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Physical vertical fluxes decouple iron and
manganese supply in the Southern Ocean
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Sub-nanomolar concentrations of dissolved iron and manganese seasonally limit phytoplankton
growth in the Southern Ocean, as both are essential cofactors for metabolic processes. These trace
metals are supplied from the subsurface to the surface through physical processes, including winter
entrainment, diapycnal diffusion and Ekman pumping, where they are made available for biological
uptake. Whilst the quantification of these processes for iron has been previously reported, no large-
scale quantification exists for manganese in the Southern Ocean. We analysed regridded dissolved
iron and manganese data from all available Southern Ocean cruises, to quantify these physical supply
processes. Here we show that winter entrainment (18.58 + 4.82 ymol m2yr'manganese; 29.78 + 5.23
pmol m2yriron), followed by diapycnal diffusion (1.59 = 1.51 pmol m2 yr' manganese; 0.55 + 1.58
pmol m?2 yriron), dominates the supply across the Southern Ocean. Matched low iron: manganese
supply ratios along the zero meridian and near the Antarctic Peninsula suggest potential
iron—-manganese co-limitation, with the latter consistent with field observations in the Drake Passage.
Accurately reproducing this spatial variability in models will improve projections of trace metal control

on the Southern Ocean carbon pump.

The trace metals iron (Fe) and manganese (Mn) are essential micronutrients
for phytoplankton growth and primary production in the Southern
Ocean'"’. Despite being the 4th and 12th most abundant elements in the
Earth’s crust, respectively, both metals are largely depleted in the Southern
Ocean surface waters"’, which can lead to regional phytoplankton growth
limitation™”. Southern Ocean phytoplankton have adapted to low Fe con-
ditions through Fe-saving mechanisms, such as substitution of Fe-
containing molecules (i.e., ferredoxin) and a decrease in the Fe-rich pho-
tosynthetic photosystems with a commensurate increase in photosynthetic
antennae size’. Fe limitation can, to some extent, be compensated by Mn
substitution in certain enzymatic systems involved in photosynthetic and
antioxidant processes, allowing phytoplankton to maintain essential
metabolic functions'’. For example, diatoms produce more reactive oxygen
species under Fe limitation and can substitute Mn to activate the antioxidant
enzyme superoxide dismutase'’”". However, due to the depletion of both
elements in Southern Ocean surface waters, this can lead to biochemical co-

limitation, with both elements simultaneously limiting phytoplankton
growth’. Furthermore, co-limitation occurs when phytoplankton’s demand
for these elements, both for growth and superoxide dismutase mechanisms,
exceeds their availability". Mn limitation can also be further intensified by
competitive inhibition from zinc, which interferes with Mn uptake by
phytoplankton; due to its higher concentration and stronger affinity for
metal transporters'>'®. Consequently, Fe-Mn colimitation in the Southern
Ocean reduces phytoplankton productivity, which can influence carbon
cycling in surface waters™"”.

