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Abstract The Southern Ocean plays a major role in the global oceanic sink of carbon dioxide (CO,).
However, substantial uncertainties remain regarding how phytoplankton production influences this carbon sink.
Observations of the spatiotemporal variability in vertical phytoplankton biomass distribution are therefore
essential to advance our understanding of the Southern Ocean CO, sink. This study analyzes a 25-year
(1998-2022) database of spatially gridded, weekly averaged, vertical profiles of chlorophyll-a concentration
and particulate backscattering coefficients to characterize seasonal to inter-annual dynamics in phytoplankton
biomass. A two-step Principal Component Analysis workflow was used to extract the dominant modes of
vertical variability in the profiles and to characterize their seasonal dynamics. The resulting seasonal descriptors
were then used as input to a Gaussian Mixture Model to delineate phytoplankton-based bioregions across the
Southern Ocean. The bioregionalization was strongly shaped by iron limitation and the position of the
Subantarctic Front. Each year, approximately 43% of the Southern Ocean exhibited expected annual cycles of
vertical phytoplankton biomass, while the remaining regions were characterized by interannual variability or
undefined phenological patterns. At high latitudes in summer, the regional detection of recurring subsurface
phytoplankton biomass maxima might be constrained by stratification dynamics. In subtropical regions,
interannual variability in spring phytoplankton biomass may be indirectly influenced by the Southern Annular
Mode through its modulation of wintertime vertical mixing. This bioregionalization provides a spatial
framework for further investigating biologically driven carbon fluxes in the Southern Ocean.

Plain Language Summary Phytoplankton, microscopic algae, play a key role in the ocean's ability to
absorb carbon dioxide from the atmosphere. In the Southern Ocean, their growth and distribution vary greatly
with depth, season, and climate conditions. Using a 25-year observation-based database, we investigated how
phytoplankton biomass changes vertically and seasonally across the Southern Ocean. We applied statistical
clustering methods to identify regions with similar patterns of phytoplankton variability. Our analysis revealed
six major bioregions that group into three broad zones: subtropical, subantarctic, and antarctic. About 43% of the
Southern Ocean shows consistent and predictable seasonal cycles of phytoplankton growth, while another 21%
displays strong year-to-year variations. We also found that subsurface phytoplankton layers, often invisible to
satellites, are widespread and represent a significant portion of the total biomass. These findings provide a new
view of how biological variability is structured across the Southern Ocean and how it may respond to future
climate change.

1. Introduction

The Southern Ocean (south of 30°S) is a critical component of the global oceanic carbon sink, accounting for
approximately half of the ~27% of anthropogenic carbon dioxide (CO,) emissions absorbed annually by the
global ocean (Friedlingstein et al., 2025; Mayot et al., 2023). Phytoplankton plays a central role in regulating the
Southern Ocean CO, sink by assimilating dissolved inorganic carbon, which leads to a maximum air-to-sea CO,
flux (ocean uptake) during summer in this region (Gruber et al., 2019). However, estimates of the summer air-to-
sea CO, flux in the Southern Ocean vary widely among global ocean biogeochemical models, reflecting un-
certainties in the representation of the magnitude and timing of phytoplankton production and of the associated
winter vertical mixing (Gruber et al., 2019; Hauck et al., 2023). In particular, Hauck et al. (2023) show that
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summer air-to-sea CO, flux uncertainty is largest in ice-free regions, both in terms of inter-model spread and
model-observation differences, and that these regions account for most of the basin-integrated net air-to-sea CO,
uptake (approximately 85%—87%). This highlights the need for refined observational constraints on the spatio-
temporal variability of phytoplankton biomass and production to better inform models (Kuhn et al., 2025), and
improve simulations and understanding of the Southern Ocean CO, sink. Furthermore, since phytoplankton
production in the Southern Ocean is projected to change under future climate scenarios (Tagliabue et al., 2021),
improving our understanding of biomass variability is essential for accurately projecting future air-to-sea CO,
fluxes.

Various bioregionalizations of the Southern Ocean have been developed to synthesize and investigate phyto-
plankton seasonal dynamics and, more broadly, to investigate the biogeochemical functioning of this ocean basin.
By synthesizing complex dynamics, these bioregionalizations have helped identify key drivers of Southern Ocean
phytoplankton blooms and the Southern Ocean CO, sink (e.g., Ardyna et al., 2017; Gregor et al., 2018) and have
supported regional evaluations of global ocean biogeochemical models (Hauck et al., 2023). Most of these
bioregionalizations rely on surface chlorophyll-a concentration (Chla) derived from satellite ocean color imagery
to characterize surface phytoplankton biomass variability. Early bioregionalizations of the global ocean suggested
a zonal structure within the Southern Ocean aligned with the major fronts of the Antarctic Circumpolar Current
(ACC, e.g., Fay & McKinley, 2014; Longhurst, 2007b; Reygondeau et al., 2013). However, more recent ap-
proaches, focusing on the Southern Ocean and the seasonal distribution of surface phytoplankton biomass, have
revealed significant deviations from this zonal pattern (Ardyna et al., 2017; Thomalla et al., 2011). These de-
partures from the zonal pattern have been primarily attributed to spatial variability in nutrient supply, particularly
iron (Ardyna et al., 2017; Graham et al., 2015; Sullivan et al., 1993; Thomalla et al., 2011). In terms of seasonal
dynamics, wintertime vertical mixing is recognized as a key driver of phytoplankton biomass, influencing both
the entrainment of nutrients and the light environment experienced by phytoplankton, as well as modulating prey-
grazer interactions (Behrenfeld, 2010; Llort et al., 2015; Sallée et al., 2015; Tagliabue et al., 2014). Superimposed
to the seasonal forcings, sub-seasonal variability, also captured through satellite observations, has been shown to
markedly influence seasonal phytoplankton biomass cycles (Fauchereau et al., 2011; Prend et al., 2022; Thomalla
et al., 2011). Yet, accounting for the vertical structure of phytoplankton biomass throughout the water column
could challenge some of the identified surface-based seasonal and sub-seasonal dynamics (Prend et al., 2022;
Sallée et al., 2015).

The magnitude and spatio-temporal variability of vertical phytoplankton biomass in the Southern Ocean remain
poorly characterized. It has been shown that depth-integrated phytoplankton biomass can exhibit temporal dy-
namics that are not captured by surface-derived estimates (Stoer & Fennel, 2024), particularly in the Subantarctic
Zone, north of the Subantarctic Front (Sallée et al., 2015; Uchida et al., 2019). This standing stock of phyto-
plankton biomass, largely undetected by satellites, needs to be better quantified (Stoer & Fennel, 2024). Estimates
based solely on the assumption of a uniformly mixed phytoplankton biomass within the surface mixed layer (e.g.,
Sallée et al., 2015) may underestimate the true stock by ~50% (Stoer & Fennel, 2024). Moreover, pronounced
vertical gradients in phytoplankton biomass have been observed both within the surface mixed layer and
immediately below it (Boyd et al., 2024; Carranza et al., 2018), highlighting the importance of accounting for
subsurface features.

