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In the Indian sector of the Southern Ocean, 80°E marks an important transition in
ocean circulation between the greater Prydz Bay gyre to the west and the Australian
Antarctic gyre to the east. Here, the submarine Kerguelen Plateau impedes the
eastward flow of the Antarctic Circumpolar Current (ACC), topographically steering
the flow. Enhanced biological productivity associated with the southern plateau
supports an important marine ecosystem with many foraging marine predators. We
collate ship-based hydrographic data on the vertical structure of the upper water
column near 80°E from eight voyages spanning 1994 to 2021, from 58°S towards
the Antarctic continent. The study aims to investigate the mixed layer oceanography,
the implications for nutrient supply from deep to near-surface waters, and
associated biological production. Our results show that the major oceanographic
fronts are constrained within the narrow Princess Elizabeth Trough, between the
southern Kerguelen Plateau and the Antarctic slope. Therefore, the Southern
Boundary and the Southern ACC Front (SACCF) are often co-located, albeit with
some interannual variability, with the location of the SACCF ranging from roughly
63°S to 65°S. The average depth of the seasonal mixed layer ranges from 34-49 m,
typically deepening from south to north, in association with longer time since sea-
ice melt. Below the mixed layer, Winter Water (WW) characteristics also vary across
the observed latitudinal range; typically the temperature and thickness of the WW
layer are inversely related, with warmer WW layers being thinner. Subsurface nitrate
concentrations range from 20-40 uM, while silicate concentrations reach 100 pM.
Nutrient drawdown is calculated based on mean concentrations in the mixed layer
and WW layer, with drawdown values at individual stations reaching nearly 12 uM
and 60 uM for nitrate and silicate, respectively, and a positive correlation between
the two. Nutrient drawdown was higher in association with longer time since sea-ice
melt and with thinner WW layers, while higher nitrate-based production was
associated with deeper mixed layers. Observed relationships between upper water
column characteristics and biological processes are discussed in terms of likely
nutrient supply mechanisms and seasonal patterns of utilization.
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1 Introduction

The Southern Ocean plays a central role in supporting the global
climate, providing a direct link to global biogeochemical cycles
through redistributing nutrients, carbon, and oxygen between the
major ocean basins, and between the deep ocean, surface ocean, and
atmosphere (Henley et al., 2020). It connects the Indian, Pacific, and
Atlantic Oceans through the influence of the Antarctic Circumpolar
Current (ACC) (Orsi et al., 1995). The eastward-flowing ACC is
deflected by topography in different regions of the Southern Ocean
(Lu et al,, 20205 Talley, 2011; Williams et al., 2010); when passing
through constrictive bathymetric troughs or around major
submarine plateaus, the flow intensifies, and meridional
meandering may occur downstream, facilitating enhanced
mesoscale eddy activity associated with cross frontal exchange and
upwelling (Foppert et al., 2017; Tamsitt et al., 2017; Rintoul, 2018).
In the south Indian sector, the major obstacle is the submarine
Kerguelen Plateau, which significantly influences the path of the
ACC (Sparrow et al, 1996; Heywood et al., 1999; Vivier et al., 2015;
Bestley et al.,, 2020). As the ACC approaches the southern Kerguelen
Plateau (SKP), the Southern Boundary (SB) and Southern ACC
Front (SACCF) are diverted to the south through the Princess
Elizabeth Trough (PET). Further east, their flow is then deflected
northward along the eastern flank of the SKP.

The Southern Ocean overall is known to be a high nutrient low
chlorophyll (HNLC) region, due to low concentrations of iron that
limit phytoplankton production despite the availability of
macronutrients (Boyd et al., 2012; Henley et al, 2020). Iron is
supplied through various mechanisms including dust deposition,
sea-ice melt, redistribution of suspended sediments from shallow
shelf areas, and glacial meltwater from ice shelves and icebergs (Gao
et al., 2020; Laufkatter et al., 2018; Rintoul, 2018; Schallenberg et al.,
2018). The sustained phytoplankton blooms observed in the SKP
region are thought to result from a higher subsurface iron supply
here than other regions (Schallenberg et al., 2018). This increased
primary production may positively influence Antarctic krill (Nicol
et al,, 2000b; Nicol and Raymond, 2012; Bestley et al., 2018) and
their dependent higher-order predators (Raymond et al, 2015;
Patterson et al., 2016) including migratory species such as
humpback whales (Bestley et al., 2019).

Physical features affecting the upper ocean structure can have a
large influence on primary production given the reliance of
phytoplankton cells on light and nutrients for growth (Pinkerton
et al, 2021). Phytoplankton growth is constrained to within the
euphotic zone (where incoming light is sufficient for photosynthesis).
If the mixed layer is deeper than this, and cells are mixed below the
euphotic zone, then growth may be sub-optimal due to periods of
darkness. Mixed layer dynamics are therefore important for
phytoplankton, as light limitation may reduce phytoplankton
growth and overall primary productivity (Nelson and Smith, 1991;
Westwood et al., 2010). The structure of the water column also
influences macro- and micro-nutrient supply, including upwelling of
nutrients into surface waters (Williams et al., 2010).
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There are also significant seasonal influences on the control of
phytoplankton growth (Arrigo et al, 2008). The high latitude of
the Southern Ocean means that light availability shows a strong
oscillation between limited daylight in winter and extended daylight
hours in summer. The seasonal advance and retreat of sea ice also
exerts an important control on upper ocean dynamics, influencing
both light and nutrient availability. When sea ice melts, the release of
low-salinity water stratifies the water column, and iron is also released
(Person et al., 2021). This creates favorable conditions for
phytoplankton growth and ice-edge blooms are often observed
(Westwood et al., 2010; Williams et al, 2010). Seasonal summer
warming serves to stratify the upper water column and stabilizes the
mixed layer while in winter, the mixed layer again deepens (Sallee
et al, 2010). In ice-free regions, decreasing temperatures and
enhanced winds convect the water column and deepen the mixed
layer; in the seasonal ice zone, brine rejection enhances convection
and deepens the mixed layer (Williams et al., 2010). A clear signature
in polar waters is the remnant winter mixed layer, or Winter Water,
evident as a cold temperature minimum layer beneath the summer
mixed layer above (e.g. van Wijk et al., 2010).

