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Abstract 22 

Extreme warming events are increasingly more intense and frequent in the global ocean. These 23 
events are predicted to drive profound and widespread effects on marine ecosystems, yet their 24 
impact on phytoplankton, the base of the marine food web, are s�ll largely unknown. Our 25 
understanding of the impact of these phenomena in marine ecosystems is par�cularly poor in 26 
the remote and logis�cally challenging Southern Ocean. During summer 2020, the research 27 
vessel Hespérides sampled the water column of the Drake Passage and northern Antarc�c 28 
Peninsula before (early January) and during the early phase (late January-early February) of a 29 
marine heat wave, that resulted in sea surface temperature anomalies of up to +3°C. Here, we 30 
take advantage of this excep�onal opportunity to document the effects of an extreme warming 31 
event on the nutrient and phytoplankton (diatom and coccolithophores) distribu�ons across the 32 
main zonal systems of the Southern Ocean. Overall, our results indicate that biogeographical 33 
variability of diatom and coccolithophore assemblages, the two dominant phytoplankton group 34 
in the Southern Ocean, mirrored the physical and chemical proper�es of the water masses 35 
delineated by the Southern Ocean fronts. Analysis of a suite of satellite-derived oceanographic 36 
parameters revealed that development and persistence of the 2020 marine heat wave were 37 
closely �ed to mesoscale an�cyclonic eddy dynamics. The increase in sea surface temperatures 38 
during the onset of the marine heat wave was associated with a remarkable increase in diatom 39 
abundance, that reached bloom concentra�ons, and a shi� in the diatom assemblages towards 40 
an increase in the rela�ve abundance of the small diatom Fragilariopsis cylindrus/nana in the 41 
southern Drake Passage. In turn, coccolithophore abundance decreased north of the polar front 42 
during the warm water event, most likely due to a remarkable decrease of nitrate by 43 
approximately one order of magnitude lower than average summer concentra�ons. We 44 
speculate that these unusually low nitrate levels were the result of either the advec�on of nitrate 45 
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poor waters from lower la�tudes by an an�cyclonic eddy and/or nutrient consump�on by 46 
substan�al development of so�-�ssue phytoplankton biomass. Overall, our results reinforce the 47 
no�on that a warmer Southern Ocean will favour an increase of small phytoplankton cells in the 48 
southern Drake Passage and northern Antarc�c Peninsula with unpredictable consequences in 49 
the marine-food web and biogeochemical cycles that need to be urgently quan�fied and 50 
parametrized.  51 

1. Introduc�on  52 

The global ocean is warming at an unprecedented rapid rate, with modern global sea 53 
surface temperatures being nearly 1°C higher than 1850–1900 as a result of anthropogenic 54 
climate change (Lee et al., 2023). One consequence of this temperature rise is the increased 55 
likelihood of Marine Heat Waves (MHWs; Holbrook et al., 2019) which can be broadly defined as 56 
periods of anomalously high warm water temperatures that may last up to several months and 57 
may cover thousands of square kilometres (Oliver et al., 2021). These extreme warm ocean 58 
temperature events can lead to substan�al and diverse impacts on marine ecosystems, such as, 59 
(i) global-scale coral bleaching events (Eakin et al., 2019), (ii) profound changes in diversity and 60 
structure of marine ecosystems (Wernberg et al., 2013; Wernberg et al., 2016; Garrabou et al., 61 
2022), (iii) reduc�on of carbon sequestra�on (Gao et al., 2021), (iv) shi�s in the geographical 62 
distribu�ons of zooplankton and (v) mass mortali�es of mammals and birds (Bond et al., 2015; 63 
Cavole et al., 2016; Hobday et al., 2018). However, litle informa�on exists about the effects of 64 
marine heatwaves on phytoplankton that represent the base of marine food webs and regulate 65 
biogeochemical cycles in the ocean (Hayashida et al., 2020).  66 

The Antarc�c Peninsula (AP) is one of the fastest warming regions in the world’s oceans 67 
(Vaughan et al., 2003; Jones et al., 2019; Gorodetskaya et al., 2023) and is experiencing an 68 
increase in the frequency of extreme warming events both in the atmosphere (Turner et al., 69 
2021) and in the ocean (Mon�e et al., 2020). The increase in air and sea surface temperatures 70 
are shortening the sea ice season and driving the retreat of glaciers at an increasingly 71 
accelera�ng rate (Cook et al., 2005; Eayrs et al., 2019; Blanchard-Wrigglesworth et al., 2021; 72 
Suryawanshi et al., 2023; Davison et al., 2024) . The enhanced influx of fresh waters in coastal 73 
waters due to ice mel�ng results in a strengthening of the stra�fica�on of the water column, 74 
while the increase of lithogenic par�cles - derived from subglacial erosion - increases turbidity 75 
and enriches the surface ocean with nutrients (Meredith et al., 2018). The abundance, structure 76 
and func�on of phytoplankton communi�es in the AP are experiencing changes driven by this 77 
rapid environmental change. Primary produc�on has increased in the Western Antarc�c 78 
Peninsula (WAP) during the last two decades (1998 to 2022), mainly due to the decline in sea ice 79 
coverage that results in longer blooms (Ferreira et al., 2024; Isla et al., 2025). As summarized in 80 
the comprehensive review by Deppeler and Davidson (2017), changes in the makeup of AP 81 
phytoplankton communi�es could also have profound effects in the local food chain (Ballerini et 82 
al., 2014). Freshening of surface waters is expected to drive a shi� from diatom-dominated 83 
communi�es to cryptophytes and small flagellates (Moline et al., 2004; Montes-Hugo et al., 84 
2008). Since krill feed mainly of phytoplankton cells larger than 10 μm, the overall size reduc�on 85 
of phytoplankton communi�es has resulted in a decrease of krill numbers and an increase in salp 86 
abundance (grazers unaffected by the size of their prey) (Moline et al., 2004; Moline et al., 2008; 87 
Plum et al., 2020; Pauli et al., 2021). Since salps are not a preferred food source for some of the 88 
major macrofaunal groups of the AP, such as penguins and seals, changes in the composi�on of 89 
phytoplankton popula�ons towards smaller and non-siliceous phytoplankton are an�cipated to 90 
have detrimental effects in the whole ecosystem.  91 
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Moreover, the climate-induced changes in phytoplankton communi�es are likely to alter 92 
the func�oning of biogeochemical cycles in the AP, par�cularly the carbon cycle through impacts 93 
in the biological pump. On the one hand, ice loss results (i) in the fer�liza�on of the surface 94 
ocean with nutrients fuelling phytoplankton blooms in areas previously covered by ice and in 95 
wake of icebergs (Bertolin and Schloss, 2009; Vernet et al., 2012) and (ii) in the crea�on of new 96 
carbon sinks in open ocean environments (Peck et al., 2010). On the other hand, the above-97 
men�oned shi� in dominance from diatoms to cryptophytes will most likely result in a less 98 
efficient biological pump. This is because the organic content of par�cles lacking mineral ballast 99 
(such as cryptophytes) remineralizes at shallower depths than those associated with biominerals 100 
(e.g., opal) and fast-sinking aggregates, such as those formed by diatoms and krill (Green et al., 101 
1998; Smetacek et al., 2004). The net effect of all above men�oned changes over the AP marine 102 
ecosystems and their biogeochemical cycles is yet to be determined.  103 

Notably, despite a growing body of evidence that supports the major influence of climate 104 
change and its cascading impacts on AP ecosystems (Plum et al., 2020; Oh et al., 2022; Thomalla 105 
et al., 2023; Ferreira et al., 2024), very limited scien�fic studies have addressed the effects of 106 
short-term climate extremes (such as MHWs) on phytoplankton primary produc�vity  107 
(Fernández-Barba et al., 2024) and its composi�on (Antoni et al., 2020). This informa�on is 108 
par�cularly important because of temperature is one of the main factors controlling 109 
phytoplankton produc�vity (Eppley, 1972). One of the few field-based evidence studies 110 
addressing this point is the work by Latorre et al. (2023) who documented changes in the 111 
biomass of most plankton species in rela�on to an atmospheric heatwave in a cove of King 112 
George Island, South Shetlands. However, the effects of the local scale forcing in this small inlet 113 
make the extrapola�on of their results to pelagic environments of the AP and Drake Passage 114 
difficult. Results of a near-global ocean physical–biogeochemical model indicate that background 115 
nutrient condi�ons most likely represents a major control in determining the impact of 116 
heatwaves on phytoplankton produc�vity (Hayashida et al., 2020). While in nutrient-poor 117 
regions marine heatwaves generally will result in weaker phytoplankton blooms, in nutrient-rich 118 
waters the heatwave blooms are predicted to result in higher phytoplankton numbers. Based on 119 
this no�on, phytoplankton growth in the nutrient-rich waters of the AP will be most likely 120 
s�mulated by marine heatwaves. Since the frequency and intensity of MHWs are expected to 121 
substan�ally increase in the coming decades (Frölicher et al., 2018; Oliver et al., 2018; Oliver et 122 
al., 2021), it is of cri�cal importance to evaluate their impacts on Southern Ocean marine 123 
ecosystems.  124 