Deep Chlorophyll Maxima (DCM) can develop under stratified conditions and may structure bioregional patterns
of phytoplankton dynamics that remain hidden from satellite surface observations. The mechanisms responsible
for their occurrence vary across productivity gradients and regions (Cullen, 2015), as in the Southern Ocean
(Baldry et al., 2020). In oligotrophic, subtropical environments of the Southern Ocean (~30°S—40°S), DCMs
often correspond to deep acclimation maxima (DAM), where phytoplankton cells increase their chlorophyll-a
content relative to carbon biomass under low-light conditions, a photophysiological process known as photo-
acclimation (Fennel & Boss, 2003). In contrast, in certain conditions, DCMs can represent deep biomass maxima
(DBM, Barbieux et al., 2019; Cornec et al., 2021; Hermilly et al., 2025), maintained by growth or aggregations of
phytoplankton biomass at depth (Cullen, 2015), and may contribute substantially to water-column production
(Barbieux et al., 2022). In the Australian sector around the Polar Front, DCMs associated with DBM have been
observed and are suggested to extend across the broader inter-polar frontal zone (Baldry et al., 2020; Boyd
et al., 2024). It is therefore essential for an accurate bioregionalization of the Southern Ocean based on the
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phytoplankton phenology to take into account potential occurrences of DCMs. Such bioregionalization would
then help quantify the spatio-temporal variability of DCM occurrences, determine whether they reflect DBM or
DAM, and identify the environmental drivers that induce them.

As these subsurface features are unseen by satellite observations, they must be examined using in situ mea-
surements, such as those provided by Biogeochemical-Argo (BGC-Argo) profiling floats (Sarmiento et al., 2023).
In the Southern Ocean, the OneArgo program provides unprecedented in situ biogeochemical observations from
BGC-Argo floats, yet its non-gridded, irregular sampling and short record (mostly since 2014) contrast with
gridded, long-term (since 1997) satellite data sets (Baudena et al., 2025). BGC-Argo observations can therefore
be further enhanced by combining their vertically resolved information on phytoplankton biomass with satellite
observations (Sauzede et al., 2016). This approach enables studies of the vertical distribution of phytoplankton
biomass over the last two decades at weekly temporal resolution and across an ocean basin (Sauzede et al., 2016),
which would not be achievable with either satellite or BGC-Argo data sets alone. Consequently, such a four-
dimensional database (latitude, longitude, depth, and time) provides a robust foundation for refining the bio-
regionalization of the Southern Ocean. Together, the data sets and the resulting bioregionalization will help
improve our understanding of phytoplankton biomass dynamics across timescales, from seasonal cycles to
interannual and decadal variability.

In fact, beyond seasonal dynamics, the interannual to multiannual variability and long-term trends in phyto-
plankton biomass in the Southern Ocean continue to be debated (Del Castillo et al., 2019; Liniger et al., 2025). If
changes in the position or structure of frontal systems are occurring, which remain to be demonstrated (Chapman
et al., 2020), these may be detectable through modifications in phytoplankton biomass-based bioregionalization
of the Southern Ocean (Thomalla et al., 2023). To assess this, it is first necessary to establish a robust clima-
tological bioregionalization, and then evaluate temporal variations over recent decades, including the spatial
extent affected or remaining stable in the face of such temporal changes.

Emerging changes in environmental conditions, including vertical mixing and sea surface temperature, may
already be altering phytoplankton concentrations (Golder & Antoine, 2025; Sallée et al., 2010), with important
implications for the Southern Ocean's phytoplankton biogeography (Thomalla et al., 2023). Among large-scale
climate drivers, variability associated with the Southern Annular Mode (SAM) exerts one of the strongest in-
fluences on the region. Positive SAM phases are linked to a strengthening and poleward shift of the westerly
winds. This atmospheric reorganization modifies the Southern Ocean's circulation patterns, as well as the Mixed
Layer Depth (MLD), sea surface temperatures, or the sea-ice extent (Sallée et al., 2010; Thompson & Wal-
lace, 2000). Such physical perturbations have cascading effects on biogeochemical processes, including nutrient
supply and phytoplankton growth, although their impacts vary across latitudes and sectors of the Southern Ocean
(Lovenduski & Gruber, 2005). In this context, a bioregionalization of the Southern Ocean based on phytoplankton
phenology provides a powerful framework to disentangle the influence of large-scale climate variability on
phytoplankton. This is essential for assessing both ongoing and future changes in the Southern Ocean (Hauck
et al., 2015; Mongwe et al., 2024).

In this study, we analyze a 25-year (1998-2022) database of spatially gridded, weekly averaged vertical profiles
of Chla and particulate backscattering coefficient (by,), used as a proxy for phytoplankton carbon. Our goal is
to characterize the vertical variability of phytoplankton biomass and how it changes across space and time in
the Southern Ocean. First, we establish a bioregionalization of the Southern Ocean based on the seasonal
variability of vertical phytoplankton biomass distribution. Unlike previous Southern Ocean bioregionalizations
primarily derived from surface satellite Chla products (e.g., Ardyna et al., 2017; Thomalla et al., 2011), our
approach is based on an observation-based four-dimensional phytoplankton biomass product that integrates
satellite and in situ information. This approach explicitly accounts for the vertical structure of phytoplankton
biomass using two complementary proxies, Chla and by,,. Second, we exploit the available 25-year time series
of this product to quantify the interannual variability of the resulting bioregionalization, an aspect that has
received less attention in previous Southern Ocean bioregionalization studies. Finally, we use this bio-
regionalization as a spatial framework to advance our understanding of the occurrence and mechanisms driving
DCMs in the Southern Ocean, and to assess the influence of the SAM on the interannual variability of
phytoplankton biomass.
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2. Data and Methods
2.1. Phytoplankton Biomass Data Sets

The vertical distribution of the phytoplankton biomass in the water column can be estimated via two comple-
mentary variables: Chla and bbp (Bittig et al., 2019; Boss & Behrenfeld, 2010; Mignot et al., 2014; Stoer &
Fennel, 2024; Vives et al., 2024). Although both variables are, to the first order, positively correlated with
phytoplankton biomass, they are also influenced by other factors. Chla can also vary in response to changes in the
physiological status of phytoplankton cells, for example, photoacclimation (Cullen, 2015; Fennel & Boss, 2003),
while by, variations may also be affected by changes in the nature and size of particles, including non-
phytoplankton particles, present in the water column (Bellacicco et al., 2019; Graff et al., 2015; Loisel
et al., 2002; Stramski & Kiefer, 1991). Here, we define an observation as the paired vertical profiles of Chla and
by, Which together provide a more consistent proxy for phytoplankton biomass than either variable alone.

Weekly four-dimensional fields (latitude, longitude, depth, and time) of Chla and b, for the Southern Ocean were
extracted from an observation-based global ocean data set (https://doi.org/10.48670/moi-00046) (Sauzede
et al., 2016, 2024). This publicly available gridded product spans 25 years (1998-2022), with a horizontal res-
olution of 0.25° X 0.25°, 36 vertical depth levels: 5-m intervals from O to 70 m, 10-m intervals to 100 m, 25-m
intervals to 300 m, 50-m intervals to 600 m, and 100-m intervals to 1,000 m.

This gridded product was generated using a neural network developed to infer the vertical distribution of Chla and
by,, from satellite observations colocated with in situ vertical profiles of temperature and salinity (Sauzede
et al., 2016). This neural network was trained and validated against reference in situ profiles of Chla (Schmechtig
et al., 2025) and b, (Argo, 2025) obtained from BGC-Argo floats. Note that the availability of BGC-Argo
profiles was relatively important in the Southern Ocean (Figure S1 in Supporting Information S1), which pro-
vides confidence in the Chla and by, fields derived from this machine learning methodology. To generate a
continuous 25-year gridded product, the neural network was applied to 3D fields of temperature and salinity
profiles (ARMOR3D product, https://doi.org/10.48670/moi-00052) (Guinehut et al., 2012; Mulet et al., 2012;
Verbrugge et al., 2024) merged with remote sensing observations from 1998 to 2022. The observed temperature
and salinity profiles from the ARMOR3D data product include profiles from Argo floats, XBT, ship-based CTD
casts, and moorings. Those profiles were optimally interpolated by satellite information such as sea surface
temperature, sea surface salinity, and sea level anomaly to obtain the ARMOR3D gap-filled product (Guinehut
et al., 2012; Mulet et al., 2012).

