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Abstract

The northern Antarctic Peninsula is a key region of the Southern Ocean due to its complex ocean dynamics,
distinct water mass sources, and the climate-driven changes taking place in the region. Despite the importance of
macronutrients in supporting strong biological carbon uptake and storage, little is known about their spatiotem-
poral variability along the northern Antarctic Peninsula. Hence, we explored for the first time a 24-year time
series (1996-2019) in this region to understand the processes involved in the spatial and interannual variability
of macronutrients. We found high macronutrient concentrations, even in surface waters and during strong phy-
toplankton blooms. Minimum concentrations of dissolved inorganic nitrogen (DIN; 16 gmol kg™ '), phosphate
(0.7 pmol kg’l), and silicic acid (40 gmol kg’l) in surface waters are higher than those recorded in surrounding
regions. The main source of macronutrients is the intrusions of Circumpolar Deep Water and its modified variety,
while local sources (organic matter remineralization, water mass mixing, and mesoscale structures) can enhance
their spatiotemporal variability. However, we identified a depletion in silicic acid due to the influence of Dense
Shelf Water from the Weddell Sea. Macronutrient concentrations show substantial interannual variability driven
by the balance between the intrusions of modified Circumpolar Deep Water and advection of Dense Shelf Water,
which is largely modulated by the Southern Annular Mode (SAM) and to some extent by El Nifio-Southern Oscil-
lation (ENSO). These findings are critical to improving our understanding of the natural variability of this South-
ern Ocean ecosystem and how it is responding to climate changes.
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The Southern Ocean plays a critical role in regulating the
global climate (Henley et al. 2020). Although Southern Ocean
surface waters cover less than 20% of the global ocean, they
account for 40-50% of the total oceanic uptake of anthropo-
genic carbon from the atmosphere (Keppler and Land-
schiitzer 2019). Part of the carbon uptake in the Southern
Ocean is driven by photosynthesis during the summer, which
is fueled by high concentrations of macronutrients, supporting
ecosystem functioning and carbon storage (Henley et al. 2020).
Nevertheless, the Southern Ocean is one of the regions that
experiences pronounced changes in biogeochemical properties,
altering the functioning of the entire ecosystem (Henley
et al. 2020 and references therein). A key region for understand-
ing biogeochemical changes in the Southern Ocean is the
northern Antarctic Peninsula, which has experienced rapid
changes in the coupled atmosphere—ocean—cryosphere system
(Kerr et al. 2018a; Henley et al. 2019). For example, investiga-
tions over the last two decades have reported changes in wind
patterns, land and sea ice cover, biological activity, and the car-
bonate system (Kerr et al. 2018¢; Henley et al. 2019).

The micronutrient iron is an important fuel for photosyn-
thesis and is known to be limiting for primary production in
vast areas of the Southern Ocean (de Baar et al. 1995; Henley
et al. 2020). However, the regions around the northern
Antarctic Peninsula were shown to have sufficient iron supply
to sustain high levels of phytoplankton production and
biomass (Ardelan et al. 2010). Moreover, the northern Antarc-
tic Peninsula is important within the Southern Ocean because
it has one of the coastal regions most impacted by the
Antarctic Circumpolar Current, which carries the Circumpolar
Deep Water. Circumpolar Deep Water is a relatively old
water mass mainly sourced from mixing along the Antarctic
Circumpolar Current between the North Atlantic Deep Water
and deep waters from Indian and South Pacific Oceans
(Ferreira and Kerr 2017), so it is low in dissolved oxygen and
rich in remineralized carbon and macronutrients (Prézelin
et al. 2000; Hauri et al. 2015). Hence, the northern Antarctic
Peninsula is constantly influenced by Circumpolar Deep
Water intrusions (Barlett et al. 2018; Wang et al. 2022), alter-
ing the biogeochemical dynamics in this region (Henley
et al. 2019; Orselli et al. 2022; Santos-Andrade et al. 2023).
The Circumpolar Deep Water is a relatively warm water mass
(> 1°C) that intrudes into the intermediate layers along the
northern Antarctic Peninsula (Prézelin et al. 2000; Venables
et al. 2017). The physical properties of Circumpolar Deep
Water change as it is mixed with cooler and less saline waters,
forming the modified Circumpolar Deep Water in the shelf
and coastal domain (Venables et al. 2017; Wang et al. 2022).

The northern Antarctic Peninsula coastal region encom-
passes the Gerlache and Bransfield Straits, and the northwestern
Weddell Sea continental shelf (Fig. 1). At the southernmost part
of the northern Antarctic Peninsula, the Gerlache Strait is a rel-
atively shallow region (depth ~ 800 m), with high concentra-
tions of sea ice (Parra et al. 2020; Monteiro et al. 2020a) and
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strongly impacted by meltwater from continental glaciers
(Meredith et al. 2022). Despite covering a small area, Gerlache
Strait acts as a stronger summer CO, sink than larger regions
such as Bransfield Strait (Monteiro et al. 2020b). This strong
CO, sink behavior is driven mainly by high primary productiv-
ity (Costa et al. 2020; Monteiro et al. 2020b), which sustains a
diverse and productive food web (Anadén and Estrada 2002;
Kerr et al. 2018a). Indeed, intense blooms of diatoms (Costa
et al. 2020) and high densities of krill, penguins, and whales are
recorded in Gerlache Strait (Anadén and Estrada 2002; Kerr
et al. 2018a). Toward the north, the Bransfield Strait is a region
with rapid and dynamic ocean circulation (Zhou et al. 2002;
Sangra et al. 2017) and comprises the western, central, and east-
ern basins, separated by relatively shallow sills (Fig. 1b). The
western basin is the shallowest (~ 1000 m), followed by the
central (~ 2000 m) and eastern (~ 2500 m) basins.

The northern Antarctic Peninsula surface circulation
(Fig. 1a) is characterized by local surface water and the modi-
fied Circumpolar Deep Water at upper levels, mainly coming
from the Bellingshausen Sea (Zhou et al. 2002; Sangra
et al. 2017). These surface waters are advected from the
Gerlache Strait to the eastern basin of Bransfield Strait by the
Bransfield Current (Zhou et al. 2002; Moffat and Meredith
2018). This current flows in a southwest-to-northeast direction
along the shelf break of the South Shetland Islands (Sangra
et al. 2017). The waters advected by the Bransfield Current are
relatively warm (~ 1.25°C) and highly productive (Mendes
et al. 2018; Costa et al. 2020, 2021), being able to transport
significant biomass of phytoplankton and zooplankton along
the northern Antarctic Peninsula (Ferreira et al. 2020). The
western basin of Bransfield Strait is strongly influenced by
modified Circumpolar Deep Water intrusions at intermediate
levels (Barlett et al. 2018; Wang et al. 2022), while the central
and eastern deep basins are fueled by Dense Shelf Water from
the Weddell Sea (Dotto et al. 2016; Damini et al. 2022). Dense
Shelf Water refers to distinct shelf water varieties (i.e., High-
Salinity Shelf Water and Low-Salinity Shelf Water; Damini
et al. 2022; Wang et al. 2022) sourced in the northwestern
continental shelf region of the Weddell Sea (Van Caspel
et al. 2018; Wang et al. 2022), east of the Antarctic Peninsula
(Fig. 1). Unlike modified Circumpolar Deep Water, Dense
Shelf Water is recently ventilated under the shelf domain,
therefore it is cold (< —1°C) and rich in dissolved oxygen
(Dotto et al. 2016; Damini et al. 2022).

The Dense Shelf Water is advected into the northern Ant-
arctic Peninsula and retained with its most pure form mainly
in the deep layer of the central basin of Bransfield Strait
(Dotto et al. 2016), while an intense mixing changing its
physical (Damini et al. 2022; Wang et al. 2022) and biogeo-
chemical (Santos-Andrade et al. 2023) properties occurs with
modified Circumpolar Deep Water at upper levels. Hence,
while modified Circumpolar Deep Water is transported from
the south at intermediate layers along the northern Antarctic
Peninsula, the Dense Shelf Water is advected in deeper layers
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Fig. 1. Maps of the northern Antarctic Peninsula (NAP) region showing (@) geographic features and ocean circulation patterns, and (b) sampling sta-
tions examined in this study. In (a), the surface circulation (orange arrows), regions of mesoscale structures, as well as Circumpolar Deep Water (CDW)
and Dense Shelf Water (DSW) pathways were based on previous studies (Sangra et al. 2017; Moffat and Meredith 2018; Wang et al. 2022). The brown
star in (a) and (b) depicts the U.S. Palmer Station location (64.8°S, 64.1°W), from which we extracted dissolved oxygen data (Waite 2022) used in Fig. 9
and macronutrient data (Ducklow et al. 2019) to validate the seasonal drawdown approach described in the methods. In (b), the distribution of hydro-
graphic stations where macronutrients were sampled include: Gerlache Strait (GS; dark blue dots), western (WB, green dots), central (CB, purple dots),
and eastern (EB, cyan dots) basins of the Bransfield Strait.
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from the north (Moffat and Meredith 2018; Wang et al. 2022).
On interannual timescales, the strength of modified Circumpo-
lar Deep Water intrusion and Dense Shelf Water advection
along the northern Antarctic Peninsula is driven by regional
modes of climate variability, such as the Southern Annular
Mode (SAM) and the El Nifio-Southern Oscillation (ENSO)
(Barlett et al. 2018; Damini et al. 2022). During positive SAM
and/or negative ENSO, modified Circumpolar Deep Water
intrusion is intensified, weakening the spreading of Dense
Shelf Water along the northern Antarctic Peninsula. Con-
versely, when SAM is negative and/or ENSO is positive, Dense
Shelf Water advection is strengthened and can reach the Ger-
lache Strait (Wang et al. 2022). Indeed, the Dense Shelf Water
in the Gerlache Strait has already been identified through ther-
mohaline signals (Parra et al. 2020; Wang et al. 2022) and
anthropogenic  carbon  concentrations  (Lencina-Avila
et al. 2018; Kerr et al. 2018b).