To understand how physical conditions may control biological
dynamics, there have been several multi-disciplinary survey efforts to
observe the structure and function of marine ecosystem components
in the SKP region. Namely, the voyages are BROKE in 1996 (e.g.
Nicol et al., 2000a; Wright and van den Enden, 2000); BROKE-West
in 2006 (e.g. Williams et al., 2010; Meijers et al., 2010); KAXIS in 2016
(e.g. Schallenberg et al., 2018; Bestley et al., 2020); and TEMPO in
2021 (e.g. Cox et al., 2022; Heidemann et al., 2024). The SKP region is
also sampled by international GO-SHIP efforts along repeat
hydrography section 108S (https://www.go-ship.org/). This study
collates data from eight occupations near or along 80°E - through
the TEMPO, BROKE, BROKE-West, and GO-SHIP efforts -
spanning from 1994 to 2021 to allow for a more comprehensive
study of upper ocean dynamics and physical-biological linkages in
this significant region. Newly recorded TEMPO data, from the 2021
survey, are placed into broader temporal context to investigate
patterns within and between years. The main aims of the study are
to 1) examine the upper water column structure across the eight
voyages; 2) describe the variability of upper-ocean properties over
time; and 3) examine relationships between key physical properties
and their influence on nutrient availability and production.

2 Data
2.1 Oceanographic data

The project focuses on the area around 80°E, between 58°S and 68°
S (Figure 1; Table 1). The study area includes the southern part of the
Kerguelen plateau, the Princess Elizabeth Trough (PET), and south to
the East Antarctic shelf break. The oceanographic data presented here
were collected across eight different voyages, from as early as 1994 to
the most recent TEMPO data in 2021. All data prior to 2021 can be
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FIGURE 1
Map of study area. The eight oceanographic voyages are shown with different colored/shaped symbols (see legend). The major fronts in the study region
include: the Southern Antarctic Circumpolar Current Front (SACCF), the Southern Boundary (SB), and the Antarctic Slope Front (ASF). All fronts are
shown by lines [solid line — BROKE (Bindoff et al., 2000) and BROKE-West (Meijers et al., 2010; Williams et al., 2010); dash line — Orsi et al. (1995)]. The
background shows bathymetry from GEBCO.

obtained from CCHDO (https://cchdo.ucsd.edu/); TEMPO data is
available through the MNF portal (https://www.marine.csiro.au/
data/trawler/survey_details.cfm?survey=IN2021_V01). We use a
total of 121 CTD profiles across the eight surveys in this study.

In the northern part of the study region, north of about 64°S,
repeat oceanographic transects along 108S are at 82°E (1994, 2003,
2005, 2007, 2016) and these transects traverse the submarine SKP
before dog-legging west to 80°E (Figure 1). Other multidisciplinary
marine surveys along 80°E include BROKE (1996), BROKE-West
(2006) and TEMPO (2021). The southern extent of each occupation
is generally determined by sea-ice extent or by the continental shelf
break. Hence, the 1994 and 2007 cruises provided data mainly over
the SKP to the north of around 64°S, while the surveys extended
much further south in other years (to nearly 67°S; Figure 1).

All hydrographic data are from the austral summer, i.e. December
to March. By coincidence, the year that each voyage was conducted
roughly corresponds to the time throughout the summer season that
the sampling occurred. That is, the 1994 voyage was conducted in early
December, the 1996 voyage in January, the 2003-2016 voyages in
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February, and the 2021 voyage in March. The one exception is 2005,
conducted at the end of January to early February (Table 1).

Ship-based CTD data provide temperature (°C), salinity (PSS-78),
concentration of dissolved oxygen (DO; umol kg™), and pressure (dbar)
throughout the water column. Fluorescence measurements were not
taken on every voyage and have therefore been excluded from this study.
The data were examined over the upper 1000 m. Using the Gibbs
Seawater toolbox (McDougall and Barker, 2011), we calculate the
conservative temperature (CT, °C), absolute salinity (SA, g kg™),
neutral density (y", kg m™), potential density referenced to the surface
(60, kg m™), and the buoyancy frequency (N2 s2). Potential density and
buoyancy frequency are both used to calculate the mixed layer depth (as
described in Section 3.2).

Each of the 121 CTD profiles had corresponding macronutrient
data from discrete bottle samples. Within the upper 300 m these
comprise a total of 900 nitrate and 929 silicate measurements (pM;
Table 1), respectively. These data were combined with the CTD
sensor data to estimate nutrient drawdown (uM) and primary
production (mg Carbon m™? d’’; as described in Section 3.3).
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TABLE 1 Voyage summary information for each oceanographic cruise and stations/samples included in this study.