The gridded product undergoes extensive validation exercises reported in the Quality Information Document
(QUID) distributed by the Copernicus Marine Service (https://doi.org/10.48670/moi-00046). The assessment
includes (a) validation against a randomly chosen 20% independent subset of the initial BGC-Argo database
excluded from model training, (b) validation against independent BGC-Argo float time series excluded from
model training, and (c) validation of Chla against an independent global HPLC pigment database. Overall, these
validation exercises indicate that the estimated Chla and by, fields are not affected by systematic biases. The
product demonstrates consistently high skill when compared to independent in situ BGC-Argo observations, both
globally (Chla: * = 0.87, MAPD = 29%; L% #* = 0.90, MAPD = 11%) and in the Southern Ocean (Chla:
r* = 0.88, MAPD = 29%; bbp: = 0.93, MAPD = 17%). As reported in the QUID, the product captures the
dominant spatio-seasonal variability of Chla and by, profiles.

2.2. Clustering Methodology for a Bioregionalization of the Southern Ocean

The objective of our method is to establish a bioregionalization of the Southern Ocean based on the vertical
variability of phytoplankton biomass throughout the productive season. To this end, we clustered grid cells of the
data product according to the joint vertical structure of Chla and by, profiles and how this structure evolves over
the season. Seasonal variations in vertical phytoplankton biomass structures were first synthesized through two
successive principal component analyses (PCAs), and the resulting descriptors were then used in a Gaussian
Mixture Model (GMM) clustering. This approach follows previous methodologies that combine dimensionality
reduction with unsupervised clustering (Fonvieille et al., 2023; Hardman-Mountford et al., 2008; Jones
et al., 2019; Thomas et al., 2021). A graphical overview of the methodology is provided in Figure S2 in Sup-
porting Information S1.
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First, weekly climatologies of by, and Chla profiles were built for each grid cell of the Southern Ocean by
averaging data from every year for each week. To capture a consistent signal of Chla and b,,, during the pro-
ductive period, the clustering method considers only grid cells with continuous coverage over the productive
season. It was therefore applied to the period from mid-September (38th week) to mid-March (11th week), due to
the spatiotemporal limitations of satellite observations from which the Chla and by, products are derived:
Required satellite observations were unavailable during polar night, in sea-ice-covered regions, and under
persistent cloud cover. Additionally, Chla and b, estimates were excluded in areas with bathymetry shallower
than 1,000 m. As most of the variations in Chla and by,, occur in the upper water column where phytoplankton
production takes place, data from O to 100 m at 5-m intervals were selected, with interpolation only at 75, 85, and
95 m. This choice is supported by the fact that in the Southern Ocean, most of the seasonal variance occurs within
the upper 100 m (Chla: 93% [86%-97%]; by,y: 90% [83%—94%]; values reported as median [IQR] of the total
variance over 0-1,000 m), and it restricts the clustering analysis of the depth range with the highest vertical
resolution, avoiding the more extensive interpolation required below 100 m, where the vertical resolution of the
product becomes substantially coarser.

Second, two successive principal component analysis (PCAs) were performed to summarize, at each grid cell, the
seasonal variability of the paired Chla and by, profiles. For the first PCA, the input matrix was constructed with
rows representing individual grid cell-week combinations (i.e., samples; number of grid cells X 26 weeks), and
columns corresponding to the paired vertical profiles of Chla and by,, over 0~100 m. The profiles are normalized
by subtracting the ensemble mean and dividing by the ensemble standard deviation. The first PCA produced PCs
that summarize the vertical structure of the Chla and b,,, profiles. These PCs were then used as inputs for a second
PCA designed to capture the dominant modes of their temporal variability. To this end, weekly PC values were
concatenated for each grid cell to represent the seasonal cycle. For the second PCA, each sample corresponds to a
grid cell, and each variable represents a weekly value from the seasonal time series of the selected PCs from the
first PCA. The second PCA was performed on centered data without standardization, which is appropriate given
the comparable scales of the variables.

Third, the selected PCs from the second PCA were used as input variables for the clustering analysis, which was
performed using a GMM. The GMM requires the number of clusters to be specified a priori and, in return, assigns
each grid cell to a cluster based on the similarity of their PC scores. The resulting spatial distribution of clusters
defines the bioregionalization. In addition, the GMM provides a membership probability (ranging from O to 1) for
each grid cell, quantifying the strength of its association with the assigned cluster.

Finally, annual (year-by-year) bioregionalizations for the last 20 years (2002-2022) were generated by extracting
annual Chla and by, data and projecting them onto the clustering framework derived from the climatological
analysis described above. Years prior to 2002 (1998-2001) were excluded from this interannual analysis because
15% of the Southern Ocean clustered area in the climatological analysis was missing, compared to only about 6%
after 2002. Annual data were defined from mid-September (38th week) of year Y to mid-March (11th week) of
year Y + 1; for clarity, the corresponding bioregionalization is hereafter referred to as that of year Y. Construction
of the annual bioregionalizations involved (a) transforming the annual data from each year using the principal
components (PCs) from the first and second PCAs and (b) assigning the resulting projections to clusters using the
GMM trained on the climatological data set. Because data coverage was more limited at the annual scale, pri-
marily due to cloud cover and reduced satellite revisit frequency, linear interpolation was applied to fill temporal
gaps in Chla and by, data shorter than 4 weeks.

2.3. Derived Phytoplankton Biomass Features

Following a methodology similar to Cornec et al. (2021), Chla profiles were analyzed to identify the presence of a
DCM. Subsequently, by, profiles were used to determine whether the DCM corresponded to a DBM or a DAM. A
DCM was considered present at a given grid cell and time step if the Chla vertical profile exhibited a maximum
below 15 m depth, and if this maximum exceeded the median surface (0—15 m) Chla value by at least 40%. A
DCM was then classified as a DBM type if the by, maximum occurred within £20 m of the DCM depth and was
more than 20% higher than the median surface by, value. Otherwise, the DCM was classified as a DAM type.

In addition to detecting vertical structures, the seasonal dynamics of phytoplankton biomass were also charac-
terized through bloom timing metrics. Specifically, at each grid cell, the timing of the annual bloom was
determined. Two bloom-related dates were derived: the bloom climax and the bloom apex (Llort et al., 2015). The
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bloom climax corresponds to the date when the rate of net phytoplankton biomass accumulation (7) reaches its
maximum, while the bloom apex is the date when r turns negative. These metrics were estimated using a carbon-
based proxy of phytoplankton biomass (Cppyo; se€ below), with r defined as

= () () g

where P, is the depth-integrated (0-1,000 m) value of Cypyo (f Cppyior in gC m~2) and dr = 7 days. Note that the
bloom onset (i.e., when r first becomes positive) could not be evaluated due to the scarcity of observations in
winter at high latitudes, when bloom initiation likely occurs (e.g., Vives et al., 2024).

The carbon-based estimate of phytoplankton biomass (Cy,) Was derived from by, measurements. Specifically,
by, measured at 700 nm was converted to its equivalent at 470 nm (i.e., by, (470)) using the relationship: by,

(470) = by, (700) x (470/700)"°"® (Boss et al., 2013). Then, by, (470) was converted into Cppyio

using the
empirical relationship: Cppyo = by X 12,128 + 0.59 (in mgC m™>) (Graff et al., 2015), as previously applied in
several Southern Ocean studies based on BGC-Argo data (Lacour et al., 2023; Uchida et al., 2019; Vives

et al., 2024).

To limit the inclusion of non-phytoplanktonic particles in the b,,,-derived C;, we applied a filtering step based

hyto»
on the assumption that phytoplanktonic particles should exhibit a detectable Chla signal. At each grid cell, a
specific Chla threshold was defined as the seasonal minimum Chla measured at the depth of the strongest vertical

Chla gradient, which typically marks the base of the productive layer (Lacour et al., 2019). The C

phyto Values at

depth were then masked when the corresponding Chla fell below this threshold.