Furthermore, the environments along the northern Antarc-
tic Peninsula are influenced by mesoscale oceanographic pro-
cesses that add complexity to the understanding of
biogeochemistry in this region. The effect of shallow topogra-
phy facilitates the upwelling of modified Circumpolar Deep
Water in Gerlache Strait and the western basin of Bransfield
Strait (Venables et al. 2017; Parra et al. 2020). However, little
is known about its influence on the variability of macronutri-
ent concentrations along the northern Antarctic Peninsula
(Henley et al. 2019). The effect of topography and ocean circu-
lation also leads to the formation of mesoscale eddies and
increased eddy-fueled productivity in the eastern basin of
Bransfield Strait (Wang et al. 2022; Damini et al. 2023),
although these processes are often neglected in biogeochemi-
cal studies due to their complexity. Understanding temporal
variability patterns of macronutrients is also a challenge along
the northern Antarctic Peninsula, because the response time
to SAM and ENSO variability modes is not well elucidated
(Barlett et al. 2018; Wang et al. 2022) and the mesoscale pro-
cesses themselves may also play an important role in this vari-
ability (Kerr et al. 2018a; Henley et al. 2019). For example,
intense diatom blooms enhance CO, uptake (Anad6n and
Estrada 2002; Costa et al. 2020) and can lead to nutrient
depletion in the upper ocean and subsequently increase the
local remineralization of carbon and macronutrients below
the mixed layer (Henley et al. 2017, 2018). In addition, melt-
ing sea ice and glacial ice regulates summer water column sta-
bility (Wang et al. 2020; Meredith et al. 2022), driving
phytoplankton blooms (Kim et al. 2016; Costa et al. 2020),
CO, uptake (Costa et al. 2020; Monteiro et al. 2020b), and
nutrient depletion and replenishment in the upper ocean
(Henley et al. 2017, 2018).

The importance of nutrients to fuel the primary production
that underpins the food web has been emphasized in some
studies throughout the northern Antarctic Peninsula (Anadén
and Estrada 2002; Henley et al. 2019), as well as the impact of
mesoscale processes on nutrient supply (Forsch et al. 2021;
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Meredith et al. 2022). Furthermore, some studies have shown
that macronutrient concentrations south of the northern
Antarctic Peninsula, at Marguerite and Ryder Bays, are
mainly regulated by Circumpolar Deep Water intrusions
(Henley et al. 2017, 2018; Jones et al. 2023), nutrient regen-
eration and local features such as deep glacially scoured can-
yons (Henley et al. 2019 and references therein).
Nevertheless, little is known about what regulates the spatial
and temporal variability of macronutrient distributions due
to the high complexity and heterogeneity biogeochemical
provinces along the northern Antarctic Peninsula. We
address these knowledge gaps by exploring a novel data set
comprising 24 years (1996-2019) of macronutrient and
hydrographic data to understand the oceanographic and bio-
geochemical processes involved in the spatial and temporal
variability of macronutrients during the austral summer
along the northern Antarctic Peninsula. Moreover, we exam-
ine the influence of the SAM and ENSO events on macronu-
trient inventories in this region.

Materials and methods

The hydrographic and macronutrient data sets

We compiled a time series spanning the period from 1996 to
2019 (Supporting Information Figs. S1-S4) of the seawater
hydrographic variables conservative temperature (°C), absolute
salinity (g kg~ ') and dissolved oxygen (umol kg™ '), and the mac-
ronutrient concentrations nitrate, nitrite, ammonium, phos-
phate, and silicic acid (umol kg'). The study area covered the
northern Antarctic Peninsula regions including the Gerlache
Strait, which separates the Anvers and Brabant Islands from the
Antarctic Peninsula, and the Bransfield Strait, between the South
Shetland Islands and the Peninsula (Fig. 1a). To better under-
stand the different processes influencing the variability of mac-
ronutrient concentrations, the sampling stations were split into
four subregions: the Gerlache Strait and the western, central,
and eastern basins of Bransfield Strait (Fig. 1b). Most data
(~ 90%) were obtained from the Brazilian High Latitude Ocean-
ography Group (GOAL; Mata et al. 2018; Dotto et al. 2021) from
austral summer field campaigns (January-March). In some years
(1996, 2005, 2006, 2010, 2011), we used hydrographic and mac-
ronutrient data from GLODAPv2.2020 (Olsen et al. 2020) along
the northern Antarctic Peninsula and exceptionally for 1996 we
used data available from December 1995 to February 1996 (the
FRUELA cruises, Anadén and Estrada 2002). Macronutrient con-
centrations from GLODAPv2.2020 were determined by colori-
metric methods using the gas segmented continuous flow auto-
analyzer (Hoppema et al. 2015). Details on the sampling and
analysis of macronutrient data obtained from GLODAPv2.2020
data set can be found in the references shown in Supporting
Information Table S1. The overall precision for most of these
data was better than 0.95% for DIN, 1.09% for phosphate, and
1.28% for silicic acid (Hoppema et al. 2015).
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Sampling and macronutrient analyses from GOAL data set

For the GOAL data set, hydrographic data profiles were
measured, and discrete seawater samples were collected using
a combined Sea-Bird CTD/Carousel 911 + system® equipped
with oxygen sensors and Niskin bottles. Seawater samples
were filtered through cellulose acetate membrane filters
(0.45 um) for determination of dissolved inorganic macronutri-
ent concentrations (i.e., DIN: nitrate, nitrite, and ammonium;
phosphate and silicic acid). Prior to 2015 (except 2003-2005),
the analyses were carried out on board immediately after
collection and from 2015 onwards the samples were frozen
immediately at —20°C until laboratory analysis. In both cases,
the analyses followed the spectrophotometric determination
methods described by Aminot and Chaussepied (1983) with an
overall accuracy better than + 3% for DIN and phosphate and
+ 5% for silicic acid throughout the data set. Silicic acid mea-
surements, in the form of reactive Si, were corrected for sea salt
interference. Detection limits were 0.11 yumol kg™ for DIN,
0.10 ygmol kg~ ! for phosphate, and 0.50 yumol kg~! for silicic
acid. Different instruments have been used over the years with
common standards for DIN (ISO 13395), phosphate (ISO
15681-1), and silicic acid (ISO/FDIS 16264; Supporting
Information Table S1). The reproducibility of the analyses,
based on duplicates of the samples, was 1.0% for DIN, 0.7% for
phosphate, and 1.0% for silicic acid, values very close to the
macronutrient precisions estimated for GLODAPv2.2020 data.
No certified nutrient reference material was used across the
time series in either the GOAL or GLODAP databases, in
common with other time series conducted over a comparable
period (Hoppema et al. 2015; Kim et al. 2016).

Summer average profiles of hydrographic properties and
macronutrients

About 97% of the DIN concentrations were composed of
nitrate, followed by ammonium (2%) and nitrite (1%). In
1996, 2006, and 2011, we considered DIN as the concentra-
tion of nitrate and nitrite because no ammonium data were
available, so the DIN concentration in these years may be
underestimated by up to 2%. Discrete seawater samples were
collected at regular depth intervals from surface (5 m) to deep
waters (at approximately 15-5 m from the bottom). We aver-
aged the parameters for each region at regular depth intervals
from the surface to the bottom (i.e., 0, 25, 50, 75, 100,
250, 500, 750, 1000, 1250, 1500, and 2000 m) to obtain an
averaged summer profile for each year (Supporting Informa-
tion Figs. S1-S4). Then, all available data between O and 25 m
were averaged to represent the depth level of O m; similarly,
all available data between 25 and 50 m were averaged to repre-
sent the depth level of 25 m and so on. The macronutrient
data density distribution for each depth level is shown in
Supporting Information Fig. S5. All hydrographic and macro-
nutrient data are available at BGQNAPv1.0: a summer
macronutrients binned data set for the Northern Antarctic
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Peninsula, Southern Ocean—https://doi.org/10.5281/zenodo.
7384423 (Monteiro et al. 2022).