Bottles per
station Total
[min, max] samples
Latitudinal Number

Hydrographic Cruise ID Range (°S) of Stations Si \ Si I\

3/2021* TEMPO* IN2021_VO01 Investigator 63.00 - 65.25 7 [8,10] [8,10] 63 63
2/2016 108S 2016 33RR20160208 Roger Revelle 58.24 - 65.10 15 [7,13] [7,13] 141 141
2/2007 108S 2007 33RR20070204 Roger Revelle 58.24 - 63.88 14 [6,9] [6,9] 107 107
2/2006* BROKE-West* 09AR20060102 Aurora Australis 60.00 - 66.75 16 [9,12] [9,12] 178 177
1-2/2005 109S 2004 09AR20041223 Aurora Australis 58.48 - 65.65 25 [4,10] [4,10] 158 158
2-3/2003 108S 2003 09AR20030103 Aurora Australis 58.49 - 66.41 16 [4,9] [0,9] 97 70
1-2/1996* BROKE* 09AR9604_1 Aurora Australis 63.00 - 66.24 15 [4,9] [4,9] 82 81
12/1994 108S 1994 316N145_5 KNORR 58.22 - 64.15 13 [6,10] [6,10] 103 103
Total 121 929 900

Date of stations, voyage name, CCHDO ID, and ship name are listed. The number of stations, number of bottles per station for nitrate and silicate, and the total number of bottle samples in the
upper 300 m are also detailed. The dates marked with an asterisk (*) denote data collected off the Kerguelen Plateau at 63°S.

2.2 Ancillary environmental information

The National Snow and Ice Data Centre SMMR-SSM/I polar
product, which is available for the Southern Hemisphere gridded at
25 km resolution, provided the daily passive microwave estimates of
percentage of sea-ice concentration (Cavalieri et al., 1996; Maslanik
and Stroeve, 1999). These data were used to calculate the ice-free
days, defined as the time since the concentration of ice fell below
15%. Bathymetry data comes from the General Bathymetric Chart
of the Oceans GEBCO_2014 Grid, version 20150318 (Weatherall
et al., 2015; https://www.gebco.net/).

3 Methods

3.1 Definitions for water masses and
major fronts

In this paper, we follow Bestley et al. (2020) (their Tables 1 and 2,
and references therein) for the definitions of water masses and major
fronts. The surface layer of the upper ocean is Antarctic Surface
Water (AASW), defined where the neutral density is less than 28 kg
m~ and the temperature below 2°C. Within this water mass, Winter
Water (WW) is the remnant deep winter mixed layer, defined
subsurface where the temperature is less than 0.5°C beneath the
overlying seasonal mixed layer (ML); the ML is determined according
to the density method outlined in section 3.2.

Below AASW lies the warmer and more saline Circumpolar Deep
Water (CDW). In this region, the area of lowest oxygen (e.g. DO<
200 pmol kg™) identifies Upper Circumpolar Deep Water (UCDW),
and the signature of maximum salinity (e.g. SA > 347 g kg'")
identifies Lower Circumpolar Current Deep Water (LCDW). As
UCDW rises southwards and its properties are modified through
mixing, the cooled and freshened form is called Modified
Circumpolar Deep Water (mCDW).

Frontiers in Marine Science

Following Orsi et al. (1995), in this region we use the subsurface
1.5°C and 1.8°C isotherms to define the locations of the Southern
Boundary (SB) and the Southern ACC Front (SACCEF), respectively.
The SB marks the location where CDW has cooled enough to be
recognized as mCDW, i.e. south of SB the subsurface maximum
temperature is less than 1.5°C.

Along the Antarctic shelf break, there is a strong sub-surface
horizontal density gradient associated with the Antarctic Slope
Front (ASF), which is often coincident with the vertical plunge of
the 0°C isotherm (Ainley and Jacobs, 1981). Here, we define the
ASF to be the location where the 0.5°C isotherm at the bottom of the
temperature minimum layer reaches 200 m depth. This is similar to
the northern extent of the ASF in the greater Prdyz Bay region used
by Foppert et al. (2024).

3.2 Mixed layer depth calculation

To investigate the vertical structure of the upper ocean two
methods were used to calculate mixed layer depth. The first defines
it to be the depth at which the potential density difference (Acy) is
0.03 kg m™ from the near-surface (10 dbar), following the global
approach of de Boyer Montegut et al. (2004). The second method
defines the ‘ecologically relevant’ mixed layer depth using the
maximum buoyancy frequency (N?) following Carvalho et al.
(2017). Figure 2 shows an example of the results based on
both methods.

3.3 Nutrient drawdown and
seasonal production

To understand the connection between physical properties and
biological production, the drawdown of nitrate and silicate in the
upper ocean was calculated from the bottle data, and the seasonal

frontiersin.org


https://www.gebco.net/
https://doi.org/10.3389/fmars.2024.1451997
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Liang et al.

10.3389/fmars.2024.1451997

TABLE 2 Summary of the upper-ocean features observed in the eight voyages, 1994 — 2021.