The depth-integrated value of Cpy,y,, (S'C

phyto) is compared with an estimate based on the surface value, similar to

the proxy used by Sallée et al. (2015). It corresponds to the surface-averaged (0-10 m) value of Cppy (cut | eC

phyto?
m~?) multiplied by the depth of the MLD: Cyjnf, X MLD (in gC m™).

2.4. Environmental Data Sets

The following observation-based data sets, not included in the clustering methodology, are used to support the
interpretation of the obtained bioregionalization of the Southern Ocean.

Weekly MLD estimates, between 1998 and 2022 with a 0.25° X 0.25° spatial resolution, come from the
observation-based data product ARMOR3D (Guinehut et al., 2012; Mulet et al., 2012). Within this product,
weekly global 3D fields of temperature and salinity are first estimated by in situ observations, from which 2D
(spatiotemporal) fields of MLD are derived from a dual-criterion approach: the minimum depth where either the
temperature has decreased by 0.2°C from the surface or the density reaches the value expected for surface water
cooled by 0.2°C. Stratification was quantified using the Brunt-Viisili frequency (N?), computed from
ARMORS3D profiles of temperature and salinity via the TEOS-10 equation of state.

Monthly climatological profiles of nitrate concentrations, between 0 and 800 m and at a 1° X 1° spatial resolution,
are obtained from the World Ocean Database 2023 (Garcia et al., 2024). This data set corresponds to the
objectively analyzed climatological mean fields obtained by with all available in situ measurements between 1965
and 2022.

The observation-based estimate of the winter SAM index was downloaded from http://www.nerc-bas.ac.uk/icd/
gjma/sam.html (Marshall, 2003). This index is derived from mean sea level pressure measurements at land-based
stations. This estimated SAM index is based on an empirical definition that calculates the zonal mean sea level
pressure difference between 40°S and 65°S (Gong & Wang, 1999).

3. Results

The Results section is organized as follows. Section 3.1 provides an overview of the general spatial distribution of
the clusters from a latitudinal perspective and their associated annual cycles of phytoplankton biomass, thereby
defining the climatological (mean) bioregionalization of the Southern Ocean. Section 3.2 examines the inter-
annual variability of this bioregionalization by distinguishing core (temporally persistent) and non-core areas, and
by evaluating, for each year, the consistency of grid-cell assignments (i.e., membership probabilities) within these
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Figure 1. Bioregionalization of the Southern Ocean based on phytoplankton phenology. (a) Spatial distribution of the obtained clusters (i.e., bioregions). White areas
indicate locations with no data available (see Section 2.2). (b, ¢) Annual time series of vertical profiles of Chla (green) and b,,, (orange). Black lines indicate the median

mixed layer depth, with dashed lines showing the interquartile range. (d) Depth-integrated (0—1,000 m) median time series of C

ohyto» With interquartile range. Light and

dark gray areas indicate the interquartile ranges of bloom climax and bloom apex timing, respectively; dashed lines indicate their median dates. In panels (b—d), white
areas denote weeks where data are missing in 10% or more of the grid cells associated with each cluster.

areas. Based on these probabilities, the analysis estimates the mean annual fraction of the Southern Ocean
exhibiting expected phytoplankton phenology, interannual variability, or undefined phenology. Section 3.3 in-
vestigates the occurrence of subsurface phytoplankton biomass maxima in the Southern Ocean, taking advantage
of the temporally continuous gridded data set of paired Chla and b,,, profiles and the spatial framework provided
by the bioregionalization. Finally, Section 3.4 analyzes the influence of interannual variations in MLD, modulated
by the SAM, on phytoplankton biomass, again leveraging the coherent gridded data sets of MLD and phyto-
plankton biomass within the established biogeographic framework.

3.1. The Bioregionalization of the Southern Ocean

The Southern Ocean was partitioned into six coherent bioregions (Figure 1a), each defined by distinct seasonal
variations in vertical phytoplankton biomass (Figures 1b—1d). To achieve this, two successive PCAs were
applied, yielding a reduced set of components that captured both the diversity and the dominant modes of seasonal
variability in vertical phytoplankton biomass (Text S1; Figures S3—S4 in Supporting Information S1). The three
PCs retained from the second PCA explained 88% of the variance and displayed distinct spatial patterns (Figure
S4 in Supporting Information S1). These components were then used as input to a GMM clustering, which
identified six spatially coherent clusters interpretable as bioregions (Figure 1a), despite geolocation not being an
input variable. The GMM required the number of clusters, k, to be specified a priori. Several values of k were
tested, and k£ = 6 was found to best capture the diversity of features while maintaining a reasonable number of
biologically interpretable clusters. This choice, although partly subjective, was supported by the Bayesian In-
formation Criterion, which shows a strong decrease up to £ = 6 and only limited improvement beyond (Figure S5
in Supporting Information S1). This choice was further supported by the fact that each of the six bioregions
exhibited distinct seasonal variations in Chla and by, in the upper water column (Figures 1b and 1¢). Furthermore,
grid-cell membership probabilities were high (median 0.95-0.99) and well above those of the second most
probable cluster, confirming that most grid cells were unambiguously associated with a single cluster and
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supporting the robustness and spatial coherence of the identified bioregions. Sensitivity tests indicate that k = 5
tends to merge the northernmost regions and weaken key boundaries, whereas the additional splitting at k = 7 is
associated with increased local classification uncertainty, supporting the choice of k = 6.

Clusters 0 and 1 are located in the northernmost regions of the Southern Ocean (north of ~40°S) and represent
23% of the Southern Ocean clustered area (Figure la). In these clusters, the depth-integrated (0-1,000 m)
phytoplankton biomass (i.e., f'Cypyyo) Strongly increases in austral winter (June, July, and August) and peaks in
spring (September f'C,,y, in Cluster 0 = 2.06 gC m~2 and in Cluster 1 = 2.53 gC m™2, Figure 1d). Then, the
phytoplankton biomass develops around a DCM in summer (December, January, and February; Figures 1b and
1c) located ~117 m in Cluster 0 and ~73 m in Cluster 1. When using a proxy for the water-column phytoplankton
biomass (C;Lﬁ’yfm X MLD), the fCppyto in these two clusters is underestimated, mostly in summer due to the
presence of subsurface phytoplankton biomass (Figure S6 in Supporting Information S1). On average, over the
seasonal cycle it results in a ~11.6 TgC underestimation by the (C;i"yfm X MLD) proxy into these two clusters.
The north-south distinction between the two clusters is partly related to higher winter and spring Chla and b,
values in Cluster 1 (southern) than in Cluster O (northern) (Figures 1b and 1c). Cluster O is characterized by the
lowest depth-integrated phytoplankton biomass values throughout the spring-summer seasons among all

Southern Ocean regions (f'Cppy, = 1.88 gC m~?),

In contrast, Clusters 4 and 5 are located in the southernmost part of the Southern Ocean (south of ~50°S)
(Figure 1a). They represent 37% of the Southern Ocean clustered area. In these clusters, the depth-integrated
phytoplankton biomass increases in spring (September, October, November), and reaches its maximum
(f Cpnyio ~ 425 2C m~>) in early summer (December), later than in all the other clusters located at lower latitudes
(Figure 1d). Cluster 5 is associated with regions downstream of islands and shallow topographic features that
disrupt the ACC, whereas Cluster 4 is associated with the open-ocean realm (Figure la). The annual phyto-
plankton biomass is higher in Clusters 4 and 5 than in any of the other clusters. It lasts longer in Cluster 5
(~2 months) than in Cluster 4 (1 month), leading to a higher depth-integrated phytoplankton biomass in Cluster 5

(the island/topography-influenced region) than in Cluster 4 (spring-summer averaged [ Cpy, in Cluster
4 =321 gCm ?and in Cluster 5 = 3.53 gC m™2). The estimated f Conyto DY the (Cﬁ;’yfw X MLD) proxy in these

two clusters are primarily underestimated in summer (~60% of missed biomass, Figure S6 in Supporting In-
formation S1). Because the spatial extension of Cluster 5 is smaller than Cluster 4, it results in an underestimation
of f'Copyo bY the (C;‘fyfm X MLD) proxy on average over the seasonal cycle of ~11 TgC in Cluster 5 and ~22.1
TgC in Cluster 4.

