large stable
thick layer of ~ 50 m with several stability peaks. In the
Bransfield Strait, despite the absolute dominance of diatoms
at most stations, lower Chl a concentrations were found

Fig. 6. Vertical profiles of water column salinity, temperature, density, and stability (top panel) at stations: Sta. B28 (a), Sta. B29 (b), and Sta. B33 (c), in
Bransfield region, and depth distribution of phytoplankton groups’ biomass (as Chl a concentration) calculated by CHEMTAX at same stations: Sta. B28
(d), Sta. B29 (e), and Sta. B33 (f), along with their respective UMLD (gray horizontal dashed lines) and euphotic zone (Zeu; red horizontal dashed lines),
as well as both grazing (yellow squares) and senescence (green triangles) indices, represented in the lower panel.
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(Fig. 6d–f), associated with less stable water columns
(Fig. 6a–c).

Grazing and senescence indices
The mean level of degradation products associated with

grazing processes was similar in all regions. Generally, it was
characterized by low values within the upper mixed layer
(with an average proportion frequently below 5%), and
increased levels below the UMLD in association with very low
Chl a values (Figs. 4d–f, 5c,d, 6d–f). Similarly, the senescence
index values were also very low (most stations with values
below 1%) throughout the study region. However, a slight
tendency to higher values was found toward the surface
(Figs. 4e,f, 6d,e).

Phytoplankton response to environmental drivers
The multivariate analysis showed a strong association

between phytoplankton groups and physicochemical proper-
ties of seawater (Fig. 7). A Monte Carlo F-ratio test showed that
nine environmental variables significantly (p < 0.01)

contributed to explain the spatial distribution of phytoplank-
ton groups: UMLD, stability, %MW, Chl a, temperature, salin-
ity, DIN, phosphate, and silicic acid. The first two ordination
CCA axes explained 55.9% of the total phytoplankton vari-
ance (35.9% and 20% in the first and second canonical axes,
respectively) and 92.2% of the variance associated with the
phytoplankton–environment relationship (59.2% and 33% in
the first and second canonical axes, respectively).

The first CCA axis revealed a notable separation between
diatoms and dinoflagellates and, consequently, between Ger-
lache and Bellingshausen stations (Fig. 7). The latter was
mainly positively associated with stability, %MW, DIN, and
phosphate. The analysis also indicated that diatoms were posi-
tively associated with both silicic acid and Chl a and nega-
tively associated with UMLD. Dinoflagellates were positively
associated with higher stability, %MW, and nutrients (DIN
and phosphate), and negatively associated with both salinity
and UMLD. The second axis indicated that minor groups
(e.g., P. antarctica, green flagellates, and cryptophytes), which
were more representative in Bransfield stations (Fig. 7), were
positively correlated with both UMLD and salinity, and nega-
tively associated with most of the other variables.

Influence of phytoplankton Chl a biomass and community
size structure on the CO2 dynamics

A daily CO2 net sink of −25.8 mmol m−2 d−1 was estimated for
the study area, probably driven by the high phytoplankton Chl
a biomassmainly dominated by large centric diatoms. The highest
Chl a values, associated with higher diatom concentrations (see
Fig. 3a,b), were related to the highest negative CO2 sea–air fluxes

Fig. 7. Canonical correspondence analysis ordination diagram of abso-
lute contributions of different phytoplankton groups at sea surface. The
first two ordination axes represented 55.9% of the total phytoplankton
group’s variance and 92.2% of the phytoplankton–environment relation-
ships. Arrows indicate explanatory variables [mean water column stability
(Stability), UMLD, and sea surface temperature (T), Salinity, Chl a, %MW
and DIN, phosphate (PO4), and silicic acid (SiO2)]. Yellow crosses refer to
absolute contributions of phytoplankton groups. Crypto, cryptophytes; Dino-
A, dinoflagellates Type a; Dino-B, dinoflagellates Type B; Diato, diatoms;
P. ant., Phaeocystis antarctica; G. flag., green flagellates. Symbols and colors
represent stations from different data sets (blue circles = Gerlache region; red
triangle = Bransfield region; green square = Bellingshausen region). Stas. I16,
I18, I24, G10, G13, B28, B29, and B33 are labeled because they represent
very distinct environmental and biological conditions and their vertical pro-
files of environmental setting and phytoplankton composition are shown in
Figs. 4–6.

