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Key points 11 

• Majority of net community production during the Southern Ocean spring ice zone bloom 12 

occurs prior to full sea ice retreat 13 

• Highest rates of daily net community production occur during active sea ice retreat and 14 

may be due to iron delivery or low grazing rates 15 

• Highest observed bloom net community production is tied to early sea ice retreat and/or 16 

proximity to topographic features 17 
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Abstract 28 

The Southern Ocean Seasonal Sea Ice Zone (SSIZ) is characterized by the development of spring 29 

phytoplankton blooms following retreating sea ice. Until recently, assessing SSIZ bloom carbon 30 

export has been limited by a lack of under ice observations. Here, we relate the timing of 31 

phytoplankton growth to the drawdown of surface nutrients and sea ice cover and  estimate spring 32 

bloom net community production (bNCP) using biogeochemical profiling float observations. The 33 

onset of biological production follows initial sea ice breakup with 64% of bNCP under partial sea 34 

ice cover. Estimates of bNCP range from <1 to >4 mol C m-2 bloom-1, with earlier sea ice breakup 35 

associated with higher bNCP, and the highest bNCP where micronutrient supply is likely enhanced 36 

by topographic-driven mixing. These results indicate that satellite-derived export estimates will 37 

underestimate bNCP in the SSIZ and have implications for future carbon export in a changing 38 

Southern Ocean sea ice regime. 39 

 40 

Plain Language Summary 41 

Sea ice around the Southern Ocean expands during the fall/winter and retreats each spring/summer. 42 

Massive spring blooms of phytoplankton are observed around the retreating sea ice edge, but 43 

observations of these blooms are limited by ice cover and difficult ocean conditions such that 44 

quantification of their biological impact has been difficult. In this study we use year-round data 45 

from profiling floats that measure oxygen, nitrate, chlorophyll fluorescence, and particulate 46 

backscatter. We use these data to determine that the spring phytoplankton bloom begins just after 47 

sea ice breaks up and the majority of organic matter that is produced but not consumed is generated 48 

before total sea ice retreat. This indicates that commonly used satellite observations miss most of 49 

the bloom period. We also found that the greatest organic matter production occurred in regions 50 
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of early sea ice retreat or near sea-floor features. We explored the potential role of phytoplankton 51 

growth limitation by micronutrients, such as iron, and consumption by grazing zooplankton, 52 

finding it likely that these drove the patterns of organic matter production seen in this study. These 53 

results indicate that changes in sea ice timing and magnitude due to climate change will likely 54 

impact biological production in the Southern Ocean.  55 

 56 

Introduction  57 

The Seasonal Sea Ice Zone (SSIZ) encompasses the roughly 16 million km2 Southern 58 

Ocean region between the winter maximum and summer minimum sea ice extent. Winter sea ice 59 

formation inhibits light availability and air-sea gas exchange in the surface ocean and deepens the 60 

mixed layer through cooling and brine rejection. In spring, sea ice rapidly retreats and freshens the 61 

surface ocean, creating shallow mixed layers and increased light levels in surface waters. Elevated 62 

regions of chlorophyll identified in ocean color observations suggest phytoplankton blooms occur 63 

over a third of the SSIZ each spring (Fitch & Moore, 2007). The initiation of blooms in the SSIZ 64 

has been attributed to an increase in light levels, sea ice melt induced surface stratification, release 65 

of sea-ice algae, and/or increased iron supply from melting ice following sea ice retreat (Ardyna 66 

et al., 2017; Walker O. Smith & Comiso, 2008; Walker O. Smith & Nelson, 1985; Taylor et al., 67 

2013a). However, a lack of under ice, multi-year, and basin wide observations has hindered a clear 68 

understanding of how sea ice impacts phytoplankton blooms and the associated nutrient and 69 

inorganic carbon drawdown. Recent record minima in Antarctic Sea ice extent and anomalously 70 

early sea ice retreats in 2017 and 2022 (Parkinson, 2019; Wang et al., 2022) underline the need to 71 

understand the link between sea ice retreat and biological processes in the Southern Ocean.  72 
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Estimates of net primary production (NPP) from satellite ocean color observations (Arrigo 73 

et al., 2008; Moore & Abbott, 2000), extrapolated from discrete sampling efforts (Buesseler et al., 74 