Clusters 2 and 3 are located at mid-latitudes of the Southern Ocean (~40°S-50°S), between the northernmost
(Clusters 0 and 1) and southernmost (Clusters 4 and 5) regions (Figure 1a), and represent 40% of the Southern
Ocean clustered area. Cluster 2 is confined to the eastern Pacific Ocean, while Cluster 3 extends across all three
basins and lies slightly farther south than Cluster 2 (Figure 1a). In Cluster 2, phytoplankton biomass develops
around a DCM during summer (~71 m), similar to patterns observed at lower latitudes, but without a preceding
spring maximum (Figures 1b and Ic). Therefore, Cluster 2 presents an underestimation of fC,.., by the
(C;f,‘;m X MLD) proxy similar to the northernmost clusters (~8 TgC, Figure S6 in Supporting Information S1).
In contrast, Cluster 3 does not display a summer DCM but has a spring depth-integrated phytoplankton biomass
maximum (f'Cpy = 3.08 gC m™2) higher than in the northernmost Clusters 0 and 1 (f Conyto ~ 2.3 gC m™2,
Figure 1d). However, its annual biomass peak is lower in magnitude and occurs earlier in the year than in the
southernmost Clusters 4 and 5 (f Cppy, ~ 4.25 gC m™2, Figure 1d). Nonetheless, Cluster 3 has the largest spatial
extension and therefore the largest underestimation of f'C,,, by the (C;‘l’fyfw X MLD) proxy: ~26.1 TgC (Figure
S6 in Supporting Information S1).

3.2. Interannual and Spatial Variability of the Bioregions

Annual bioregionalizations for 2002-2021 were computed to assess the interannual variability of the six
climatological clusters previously identified (Section 3.1). The resulting annual bioregionalizations are consistent
with the climatological clustering as indicated by similar statistics to the ones obtained with the climatological
data sets (Figure S7 in Supporting Information S1). First, the membership probabilities of grid cells annually
assigned to each cluster are high (median values between 0.87 and 0.99), although slightly lower than the
membership probabilities obtained for the climatological clustering. Second, the spatial variability of the
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Figure 2. Temporal evolution of the Southern Ocean bioregionalization. (a) Spatial extent of the different clusters over the
past 20 years. Only pixels with a membership probability >0.85 to a given cluster are considered. The spatial extent of areas
with a membership probability <0.85 is shown with a dashed dark line, while that of unclassified areas (no data) is shown
with a dashed gray line. (b, ¢) Decadal averages of annual bioregionalizations for the periods (b) 2002-2011 and

(c) 2012-2021, respectively.

membership probabilities to a given cluster was similar between the climatological and annual clustering, with the
border areas between clusters displaying lower membership probabilities (<0.85) than the areas located at the
center of the clusters (Figures S7c and S7d in Supporting Information S1). Finally, the bioregion map obtained by
averaging the 20 annual maps was similar to the bioregion map obtained with the 25-year long climatological data
set (Figure S7a and S7b in Supporting Information S1). The consistency between the mean of the annual bio-
regionalizations and the climatological bioregionalization indicates that the annual data sets and their derived
bioregionalizations capture meaningful patterns rather than noise.

The bioregionalization of the Southern Ocean has remained relatively stable over the past 20 years (Figure 2).
Between 2002 and 2021, none of the bioregions exhibited a strong temporal trend of either spatial expansion or
contraction (Figure 2a). These trends were evaluated using only grid cells with high membership probabilities
(=0.85), ensuring that the analysis focused on the most robust assignments. The average maps for the last
(2012-2021) and preceding (2002-2011) decades were broadly similar (Figures 2b and 2c), with a minor
exception for Cluster 5, which appeared more frequently south of Tasmania during the first decade, and was more
prominently observed in the Pacific sector during the second decade.
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Figure 3. Core areas of the Southern Ocean bioregionalization. Gray areas indicate locations with no data available. Colored
areas represent core areas where a given cluster appears in at least 75% of the 20 annual bioregionalizations; otherwise, the
area is shown in white. Solid black lines indicate the positions of the three major Antarctic Circumpolar Current (ACC)
fronts, from north to south: the Subantarctic Front (in bold), the Polar Front, and the Southern ACC Front. Dashed contour
lines indicate surface nitrate concentrations of 1-2 pmol kg™' (annual average).

A cluster stability map (Figure 3) illustrates the temporal persistence of the phenological regimes identified by the
clustering, with colors showing the most frequently assigned cluster for each grid cell over the 20 years analyzed.
This analysis reveals two distinct categories: core areas, where grid cells remained in the same cluster for at least
75% of the years, and non-core areas (shown in white in Figure 3), where persistence was below 25%. Core areas
dominate, covering 58% of the Southern Ocean, and are generally found at the centers of cluster domains, whereas
non-core areas (42%) occur mainly along their boundaries.

While the spatial boundaries of core and non-core areas remain stable over time, the membership probabilities
within these areas fluctuate annually (Figures 2a and 4). On average, ~43% of the Southern Ocean within core
areas (about three-quarters of core areas) exhibit high membership probabilities in a given year, indicating
recognizable climatological patterns of phytoplankton phenology. These regions are categorized as expected. In
parallel, ~21% of the Southern Ocean within non-core areas also show high annual membership probabilities,
hereafter referred to as the interannual category (see next paragraph). Together, this means that in any given year
~64% of the Southern Ocean can be robustly assigned to recognizable phenology patterns, divided between
expected (~43%) and interannual (~21%). The remaining ~30% exhibit low membership probabilities and are
therefore categorized as undefined. These proportions (43% expected, 21% interannual, 30% undefined) represent
typical annual distributions, although the exact fractions vary from year to year as membership probabilities
fluctuate.

Most of the observed interannual variability within the ~64% of the Southern Ocean characterized by recog-
nizable phenological patterns occurred in non-core areas (the interannual category). On average, the amplitude of
interannual fluctuations in cluster surface area was 1.61 + 0.49 times greater in non-core than in core areas
(standard deviation of the detrended time series, Figure S8 in Supporting Information S1). Moreover, Figure 2a
shows that some time series from adjacent clusters were negatively correlated: the two mid-latitude Clusters (2
and 3) tended to reorganize in opposition to one another (Spearman correlation coefficient, r, = —0.66), as did the
high-latitude Clusters (4 and 5, r¢ = —0.63). Overall, these results suggest that most year-to-year variability in
phytoplankton phenology occurs in non-core areas (the interannual category in Figure 4), particularly in the mid-
and high-latitude bands.
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3.3. Occurrence of Deep Phytoplankton Biomass Maxima

over 2002-2021. On average, 64% of the Southern Ocean is robustly In low latitude regions (30°S—40°S), a DCM can be present for more than 50%

assigned (high membership probability) to a recognizable climatological
cluster, including 43% in core areas (expected category) and 21% in non-core
areas (interannual category). Each year, about 30% of the area exhibits low

of the year (Figure 5a). These regions are associated with the northernmost
Clusters (0 and 1), as well as with the mid-latitude Cluster 2. In some

membership probabilities (undefined category; 14% in core areas, 16% in restricted areas of Cluster 0, a DCM can even be present all year long
non-core areas), while 6% remains unclassified due to missing data. (Figure 5c). Note that the absolute Chla and by, values associated with this

subsurface feature may be slightly underestimated, likely due to the relatively
coarse vertical resolution of the gridded product below 100 m (e.g., Figure 6a;
see also the product QUID for further details).

