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ARTICLE INFO ABSTRACT

Keywords: Polynyas represent regions of enhanced primary production because of the low, or absent, sea-ice cover coupled

Particulate organic carbon with the proximity of nutrient sources. However, studies throughout the Southern Ocean suggest elevated pri-

fgc export mary production does not necessarily result in increased carbon export. Three coastal polynyas in East Antarctica
Th

and an off-shelf region were visited during the austral summer from December 2016 to January 2017 to examine
the vertical distribution and concentration of particulate organic carbon (POC). Carbon export was also exam-
ined using thorium-234 (***Th) as a proxy at two of the polynyas. Our results show that concentrations and
integrated POC stocks were higher within the polynyas compared to the off-shelf sites. Within the polynyas,
vertical POC concentrations were higher in the Mertz and Ninnis polynyas compared to the Dalton polynya.
Similarly, higher carbon export was measured in the diatom-dominated Mertz polynya, where large particles
(>53 pm) represented a significant fraction of the particulate 22*Th and POC (average 50% and 39%, respec-
tively), compared to the small flagellate-dominated Dalton polynya, where almost all the particulate 2**Th and
POC were found in the smaller size fraction (1-53 pm). The POC to Chlorophyll-a ratios suggest that organic
matter below the mixed layer in the polynyas consisted largely of fresh phytoplankton at this time of the year. In
combination with a parallel study on phytoplankton production at these sites, we find that increased primary
production at these polynyas does lead to greater concentrations and export of POC and a higher POC export

Polynya
Southern ocean
East Antarctica

efficiency.
1. Introduction phytoplankton can globally transfer an estimated 10 Pg of carbon from
the euphotic zone into the ocean interior each year (Falkowski et al.,
The biological carbon pump plays an important role in the removal 1998; Passow and Carlson 2012). In large areas of the Southern Ocean,
of atmospheric carbon dioxide (Marinov et al., 2006). The photosyn- phytoplankton growth is regulated by the scarcity of iron (Martin 1990;

thetic production of particulate organic carbon (POC) by marine Boyd et al., 2017), and seasonal co-limitation by light (Mitchell et al.,

Abbreviations: POC, Particulate Organic Carbon; 234Th, Thorium-234.
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1991; Strzepek et al., 2012) due to the deep mixed layer and ice cover
that are prevalent in early spring, autumn, and winter which limits the
efficiency of the biological carbon pump. However, the austral spring-
time melting of sea ice (Sedwick and Di Tullio 1997; Lannuzel et al.,
2011), ice shelves (Herraiz-Borreguero et al., 2016), and icebergs (Lin
et al., 2011), coupled with pelagic recycling (Boyd et al., 2017; Rat-
narajah et al., 2018), and the resuspension of shelf sediments (Sedwick
et al., 2008; McGillicuddy et al., 2015) represent important sources of
iron in these high-latitude iron-limited systems, which fuel phyto-
plankton primary production.

In the Southern Ocean, near the Antarctic coast, sea ice is typically
drifting with the Antarctic Coastal Current westward around the conti-
nent. Grounded icebergs and coastal promontories create barriers to this
drift. Upstream of these barriers, sea ice accumulates and becomes
fastened, while downstream, open water areas known as latent heat
polynyas are maintained via katabatic winds and ocean currents that
transport new ice offshore (Andersen 1993). These latent heat polynyas
are acknowledged as ‘sea-ice factories’ due to the rapid sea-ice forma-
tion and export from the strong and persistent katabatic winds (Fraser
et al., 2012). Owing to their low or absent sea-ice cover, and proximity
to iron sources, coastal polynyas are characterized by intense phyto-
plankton blooms which account for up to 65% of total production on the
Antarctic continental shelf (Arrigo and van Dijken 2003; Alderkamp
et al., 2012a; Gerringa et al., 2012). The increased phytoplankton pro-
duction supports a thriving food web from microbes to higher trophic
level organisms (Karnovsky et al., 2007; Ducklow et al., 2015; Yager
et al., 2016). However, the timing, extent and intensity of primary
production vary considerably amongst Antarctic polynyas. Satellite
derived annual primary production estimates range from 18 + 24 g C
m~2 in the Liitzow-Holm Bay polynya to 161 + 37 ¢ C m2 in the
Amundsen Sea polynya, with peak phytoplankton blooms occurring
between December and February, depending on the polynya (Arrigo and
van Dijken 2003; Arrigo et al., 2015; Liniger et al., 2020).

POC export from surface water to depth provides a mechanism for
storing carbon in the deep ocean, however elevated primary production
does not necessarily lead to increased carbon export. Studies have
shown an increase in carbon flux with primary production due to passive
sinking of organic particles (e.g., phytodetritus, resting spores,
zooplankton fecal pellets, enhanced aggregates due to transparent exo-
polymer particles production) (Steinberg and Landry 2017; Rembauville
et al., 2015), physical mixing via the mixed layer pump (Dall’Olmo
et al., 2016), and active transport via zooplankton vertical migration
(Turner 2015; Steinberg and Landry, 2017; Behrenfeld et al., 2019). In
contrast, others demonstrated an inverse relationship between ocean
primary production and export efficiency (export/net primary produc-
tion (NPP)) of POC that was attributed to a combination of rapid mi-
crobial recycling, export of dissolved organic carbon, and
grazer-mediated export (Maiti et al., 2013; Ducklow et al., 2015; Le
Moigne et al. 2016; Lee et al., 2017; Henson et al., 2019) or by a
long-time lag (e.g. 20-30 days, Henson et al., 2015) between the pro-
duction and export of organic particles from the euphotic zone (Stange
et al., 2017; Puigcorbé et al., 2017a; Laws and Maiti 2019). With
increasing temperatures, the phytoplankton community could shift to-
wards smaller sized cells (Montes-Hugo et al., 2009; Deppeler and
Davidson 2017, Tréguer et al. 2017), but whilst export efficiency may
decrease due to more organic carbon remineralization in the upper
ocean, changes in export production are unclear (Fan et al., 2020).

As evidenced above, POC is a highly dynamic carbon pool and its
variability is not well constrained due to different rates and pathways
driven by local dynamics. In a parallel study to this, Moreau et al. (2019)
measured high net community production (up to 75 mmol C m~2 d™})
within three coastal polynyas in East Antarctica (the Dalton, Mertz and
Ninnis polynyas). Quantifying the links between surface production and
POC distribution and export through the water column is key to evalu-
ating the potential of these highly productive Antarctic coastal polynyas
to export carbon now and in the future. The East Antarctic Southern
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Ocean is historically under studied, both spatially and seasonally, even
more if we are looking into coastal areas (Hoppema and Anderson,
2007). In this study, we examine the vertical distribution of POC in these
three coastal polynyas, as well as an off-shelf region for comparison,
together with POC to chlorophyll-a (Chl-a) ratios, POC to particulate
nitrogen (POC:PON, later referred to as C:N) ratios and ammonium
concentrations, which were used as indicators of autotrophic and het-
erotrophic processes. Export fluxes of POC were also obtained using
thorium-234 (234Th, half-life = 24.1 days) in the Dalton and Mertz po-
lynyas to elucidate the key drivers behind the POC distribution in these
coastal polynyas.