Fig. 8. Relationship between absolute contribution of diatoms (as Chl
a concentration) and sea–air CO2 flux (FCO2) and ΔpCO2 (i.e., the differ-
ence between seawater and atmospheric CO2 partial pressures; inset fig-
ure). The negative values of FCO2 indicate a net sea–air flux from
atmosphere toward the ocean. The equations of the linear regressions
(black dashed lines), the determination coefficient (R2), the number (n) of
samples and the p-values (p) are indicated.
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(Fig. 8). The FCO2 highest negative average value of
−34.5 mmol m−2 d−1 was found in Gerlache Strait, followed by an
intermediatemean value in Bransfield (−23.6 mmol m−2 d−1), and
the lowest in Bellinghausen (−17.8 mmol m−2 d−1) (Supporting
InformationTable S4).

A closer examination of the correlation between Chl a vs.
FCO2, using 10 representative oceanographic stations of the sub-
regions investigated, showed all stations featured negative FCO2

values (Fig. 9a). However, the most negative levels exceeding
−60.0 mmol m−2 d−1 were recorded at Stas. G10 and G13 in the
Gerlache Strait. This was associated with the massive diatom
bloom in the area (see Fig. 3b). Moreover, the higher values of
Chl a biomass were characterized by high microphytoplankton
(> 20 μm) contributions (Fig. 9b), with diatoms as the largest
contributors to this size fraction (Fig. 9c). In contrast, the sta-
tions with lower Chl a values contained significant contributions
of both picophytoplankton (0.7–2 μm) and nanophytoplankton

(2–20 μm) fractions, followed by minimum microphytoplankton
content. In addition to diatoms, the picophytoplankton and
nanophytoplankton fractions had significant contributions from
other groups such as dinoflagellates-B (e.g., Sta. I18) and/or green
flagellates (e.g., Sta. G13) (Fig. 9c).

Discussion
The Southern Ocean, in general, is characterized by high-

nutrient and low-chlorophyll levels due to primary production
limitation associated mainly with iron scarcity (Boyd et al.
2007), but also grazing (Smetacek et al. 2004) and light limita-
tion (Mitchell and Holm-Hansen 1991; Nelson and Smith
1991). Nonetheless, high phytoplankton biomass has been
found in particular regions, including coastal and shelf areas
around the NAP (Prézelin et al. 2000; Arrigo et al. 2008;
Mendes et al. 2012).

To our knowledge, this is the first study reporting a massive
large-scale diatom bloom composed by the large diatom
O. weissflogii throughout the NAP. Previous studies along the
NAP have already reported the occurrence of O. weissflogii
(e.g., Rodriguez et al. 2002; Varela et al. 2002; Garibotti et al.
2003; Mendes et al. 2012, 2013; Detoni et al. 2015; Mascioni
et al. 2019; Nunes et al. 2019), but their records were almost
always spatially punctual and associated with relatively low bio-
mass, that is, with a little contribution of O. weissflogii to total
phytoplankton biomass. In the present study, the low grazing
pressure, estimated as pigment degradation products, may have
contributed to sustaining the high Chl a biomass levels
observed, particularly in both Gerlache and Bransfield Straits,
during the study period. Macronutrients were highly abundant
and although micronutrients such as iron (Fe) may be limiting
productivity, the Antarctic Peninsula continental shelves have
been depicted as a significant source of dissolved Fe to the upper
ocean (Ardelan et al. 2010; Hatta et al. 2013; Annett et al. 2017;
Sherrell et al. 2018; Jiang et al. 2019), not limiting phytoplank-
ton growth even during intense blooms (Bown et al. 2017).

Distinct phytoplankton communities observed along the NAP,
shifting the predominance between large diatoms to small dinofla-
gellates and other flagellates, were well recognized in the CCA dia-
gram (Fig. 7), where the diatoms stand out asmain contributors to
the high Chl a values. We suggest that biological productivity
along theNAPwas primarily controlled by light availability and/or
sedimentation processes, as a function of upper water column sta-
bility. Furthermore, sea ice, especially the timing of retreat, is an
important driver to development of distinct phytoplankton
assemblages due to its influence upon the water column stratifica-
tion (Garibotti et al. 2003; Höfer et al. 2019). In fact, during the
study period, the high percent of meltwater originated from the
Bellingshausen Sea has strongly influenced the water column sta-
bility, generating a horizontally well-marked gradient between the
three regions (see Fig. 2b) and, consequently, generating diverse
phytoplankton assemblages and size structure.