In the Pacific sector of Cluster 0, the DCM primarily corresponds to a DAM, with no evidence of a DBM
(Figures 5b and 5¢). Here, a DAM refers to a Chla maximum not accompanied by a co-located by, maximum (i.e.,
no evidence of subsurface biomass accumulation), whereas a DBM-type DCM indicates a Chla maximum co-
occurring with a by, maximum, consistent with a true subsurface biomass accumulation. In contrast, in other
low-latitude regions (including the Atlantic and Indian sectors of Cluster 0), the nature of the DCM evolves over
the summer season: it initially reflects a DAM but transitions to a DBM about 1 month later (Figure 5c¢). The time
of the DCM formation also differs across clusters, emerging in early September in Cluster 0 and in late October in
Clusters 1 and 2 (Figure 5c). The emergence of the DCM occurs just after the seasonal maximum in Chla within
the surface mixed layer. Thereafter, surface concentrations of Chla progressively decline while the depth and
magnitude of the DCM increase, a pattern most clearly observed in Cluster 1 (Figure 6).

At higher latitudes (>50°S), substantial occurrences of a DCM (10%—30% of the year) are detected south of the
Polar Front (Figures 5a and 5b). These DCMs are primarily found within Cluster 4, where their presence peaks in
January but remains restricted to less than 40% of the cluster's core area (Figure 5c). Within this high-latitudinal
band, DCMs corresponding to a DBM are mostly confined to the region south of Australia (Figures 5a and 5b).
The establishment of the DCM typically occurs in November, just below the MLD (Figure 6). Unlike in lower
latitude regions, where DCM formation coincides with declining surface biomass, the first two months following
DCM establishment in Cluster 4 are marked by continued increases in surface Chla and b,,,, both peaking in
December. During this period, the magnitude of the DCM also intensifies (Figure 6).

3.4. Relationships Between Phytoplankton Biomass, MLD and SAM Index

The influence of large-scale climate variability, as represented by the SAM index, on environmental drivers of
phytoplankton dynamics was assessed across the core areas of the bioregions. The strongest relationships with
maximum winter MLD were detected in two latitudinally contrasted clusters: the low-latitude Cluster 1 and the
high-latitude Cluster 4. To detect this, we first identified the maximum winter MLD at each grid cell, and for each
year between 1998 and 2021. Next, the 24-year time series of maximum winter MLD at each grid cell was
detrended by removing long-term trends, and for each year, median values were computed across the core area of
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Figure 5. Climatological occurrences of deep chlorophyll maxima (DCM) and deep biomass maxima (DBM) in the Southern Ocean. Maps of the occurrence over an
annual cycle of the (a) DCM and (b) DBM features, derived from the 25-year climatological data set of Chla and by,,. Solid black lines indicate the positions of the three
major Antarctic Circumpolar Current (ACC) fronts, from north to south: the Subantarctic Front (in bold), the Polar Front, and the Southern ACC Front. Dashed contour
lines indicate surface nitrate concentrations of 1-2 pmol kg™' (annual average). (c) Spatial occurrence of DCM and DBM over the annual cycle in the core areas of

Clusters 0, 1, 2, and 4.

each cluster. Finally, for each cluster, we assessed the relationship (Spearman correlation coefficient) between the
detrended 24-year time series of median maximum winter MLD and the corresponding winter SAM index values.
High correlation values (Irl > 0.5) were found for two clusters: the low-latitude Cluster 1 exhibited a negative
correlation (r; = —0.56), while the high-latitude Cluster 4 showed a positive correlation (r; = 0.64).

The influence of winter MLD on the seasonal patterns of phytoplankton biomass was assessed by examining its
relationship with biomass levels during the blooming period between 2002 and 2021. For each year, anomalies of
J Conyio Were defined as the weekly deviations from the long-term weekly climatology. These anomalies were
then averaged between the bloom climax and apex dates, as identified from the climatological cycle (Figure 7).
The median of these values was computed across the core area of each cluster. Finally, the relationship between
the detrended (removing long-term trends) 20-year time series of median maximum winter MLD and blooming-
period phytoplankton biomass was evaluated. Cluster 1 exhibited a moderate positive correlation (r, = 0.43),
suggesting that deeper MLD may enhance bloom biomass. In contrast, Cluster 4 showed no significant correlation
(ry, = —0.27). We also assessed the relationship between the winter SAM index and bloom-period biomass;

s

correlations were generally weaker than for SAM-MLD and MLD-biomass (Cluster 1: r, = —0.24; Cluster 4:
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Figure 6. Temporal evolution of Chla and b, profiles associated with a deep chlorophyll maxima (DCM) in the Southern
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r,=—0.09). Overall, these results suggest an indirect SAM influence on blooming-period phytoplankton biomass
in Cluster 1 mediated by winter mixing, rather than a basin-wide direct SAM control.

4. Discussion
4.1. The Southern Ocean Bioregions and Their Boundaries

Three major regimes emerge from the vertical and seasonal variability of phytoplankton biomass in the Southern
Ocean (>30°S). The northernmost, mid-latitude, and southernmost clusters correspond to the subtropical, sub-
antarctic, and antarctic regimes, respectively, as previously identified (Sallée et al., 2015). The largest bioregions
correspond to the subantarctic Cluster 3 and the antarctic Cluster 4, which together represent 58% of the classified
Southern Ocean area. Our results indicate that estimates of water-column integrated phytoplankton biomass based
solely on surface concentrations and mixed-layer depth (e.g., Sallée et al., 2015) likely underestimate biomass
stocks in these two regions by ~48.1 + 32.4 TgC (38.5% * 15.2%) on average over the seasonal cycle. In addition,
our analysis delineates two clear boundaries separating the subtropical, subantarctic, and antarctic regimes, which
coincide with known oceanographic features (Figure 3). Finally, the results confirm the presence of non-
latitudinal patterns within each regime, as previously suggested from surface satellite observations (Ardyna
et al., 2017). Here, we further support this non-latitudinal organization using a vertically resolved data set.

First, the boundary between the subtropical clusters (0 and 1) and the subantarctic clusters (2 and 3) coincides with
a southward increase in surface nitrate concentrations as determined from the World Ocean Database (Garcia
et al., 2024), which reach average annual values of 1-2 pmol kg ™! (Figure 4). These nitrate levels may serve as a
spatial threshold distinguishing regions where phytoplankton production is primarily limited by nitrate versus
iron (Longhurst, 2007a; Weis et al., 2024). This finding supports the idea that nutrient availability is one of the key
drivers of large-scale seasonal variability in vertical phytoplankton distributions (Bock et al., 2022). Note that the
term subantarctic regime was preferred over alternatives, such as Subtropical Seasonally Stratified Biome (Fay &
McKinley, 2014) or Transition Zone (Thomalla et al., 2011), to emphasize its distinct biogeochemical identity.
Although this region has at times been described as a transitional zone, for example, for southern and subtropical
fish populations (Hunt et al., 2016; Rintz et al., 2025), the terminology adopted here reflects the central role of
iron limitation in shaping the boundary between the subtropical and subantarctic clusters.