Year | SACCF Latitude °S) | , ..3B | ASF Latitude (°S) | MLP49) | ) b (N2) (m) | Winter Water thickness (m)
Latitude (°S) (m)
2021% 64.93 64.95 65.05 39.0+ 124 474 + 8.2 47.6 + 10.7
2016 63.6 63.9 64.8 48.1 + 11.6 53.7 +11.5 57.7 + 48.8
2007 - - - 48.1 + 124 59.0 + 10.8 473 + 154
2006 63.3 64.3 65.0 424 +99 599 +34 92.0 + 36.8
2005 64.4 64.8 65.3 339+ 13.1 60.0 £22.3 94.0 + 31.6
2003 64.7 64.9 65.2 49.2 + 10.0 54.2 + 10.0 66.3 +29.7
1996* 64.5 64.6 64.7 435+ 11.5 67.5+ 374 73.5 £ 16.1
1994 - - - 43.0 £ 10.9 67.0 £ 30.3 58.8 +17.0

See Methods for frontal definitions. Asterisks represent voyages with the data collected off the Kerguelen Plateau at 63°S. Fronts that were found between the same station-pair are in italics. Note
that the mean mixed layer depths and WW thicknesses are for stations north of the ASF and error bars represent standard deviation.

production associated with them were quantified following
Westwood et al. (2010). For drawdown, we first calculated the
average concentration of nitrate and silicate within the (density-
based) mixed layer and then subtracted this from the average
concentration in the WW below (i.e. [N]yww - [N]y is the
nitrate drawdown in units of pM). This represents the amount of
nutrients that the phytoplankton had used since the previous
winter. For this calculation we included only stations north of the
Antarctic Slope Front, where WW is clearly observed, and those

that have high quality nutrient data in both the mixed layer and
WW. As outlined above, WW averages included all bottles located
beneath the density-based mixed layer, where the CTD trace
indicated temperature was < 0.5°C, i.e., bottles above the base of
the temperature-minimum (or WW) layer. This difference between
the 0.5°C isotherm depth (WW base) and the mixed layer depth is
considered the thickness of the WW layer.

Nutrient drawdown was converted to carbon drawdown using
the ratios of Redfield (1958) and Copin-Montegut and Copin-

Salinity (PPS-78) N2 (s?) x10*
33.8 34 342 344 0 2 4 6 58.491°S
0 T T T T T T T T T
R (D 5 | S
< - - ==
s
Q
[
e N A I . N
150 1 1 1 1 1 1 1 1
0 1 2 27 27.2 274 27.6 200 250 300
Temperature (°C) Density (kg m™%) Oxygen (umol kg™
FIGURE 2
Example profiles of upper-ocean structure. Left: Temperature and salinity; Middle: potential density and buoyancy frequency (N?); Right: dissolved
oxygen. The dashed lines indicate mixed layer depth as determined by the density-based criterion (black) and the N2 maximum (red). Below, the
depth of temperature minimum (green) and the base of the Winter Water layer (blue; left panel) are shown.
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Montegut (1978). That is, C:N = 6.6. and C:Si = 2.5, respectively.
Seasonal production rates (mg C m™ d™) were calculated by
determining the number of growth days for phytoplankton over
the season. Growth days were estimated through deriving the time
since sea-ice melt from satellite data, at the time and location that
stations were sampled (Westwood et al., 2010). Thus, seasonal
production of carbon by nitrate, for example, is given by:

Productiony = [6.6 x ([N]yw = [N]y )(MLD) /(Tgropen)] X 12.01

where Tgrowh is the number of days since sea ice melt, 6.6 is the
Redfield ratio, and 12.01 g mol™ is the molecular weight of carbon.
Recall [N]ww — [N]p is the nitrate drawdown in pM (or mmol m™)
and MLD is the mixed layer depth based on the density criterion.

3.4 Relationships between physical and
biological parameters

To explore relationships between upper water column structure,
physical drivers, and biological processes we fitted a series of linear
regression models using the freely available R statistical software
version 4.3.2 (R Core Team, 2023). We fitted separate models to
investigate each of the following response variables: a) winter water
thickness, b) winter water nitrate, ¢) mixed-layer nitrate, d) nitrate-
based drawdown and e) nitrate-based production. We firstly inspected
the correlation between predictor variables and used variance inflation
factors (VIFs) as a guide for selecting candidate variable combinations
for any given model, aiming for VIFs of approximately 3 or below
(Zuur et al, 2010). Candidate predictor variables considered are
summarized in Electronic Supplementary Material Table S1. To
identify the best set of predictor variables we used automatic model
selection methods (Burnham and Anderson, 2002) ranking models
based on AICc, as implemented via the dredge() function in the library
(MuMlIn) (Barton, 2023). The results shown are the predictor terms
retained in the highest-ranked models based on AICc; in the case where
the AAICc was< 2 the simplest (most parsimonious) model was
selected. This aspect of the data analysis again excluded observations
south of the ASF (n=29), as well as those stations immediately north of
the ASF/south of the SB where the ‘WW’ was anomalously thick
(>130m) due to the ASF influence (n=6). Data from two cold core
eddies, located at 63.6°S in 2005 and 64°S in 2006, were
similarly excluded.

4 Results

The ocean characteristics and water column structure observed
over the eight voyages, 1994-2021, are shown in Figures 3 and 4,
with the latter focusing on the upper 1000 m. Occupying the deepest
of these layers, LCDW is evident as a high salinity (SA > 34.7 g/kg)
tongue underlying UCDW above. The core of the UCDW is
characterized by high temperature (CT > 1.8°C) and low oxygen
(< 180 pmol/kg) signatures, typically below 150 m and above 500 m
in this region. The near surface is occupied by AASW, which during
these summertime voyages is characterized by a warmed seasonal
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mixed layer overlying a cold WW layer (temperature minimum
layer with CT< 0.5°C) that is a remnant of the deep winter
mixed layer.

As the UCDW rises southward its properties are cooled and
freshened. In this region, the southernmost extent of subsurface
temperature maxima of 1.8°C and 1.5°C are used to demarcate the
location of the SACCF and the Southern Boundary, respectively
(yellow and green vertical lines, respectively, in Figures 4 and 5).
Over the period that voyages were conducted, the SACCF was
observed at latitudes from 63.3°S-64.93°S and the SB ranged
between 63.9°S-64.95°S (Table 2). The SACCF and SB were
identified between the same station pair in four of the six voyages
that sampled the fronts (Table 2, italicized values), but were found
more than 100 km apart in 2006. Thus, the SB and the SACCF were
generally co-located in most years, with the exception of 2005
and 2006.