Both dissolved Mn and Fe (dMn and dFe; <0.2 pm) are redox-reactive
elements whose bioavailability to phytoplankton is influenced by oxygen
and light, with higher light promoting photoreduction of Mn and Fe oxides
in surface waters'". In such conditions, their reduced forms are oxidized
into insoluble forms, thereby reducing their availability to
phytoplankton'**. The Southern Ocean is characterized by sub-nanomolar
concentrations of both metals, primarily due to its remoteness from land
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and limited atmospheric inputs*'. However, Mn and Fe concentrations can
be locally increased by other external inputs like hydrothermal®,
sedimentary”, and sea-ice melt sources™. Differences in their internal
cycling and removal processes result in distinct water column
distributions™. The distribution of trace metals at depth reflects large-scale
mixing between distinct deep water masses, such as North Atlantic deep
water (NADW) and Antarctic bottom water (AABW), which carry char-
acteristic background concentrations at formation (e.g., deep NADW in the
West Atlantic contains dFe in the range of approximately 0.3-0.7 nmol kg™’
and dMn in the South Atlantic around 0.10-0.16 nmol kg’l, while AABW
in the South Atlantic has dFe between roughly 0.3-0.5 nmol kg ' and dMn
near 0.16 nmol kg~')**”’, although Mn is rapidly removed during southward
transport in NADW?. dMn profiles in the Southern Ocean typically show a
scavenged-type profile, with low surface (<50 m) concentrations due to
biological uptake and rapid removal, followed by a shallow subsurface
maximum near ~100 m*"”. This subsurface increase is driven by remi-
neralization and dissolution of the particulate Mn pool (pMn; >0.2 um),
mainly from labile and semi-labile fractions®. Below this depth, dMn
concentrations decrease rapidly due to efficient scavenging. In contrast, dFe
profiles often show a bioactive-type profile, with surface depletion caused by
biological uptake and a more gradual increase with depth due to
remineralization”. Dissolved Fe persists to deeper depths than Mn because
it is strongly complexed by organic ligands, which reduce scavenging and
stabilize Fe in the dissolved phase, together with additional deep-ocean
sources, such as hydrothermal inputs®. The scavenging of Fe is primarily
influenced by the concentration of dFe and the presence of iron complexing
organic ligands, which stabilize Fe in the water column and prevent its rapid
removal. When dFe concentrations exceed those of the ligands, scavenging
rates increase, leading to a faster removal of dFe from the ocean interior than
under ligand-saturated (ligand-excess) condition™. Some studies suggest
that the same ligands that bind Fe’* can also bind Mn**, decreasing its
conversion to Mn***”. Removal of dMn is largely driven by the oxidation to
pMn, where its oxidized form can scavenge itself and other trace metals,
including Fe, from the ocean interior’”. For Mn to be removed, its oxidation
rate must exceed the reduction rate by bacteria, which converts it back
to dMn".

In the Southern Ocean, remineralization of particulate species is the
primary driver of internal dFe supply, particularly in regions where external
inputs are limited”. This process replenishes the subsurface dissolved trace
metal reservoirs™. While winter entrainment is recognized regionally as the
main pathway delivering remineralized Fe, as well as hydrothermal and
sedimentary sources, into the surface mixed layer™, the relative con-
tribution of these sources to both Fe and Mn across different Southern
Ocean regions and their seasonal variability remain poorly quantified.
During winter entrainment, deep vertical mixing driven by winds and air-
sea buoyancy fluxes resets the mixed layer depth (MLD), entrains Mn and Fe
into the surface ocean, and replenishes the dMn and dFe stocks™*. Dia-
pycnal diffusion”, the vertical diffusion across density layers, Ekman
pumping”®, wind-induced surface divergence and other physical processes,
such as seasonal wind, lateral advection and storm-driven entrainment®’, all
help to sustain this surface reservoir throughout the year.

During spring and summer, photoreduction of particulate trace metals
can further supplement the dFe and dMn reservoir***'. Whereas springtime
detrainment—the subduction of surface waters out of the mixed layer—
along with phytoplankton uptake and Ekman downwelling, acts as a sink,
reducing mixed layer stocks. Particulate scavenging, another sink, shapes
the vertical profile of dissolved trace metals by influencing their con-
centration gradient with depth. This gradient is crucial for estimating the
vertical input of trace metals across the mixed layer. The depth at which the
concentration gradient is greatest (i.e., nutricline), known as the manga-
nocline for Mn (ZMn) and the ferricline for Fe (ZFe), helps identify where
vertical physical processes are most dominant for trace metals™*. In some
cases, multiple depths may exhibit similarly strong gradients, especially in
regions with layered water masses or active subsurface remineralization. In
such cases, the shallowest depth is typically chosen as ZMn or ZFe, as it best

represents a more relevant depth for vertical trace metal supply into the
mixed layer”. Assessing the offset between the dMn and dFe gradients at the
base of the maximum MLD (MLDmax) and the nutricline can provide
insight into particulate scavenging depths and rates, remineralization pro-
cesses, and contributions from deep-water sources, such that the nutricline
can be deeper than the MLD***,