Seasonal macronutrient drawdown

We estimated seasonal macronutrient drawdown for the
averaged profiles for each year (gray profiles in Fig. 5) as
the difference between the depth-integrated nutrient concen-
tration between 50 and 100 m and the depth-integrated con-
centration between 0 and 50 m as follows:

100 m 50 m

[nutrients| dz

Nutrient drawdown = J
Om

[nutrients| dz — J
50m

where [nutrients] refers to each macronutrient concentration
in gmol kg’l, that is, DIN, phosphate, or silicic acid.

Therefore, we assumed that summer macronutrient concen-
trations below the upper mixed layer depth (below 50 m) were
representative of macronutrient concentrations at the sea sur-
face (above 50 m) in the previous winter, as has been shown
in other studies in adjacent regions (Henley et al. 2018).
Although the upper mixed layer depth is expected to vary
both spatially and temporally, the choice of the 50-m thresh-
old is consistent with in situ measurements over the long time
series at Palmer Station (Kim et al. 2016) and spatially along
the northern Antarctic Peninsula (Costa et al. 2020, 2023).
Moreover, the range (—1.96°C to 1.10°C) and average
(—0.74 £ 0.44°C) of minimum temperature between 50 and
100 m in summer are in reasonable agreement with the range
(—=1.97°C to —0.76°C) and average (—1.54 + 0.23°C) of mini-
mum temperature between 0 and 50 m in winter from the
northern Antarctic Peninsula seasonal hydrographic climatol-
ogy (Dotto et al. 2021). This suggests that the remnant Winter
Water layer persists in summer at ~ 50 to 100 m, as has been
observed in other hydrographic studies along the northern
Antarctic Peninsula (Wang et al. 2022). This approach was also
applied to estimate the seasonal macronutrient drawdown for
the averaged profiles for each year in the Palmer Station LTER
data (Fig. 1; Ducklow et al. 2019), where Kim et al. (2016)
measured seasonal macronutrient drawdown from in situ data
collected in winter and the following summer in the upper
50m. Our estimates of seasonal macronutrient drawdown
agree well with the results obtained by Kim et al. (2016),
which attests to the robustness of the adopted method based
on summer data alone. They measured a seasonal drawdown
in the upper 50 m from 1993 to 2013 of 415 + 110, 23 + 10,
and 985 + 386 mmol m~? for DIN, phosphate, and silicic acid,
respectively. For the same period, we estimated a seasonal
drawdown of 411+ 191, 25+ 9, and 950 + 269 mmol m~?2
for DIN, phosphate, and silicic acid, respectively.

Composite macronutrient profiles by climate modes
To assess the influence of the SAM on the concentra-
tions of macronutrients, we separated the austral summer
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profiles between years of positive SAM (SAM+) and nega-
tive SAM (SAM-) indexes. We computed an average profile
for each set of years (or SAM events), and then calculated
the difference between the averages (i.e., Anutrient) as
follows:

Anutrient = [nutrient]s,,,, — [nutrient]g,y,

where the average terms under the bars are the averages of the
nutrient concentrations (i.e., [nutrient] = DIN, phosphate, or
silicic acid in umol kg~') for the profiles in years of positive
and negative SAM. Thus, positive (negative) values of Anutri-
ent mean that there are higher (lower) macronutrient concen-
trations during positive SAM years and vice versa for negative
SAM. The approach was also applied for ENSO events, that is,
positive and negative ENSO events (see Supporting Informa-
tion Table S2 for the years of each SAM and ENSO events).

Southern Annular Mode index was obtained from the
British Antarctic Survey website (http://www.nerc-bas.ac.
uk/icd/gjma/sam.html; accessed on 01 March 2021),
which is based on the differences between normalized
monthly zonal means of sea-level pressure observations at
40°S and 65°S (Marshall et al. 2006). ENSO index was
obtained from the U.S. Climate Prediction Centre (http://
www.cpc.ncep.noaa.gov; accessed on 01 March 2021),
which is defined as the consecutive 3-month average of
sea surface temperature anomalies from the ERSST.v4 data
set in the Nifio 3.4 region (5°N-5°S, 120°W-170°W; Vera
and Osman 2018). Although the response time of physical
and biogeochemical properties to variations in SAM and
ENSO along the northern Antarctic Peninsula is not well
understood, it has been estimated to range from 4 to 6
months for SAM and 6 to 9 months for ENSO (Kim
et al. 2016; Barlett et al. 2018). Here, we used a lag of
4 months from the sampling month for the SAM index
and 6 months for the ENSO index.

We calculated the uncertainty propagated in calculating
the difference between the averages through the following
equation:

6, = (o‘;)2 + <o‘}—,> 2

where “63” and “o}” are the standard errors of each average. To
assess the statistical difference between the average profiles for
positive and negative SAM or ENSO, we used Student'’s t-tests
for normally distributed profiles. For profiles with non-normal
distributions, we used the non-parametric Mann-Whitney-
Wilcoxon test. To test the normal distribution, we used the
Shapiro-Wilk statistical test.
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Results

Spatial distribution of hydrographic properties and
macronutrients along the northern Antarctic Peninsula

In general, the surface temperature was higher than 0°C
along the northern Antarctic Peninsula (Fig. 2a). However,
along the Bransfield Strait we observed waters colder than 0°C
toward the Antarctic Peninsula and waters warmer than
0°C toward the South Shetland Islands (Supporting Informa-
tion Fig. S7a—c). Throughout the water column, the tempera-
ture was higher than 0°C at Gerlache Strait, decreasing (< 0°C)
along the Bransfield Strait (Fig. 2a). Temperatures higher than
0°C were observed at the southern end of Gerlache Strait and
western basin of Bransfield Strait from the surface to the deep
layer (Supporting Information Fig. S7). Temperatures lower
than —1°C were observed in the central basin of Bransfield
Strait below 500 m, while and a slight increase of temperature
from —0.5 to 0.25°C was observed at the eastern end of
Bransfield Strait below 500 m (Figure 2a). Salinity was lower
above 50 m (34.28 + 0.18 g kg™ ') along the northern Antarc-
tic Peninsula (Fig. 2b), and even lower in Gerlache Strait
(34.09 +£0.25 gkg™'; Supporting Information Fig. S7).
Below 200 m the salinity was relatively homogeneous in
the central basin of Bransfield Strait (34.70 + 0.04 g kg™ 1),
while it was slightly higher in the western basin of
Bransfield Strait (34.72 + 0.02 gkg™!) and in the Gerlache
Strait (34.79 + 0.05 g kg '; Fig. 2b). Dissolved oxygen con-
centrations were lowest (<225 ymol kg™') below 50 m in
the Gerlache Strait and western basin of Bransfield Strait,
and highest (> 275 umol kg’l) in the central basin of
Bransfield Strait, mainly below 1000 m (Fig. 2¢).

The highest concentrations of DIN (> 35 ymol kg’l) were
observed in the transition between the central and eastern
basins of Bransfield Strait below 500 m (Fig. 2d). Although the
DIN concentrations did not have as clear a west—east pattern
as the other macronutrients, in general a slightly higher DIN
concentration was observed in the central basin of Bransfield
Strait than other sub-regions. Average DIN concentration
through the water column was 29.67 + 3.09 umol kg~ in the
Gerlache Strait and 28.23 +2.84, 30.39 +2.49, and
29.42 + 2.08 ymol kg’1 in the western, central, and eastern
basins of Bransfield Strait, respectively.

Both phosphate (Fig. 2e) and silicic acid (Fig. 2f) concen-
trations were higher in the Gerlache Strait and western
basin of Bransfield Strait than the rest of the northern Ant-
arctic Peninsula below the subsurface (50 m) down to
750 m. Average silicic acid concentration through the water
column was 80.67 + 8.99 umol kg ! in the Gerlache Strait
and 74.71 + 6.02, 60.93 + 4.72, and 62.38 + 7.87 yumol kg !
in the western, central, and eastern basins of Bransfield
Strait, respectively. Average phosphate concentration
through the water column was 1.88 + 0.26 ymol kg ' in the
Gerlache Strait and 2.00 +£0.19, 1.86 +0.20, and
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Fig. 2. Zonal sections of water column distributions of (a) conservative temperature, (b) absolute salinity, (c) dissolved oxygen, (d) DIN, (e) phosphate,
and (f) silicic acid during austral summer (January to March) along the northern Antarctic Peninsula. Profiles composing each section are averaged pro-
files at each degree of longitude, considering the entire data set (from 1996 to 2019). The zonal section comprises the regions from the south to north
of the northern Antarctic Peninsula: Gerlache Strait (GS), and the western (WB), central (CB), and eastern (EB) basins of Bransfield Strait. At the western
end of the northern Antarctic Peninsula (GS), there are intense intrusions of modified Circumpolar Deep Water (mCDW) whereas in the EB and mainly CB
there are intense intrusions of Dense Shelf Water (DSW) from the Weddell Sea. Sampling depths are shown as grey dots.