Here we report on data of major phytoplankton groups (diatoms and coccolithophores), 125 
and nutrient (silicate, nitrate and phosphate) and environmental parameters (temperature and 126 
salinity) collected onboard of the Spanish research vessel Hespérides before and during the 127 
onset of a marine heatwave that affected the Drake Passage and AP during January and February 128 
2020. Moreover, we characterize the drivers of the warm water anomaly registered during the 129 
northbound transit using satellite-derived and reanalysis data. Our study was partly prompted 130 
by previous research (Moline et al., 2004; Montes-Hugo et al., 2008) that indicates that 131 
increasing warming in Antarc�c ecosystems is causing a change in the abundance, composi�on 132 
and shi� from large to small cells of phytoplankton communi�es.  We looked to assess if extreme 133 
warming events, that are expected to be more frequent in the coming decades, can also lead to 134 
changes in phytoplankton abundance and/or composi�on. Any shi� in phytoplankton 135 
community structure and abundance could result in profound changes in the marine food web 136 
and biogeochemical cycles, and therefore, they need to be urgently determined and 137 
parametrized. 138 
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 139 

 140 
Figure 1. Bathymetric map showing the sampling loca�ons during the POWELL-2020 campaing 141 
in the Drake Passage and northern Antarc�c Peninsula. Green and red diamonds represent 142 
sta�ons sampled during the southbound (4th to 5th of January 2020) and nortbound (31st January 143 
to 2nd February 2020) transits, respec�vely, while back dots depict represeta�ve sta�ons from 144 
the Bransfield Strait and northern Weddell Sea analyzed in this study. Abbrevia�ons: SAZ – 145 
Subantarc�c Zone, SAF – Subantarc�c Front, PFZ – Polar Frontal Zone, PF – polar front, AZ – 146 
Antarc�c zone, SACCF – Southern e Antarc�c Circumpolar Current Front, SZ – Southern Zone and 147 
SB – Southern Boundary, Max WSI – maximum winter sea ice extent and Min SSI – minimum 148 
summer sea ice extent. Oceanic fronts a�er Orsi et al. (1995) and sea ice climatology for 1981 to 149 
2010 (Feterer et al., 2002, updated 2009). Ocean Data View so�ware (Schlitzer, 2021) was used 150 
to generate this figure. 151 

1.2 Oceanographic se�ng  152 

The study region covered in the present work is the Drake Passage, the Bransfield Strait 153 
and the Powell Basin, extending approximately from 56oS to 64oS and 64oW to 47oW (Fig. 1). The 154 
Antarc�c Circumpolar Current (ACC), the world’s largest ocean current system, flows from west 155 
to east in the Drake Passage, connec�ng surface and deep layers of the ocean (Rintoul et al., 156 
2018). The ACC consists of four major hydrographic fronts from north to south within the Drake 157 
Passage: the Subantarc�c Zone (SAZ), the Subantarc�c Front (SAF), the Southern Antarc�c 158 
Circumpolar Front (SACCF) and the Southern Boundary front (Orsi et al., 1995; Rintoul et al., 159 
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2018). The Drake Passage is the narrowest constric�on of the Antarc�c Circumpolar Current 160 
(ACC), with a width of approximately 800 km. As a result, the ACC fronts are closely spaced in 161 
this region compared to other sectors of the Southern Ocean (Meredith et al., 2011). The 162 
posi�on of the above-men�oned fronts exhibit temporal varia�ons and are influenced by 163 
disturbances by mesoscale eddies and meanders (e.g. Rintoul et al., 1997; Rintoul and Sokolov, 164 
2001). Both models and observa�ons indicate the Drake Passage is one of the few key areas in 165 
the Southern Ocean where eddy heat transport across the ACC fronts is intensified (e.g. 166 
Gu�errez-Villanueva et al., 2020).  167 

Phytoplankton growth in the Southern Ocean is controlled by mul�ple environmental 168 
factors, among which low light levels in deep wind-mixed surface layers and low concentra�ons 169 
of the micronutrient iron, stand out as the main factors controlling primary produc�on (Mar�n 170 
et al., 1990; Boyd and Trull, 2007; Venables and Moore, 2010). The ACC carries Circumpolar Deep 171 
Water (CDW), the most widespread water mass in the Southern Ocean. Wind-driven upwelling 172 
of CDW south of the PF brings to the surface layer large amounts of nutrients and CO2 173 
(Toggweiler and Samuels, 1995) that fuel primary produc�vity. However, the biological uptake of 174 
these nutrients is far from complete, with much of the Southern Ocean containing high nutrient 175 
concentra�ons and low phytoplankton biomass. These condi�ons make the Southern Ocean the 176 
largest high-nutrient, low chlorophyll (HNLC) region in the world ocean. The surface waters of 177 
the Drake Passage and of the mid- to outer-shelf of the AP are severely iron limited (< 0.1 nmol 178 
kg-1; Klunder et al., 2014; Annet et al., 2017) thereby restric�ng phytoplankton growth. In turn, 179 
in the Bransfield Strait and coastal systems of the AP, re-suspension of iron-rich sediments and 180 
mel�ng of glaciers result in generally iron replete waters that support high primary produc�on 181 
(Ardelan et al., 2010).  182 

2. Material and methods 183 

2.1. The POWELL-2020 campaign 184 

The POWELL-2020 campaign took place onboard the R/V Hespérides from 2 January to 185 
4 February 2020. During the POWELL2020 campaign, 150 sta�ons were sampled during the 186 
crossing of the Drake Passage, in the Bransfield Strait, and in the Powell Basin. In these areas, 187 
seawater samples were collected from the ship’s con�nuous intake at 5 meters depth. During 188 
the southbound transit, surface seawater samples were collected every 3–4 hours to capture key 189 
changes across the different ACC fronts. On the return (northbound) transit, sampling was 190 
conducted every 2 hours. Within the Bransfield Strait and Powell Basin, sampling intervals were 191 
generally every approximately 4 hours, adjusted according to other ongoing research ac�vi�es. 192 

Three types of filters were used: the 0.45-micron HAWG filter for diatoms, 193 
coccolithophores, and dinoflagellates; the 0.45-micron HAWP filter for other organisms; and GFF 194 
filters for pigments, suspended material, and carbon/nitrogen isotopes. Pigments, C/N isotopes, 195 
and HAWP filters were stored in aluminum foil and Petri dishes at -80°C, following rapid freezing 196 
with liquid nitrogen. The filters for phytoplankton were stored at room temperature in Petri 197 
dishes and le� to dry for two days. 198 

2.2. Satellite-derived and reanalysis data 199 

European Space Agency (ESA) Climate Change Ini�a�ve (CCI) and Copernicus Climate 200 
Change Service (C3S) SST data spanning from 1982 to 2021 (Merchant et al., 2019; 201 
htps://doi.org/10.48670/moi-00169; last accessed: May 2025) was used to analyze warm water 202 
anomalies. This satellite-derived, reprocessed Level 4 (L4) product provides global, gap-free daily 203 
SST at a 0.05° × 0.05° horizontal resolu�on, allowing for a comprehensive spa�otemporal 204 
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characteriza�on of MHWs worldwide (e.g. Mar�nez et al., 2023; Bell et al., 2024; Fernández-205 
Barba et al., 2024). MHWs were then iden�fied based on the methodology outlined by Hobday 206 
et al. (2016) and Oliver et al. (2021), with the addi�onal criterion of the long-term mean summer 207 
temperature (LMST), as described by Fernández-Barba et al. (2024). Specifically: (i) SSTs must 208 
exceed the seasonally varying 95th percen�le (rela�ve to 1982-2012), (ii) for a minimum 209 
dura�on of 5 consecu�ve days, (iii) with gaps of less than 3 days, and (iv) the mean SST must be 210 
higher than the LMST. The ra�onale for including this addi�onal criterion was to exclude winter 211 
MHW events, thereby retaining only those that occurred during the austral summer, the season 212 
during which the POWELL-2020 campaign took place. As discrete yet prolonged events, MHWs 213 
occurred over defined periods during which SST exceeded a specified threshold (the 95th 214 
percen�le in this work). Therefore, MHW events were spa�otemporal characterized using 215 
metrics widely applied in previous studies (see Oliver et al., 2018; Oliver et al., 2021). In our 216 
study, MHW dura�on was calculated as the �me interval (in days) between the onset and the 217 
end of each event. Since more than one event may occur within a given year, we also calculated 218 
total annual MHW days, defined as the sum of all days in a year during which SST exceeded the 219 
MHW threshold. Maximum intensi�es of MHWs were also calculated as the greatest difference 220 
between the absolute temperature and the seasonally varying threshold during each event. 221 
Based on this metric, MHW events were categorized according to the number of �mes the 222 
maximum intensity exceeded the difference between the climatological mean and the 95th-223 
percen�le threshold (Hobday et al., 2018; Oliver et al., 2021). Thus, events were classified from 224 
category 1 to 4 as moderate, strong, severe, and/or extreme, respec�vely. Addi�onally, to assess 225 
the strength of each event, MHW cumula�ve intensity was calculated by integra�ng the event’s 226 
intensity over its dura�on. This metric is par�cularly relevant for evalua�ng the biogeochemical 227 
impacts resul�ng from MHWs (Oliver et al., 2021; Smith et al., 2023). The general Python code 228 
used to detect MHWs is publicly accessible at htps://github.com/ecjoliver/marineHeatWaves. 229 
The adapted code for the Southern Ocean is also freely available at 230 
htps://github.com/ManuFBarba/Southern-Ocean-MHWs.  231 