2. Methods
2.1. Site description

The sampling sites of this study are located in latent heat polynyas,
west of the Dalton Iceberg Tongue (Dalton Polynya), west of the Mertz
Glacier Tongue (Mertz Polynya) which was significantly shortened in
2010 (Giles 2017), and west of the Ninnis Ice Shelf (Ninnis Polynya)
(Fig. 1). The three polynyas are located on the East Antarctic coastal
shelf. A detailed description of the physical oceanography of these po-
lynyas can be found in Silvano et al. (2017). It is worth noticing, that
inputs of modified Circumpolar Deep Water (mCDW) were different
among the three polynyas, with shallow mCDW present in the Mertz and
Ninnis polynyas due to a dense layer of high-salinity shelf waters
(HSSW) compared to the Dalton polynya, where no HSSW was observed
and the mCDW was found at depth (Silvano et al., 2017) which impacted
the productivity of these polynyas (Moreau et al., 2019).

The Dalton polynya opened in September/October 2016, having the
beginning of the bloom in mid-November, and remaining ice-free during
December and January. This polynya was sampled between 30
December 2016 and 2 January 2017. In the Mertz and Ninnis polynyas
the ice-free period started later, and the beginning of the bloom took
place in late-November/early-December 2016. The Mertz and Ninnis
polynyas were sampled between 9-13 January 2017. The ice conditions
were a bit more dynamic in this region than in the Dalton polynya, with
more sea-ice floating freely with the winds and currents. In general
terms, the sea-ice encountered during sampling in late December-early
January 2016/17 was in an advanced stage of melting following a
peak phytoplankton bloom and was considered typical for this time of
year. Off-shelf stations (ice-free) were also sampled during this study
along the World Ocean Circulation Experiment (WOCE) SR3 repeat
hydrographic line, between Tasmania and Antarctica. Measurements
were taken south of the Polar Front, between 61.8°S and 67.9°S along
the 140°E meridian.

A total of 71 CTD (conductivity-temperature-depth, SeaBird 704,
SeaBird Inc., Bellevue, USA) casts were deployed within the Dalton (n =
19), Mertz (n = 24) and Ninnis (n = 14) polynyas, and in the off-shelf
region (n = 14) moving away from the coastal polynyas (Fig. 1). Of
these, 9 CTDs in the Dalton, 14 in the Mertz, 12 in the Ninnis, and 2 in
the off-shelf region were sampled for in situ POC and PON measurements
(yellow circles, Fig. 1). A total of 8 stations (4 in the Dalton and 4 in the
Mertz polynyas) were also sampled for 234ThH (black dots, Fig. 1).

2.2. Depth categories

The euphotic depth was considered as the depth at which photo-
synthetic available radiation (PAR) falls to 0.1% of its surface incident
value. There are various methods to calculate mixed layer depths.
Melting sea ice would influence the salinity, and consequently the
density gradient. Therefore, we used the sea surface density at 10 m as in
de Boyer Montégut et al. (2004) and determined the depth of the upper
mixed layer using the commonly applied threshold of 0.01 kg m™3
density increase relative to the sea surface density at 10 m (Thomson and
Fine, 2003). To estimate 23*Th fluxes (see section 3.5), we used the
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following depth horizons in addition to the euphotic depth: the depth
where the shallow in situ pumps were deployed (section 2.6); the equi-
librium depth (Eq depth), which is the shallowest depth where 23Th and
238y are in equilibrium; and the primary production zone (PPZ) which is
defined as the first depth below the fluorescence peak where fluores-
cence is 10% of its maximum value in the water column (Owens et al.,
2015).

2.3. Particulate organic matter concentration using Niskin bottles

Seawater samples were collected from Niskin bottles triggered at
various depths during the CTD casts. Between 4 and 6 depths (10-200
m) were sampled for POC and PON based on the CTD PAR and Chl-a
profiles (Moreau et al., 2019). Seawater samples were filtered (475-1,
055 mL depending on organic matter content) onto pre-combusted
(450°C for 12 h), 25 mm, quartz fiber filters (Advantec). All glassware
in contact with POC samples were also pre-combusted prior to the
voyage and subsequently rinsed with 2% v/v hydrochloric acid and
ultra-high purity water between samples. Filters were then removed and
placed into individual, sterile filter holders and wrapped in
pre-combusted aluminum foil to limit light exposure. Filters were stored
at —20°C until analysis (~6 months). Nine unused, pre-combusted filters
were analyzed as ‘filter blanks’ to quantify background concentration of
POC and PON on the filters.

POC and PON were determined using standard carbon-hydrogen-
nitrogen combustion methods (Knap et al.,, 1994). Filters were
removed from storage, punched to 15.9 mm diameter, and dried in an
oven at 60°C overnight in muffled glass trays. 80 pL of 10% v/v hy-
drochloric acid was then added to each filter to remove any inorganic
carbon. The acid-treated filters were subsequently dried in a desiccator
overnight, folded and enclosed into 8 x 5 mm silver capsules (Elemental
Microanalysis, UK) and analyzed at the Central Science Laboratory,
University of Tasmania, using a Thermo Finnigan EA 1112 Series Flash
Elemental Analyzer (estimated precision ~ 1%). The final POC and PON
concentrations were calculated by subtracting the average carbon and
nitrogen content measured in the filter blanks (3 + 1 pg for carbon and
0.3 £ 0.1 pg for nitrogen), multiplying by the filter to punch area ratio
and dividing the values by the volumes filtered. POC and PON mea-
surements were not corrected for possible dissolved organic carbon and
nitrogen adsorption on the filters.

L J W
polynya %
oA
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Fig. 1. Station location for the Dalton, Mertz and
Ninnis polynyas, and the off-shelf region. Yellow dots
denote sites where discrete particulate organic carbon
measurements were taken. Blue dots represent sites
where particulate organic carbon was extrapolated
based on measurements of particulate beam attenu-
ation coefficient at 660 nm. Smaller black dots
represent where thorium-234 samples were taken.
The thick white line indicates the shelf break. Back-
ground image from NASA Worldview (https://w
orldview.earthdata.nasa.gov; 12 January 2017).
Smaller boxes highlight the sampling strategy within
the Dalton and Mertz polynyas in greater detail as
there were many stations in relatively close prox-
imity, and thus difficult to discern where thorium-234
samples were taken alongside discrete and extrapo-
lated particulate organic carbon measurements.