1.88 + 0.17 ymol kg_1 in the western, central, and eastern
basins of Bransfield Strait, respectively. We also observed
high phosphate concentrations in both central
(2.00 + 0.21 yumol kg ') and eastern (1.99 + 0.15 ymol kg ")
basins of Bransfield Strait below 1000 m (Fig. 2e). In some
profiles in the central and eastern basins of Bransfield Strait,
there were concentrations of phosphate (1.75 gmol kg™ ')
and silicic acid (55 yumol kg_l) in the deep layer as low as in
the surface layer (Fig. 2e,f). The lowest concentrations of
silicic acid were recorded in the central basin of Bransfield
Strait, from the surface to the deep layer (Supporting Infor-
mation Fig. S7).

The distribution of hydrographic properties and macronutri-
ents were associated with the modified Circumpolar Deep
Water and Dense Shelf Water along the northern Antarctic Pen-
insula (Fig. 3). The lowest temperatures (< —1°C) below 500 m
were associated with a greater influence of Dense Shelf Water
while the highest temperatures (> 0°C) were associated with a
greater influence of modified Circumpolar Deep Water in inter-
mediate layers (Fig. 3a). Lower dissolved oxygen concentrations

(< 225 pymol kg‘l) were evident in warmer waters associated
with the modified Circumpolar Deep Water in contrast to the
more oxygenated (>275umol kg~') waters associated with
Dense Shelf Water (Fig. 3b). In general, the highest concentra-
tions of phosphate (>2umolkg™') and silicic acid
(>80 umol kg ') were associated with greater influence of mod-
ified Circumpolar Deep Water (Fig. 3c—e) in intermediate and
deep layers (Fig. 3a), although high concentrations of DIN
(> 30 umol kg ') and phosphate (> 2 ymol kg~ ') were observed
under the influence of Dense Shelf Water (Fig. 3c,d). The lowest
silicic acid concentrations below 500 m were observed under
the influence of Dense Shelf Water, with concentrations
(< 60 ymol kg_l) as low as in the surface layer. However, silicic
acid concentrations were also relatively high in the surface
layer, reaching values > 70 ymol kg’1 (Fig. 3¢).

Interannual variability of hydrographic properties and

macronutrients along the northern Antarctic Peninsula
The highest interannual variability in temperature was

observed in the western basin of Bransfield Strait (Fig. 4d), also

519017 SUOWILIOD BATER.D) 3|qeotfdde 3 Aq pouBA0B 96 SOPILE YO ‘95N J0 Sa NI Joj AIRIGIT8UIIUO AB]1M UO (SUOTIPUOD-pUE-SWWLBILLCO"AB |1 ATe.q1Bu 1 |U0//'SdI) SUOTIPUOD PUE SWLB L aU1 805 *[£20Z/60/TT] U0 ARiq1auliuo A8 ‘uBinau1pa JO AISPAIUN AQ 12521 0ul/Z00T OT/10pALI0™ 3w AReiq 1 jpuljuo'sandose// Sy WwoJj papeojumod ‘0 ‘06GS6E6T



Monteiro et al. Macronutrients variability in the Southern Ocean

a) mCDW b) mCDW

- s <
a a
3 3
S S
—_ £ £
(&) a o
o -2 — , o i . <
5 335 34 345 35 335 34 34.5 35
whd
o S ) >
o 200 225 250 275 300 325 350 20 225 25 27.5 30 32.5 35 37.5 40
£ Dissolved oxygen (umol kg-1) DIN (umol kg-')
2
e 2 2
2 c) mCDW d) mCDW
©
E °
4
o ;
g J
o '
&
0,
- s s
5 5
H 2
a |2
-2 ‘ . ] ‘ ' ]
33.5 34 34.5 35 335 34 34.5 35
1 125 15 175 2 225 25 4 50 60 70 8 90 100

Phosphate (umol kg-') Silicic acid (umol kg-1)
Absolute salinity (g kg~")

Fig. 3. Conservative temperature-absolute salinity (8 — S,) plots showing biogeochemical properties with hydrographic properties during austral sum-
mer (January to March) along the northern Antarctic Peninsula. Shown are ® — S, vs. (a) dissolved oxygen, (b) DIN, (c) phosphate, (d) silicic acid, and
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Fig. 4. Summer (January-March) average profiles of hydrographic properties for each year from 1996 to 2019 along the northern Antarctic Peninsula,
comprising the regions: (a—c) Gerlache Strait (GS), (d—f) western (WB), (g-i) central (CB), and (j-I) eastern (EB) basins of Bransfield Strait. Profiles for
each year are presented in grey lines and the black lines are the averaged profiles over the period for each property and region. The horizontal black bars
are the standard deviations for each depth. Years showing anomalous behavior (i.e., outside the standard deviation) are highlighted.
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11

Macronutrients variability in the Southern Ocean

associated with the highest variability of both salinity (Fig. 4e)
and dissolved oxygen, mainly in the depth interval 250-
500 m (Fig. 4f) in the same area. Dissolved oxygen concentra-
tions also showed interannual variability in the central
(Fig. 4i) and eastern (Fig. 41) basins of Bransfield Strait, albeit
to a lesser degree and more homogeneously with depth. In the
western basin of Bransfield Strait, there was an increase of
more than 1°C between 250 and 500 m with a subsequent
decrease in the deep layer (Fig. 4d) in 2008, when the highest
salinities (Fig. 4e) and the lowest concentrations of dissolved
oxygen (Fig. 4f) were also observed. Conversely, in the western
and eastern basins of Bransfield Strait the temperature
was anomalously lower than —1°C below 500 m in 2016,
when the highest concentrations of dissolved oxygen
(>270 yumol kg™!) below 250 m in the western basin of
Bransfield Strait were also observed (Fig. 4f). Gerlache Strait
showed the second highest interannual variability in tempera-
ture and salinity among the regions examined here (Fig. 4b,c).
Even in the eastern basin of Bransfield Strait, with less temper-
ature variability, there were variations of up to 1°C among the
years, but more homogeneously with depth (Fig. 4j) than in
the western basin of Bransfield Strait and Gerlache Strait.
Other anomalous behaviors were recorded, such as the lowest
concentration of dissolved oxygen in 2004 in Gerlache Strait
(Fig. 4¢) and central basin of Bransfield Strait (Fig. 4i), and in
2015 in the central (Fig. 4i) and eastern (Fig. 4l) basins of
Bransfield Strait at 250 m. On the other hand, anomalously
high concentrations of dissolved oxygen in central (Fig. 4i)
and eastern (Fig. 41) basins of Bransfield Strait were recorded
in 2011.

There was high interannual variability in the summer aver-
age profiles of all macronutrients along the northern Antarctic
Peninsula (Fig. 5). The highest interannual variability was
observed in silicic acid, with concentrations varying by up to
a factor of three (~ 40-120 ymolkg ') through the water
column (third column in Fig. 5). In most profiles, the
concentration of silicic acid increased from surface waters to
~100-200 m and then became more homogeneous with
depth. DIN (first column in Fig. 5) and phosphate (second col-
umn in Fig. 5) concentrations were lower at the surface and
consistently higher below 100 m. On average, silicic acid con-
centrations were highest in the western basin of Bransfield
Strait (Fig. 5f) and in Gerlache Strait, where the highest con-
centrations occurred in 2016 and 2017 (Fig. 5¢). The highest
silicic acid concentrations were observed in 2017 and the low-
est in 2014 along the entire northern Antarctic Peninsula.
However, silicic acid concentrations in 2017 were even higher,

macronutrient concentrations during positive SAM and ENSO years. The
horizontal bars are the propagated uncertainties in calculating the differ-
ence between the averages for each depth and the p-values refer to the
statistical tests to assess the significance of the difference between the
average profiles.
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and throughout the entire water column, in the central and
eastern basins of Bransfield Strait (Fig. 5i,1) than in the western
basin of Bransfield Strait and the Gerlache Strait (Fig. 5c¢,f),
where this increase was more pronounced below 100 m.
In the central basin of Bransfield Strait there was higher inter-
annual variability and concentrations of DIN, which were
higher in 2011 and 2018 (Fig. 5g), while across the entire
northern Antarctic Peninsula they were higher in 2015
and lower in 2016. High interannual variability was also
observed in phosphate concentrations of up to twofold
(~1-3 umol kg™!) throughout the northern Antarctic
Peninsula (second column in Fig. 5). The highest concentra-
tions of phosphate were measured in 2003 in the Gerlache
Strait (Fig. 5b), 2010 in the western basin of Bransfield
Strait (Fig. Se), and 2011 in the central basin of Bransfield Strait
(Fig. 5h), and the lowest in 2008 in the eastern basin of
Bransfield Strait (Fig. 5k) and 2014 in both Gerlache Strait
(Fig. 5b) and the western basin of Bransfield Strait (Fig. Se).