To assess the influence of regional ocean dynamics, par�cularly mesoscale eddies, on 232 
the development of the 2020 MHW in the Drake Passage, satellite al�metry-derived variables 233 
from the Copernicus Marine Service (CMS) Global Ocean Gridded L4 Sea Surface Heights and 234 
Derived Variables product were analyzed. This dataset merges Level 3 along-track al�metric 235 
observa�ons from mul�ple satellite missions into a global gridded product with a spa�al 236 
resolu�on of 0.125° × 0.125° (htps://doi.org/10.48670/moi-00148; last accessed: May 2025). 237 
Specifically, sea level anomaly (SLA) and absolute dynamic topography (ADT) were obtained for 238 
the period 1993–2021. These variables provide a first-order approxima�on of mesoscale 239 
circula�on paterns modula�ng the upper-ocean thermal structure. Posi�ve SLA values are 240 
typically associated with warmer surface condi�ons, while nega�ve anomalies generally indicate 241 
cooler waters, reflec�ng the thermal imprint of eddy-driven dynamics (Beech et al., 2022; He et 242 
al., 2024). SLA was derived rela�ve to a 20-year mean dynamic topography (MDT) baseline 243 
(1993–2012), following the equa�on: 244 

SLA = SSH − MDT 245 

Where SSH is the instantaneous sea surface height, and MDT represents the long-term 246 
mean difference between sea level and the geoid (equipoten�al surface). Then, ADT corresponds 247 
to the absolute sea surface height referenced to the geoid, given by: 248 

ADT = SLA + MDT 249 
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ADT is directly related to the geostrophic surface velocity field. The zonal (𝑢𝑢g) and 250 
meridional (𝑣𝑣g) components of geostrophic velocity were computed as: 251 

𝑢𝑢𝑔𝑔 = −
g
ƒ 

 
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 

 252 

𝑣𝑣𝑔𝑔 =
g
ƒ 

 
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 

 253 

Where g is the gravita�onal accelera�on, ƒ is the Coriolis parameter (ƒ =  2Ωsin𝜙𝜙 ; ϕ = la�tude). 254 
Then, to further characterize mesoscale ac�vity, Eddy Kine�c Energy (EKE) was computed from 255 
geostrophic velocity anomalies.  256 

𝐸𝐸𝐸𝐸𝐸𝐸 =  
1
2 �

 𝑢𝑢𝑔𝑔′2 +  𝑣𝑣𝑔𝑔′2� 257 

Where 𝑢𝑢𝑔𝑔′  = 𝑢𝑢𝑔𝑔 −  ⟨𝑢𝑢𝑔𝑔〉 and 𝑣𝑣𝑔𝑔′  =  𝑣𝑣𝑔𝑔 −  ⟨𝑣𝑣𝑔𝑔〉 represent the devia�ons from the long-term mean 258 
geostrophic veloci�es (⟨𝑢𝑢𝑔𝑔〉 and ⟨𝑣𝑣𝑔𝑔〉, respec�vely). Moreover, to quan�fy kine�c energy 259 
redistribu�on throughout the water column, Ver�cally-Integrated Kine�c Energy (VIKE) was 260 
computed as: 261 

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 =  �
1
2 
𝜌𝜌( 𝑢𝑢2 +  𝑣𝑣2 +  𝑤𝑤2)

𝑧𝑧2

𝑧𝑧1
𝑑𝑑𝑑𝑑 262 

Where 𝜌𝜌 is the seawater density profile, obtained from the CMS Global Ocean Physics Reanalysis 263 
(htps://doi.org/10.48670/moi-00021; last accessed: May 2025) at 0.083° x 0.083° horizontal 264 
resolu�on, and 𝑢𝑢, 𝑣𝑣, and 𝑤𝑤 are the three-dimensional velocity components. VIKE is a cri�cal 265 
diagnos�c to quan�fy the contribu�on of mesoscale eddies to the ver�cal energy structure of 266 
the ocean and their poten�al role in modula�ng SST and triggering MHWs (Bian et al., 2023).  267 

 To inves�gate the atmospheric drivers, radia�ve fluxes, and surface energy inputs 268 
contribu�ng to the onset of the 2020 MHW in the Drake Passage, key variables from the 269 
European Centre for Medium-Range Weather Forecasts (ECMWF) ERA5 reanalysis product, 270 
provided by the C3S (Hersbach et al., 2023; htps://doi.org/10.24381/cds.adbb2d47; last 271 
accessed: May 2025) were analyzed. This global reanalysis combines model outputs with 272 
observa�onal data to generate a product at 0.25° x 0.25° horizontal resolu�on, which has been 273 
extensively validated in the Southern Ocean and has outperformed other reanalyses (Gossart et 274 
al., 2019; Tetzner et al., 2019; Zhu et al., 2021). Specifically, anomalies of variables directly linked 275 
to heat transfer (2m-Air temperature and 10m-Wind Speed), radia�ve forcing (Surface net short-276 
wave radia�on flux, Surface net long-wave radia�on flux, Surface downward short-wave 277 
radia�on flux, and Surface downward long-wave radia�on flux), and surface sea-air dynamics 278 
(Mean sea level pressure, Surface latent heat flux, Surface sensible heat flux, Turbulent surface 279 
stress, and Normalized energy flux into ocean) were calculated rela�ve to a 31-year reference 280 
period (1982-2012).  281 

 To support our in-situ data, satellite-derived chlorophyll-a (chl-a) data were obtained 282 
from the Copernicus Global Ocean Colour (GlobColour) product (htps://doi.org/10.48670/moi-283 
00281; last accessed: May 2025). This interpolated L4, mul�-satellite product provides daily data 284 
at a spa�al resolu�on of 4 km. To enable comparison with in-situ observations and to 285 
reinforce the interpretation of local variability, monthly modeled surface dissolved iron 286 
concentra�on from the Global Ocean Biogeochemistry Hindcast dataset 287 
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(htps://doi.org/10.48670/moi-00019; last accessed: May 2025), at 0.25°×0.25° horizontal 288 
resolu�on was also incorporated. 289 

2.3 Nutrient analysis 290 

During the POWELL-2020 campaign, samples were collected in the Drake Passage and 291 
the Bransfield Strait, spanning transects between 65°W and 60°W and from 55°S to 63°S (Figure 292 
2). Discrete surface water samples were collected at a depth of approximately 5 meters depth 293 
using the underway seawater system. The sampling effort included 140 surface sta�ons 294 
distributed approximately every 60 km along the cruise track. Only nutrient data for the 51 295 
sta�ons used for phytoplankton analysis (see sec�on 2.4) are presented here. All samples 296 
intended for nutrient analyses were filtered immediately onboard through Whatman 297 
polycarbonate membrane filters (0.45 µm pore size, 47 mm diameter) to remove par�culate 298 
material. The filtered samples were frozen at -20°C in 50ml polyethylene vials for N and P 299 
nutrients, while they were stored at room temperature for Si measurements. Nutrient 300 
concentra�ons were analysed at UMR EPOC, University of Bordeaux, and measured using two 301 
segmented flow autoanalyzer’s from Seal Analy�cal: the AA3HR macroflow analyser was used 302 
for the determina�on of silicates and phosphates, while the quAAtro microflow analyser was 303 
used for the determina�on of nitrites, nitrates, and ammonium, following the protocol of   304 
Bendschneider and Robinson (1952) op�mized by Aminot et al. (2009). Silicate determina�on 305 
was based on the forma�on of a silico-molybdate complex, which is reduced by ascorbic acid to 306 
form molybdenum blue. Poten�al interferences from phosphates were eliminated by adding 307 
oxalic acid. 308 

Absorbance for silicates was measured at 820 nm. Phosphate detec�on was established 309 
on the fact that phosphates form a phospho-molybdate complex in the presence of an�mony, 310 
which is reduced by ascorbic acid to produce an intense blue colour. 311 
Absorbance was measured at 880 nm. In comparison, nitrites react under acidic condi�ons with 312 
sulphanilamide and N-naphthyl-ethylenediamine (NED) to form a coloured azo dye. 313 
Absorbance was then measured at 540 nm. In parallel, nitrates are quan�ta�vely reduced to 314 
nitrites using a cadmium-copper reduc�on column. The resul�ng nitrites are then measured 315 
using the same colorimetric method as for direct nitrite analysis with an absorbance at 550 nm. 316 

2.4 Phytoplankton analysis 317 

Discrete samples were collected from the prefiltered and uncontaminated seawater line 318 
taken under the ship at 5 m water depth, in one L Nalgene botles, and filtered immediately 319 
through 0.45-micron pore size, 25 mm diameter HAWG gridded mixed cellulose ester membrane 320 
filters. Here we present results from 51 sta�ons representa�ve of the main environments 321 
sampled during the POWELL-2020 survey. Filters were placed in polystyrene petri dishes and 322 
allowed to dry (24-48 hours). Filters were then cut in half, with one half mounted on a glass slide 323 
using immersion oil and covered with a cover slip. These slides were used for quan�ta�ve 324 
analysis of micro- and nannoplankton abundance and assemblage composi�on using light 325 
microscopy at 1000x magnifica�on for diatoms and a microscope equipped with both linear and  326 
circular polariza�on at 1000x for coccolithophore iden�fica�on. The other half of each filter was 327 
stored in the petri dish for Back Scatered Electron Imagery analysis using a Hitachi TM4000 Plus 328 
SEM. SEM work of selected samples was conducted to clarify iden�fica�on of smaller specimens.  329 