2.4. POC and particulate beam attenuation coefficient

The determination of POC concentration from discrete bottle sam-
ples within a dense spatial grid is time and labor intensive. Therefore, we
estimated the POC distribution along the water column by relating the
discrete POC concentration to the 660 nm wavelength measurements
obtained with an in situ optical instrument (Wetlabs C-star trans-
missometer serial no. 1421DR 25 cm pathlength). This method has been
demonstrated to successfully examine the spatial and vertical distribu-
tion of POC in the past (e.g., Bishop 1999, Mishonov et al., 2003,
Gardner et al., 2018a, b). The upcast transmissometer profile of the
water column was used as it paired with the firing of the Niskin bottles
for subsequent POC analysis in water samples. Upcast profiles were not
affected by bottle firing (Supplementary Fig. 1). Baseline data were
vertically averaged in 2 dbar (~2 m) bins. Factory calibration details are
presented in Rosenberg and Rintoul (2017). The optical sensor output
was delivered in percent units. The percent transmission (Tr) of light
was then converted to total beam attenuation coefficients (c) using:

¢=-1/1)*1In (Tr/ 100)

where ¢ = beam attenuation coefficient (m™1), r = beam path length
(0.25 m), and Tr = beam transmission (%) (Gardner et al., 1995). The
beam attenuation coefficient represents the sum of attenuation due to
particles (cp), seawater (csw) and colored dissolved organic matter
(CDOM). Scattering and absorption by CDOM is considered negligible in
most open ocean waters including the Southern Ocean, so attenuation by
particles (cp) equals the total attenuation measured (c) minus the
attenuation by water (cgy):

Cp=C - Csw

where cg, was derived from measurements of ¢ at 2,000 m depth at the
off-shelf sites (depths were above the nepheloid layer), where particle
concentrations can be assumed to be negligible. A 5-point running me-
dian followed by a 7-point running mean was applied as a low-pass filter
(Briggs et al., 2011).

The POC:cj, relationship was assessed based on sites where POC and
cp were simultaneously determined. Particulate attenuation, c,, was
linearly correlated with discrete POC concentration (with a coefficient
of determination of R? = 0.76). There was no evidence of site differences
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between the in situ POC concentration and particulate attenuation (p =
0.4), which allowed for the POC concentrations to be pooled across all
CTDs for each polynya, and the off-shelf stations (Fig. 2). c, was trans-
formed to POC concentration (mg m ) via a single linear equation:

POC = 17.3 + 383.6¢,

2.5. Total >*Th and 238U activities in seawater

Seawater samples (4 L each) were collected along the water column
(between 6 and 16 depths down to 230-800 m). After collection, sam-
ples were acidified to pH < 2 with nitric acid and spiked with a known
amount of 2°°Th and were processed using the manganese oxide co-
precipitation technique (Benitez-Nelson et al., 2001; Clevenger et al.,
2021). A gas flow low-level background beta counter was used on board
to conduct the first counting (counting statistics <3%) (RIS@, Denmark).
Samples were recounted 6 months later to determine background ac-
tivities. After the second counting, samples were processed following the
method described in Puigcorbé et al. (2017a) to determine the potential
losses of thorium during sample processing. 2*°Th:?2°Th ratios were
measured using ICP-MS at the Alfred Wegener Institute (Germany) with
an average recovery of 91 + 9% (n = 107). 238y activities (in dpm L’l)
were determined from salinity data using the relationship from Owens
et al. (2011). Calibration for the efficiency of the detectors was carried
out using 238y standards and deep-water samples (2,000-2,900 m) were
used to confirm the calibration.

2.6. Particulate 2>*Th and POC using in situ pumps

Size-fractionated particles for the measurement of 2>*Th and POC
were collected using in situ pumps (ISP; McLane) from a total of 8 casts.
Depending on the water column depth, one or two ISP were deployed at
100-160 m (hereafter shallow ISP) and 300 m (hereafter deep ISP). The
pumping time varied between 1.5 and 2 h, allowing a total filtration
volume of 250-420 L. The ISP were equipped with 142 mm diameter
filter holders containing two filter types, a Nitex screen (53 pm) followed
by a quartz filter (QMA, Millipore, 1 pm), thus allowing for particle size
fractionation: 1-53 pm and >53 pm. All filters were acid cleaned and
QMAs were combusted prior to sampling.

Particulate material collected on the Nitex screens (>53 pm) was
rinsed using filtered seawater (<0.2 pm), collected in an acid-cleaned
plastic beaker and stirred to homogenize the sample. A volumetric

600

POC=17.3+383.6¢p

Site
500 ® Dalton polynya
Mertz polynya

Ninnis polynya

e 4 X

4004
Off-shelf

3004

— This study

2004 — Rembauville et al. 2017

POC concentration (mg m~)

—— Cetinic et al. 2012
1004 ~— Stramski et al. 2008
Behrenfeld and Boss 2006

Cp (miw)

Fig. 2. Relationship between in situ particulate organic carbon (POC) concen-
tration (mg m~2) and particulate beam attenuation coefficient (c,, m). Grey
lines indicate the slope for each site. We found no evidence of site differences
(p = 0.1); therefore, one common line (black line) fits all sites. Overlaid in red
(Rembauville et al., 2017), blue (Cetini¢ et al., 2012), green (Stramski et al.,
2008), and orange (Behrenfeld and Boss, 2006) are the relationships reported
by previous studies for comparison.
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fraction of the rinsed solution, representing 30-80% of the total volume,
was filtered onto a pre-combusted 25 mm QMA filter for 2**Th and POC
analyses. For 2>*Th and POC analyses in QMAs (1-53 pm), a 25 mm
punch was used to subsample 3 replicates from each filter. All filters
were then dried overnight at 50 °C, counted for 23*Th at sea and
recounted for background activities 6 months later, as was done for the
seawater samples. After the background counting, samples were treated
to analyze POC by adding hydrochloric acid to remove inorganic carbon
and then measured by high temperature combustion using a Costech
Elemental Analyzer. POC concentrations were calculated by subtracting
the average carbon measured in dipped filter blanks before dividing by
the filtered volume. Blanks for POC (5.3 + 0.6 pg/filter, n = 3) were
obtained from dipped filters and represented, on average, 1.8 + 1.0% of
the total amount measured in the samples from both size fractions (n =
56). POC and 2**Th measurements in triplicate QMA punches showed a
relative standard deviation of 4.1 4+ 2.5% and 7.6 + 3.5%, respectively.

2.7. Ammonium in seawater

Samples from each CTD were collected at 12 depths distributed be-
tween the surface and the bottom to determine the concentration of
ammonium in seawater using a Seal AA3 HR Auto Analyzer based on the
method by Kérouel and Aminot (1997). This method is based on the
reaction of ammonium with ortho-phthaldialdehyde and sulfite at a pH
of 9.0-9.5 producing an intensely fluorescent product; with an excita-
tion at 370 nm, and emission at 460 nm. Interferences from amino acids
present in the sample are eliminated by the specific combination of the
working reagent. Salt effects are eliminated by keeping the Borax buffer
at pH 9.0-9.5. Analysis was conducted at CSIRO, Hobart. The nominal
method detection limit is 0.02 pmol L™!. Method uncertainty at 1.0
pmol L1 is 0.066 pmol L™1. Due to the unbalanced dataset along the
vertical profiles, we used the nearest neighbor interpolation between
data points for every 1 dbar interval, then averaged across all stations at
every 5 dbar intervals to obtain the mean ammonium profile in the top
500 m.

2.8. Statistical analysis

A two-way ANOVA with interaction effect was used to determine if
there was a significant difference in the relationship between POC and
particulate beam attenuation coefficient by site (i.e., Dalton, Mertz,
Ninnis, off-shelf). One-way ANOVA (Type I) was used to determine if
POC concentration varied by site. A Type Il ANOVA for unbalanced data
was used to determine if there was a significant difference in ammonium
concentration by site and C:N ratio by site and depth. Tukey HSD post
hoc test was then conducted to examine the significance of differences
between sites and depths and between the different depth horizons used
to calculate the 23*Th export flux. All analyses were performed using R
(R Core Team 2014).