2003; W. O. Smith & Nelson, 1986), and a biogeochemically coupled circulation model (Taylor 75 

et al., 2013b)  find that the sea ice impacted Southern Ocean contributes between as little as 4% to 76 

as much as 15% of total Southern Ocean NPP. Estimates of NPP and prior research on bloom 77 

drivers in the SSIZ from ship surveys and satellite observations are constrained to the ice-free 78 

portion of the year. Recent deployment of profiling floats equipped with biogeochemical sensors, 79 

primarily by the Southern Ocean Carbon and Climate Observations and modeling project 80 

(Johnson, Plant, Coletti, et al., 2017), has enabled a more complete characterization of SSIZ 81 

blooms and associated NCP through under ice observations. Novel observations of chlorophyll 82 

fluorescence and particulate backscatter from biogeochemical profiling floats have provided new 83 

understanding of SSIZ bloom phenology, indicating that phytoplankton biomass begins to 84 

accumulate from September to October, prior to sea ice melt detection and several months prior to 85 

ice free conditions in January and February (L. A. Arteaga et al., 2020; Hague & Vichi, 2020; 86 

Horvat et al., 2022; Uchida et al., 2019). 87 

However, the biogeochemical impact of SSIZ phytoplankton blooms on mixed layer 88 

carbon and nutrient cycling, especially during the under-ice season, and their broader role in the 89 

total Southern Ocean carbon cycle is unclear. Net community production (NCP) describes the 90 

fraction of primary production that is not respired at the surface and can be exported into the ocean 91 

interior. Prior estimates of NCP in the SSIZ are sparse in spatial and temporal extent and recent 92 

estimates from biogeochemical profiling floats using the seasonal change in mixed layer nitrate or 93 

mesopelagic oxygen concentration indicate a wide potential range in the magnitude of SSIZ NCP 94 

(1-3.5 mol C m-2 yr-1) (L. A. Arteaga et al., 2019; von Berg et al., 2020; Johnson, Plant, Dunne, et 95 
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al., 2017). Here we link seasonal changes in phytoplankton biomass to NCP throughout the SSIZ 96 

from 2015-2021 to determine the link between sea ice breakup, nutrient drawdown and NCP.  97 

 98 

Results 99 

Timing of declining sea ice cover, phytoplankton biomass, and nutrient drawdown 100 

We compare Southern Ocean Carbon and Climate Observation and Modeling float 101 

observations of salinity, nitrate, oxygen, float derived phytoplankton carbon (Cp), chlorophyll 102 

(Chl), and calculated mixed layer depth to along-track sea ice concentration and surface radiative 103 

flux. Data are from 31 floats, measuring 64 bloom periods from July 2015 to March 2021 (Fig. 1). 104 

We focus the analysis from July to March of each year, during which time mixed layer 105 

phytoplankton carbon, chlorophyll, and oxygen concentrations increase from their annual minima 106 

to maxima and mixed layer nitrate concentration and salinity decrease from annual maxima to 107 

minima (representative winter to summer period illustrated in Fig. 2). We use mixed layer mean 108 

values to investigate the order of events, which also allows close comparison with satellite-derived 109 

timing studies of surface ocean properties.  110 

Changes in salinity, satellite SIC and an initial oxygen increase all can be used to 111 

independently identify the onset of sea ice melt and initial exposure of previously isolated water 112 

to atmospheric gases and increased light. We determine initial sea ice breakup timing using an 113 

average of these three proxies to minimize individual uncertainties. Total sea ice retreat is used to 114 

refer to the first day of sea ice free conditions and is determined from satellite SIC. We estimate 115 

growth initiation from both phytoplankton carbon (GICp) and chlorophyll (GIChl) and compare 116 

these to the date of a decrease in mean mixed layer nitrate concentrations to identify the timing 117 
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between phytoplankton biomass increase from near zero values in peak winter and the draw down 118 