In regard to the taxonomic iden�fica�on of diatoms, each diatom cell (i.e. frustule) was 330 
iden�fied to the lowest taxonomic level possible using the taxonomic concepts of Hasle and 331 
Syvertsen (1997) and Scot and Marchant (2005). Morphological and molecular analyses by 332 
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Lundholm and Hasle (2008) revealed that Fragilariopsis cylindrus and Fragilariopsis nana are 333 
different species but o�en they share many morphological characteris�cs that make their 334 
differen�a�on impossible with light microscopy. Therefore, we followed the approach of 335 
Cefarelli et al. (2010) lumping the cell counts of these two species under the name F. 336 
cylindrus/nana. In regard to the genus Chaetoceros, three groups were dis�nguished. The 337 
vegeta�ve cells of Chaetoceros subgenus Phaeoceros (which includes C. aequatorialis, C. 338 
atlanticus, C. criophilus, C. peruvianus, C. dichaeta, C. pendulus, and C. bulbosum) and 339 
Hyalochaete were separated owing to their different habitats (oceanic and neri�c, respec�vely). 340 
The res�ng spores of genus Chaetoceros were iden�fied only to group level due to a lack of 341 
morphological criteria. In regard to coccolithophore iden�fica�on, the taxonomic concepts of 342 
Young et al. (2003) and Nannotax website (Young et al., 2024) were followed. The lower 343 
coccolithophore diversity observed in our study compared to previous work in the study 344 
region (e.g. Charalampopoulou et al., 2016) is attributed to methodology applied. Previous 345 
studies used Scanning Electron Microscopy that allow for a more precise identification of 346 
coccolithophore species as well as identification of different Emiliania huxleyi and 347 
Calcidiscus leptoporus morphotypes. In turn, although light microscopy applied in HAWG 348 
filters allows a reliable quantification of coccospheres and characterization of most 349 
coccolithophore taxa to genus level, it precluded the identification to species and 350 
morphotypes level (e.g. clasification of E. huxleyi or C. leptoporus morphotypes).  351 

3. Results 352 

3.1 Satellite-derived and model data 353 

3.1 Characteriza�on of the marine water anomaly   354 

In late austral summer of 2020, significant MHWs developed in the Drake Passage, 355 
closely associated with the presence and dynamics of mesoscale an�cyclonic eddies that appear 356 
to have contributed to the surface trapping of anomalously warm water masses (Fig. 2). The sea 357 
level anomaly (SLA) field, referenced against the 1993–2012 climatology, revealed a dis�nct 358 
posi�ve anomaly patern along the path of the POWELL-2020 northbound transect (January 31–359 
February 2), with values exceeding +20 cm (Fig. 2a). This elevated SLA, along with heightened 360 
Absolute Dynamic Topography (ADT), indicated the likely presence of an eddy-induced eleva�on 361 
in SSH. In fact, the distribu�on of Eddy Kine�c Energy (EKE) anomalies and the configura�on of 362 
geostrophic surface currents further supported the interpreta�on of energe�c an�cyclonic 363 
structures influencing the thermal signature in this highly dynamic region (Fig. 2b). The MHW's 364 
thermal impact was considerable. Its peak intensity reached approximately +3°C above 365 
climatological thresholds (Fig. 2c), placing it within the moderate to severe category according 366 
to the Hobday et al. (2018) classifica�on. It lasted for over 90 days in parts of the Drake Passage 367 
(Fig. 2d), with cumula�ve intensi�es exceeding, on average, 60°C·days (Fig. 2e), highligh�ng its 368 
strength. Temporal averages along the POWELL-2020 return transect reveal that SLA and ADT 369 
anomalies peaked during MHWs periods, consistent with the eddy-driven eleva�on of SSH (Fig. 370 
2f). Elevated EKE values, considering summer�me, during MHWs further suggested intensified 371 
mesoscale ac�vity sustaining the events. In contrast, ver�cally-integrated kine�c energy (VIKE) 372 
remained rela�vely low during MHWs’ peaks and rose only a�er its decline, poin�ng to a process 373 
confined predominantly to the upper ocean. This temporal decoupling supports the 374 
interpreta�on of a surface-intensified phenomenon, later followed by subsurface baroclinic 375 
adjustments (Fig. 2f). Overall, these results indicate the important role of ocean-internal 376 
dynamics in modula�ng MHWs in the Drake Passage. 377 
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To assess the possible atmospheric contribu�on to these events, near-surface air 378 
temperature anomalies, 10-meter wind speeds, and surface heat flux components (shortwave, 379 
longwave, latent, and sensible) were also analyzed over the core MHW periods (Supplementary 380 
Fig. 1). While January 31–February 2, 2020, was characterized by slightly elevated atmospheric 381 
temperatures (Supplementary Fig. 1a), reduced wind speeds in the Drake Passage 382 
(Supplementary Fig. 1b), as well as transient increases in radia�ve and thermal fluxes to the 383 
ocean compared to the 1982–2012 period (Supplementary Fig. 1c-h), the net surface heat 384 
exchange exhibited a predominantly nega�ve signature during the onset of MHWs 385 
(Supplementary Fig. 1i). Notably, the ocean lost energy to the atmosphere in the Drake Passage 386 
(Supplementary Fig. 2) through nega�ve net long-wave and latent heat fluxes, despite moderate 387 
posi�ve sensible heat contribu�ons (Supplementary Fig. 1i). The rela�ve constancy of wind-388 
induced turbulent stress during the MHW onset, with a marked increase only a�er the event 389 
subsided (Supplementary Fig. 1i), suggests that the MHW likely altered local atmospheric 390 
dynamics, rather than being driven by them. These results suggest that, while atmospheric 391 
anomalies were present and may have facilitated the persistence of the 2020 events, they were 392 
insufficient to solely explain the build-up of heat.  393 

Altogether, and considering the occurrence of dis�nct MHW events throughout the 394 
austral summer of 2020, the evidence converges on the conclusion that the 2020 MHWs in the 395 
Drake Passage were primarily modulated by isolated an�cyclonic eddies. These eddies enhanced 396 
stra�fica�on, suppressed ver�cal mixing, and prolonged the reten�on of warm surface waters, 397 
thereby amplifying and sustaining the MHW signal well beyond what would be expected from 398 
atmospheric forcing alone (Beech et al., 2022; He et al., 2024). 399 

Fig. 2. Characterization of the marine thermal anomaly during the austral summer of 400 
2020 in the Drake Passage. (a) Sea level anomalies (SLA; shading) and absolute dynamic 401 
topography (ADT; purple contours), averaged over January 31–February 2, coinciding with 402 
the return transect of the POWELL-2020 campaign. (b) Eddy kinetic energy (EKE; shading) 403 
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anomalies and surface geostrophic currents (black arrows) from CMS multi-satellite 404 
observations. (c–e) Marine heatwave (MHW) properties during the austral summer of 2020, 405 
based on ESA CCI C3S L4 sea surface temperature (SST) using the 95th percentile criterion: 406 
(c) maximum intensity, (d) total days, and (e) cumulative intensity. (f) Temporal evolution of 407 
SLA (orange), ADT (olive), EKE (pink), and Vertically-Integrated Kinetic Energy (VIKE, dark 408 
red), together with MHW events (red shading), as indicated by ESA CCI C3S L4 daily SST 409 
(black), climatological SST (SSTc, blue), and MHW criterion (95th percentile SST, green), 410 
during 2019–2020. Time series represent spatial averages over the return-leg stations of the 411 
POWELL-2020 campaign (green dots in (a)). A 7-day running mean filter is applied to EKE 412 
and VIKE. The reference period for the SLA and EKE anomalies is 1993–2012 (a, b, and f), 413 
while that for MHWs is 1982–2012 (c–f).  414 

 415 

3.3 Nutrient distribu�ons 416 

Nutrient distribu�ons in the surface layer across the Drake Passage and Bransfield Strait 417 
during January and early February 2020 are illustrated in Figure 3b and summarized in Table 1. 418 
During the southbound transit to the Shetland archipelago in early January 2020, nitrate 419 
concentra�on in the subantarc�c and polar frontal zone waters ranged between 7.6 and 14.3 420 
and between 9.0 and 17.2 µmol L-1, respec�vely, while phosphate concentra�ons ranged 421 
between 0.6 and 1.1 and between 1.3 to 1.4 µmol L-1, respec�vely. Silicate concentra�on was 422 
low in the subantarc�c zone (ranging between 2.2 to 2.8) and in most of the PFZ in most of the 423 
PFZ with values ranging 1.3 to 2.1 µmol L-1 except for sta�on 6 were values drama�cally increased 424 
due to the vicinity of the Polar Front. South of the Polar Front, nitrate and phosphate levels 425 
showed a slight increase (13.0 to 17.4 and 1.4 to 1.7 µmol L-1, respec�vely), whilst roughly a ten-426 
fold rise in silicate concentra�ons (17.6-21.6 µmol L-1) was observed. This sharp silicate gradient 427 
at the PF is also known as the Silicate Front and represents a cri�cal boundary for nutrient 428 
distribu�ons in the Southern Ocean (Freeman et al., 2019; Table 1). South of the SB and in the 429 
Bransfield Strait, nitrate and phosphate levels exhibit concentra�ons similar to those 430 
documented in the AZ waters (Fig. 3b). In turn, silicate concentra�ons exhibited the highest 431 
levels of the meridional gradient, with values up to 77.0 µmol L-1 (Fig. 3b). 432 