While previous studies have demonstrated the importance of winter
entrainment and diapycnal diffusion for Fe supply across the entire
Southern Ocean™*, there is only one regional study for Mn in the Atlantic
sector of the Southern Ocean™. Given the potential for Mn-Fe co-limitation
in the Southern Ocean®, it is essential to constrain this relationship with the
physical supply pathways of both trace metals. This knowledge is important
for understanding how primary production in this climate-regulating
region may respond to shifts in trace metal concentrations", as the physical
drivers of their fluxes are directly influenced by climate variability. Here we
use the most recent trace metal data available from the GEOTRACES
Intermediate Data Product (IDP) 2025" database for all open ocean
Southern Ocean cruises (south of 30°S) and other data from GEOTRACES
cruises (see “Methods”) to quantify winter entrainment, Ekman pumping,
diapycnal diffusion and detrainment, thereby determining the dominant
physical processes driving dMn and dFe fluxes in this region. We further
assess their extent by examining the offset between the maximum nutricline
depth and MLDmax. When MLDmax approaches or exceeds the nutricline,
winter mixing can entrain Fe- and Mn-rich waters into the mixed layer.
Conversely, if MLDmax remains shallower than the nutricline, the physical
supply of these metals is limited. This offset, therefore, reflects how changes
in winds and buoyancy impact the delivery of Fe and Mn into the mixed
layer. Furthermore, by computing the Fe and Mn colimitation tracer, Mn*,
defined as the deficiency of dMn relative to dFe for phytoplankton growth,
and directly comparing it to the ratio of total dFe supply to total dMn supply,
we identify regions where the system is potentially co-limited by these
elements.

Results and discussion

Nutricline depths shape the supply of Fe and Mn

Across the Southern Ocean, winter MLDmax ranged from 45 to 232 m, with
the deepest mixed layers generally found south of the polar front (Supple-
mentary Table 1). The depths of ZMn and ZFe ranged from 92-217 to
169-279 m, respectively, both tending to increase south of the polar front.
Interbasin variation in ZMn was evident, with depths spanning 80-260 and
99-212 m in different regions, whereas ZFe showed relatively similar depth
ranges (162-288 m) across the Southern Ocean. The ZFe observed here
agrees with previous reports in the Southern Ocean, ranging between 100
and 300 m™*, most of which extend below the MLDmax". In the Indian
basin, ZFe was deeper than ZMn, indicating that a larger fraction of the Fe
inventory is concentrated at deeper depths in the water column compared to
Mn. As a result, Fe entrainment into surface waters requires deeper vertical
mixing, driven by stronger winds, reduced stratification, or higher-
magnitude buoyancy fluxes. Conversely, in the Atlantic and Pacific
basins, the ZMn occurs deeper in the water column, where dMn con-
centrations are already decreasing with depth. As a result, entrainment of
Mn into the surface mixed layer requires stronger physical fluxes compared
with Fe, for which concentrations typically increase with depth. The
resulting mean offset, the difference between the nutriclines and MLDmax,
was 126 m for dMn (Fig. 1d) and 197 m for dFe (Fig. 1e), suggesting limited
input of these trace metals into the mixed layer via different subsurface
physical supply processes.

The supply of dMn and dFe to surface waters via diapycnal diffusion
and Ekman pumping is controlled by both the magnitude of the vertical
concentration gradients (0dMn/dz and 0dFe/0z) near the MLD, relative to
the gradients at ZMn and ZFe. Mean 0dMn/dz at ZMn and odFe/oz at ZFe
were both deeper than those at MLDmax in all basins of the Southern Ocean
(Supplementary Fig. 1), indicating that diapycnal diffusion and Ekman
pumping are most intense below the mixed layer and may not directly
transport dFe and dMn vertically to the surface. The potential density
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Fig. 1 | Spatial comparison of the maximum mixed
layer depths, nutriclines and their offsets. Maps of
a the annual maximum mixed layer depth
(MLDmax; m), b the manganocline depth (ZMn;
m), ¢ the ferricline depth (ZFe; m), d the offset
between the MLDmax and ZMn and e the offset
between the MLDmax and ZFe. Please see the
“Methods” for the definition of ZMn and ZFe. The
red dashed lines show the boundaries between the
major ocean basins of the Southern Ocean. The
climatological position of the Antarctic Polar Front
is shown in black, determined from the criteria
outlined in literature™. The calculations were con-
ducted on a 1° grid but are displayed on a 3° grid for
visual clarity. While most datasets are obtained from
the IDP 2025 database, additional datasets not yet
included in the IDP are the samples collected during
the ANAO8B research expedition to the Amundsen
Sea in 2017-2018 austral summer.
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anomaly (dg, kg m ™) was used to trace both the nutricline and the pycno-
cline, which separates the deeper, denser waters from the lighter, upper
waters. South of the polar front, denser waters dominate the upper ocean,
and the gg = 27 kg m™ isopycnal-associated with the subsurface maxima of
Mn (ZMn) and Fe (ZFe) is present within these water masses. This indicates
a region where a high supply of nutrients from subsurface to surface waters
is expected (Supplementary Fig. 2). This potentially reflects stronger
upwelling and vertical mixing south of the polar front, common in Southern
Ocean frontal zones due to wind-driven Ekman divergence and reduced
stratification.