of surface nutrients and inorganic carbon due to biological growth. 119 

 120 

Figure 2. Seasonal relationships between mixed layer properties and sea ice. Example float 121 
(WMO 5904471) winter to summer timeseries with mixed layer mean oxygen (orange), nitrate 122 
(red), phytoplankton carbon (blue), and chlorophyll (green) concentrations (a.) and mixed layer 123 
mean salinity, mixed layer depth, mixed layer median light (b.) with satellite SIC in shaded blue 124 
for both (SIC scale on bottom panel only). Symbols indicate the day of GIChl,Cp or when nitrate, 125 
oxygen, or salinity thresholds are exceeded.  (c.) Relationships between date of sea ice breakup 126 
relative to nitrate decrease and GICp date. The day of year of nitrate decrease (red circles) and GICp 127 
(blue triangles) vs. sea ice breakup day for all 64 float seasons analyzed. Colored lines indicate 20-128 
day bin means ± 1 standard deviation. Symbols lying above the solid gold 1:1 line in the unshaded 129 
region indicate mixed layer nitrate decrease and GICp after sea ice breakup.  130 
 131 
 132 

The initial increase in mixed layer oxygen coincides with a decrease in mixed layer salinity 133 

and SIC, indicating sea ice breakup and invasion of atmospheric oxygen, and the onset of sea ice 134 

decrease (Fig. 2). The onset of sea ice breakup occurs 17 ± 12 days before the mixed layer nitrate 135 

decreases and 17 ± 18 days before growth initiation from phytoplankton carbon (GICp) (Fig. 2c). 136 

GIChl occurs 7 ± 23 days before estimated sea ice breakup and does not show a consistent 137 

relationship with mixed layer nitrate decrease or growth initiation from phytoplankton carbon, 138 

though GIChl is almost always earlier. GIChl occurs 23 ± 23 days earlier than initial mixed layer 139 

nitrate decrease and 23 ± 21 days before GICp. The longest delay between GIChl and GICp/nitrate 140 

decrease is 76 and 80 days, respectively, which occurred early (~September), approximately two 141 

months before sea ice breakup (Fig. S2). While GICp and mixed layer nitrate decrease almost 142 

always occur after initial sea ice breakup, the lag between sea ice breakup and GICp and mixed 143 

layer nitrate decrease is greater earlier in the season (mid-September) than later (mid-November) 144 

(Fig. 2c).  145 

 146 
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SSIZ bloom net community production  147 

NCP is calculated from nitrate drawdown down to the depth of the wintertime maximum 148 

MLD to include production or respiration immediately beneath the mixed layer and in order to 149 

determine the net transport of carbon from the surface ocean to depth, rather than redistribution of 150 

carbon within the upper ocean that will be seasonally re-exposed to the atmosphere (Bushinsky & 151 

Emerson, 2018; Johnson, Plant, Dunne, et al., 2017; Text S4). Daily NCP begins to be positive 152 

coincident with mixed layer decreases in nitrate and increases in phytoplankton carbon (Fig. S3) 153 

and continues to increase as the ice concentrations decline from near 100% sea ice concentration 154 

to open water (Fig. 3a). On average 64% of the NCP associated with the seasonal sea ice zone 155 

blooms, bloom NCP (bNCP), occurs under partial sea ice cover (Fig. 3a), and higher daily NCP is 156 

observed prior to total sea ice retreat (Fig. 3b). Cumulative bNCP peaks between January and 157 

April.  158 

 159 

While observations of higher NCP between sea ice break up and total sea ice retreat are 160 

consistent throughout all 64 float years, bNCP magnitude spanned a wide range of <1 to >4 mol 161 

C m-2 bloom-1. In order to identify possible drivers of the wide range in SSIZ bNCP, we test the 162 

relationship between bNCP and timing of sea ice breakup, length of productive period (defined as 163 

the period between minimum and maximum cumulative NCP), cumulative mixed layer depth 164 

radiation adjusted for SIC, days with SIC < 15%, and duration of shallow mixed layers. Variability 165 

in cumulative bNCP is related to the timing of sea ice breakup (r2=0.27, P<.001), with higher 166 

bNCP found when sea ice breakup occurs earlier, and lower bNCP when sea ice breakups later in 167 

the year (Fig. 4). On average, bNCP is 1 mol C m-2 bloom-1 higher in floats where sea ice retreat 168 

begins on or before mid-October (day 290, 19 occurrences) than after early November (day 310, 169 
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20 occurrences). The higher bNCP with earlier breakup is not attributable to an increase duration 170 