During the northbound transit in late-January early-February, the main biogeochemical 433 
Southern Ocean zones remained clearly evidenced in the nutrient distribu�ons. However, some 434 
important differences compared with the southbound transit were no�ced. Nitrate and 435 
phosphate levels north of the PF decreased about one order of magnitude (down to 0.8 and 0.6 436 
µmol L-1, respec�vely) compared to those registered in the southbound transit. In contrast, the 437 
meridional distribu�on of silicate remained similar to that documented in the southbound 438 
transit (Fig. 3b).    439 
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 440 

Figure 3. a) SSTs and SST anomaly. b) nutrient concentra�ons (nitrate, silicate and phosphate). 441 
c) Fluorescence (in situ) and satellite chlorophyll-a concentra�on.    442 

 443 

Table 1. Physical and chemical parameters of the Drake Passage. Interannual average values 444 
represent the median and first and third quar�les (between brackets) for silicate, nitrate, 445 
phosphate, temperature and salinity between 2004 and 2017 from Freeman et al. (2019) and for 446 
Mixed Layer Depth (MLD) between 2004 and 2011 from Stephenson et al. (2012). Variability 447 
range of each parameter during the outbound (early January 2020) and northbound transits 448 
(Late-January early-February 2020) of the Powell-2020 campaign. *Freeman et al. (2019) and 449 
Stephenson et al. (2012) do not cover the Bransfield Strait but data from this region is presented 450 
for the POWELL-2020 campaign.  451 

 452 
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 453 

3.3 Phytoplankton abundance variability 454 

In-situ fluorescence measurements at 5 m depth from the ship and satellite-derived 455 
Chlorophyll-a (Fig. 3c) followed roughly similar trends (Spearman's correla�on coefficient (ρ) = 456 
0.35, p < 0.05, n = 45). Both parameters indicate maximum algal biomass accumula�on in the 457 
western Bransfield Strait (in both the southbound and northbound transits) and in the Weddell 458 
Sea (Fig. 3). In terms of temporal variability in the Drake Passage (i.e. before and during the onset 459 
of the MHW), both average fluorescence and satellite-derived chlorophyll-a in this region 460 
suggest rela�vely similar algal biomass accumula�on in the southbound and northbound transits 461 
(average fluorescence of 0.49 and 0.52 volts in the southbound and northbound transits, 462 
respec�vely, and average chlorophyll-a concentra�on of 0.26 and 0.22 mg L-1; Fig. 3).  463 

In terms of diatom distribu�ons, total diatom abundance ranged between 0.003 and 5.5 464 
x 106 cells L-1 and exhibited a clear increase south of the PF (Fig. 4a). In terms of temporal 465 
distribu�on, diatom abundance within the same zonal systems was generally lower during early 466 
January than in late-January and early-February. While there is no universally fixed threshold for 467 
what cons�tutes a phytoplankton bloom, a frequent defini�on is a prolifera�on event with cell 468 
concentra�ons reaching or exceeding one million cells per Liter (e.g. Johnsen et al., 1999). Based 469 
on this defini�on, diatom bloom concentra�ons during the POWELL-2020 campaign were 470 
reached during the second half of the expedi�on in one sta�on in the Bransfield Strait (sta�on 471 
82; Fig. 4a) and, almost consistently, during the northbound transit in the Southern Zone and 472 
Antarc�c Zone (sta�ons 118-126; Fig. 4a), with cell numbers reaching values up to ca. 5.5 x 106 473 
and 5 x 106 cells L-1, respec�vely.  474 

Coccolithophore abundance was low compared to diatoms, with cell concentra�ons 475 
ranging between 0 and 8 x 104 coccospheres L-1 (Fig. 5). Our results reveal a nearly opposite 476 
la�tudinal distribu�on than that of the diatoms, with maximum concentra�ons in the SAZ and 477 
PFZ. Coccolithophore abundance was negligible in the Bransfield Strait and northern Weddell 478 
Sea, with no coccospheres documented during our counts although a few coccospheres where 479 
iden�fied (but not quan�fied) during SEM analyses. In regard to temporal variability, average 480 
coccolithophore abundance in the SAZ and PFZ was two-fold during the southbound transit 481 
in early January (3.9 x 104 coccospheres L-1) than during the northbound transit in late 482 
January-early February (ca. 1.8 x 104 coccospheres L-1). Coccolithophore assemblages were 483 
composed of two species: E. huxleyi and C. leptoporus. 484 
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 486 

Figure 4. a) Diatom cell concentra�on in the upper layer (5 m depth) documented in the Drake 487 
Passage, Bransfield Strait and Northern Weddell Sea Gyre documented in representa�ve sta�ons 488 
of main environments during the POWELL-2020 campaign. b-e) Rela�ve abundance of the most 489 
abundant and/or key diatom species.   490 

 491 

 492 

Figure 5. a) Coccosphere cell concentra�on in the upper layer (5 m depth) documented in the 493 
Drake Passage, Bransfield Strait and Northern Weddell Sea Gyre documented in representa�ve 494 
sta�ons of main environments during the POWELL-2020 campaign. b) Rela�ve abundance of the 495 
Emiliania huxleyi and Calcidiscus leptoporus.    496 

3.4 Distribu�on of phytoplankton species 497 

Fragilariopsis kerguelensis dominated the diatom assemblages in the SAZ and PF (i.e. 498 
north of the PF) in both the southbound and northbound transits, with an average contribu�on 499 
of 44 and 42 %, respec�vely. South of the polar front, F. kerguelensis also exhibited rela�vely 500 
high concentra�ons some sta�ons of the western Bransfield Strait during early summer (up to 501 
45% in sta�on 20; Fig. 4c). Fragilariopsis cylindrus/nana and Fragilariopsis pseudonana displayed 502 
a nearly opposite patern to that of F. kerguelensis, domina�ng the diatom assemblages in most 503 
of the sta�ons south the PF. Fragilariopsis cylindrus/nana contributed an average of 52% to the 504 
diatom assemblage in all the sta�ons south of the PF, reaching maximum abundances in the 505 
northern Weddell Sea sta�ons where its contribu�on accounted for up 96% of the total diatom 506 
assemblage (sta�on 104; Fig. 3). F. pseudonana contributed on average 25% of the diatom 507 
assemblage south of the PF, with peak contribu�ons in the Antarc�c Zone. In terms of temporal 508 
variability, some important differences between the southbound and northbound transits were 509 
no�ced. While F. cylindrus/nana represented an average of 37% of the diatom assemblage from 510 
the PF southwards in the Drake Passage (i.e. AAZ and SZ) in early January 2020 (i.e. the 511 
southbound transit), the rela�ve abundance of this taxon increased to 52% in the same zonal 512 
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systems (Fig. 3b). In turn, F. pseudonana exhibited a decrease in its rela�ve contribu�on reaching 513 
an average rela�ve contribu�on in the AAZ and SZ between the southbound (49%) and the 514 
northbound transit (36%).  515 

Chaetoceros subgenus Phaeoceros was a major component of the diatom in the SAZ and 516 
PFZ (up to 41% of the total diatom assemblage in sta�on 3; Fig. 3d) during the southbound 517 
transit. In turn, this taxon only exhibited elevated numbers at one sta�on during the northbound 518 
transit (sta�on 127 with a contribu�on of 30%). The vegeta�ve cells of Chaetoceros subgenus 519 
Hyalochaete were only documented in abundances over 1% in the first two sta�ons of the SAZ 520 
(sta�ons 1 and 2, with 6 and 2%, respec�vely; data not shown). Chaetoceros res�ng spores 521 
showed a contras�ng distribu�on in the Drake Passage between the southbound and 522 
northbound transits. During the southbound transit, they were only present in the SAZ (up to 523 
5%; Fig. 3d), while during the northbound transit they were consistently documented between 524 
the AAZ and SAZ (ranging between 1 and 5%). Chaetoceros res�ng spores were also present in 525 
some sta�ons in the Bransfield Strait (up to 6% in Livingston Island). Notably, the diatom 526 
assemblages collected near Papagaya and Johnson glaciers in the coastal waters of Livingston 527 
Island (sta�ons 13 and 14) were remarkably different from the rest of the sta�ons and rich in 528 
fine sediments. These samples exhibited high abundances of Pseudogomphonema 529 
kamtschaticum (average of 38%) and secondary contribu�ons of Navicula spp. (5%). Lastly, the 530 
small centric group (that encompasses all small centric diatoms under 20 µm that were not 531 
iden�fied to lower taxonomic level) exhibit peak values south of the SB and in the Bransfield 532 
Strait in early January, reaching values up to 18% in sta�on 10. Interes�ngly, SEM imagery 533 
revealed that some of the small centrics were Minidiscus chilensis, although it was not possible 534 
to quan�fy its contribu�on due to the limita�ons of light microscopy.  535 

Emiliania huxleyi largely dominated the coccolithophore assemblages during our 536 
survey with an average relative abundance of ca. 80% in all samples. In regard to temporal 537 
variability of coccolithophores, a contrasting distribution of C. leptoporus could be 538 
observed between the southbound and northbound transits. C. leptoporus contribution 539 
was negligible during the southbound transit but increased substantially during the 540 
northbound transit, reaching values up to 75% of the coccolithophore assemblage in the 541 
SAZ (station 136; fig. 5).  542 