Winter entrainment drives the supply of Fe and Mn

Differences in Mn and Fe entrainment stocks reflect metal-specific removal
processes, particularly scavenging. For Mn, concentrations decrease with
depth, meaning surface entrainment is largely controlled by the depth of the

winter mixed layer and not by subsurface reservoirs below the nutricline. In
contrast, Fe concentrations can remain elevated at depth, so entrainment
may still draw on deeper subsurface stocks (Fig. 2). To assess the relative
contributions of different physical processes, we find that winter entrain-
ment is the dominant mechanism replenishing dMn (19 + 5 pmol m ™~ yr™%
with mean * standard deviation throughout the manuscript) to the mixed
layer, contributing between 64 and 121% to the total physically driven
supply across the Southern Ocean (Fig. 3a). Regional differences in winter
entrainment stocks across basins likely reflect variations in winds and air-sea
buoyancy fluxes, which control MLD and thus the size of the entrained
reservoir. Mn winter entrainment was highest on average in the Indian basin
(19 + 4 umol m? yr "), though values were comparable across basins within
uncertainty (Supplementary Table 2). Similarly, winter entrainment
dominated the physical supply of dFe (30 + 5 pmol m*yr "), contributing
71-106% to the total dFe vertical supply (Fig. 3b). This is consistent with
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previous studies” that reported a mean Fe winter entrainment flux of
21 ymol myr " and a contribution of over 60% to the total vertical flux
across the Southern Ocean. Mean Fe winter entrainment ranged from 32 to
36+ 4-5 umol m™ yr™ across the Southern Ocean basins, with values that
were comparable within uncertainty (Supplementary Table 3). Comparable
ZFe ranges indicate a similar vertical position of the Fe gradient and
therefore similar entrainment of dFe into the mixed layer via deep winter
mixing. Mean Fe entrainment exceeded Mn throughout the Southern
Ocean, consistent with a larger subsurface (>200 m) Fe reservoir relative to
Mn (Supplementary Fig. 3). Moreover, Fe winter entrainment was higher
than Mn both north of the polar front (Fe: 33+ 10 umolm™yr™'; Mn:
21+ 5pmolmyr") and south of the polar front (Fe:
27 +4umolmyr s Mn: 17 +4 umolm *yr ). Differences in vertical
entrainment stocks are reflected in water column distributions across the
Southern Ocean basins. Low deep-water Mn concentrations relative to Fe
may lead to Mn dilution (decreasing the Mn reservoir size) and Fe
enrichment in the mixed layer, resulting in higher entrainment of Fe relative
to Mn (Supplementary Fig. 3). The mean diapycnal diffusion flux of dMn
across the Southern Ocean was 2 + 1 umol m™ yr”, contributing 9-21% of
the total dMn flux (Fig. 3¢). Although these fluxes are generally positive, the
direction of diffusive exchange can vary seasonally. During winter, when the
mixed layer deepens below the subsurface dMn maximum (~100-150 m),
vertical gradients weaken or reverse, leading to negative (downward) dif-
fusive fluxes, while in spring and summer, shoaling of the mixed layer above
the concentration maximum produces upward fluxes. The highest mean
fluxes occurred in the Atlantic sector, which also showed the largest varia-
bility (0.8 + 2.3 umol m™? yr'), followed by the Indian (0.5 + 1.4) and Pacific
(0.4 £0.6 pmol m™yr ') sectors. The mean dFe diffusive flux was slightly
lower (0.6+1.6 ymolm™yr '), contributing 2-20% of the total flux
(Fig. 3d). Differences from previous estimates” (2.1 pmol m?yr ") likely
arise from updated mixed-layer climatology and improved seasonal data
coverage, refining vertical gradient estimates across basins.