of nitrate drawdown, as the duration of nitrate drawdown is only weakly linearly related to the 171 

magnitude of bNCP (r2=.105, P=.009) (Fig. S4). Rather, the higher bNCP of floats which observe 172 

early sea ice retreat is associated with higher daily NCP rates, as well as higher mixed layer 173 

phytoplankton carbon concentrations following sea ice breakup (Fig. 4b, Fig. S5). Prior to total 174 

sea ice retreat, the floats that observe early sea ice breakup and higher daily NCP have lower light 175 

availability compared to observations with late sea ice breakup (Fig 4b).  176 

 177 

Discussion 178 

Biomass increases and NCP initiation 179 

The onset of rapid phytoplankton biomass increase and nutrient drawdown occurs 180 

approximately two weeks after initial sea ice breakup (Fig. 2), suggesting that small openings in 181 

sea ice relieve light limitation and trigger biological production and associated biologically derived 182 

net community production in the SSIZ. Net autotrophy begins well before either total sea ice retreat 183 

or the 10-15% SIC contour commonly used to define the retreating sea ice edge in previous work 184 

assessing SSIZ blooms from ship surveys or satellite ocean color products (e.g., (Ardyna et al., 185 

2017; Arrigo et al., 2008)). Onset of NCP following sea ice breakup is consistent with observations 186 

in the Arctic of increased phytoplankton biomass near leads and unconsolidated ice and 187 

correlations between chlorophyll, backscatter and sea ice thickness, and presence of leads in the 188 

Southern Ocean (Assmy et al., 2017; Bisson & Cael, 2021).  189 

Our observed timing of growth initiation and the transition to net autotrophy confirms 190 

recent findings that production begins well prior to total sea ice retreat (L. A. Arteaga et al., 2020; 191 

Hague & Vichi, 2020; Horvat et al., 2022; Uchida et al., 2019). However, despite the increases in 192 
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chlorophyll observed weeks to months before initial sea ice breakup, we do not find any indication 193 

of biological production sufficient to influence surface nutrient and carbon concentrations until 194 

after sea ice breakup. Increases in chlorophyll (GIChl) prior to sea ice breakup are not concurrent 195 

with GICp or an observable decrease in nitrate (Fig. S2). The initial increases in chlorophyll 196 

concentration are very small, and even when GIChl occurs months before sea ice opening, mixed 197 

layer chlorophyll concentrations remain very low until sea ice breakup begins. The difference in 198 

GICp and GIChl timing are largely due to a high sensitivity of GIChl to very small changes in 199 

chlorophyll concentration. If instead a 0.035 mg m-3 chlorophyll concentration threshold is used 200 

based on the 0.2 µmol kg-1 nitrate concentration threshold and a chl:N ratio of 1.75 (Moreau et al., 201 

2020), growth initiation inferred from chlorophyll has a similar timing as both GICp and nitrate 202 

decrease (Fig. S2). The significant difference between identifying phytoplankton growth initiation 203 

using the rate based GIChl or a chlorophyll concentration threshold based on meaningful 204 

biogeochemical changes affects interpretation of drivers of phytoplankton growth, and indicates 205 

the advantage of using backscatter and nitrate data in addition to chlorophyll to understand 206 

seasonal changes in phytoplankton biomass in the SSIZ. This is especially true considering 207 

inherent uncertainties involved in using chlorophyll fluorescence to estimate chlorophyll 208 

concentrations and the near zero chlorophyll and phytoplankton concentrations in winter.  209 

Previous hypotheses suggest that SSIZ blooms are stimulated by shallow mixed layers and 210 

increased light following sea ice retreat. Our results suggest sea ice breakup, rather than near total 211 

or total sea ice retreat, appears to relieve winter light limitation, even while SIC is still near the 212 

winter maximum. During the remainder of the bloom period we do not find evidence for light as 213 

the primary limiting factor affecting magnitude of total SSIZ bNCP. The cumulative available light 214 

in the mixed layer, duration of ice-free days, or duration of shallow mixed layers explain very little 215 
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to no variation in the magnitude or duration of bNCP (Fig S4). In contrast, coastal and coastal 216 

polynya Antarctic sea ice blooms have been shown to be primarily light limited (Joy-Warren et 217 