3. Results
3.1. Euphotic and mixed layer depths

The median euphotic depths were found to be at 97 m, 40 m, 40 m
and 118 m for the Dalton, Mertz and Ninnis polynyas, and the off-shelf
region, respectively (Table 1). The mixed layer depths were consistently
found to be shallower than the euphotic depths. Three sites in the
southeast of the Dalton polynya had very deep mixed layer depths be-
tween 100 and 154 m. Excluding these sites the median mixed layer
depths were 28 m, 12 m, 12 m, 17 m for the Dalton, Mertz and Ninnis
polynyas, and the off-shelf region, respectively (Table 1).

3.2. POC profiles

POC concentrations decreased with depth in the Dalton polynya and
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Table 1

Mixed layer depth, euphotic depth, particulate organic carbon (POC) concen-
tration and integrated POC at various depths for the Dalton, Mertz and Ninnis
polynyas, and the off-shelf sites. We report mean =+ standard deviation, median

and, Q1- Q3.

Parameter Dalton Mertz Ninnis Off-shelf
polynya polynya polynya sites
Mixed layer mean + 43 + 43 13+£1 13+£2 207
depth sd
(m) median 28 12 12 17
Q1-Q3 20-43 12-14 12-14 14-25
Euphotic mean + 95 + 56 13+9 41+6 113 + 45
depth sd
(m) median 97 40 40 118
Q1-Q3 45-135 34-46 39-44 79-138
POC mean =+ 59 + 58 244 £ 71 275 + 95 58 + 27
sd
Within median 34 247 284 56
euphotic
zone
(mg m~3) Q1-Q3 27-55 180-294 192-350 33-83
POC mean + 60 + 62 121 £ 95 138 +£ 124 47 + 26
sd
Top 200 m median 32 81 77 34
(mg m~3) Q1-Q3 26-65 48-177 35-224 27-59
Integrated mean + 12+7 23+6 27+6 9+1
POC sd
Top 200 m median 8 23 28 9
(gm?) Q1-Q3  7-18 20-27 24-30 8-10
Integrated mean + 4+3 7+3 8+1 6+2
POC sd
200-500 m median 3 8 8 7
(gm? Q1-Q3 1-7 5-10 8-9 5-8

at the off-shelf stations, while in the Mertz and Ninnis polynyas, POC
increased and peaked at ~30 m depth prior to decreasing with depth
(Figs. 3 and 4). Overall, the mean extrapolated POC profiles (black line)
mostly tracked the station profiles (grey lines) but some degree of
variability was observed (Fig. 4). In the upper 75 m of the Dalton
polynya, three stations in the southeast of the polynya had much higher
surface POC concentrations.

Within the euphotic zone, the highest derived POC concentrations
were found in the Ninnis polynya (275 + 95 mg m >, n = 256), followed
by the Mertz (244 + 71 mg m~3, n = 2247) and Dalton (59 + 58 mg
m~3, n = 1972) polynyas and lastly the off-shelf region (58 + 27 mg
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m~3, n=1278; Table 1). There was a significant difference between the
three polynyas (p < 0.01), but the Dalton polynya was not significantly
different to the off-shelf region (p = 0.9). A similar pattern is observed
when looking at the upper 200 m, where Ninnis (138 + 124 mg m~>) >
Mertz (121 £+ 95 mg m~3) > Dalton (60 + 62 mg m~3) > off-shelf (47 +
26 mg m~°), although pairwise comparisons suggest that all 4 locations
are significantly different to each other (p < 0.01) (Table 1). Optical
spikes were evident at the bottom of some stations in the Mertz polynya
(Fig. 4). As noted in the calibration report, the near bottom trans-
mittance spikes are evident in the full 24 Hz data for some stations in the
Mertz polynya (Rosenberg and Rintoul, 2017). Because these spikes are
near the seafloor, they could be due to the presence of a nepheloid layer.
The thickness of the nepheloid layer was calculated based on Gardner
et al. (2018a,b) which is the distance between the cppin + 0.01 m”! and
the profile bottom depth. In the Mertz polynya nepheloid layer thickness
was 159 + 163 m and removing the nepheloid layer would remove these
spikes.

Because a large fraction of the POC pool is expected to be reminer-
alized in the upper 200 m (Henson et al., 2012), depth integrated POC
(Fig. 5) is presented for the top 200 m (Fig. 5a) and for 200-500 m, or to
the maximum depth if shallower than 500 m (Fig. 5b). Moreover, the top
200 m layer matches the depth integrated Chl-a and net community
production (NCP) estimates from a parallel study (Fig. 7 in Moreau et al.,
2019). Depth integrated POC of the top 200 m was greatest in the Ninnis
polynya (27 + 6 g m™2), followed by the Mertz polynya (23 + 6 g m~2),
and were not significantly different to each other (p = 0.1), however
they were significantly higher compared to the Dalton polynya and the
off-shelf region (p <0.01). The Dalton and the off-shelf region were not
significantly different to each other (p = 0.3) with slightly higher inte-
grated POC measured in the Dalton polynya (12 = 7 g m~2) compared to
the off-shelf region (9 £+ 1 g m_z) (Fig. 5a; Table 1). The POC stocks
between 200 and 500 m across all sites were significantly lower
compared to the top 200 m (Fig. 5b). Integrated POC stocks between 200
and 500 m in the Ninnis and Mertz polynyas (8 + 1 gm 2and7 +3 g
m 2, respectively) were higher than the off-shelf region (6 + 2 g m™2).
In the Dalton polynya, 13 out of the 19 sites had water column depths
<500 m (between 230 and 322 m), thus integrated POC stocks were
calculated from 200 m to seafloor at these sites (4 + 3 g m~2) and were
found to be lower than the other polynyas and the off-shelf sites.
Omitting these 13 sites where maximum depth was less than 500 m,
depth integrated POC between 200 and 500 m for the remaining 6 sites
incgeases to that observed for the Ninnis and Mertz polynyas (7 + 1 g
m~ ).
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Fig. 3. Particulate organic carbon (POC) concentrations (mg m~>) based on in situ measurements in the Dalton, Mertz, and Ninnis polynyas, and at the off-

shelf stations.
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Fig. 4. Particulate organic carbon (POC) profiles extrapolated based on the linear regression between POC and ¢, (Fig. 2) across the entire water column for the
Dalton, Mertz, and Ninnis polynyas, and the off-shelf sites. Grey lines represent individual station profiles, and the black line represents the mean profile. Red dashed
horizontal line represents average mixed layer depth, whilst the blue dashed horizontal line represents the average euphotic depth.
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3.3. POC:Chl-a <200 mg mg ! and increased with depth (Fig. 6). POC:Chl-a ratio was

>200 mg mg ! below 100 m at the off-shelf sites, and below ~150 m in

The POC:Chl-a ratios were determined based on in situ sampling (Chl-
a data from Moreau et al., 2019), consequently the ratios are only
available for the upper 200 m. In general, the POC:Chl-a ratios were

the Dalton and Ninnis polynyas. The Mertz polynya was consistently
<100 mg mg~! down to 200 m.
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Fig. 6. Mean ratio of particulate organic carbon (POC) to chlorophyll-a (Chl-a)
in the polynyas and off-shelf sites averaged every 10 dbar.