Mean Ekman-driven Mn fluxes were 2 + 15 pmol m™ yr™ across the
Southern Ocean (Fig. 3e), with both net additions associated with Ekman
upwelling and net losses associated with Ekman downwelling observed
regionally. Net Mn additions ranged from 2+ 18 to 3 + 13 pmol m™ yr™,
while net losses reached —0.1 + 14.1 ymol m™ yr. Similarly, mean Ekman-
driven Fe fluxes were 4 +20 umolm?yr" across the Southern Ocean
(Fig. 3f), with net additions for Fe observed throughout the region. These
additions ranged from 0.3 +20.5 to 1.4 + 18.8 pmol m™ yr, with compar-
able magnitudes within uncertainty. For both Fe and Mn, there is a tran-
sition from Ekman convergence (downwelling) north of the polar front to

Ekman divergence (upwelling) south of the polar front. This shift occurs as
wind stress curl increases and changes sign from negative to positive south of
the atmospheric subtropical jet, around 40°5**,

The observed positive vertical fluxes of dFe and dMn reflect the
combined influence of winter entrainment, diapycnal diffusion, Ekman
upwelling, and remineralization, which together link subsurface and deep-
water reservoirs to the surface mixed layer at the basin scale. Superimposed
on these large-scale patterns, regional processes can locally enhance upward
trace-metal transport. For example, around the Antarctic Peninsula, ele-
vated sediment and porewater resuspension provide an additional subsur-
face source of dFe and dMn that can be upwelled or entrained into the mixed
layer over time™'. Fluxes may also be modulated by the vertical redistribution
of atmospherically supplied trace metals, which can remain confined to the
surface on timescales of days to weeks and stabilized by organic ligands™. In
addition, interactions between currents and subsurface continental shelf
topography can generate turbulent mixing events that promote the upward
transport of dissolved trace metals across the mixed-layer depth™.

While atmospheric deposition can contribute to total fluxes and, for Fe,
supports a portion of Southern Ocean productivity’*, many inputs are highly
localized near dust sources. As a result, dust-derived dFe and dMn inputs
have a limited impact in much of the offshore Southern Ocean. We provide
estimated atmospheric fluxes of Mn and Fe across different Southern Ocean
basins’~’ (Supplementary Table 4). Overall, trace-metal supply in the open
ocean is dominated by vertical fluxes from entrainment, mixing, and
remineralization, with Mn cycling primarily controlled by these internal
ocean processes rather than external dust inputs™.