al., 2019; Park et al., 2017), suggesting different mechanisms may control primary and net 218 

community production in the SSIZ and in ice impacted coastal environments.  219 

 220 

Drivers of higher daily NCP under actively retreating sea ice 221 

Iron is known to limit phytoplankton growth in the Southern Ocean and iron from sea ice 222 

melt has previously been proposed to fuel SSIZ blooms (Croot et al., 2004; Delphine Lannuzel et 223 

al., 2008). Iron in sea ice is an order of magnitude greater than in surface waters, such that sea ice 224 

melt acts as a short-lived iron source (D. Lannuzel et al., 2016) and phytoplankton growth in the 225 

sea ice impacted Southern Ocean is strongly stimulated by additional iron (Alderkamp et al., 2019; 226 

Viljoen et al., 2018; Vives et al., 2022). Both grazing pressure and Fe limitation are thought to 227 

increase through the bloom season in the SSIZ (Moreau et al., 2020). In the present study, higher 228 

daily NCP rates occur while sea ice is still melting relative to the open water period, which leads 229 

to the majority of bNCP taking place under partial sea ice cover. The higher under-ice NCP is 230 

consistent with sea ice melt supplying micronutrients to the upper ocean and stimulating 231 

phytoplankton growth, which then decreases after total sea ice retreat. 232 

Declining NCP rates as the season progresses (Fig. 3) may also result from increased 233 

grazing and/or shifts in phytoplankton community composition. Krill are effective grazers of 234 

phytoplankton blooms following sea ice retreat and have been observed to diminish phytoplankton 235 

populations within hours (Granĺi et al., 1993; Lancelot et al., 1991; Mengesha et al., 1998) and can 236 

significantly control NCP (Ishii et al., 2002). Community composition shifts linked to the sea ice 237 

environment have been shown to explain a high portion of variability in NCP in the West Antarctic 238 
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Peninsula, with more diverse plankton communities and higher NCP found when sea ice 239 

concentration was higher during the summer sampling month (Lin et al., 2021). Iron limitation, 240 

grazing, and community composition may all interact to drive the observed decrease in NCP 241 

following total sea ice retreat. Phytoplankton communities are observed to shift from Phaeocystis 242 

Antarctica to diatom communities throughout the season in response to increasing iron limitation 243 

(Ryan-Keogh & Smith, 2021; Wright & van den Enden, 2000), while krill have been shown to 244 

more effectively graze diatoms than and selectively graze diatoms over Phaeocystis (Davidson et 245 

al., 2010; Haberman et al., 2003). Ecological modeling work suggests that the seasonal shift of 246 

Phaeocystis and diatoms south of 60°S is controlled by temperature and iron, and the relative 247 

importance of each to carbon cycling is also determined by biomass loss rates (Nissen & Vogt, 248 

2020).  249 

 250 

Bloom NCP magnitude variability 251 

In addition to higher daily NCP rates during active sea ice retreat at a given location in the 252 

SSIZ, estimated bNCP is higher when sea ice breaks up earlier relative to when sea ice breaks up 253 

later in the year (Figs. 3c & 4a). This relationship cannot be primarily explained by a difference in 254 

available light, as daily NCP rates are relatively higher even while estimated light is lower when 255 

sea ice breaks up earlier in the year (Fig. 4b). We postulate that increased daily NCP associated 256 

with anomalously early sea ice breakup could be due a greater lag between initial phytoplankton 257 

biomass increases and grazer (predominately krill) biomass increases when sea ice breaks up 258 

earlier in the year. Later sea ice breakup may reduce the lag, if zooplankton follow the sea ice 259 

southward, which is consistent with observations of high krill abundances near the sea ice edge in 260 
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January and February, and southward krill migration over the season in the North Antarctic 261 

Peninsula (Brierley et al., 2022; Loeb & Santora, 2015).  262 

The highest estimated bNCP (> 3.5 mol C m-2 bloom-1) occurs in two regions; near Maud 263 

Rise and east of the Antarctic Peninsula (Fig. 1). Models of iron distribution within the Southern 264 

Ocean SSIZ and available in situ dissolved iron data (Laufkötter et al., 2018; Person et al., 2021; 265 