3.4. C:N ratio

The C:N ratios (calculated based on measured POC) in the Mertz
polynya and the off-shelf sites were not significantly different to each
other (p = 0.1). However, C:N ratios for all other site pairings were
significantly different from each other (p <0.01; Fig. 7). The C:N molar
ratios were generally lower than the Redfield ratio of 6.6 in the upper
200 m (Fig. 7). In the Ninnis polynya, the C:N molar ratio averaged 5.7
+ 0.7 (n = 62), while it was 4.8 + 0.9 (n = 73) in the Mertz polynya, 4.0
+ 0.6 (n = 11) at the off-shelf sites, and 2.8 &+ 1.7 (n = 41) in the Dalton
polynya (Fig. 7). Only the Dalton polynya showed a significant differ-
ence in C:N molar ratios with depth (p <0.01). There were 7 instances
(in blue, Fig. 7) where the blanks contributed to 31-46 % of the total
carbon measured and C:N molar ratios were between 1.1 and 2.6. There
were further 3 instances (in orange, Fig. 7) where the blanks contributed
to 50-52 % of the total carbon measured and C:N molar ratios were
between 0.8 and 0.9. Therefore, these measurements with a low signal to
noise ratio should be taken with caution. At all other sites, C blank
corrections were <30% of the total C measured for each sample (7.2%
on average). There were no samples where the N blank correction was
>30% of the total N measured (3.3% on average). Omitting the samples
where C blank corrections were >30%, the mean C:N molar ratio in the
Dalton polynya increased to 4.8 + 1.2 and still showed a significant
decrease in C:N molar ratios with depth (p <0.05).

C : N molar ratio

00 25 50 75
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3.5. 2*Th profiles and export fluxes

The Dalton and Mertz polynyas presented markedly different 23*Th
profiles. The Dalton polynya’s 23*Th activity concentrations in surface
waters were relatively high (>2 dpm L™!) and equilibrium with 23U
(2.4 dpm L) was reached at depths no deeper than 100 m. In contrast,
in the Mertz polynya, a clear deficit of 2>*Th with respect to 2%3U was
present at all stations down to 70-125 m (Fig. 8), with 2341238y ac-
tivity ratios averaging 0.66 + 0.15 (n = 17).

234Th fluxes were obtained by integrating its deficit in the upper
water column with respect to 238U, applying a 1D scavenging model
assuming steady state conditions and considering there was no signifi-
cant advection nor diffusion transport. The small 2*Th deficits found in
the Dalton polynya led to small (<800 dpm m~2 d~!) or even negligible
234 export fluxes (Table 2). In contrast, the 234THh fluxes in the Mertz
polynya were, on average, 5-fold higher than those measured in the
Dalton polynya. The integration depth chosen can, in some cases, impact
significantly the derived export flux. For that reason, we used four
different depths horizons to calculate the 23*Th fluxes: i) the depth
where the shallow ISP were deployed; ii) the equilibrium depth (Eq
depth); iii) the primary production zone (PPZ); and iv) the depth of the
euphotic zone (Zeu) (see section 2.2; Table 2). Out of the four depths
horizons chosen here, only the Zeu yielded significantly lower 23Th
fluxes (p <0.001), especially in the Mertz polynya, where 2>*Th deficits
were found at depths below the Zeu resulting in significantly lower
Z34Th fluxes at this depth compared to the deeper depth horizons. There
were no significantly different results (p >0.5) among the other three
integration depths, suggesting that PPZ, shallow ISP depth and Eq depth
are a better definition of the base of the productive layer compared to
Zeu in this study area. Therefore, since the goal is to estimate the export
of POC out of the productive layer, we will consider the fluxes obtained
at the shallow ISP depth where POC:2**Th ratios were measured (see
Table 2 for ISP depth reference).

3.6. Particulate 234'171, POC and POC:***Th ratios

In the Mertz polynya, the concentrations of particulate 23*Th at the
shallow ISP depths were >2 times higher compared to the Dalton
polynya (0.321 + 0.082 dpm L™! vs 0.140 + 0.013 dpm L™1), but par-
ticulate 234Th in the Dalton polynya was comparable to the concentra-
tions measured at the deep ISP depth (300 m) in the Mertz (0.120 +
0.013 dpm L™Y). The relative contribution of both particle sizes to par-
ticulate 2>*Th was also different between polynyas. At all the stations in
the Dalton polynya, almost all of the particulate 2>*Th was measured in
the small size fraction (98 + 2%, Fig. 9). Comparatively, in the Mertz

Fig. 7. Particulate organic carbon:nitrogen (C:N)
molar ratios in the Dalton, Mertz, and Ninnis po-

Off—shelf lynyas, and at the off-shelf sites. In the Dalton
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polynya, the blue points show samples where the
blank contributed 31-46 % to C (n = 7), whilst the
orange points show samples where the blank
contributed 50-52 % (n = 3), and thus need to be
taken with caution. Black dashed vertical line in-
dicates the Redfield ratio (6.6). The blue and red
dashed horizontal lines represent the average
euphotic depth and the average mixed layer depth,
respectively.
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Fig. 8. Thorium-234 deficiency (black dots) concen-
tration profiles along the water column at each sta-

tion. The top four panels are stations located in the
Dalton polynya and the lower four panels are stations

sampled within the Mertz polynya. The dashed ver-
tical grey lines indicate equilibrium. The green hori-
zontal dashed lines show the depths at which
fluorescence was 10% of its maximum signal in
overlying waters (primary production zone, PPZ). The
fluorescence profile was not available for station DP8.
The map at the bottom shows the location of the

MGO1

stations sampled in each polynya.
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Table 2

Thorium-234 (>3*Th) fluxes estimated at several depth horizons: shallow in situ pump (ISP) depth, equilibrium depth (Eq depth), primary production zone (PPZ) and
euphotic zone depth (Zeu). See section 2.2 for details. Particulate organic carbon (POC) fluxes at the depth of the shallow ISP are also provided.

Polynya  Station  Shallow ISP 234Th flux at shallow  Eq 234Th flux at PPZ 234Th flux at Zeu Z4Thfluxat  POC fluxes at shallow
depth ISP depth depth Eq depth depth PPZ depth depth Zeu ISP depth
(m) (dpm m2d™h (m) (dpm m2dh (m) (dpm m2d? (m) (dpm m? (mmolC m~2d™1)
dh
Dalton St. 2 100 167 + 189 40 175+ 91 40 175+ 91 122 112 £+ 214 1.24+13
DP1 100 279 + 168 30 234+ 73 58 74 284 + 128 3.0+1.8
DP5 160 600 + 332 100 774 + 236 68 689 + 161 20 280 +£ 75 6.0 + 3.3
DP8 150 —125 + 205 surface - ND - 170 —48 + 225 -
Mertz EMO3 100 1122 £ 179 70 1127 £ 135 60 1059 + 115 26 609 + 56 9.3+15
MGO1 100 1805 + 183 80 1824 +£ 131 108 1784 + 190 44 1306 + 72 16.3 +1.7
MGO03 100 2297 + 206 125 2405 + 228 114 2357 + 216 46 1462 + 96 24.7 £ 2.2
MGO08 100 1977 £ 193 100 1977 £ 193 86 1938 + 155 54 1552 + 99 15.0 £ 1.5
ND = No data.