We compared the average profiles of macronutrients along
the northern Antarctic Peninsula during periods of positive and
negative SAM or ENSO (Fig. 6). In years of positive SAM, we
observed highest (red line profiles on positive values in Fig. 6)

Macronutrients variability in the Southern Ocean

concentrations of DIN (first column in Fig. 6), phosphate (sec-
ond column in Fig. 6), and silicic acid (third column in Fig. 6)
through the water column along the northern Antarctic Penin-
sula. Such highest concentrations were more pronounced in
silicic acid, mainly in the central (Fig. 6i) and eastern (Fig. 6])
basins of Bransfield Strait, particularly below 250 m. Phosphate
and DIN concentrations were highest in all regions during sum-
mers of positive SAM. However, there was no significant differ-
ence in phosphate between years of positive and negative SAM
in the central basin of Bransfield Strait (Fig. 6h). Furthermore,
there was greater uncertainty in the phosphate difference in the
Gerlache Strait (Fig. 6b), where the DIN was highest (Fig. 6a) but
also not significant. Compared to SAM, there was a smaller dif-
ference in macronutrient concentrations between the years of
positive and negative ENSO (blue line profiles in Fig. 6). Yet,
larger differences were observed in the central (Fig. 6g-i) and
eastern (Fig. 6j-1) basins of Bransfield Strait, where macronutri-
ent concentrations were lower during positive ENSO. Silicic acid
concentrations were lower during positive ENSO in all regions,
but the differences were not significant. On the other hand, DIN
concentration was significantly lower in the central (Fig. 6g) and
eastern (Fig. 6j) basins of Bransfield Strait, while it was
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Fig. 7. Time series of macronutrient uptake stoichiometry. (@) DIN/phosphate (N : P) and (b) silicic acid/N (Si : N) uptake ratios during austral summer
(January to March) along the northern Antarctic Peninsula. Colors show the subregions studied (CB, Central Bransfield; EB, Eastern Bransfield; GS,
Gerlache Strait; WB, Western Bransfield). The vertical bars are the standard error on the slope of the regression N vs. P, and Si vs. N. Likewise, the values
shown on the inset of each plot are the (a) N : P and (b) Si : N ratios with the respective standard deviations, considering the average profiles over
the period for each region (Fig. 5). The solid black lines mark the ratios (@) N : P =16 and (b) Si : N = 1. Statistics for each year are shown in Supporting

Information Table S3.
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significantly higher in the western basin (Fig. 6d). In addition,
phosphate concentration was significantly higher during years
of positive ENSO in the Gerlache Strait (Fig. 6b) and the western
basin of Bransfield Strait (Fig. 6e), while it was lower in the east-
ern basin (Fig. 6k).

Uptake stoichiometry and seasonal drawdown of
macronutrients

The full-depth average DIN/phosphate uptake ratio (hereaf-
ter N:P) across the northern Antarctic Peninsula environ-
ments ranged from 11.8+0.9 (*=0.965; p<0.001) to
14.2 + 0.7 (* = 0.978; p <0.001), observed in the western and
eastern basins of Bransfield Strait (Fig. 7a), respectively. From

Macronutrients variability in the Southern Ocean

2013 to 2019, when data are available for all northern Antarc-
tic Peninsula environments, the lowest N:P uptake ratios
(<11) were observed in 2016 along the Bransfield Strait
(Supporting Information Table S3), while in the Gerlache
Strait the lowest N:P uptake ratio (9.40 £+ 0.87; ? = 0.95;
p<0.001; n=28) was recorded in 2019. N:P uptake ratios
higher than 20 were observed in the western basin of
Bransfield Strait in 2018 and in the eastern basin in 2017 and
2019. The average silicic acid/DIN uptake ratio (hereafter Si : N)
ranged from 1.7 + 0.1 (* = 0.974; p < 0.001) in Gerlache Strait
to 3.1+ 0.3 (*=0.956; p<0.001) in the western basin of
Bransfield Strait (Fig. 7b). From 2013 to 2019, the lowest Si: N
uptake ratio (< 1.2) was recorded in 2014 along the entire
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Fig. 8. Time series of seasonal nutrient drawdown. (a) DIN, (b) phosphate, and (c) silicic acid, during austral summer (January to March) along the
northern Antarctic Peninsula. Each circle represents the seasonal drawdown of each nutrient for each year in Gerlache Strait (GS) and the western (WB),
central (CB), and eastern (EB) basins of Bransfield Strait. The values shown on the inset are the averages for the entire period with the respective standard
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Fig. 9. Influence of mixing between modified Circumpolar Deep Water
(mCDW) and Dense Shelf Water (DSW) from the Weddell Sea on dis-
solved oxygen and silicic acid concentrations below 50 m along the
northern Antarctic Peninsula. Open circles represent the average concen-
trations of dissolved oxygen and silicic acid for each depth interval below
50 m and closed circles indicate the average through the water column
below 50 m at Palmer Station (PS), Gerlache Strait (GS) and the western
(WB), central (CB), and eastern (EB) basins of Bransfield Strait. The data
used here are from the profiles shown in Figs. 4, 5. For PS, we used dis-
solved oxygen (Waite 2022) and silicic acid (Ducklow et al. 2019) data
from the U.S. Palmer Station (Fig. 1). The dissolved oxygen concentration
endmembers were 219 ymol kg*1 for mCDW (red filled circle) and
308 umol kg’1 for DSW (pink filled circle), from Damini et al. (2022). The
silicic acid concentration endmembers were 87 umol kg’1 (Cape
et al. 2019) for mCDW and 65 umol kg~' (Hoppema et al. 2015)
for DSW.

northern Antarctic Peninsula and the highest ratios (> 3.8) were
recorded in 2015 and 2017 along Bransfield Strait. A Si: N
uptake ratio of 5.5 £ 0.5 was recorded in 2009 in the central
basin of Bransfield Strait, twofold the average for the entire
period in that region (2.2 + 0.2).

The seasonal drawdown in all macronutrients is character-
ized by a decreasing pattern from south (Gerlache Strait) to
north (eastern basin of Bransfield Strait) along the northern
Antarctic Peninsula (Fig. 8). High seasonal drawdown of phos-
phate was observed in 2010 in the western basin of Bransfield
Strait, while higher drawdown of silicic acid was observed in
2016 and 2017 in Gerlache Strait. Seasonal drawdown of silicic
acid close to zero was observed in 2015 and 2016 in the west-
ern basin of Bransfield Strait, where phosphate seasonal draw-
down was close to zero in 2015, likely due to limitations in
the estimation approach (see “Seasonal macronutrient draw-
down” in “Discussion” section). The interannual variability
(i.e., standard deviation) in drawdown of phosphate (Fig. 8b)
and silicic acid (Fig. 8c) was high in the western basin of
Bransfield Strait, while the variability in drawdown of DIN
was fairly similar in all sub-regions along the northern Antarc-
tic Peninsula (Fig. 8a).
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Discussion

Main sources of macronutrients for the northern Antarctic
Peninsula

The main source of macronutrients for northern Antarctic
Peninsula environments is the Circumpolar Deep Water intru-
sions in the coastal and shelf south domains (Henley
et al. 2019), which carry DIN, phosphate, and silicic acid
(Figs. 2, 3) as this intermediate water is modified/mixing with
upper waters and advected along the continental shelf north-
wards (Prézelin et al. 2000; Venables et al. 2017). When
Circumpolar Deep Water intrudes at intermediate depths into
the shelf domains (i.e., Gerlache Strait, and western basin of
Bransfield Strait), it often upwells due to topographic effects
(Venables et al. 2017; Parra et al. 2020) and transport macro-
nutrients into surface waters. These waters are further
advected northward by the Bransfield Current towards the
eastern basin of Bransfield Strait, enriching the surface waters
of the northern Antarctic Peninsula with high concentrations
of macronutrients. Therefore, there is no evidence for macro-
nutrient concentrations exhausted in the northern Antarctic
Peninsula surface waters during summer, even in years with
strong phytoplankton blooms (e.g., 2016; Costa et al. 2020,
2021). Indeed, high concentrations of summer chlorophyll
a have been recorded along the northern Antarctic Peninsula
(Ferreira et al. 2022) and several studies have shown that this
region is not likely to experience iron limitation due to inputs
from continental sources and icebergs (Ferreira et al. 2020 and
references therein). Hence, the high concentrations of surface
macronutrients along the northern Antarctic Peninsula are
likely not associated with a limitation in primary production,
but with the intense macronutrient supply from modified Cir-
cumpolar Deep Water. High sea surface concentrations of
nitrate (12-24 ymol kg~') and phosphate (1.0-1.6 ygmol kg™ ")
are observed offshore south of the northern Antarctic Penin-
sula (Hauri et al. 2015), under strong influence of the Antarc-
tic Circumpolar Current that carries Circumpolar Deep Water.
Furthermore, high sea surface concentrations of DIN and
phosphate (greater than 11.0 and 0.9 yumol kg~ ", respectively)
were found during summer at Marian Cove in the central
basin of Bransfield Strait, which was associated with the strong
influence of modified Circumpolar Deep Water intrusions
(Jones et al. 2023).