Supply ratios drive phytoplankton co-limitation
Spatial and temporal variations in Mn:Fe supply ratios can decouple the net
supply of these trace metals, influencing whether the biological require-
ments for one element over the other are met. Across the Southern Ocean,
total physical Fe supply (Fig. 4a) exceeds that of Mn (Fig. 4b), with mean
Fe:Mn supply ratios of 2 + 1 north of the polar front and 1 + 1 south of it
(Fig. 4¢). To better understand the biological implications of this supply
imbalance, we applied the Mn limitation tracer (Mn*) alongside Fe:Mn
supply ratios to diagnose potential regions of Fe, Mn, or co-limitation.
The Mn limitation tracer, averaged over the surface to 100 m, was
previously defined as Mn* = dMn~(dFe/rFe:Mn)', where rFe:Mn represents
the average Fe:Mn ratio of phytoplankton (an average value of 3.3, calcu-
lated from the 2.5 ratio for diatom dominated waters south of the polar
front and 4.0" for haptophytes (flagellates) dominated waters north of the
polar front™). Here we focus on stations within Southern Ocean high-
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Fig. 3 | Physically-mediated processes driving the
fluxes of dissolved Mn and dissolved Fe in the
Southern Ocean. Maps of annual winter entrain-
ment fluxes of a Mn and b Fe; annual diffusive fluxes
of ¢ Mn and d Fe; Ekman downwelling/upwelling
fluxes of e Mn and f Fe. All fluxes are in units of
pmol m~yr~". The climatological position of the
Antarctic Polar Front is shown in black, determined
from the criteria outlined in literature’. The calcu-
lations were conducted on a 1° grid but are displayed
ona 3°grid for visual clarity. The data used here were
collected as described in Fig. 1.
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nutrient, low-chlorophyll (HNLC) waters to avoid including
macronutrient-limited subtropical gyres, where Fe or Mn limitation is
unlikely and could bias the interpretation of Mn* (Supplementary Fig. 4).
Surface phosphate concentrations in the Southern Ocean typically average
~1.6+0.2 uM south of 50°S and ~1.1 + 0.4 uM north of 50°S*; therefore,
stations with phosphate concentrations above ~1uM were considered
representative of macronutrient-replete HNLC waters. Although we apply
fixed Fe:Mn ratios (2.5 and 4.0) based on diatom versus flagellate dom-
inance, we acknowledge this is a simplification and that in reality there may
be much more variability in this stoichiometry (Supplementary Fig. 5).
Previous experimental work in the Drake Passage® has demonstrated
robust Fe-Mn co-limitation in both diatoms® and picoeukaryotes, where
they also assumed average cellular Fe:Mn ratios of approximately 2.7 to
represent co-limited conditions. In our study, Mn* was positive and ele-
vated (>0.15 nmol kg™) across the Southern Ocean, showing primary Fe
limitation. Lower Mn* values (—0.10 to 0.08 nmolkg ") point to the
potential for Fe-Mn colimitation or secondary Mn limitation regions,
particularly in the central Drake Passage and along the zero meridian
(Fig. 4d). This aligns with recent observations in the central Drake Passage,
which showed that maximum photosynthetic efficiency was achieved only
when Fe and Mn were supplied together during incubation experiments®®'.
Our results also suggest potential Fe-Mn co-limitation along the polar front

in the Indian sector (Fig. 4d). This aligns with previous modeling results'’
indicating high Mn limitation strength in the region; however, bioassay
experiments are required to verify the occurrence of Mn limitation or
Fe-Mn co-limitation.

Across the Southern Ocean basins, patterns in Mn* and Fe:Mn supply
ratios show strong regional trends (Fig. 4c, d, and Supplementary Table 6).
The Atlantic sector shows a variable Mn*, reaching down to ~0 nmol kg™ in
the central Drake passage (Atlantic mean 0.4 + 0.4 nmol kg™), accompanied
by a moderate physical supply Fe:Mn ratio (1.5 + 0.9), indicating potential
Mn-Fe limitation. In the Indian sector, Mn* averaged moderate values
(0.18 +0.15 nmol kg ™), and the high Fe:Mn supply ratio (1.18 + 1.15) hints
at potential Fe—-Mn co-limitation. The Pacific had the highest Mn* values
(0.7 £ 0.4 nmol kg), indicative of Fe limitation, but Fe:Mn ratios were
similar across basins (Pacific: 1.5 + 0.6; Atlantic: 1.5 + 0.6), indicating that
potential Mn limitation is comparable between regions within the uncer-
tainties. This decoupling between Mn* and Fe:Mn ratio may reflect more
efficient Mn recycling relative to Fe removal in the Pacific sector. However,
limited data coverage in the Pacific may also contribute to variability in Mn*
and Fe:Mn ratio signals. In the Southern Ocean, Mn* values were com-
parable north (0.5 + 0.4 nmol kg™) and south (0.5 + 0.4 nmolkg™) of the
polar front, although the Fe:Mn supply ratio was relatively higher to the
north (1.6 + 0.9) than to the south (1.3 + 0.8). Overall, coupling (low Mn*,
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Fig. 4 | The relationship between the total internal a
physical supply of dissolved manganese and dis-
solved iron in the Southern Ocean. Maps of a total
annual dFe supply (fdFe; pmol m > yr ), b total
annual dMn supply (fdMn; umol m > yr™"), ¢ Fe:Mn
supply ratio, calculated as fdFe/f{dMn, and