polynya the contribution of small particles to >*Th was found to be
smaller and more variable across stations (63 + 19%) with a minimum
contribution of 40% (EMO03 at 100 m, Fig. 9). In the Mertz polynya, we
observed an increase of the percentage of 2>*Th in the small size fraction
in the deep samples compared to the shallow samples (Fig. 9). The POC
distribution between the two polynyas and between the size fractions
mimics that of particulate 23*Th. Almost the totality of POC was
measured in the small size fraction in the Dalton polynya, whereas in the
Mertz polynya the contribution of large particles to POC represented up
to 42% of the POC (Fig. 9). POC and 234Th were found to correlate
positively in the Mertz polynya when pooling all the data available (R?
= 0.84, p = 0.00018, n = 14), but also when looking at the two size
fractions separately (small particles: R? = 0.93, p = 0.0021, n = 7; large
particles: R? = 0.88, p = 0.0082, n = 7). In the Dalton polynya, that

relationship was only significant when pooling all the dataset (p = 0.67,
p =0.029, n = 10).

The POC:23*Th ratios, multiplied by the flux of 23Th, are used to
derive the POC fluxes. The shallow POC:23*Th ratios for small particles
averaged 14 + 9 pmol dpm™! in the Dalton polynya and 9 + 1 pmol
dpm ™! in the Mertz polynya, whereas for large particles the averages
were 35 + 10 pmol dpm ! (two stations with ratios >130 pmol dpm?
not included) and 6 + 2 pmol dpm_l, for the Dalton and the Mertz
polynya, respectively. At 300 m, the POC:23*Th ratio for both size classes
and polynyas was on average ~12 pmol dpm . Despite some vari-
ability, the shallow POC:23*Th ratios in small and large particles were
comparable (within a factor of 2). To derive the POC fluxes using the
Z34Th deficits, we used the POC:?**Th ratios measured in the small
particles in both polynyas. The rationale behind this is the fact that in
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Fig. 9. Particulate thorium-234 (***Th) and particulate organic carbon (POC) fractionation between small (1-53 pm) and large (>53 pm) particles at different
stations and depths in the Dalton and Mertz polynyas. Note that the number next to the station name refers to the sampling depth (e.g., St.2-100 refers to samples

collected at St.2 at 100 m depth).

the Dalton polynya 23*Th activities in the large particles were very low
(Fig. 9) leading to unreliable large POC:23*Th ratios (>130 pmol dpm 1)
compared to global open ocean POC:23*Th ratios (Puigcorbé et al., 2020)
and in the Mertz polynya we did not find significant differences between
the POC:234Th ratios measured in small and large particles (p = 0.053).

3.7. Ammonium in seawater

The distribution of ammonium in seawater (Fig. 10) mimicked the
POC profiles observed for the polynyas (Fig. 4). Ammonium concen-
tration in the Mertz (0.4 + 0.5 pmol L) and Ninnis polynyas (0.5 + 0.6
pmol L™1) were not significantly different from each other (p = 0.9), but
were significantly higher than in the Dalton polynya (0.2 + 0.2 pmol
L) and the off-shelf sites (0.3 £ 0.3 pmol LH (p < 0.01 for both). The
Dalton and the off-shelf sites were not significantly different (p = 0.2).

4. Discussion

This study provides biogeochemical data from a climate sensitive
and under sampled region around Antarctica. A limited number of POC
sampling efforts have been conducted in East Antarctica, and 2>*Th
quantification is extremely rare (Fig. 11). Since marine productivity in
coastal East Antarctica is highly sensitive to changes in the icescape
(Shadwick et al., 2014; Liniger et al., 2020), we need a robust baseline
from which future changes can be evaluated. Below, we discuss the
distribution and export of POC by looking into differences in primary
production, the degradation state of organic matter and its nutritional
value, as well as the role of heterotrophic communities across the
different sampling locations.

4.1. Does primary production influence the vertical distribution and
export of carbon?

Organic particles in the ocean originate from phytoplankton primary

Ammonium (umol L)

00 05 1.0 15 2.0

00 05 1.0 15 2.0

00 05 10 15 20 00 05 1.0 1.5 20

Dalton polynya Mertz polynya

Ninnis polynya Off-shelf

0

100

2001

3001

Pressure (dbar)

400+

500

Fig. 10. Concentration of ammonium (umol L) in the Dalton, Mertz, and Ninnis polynyas, and at the off-shelf sites. Grey lines represent ammonia concentrations as
measured from the CTD bottle samples. Solid black line indicates mean ammonium concentration across all stations and averaged every 5 dbar. Blue dashed hor-
izontal line represents the average euphotic depth. Red dashed horizontal line represents the average mixed layer depth.
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production. Moreau et al. (2019) recorded high and site-specific dif-
ferences in Chl-a, phytoplankton biomass and NCP within the Mertz,
Ninnis, and Dalton polynyas during the same voyage. Here we examine
if the high primary production translates to substantial presence and
export of POC along the water column. Within the polynyas, the highest
average POC concentrations were measured in the Ninnis polynya fol-
lowed by the Mertz and lastly the Dalton polynyas (Table 1, Fig. 4). In
the Mertz and Ninnis polynyas, POC concentration increased with depth
down to the deep Chl-a maximum depth (31 + 9 m in the Mertz polynya
and 33 = 10 m in the Ninnis polynya; Moreau et al., 2019), and
decreased thereafter (Fig. 4). In the Dalton polynya, three stations in the
southeast of the polynya had much higher POC concentrations
compared to the other stations sampled within the same polynya. These
three stations with elevated POC in the Dalton polynya correspond to
sites with higher Chl-a (Moreau et al., 2019).

Integrated Chl-a (top 200 m) was higher in the Mertz and Ninnis
polynyas (158-507 mg Chl-a m~2 and 152-453 mg Chl-a m~2, respec-
tively) compared to the Dalton polynya (9-304 mg Chl-a m~2). Simi-
larly, NCP was significantly higher in the Mertz and Ninnis polynyas
(31-107 g C m~2 and 36-69 g C m™ 2, respectively) compared to the
Dalton polynya (4-57 g C m~2, Moreau et al., 2019). Integrated POC
were roughly double in the Mertz and Ninnis polynyas compared to the
Dalton polynya (Table 1). 22*Th-derived POC export was only measured
in the Mertz and Dalton polynyas, and there were significant differences
between both polynyas: 2*Th fluxes were 5-fold higher in the Mertz
compared to the Dalton polynya, leading to POC export flux in the Mertz
that was, on average, 5 times higher than in the Dalton polynya (16 + 6
vs 3 + 2 mmol Cm 2 d !, respectively, Table 2). By comparing the POC
export fluxes to NPP we can estimate the efficiency of the export in both
polynyas. NPP estimates were inferred from nitrate drawdown in the
surface layer compared to the deeper winter layer (Moreau et al., 2019),
which is suggested to be a valid approach in such high latitude areas
(Moreau et al., 2013, Frasson et al., 2004). The opening of the polynyas
started in September/October; however, the beginning of the productive
season was considered to be mid/late-November based on inspection of
satellite-derived ocean color and previous studies in the Dalton and
Mertz polynyas (Arrigo et al., 2015; Liniger et al., 2020). Based on this
assumption, we estimate that the export efficiency in the Mertz polynya
was, on average, 15%, compared to 5% in the Dalton polynya.