Although the modified Circumpolar Deep Water is also an
important source of macronutrients for the coastal regions
south of the northern Antarctic Peninsula (Prézelin et al. 2000;
Henley et al. 2019), surface waters almost exhausted with
respect to DIN and phosphate have been recorded in summer
over the continental shelf in Marguerite Bay (Henley
et al. 2017, 2018). However, along the northern Antarctic
Peninsula, surface concentrations of DIN and phosphate were
not lower than 15 and 0.5 yumol kg~!, respectively (Fig. 5;
Supporting Information Fig. S6a,d). This is likely because both
the south zone of Gerlache Strait and the western basin of
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Bransfield Strait are regions more exposed to the Antarctic
Circumpolar Current influence, which probably facilitates more
frequent intrusions of modified Circumpolar Deep Water
(Anadén and Estrada 2002; Parra et al. 2020), favoring a greater
supply of macronutrients into the surface layer through topo-
graphic upwelling and advective mixing. Indeed, in the Palmer
Station region, in the southernmost part of the northern
Antarctic Peninsula, modified Circumpolar Deep Water is
expected to exert a strong and constant influence on macronu-
trient supply (Fig. 9; Prézelin et al. 2000; Kim et al. 2016). Along
the northern Antarctic Peninsula average surface concentra-
tions of silicic acid are higher than 50 gmol kg~ (Fig. 5¢,f,i,])
and in the southernmost part of the northern Antarctic Penin-
sula such concentrations can reach 100 ymol kg~ (Supporting
Information Fig. S8g). This is likely due to the local terrestrial
sources of silicic acid in these regions (Hawkings et al. 2017),
further supplementing the high silicic acid input from modified
Circumpolar Deep Water (see section below). Indeed, the sur-
face silicic acid concentration in the Palmer Station region
(69.0 + 10.4 ymol kg~ !; Supporting Information Fig. S8a) is
higher than that found along the northern Antarctic Peninsula
(third column in Fig. 5). In both regions, such concentrations
are even higher than those found in the northwest Weddell Sea
(Hoppema et al. 2015), where the direct influence of modified
Circumpolar Deep Water is comparatively small.

Circumpolar Deep Water had a long period over which
remineralized organic matter has accumulated and hence high
concentrations of macronutrients. Along the northern Antarctic
Peninsula, this is even more evident in the concentrations of
phosphate (Fig. 2e) and silicic acid, whose concentrations are
up to 50% higher under the influence of modified Circumpolar
Deep Water in the Gerlache Strait and western basin of
Bransfield Strait than in the rest of the northern Antarctic
Peninsula (Fig. 2f). The central basin of Bransfield Strait is
strongly influenced by Dense Shelf Water from the Weddell Sea
in the deep layers (>800m; Dotto et al. 2016; Damini
et al. 2022), where there are higher concentrations of DIN
(Fig. 2d), phosphate (Fig. 2e), and dissolved oxygen (Fig. 2¢)
associated with lower concentrations of silicic acid (Figs. 2f, 9).
This is a result of the slower rate of opal dissolution, as diatom
frustules sink out of the surface layer, compared to the
remineralization of sinking organic matter (Brown et al. 2006)
that releases DIN and phosphate (Hoppema et al. 2015).
Indeed, phytoplankton blooms recorded in the northwestern
Weddell Sea are often composed mostly (>80%) of diatoms
(Mendes et al. 2012), associated with low N : P uptake ratios
(< 14) and high Si: N ratios (>1; Flynn et al. 2021). Moreover,
we found low N : P uptake ratios (< 16, Fig. 7a) and high Si: N
uptake ratios (>2, Fig. 7b) along the northern Antarctic
Peninsula, although there is great interannual variability in
these estimations. Due to the marked depletion of silicic acid
during diatom growth, the Dense Shelf Water from the Weddell
Sea is relatively low in silicic acid while the concentrations of
DIN and phosphate are increased by remineralization of sinking
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organic matter as it is advected towards the northern Antarctic
Peninsula. The advection time of shelf waters from the Weddell
Sea toward the Bransfield Strait is estimated to be between
1 and 5 months to reach the central basin (Van Caspel
et al. 2018; Damini et al. 2022). This time is likely not long
enough to release high silicic acid concentrations from late
spring diatom blooms. Thus, the interannual variability in mac-
ronutrient concentrations driven by Dense Shelf Water advec-
tion is likely due to variability (i) in the residency time over
shelves varying of around 3-6 years (Schlosser et al. 1991),
(ii) in the advection time of these waters and (iii) in the timing
and duration of diatom blooms, from early spring to summer.
The influence of modified Circumpolar Deep Water and Dense
Shelf Water from the Weddell Sea on silicic acid concentrations
is most evident when we estimate the contribution of these
waters along the northern Antarctic Peninsula from the silicic
acid versus dissolved oxygen mixing diagram (Fig. 9). Below
50 m, the southern end of the northern Antarctic Peninsula
(near Palmer Station) is strongly influenced by the silicic acid-
rich and dissolved oxygen-poor modified Circumpolar Deep
Water. Conversely, the central basin of Bransfield Strait is
strongly influenced by the high dissolved oxygen and low
silicic acid Dense Shelf Water. This west—east pattern in the
fractional contributions of modified Circumpolar Deep Water
and Dense Shelf Water to the total mixture is very close to the
estimates determined by Damini et al. (2022) in the region.
For the deep layers (i.e., >800m) of central basin of
Bransfield Strait, those authors estimated an averaged contribu-
tion of 31% + 9% of modified Circumpolar Deep Water and
69% + 9% of Dense Shelf Water, while for the eastern basin of
Bransfield Strait the averaged contribution to the mixture was
44% + 8% for modified Circumpolar Deep Water and 56 + 8
for Dense Shelf Water. Although the Palmer Station region is
made up of almost 100% modified Circumpolar Deep Water
below 50 m, silicic acid concentrations are higher than
87 umol kg~! (Fig. 9) expected only from modified Circumpolar
Deep Water input (Cape et al. 2019), revealing that there are
important local sources of silicic acid in this region.

Additional sources of macronutrients for the northern
Antarctic Peninsula

Local sources of nutrients are known to be important along
the northern Antarctic Peninsula. Terrestrial input of iron
(De Jong et al. 2012; Ferreira et al. 2020) and silicic acid
(Hawkings et al. 2017; Jones et al. 2023) is well known over
the Antarctic continental shelf. However, remineralized mac-
ronutrients after intense phytoplankton blooms in fjords that
flow into the northern Antarctic Peninsula (Forsch et al. 2021)
can be injected into downstream regions, increasing DIN and
phosphate concentrations (Jones et al. 2023). Moreover, the
abrupt freshwater outflow from fjords increases the upper
ocean stability and fertilizes the region with iron (Forsch
et al. 2021), triggering intense phytoplankton blooms down-
stream. Likewise, such favorable conditions for intense
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phytoplankton growth, mainly diatoms, are also triggered by
glacial meltwater (Meredith et al. 2022; Jones et al. 2023) and
sea ice melting (Mendes et al. 2018; Costa et al. 2020). Such
high primary productivity sustains a high zooplankton den-
sity (Henley et al. 2019; Plum et al. 2020), which can increase
the concentration of remineralized macronutrients locally and
downstream via sloppy feeding (Ratnarajah and Bowie 2016),
as well as intensifying the recycling of organic matter (Avelina
et al. 2020) at their resting depths by respiration and through-
out their depth habitat range by fecal pellet production
(Whitehouse et al. 2011; Henley et al. 2020). Furthermore, the
eastern basin of Bransfield Strait is an important pathway of
icebergs released from the Weddell Sea (Collares et al. 2018;
Barbat and Mata 2021), which transport iron (Laufkotter
et al. 2018) and likely silicic acid (Hawkings et al. 2017) from
the eastern shelf of the Antarctic Peninsula into the northern
Antarctic Peninsula. Hence, there is an increased supply of
silicic acid in the eastern basin of Bransfield Strait (Fig. 2f),
where there are also episodic intrusions of silicic acid-enriched
modified Circumpolar Deep Water at intermediate levels
(Dotto et al. 2016; Damini et al. 2022). Although widely
neglected in biogeochemical studies, mesoscale eddies may
have a relevant impact on nutrient supply along the northern
Antarctic Peninsula. Such structures can favor nutrient supply
via upwelling of waters enriched with remineralized material
(Damini et al. 2023) and by intensifying remineralization by
deepening the mixed layer depth within the eddies (Dufois
et al. 2014; Damini et al. 2023). Moreover, eddies can trap
advected water masses (Damini et al. 2023) with high
remineralized nutrient content (Dufois et al. 2014), such as
modified Warm Deep Water (a mixture of Circumpolar Deep
Water with Winter Water in the Weddell Sea; Hoppema
et al. 2015).