4. DISCUSION 543 

4.1 Characteriza�on of the marine water anomaly  544 

The 2020 MHW observed across the Drake Passage and Antarc�c Peninsula (AP) offers 545 
valuable insight into the nuanced interplay between mesoscale ocean circula�on and 546 
biogeochemical variability in the Southern Ocean. Our data reveal that this extreme event was 547 
neither solely a product of atmospheric forcing nor simply a reflec�on of long-term warming 548 
trends. Instead, the development and persistence of the 2020 MHW were closely �ed to 549 
mesoscale an�cyclonic eddy dynamics, as indicated by sustained posi�ve SLA exceeding +20 cm 550 
along the northbound transect (Fig. 2a). This patern is characteris�c of the Drake Passage, where 551 
the proximity of major circumpolar fronts enhances eddy ac�vity rela�ve to other sectors of the 552 
Southern Ocean (Rintoul et al., 1997; Beech et al., 2022), resul�ng in pronounced horizontal and 553 
ver�cal gradients in water proper�es. 554 

The warm water anomaly recorded during the northbound transit of the POWELL-2020 555 
campaign—immediately preceding the core of the heatwave—coincided with elevated SLA and 556 
increased ADT, classic markers of surface-intensified an�cyclonic eddies. These features 557 
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effec�vely trap heat, suppressing ver�cal mixing and allowing anomalously warm, stra�fied 558 
surface waters to persist. Our es�mates of EKE and VIKE further support that these events were 559 
primarily confined to the upper ocean, with deeper kine�c energy redistribu�on occurring only 560 
a�er the MHW’s peak (Fig. 2f). Satellite-derived SST anomalies revealed sustained surface 561 
warming of more than +3°C above climatological values, underscoring the spa�al signature of 562 
these mesoscale structures. 563 

The impact of mesoscale circula�on on nutrient distribu�on was likewise significant. The 564 
advec�on of warm, low-nutrient waters from northern circumpolar regions—likely mediated by 565 
these eddies—resulted in excep�onally low nitrate and phosphate concentra�ons north of the 566 
Polar Front, reaching levels nearly an order of magnitude below typical summer values (Fig. 2b; 567 
see sec�on 4.2 for more details). South of the major fronts, the biogeochemical response was 568 
more nuanced: while nitrate and phosphate remained rela�vely high, silicate displayed steep 569 
meridional gradients, consistent with the established posi�on of the silicate front. This spa�al 570 
heterogeneity in nutrient availability appears to have governed the observed phytoplankton 571 
community composi�on and bloom dynamics. 572 

In summary, our findings demonstrate that the onset and maintenance of the 2020 573 
MHW in the Drake Passage were driven primarily by internal oceanic processes—specifically, the 574 
ac�vity of energe�c an�cyclonic eddies—rather than by direct atmospheric heat input. These 575 
eddy features not only structured the thermal characteris�cs of the upper ocean but also 576 
modulated the spa�al distribu�on of key nutrients, fundamentally shaping the biogeochemical 577 
and ecological environment experienced by primary producers. A deeper understanding of the 578 
coupling between mesoscale circula�on, nutrient fluxes, and biological responses is essen�al for 579 
predic�ng the sensi�vity of Southern Ocean ecosystems in an era of rapid, dynamic warming. 580 

 581 

4.2 Nutrient distribu�ons 582 

The meridional nutrient distribu�ons documented during the POWELL-2020 campaign 583 
reflected the changes in water masses depicted by the Southern Ocean fronts. The sharp silicate 584 
gradient iden�fied at the Polar Front in both the northbound and southbound transits (Fig. 3b), 585 
also known as the Silicate Front, represents the transi�on between silicate-poor waters to the 586 
north and silicate-rich waters to the south (e.g. Trull et al., 2018; Freeman et al., 2019). The 587 
poleward increase in nitrate and phosphate concentra�ons across the Drake Passage in both 588 
transits is also consistent with that documented in previous reports (Freeman et al., 2019). 589 
However, it is important to note that concentra�ons for nitrate and phosphate during the 590 
POWELL-2020 expedi�on were lower than average summer values for all the circumpolar 591 
systems (Table 1). The anomalously low concentra�ons, were par�cularly evident for the case of 592 
nitrate during the northbound transit, when nitrate concentra�ons in most of the AZ and in the 593 
PFZ and SAZ were one order of magnitude lower than average summer concentra�ons (Table 1; 594 
Freeman et al., 2019).  595 

The low temporal variability in silicate concentra�on in the PFZ and AAZ between the 596 
southbound and northbound transits contrasts with the substan�al varia�ons in diatom cell 597 
concentra�ons in the same zonal systems (i.e. between early January and late-January and early-598 
February). As explained in further detail in sec�on 4.4., a diatom bloom was documented in the 599 
SZ and AAZ during the northbound transit, and therefore, the lack of enhanced silicate 600 
consump�on could be considered difficult to reconcile. However, looking in detail into the 601 
makeup of the diatom assemblage gives us some hints to reconcile these results. The main 602 
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components of the diatom bloom documented during the northbound transit were small 603 
Fragilariopsis species (e.g. the apical axis length of F. pseudonana is 4-11 µm length in our study 604 
region; Cefarelli et al., 2010) that are characterized with a substan�ally lower silica requirement 605 
than larger, robustly silicified diatoms such as F. kerguelensis (apical length ranging from 17 to 83 606 
µm; Cefarelli et al., 2010). This feature, together with the rapid silicate recycling of the frustules 607 
of small Fragilariopsis species in the upper water column (Grigorov et al., 2014; Rigual-608 
Hernández et al., 2016) seems to be sufficient to sustain high diatom cell concentra�ons without 609 
a remarkable silica consump�on.  610 

Under iron-replete condi�ons, diatoms use silicate and nitrate in a molar ra�o of 1:1, 611 
which results in a balanced drawdown of both nutrients in diatom-dominated environments 612 
(Brzezinski, 1985). However, iron-deficient condi�ons, which limits phytoplankton growth across 613 
much of the Southern Ocean (Tagliabue et al., 2014), lead to an enhanced consump�on of silicate 614 
over nitrate, with silicate to nitrate molar ra�os of 2:1 or greater (Hutchins and Bruland, 1998; 615 
Takeda, 1998; Franck et al., 2000; Hutchins et al., 2001). Therefore, two possible processes alone 616 
or in combina�on could explain the pronounced decrease in nitrate but steady silicate 617 
concentra�ons observed in the Drake Passage between the southbound and northbound transits 618 
(Fig. 3). The first one is the advec�on of nitrate poor waters from lower la�tudes into the Drake 619 
Passage. The outermost circumpolar systems of the Southern Ocean and waters of the southern 620 
Pacific Ocean are characterized by lower nitrate levels than those in the southern Drake Passage 621 
(Freeman et al., 2019). Alterna�vely, or complimentarily, a phytoplankton group other than 622 
diatoms might be responsible for a substan�al frac�on of the nitrate drawdown. As 623 
coccolithophore abundance was negligible in the AAZ (Fig. 6) and their abundance substan�ally 624 
decreased in the Drake Passage between the southbound and northbound transit, it is unlikely 625 
that coccolithophore prolifera�on was responsible for the nitrate drawdown during the warm 626 
water event. In turn, the so�-body and colonial Prymnesiophyte Phaeocystis antarctica and/or 627 
dinoflagellates are likely suspects as they do not require silicate for their growth and can account 628 
for a substan�al frac�on of algal biomass in the Southern Ocean (Kopczyńska and Ligowski, 1982; 629 
Liebezeit, 1987; Smith Jr. and Gordon, 1997; Arrigo et al., 1999; de Salas et al., 2011; Eriksen et 630 
al., 2018, among others). It should be noted that meltwater input from sea ice with low nitrate 631 
concentra�on could also lead to low nitrate concentra�on due to the due to the dilu�on of 632 
nitrate in surface waters (Servetaz et al., 2025). However, since the drop in nitrate levels occurs 633 
in the AAZ (sta�on 121) which is a region characterized by litle influence of sea ice in the during 634 
summer in the Drake Passage (Fig. 3), the possibility of sea ice mel�ng dilu�on driving the low 635 
nitrate levels observed during the northbound transit in the POWELL-2020 is unlikely.   636 

4.3 Phytoplankton abundance and species distribu�on 637 

Overall, the abundance and distribu�on of the phytoplankton assemblages across the 638 
Drake Passage and Bransfield Strait mirrored the changes in the physical and chemical proper�es 639 
of the water column delineated by the fronts. The increase in diatom abundance south of the PF 640 
(Fig. 4) is directly related to the increase in silicate concentra�ons in the water column that fuel 641 
diatom produc�vity (Landry et al., 2002; Wright et al., 2010; Assmy et al., 2013; Trull et al., 2018). 642 
The dominance of F. kerguelensis in the Subantarc�c Zone and Polar Frontal Zones (i.e., north of 643 
the PF) agrees well with previous work in the southwestern Atlan�c Ocean where peak rela�ve 644 
abundance of this species were documented in the Drake Passage (Cefarelli et al., 2010). 645 
However, the meridional distribu�on in our study is somewhat different from that documented 646 
in the southcentral Atlan�c, where Froneman et al. (1995) observed maximum contribu�ons of 647 
F. kerguelensis south of the Polar Front (i.e. an opposite trend to that observed here; Fig. 4). The 648 
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reason for this discrepancy is most likely due to the prolifera�on of small Fragilariopsis species 649 
in the southern Drake Passage. Interes�ngly, F. kerguelensis dominated in areas characterized by 650 
low silicate (< 4 µmol L-1) and low iron levels (Supplementary Figure 3) during both the 651 
southbound and northbound transits. This finding is surprising because the growth rate of large 652 
and heavily silicified diatoms such as F. kerguelensis are limited at silicate concentra�ons below 653 
5 µM and substan�ally curtailed below 2.5 µM (Frank et al., 2000).   654 