The off-shelf sites were not examined in Moreau et al. (2019).
However, the same fluorometer was used throughout the voyage,
allowing us to extrapolate the relationship presented in Moreau et al.
(2019) between seawater fluorescence and Chl-a to the off-shelf sites to
determine if integrated POC distribution and integrated Chl-a were
different between the polynyas and the off-shelf sites. Integrated Chl-a
(top 200 m) at the off-shelf sites (62-96 mg Chl-a mfz) were lower
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Fig. 11. Locations south of 60°S where POC a) and
234Th b) have been reported in the literature. Red
circles indicate locations shallower than 1000 m,
while blue circles indicate locations deeper than
1000 m. Circles with a yellow centre indicate loca-
tions included in this study. Data plotted in panel a)
have been obtained from Evers-King et al. (2017)
with additional data from Davis (2019), Mongin
(2010), Pasquer et al., 2010, CLIVAR-SR3 (Tom Trull
pers. comm.), Nodder and Waite (2003), Trull and
Armand (2013), Romankevich and Peresypkin
(1994), Nemirovskaya et al. (2013), Nemirovskaya
and Chemyavskii (2011), Collier et al. (2000), Castro
and Gonzalez-Castro (2003), Brandt et al. (2011) and
Alderkamp et al. (2012b). The locations plotted in
panel b) have been extracted from Puigcorbé et al.
(2020) with additional data from Charette and
Buesseler (2000), Langone et al. (1997), Rutgers van
der Loeff (2007) and Usbeck et al. (2002).

compared to the polynyas. Yet, at the off-shelf sites it was higher than
those found during the CLIVAR-SR3 cruise in 2001 (35-37 mg Chl-a
m~2 at 64.9°S and 60.8°S, and 140°E, Kopczynska et al., 2007), which
followed the same transect at a similar time of the year (Nov-Dec).
However, despite the higher values obtained in this study compared to
the CLIVAR-SR3 cruise and the expected inter-annual variability, Chl-a
and POC concentrations in the off-shelf region was markedly lower
compared to the polynyas. Taken all together, we find that the high
primary production observed in the Ninnis and Mertz polynyas (Moreau
et al., 2019), led to higher vertical concentration and export of POC
compared to the Dalton polynya and off-shelf sites.

4.2. POC:Chl-a ratio as a proxy of detrital or degraded organic matter
relative to living phytoplankton

The POC:Chl-a ratio can be used to describe the relative proportion
of organic material (living and non-living) relative to autotrophic or-
ganisms, where POC:Chl-a <100 mg mg ! indicates living phyto-
plankton, POC:Chl-a <200 mg mg ! indicates phytoplankton dominated
particulate organic matter, and POC:Chl-a >200 mg mg ™! is considered
characteristic of detrital or degraded organic matter (Liénart et al.,
2016; Thomalla et al.,, 2017; Arrigo et al., 2003). However, it is
important to note that there can be high spatio-temporal variability in
the POC:Chl-a ratios due to physiological photoacclimation, variations
in the community composition and phytoplankton biomass (Behrenfeld
et al., 2002, 2005, 2015).

At the off-shelf sites, degraded material (POC:Chl-a >200 mg mg’l)
was found below 100 m, shallower that what was observed in the po-
lynyas. In the upper 200 m of the Mertz polynya, the POC:Chl-a ratio
remained relatively constant (<100 mg mg~!) suggesting the presence
of living phytoplankton. Based on nutrient drawdown ratios and mi-
croscope analyses of the phytoplankton communities, diatoms (Fragi-
lariopsis curta and F. cylindrus) dominated phytoplankton biomass in the
Mertz polynya (Moreau et al., 2019), and these typically ice-associated
diatoms could aggregate and be exported to deeper waters (Michels
et al., 2008). Blooms of sea-ice and planktonic diatoms are often asso-
ciated with enhanced POC export (Romero and Armand 2010; Roca--
Marti et al., 2017; Leblanc et al., 2018). The high 234Th fluxes measured
in the Mertz polynya (Fig. 8 and Table 2), where large particles
contributed to a larger extent to particulate 2>*Th and POC compared to
the Dalton (Fig. 9), are in line with the dominance of diatoms and the
stronger influence of ice melt in that polynya (Moreau et al., 2019).
Transfer efficiencies between 100 and 300 m (i.e., POC flux at 300
m/POC flux at 100 m) could only be calculated at three stations in the
Mertz polynyas but they were, in all cases, >75%, indicating that a large
proportion of the POC leaving the productive layer reached depths of
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300 m. Such high transfer efficiencies have been reported in highly
productive areas of the North Atlantic and the Southern Ocean (e.g.,
Buesseler and Boyd, 2009) usually related to diatom blooms. Healthy
diatoms have been found well below the euphotic zone (e.g. down to 4,
000 m in Agusti et al., 2015) which, together with POC:Chl-a ratios
<100 mg mg~", suggest that living diatoms may have contributed to
carbon export in the Mertz polynya. Diatoms have a high silica content
(Brzezinski 1985), and their blooms can lead to strong silicic acid
drawdown, as was observed in the Mertz polynya (Moreau et al., 2019).
Also, diatoms often produce biological glues, which may promote ag-
gregation and hence faster sinking rates and lower attenuation with
depth (Passow et al., 1994; Smetacek et al., 2012), with studies
reporting diatom sinking rates that can exceed 700 m d~! (Asper and
Smith 2003; Agusti et al., 2015).

The POC:Chl-a ratios in the Dalton and Ninnis polynyas gradually
increased with depth and degraded material (POC:Chl-a > 200 mg
mg ') was measured at depths greater than 150 m (Fig. 6). A mixed
phytoplankton community of diatoms and small flagellates including
Phaeocystis antarctica dominated in the Ninnis polynya, whilst small
flagellates including P. antarctica dominated in the Dalton polynya
(Moreau et al., 2019). In the Dalton polynya we observed that the
quasi-totality (94-100%) of the particulate 2>*Th and POC was found in
the small particles (Fig. 9), which agrees with dominance of smaller
phytoplankton. The higher POC:Chl-a ratio in the Ninnis and Dalton
polynyas coupled with the presence of a mixed phytoplankton com-
munity compared to the Mertz polynya suggest that the Ninnis and
Dalton polynyas may have been at a more advanced stage of bloom at
the time of sampling. Whilst DiTullio et al. (2000) demonstrated that in
the Ross Sea P. antarctica blooms are exported rapidly during the early
spring bloom, we find that the Dalton polynya had lower POC concen-
trations and POC export compared to the Mertz polynya and lower POC
concentrations compared to the Ninnis polynya, where diatoms would
have been the drivers of the enhanced POC concentrations. Our results
agree with those of Kim et al. (2015), who found that, even in the
ice-covered areas surrounding the Amundsen Sea polynya where di-
atoms dominated the plankton community, the POC flux was larger than
inside the actual polynya, where P. antarctica was dominant.