The ASF is evident as a strong meridional temperature gradient
towards the southern end of some transects, characterized by the
0.5°C isotherm at 200 m. It was unable to be identified in all years,
as voyages over the SKP (in 2007 and 1994) either terminated or
turned eastward north of this feature. For voyages where the ASF
was sampled it was located near 65°S, with a range of 64.7-65.3°S.

Figure 5 shows transects of temperature, salinity, and oxygen in the
upper 300 m, allowing visibility of changes in the mixed layer and
Winter Water layer. For stations north of the ASF, the average mixed
layer depth based on density ranges from 33.9-49.2 m, while the
average mixed layer depth based on maximum buoyancy frequency
(N?) is generally deeper, ranging from 47.4-67.5 m (Table 2). When
including stations south of the ASF, the mean mixed layers are
consistently shallower by up to 10 and 20 m for the density-based
and N* maximum-based MLD definitions, respectively (not shown).
Below the mixed layer, the WW layer (temperature below 0.5°C)
ranges from 47.3-94.0 m in thickness at stations north of the ASF. Note
that we present information in Table 2 for stations north of the ASF
only, because those are the relevant stations for nutrient drawdown and
seasonal production calculations.

At individual stations, the density-based MLDs vary between
roughly 10 m and 70 m, while those calculated from buoyancy
frequency vary between 10 m and 130 m (Figure 6). The latter are
typically deeper by 10-20 m (Table 2), but can be up to almost 100
m deeper. There is a broad pattern of MLD deepening from the
south to the north. In all years, there is considerable station-to-
station variability using both methods. Time within season has no
clear influence on MLD and there is no clear difference between
years (Figures 6B, E). However, there is a relationship between MLD
and the amount of ice-free time (i.e. number of days since sea-ice
melt; Figures 6C, F). Mixed layers are generally deeper in regions
where the ocean has been ice-free longer and, thus, exposed to local
wind-driven mixing for longer. Overall, the variability appears
dominated by latitude and time since sea-ice melt, which are
largely correlated, as sea ice tends to melt from north to south.

Due to differences in cruise tracks (Figure 1), oceanographic
observations are available across all voyages only at 63°S and 64°S.
Figure 7 co-plots the major diagnostic features of the upper ocean
structure at these two latitudes. Figure 7A shows that the mixed layer
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appears to be warming at 63°S, however this is likely due to the timing
of the sampling in each year rather than a long-term trend. Recall, in
1994 the sampling occurred in December while in 2021 the sampling
occurred in March (Table 1). This apparent warming pattern is not
seen at 64°S (Figure 7A). There is no clear pattern in the depth of the
mixed layer between years at either location (Figure 7B). In the WW,
cooler temperature minima are generally found deeper in the water
column (Figures 7C, D). Figures 7E, F shows that when the oxygen
minimum layer lies deeper, oxygen concentrations are generally higher.
Figure 7E shows that the oxygen minimum values at 63°S are very
stable but slightly higher at stations off the plateau (1996, 2006
and 2021). Here, the oxygen minimum is also deeper (Figure 7F).
In general, deep-water properties (Oppin and S.,,,) are much more
stable at 63°S than 64°S.

Nitrate concentrations in the upper 300 m range from about 20-40
uM, and silicate concentrations reach values near 100 pM (Figure 8).
Concentrations of both nutrients generally increase with depth and are
distinctly lower in the mixed layer compared to the WW below.
Stations south of ~65°S, i.e. south of the ASF, have lower
concentrations of nutrients at depth compared to stations on the
northern side of the ASF.
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Nutrient drawdown values reach nearly 12 pM for nitrate and 60 pM
for silicate at individual stations (Figure 9; Table 3). There is a seasonal
influence on drawdown for both nutrients (Figures 9B, E), with more ice-
free days associated with higher nutrient drawdown. Voyage average
production estimates range from 123.4-375.2 mg C m™ d™' for nitrate
and 240.0-560.5 mg C m™ d” for silicate (Table 3). Daily production
values are normalized by days since sea ice melt and are therefore similar
across the growing season (Figures 9H, K) and latitudes (Figure 9G, J).
There is an indication that mixed layer depth may positively influence
production (Figures 91, L).

There is a clear linear relationship between silicate drawdown
and nitrate drawdown, with silicate drawdown 4.6 times higher
than that of nitrate (Figures 10A; Table 3). Seasonal production is
also linearly related, with production calculated from silicate almost
twice as high than that of nitrate-based production (Figure 10B).

The results from the fitted regression models reveal
relationships between upper water column structure, physical
drivers, and biological processes (Figure 11). Thicker Winter
water layers (Figure 11A) are associated with shallower mixed
layers (coef. est = -0.90 + 0.16, t-value=-5.715, p-value<0.001)
and colder Tmin values (coef. est = -14.14 + 3.88, t-value=-3.643,
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p-value<0.001), while WW layers are thinner where UCDW
(diagnostic signature is O2 minima) is shallower (coef. est = 0.08
+ 0.03, t-value=2.226, p-value=0.029). WW nitrate concentration is
higher where the WW layer is thinner (coef. est = -0.03 + 0.01, t-
value=-2.96, p-value=0.004; Figure 11B), while mixed layer nitrate
concentrations are higher within colder mixed layers (coef. est =
-1.81 + 0.41, t-value=-4.383, p-value<0.001) and where the

Frontiers in Marine Science

WW core (i.e. the depth of the temperature minimum) is deeper
(coef. est = 0.09 + 0.02, t-value=5.461, p-value<0.001; Figure 11C).
Nitrate drawdown is higher in association with longer time
since sea-ice melt (coef. est = 0.04 + 0.01, t-value=3.855, p-
value<0.001) and shows a positive association with thinner WW
layers (coef. est = -0.03 + 0.01, t-value=-2.28, p-value=0.026;
Figure 11D). Finally, higher nitrate-based production is associated
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with deeper mixed layers (coef. est = 3.68 + 1.15, t-value=3.196, p-
value=0.002; Figure 11E).