Further south, the boundary between the subantarctic clusters (2 and 3) and antarctic clusters (4 and 5) corre-
sponds to the location of the Subantarctic Front. The position of this front is here derived from satellite altimetry
data (Park & Durand, 2019). In previous bioregionalizations of the Southern Ocean, such as the one proposed by
Longhurst (2007b), the Polar Front was used as the southern boundary. However, it has been demonstrated that
the phytoplankton phenology and biomass are significantly different north and south of the Subantarctic Front
(Sallée et al., 2015). This front is also marked by a sharp surface temperature drop, typically below 8°C (Park
et al,, 2019), which has been used to delineate biomes in other classification schemes (e.g., Fay &
McKinley, 2014). Note that in the eastern Pacific sector, the subantarctic Cluster 4 tends to extend further north
across the Subantarctic Front, which could be explained by the ephemeral occurrence of fronts in this sector, with
enhanced latitudinal variability because it is less constrained by bathymetric features than in the western Pacific
sector (Chapman, 2017; Chapman et al., 2020).

The latitudinal gradient in the timing of the phytoplankton bloom is clearly evident in our results (Figures 1b—1d),
consistent with previous observations (Ardyna et al., 2017; Simon et al., 2025). The bloom climax (maximum of
the phytoplankton biomass accumulation rate, r) occurs in winter (July—August) in subtropical regions, in late
winter/early spring (August—September) in subantarctic regions, and in spring (October) in the antarctic regions.
This confirms the importance of the light limitation in early spring as one of the main environmental drivers of the
phytoplankton production (Boyd, 2002) and of the latitudinal patterns in phytoplankton phenological regimes
(Ardyna et al., 2017; Bock et al., 2022; Simon et al., 2025).

Iron availability is widely recognized as a key driver of the non-zonal spatial organization of phytoplankton
biomass dynamics in the Southern Ocean (Graham et al., 2015; Sullivan et al., 1993). In the ice-free Southern
Ocean considered here, the dominant pathways of iron supply likely vary regionally and include atmospheric
deposition (e.g., Cassar et al., 2007; Weis et al., 2024), sedimentary inputs associated with shallow bathymetric
features and circulation-topography interactions (e.g., Blain et al., 2007), meltwater-related input (e.g., Lannuzel
et al., 2010), and localized sources such as hydrothermal vents (e.g., Ardyna et al., 2019). Differences in the
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relative importance of these pathways can sustain contrasting bloom magnitude and duration by alleviating iron
limitation over distinct spatial and temporal scales. This heterogeneity is particularly pronounced in our antarctic
clusters (4 and 5), where the longer-lasting bloom observed in Cluster 5 compared to Cluster 4 may be associated
with stronger or more persistent regional iron inputs. In the Atlantic sector, the broad spatial extent of antarctic
Cluster 5 may reflect the convergence of multiple iron supply mechanisms, including dust deposition, shallow
bathymetric features, and ice melt (Ardyna et al., 2017; Boyd et al., 2012). In contrast, in the Indian sector, the
more spatially confined presence of Cluster 5 likely corresponds to phytoplankton blooms developing over the
continental shelves and downstream of the Crozet and Kerguelen islands (Blain et al., 2007; d’Ovidio
etal., 2015). We note that sea-ice related iron pathways are only partially represented in our ice-free domain, and
extending the framework into the seasonal ice zone would allow a more explicit assessment of under-ice and
shelf-controlled iron supply.

4.2. Spatiotemporal Variability of the Identified Bioregions

Our analysis indicates high spatio-temporal variability of the phytoplankton phenology in the Southern Ocean,
with 42% of non-core areas identified (Figure 4). This is consistent with the concept of areas with low repro-
ducibility of climatological seasonal cycles of surface phytoplankton biomass introduced by Thomalla
etal. (2011, 2023), while extending this framework to vertically resolved biomass variability. The largest area of
variability was observed in the eastern Pacific sector between 40°S and 50°S (Thomalla et al., 2011), which aligns
with a large non-core area identified in our analysis, located between the subantarctic and antarctic regimes (white
area in Figure 3). Another area showing similar characteristics (i.e., non-core area and low reproducibility) is
found in the antarctic regime, specifically in the Atlantic and western Indian sectors, and along the ice edge in the
Pacific Ocean.

Approximately half of the non-core areas are induced by the interannual variability within the spatial extension of
the subantarctic and antarctic clusters (Figure S8 in Supporting Information S1). The eastern Pacific sector en-
compasses the transition zone between the subantarctic clusters, where their interannual variability reaches its
maximum (Figure 3). The dominant mode of multi-annual variations of surface Chla detected in this region by
Prend et al. (2022) is consistent with the significant interannual variations observed in our study. In the antarctic
region, the interannual variability in the occurrence of Cluster 5 along the ice edge could be induced by the influence
of the ice as a natural iron source for phytoplankton production (e.g., Lannuzel et al., 2010). In the last decade, the
frequency of occurrence of antarctic Cluster 5 has increased along the ice edge in the Pacific sector (Figure 2¢) and
matched with the higher surface Chla observed in this region during the recent decade (Thomalla et al., 2023). Such
decadal variations could be induced by the particularly important reduction in antarctic sea ice extent since 2016
(Eayrs et al., 2021), which might also influence the phytoplankton communities (Hayward et al., 2025).

Each year, a significant fraction of the Southern Ocean (~30%) appears to have undefined phenological patterns,
reflecting locations where phytoplankton dynamics do not align with climatological seasonal cycles identified
through our bioregionalization (Figure 4). Such areas with grid cells associated with low membership proba-
bilities to a given cluster, which are different from one year to another, could indicate regions where Chla and by,
variations are more likely driven by sub-seasonal processes. These undefined regions represent a large fraction of
the non-core areas (~16% of the Southern Ocean, Figure 4), particularly within the subantarctic and antarctic
regimes. This is consistent with earlier findings that sub-seasonal scale variability is more pronounced at higher
latitudes of the Southern Ocean (Prend et al., 2022; Thomalla et al., 2011).

4.3. Environmental Controls of Vertical and Interannual Phytoplankton Biomass Variability
4.3.1. Regional Drivers of Subsurface Phytoplankton Biomass

Subsurface maxima in phytoplankton biomass, that is, DBMs, are observed across all three phenological regimes
of the Southern Ocean: subtropical, subantarctic, and antarctic. In the subtropical Cluster 0, DBM occurrences are
sparser, covering less than 40% of the cluster's core area and confined to the Atlantic and Indian sectors (Figure 5).
In contrast, in the subtropical Cluster 1 and the subantarctic Cluster 2, DBMs are more frequent, particularly in
January and February. These months are also marked by strong increases in the Chla:by, ratio with depth
(Figure 6), suggesting that photoacclimation processes contribute alongside biomass accumulation to the for-
mation of DCMs in these subtropical and subantarctic regions. The development of DCMs in these regions could
be partly driven by increased light availability at depth, as indicated by the concurrent decline in surface Chla
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Figure 8. Spatial variability of water-column stratification in Cluster 4 during January. January climatological averages of (a) mixed layer depth, (b) depth of the
maximum N2, and (c) the corresponding maximum N? value. The black lines correspond to the climatological locations of the major Antarctic Circumpolar Current

fronts (as in Figure 3).

when subsurface maxima emerge (Figure 6; Cornec et al., 2021). In the nitrate-limited subtropical clusters,
differences in DCM depth (deeper in Cluster O than in Cluster 1) likely reflect variations in nitracline depth
(Figure S9 in Supporting Information S1), potentially requiring phytoplankton to grow at different depths.

In the antarctic region, the DBM is located just below the MLD. The Chla:b,,, ratio shows a modest increase with
depth, peaking near the DBM, indicating some small degree of photoacclimation (Figure 6). Moreover, light
availability may play a limited role in shaping subsurface phytoplankton growth in this regime. As observed by
Boyd et al. (2024), surface Chla continues to increase even as subsurface maxima in Chla and by, develop
(Figure 6).