Fig. 9. Relationships between total Chl a and carbon flux (FCO2) at sur-
face for 10 representative stations of the study region (a) and their respec-
tive size fractionated Chl a (%) of microplankton, nanoplankton, and
picoplankton (b) associated with relative biomass of phytoplankton
groups (as Chl a concentration) for each station from the 10 selected sta-
tions (c).
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Influence of UMLD and stability on diatom Chl a biomass
distribution

There have been several previous studies along the Antarc-
tic Peninsula during the spring and summer, including the
NAP, which have recorded phytoplankton blooms composed
by large (> 20 μm) diatoms (Garibotti et al. 2003; Vernet et al.
2008; Schloss et al. 2014; Schofield et al. 2017; Höfer et al.
2019). The high Chl a concentrations observed in the conti-
nental shelf areas during the spring and early summer are usu-
ally promoted by water column stability associated with
low-density water around the melting ice (Alvain et al. 2008;
Arrigo et al. 2008). The role of water column stability, jointly
with shallower UMLD, has been recognized as an important
driver to diatom blooms because it allows favorable conditions
of nutrients supply and/or light intensity (Garibotti et al.
2003, 2005; Vernet et al. 2008; Petrou et al. 2016; Höfer et al.
2019; Prend et al. 2019). Similarly, the late summer diatom
bloom showed here reached a biomass of 45 mg Chl a m−3 in
Gerlache and was associated with a water column structure
characterized by intermediate stability values ranging from
3.58 to 5.45 × 10−6 rad2 m−1 and a shallower UMLD ranging
between 20 and 37 m. A diatom-dominated system was also
observed in the Bransfield Strait but with lower Chl a biomass,
which was associated with deeper UMLD linked with lower
water column stability. This dichotomy pattern is probably
because the Bransfield Strait is a region of intensive mixture
and mesoscale variability, under the influence of distinct
water masses sourced from both the Bellingshausen and
the Weddell seas (Sangrà et al. 2011; Gonçalves-Araujo
et al. 2015).

As observed in previous studies (e.g., Garibotti et al. 2005;
Montes-Hugo et al. 2009; Schofield et al. 2018), in our work,
the UMLD has played an important role on phytoplankton
community composition and Chl a biomass. For instance,
under conditions of very shallow UMLD (< 15 m) and rela-
tively strong pycnocline (e.g., between the Anvers and Brabant
islands), there was a sharp decline in diatom Chl a biomass as
they were replaced by nanoplankton such as cryptophytes.
Several studies have highlighted an increasing contribution of
cryptophytes to the NAP phytoplankton composition, includ-
ing the Gerlache and Bransfield Straits (e.g., Mendes et al.
2013, 2018a,b; Gonçalves-Araujo et al. 2015). Some studies
attributed their smaller size to changes from Antarctic krill-
based toward salp-based food web (Atkinson et al. 2004;
Moline et al. 2004; Montes-Hugo et al. 2009). The dominance
of cryptophytes over diatoms in the NAP region has previ-
ously been attributed to sedimentation of large diatoms
(Castro et al. 2002), advection of organism (Moline and
Prézelin 1996), selective grazing (Garibotti et al. 2003), iron
availability (Mendes et al. 2013), preference/physiological tol-
erance of cryptophytes to lower salinity waters (Moline et al.
2004), and/or due to a particular ability of those small flagel-
lates to successfully grow in highly illuminated conditions in
shallow upper mixed layers and strong water column

stratification (Mendes et al. 2018a,b). However, during the late
summer of 2016, only two sites (not shown) revealed signifi-
cant contributions of cryptophytes to the phytoplankton
community, which can indicate that conditions during the
survey were not particularly favorable for the development of
these small flagellates.

Conversely, a low-biomass community composed by small
flagellates (mainly P. antarctica and green flagellates) was
observed at stations influenced by cold waters from Weddell
Sea origin in the Bransfield Strait. The CCA associated such
pattern with a deeper UMLD (Fig. 7), presumably leading to
light limitation (Smith and Nelson 1986; Prézelin et al. 2000;
Petrou et al. 2016). On the other hand, as already stated
above, a shift from diatoms to dinoflagellates (mainly small
Gymnodiniales), followed a well-marked stability gradient
under similar UMLD in the Bellingshausen Sea (Fig. 4). This
pattern indicates that stability was also an important factor for
the development and support of diatoms biomass (Fig. 7). We
hypothesize that a thick (40–50 m) layer of stable water just
below the UMLD (Fig. 5a,b) constitutes an effective/strong
barrier that allows the large diatoms (mainly O. weissflogii) to
endure for longer periods of time under favorable conditions.
Such situation prevents the rapid sedimentation of diatoms
and enables the development of a massive bloom as observed
in the Gerlache Strait. In turn, the presence of only one thin
layer of high stability (Fig. 4a–c) cannot hold the diatoms on
the surface illuminated layers for a long period, promoting
their rapid sinking (this condition is illustrated in Figs. 4d,
6d). Thus, a highly stable thin layer condition has allowed a
gradual dominance by dinoflagellates over diatoms (Fig. 4e,f),
given that dinoflagellates are able to move through the water
column due to their flagella (Margalef et al. 1979).