The high concentration of macronutrients (Fig. 2) and the
supply of iron (Ardelan et al. 2010) coupled with the increased
upper ocean stability driven by sea ice melting and/or glacial
freshwater input during the summer supports high productivity
along the northern Antarctic Peninsula (Mendes et al. 2018;
Costa et al. 2020). We found an average N:P uptake ratio
(Fig. 7a) within the expected range for the northern Antarctic
Peninsula (~ 13-21; Henley et al. 2019), but with a high inter-
annual variability, as well as N : P and Si : N uptake ratios, sug-
gest that there are different dominant groups in phytoplankton
blooms over interannual scales. In the Southern Ocean, lower
N : P uptake ratios (< 16) have been observed during diatom
blooms, while other smaller phytoplankton groups are associ-
ated with a higher (>16) ratio (Arrigo et al. 1999; Henley
et al. 2019, 2020). This is particularly true along the northern
Antarctic Peninsula, where we observed low N : P uptake ratios
(< 16, Fig. 7a) when the phytoplankton assemblage was domi-
nated by diatoms (Supporting Information Fig. S9). For exam-
ple, a low N : P uptake ratio was observed in 2016 along the
northern Antarctic Peninsula (Supporting Information
Table S3), when an intense phytoplankton bloom was recorded
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(Costa et al. 2020, 2021) and over 90% of it was composed of
diatoms (Supporting Information Fig. S9). Conversely, there
were high N:P uptake ratios (>20; Supporting Information
Fig. 7a) in 2017 along the northern Antarctic Peninsula and in
2018 in the western basin of Bransfield Strait, when phyto-
plankton composition was dominated by other smaller groups,
such as dinoflagellates, haptophytes (Phaeocystis antarctica),
cryptophytes and green flagellates (Supporting Information
Fig. S9). However, we found even lower N : P uptake ratios (< 9)
in some years (Fig. 7a), indicating possible additional sources of
phosphate in relation to DIN. This may be associated with the
release of phosphate accumulated in sea ice (Fripiat et al. 2017),
although its effect on the water column remains unclear
(Henley et al. 2019). Moreover, the high density of krill
enriched by diatom blooms (Henley et al. 2020) may favor
phosphate resupply, as krill release phosphate and ammonium
through grazing and excretion processes (Tovar-Sanchez
et al. 2007). We identified Si : N uptake ratios that were within
the range previously observed south of the northern Antarctic
Peninsula (1-3; Kim et al. 2016; Henley et al. 2019). Si: N
uptake ratios higher than 1 have been associated with diatoms
growing under iron-limited conditions (Takeda 1998; Henley
et al. 2020), but the northern Antarctic Peninsula is not
expected to experience iron limitation (De Jong et al. 2012;
Ferreira et al. 2020 and references therein). The higher Si: N
uptake ratios are likely to be a result of high silicic acid concen-
trations being supplied by modified Circumpolar Deep Water
intrusions and additional sources of silicic acid such as local
remineralization/dissolution of diatoms walls and mainly terres-
trial inputs (Hawkings et al. 2017; Jones et al. 2023). The intense
diatom blooms in early spring can lead to a depletion in silicic
acid in the upper ocean (Kim et al. 2016) and then opal dissolu-
tion increases the silicic acid concentration again toward late
summer. Indeed, we found the highest Si:N ratio and the
lowest N:P ratio in the western basin of Bransfield Strait
(Fig. 7), where there is a great influence of modified Circumpolar
Deep Water intrusions (Fig. 2) and intense diatom-dominated
blooms (Anadén and Estrada 2002; Costa et al. 2020).

Drivers of interannual variability of macronutrients along
the northern Antarctic Peninsula

The huge interannual variability in nutrient concentrations
along the northern Antarctic Peninsula is driven mainly by
the relative strength of modified Circumpolar Deep Water
intrusions and the advection of Dense Shelf Water from the
Weddell Sea. During positive SAM, westerly winds are intensi-
fied southward (Marshall et al. 2006), strengthening modified
Circumpolar Deep Water intrusions along the northern Ant-
arctic Peninsula (Barlett et al. 2018; Damini et al. 2022) and
increasing nutrient concentration. In addition to direct nutri-
ent input, greater vertical mixing leads to an increased supply
of organic matter (da Cunha et al. 2018; Avelina et al. 2020)
and a consequent increase in remineralized nutrient concen-
trations throughout the water column. Overall, the influence
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of SAM on nutrient concentrations is more evident in the cen-
tral and eastern basins of Bransfield Strait because these
regions are more influenced by Dense Shelf Water from the
Weddell Sea than both the western basin of Bransfield Strait
and Gerlache Strait (Barlett et al. 2018; Damini et al. 2022). In
these regions, greater differences between positive and nega-
tive SAM are observed in silicic acid concentrations because
Dense Shelf Water (modified Circumpolar Deep Water) is
depleted (enriched) in silicic acid (Fig. 9). During events of
positive SAM, Dense Shelf Water advection into Bransfield
Strait is weakened, while modified Circumpolar Deep Water
intrusion is strengthened (Wang et al. 2022), increasing the
difference in influence of these distinct water masses. On the
other hand, the influence of Dense Shelf Water is smaller in
the western basin of Bransfield Strait and the Gerlache Strait
(Wang et al. 2022), decreasing the silicic acid dilution due to
Dense Shelf Water advection. This is supported by the smaller
influence of SAM on phosphate and DIN concentrations in
Gerlache Strait (Fig. 6), as the time for organic matter
remineralisation (on a timescale of days; Brown et al. 2006;
Hoppema et al. 2015) is likely shorter than the advection time
for Dense Shelf Water to reach this region (on a timescale of
months; Van Caspel et al. 2018; Damini et al. 2022).
Conversely, during events of positive ENSO, westerly winds
typically migrate northward (Stammerjohn et al. 2008) and
weaken modified Circumpolar Deep Water intrusions over the
northern Antarctic Peninsula (Barlett et al. 2018; Damini
et al. 2022), decreasing nutrient supply. Such conditions
increase the extent of the Dense Shelf Water advected from
the Weddell Sea, reaching the southern end of the northern
Antarctic Peninsula (i.e., Gerlache Strait, Wang et al. 2022).
Since Dense Shelf Water is enriched in DIN and phosphate
(Fig. 2d,e) and contains lower concentrations of silicic acid
than modified Circumpolar Deep Water (Fig. 2f), the inter-
annual variability in silicic acid concentrations is intensified
over the northern Antarctic Peninsula. Indeed, we observed a
57% decrease in average silicic acid concentration from 2015
(a year of positive SAM) to 2016 (a year of strong positive
ENSO) in the central basin of Bransfield Strait, where signifi-
cant changes were also observed in organic carbon concentra-
tions between these two years (Avelina et al. 2020). The
influence of ENSO on DIN and phosphate concentrations is
minor compared to SAM (Fig. 6) because Dense Shelf Water
also contains high concentrations of these nutrients. More-
over, variations in ENSO are expected to exert less influence
on circulation along the northern Antarctic Peninsula than
variations in SAM (Wang et al. 2022). This may be associated
with uncertainties in the circulation response time to ENSO
variations (i.e., 6-9 months; Barlett et al. 2018; Dotto
et al. 2016) and Dense Shelf Water advection time along the
northern Antarctic Peninsula, which are still a challenge to
understand. The Dense Shelf Water is estimated to take
around 1-5 months to reach the central basin of Bransfield
Strait from the northwestern Weddell Sea (Van Caspel
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et al. 2018; Damini et al. 2022). The period of around
5 months is consistent with the estimated time for the drift of
medium-sized icebergs from the northwestern Weddell Sea to
reach the central basin of Bransfield Strait (Collares
et al. 2018). However, its interannual variability and sensitiv-
ity to SAM and ENSO events, as well as the residence time of
the waters within Bransfield Strait remain unclear. Macronutri-
ent concentrations appear to be more sensitive to ENSO in the
eastern basin of Bransfield Strait (Fig. 6) because this is the
main pathway of Dense Shelf Water input into the northern
Antarctic Peninsula (Van Caspel et al. 2018; Wang
et al. 2022). Therefore, it is reasonable to conclude that the
high interannual variability in nutrient concentrations along
the northern Antarctic Peninsula is driven mainly by changes
in ocean circulation and water mass mixing caused by strong
variability in the SAM. The effect of ENSO variability on silicic
acid concentrations via advected Dense Shelf Water is more
evident while its effect on DIN and phosphate concentrations
is often counteracted because DIN and phosphate are also
high in Dense Shelf Water.