5 Discussion

The study investigated available hydrographic data (temperature,
salinity, and oxygen concentration) in conjunction with spatiotemporal
patterns in nutrient availability, drawdown and primary production, to
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examine the relationship between upper ocean vertical structure and
ecosystem productivity in the region near 80°E. The upper ocean
properties were largely consistent across the eight voyages 1994 — 2021,
facilitating our ability to define water masses and fronts and compare
them across years using uniform criteria. The spatial and temporal
patterns in the biophysical properties enabled us to explore the physical
processes that set the structure and nutrient supply within the seasonal
mixed layer and the winter water below, and how these are utilized by
phytoplankton throughout the season, thereby improving our
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understanding of the ecosystem function within the important
southern Kerguelen plateau region.

In this region, the eastward flow of the ACC is constrained by the
narrow PET, with the KP to the north and the Antarctic continental
slope to the south. Hence, the two southernmost fronts of the ACC
(Southern Boundary and SACCEF) are often co-located in space, when
defined by classical subsurface criteria (Table 2). However, the two
fronts can be separated by up to a degree of latitude (~100 km) as
observed in 2006. Across the different voyages, the frontal locations
vary north-south across about 1-1.5 degrees of latitude, consistent
with previous observations of meandering ACC fronts, which could
be due to the recirculation of the Prydz Bay gyre and the increase in
mesoscale eddy dynamics on approaching the PET (Bestley et al.,
2020; Heywood et al., 1999).

Over the observation period 1994 to 2021, mixed layer depths
calculated from either density or maximum buoyancy frequency,
shallowed from north to south. This is likely a seasonal effect, being
due to the earlier ice-free state in the northern part of the study
domain, where seawater is exposed to wind mixing for a longer
time. Stations at the northern end of the study region generally
experienced about 100 days since sea ice melt while those on the
southern end were only ice-free for about 30 days before sampling.
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As the mixed layer reflects the interaction between the ocean and
the atmosphere, its depth is influenced by the wind in the
atmosphere, with increased wind stress causing it to deepen
(Carranza and Gille, 2015; Sallée et al., 2010). Williams et al.
(2010) showed that there was a strong positive linear correlation
between the mixed layer depth and ice-free days and wind stress in
this area. The repeat observations at 63°S in our study showed that
the mixed layer gradually increased in average temperature from
early to late summer, accompanied by a general deepening overall
(Figures 7A, B). The exceptions were in 1994 and 2007, with
anomalous values likely due to local storms or mesoscale dynamics.

The mixed layer became much shallower south of 65°S in the
vicinity of the ASF (the cold, V-shaped feature evident in Figure 5).
South of the ASF the near surface often remains under the influence
of sea ice, particularly associated with the West Ice shelf nearby.
Westwood et al. (2010) noted that the mixed layer depth in the sea-
ice region is shallower than in the open sea, which is consistent with
our results near 80°E. Additionally, both the density-based and
buoyancy-based mixed layer depths fluctuated greatly during 1994,
possibly because these voyage data were mainly collected in early
summer (December) before the seasonal mixed layer had a chance
to form (Figure 1; Table 1).
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increasing downwards.

The oceanographic data showed relatively consistent spatial
patterns in nutrient concentrations within the region (Figure 8).
Nutrient concentrations are clearly lower in the surface layer relative
to the deep. This is because the main source of macronutrients in the
Southern Ocean is circumpolar deep water, which replenishes nutrients
from below (Callahan, 1972). Also, nutrient drawdown by
phytoplankton mainly occurs within the mixed layer where light
availability for photosynthesis is high. As depth increases, the
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amount of light obtained by phytoplankton decreases, leading to less
productivity and drawdown (Westwood et al., 2010).

Nutrient drawdown of both nitrate and silicate was generally
related to time since sea-ice melt across the voyages (Figures 9B, E),
with values increasing with time. This is because the total amount of
nutrients used by phytoplankton accumulates gradually over the
season. Stations sampled later in the season therefore had more time
for nutrient uptake, and vice versa. Nitrate concentrations are lower
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with warmer temperatures in the mixed layer (Figure 11C) and
drawdown of nitrate is higher with more days since sea ice melt
(Figure 11D), further supporting a seasonal effect with the mixed layer
warming throughout the season. The exception to the general seasonal
pattern was in 2016 when drawdown was higher than expected early in
the season (~50 days since melt, Figure 9B). This may have been related
to replenishment of nutrients, e.g. from upwelling of CDW or lateral
advection (Westwood et al., 2010). The similar pattern of nitrate and
silicate drawdown across voyages suggests that diatoms were the main
phytoplankton group contributing to production - given that other

Frontiers in Marine Science

taxa do not require silicate. The dominance of diatoms in Southern
Ocean waters has been clearly shown in other studies from East
Antarctica (e.g. Wright et al., 2010, average of 61% of total
chlorophyll a in a primary bloom, 43% in a secondary bloom, 38.7%
south of the SB outside bloom regions, 49% between the SB and
sACCEF, 60.6% north of the sSACCEF; Takao et al., 2014, 55-87% of total
chlorophyll south of 55°S; Heidemann et al., 2024, 56% of total
chlorophyll a south of 62°S).