O. weissflogii is characterized as a well-adapted species to
stratified water columns, and their blooms are sustained by a
shallow UMLD associated with coastal areas relatively shel-
tered from winds (Detoni et al. 2015). Another study in the
western Antarctic Peninsula also found that phytoplankton
growth rates were directly related with changes in water col-
umn stability and wind speed (Höfer et al. 2019). The authors
showed that the faster phytoplankton growth rates were asso-
ciated with weak winds in sheltered Antarctic coastal ecosys-
tems. Therefore, given that Gerlache Strait is a relatively
confined region characterized by coastal and sheltered waters,
the massive diatom biomass recorded in our study suggest that
the strait is a potential diatom bloom hotspot, in agreement
with previous studies (e.g., Holm-Hansen et al. 1989; Serret
et al. 2001; Rodríguez et al. 2002; Varela et al. 2002).

The role of diatoms on the biogeochemistry and marine
ecosystem of the NAP

Because phytoplankton supports oceanic food webs and
play a key role on the marine ecosystem’s resilience, its abun-
dance and composition may have a direct effect on the whole
regional ecosystem with respect to the energy transfer through
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food webs and the biological pump (Dubischar and Bathmann
1997; Smetacek et al. 2004; Salter et al. 2012; Assmy et al.
2013; Siegel et al. 2014; Rigual-Hernández et al. 2015). Recent
studies have shown a positive association between upper
ocean water column stability, phytoplankton dynamics, and
FCO2 from the atmosphere toward the ocean in summer
(Jones et al. 2017; Kerr et al. 2018a; Brown et al. 2019). Nearly
half of the oceanic CO2 uptake occurs in the Southern Ocean
(Takahashi et al. 2012). Within the biological compartment, dia-
toms are featured as the main contributors to the CO2 uptake effi-
ciency in relation to other phytoplankton, such as cryptophytes
(Brown et al. 2019). Indeed, in our study, phytoplankton Chl
a biomass was positively associated with diatoms and inversely
related with FCO2, that is, higher negative FCO2 occurred at the
center of the diatom bloom in the Gerlache Strait (Fig. 9). These
data indicate a critical role of diatoms in driving oceanic CO2

uptake, agreeing with other studies from different areas of the
Antarctic Peninsula (Brown et al. 2019 and references therein). It
is noteworthy, in the present study, that certain conditions such
as a thick stability layer can enable the produced biomass to
remain for a period of time near the surface, temporarily
restricting the carbon sinking process. However, that condition
may shift due to changes in water column structure dynamics,
leading to particulate carbon export to depth.

In general, the Gerlache Strait is depicted as a hotspot of
net sink of CO2 (Kerr et al. 2018b), showing an estimated aver-
age (from 1999 to 2017) CO2 flux of −12 � 12.6 mmol m−2 d−1

during summer (Monteiro et al. 2020). This has also been
reported by previous studies in association with diatom

blooms (�Alvarez et al. 2002; Varela et al. 2002). Based on our
results, the intense O. weissflogii bloom recorded during
February 2016 was the main driver generating a high carbon
flux into the ocean, reaching nearly fivefold (approximately
−62.1 mmol m−2 d−1; Supporting Information Table S4) the
average value for the region. On the other hand, Kerr et al.
(2018a) recorded in early February 2015 a strong net flux of
CO2 to the atmosphere (16.7 � 14.9 mmol m−2 d−1) in Ger-
lache Strait, associated with an intrusion of relatively warm
and salty waters in the region and a phytoplankton commu-
nity dominated by cryptophytes. Therefore, differences in
CO2 behavior are likely associated with the changes in the
dominant phytoplankton group, since small flagellates
(e.g., cryptophytes) are less efficient in absorbing CO2 and
exporting organic carbon when compared to larger size dia-
toms (Jin et al. 2006; Gao and Campbell 2014).