4.3. C:N ratio as a proxy for the nutritional quality of organic matter

The C:N ratio in the natural environment is plastic and, under
nutrient replete conditions, values of C:N can diverge from the canonical
6.6 Redfield ratio, ranging from 3 to 17 due to species-specific responses,
differences in growth conditions or analytical techniques (Geider and La
Roche 2002; Arrigo 2005; Garcia et al., 2018). Yet, a low C:N ratio is
generally attributed to N enrichment and the presence of *fresher’ ma-
terial, whereas a higher C:N ratio is considered to indicate preferential
remineralization of N and a more degraded pool. The C:N ratios
measured here were within the reported range of phytoplankton
growing under nutrient-replete conditions (Geider and La Roche 2002;
Arrigo 2005; Garcia et al., 2018), but they did differ between sites. The
C:N ratio in the Ninnis polynya (5.7 + 0.7) was the closest one to the
Redfield ratio (6.6), while ratios below the Redfield ratio were observed
at the other sites (Mertz polynya 4.8 + 0.9, Dalton polynya 4.8 + 1.2,
and off-shelf sites 4.0 & 0.6; Fig. 7). The C:N ratios measured in all three
polynyas fall within the natural variability observed in the euphotic
layer of the Ross Sea (5.4-9.2; Fabiano et al., 1993) and the Amundsen
Sea polynya (6.3-9.2; Kim et al., 2018), whereas the off-shelf sites are
slightly below those ranges. The stoichiometry of remineralization is a
function of the nutritional demand of the heterotrophic population
(Turley and Mackie 1994; Sterner and Elser 2002; Burkhardt et al.,
2014; Letscher and Moore 2015). In some areas of the Southern Ocean,
heterotrophic bacteria have been shown to be carbon limited (Church
et al., 2000; Obernosterer et al., 2015). Therefore, it is possible that
heterotrophic bacteria were preferentially consuming carbon at the
off-shelf sites, leading to lower C:N ratios, which could also be the cause
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of the decreasing C:N ratios with depth in the Dalton polynya.
4.4. Ammonium as an indicator of heterotrophic communities

The high concentration of ammonium (Fig. 10) could indicate the
presence of heterotrophic communities. The production of ammonium
by bacteria and zooplankton is an important process in the marine ni-
trogen cycle as phytoplankton (both eukaryotes and cyanobacteria)
utilize ammonium before nitrate due to the reduced energy costs.
However, heterotrophic bacteria are also competitors with phyto-
plankton for ammonium (Hoch and Kirchman 1995). The concentration
of ammonium measured in the present study fall within the summer
values measured previously in the Southern Ocean (~0.05-1.03 pmol
L7, Bianchi et al., 1997; Mengesha et al., 1998), around the Antarctic
Peninsula (0.9-10 pmol L7, Koike et al., 1986; Owens et al., 1991; Karl
et al., 1996; Garibotti et al., 2003), and in the Ross Sea (4 pmol L7
Gordon et al., 2000). The highest ammonium concentrations were found
in the Ninnis and the Mertz polynyas (2.2-2.4 pmol L) in line with the
deep Chl-a and POC maxima. As expected, the lower POC in the Dalton
polynya and the off-shelf sites were accompanied by lower ammonium
concentrations (0.9-1.1 pmol L’l).

As ammonium is released by both the bacterial and zooplankton
communities, it is not possible to distinguish the influence of these
heterotrophic communities on the distribution of POC. However, the
distribution of ammonium resembles that of POC, which indicates that
grazing and/or remineralization track POC, rather than being concen-
trated at a particular depth horizon or light level. Moreau et al. (2020)
recently showed that grazers consume about 90% of the phytoplankton
in the sea-ice zone of the Southern Ocean. The fact that the ammonium
profiles mirrored the vertical distribution of POC could suggest that POC
may not escape the heterotrophic community very effectively while
sinking, which may lead to low carbon export efficiency. In the Dalton
polynya the average export efficiency was 5%, similar to those observed
in oligotrophic areas (e.g., Puigcorbé et al., 2017b). The decreasing C:N
ratios with depth suggest preferential remineralization of C by bacteria
(e.g., Church et al., 2000). However, export efficiency in the Mertz
polynya was 15%, where we also estimated high transfer efficiencies
down to 300 m. We note two possible scenarios: 1) lower POC in the
Dalton polynya attracts lesser heterotrophic communities compared to
Mertz polynya, leading to lower ammonium concentration and lower
export efficiency in the Dalton, and 2) the differences in planktonic
community composition between the Dalton polynya, which was
dominated by small flagellates, and the Mertz polynya, which was
dominated by diatoms, may drive differences in export efficiency.

5. Conclusion and future work

The higher primary production within the Mertz, Ninnis and Dalton
polynyas resulted in higher vertical concentrations and stocks of POC
along the water column within the polynyas compared to the off-shelf
sites. As shown in other studies, primary production can vary greatly
between polynyas. Here, vertical concentration of POC was greater in
the Mertz and Ninnis polynyas compared to the Dalton polynya, and this
translated to ~5 times higher carbon export in the Mertz compared to
the Dalton on average. The POC:Chl-a ratios of <200 mg mg™! in the
upper 150 m in the Mertz, Ninnis and Dalton polynyas suggests that
organic particles consisted largely of phytoplankton. However, the
concentrations and stocks of POC were found to be significantly
different amongst the polynyas, suggesting that the factors controlling
the distribution of POC would differ between them, thereby influencing
carbon export. In the Mertz polynya, a relatively constant low POC:Chl-a
ratio down to 200 m indicates that POC largely consisted of fresh ma-
terial, which together with the high transfer efficiency observed in that
polynya and information on the algae community, suggests that living
diatoms contributed to carbon export that largely persisted throughout
the upper mesopelagic zone. In contrast, in the Ninnis, Dalton and off-
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shelf sites, the POC:Chl-a ratios increased with depth pointing towards
an increase in degraded material. The C:N ratios measured in this study
suggest a high nutritional quality of the organic matter, which would
encourage the presence of heterotrophic communities. Interestingly, the
ammonium profiles follow the POC profiles, suggesting that these het-
erotrophic communities were degrading the POC throughout the water
column.

The polynya-specific differences highlighted here provide an inter-
esting framework for future work. It has been shown that, under future
climate scenarios with increased global ocean temperatures, smaller
phytoplankton communities could be favored (Montes-Hugo et al.,
2009; Moran et al., 2010). If phytoplankton community structure in the
Mertz were to switch towards smaller sized cells akin to the Dalton
polynya, then our study suggests that the biologically mediated carbon
export in these coastal polynyas may decrease. However, patterns of
remineralization and grazing may also change depending on the
response of the bacterial and zooplankton communities to temperature
and resource supply (e.g., iron and dissolved organic carbon availability
to phytoplankton, and metabolic demand of zooplankton and bacteria),
both of which are highly uncertain. Therefore, quantifying the micro-
nutrients and dissolved organic carbon content in this region, coupled
with the rate of bacterial remineralization of sinking particles and
zooplankton community dynamics will provide better insight into car-
bon cycling and improve its predictability in these highly productive
regions under future climate scenarios.
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