d manganese co-limitation tracer (Mn*) showing
Mn deficiency and potential Fe-Mn co-limitation in
the surface Southern Ocean (0-100 m), calculated
using Fe:Mn ratios of 2.510 south and 4.010 north of
the polar front. Orange points indicate locations
approaching Mn-Fe co-deficiency, and blue points
represent sites with evidence of primary Fe limita-
tion. Here, only high nutrients, low chlorophyll
stations with elevated surface PO4 concentrations
are shown to avoid inclusion of macronutrient-
limited subtropical waters. The climatological C
position of the Antarctic Polar Front is shown in
black, determined from the criteria outlined in
literature”. The calculations were conducted on a 1°
grid but are displayed on a 3° grid for visual clarity.
The data used here were collected as described

in Fig. 1.
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high Fe:Mn) is strongest in the Atlantic basin, suggesting potential Mn-Fe
colimitation, while high Mn*, low Fe:Mn ratios in the Indian and Pacific
sectors suggest more prevalent Fe limitation. The large standard deviations
reflect notable spatial differences in Mn within each basin, indicating that
averaging over entire basins at lower resolution may underestimate
important local variations in Mn and Fe limitation. The use of a fixed Fe:Mn
uptake ratio also introduces uncertainty, as it does not capture the natural
variability in phytoplankton community structure and their physiological
responses to trace metal availability.

Biogeochemical implications in a changing climate

Given the Southern Ocean’s central role in the global carbon cycle®, the
regional decoupling between Fe and Mn supply and phytoplankton biolo-
gical demand has important implications for primary production and
ecosystem services™. Our findings highlight the importance of considering
the physically—mediated supply of both Fe and Mn to understand phyto-
plankton productivity in the Southern Ocean, particularly given the large
spatial differences in the supply mechanisms. The drivers of the upper-
ocean physical processes (changes in buoyancy, oceanic currents and
mixing) are already showing evidence of climate-driven changes. For
example, pycnocline stratification has increased over recent decades,
making vertical mixing weaker®, especially in the Atlantic basin®’. However,
stronger surface turbulence from increases in wind stress has helped to
deepen the mixed layer®. This turbulence can overcome stratification,
resulting in upwelling-favorable conditions, allowing micronutrients like
Mn and Fe to mix into the surface ocean. In summer, strong stratification
can still reduce mixing efficiency despite these deeper mixed layers, thus
slowing the rate of diapycnal diffusion and Ekman pumping. However, in
winter, if turbulence keeps increasing, it could improve mixing and the
recharge of surface nutrients through winter entrainment, depending on
how strong and persistent the winds are. These changes in MLD not only
influence the physical supply of Fe and Mn from below but also alter

phytoplankton demands by modulating light availability, as shallower layers
increase light exposure, which can stimulate growth and increase trace metal
demand”. Altogether, these physical and biological processes dictate the
seasonal availability of Fe and Mn. By decoupling the physical fluxes of Fe
and Mn, we can identify localized regions of potential Mn-Fe co-limitation
and providing a process-based, spatially resolved understanding of trace
metal dynamics in the Southern Ocean.

Methods

Database data collection

The dissolved trace metal and phosphate (PO,4) data used in this study,
including both concentration and hydrography south of 30°S, were
downloaded from the GEOTRACES IDP 2025 database”. Additional
datasets used in this study, not yet included in the IDP, are samples collected
during the ANAO8B research expedition to the Amundsen Sea in
2017-2018 austral summer (see Supplementary Fig. 6 for a plot of all sample
locations used in this study). All samples were collected and analysed fol-
lowing standard GEOTRACES protocols, consistent with methods used on
previously published GEOTRACES cruises. The Argo float data”, collected
and made freely available by the International Argo Program and con-
tributing national programs (https://argo.ucsd.edu, https://www.ocean-ops.
org), are part of the Global Ocean Observing System.