Diatoms contribute to the biological pump through sinking
from sunlit layers to the deep ocean. This process can occur
(1) directly due to aggregates formation of entangled cells and
chains with fast sinking rates (Smetacek et al. 2012) and/or
(2) indirectly through fecal pellets produced by the zooplankton
community (Manno et al. 2015). Interestingly, in the present
study, in some vertical profiles (e.g., Figs. 4d, 6d) an evident
DCM was observed close to 80–100 m depth. However, these

maxima of diatoms-associated biomass seemed to be related to
fast-sinking processes rather than to a more classical DCM
because these peaks were at layers far below the Zeu. Addition-
ally, in these sites, it was possible to observe the formation of a
relatively stable thin layer directly below the UMLD, similarly to
that reported above for stations dominated by dinoflagellates,
but with much lower stability values (Figs. 4a, 6a), probably all-
owing the bloom to sink. Additionally, the relative content of
Chl a degradation products indicative of grazing on the phyto-
plankton population (Jeffrey et al. 1997) was low (grazing index
below 5%) in all regions (Figs. 4–6). In the Southern Ocean, this
grazing index has been found to be greater than 10% when asso-
ciated with diatom blooms (e.g., Mendes et al. 2012; Pillai et al.
2018), indicating the prevalence of active grazing pressure dur-
ing these high biomass events. However, mean Chl a in this
study was approximately 10-fold higher in Gerlache than in the
other regions, which would indicate a high phytoplankton
growth rate and, therefore, a higher grazing rate would be
expected in the area (e.g., Gutiérrez-Rodríguez et al. 2009). A pos-
sible explanation for this apparent discrepancy resides in the
phytoplankton composition, which were massively dominated
by large (mostly > 70 μm in length) centric diatoms during this
survey. The large size of O. weissflogii probably resulted in
reduced efficiency of zooplankton grazing, including the Antarc-
tic krill (Quetin and Ross 1985; Opali�nski et al. 1997; Haberman
et al. 2003). Furthermore, the low senescence index values
(Figs. 4–6) related to Chl a, indicated that diatom cells were
healthy. This fact associated with low observed ciliates abun-
dance in the microscopic analysis emphasizes the idea of a low
grazing activity and/or viral lysis. Lastly, the large O. weissflogii
size associated with their high Chl a biomass may have increased
the efficiency of CO2 uptake as well as fast sinking rates.

Final remarks
The low grazing indices and the high diatom biomass

observed below the UMLD in the NAP (Figs. 4d, 6d) suggest
that the diatom bloom, although apparently healthy, was in a
fast sinking process. Probably, the production of cell aggre-
gates may have helped to increase the sinking rates through
the stabilized thin layer (Boyd and Newton 1999; Smetacek
et al. 2012; Rigual-Hernández et al. 2019). These observations
corroborate the concept that highly productive Antarctic
coastal marine ecosystems are effective biological carbon
pump systems, functioning as important sinking areas for
atmospheric CO2 (e.g., Ducklow et al. 2007; Arrigo et al.
2008). Conversely, this scenario of very large diatoms associ-
ated with low grazing pressure represents a low energy input
from the primary producers to the classic short diatom–krill–
whale Antarctic food chain.

Given that Antarctic marine organisms are dependent on
sea ice dynamics, the associated physical changes that have
been previously reported along the Antarctic Peninsula have
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resulted in alterations of marine food webs across all trophic
levels. In the base of the food web, phytoplankton changes
have been shown to vary with latitude, with increasing Chl
a trends in the southern sector contrasting with decreasing
trends northward, namely, in the NAP. These current alter-
ations have led to shifts in phytoplankton community com-
position with a smaller fraction of diatoms and/or large cells
in the northern sector (Montes-Hugo et al. 2009; Schofield
et al. 2010; Brown et al. 2019). In fact, recent studies along
the NAP have registered the increasing importance of
cryptophytes-dominated waters in shallow mixed layers
(Mendes et al. 2013, 2018a; Gonçalves-Araujo et al. 2015; Kerr
et al. 2018a). However, we detected here an intense diatom
bloom composed by large cells that spanned a vast area of the
NAP during late summer 2016, along with a high oceanic CO2

uptake. This was likely associated with an atypical lag period
in sea ice retreat caused by the first extreme El Niño of the
21st century (Santoso et al. 2017). This very strong 2015/2016
El Niño event likely promoted cold and weak southerly winds
blow across the region, resulting in high sea ice concentra-
tions advected on previous seasons. Such condition possibly
decreased wind-induced mixing processes and increased the
supply of meltwater in spring/summer due to the sea ice melt-
ing, which along with glacial meltwater stabilizes the upper
ocean, supporting large phytoplankton blooms (Brown et al.
2019 and references therein).

Finally, although our results indicate an opposite trend of
phytoplankton recent changes in the NAP region, our data are
certainly restricted in temporal terms. Therefore, further inves-
tigations in this region including medium-term continuum
studies are necessary to assess whether diatom blooms of that
magnitude are frequent and ephemeral, and/or anomalously
associated with large-scale climate modes of variability, such
as conditions driven by Southern Annular Mode and/or
El Niño.
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