Tagliabue et al., 2012) indicate relatively high iron near the Eastern Antarctic peninsula. Flow 266 

topography interactions can enhance upwelling of deep waters throughout the Southern Ocean 267 

(Tamsitt et al., 2017) and specifically near Maud Rise (Bersch et al., 1992), and anomalous deep 268 

mixing has been observed near Maud Rise in 2016 and 2017 prior to the opening of open ocean 269 

polynyas (Campbell et al., 2019). This topographic-induced mixing could result in additional iron 270 

supply to support the highest bNCP values.  271 

Spatial or interannual differences in micronutrient supply from sea ice melt may 272 

additionally explain some of the variance in bNCP, but this is currently difficult to assess as the 273 

dynamics and spatiotemporal variability of iron supply from melting sea ice are still not well 274 

constrained. Furthermore, we did not evaluate how the upper ocean processes that result in 275 

anomalously early sea ice break up or iceberg production could otherwise impact iron fertilization 276 

and subsequently bNCP. New proxies for iron limitation have been developed in the pelagic 277 

Southern Ocean (Schallenberg et al., 2022) and the coastal Ross Sea (Ryan-Keogh & Smith, 2021) 278 

and the addition of radiometers on under ice floats could allow for investigation of spatio-temporal 279 

patterns of iron limitation throughout the SSIZ.  280 

Estimates of NCP or carbon export in the SSIZ that use NPP derived from satellite ocean 281 

color (~1-1.5 mol C m-2 yr-1) (L. Arteaga et al., 2018; Li et al., 2021) are lower than estimates in 282 

this study. The fact that the majority (64%) of NCP associated with the SSIZ blooms occurs before 283 
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sea ice retreat is complete, suggests that estimates of NCP relying solely on satellite observations 284 

miss a significant portion of SSIZ bNCP and may not adequately capture spatial or temporal 285 

variations in NCP in the SSIZ. This is consistent with a prior modeling study that found that spring 286 

blooms began when SIC fell below 90% coverage and under ice NPP accounted for two thirds of 287 

the NPP in the marginal ice zone (MIZ, a subset of the SSIZ with actively retreating sea ice (Taylor 288 

et al., 2013a). These modeled under ice blooms yielded higher estimates of MIZ contribution to 289 

total Southern Ocean NPP south of 30°S (15%) than estimates from satellite ocean color 290 

observations (~4%) (Arrigo et al., 2008; Moore & Abbott, 2000; Taylor et al., 2013a). In the 291 

Southern Ocean south of 50°S, higher carbon export is estimated from inverse modeling and 292 

spring/summer climatological nitrate budgets relative to satellite derived methods, which could in 293 

part be in part explained by carbon export prior to full sea ice retreat (Maccready & Quay, 2001; 294 

Schlitzer, 2002). The estimates of NCP in this study focus solely on the bloom period and are 295 

therefore comparable in timing to satellite-based NCP estimates. The amount of organic carbon 296 

respired in winter should to be assessed in future work, as annual NCP estimated from one float in 297 

the Ross Sea indicated a near balance between positive spring bloom NCP offset by subsequent 298 

winter remineralization (Briggs et al., 2018).  299 

 300 

Conclusions 301 

 The recent availability of under ice observations throughout the SSIZ has enabled 302 

examination of timing, mechanisms of bloom onset, and NCP associated with SSIZ blooms. By 303 

constraining the onset of biological production with nutrient data and matching this timing to 304 

estimates of sea ice breakup we find that biological production resulting in significant nutrient and 305 

carbon uptake in surface waters is not observed prior to initial sea ice breakup regardless of latitude 306 



Manuscript for submission to Geophysical Research Letters 
 

14 
 

or incoming surface radiation. NCP estimates reveal that the majority of bNCP occurs as sea ice 307 

is actively melting, and the highest bNCP occurs in regions with potentially increased 308 

micronutrient delivery due to topographic features. This provides the first in-situ evidence that the 309 