The distribu�on of F. cylindrus/nana during the POWELL-2020 campaign is consistent 655 
with previous reports that documented the dominance of F. cylindrus/nana in the southern 656 
Drake Passage and Weddell Sea (Kang and Fryxell, 1992; Kang and Fryxell, 1993; Cefarelli et al., 657 
2010). Moreover, our results underscore the strong affinity of this species towards regions under 658 
the influence of sea ice, as previously reported in both water column and seafloor sediments 659 
(Leventer, 1992; Zielinski and Gersonde, 1997; Armand et al., 2005, among others). Likewise, the 660 
important contribu�on of F. pseudonana in the AAZ and SZ, in both early January and late 661 
January-early February, is in agreement with previous research that reported this species as a 662 
major component of the diatom communi�es during summer in the Drake Passage (Kang and 663 
Lee, 1995; Cefarelli et al., 2010) and NW Elephant Island (the most northerly of the South 664 
Shetland Islands, Villafañe et al., 1995). This species has been also described as an important 665 
contributor of the diatom assemblages in the high-nutrient, low-chlorophyll (HNLC) waters off 666 
Kerguelen Archipelago (Armand et al., 2008) and as part of the sinking diatom assemblages 667 
collected by sediment traps in AZ south of Tasmania (Rigual-Hernández et al., 2015), sugges�ng 668 
the capacity of this species to also thrive under low iron levels.  669 

The low contribu�on of Chaetoceros RS in our survey contrasts with the high abundance 670 
of this taxon in the surface sediments of the Bransfield Strait (> 400 106 valves g-1 of dry sediment; 671 
Crosta et al., 1997). Chaetoceros RS forma�on has been related to nitrogen deple�on and/or 672 
light limita�on (Bodungen et al., 1986; Kuwata and Takahashi, 1990; Leventer, 1991a). In 673 
par�cular, silicon to nitrate molar ra�os above 9.3 have been documented to trigger res�ng 674 
spore forma�on in Chaetoceros popula�ons (Kuwata and Takahashi, 1990). The only neri�c 675 
sta�ons (i.e. the habitat of the res�ng spore forming Chaetoceros subgenus Hyalochaeta) with 676 
rela�vely high silicon to nitrogen ra�os during our survey were those in the Bransfield Strait with 677 
values ranging from 4.4 to 8.4. Despite these rela�vely high values, only in the sta�ons South 678 
Bay of Livingston Island some Chaetoceros RS were registered in concentra�ons above 5%. Taken 679 
together, all the above indicate that the interplay of more environmental factors aside from 680 
nitrogen limita�on (e.g. light limita�on) are required to trigger Chaetoceros RS forma�on in the 681 
Bransfield Strait. It is likely that the moment of the sampling was too early or too late in the 682 
seasonal succession to capture the forma�on of res�ng spores by Chaetoceros popula�ons in 683 
the neri�c habitats of the Antarc�c Peninsula (Leventer, 1991b). 684 

The co-occurrence of the epiphy�c and sea-ice affiliated P.  kamtschaticum (Medlin, 685 
1990; Scot and Marchant, 2005; Majewska et al., 2015) with elevated concentra�ons of fine 686 
sediments in the coastal waters of Livingston Island, is a clear reflec�on of the affinity of this 687 
species for glacial meltwater discharge. These results highlight the poten�al of this species as 688 
proxy for glacial meltwater discharge in the paleorecord. Moreover, the co-occurrence of peak 689 
rela�ve contribu�on of Navicula spp. in the same sta�ons also suggests that this taxon was also 690 
associated to the sediment input from subglacial waters (Fig. 4e). However, the u�lity of this 691 
genus as a proxy for glacial discharge should be made with cau�on as this genus contains species 692 
both benthic and planktonic (Al-Handal and Wulff, 2008; Majewska et al., 2015; Rigual-693 
Hernández et al., 2015; Daglio et al., 2018; Silva et al., 2019).  694 
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Lastly, although the resolu�on of our light microscopy analysis was not sufficient to 695 
resolve the iden�fica�on of small centric diatoms (grouped here as small centric < 20 µm group; 696 
Fig. 4f), SEM analysis of selected samples indicate that, at least some of the specimens were 697 
Minidiscus chilensis. This species had been previously documented in large numbers in the 698 
western Bransfield Strait (Kang et al., 2003) and Ryder Bay (Annet et al., 2010). Owing to the 699 
relevant contribu�on of the small centric group in some samples during the POWELL-2020 700 
expedi�on (Fig. 4f) and the poten�al relevant role of Minidiscus in the biological pump of the 701 
region (Leblanc et al., 2018), we recommend including the iden�fica�on of small diatom species 702 
in future surveys in the AP. 703 

In terms of coccolithophore distribu�ons, the observed la�tudinal patern (i.e. 704 
coccolithophores were most abundant north of the PF) is consistent with previous reports in the 705 
Drake Passage and AP (Charalampopoulou et al., 2016; Saavedra-Pellitero et al., 2019) and in 706 
other sectors of the Southern Ocean (Cubillos et al., 2007; Malinverno et al., 2015; Saavedra-707 
Pellitero and Baumann, 2015; Pa�l et al., 2017; Rigual Hernández et al., 2018; Trull et al., 2018; 708 
Rigual-Hernández et al., 2020b, among others). The substan�ally lower cell numbers than those 709 
of diatoms, together with the small size of their coccospheres indicate that coccolithophores 710 
must account for only a small frac�on of the algal biomass during our survey. This observa�on is 711 
consistent with previous studies where coccolithophore contribu�on to total phytoplankton 712 
biomass accumula�on has been shown to be small, accoun�ng for less than 10% in subantarc�c 713 
waters and less than 1% in Antarc�c waters (Trull et al., 2018). Among all the environmental 714 
parameters controlling coccolithophore distribu�on, temperature has been suggested to play a 715 
major role their la�tudinal distribu�on in the Southern Ocean (Boyd et al., 2010; Feng et al., 716 
2017; Rigual-Hernández et al., 2020a). Moreover, temperature also represents a major control 717 
for coccolithophore diversity (Rigual-Hernández et al., 2020b), with assemblages turning nearly 718 
or en�rely monospecific south of the PF (Cubillos et al., 2007; Malinverno et al., 2015; Pa�l et 719 
al., 2017; Rigual Hernández et al., 2018; Saavedra-Pellitero et al., 2019).  720 

 721 

4.4 Influence of the warm water anomaly on the phytoplankton communi�es 722 

Our data suggests that the anomalously high SSTs (up to +3°C; Fig. 3a) recorded during 723 
the northbound transit were driven by the advec�on of an an�cyclonic eddy from the 724 
northernmost systems of the Drake Passage. Eddy and meander forma�on in the Subantarc�c 725 
Zone and their subsequent transport across the Polar Front is a frequent phenomenon in the 726 
Southern Ocean in general (Hogg et al., 2008), and in the Drake Passage (Meredith and Hogg, 727 
2006) and the Weddell-Sco�a confluence (Kahru et al., 2007), in par�cular. This idea is supported 728 
by the presence of Chaetoceros res�ng spores as south as the AAZ during the northbound transit. 729 
Since the habitat of Chaetoceros subgenus Hyalochaete is restricted to coastal and inshore 730 
waters (Hasle and Syvertsen, 1997), the presence of the vegeta�ve and/or res�ng spores of this 731 
taxon can be taken as an indicator of influence of coastal environments (e.g. Lange et al., 1994; 732 
Treppke et al., 1996; Wilks et al., 2021). Therefore, the presence of Chaetoceros res�ng spores 733 
coupled with the warm water anomaly in the AAZ (Fig. 4d) is interpreted as the lateral advec�on 734 
of water masses off South America con�nental shelf.  735 

Notably, as men�oned in sec�on 4.2, the temperature anomaly was also coupled with a 736 
pronounced drawdown in nitrate concentra�ons from the AAZ and northwards (Fig. 3b). We 737 
interpret the anomalously low nitrate concentra�ons as a result of limited ver�cal nutrient 738 
supply to the eupho�c zone induced by warming together with a steady consump�on of 739 
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nutrients by phytoplankton. This hypothesis is highly likely as anomalous warming events such 740 
as MHWs generally drive a reduc�on of mixed layer depths (Amaya et al., 2021; Oliver et al., 741 
2021) and widespread surface nutrient declines in subpolar and polar ecosystems (e.g. Peña et 742 
al., 2019; Servetaz et al., 2025). However, aside from a reduc�on of nutrient supply, enhanced 743 
nutrient consump�on by phytoplankton would be required to explain the unusually low nitrate 744 
concentra�ons observed during the northbound transit (Fig. 3 and Table 1). The enhanced 745 
diatom concentra�ons observed in the SZ and AAZ in late-January early-February (up to ca. 5 x 746 
106 cells L-1) were one to three orders of magnitude greater than previous reports in the same 747 
zonal systems in the AP during summer (Villafañe et al., 1995; Olguin et al., 2006; Cefarelli et al., 748 
2010). These results suggests that the bloom of small size diatom species may have been 749 
responsible or largely contributed for the nutrient deple�on south of the Polar Front. This no�on 750 
is in agreement with some studies in the Antarc�c Peninsula where anomalously low nitrate 751 
concentra�ons (below 5 µM L-1) had been reported associated with the development of intense 752 
phytoplankton blooms (Holm-Hansen et al., 1989; Karl et al., 1991; Servetaz et al., 2025). It is 753 
important to note that the diatom bloom in the SZ and AAZ was not coupled with a remarkable 754 
increase in chlorophyll-a concentra�on. This mismatch can be atributed to two main factors. 755 
Firstly, other phytoplankton func�onal groups (e.g. Cryptophytes and Prymnesiophytes) can 756 
contribute substan�ally to the total chlorophyll-a produc�on in the study region (Moline et al., 757 
2004; Montes-Hugo et al., 2008). Therefore, changes in the rela�ve contribu�on of these groups 758 
throughout our survey could have contributed to the lack of strong rela�onship between diatom 759 
numbers and chlorophyll-a concentra�on. Secondly, diatom assemblages display a wide range 760 
of sizes with cellular biovolumes spanning up to over nine orders of magnitude in the world 761 
ocean (Leblanc et al., 2012). Therefore, a shi� in the propor�ons of the dominant diatom species 762 
does not necessarily imply a propor�onal change in the chlorophyll-a signal, as the amount of 763 
chlorophyll-a content across species may vary substan�ally (Chan, 1978).    764 