Production was also related to days since melt but had the opposite
pattern to drawdown, with highest values (up to 2000 mg C m> d™)
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Nutrient drawdown and production. From top to bottom, the drawdown of nitrate (panels A—C) and silicate (panels D—F), and the corresponding
production estimates based on nitrate and silicate drawdown (panels G-I and panels J—-L, respectively). The drawdown and production values are
shown as a function of (left) latitude, (middle) days since sea-ice melt, and (right) density-based MLD. Open symbols represent the stations located

south of ASF.

occurring earliest in the season, within the first 40 days of melt
(Figures 9H, K). Most high values are for stations south of the ASF,
with latitude therefore also affecting production (Figures 9G, J). These
stations south of the ASF, and with short days since melt, are likely
reflective of the spring bloom that can occur at the retreating ice edge.

This is associated with high iron input from ice melt (Lannuzel et al,,

Frontiers in Marine Science

2016), combined with shallow mixed layer depths within the fresh
meltwater lens creating a stable, high light environment. It should be
noted that drawdown and production values are partly questionable
south of the ASF in that there is no true Tmin to gain accurate WW
nutrient concentrations. However, our data agrees with previous
studies that clearly show highest production close to the Antarctic

13 frontiersin.org


https://doi.org/10.3389/fmars.2024.1451997
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Liang et al.

TABLE 3 Nutrient drawdown and primary production estimates based on
silicate and nitrate bottle data collected across eight voyages, 1994 — 2021.

Nutrient .
Drawdown Produc_téon_1
(uM) (mgCm™=d)
Nitrate Silicate ~ Carbon (N) Carbon (Si)

2021% 7.9 + 2.0 40.0 + 8.8 2189 + 80.5 4492 +170.6
2016 6.5+3.5 289 +149 | 2727 + 1421 476.6 + 2529
2007 72+ 10 302 + 44 313.8 + 56.2 504.1 + 110.3
2006* 32+08 128 £55 1234 +59.7 240.0 + 128.7
2005 49+10 238+ 55 281.8 + 256.8 540.5 + 569.4
2003 74 +2.1 308+ 10.1 | 3752 +247.8 560.5 + 393.9
1996* 35+12 16.6 + 6.2 2184 + 151.1 352.0 + 239.8
1994 32+13 12.8 +49 2715 + 157.6 4114 + 2143
Average 5.5+ 2.0 245+98 259.5 + 74.7 441.8 + 106.0

Values are the voyage average over the study area at stations north of the ASF and uncertainty
is represented by the standard deviation. The long-term average values are presented at the
bottom (in bold). The voyages marked with an asterisk (*) indicate the data are collected off
the Kerguelen Plateau at 63°S.

10.3389/fmars.2024.1451997

coast compared to offshore waters, thought to be due to increased iron
supply (Westwood et al,, 2010; Wright et al., 2010).

North of the ASF production does not obviously vary with ice-
free days. It may have been expected that production rates would
decrease by late summer because phytoplankton cells may have been
becoming senescent with time. However, this was not observed.
Rather, production north of the ASF was positively influenced by
increased mixed layer depth (Figure 11E). Accordingly, there was less
nitrate in the mixed layer when the mixed layers were warmer
(Figure 11C), both consistent with increased drawdown occurring
in waters that experienced a longer time since sea-ice melt
(Figure 11D). The positive influence of mixed layer depth on
production may be unexpected given that increased mixed layer
depths potentially mean less light availability for phytoplankton
growth. However, in this area mixed layers typically ranged from
10-60 m across voyages and under low biomass euphotic depths can
be as deep as 80-100 m, as demonstrated by Westwood et al. (2010)
and Heidemann et al. (2024). This suggests that even within the
deepest mixed layer depths observed there was still sufficient light for
phytoplankton growth.

The positive influence of deeper mixed layers on production
was likely associated with increased nutrient availability, allowing
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= 0.28), and (E) the production estimate

based on nitrate drawdown (mg C m™ d™) (Rgdj = 0.12). All retained terms are considered significant (p-value< 0.05); model coefficient estimates are

reported in Results text.

sustained phytoplankton growth throughout the season. Evidence
to support increased nutrient availability comes from consideration
of additional physical processes within the water column. Firstly, it
was found that the availability of nitrate in WW was related to the
thickness of this layer: decreased WW thickness means increased
nitrate. Therefore, we consider any physical processes that enhance
a decrease in WW thickness allows the potential for increased
nutrient supply to surface waters. Shallower depths of UCDW (as
indicated by the oxygen minimum) were related to decreased WW
thickness. Therefore, it is likely that nitrate was increased due to
upwelling from nutrient rich CDW. A thinner (and warmer) WW
layer is caused not only by shallower CDW below but is also
associated with deeper mixed layers overlying (Figure 11A, see
also Figure 8). With a thinner WW layer, the mixed layer is
therefore in closer proximity to CDW, as well as to increased
nutrient availability within the WW layer. This may enable a
reliable and sustained source of additional nutrients. For
phytoplankton populations offshore there is high reliance on
upwelled nutrient sources to replenish surface waters given a lack
of input from continental sources.