Interestingly, DBM occurrences in the antarctic regime are restricted to a limited sector south of Australia and
south of the Polar Front (Figure 5). This challenges earlier suggestions of a circumpolar presence of high-latitude
subsurface maxima, commonly reported in the Australian sector (Baldry et al., 2020; Parslow et al., 2001;
Westwood et al., 2011), across the entire Polar Frontal Zone (Boyd et al., 2024). This spatial confinement may
result from unique stratification conditions in this region. South of the Polar Front, stratification is both shallower
and stronger compared to other parts of the sector, as shown by maps of the maximum vertical gradient in
buoyancy frequency (N?) within Cluster 4 (Figure 8). Such localized structure likely promotes the retention of a
subsurface phytoplankton community (Uitz et al., 2009). This assemblage is probably dominated by diatoms
(Baldry et al., 2020; Boyd et al., 2024), which might regulate their buoyancy to exploit recycled nutrients just
below the MLD (Boyd et al., 2024). In contrast, in the rest of the Polar Frontal Zone, where stratification is weaker
and/or deeper, enhanced vertical mixing and reduced light may prevent phytoplankton growth at depth.

Beyond their detection as vertical structures, DCM/DBM features can substantially reshape where productivity is
located in the water column. Recent BGC-Argo-based estimates of primary production in the Southern Ocean
(Vives et al., 2025) show that when a DBM is present, subsurface production (below the MLD) can represent a
major fraction of column-integrated primary production (~60%), compared to ~17% on average. This highlights
that surface observations alone may miss not only a substantial fraction of biomass (Figure S6 in Supporting
Information S1), but also a potentially large share of production occurring below the mixed layer. Such a vertical
decoupling between surface and subsurface signals may have implications for trophic coupling and carbon export
(Baldry et al., 2020; Boyd et al., 2024).

4.3.2. Large-Scale Atmospheric Forcing

Winter MLD variability is significantly related to the SAM index in both the subtropical (Cluster 1) and antarctic
(Cluster 4) regimes (Figure 7). A positive SAM phase is associated with a strengthening and poleward shift of the
westerly winds (Thompson & Wallace, 2000), which in turn influences the MLD through changes in buoyancy
and mechanical forcing (Sallée et al., 2010). Previous studies have shown that the relationship between SAM and
MLD anomalies varies across different sectors of the Southern Ocean and with seasons (Buongiorno Nardelli
et al., 2017). The contrasting relationships observed between subtropical and antarctic latitudes (Figure 7; e.g.,
Buongiorno Nardelli et al., 2017; Wang et al., 2022) may reflect the latitudinal redistribution of the westerly
winds, which tend to weaken at lower latitudes and strengthen at higher latitudes during positive SAM phases,
with the opposite pattern during negative phases. At subantarctic latitudes, north of the ACC, the asymmetric
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influence of the SAM on the MLD (Buongiorno Nardelli et al., 2017; Sallée et al., 2010) may further explain the
absence of a significant relationship in this regime.

In the subtropical regime (Cluster 1), where nitrate availability primarily limits primary production, interannual
deepening of the winter MLD, significantly related to SAM variability, might enhance nutrient supply and in-
crease phytoplankton biomass in spring. Conversely, during positive SAM phases, the maximum winter MLD
tends to be shallower, which may reduce vertical nitrate supply to surface waters and limit phytoplankton growth
(Figure 7). This interpretation is supported by the consistent annual winter mixing down to the nitracline in this
region, where nitrate concentrations increase steeply with depth (Figure S9 in Supporting Information S1). These
findings are also consistent with CMIP5 projections suggesting a future nutrient-driven decline in phytoplankton
and export production across subtropical latitudes due to a reduction in winter mixing (Hauck et al., 2015).
Finally, the SAM-biomass correlation was weaker than the SAM-MLD correlation in our analysis, consistent
with an indirect SAM influence on biomass mediated by winter mixing.

In contrast, in antarctic regimes where primary production is predominantly limited by iron and light, interannual
variations in phytoplankton biomass were not linked to interannual variability in winter MLD potentially driven
by the SAM. The absence of correlation between phytoplankton biomass and maximum winter MLD is likely to
reflect the already deep winter MLDs in the region, where further deepening would have limited effect on iron
entrainment and may instead exacerbate light limitation on phytoplankton growth (Ardyna et al., 2017; Llort
et al., 2015). Additionally, if the iron reservoir lies much deeper than the MLD could reach, the modest year-to-
year variations in MLD (by ~22 m) are unlikely to significantly alter iron supply (Llort et al., 2019). These
findings contrast with satellite-based (Lovenduski & Gruber, 2005) and model-based projections (Hauck
et al., 2015) suggesting an increase in iron supply and productivity under the positive SAM phase. In our
observation-based analysis, however, the interannual variability captured over 2002-2021 does not provide
evidence for such a mechanistic link in the antarctic regimes.

5. Conclusions

Using a 25-year gridded product of weekly vertical profiles of Chla and by, this study provides a bio-
regionalization of Southern Ocean phytoplankton phenology (available on Zenodo: 10.5281/zenodo.18368422;
Mayot, 2026). In contrast to earlier efforts (Ardyna et al., 2017; Fay & McKinley, 2014; Thomalla et al., 2011),
our approach explicitly incorporates the vertical dimension of phytoplankton biomass, alongside its seasonal
variability, and further evaluates the interannual variability of the obtained bioregionalization over the last two
decades.

Six coherent bioregions emerge, organized primarily along a latitudinal gradient with three major regimes:
subtropical, subantarctic, and antarctic. The latitudinal structure of these regimes is partly driven by the light
availability gradient along the latitude (Ardyna et al., 2017; Simon et al., 2025). However, the exact location of the
boundaries between these regimes appears to be shaped by iron availability and the Subantarctic Front, while
localized iron inputs generate non-zonal structures within the antarctic regime. Each year, ~43% of the Southern
Ocean follows these expected phenological patterns, ~21% shows interannual variability, ~30% exhibits un-
defined phenological patterns, and ~6% remains unclassified due to data gaps. This relatively large fraction of
undefined phenology, especially at high latitudes, is consistent with earlier reports of pronounced non-seasonal
variability in the Southern Ocean (Prend et al., 2022; Thomalla et al., 2011).

Our analysis further highlights regional contrasts in the processes shaping DCMs. In the antarctic regime, DCMs
corresponding to DBMs are restricted to areas south of the Polar Front in the Australian sector, where favorable
stratification may promote subsurface accumulation of diatoms. In contrast, in subtropical and subantarctic re-
gions, photoacclimation contributes significantly to the formation of DCMs.

In the subtropical regime, interannual shoaling (deepening) of winter mixing, partly modulated by positive
(negative) SAM phases, may reduce (enhance) spring phytoplankton biomass levels. These results align with
climate projections of future nutrient-driven declines in subtropical productivity under reduced winter mixing
(Hauck et al., 2015). In contrast, our findings do not confirm earlier satellite- and model-based studies (Hauck
et al., 2015; Lovenduski & Gruber, 2005) that suggested enhanced antarctic productivity under positive SAM
phases, nor do they corroborate decadal regime shifts over the last 20 years (Thomalla et al., 2023). The absence
of long-term expansion or contraction of the identified six bioregions suggests that large-scale changes in frontal
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positions or iron supply have been limited over the past two decades. Yet, this apparent stability does not preclude
shifts in phytoplankton community composition (Hayward et al., 2025) or changes occurring outside our
observational domain. Future efforts should aim to connect our phenological regimes with community structure
and quantify their implications for primary production, carbon export, and air-to-sea CO, flux. Because our
analysis is restricted to ice-free regions, we cannot exclude that longer-term trends and decadal variability are
more pronounced in sea-ice influenced regions. Extending this bioregionalization framework based on vertical
phytoplankton biomass profiles into the seasonal ice zone will therefore be an important next step as year-round
high-latitude observations continue to expand, partly thanks to autonomous platforms capable of under-ice
sampling (e.g., Polar Argo mission of the OneArgo program).
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