SSIZ may contribute a far larger proportion of total Southern Ocean carbon export than had 310 

previously been observed, consistent with a few modeling studies.  311 

The onset of phytoplankton biomass increase and nutrient drawdown occurs as sea ice first 312 

breaks up (~October), considerably before blooms have previously been observed by satellite 313 

ocean color and field surveys (~Jan-Feb). The lack of correlation between higher bNCP and 314 

cumulative light availability or duration of a shallow mixed layer provides new insight suggesting 315 

micronutrient availability, community composition, and/or grazing pressure are more important 316 

factors influencing SSIZ blooms and associated carbon export. The timing of sea ice breakup can 317 

explain a portion of the overall variance in total bNCP, which we suggest may result from earlier 318 

sea ice breakup leading to greater decoupling of phytoplankton growth and grazing loss. Our 319 

results indicate that future changes in sea ice seasonality, consolidation, and extent will all affect 320 

the timing and magnitude of SSIZ phytoplankton blooms and biogeochemistry, yet these changes 321 

are not likely to be predicted based on changes in light availability alone.  322 

 323 

Open Research: Data and Code Availability 324 

Float data used was downloaded from the SOCCOM project. The May 2021 quarterly 325 

snapshot dataset is used in this analysis and is available at doi.org/10.6075/J0T43SZG. 326 

 Mean surface downward short-wave radiation flux was downloaded from the Copernicus 327 

Climate Change Service (C3S) Climate Data Store https://doi.org/10.24381/cds.f17050d7 328 

(Hersbach et al., 2020). The results contain modified Copernicus Climate Change Service 329 
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information 2020. Neither the European Commission nor ECMWF is responsible for any use that 330 

may be made of the Copernicus information or data it contains.  331 

 NOAA/NSIDC Climate Data Record of Passive Microwave Sea Ice Concentration, 332 

Version 4 (G02202) is available for download at https://doi.org/10.7265/efmz-2t65. 333 

 The International Bathymetric Chart of the Southern Ocean v2 digital bathymetric model 334 

is available for download at https://doi.org/10.1594/PANGAEA.937574. 335 

Code used for the analysis is available for download at https://doi.org/10.5281/zenodo.7192130.  336 
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 605 
Figure 1. Mean float positions during spring bloom and associated net community 606 
production. Ocean bathymetry (International Bathymetric chart of the Southern Ocean (IBSCO) 607 
version 2(Dorschel et al., 2022) overlayed with circular markers indicating float positions during 608 
spring nitrate minimum. Marker colors correspond to the magnitude of bNCP calculated from 609 
integrated upper ocean nitrate changes during each spring bloom.  610 
 611 

Figure 2. Seasonal relationships between mixed layer properties and sea ice. Example float 612 
(WMO 5904471) winter to summer timeseries with mixed layer mean oxygen (orange), nitrate 613 
(red), phytoplankton carbon (blue), and chlorophyll (green) concentrations (a.) and mixed layer 614 
mean salinity, mixed layer depth, mixed layer median light (b.) with satellite SIC in shaded blue 615 
for both (SIC scale on bottom panel only). Symbols indicate the day of GIChl,Cp or when nitrate, 616 
oxygen, or salinity thresholds are exceeded.  (c.) Relationships between date of sea ice breakup 617 
relative to nitrate decrease and GICp date. The day of year of nitrate decrease (red circles) and GICp 618 
(blue triangles) vs. sea ice breakup day for all 64 float seasons analyzed. Colored lines indicate 20-619 
day bin means ± 1 standard deviation. Symbols lying above the solid gold 1:1 line in the unshaded 620 
region indicate mixed layer nitrate decrease and GICp after sea ice breakup. 621 
 622 
Figure 3. Relationship between calculated NCP and sea ice cover. a) Average cumulative 623 
fraction of total bNCP for all floats (solid line) with respect to total sea ice retreat (dashed vertical 624 
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line) and ± 1 std deviation (shaded region). b) Probability histogram of daily NCP rates 50 days 625 
before (green) and 50 days after (pink) total sea ice retreat date. 626 
 627 

Figure 4. Relationship between NCP and timing of sea ice breakup. (a.) bNCP is negatively 628 
correlated (red line, P<.001) with date of sea ice breakup. (b.) Differences between 10-day binned 629 
mean daily NCP (purple line) and light availability (blue line) for early sea ice breakup and late 630 
sea ice breakup observations (before mid-October, day 290) minus late (after early November, day 631 
310).  Floats with observations of early sea ice breakup had higher daily NCP prior to total sea ice 632 
retreat despite lower light availability prior to total sea ice retreat. 633 
 634 