In addition, the effects of SAM and ENSO on the biogeo-
chemistry of waters along the northern Antarctic Peninsula
can either reinforce or counteract each other, depending on
whether the region experiences concomitant periods of both
positive SAM and ENSO or vice versa (Stammerjohn
et al. 2008). Since the interannual variability of macronutri-
ents is driven mainly by the influence of SAM compared to
ENSO, during combined years of both positive SAM and ENSO
macronutrients concentrations are expected to remain high
along the northern Antarctic Peninsula. Indeed, we observed
concentrations within the standard deviation for all macronu-
trients in 2004, 2010, and 2019 (Fig. 5), when the SAM and
ENSO events were concomitantly positive (Table S2). Con-
versely, during combined years of both negative SAM and
ENSO, lower concentrations of macronutrients are expected, as
both intrusions of modified Circumpolar Deep Water (the main
source of macronutrients) and the advection of Dense Shelf
Water are weakened. However, regarding our results, unfortu-
nately, we could not accurately assess these combined effects
because we only have a more robust time series in the last
decade when the Southern Ocean has been experiencing succes-
sive positive SAM (Keppler and Landschiitzer 2019) and nega-
tive ENSO conditions (Barlett et al. 2018). Although it is unclear
what the additional sources were for the anomalous high con-
centrations of silicic acid in 2017, mainly in the central and
eastern basins of Bransfield Strait (Fig. 5), these could be linked
to an offset in the data or processes triggered by extreme events,
such as glacier calving in the vicinity (Meredith et al. 2022),
which need to be better understood. Indeed, it is more likely
that these higher values are driven by an additional source of
silicic acid, as similarly silicic acid concentrations as high as
110 umol kg~ were already observed in the central basin of the
Bransfield Strait in the 1980s (Heywood and Priddle 1987), and
near Ryder Bay in 2020 (Jones et al. 2023).
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Seasonal macronutrient drawdown

Despite the high concentration of macronutrients that we
observed throughout the northern Antarctic Peninsula envi-
ronments, supporting high primary productivity, Gerlache
Strait and the western basin of Bransfield Strait appear to be
the most favorable regions for strong phytoplankton growth.
Seasonal nutrient drawdown in these regions is nearly double
that observed in the rest of the northern Antarctic Peninsula
(Fig. 8). There is a clear south-north decreasing gradient in
seasonal nutrient drawdown along the northern Antarctic
Peninsula. Even in the Gerlache Strait, where the seasonal
drawdown is higher (Fig. 8), it is lower than that found in the
Palmer Station region (Kim et al. 2016) and further south at
Marguerite Bay (Henley et al. 2017, 2018). The situation of
macronutrients being completely replenished in the upper
mixed layer was observed in 2003 for silicic acid in the
Gerlache Strait, and in the western basin of Bransfield Strait in
2015 for phosphate and in 2015 and 2016 for silicic acid. This
may reflect a limitation of our approach to estimating seasonal
drawdown, mainly due to variations in the upper mixed layer
depth or the influence of vertical mixing, since the minimum
temperature between 50 and 100 m in summer is on average
around 1.0°C higher than the Winter Water, reflecting its
modification by mixing with other water masses. Neverthe-
less, the relatively lower seasonal drawdown of macronutrients
(Fig. 8) along the northern Antarctic Peninsula, compared
with the Palmer Station region (Kim et al. 2016), may be due
to greater vertical mixing in these environments during the
productive summer period, such as the central and eastern
basins of Bransfield Strait compared to the south areas of
northern Antarctic Peninsula (Wang et al. 2022). Low seasonal
drawdown may also be due to the rapid regeneration of mac-
ronutrients in the upper mixed layer, mainly DIN and phos-
phate, as already observed at Marguerite Bay (Henley
et al. 2018).

As Gerlache Strait and the western basin of Bransfield Strait
are shallower, more enclosed areas, and closer to the coast,
they are more likely to experience increased upper ocean sta-
bility as a result of sea ice melting and glacial freshwater input.
Such conditions are favorable to phytoplankton blooms
(Costa et al. 2020; Ferreira et al. 2022) and, therefore, to
greater seasonal drawdown of macronutrients. As the summer
phytoplankton blooms in these regions are dominated by dia-
toms (Costa et al. 2020, 2021; Ferreira et al. 2022), which are
known to enhance CO, uptake (Costa et al. 2020; Henley
et al. 2020), these regions also act as a strong summer atmo-
spheric CO, sink (Monteiro et al. 2020a,b). The dominance of
phytoplankton growth either by diatoms or smaller cells was
thought to act as an additional controlling factor for the mag-
nitude of CO, uptake in Gerlache Strait (Kerr et al. 2018¢). In
fact, the highest seasonal drawdown of silicic acid was
recorded in Gerlache Strait in 2016 (Fig. 8c), when there
was an intense diatom bloom (Costa et al. 2020) and the
strongest summer CO, uptake since 1999 (Monteiro
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et al. 2020a,b). The great interannual variability in seasonal
nutrient drawdown must also be driven to some extent by
winter sea ice cover (Kim et al. 2016; Henley et al. 2017). Dur-
ing the negative SAM condition, increased winter sea ice cover
enhances the upper ocean stability driving phytoplankton
blooms in the following summer (Saba et al. 2014), increasing
the seasonal nutrient drawdown (Kim et al. 2016). Moreover,
diatom blooms can be enhanced significantly by the release of
diatom cells from the sea ice during intense ice melting during
summer (Kim et al. 2016). Hence, part of the high interannual
variability in nutrient concentration associated with the SAM
and ENSO along the northern Antarctic Peninsula must be
driven by the variation in sea ice extent, which is also driven
by these climate modes.

Conclusions

High concentrations of macronutrients (DIN, phosphate,
and silicic acid) were recorded during austral summers from
1996 to 2019 in environments along the northern Antarctic
Peninsula. In particular, the upper ocean minimum concentra-
tions of DIN (16 yumol kg '), phosphate (0.7 umol kg™!), and
silicic acid (50 pmol kg’1) along the northern Antarctic Penin-
sula are higher than those commonly recorded south of the
northern Antarctic Peninsula (e.g., over the continental shelf at
Marguerite Bay) where DIN and phosphate almost exhausted
have been recorded. The macronutrient concentrations
exhibited huge interannual variability, with up to threefold
changes in silicic acid and twofold changes in phosphate con-
centrations among the annually averaged profiles for each
region. The coupling of modified Circumpolar Deep Water
intrusions together with local sources, such as remineralization
of organic matter, terrigenous inputs of silicic acid, mesoscale
structures and circulation, and sea ice dynamics, explains the
high nutrient concentrations found along the northern Antarc-
tic Peninsula. The great interannual variability is also driven
largely by the extent of modified Circumpolar Deep Water
intrusions and it’s mixing with the Dense Shelf Water advected
from the Weddell Sea. The strength of modified Circumpolar
Deep Water intrusions, and hence nutrient supply, is often
modulated by the SAM, and to a lesser extent by ENSO. How-
ever, further studies are needed to better distinguish and decou-
ple the influence of these climate modes on changes in the
mixing dynamics between modified Circumpolar Deep Water
and Dense Shelf Water, which was not possible in our study
because positive SAM events prevail over the last two decades.
We recommend that future studies aim to understand the net
effect of the coupling of SAM and ENSO in their positive and
negative phases on the biogeochemistry of this climatically sen-
sitive region.

We found stoichiometric uptake ratios of N : P less than
16 and Si: N greater than 1, associated with high phytoplank-
ton biomass, mainly composed of diatoms, which have been
associated to strong CO, uptake in the coastal and relatively
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shallow zone of the northern Antarctic Peninsula. Despite the
enhanced summer phytoplankton growth, relatively low sea-
sonal nutrient drawdown was found in most subregions of the
northern Antarctic Peninsula. This is likely due to the large
supply of macronutrients from different sources, which makes
northern Antarctic Peninsula environments highly favorable
for growth and development of phytoplankton blooms. This
is particularly important as the northern Antarctic Peninsula
is one of the most productive regions in the Southern Ocean
and where major climate-driven change is being observed.
Hence, these findings are critical to improving our under-
standing of the natural variability of Southern Ocean ecosys-
tems and informing our predictions of how these nutrient
inputs may respond to ongoing and expected climate and
environmental change.

Data Availability Statement

The data that support the findings of this study are publi-
shed as the product BGQNAPv1.0: A summer macronutrients
binned data set for the Northern Antarctic Peninsula, South-
ern Ocean, openly at https://doi.org/10.5281/zenodo.7384423
(Monteiro et al. 2022).
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