Data processing and interpolation

The combined database was processed similarly to previous methods® with
modifications as follows. The data was regridded into 1° x 1° longitude and
latitude bins, interpolated on a uniform depth grid with a 25m depth
resolution in the upper 1000 m, as it comprises the maximum mixing over
the year across the Southern Ocean. Different depth conditions were applied
to the interpolated data: we first conditioned the data to have at least one
observation in the upper 50 m, at least one observation deeper than 400 m
and finally at least five observations per station. A Pchip interpolation
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method was then applied to the resulting profiles to interpolate variables
(Mn and Fe concentrations and potential density) within the depth range
bins. The concentration at the depth of 0 m was taken as the concentration at
the first depth of 25 m.

Data validation

Before using the interpolated data, we performed a control check to assess
the validity and reproducibility of the regridding and PCHIP interpolation
approach. Validation was carried out by reproducing previously published
results from the well-resolved SCALE 2019 dataset’ and the SR3 transect
(Supplementary Figs. 7 and 8). To minimize sensitivity to data resolution,
interpolation was only applied to stations meeting strict conditioning cri-
teria: at least one observation in the upper 50 m, one deeper than 400 m, and
a minimum of five depth levels per station. Under these conditions, seasonal
MLDs reproduced the published results with mean differences of 3.10 m in
winter and 9.24m in spring, while total dMn fluxes differed by only
0.15 pmol m™ yr”, indicating robust performance of the interpolation.

Vertical flux calculations of dMn and Fe

The dMn and dFe gradients with depth (0dMn/dz and ddFe/oz) were
computed using the nearest neighbor method. ZMn and ZFe were calcu-
lated as the depth (<1000 m) where ddMn/dz and ddFe/dz are maximal.
Winter entrainment was estimated by integrating dMn and dFe from the
surface (0 meters) down to the maximum mixed layer (MLDmax) depth at
each station, obtained from the Argo database. The winter-entrained dMn
and dFe stock that is detrained during spring mixed layer shallowing was
estimated as the ratio between MLDmin and MLDmax multiplied by the
winter entrainment flux. Diapycnal diffusion was calculated by taking ddFe/
oz and 0dMn/0z at the MLD and multiplying by an estimate of the vertical
diffusivity (k,). We used an average K, of 10 *m’s™’, representing the
geometric mean of commonly reported open-ocean values
(10°-10° m*s™")°. Ekman pumping, which represents the vertical move-
ment of water driven by westerly winds, Coriolis force from Earth’s rotation,
and inertial forces”, was calculated by multiplying the surface northwards
and eastwards component of the wind stress curl (kg m ™" s~*) with the mean
mixed layer dFe and dMn concentrations (nmol kg™), the Coriolis force
(s™) and density (kg m ). The wind stress components were obtained from
the Copernicus Climate Change Service (C3S) ERA5, which is the fifth
generation of the European Center for Medium-Range Weather Forecasts
atmospheric reanalysis of the global climate (Copernicus Climate Change
Service, 2017). Negative Ekman fluxes indicate downwelling, while positive
values represent upwelling.

Mixed layer and nutricline depths estimation

The MLD was calculated using CTD sensor data and co-located ARGO float
profiles where they are available, using a density threshold method””, defined
as the depth where the interpolated potential density exceeds the surface
density (10 m) by more than 0.03 kg m . Co-locating the CTD and ARGO
profiles involved applying a weighting factor of (1/d*) for the same month
and year of sampling, where d represents the distance between the in situ
CTD measurements and the ARGO profiles. The average weighting factor
within the study region was 1.36 x 10~* (Supplementary Fig. 9), suggesting
that the distances between CTD and ARGO profiles were relatively small.
Similarly, applying this factor had little to no effect on the MLD values,
suggesting that the MLD was relatively insensitive to the small distances
between the CTD and ARGO profiles.

To determine ZFe and ZMn, the processed profiles were vertically
interpolated, identifying the depths (<1000 m) at which the vertical gra-
dients (ddFe/dz and 0dMn/0z) were greatest. To avoid bias from sediment-
driven signals in coastal systems, profiles where ZFe occurred at more than
80% of the bottom depth were excluded.

Data availability
All data used in this study are publicly available in the IDP2025. Data from
the Amundsen Sea is available at https://doi.org/10.25850/nioz/7b.b.bd.

Code availability
The Python script used in this study is made available on GitHub at https://
github.com/Thapelo934/Physical-vertical-fluxes.git.
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