The increase of one order of magnitude of the average diatom cell concentra�on in the 765 
SZ and AAZ between the southbound and northbound transits (from 2 x 105 to 1.8 x 106, 766 
respec�vely; Fig. 4a) is consistent with the results of incuba�on experiments with one of the 767 
main components of the bloom: F. cylindrus/nana. In par�cular, warming has a posi�ve effect on 768 
the growth rates of  F. cylindrus (Antoni et al., 2020) while decreasing its iron requirements (Jabre 769 
and Bertrand, 2020). These characteris�cs seems to have provided an ecological advantage over 770 
the rest of the diatom assemblage as also reflected by the increase in the rela�ve contribu�on 771 
of this species during the northbound transit. Likewise, the observed increase in the absolute 772 
abundance of F. pseudonana also suggests that the warmer water condi�ons during the heat 773 
wave also s�mulated the growth of this species although to a lower extent than for F. 774 
cylindrus/nana. However, it could be argued that the observed increase in diatom abundance in 775 
the southern Drake Passage between early January and late January could be the result of the 776 
regular seasonal progression of diatom produc�vity. Chlorophyll-a climatology (years 1998-777 
2022) for the southern Drake Passage es�mated by Ferreira et al. (2024) reveals that average 778 
algal biomass accumula�on between early January and early February during is almost iden�cal 779 
(less than 0.1 mg Chl-a m-3 difference between them). Assuming a similar rela�ve contribu�on 780 
of diatoms to the total Chl-a signal between January and February, a similar diatom abundance 781 
concentra�on could be expected in early January and in early February during a regular year. It 782 
follows that the enhanced abundance in diatom concentra�ons documented during the 783 
northbound transit was most likely the result of an excep�onal event rather than the regular 784 
phenological response of diatoms in this region. 785 
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In regard to the possible influence of the anomalous warming event on coccolithophores 786 
popula�ons, it is worth no�ng that average coccolithophore abundance decreased two-fold in 787 
the SAZ and PFZ during this event compared with the observa�ons made in the southbound 788 
transit (Fig. 5). Notably, coccolithophore concentra�ons were also substan�ally lower than 789 
previous reports during the austral summer in both the SAZ (23 x 104 coccospheres L-1, 790 
Charalampopoulou et al. 2016; 15 x 104 coccospheres L-1, Saavedra-Pellitero et al. 2019) and PFZ 791 
(58 x 104 coccospheres L-1, Charalampopoulou et al. 2016; 11 x 104 coccospheres L-1, Saavedra-792 
Pellitero et al. 2019). Therefore, it could be speculated that the warm water anomaly may be 793 
responsible for the low coccolithophore produc�vity. As men�oned before, both laboratory 794 
experiments (Feng et al., 2017) and field evidence (Rivero-Calle et al., 2015) have underscored 795 
the primary role of temperature in the control of coccolithophore growth rates. However, 796 
according to these studies, an increase of SSTs would imply an increase of growth rates, which is 797 
opposite to what we observed during the POWELL-2020 campaign. It follows that different 798 
environmental controls other than temperature must have been responsible for the decrease in 799 
coccolithophore abundance within the SAZ and PFZ. Notably, Trull et al. (2018)  indicated that 800 
macronutrient availability could be an important factor determining the growth of 801 
coccolithophores in oligotrophic waters at the northern edge of the Southern Ocean. This idea 802 
is reinforced by laboratory culture experiments that revealed that nitrate concentra�on is a 803 
cri�cal factor controlling the photosynthe�c and growth rates of subantarc�c E. huxleyi (Feng et 804 
al., 2017). The later study also demonstrated that, in contrast to nitrate, the growth rate of E. 805 
huxleyi remained rela�vely constant across a wide range of phosphate concentra�ons. Taking 806 
into considera�on all the above, it is likely that the drop of ca. one order of magnitude of nitrate 807 
concentra�ons (nitrate > 1.3 µM) during the northbound transit could have been responsible for 808 
low coccolithophore abundance. Lastly, our data also suggests the change in nutrient 809 
concentra�ons and/or warming induced by the warm water anomaly favoured the development 810 
of C. leptoporus over E. huxleyi that is a good compe�tor for phosphate, but does not grow well 811 
under low nitrate levels (Egge and Heimdal, 1994). 812 

Taken together all the above, our results suggest that an increase in the frequency of 813 
warm water anomalies could poten�ally favour the development of small diatom species in the 814 
southern circumpolar systems of the Southern Ocean and a decrease in coccolithophore 815 
numbers north of the PF. However, owing to low contribu�on of coccolithophore communi�es 816 
to phytoplankton biomass and their mild response to the warming event, it is likely that a 817 
moderate decrease in coccolithophore numbers does not represent a major impact for trophic 818 
chain or the biogeochemical cycles in the low produc�vity ecosystems where they thrive (i.e. 819 
mainly SAZ and PFZ). In turn, the more pronounced shi�s in the abundance and composi�on of 820 
diatom communi�es, which o�en dominate algal biomass accumula�on in the most produc�ve 821 
ecosystems of Antarc�ca, are likely to be far reaching. An increase in the abundance of small 822 
diatom species is in agreement with in situ and model observa�ons that indicate that warm 823 
water anomalies will result in an increasing importance of small size phytoplankton in the world’s 824 
oceans (Acevedo-Trejos et al., 2014; Peña et al., 2019; Wyat et al., 2022). This shi� in the 825 
composi�on and average size reduc�on of phytoplankton communi�es is likely to have impacts 826 
in the food chain and efficiency of the biological pump. Previous studies indicate that an average 827 
reduc�on in the cell size of phytoplankton communi�es in the Antarc�c Ocean could have 828 
important impact on the abundance of keystone zooplankton grazers, par�cularly salps and krill 829 
(Moline et al., 2008). Since krill feed mainly of phytoplankton cells larger than 10 μm, the overall 830 
size reduc�on of phytoplankton communi�es has resulted in a decrease of krill numbers and an 831 
increase in salp abundance (grazers unaffected by the size of their prey) (Moline et al., 2008). 832 
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Because krill represents the primarily food source for many Antarc�c birds and mammals 833 
(Atkinson et al., 2004), a shi� in the phytoplankton communi�es, and therefore krill abundance, 834 
is predicted to have a substan�al nega�ve effect on the krill-dependent food chain (Murphy et 835 
al., 2007, 2016). The effect in the of the biological pump is less clear. While small diatom are 836 
tradi�onally regarded as less efficient carbon vectors to the deep ocean owing to the fast 837 
remineraliza�on in the upper water column (e.g. Legendre and Le Fèvre, 1995), some studies 838 
have challenged this view. Leblanc et al. (2018) demonstrated that small-sized diatom (2–20 μm) 839 
can develop large blooms across the global ocean (including the Antarc�c Peninsula) and reach 840 
the seafloor at high sinking rates, thereby contribu�ng substan�ally to carbon sequestra�on. 841 
Therefore, the impact of an increase in the abundance of small size diatoms species in carbon 842 
sequestra�on in the Southern Ocean is s�ll uncertain and remain to be quan�fied and 843 
parameterized.  844 

Conclusions  845 

Our evidence, albeit circumstan�al, suggests that extreme warming events in 846 
southernmost circumpolar systems of the Drake Passage can be driven by the advec�on of 847 
mesoscale an�cyclonic eddies from lower la�tudes. Notably, the unusually warmer condi�ons 848 
generated by these eddies can drive substan�al changes in the abundance and structure of 849 
phytoplankton communi�es. Our results provide field-based evidence for observa�ons made on 850 
culture experiments that indicate that the growth of small Fragilariopsis species is s�mulated by 851 
warmer water temperatures. The remarkable nitrate drawdown observed in large swath of the 852 
Drake during the onset of the MHW indirectly suggests that warm water anomalies may favour 853 
the development of so�-�ssue phytoplankton in the Drake Passage. Moreover, it is likely that the 854 
low nitrate levels resulted in a reduc�on of coccolithophore produc�vity north of the PF. As both 855 
the intensity and frequency of warm water anomalies are expected to increase in the Southern 856 
Ocean in the coming decades, an increase in the abundance smaller diatom taxa could be 857 
expected. This shi� in the phytoplankton community structure, will most likely have an impact 858 
on higher trophic levels, par�cularly krill and salps, ul�mately affec�ng higher trophic levels as 859 
well as the func�oning of the marine carbon cycle.     860 
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