The production values obtained in our study were within a
similar range to other regions in East Antarctica. North of the ASF,
voyage averages for nitrate-based production ranged from 127-309
mg C m™d" and silicate-based production from 243-533 mg C m™
d! (Table 3). The average across all voyages and locations was 260 +
75 and 442 + 106 mg C m™> d' for nitrate- and silicate-based
production, respectively. In comparison, the BROKE-West region
nitrate-based production averaged 410.3 + 323.7 mg C m™> d' and
silicate-based production 302.5 + 273.7 mg C m™ d' (Westwood
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et al,, 2010). For the BROKE region nitrate-based production was
50-750 mg C m2d? (Nicol et al., 2000a; Strutton et al., 2000). Our
study also had similar production rates to the Weddell Sea (128 -
977 mg C m2d"), Ross Sea (124 - 638 mg C m~2d™), and the Scotia
Sea (30 - 250 mg C m™ d™') in the open ocean (El-Sayed and Weber,
1982; Park et al., 1999; Saggiomo et al., 2002).

The ratio of silicate drawdown to nitrate drawdown was 4.6, and
the ratio of silicate-based production to nitrate-based production
was 1.9, with the carbon production based on silicate consumption
being significantly higher than that based on nitrate. According to
Richards (1958), we would expect phytoplankton to uptake silicate
at about the same amount as nitrogen (ratio 1:1). The difference in
our study could be due to recycling of nitrogen by bacteria in
surface waters (Brzezinski et al., 2003; Mosseri et al., 2008). This
forms ammonia and regenerated production may have occurred,
whereby the diatoms use ammonia as a source of nitrogen rather
than nitrate. As the diatoms are consuming silicate whilst using
either nitrate or ammonia as a nitrogen source, this results in a
silicate:nitrate uptake greater than 1. A second reason could be iron
limitation. Under the condition of iron deficiency, the uptake of
silicate has been shown to be greater than that of nitrate (Hutchins
and Bruland, 1998; Takeda, 1998). Westwood et al. (2010) showed
higher Si:N ratios offshore compared to coastal Antarctic waters
where iron supply was likely greater.

A sustained seasonal phytoplankton bloom over and east of the
SKP has been linked to subsurface iron supply, likely advected
northwards offshore from the Antarctic shelf (Schallenberg et al.,
2018). This regional productivity supports foraging grounds for
higher order predators, including those migrating from Kerguelen
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Island (Patterson et al., 2016; Bestley et al., 2016) and farther north.
For example, tracking data for migratory Western Australian
humpback whales (Bestley et al., 2019) showed occupancy of the
dynamic western boundary current (~59°S, 83°E) earlier in the
season (Nov-Dec) and southward movement thereafter including
into this area near 80° E. Two recent voyages, in 2016 (KAXIS) and
2021 (TEMPO), directly observed large numbers of whales
aggregating and feeding on krill at this “biological hotspot” near
63°S, 80° E; i.e. within the deep waters immediately west of the SKP.
Todd and Williamson (2022) found that cetaceans sighted near the
northern Kerguelen Plateau tended to occur in pelagic (depths >
600 m) rather than plateau waters. Thiele et al. (2000) proposed that
cetacean distributions might be linked to areas where physical
processes support extended surface water residence conditions for
primary producers. Comparing repeat ocean observations available
at 63°S and 64°S, we found the greatest differences to be evident in
the deep-water properties (Figures 7G, H), these properties
generally being more stable at 63°S. Because the major fronts
(sACCf and SB) are farther to the south, the properties at 63°S
are less influenced by the dynamic frontal meandering and
exchange. It is possible that this quiescent area, nearby the
dynamic fronts but with relatively weak geostrophic currents,
may provide favorable conditions for retaining phytoplankton
blooms (Park et al., 2008a, Park et al., 2008b) and krill swarms
(Bestley et al., 2018). Todd and Williamson (2022) also found
whales sightings to be associated with higher phytoplankton
concentrations and higher dissolved oxygen. Whales are
particularly dependent on predictable, productive conditions for
their seasonal feeding in polar regions (Smetacek and Nicol, 2005;
Tulloch et al., 2019).

This study used all available cruise data, which is of a certified
standard quality but was intermittent over the 20-year period,
providing an incomplete time series of the physical environment
and biological exchange in the region. In the future, oceanographic
data from animal tracking (https://imos.org.au/facility/animal-
tracking) could be included in a more comprehensive analysis of
the changes in seawater properties and associated biological activity
in the region (e.g. Roquet et al., 2009). Increasing data streams from
BGC-Argo floats (https://argo.ucsd.edu/expansion/biogeochemical-
argo-mission/) can further document spatial and seasonal
variations in physical-biogeochemical properties (fluorescence,
backscatter, PAR) with high temporal and spatial resolution
(Rembauville et al., 2017). Future work incorporating these new
data sources could further examine the drivers of specific changes,
for example, the interlinked roles of sea ice and the wind field to
determine the importance of local and regional effects on mixed
layer depth prior to sampling.

6 Conclusion

We provide a comprehensive study on the vertical structure of
the upper ocean and associated primary production in the vicinity
of 80°E East Antarctica, from a compilation of historical cruise data.
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The mixed layer depth varied with latitude, being deeper in the
northern part of the study region where sea ice melt occurs earlier.
Nutrient drawdown increased throughout the season, with more
drawdown later in the summer. Silicate-based production was
higher than nitrate-based production in this region, possibly due
to efficient nitrate recycling and/or iron limitation. Deeper mixed
layer depths had a positive influence on production north of the
ASF, likely associated with the supply of nutrients from UCDW.
Highest production was south of the ASF where nutrient availability
is increased due to continental and ice inputs.
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