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Antarctic coastal polynyas are persistent and recurrent regions of open water

located between the coast and the drifting pack-ice. In spring, they are the first

polar areas to be exposed to light, leading to the development of phytoplankton

blooms, making polynyas potential ecological hotspots in sea-ice regions.

Knowledge on polynya oceanography and ecology during winter is limited due

to their inaccessibility. This study describes i) the first in situ chlorophyll

fluorescence signal (a proxy for chlorophyll-a concentration and thus

presence of phytoplankton) in polynyas between the end of summer and

winter, ii) assesses whether the signal persists through time and iii) identifies its

main oceanographic drivers. The dataset comprises 698 profiles of fluorescence,

temperature and salinity recorded by southern elephant seals in 2011, 2019-2021

in the Cape-Darnley (CDP;67˚S-69˚E) and Shackleton (SP;66˚S-95˚E) polynyas

between February and September. A significant fluorescence signal was

observed until April in both polynyas. An additional signal occurring at 130m

depth in August within CDP may result from in situ growth of phytoplankton due

to potential adaptation to low irradiance or remnant chlorophyll-a that was

advected into the polynya. The decrease and deepening of the fluorescence

signal from February to August was accompanied by the deepening of the mixed

layer depth and a cooling and salinification of the water column in both polynyas.

Using Principal Component Analysis as an exploratory tool, we highlighted

previously unsuspected drivers of the fluorescence signal within polynyas. CDP
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shows clear differences in biological and environmental conditions depending on

topographic features with higher fluorescence in warmer and saltier waters on

the shelf compared with the continental slope. In SP, near the ice-shelf, a

significant fluorescence signal in April below the mixed layer (around 130m

depth), was associated with fresher and warmer waters. We hypothesize that this

signal could result from potential ice-shelf melting from warm water intrusions

onto the shelf leading to iron supply necessary to fuel phytoplankton growth.

This study supports that Antarctic coastal polynyas may have a key role for polar

ecosystems as biologically active areas throughout the season within the sea-ice

region despite inter and intra-polynya differences in environmental conditions.
KEYWORDS
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1 Introduction

Antarctic coastal polynyas are persistent and recurrent regions

of open water or thin ice located within the landfast ice between the

coast and the pack ice (Barber and Massom, 2007). They are created

by katabatic winds from the continent that constantly push offshore

the newly formed sea ice, creating these ice-free areas (Morales

Maqueda et al., 2004). Coastal polynyas represent important areas

of heat exchange between the ocean and atmosphere, leading to

continuous sea ice production and brine rejection (Morales

Maqueda et al., 2004; Williams et al., 2007). They play a critical

role in global ocean circulation by producing high-salinity shelf

water and dense shelf water which are the precursors of Antarctic

bottom water (Arrigo and van Dijken, 2003; Tamura et al., 2008;

Portela et al., 2021).

In spring, polynyas are the first polar marine systems to be

exposed to solar radiation. As a result, phytoplankton blooms occur

in polynyas before they occur in the sea ice covered regions (Arrigo

and van Dijken, 2003; Tremblay and Smith, 2007). This early onset

of primary production attracts higher trophic levels, making

polynyas regions of ecological importance (Barber and Massom,

2007; Labrousse et al., 2018; Arce et al., 2022). Once sea ice melts,

polynyas do not necessarily lead to more phytoplankton blooms

than surrounding areas, but the primary production comes earlier

in the season which makes them ecologically attractive after the

dark winter months (Tremblay and Smith, 2007). In autumn, light

decreases and vertical mixing of the water column increases which

reduces the phytoplankton bloom and deepens the phytoplankton

cells (Tremblay and Smith, 2007; Arteaga et al., 2020; Gu et al.,

2020). During the austral autumn/winter seasons, coastal polynyas

are exposed to one of the harshest climate on Earth, which makes

them extremely difficult to access and to sample by ships (Tremblay

and Smith, 2007). Although multi-year in situ data from

Biogeochemical (BGC) Argo floats are now available (Moreau

et al., 2020) they do not provide data within polynya or fast ice

areas, because they are restricted (by ice) to the marginal ice zone of

sea ice covered areas. Moreover, satellite-based estimates of
02
chlorophyll-a concentration are limited in resolution and quality

due to cloud and ice cover, especially during the winter months

when there is little or no light available for ocean color retrieval.

Animal biotelemetry provides a novel opportunity to study

marine animal ecology in extreme remote regions and sample

simultaneously the ocean environmental conditions of these

unique environments throughout the year (Hussey et al., 2015;

Labrousse et al., 2015; Lee et al., 2017; Harcourt et al., 2019;

McMahon et al., 2021). This includes the use of Conductivity-

Temperature-Depth Satellite Relay Data Loggers (CTD-SRDL) (Sea

Mammal Research Unit (SMRU), University of St. Andrews,

Scotland) positioned on the heads of deep-diving, wide-ranging

predators of the Southern Ocean (Charrassin et al., 2008; Hindell

et al., 2016; Harcourt et al., 2019). Southern elephant seals (SES,

Mirounga leonina) are a unique sentinel species of Southern Ocean

ecosystems and ocean health, diving to depths up to 2 000 m and

traveling thousands of kilometers between subantarctic colonies

and feeding grounds (Hindell et al., 1991; Le Boeuf and Laws, 1994;

McIntyre et al., 2010; Hindell et al., 2016). During their post-

moulting trip at-sea between January and September (i.e. ~9

months), instrumented individuals collect oceanographic data

across the Southern Ocean, some within the under-sampled

Antarctic sea ice region (Bailleul et al., 2007; Charrassin et al.,

2008; Pellichero et al., 2016) and Antarctic coastal polynyas

(Malpress et al., 2017; Labrousse et al., 2018).

Recent technological developments have allowed for the

inclusion of fluorescence sensors on biologgers (Guinet et al.,

2013; McMahon et al., 2021). Chlorophyll fluorescence (or

fluorescence) is used as a proxy for chlorophyll-a concentration

in aquatic environments which itself reflects the temporal and

spatial variability of primary production (Blain et al., 2013;

Guinet et al., 2013; Sauzède et al., 2015; Keates et al., 2020). Since

2011, SES from Kerguelen Islands (49°20’S, 70°20’E) equipped with

fluorometers, integrated within the CTD-SRDL, have provided

novel information on in situ fluorescence within coastal polynyas

during the winter months filling an important observational gap in

Antarctica (Guinet et al., 2013; Baldry et al., 2020). In situ
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fluorescence data collected by SES provide both the vertical

dimension and the winter coverage not available in satellite data.

Moreover, information on the vertical and temporal distribution of

phytoplankton, the base of the food web, in autumn/winter within

polynyas is essential to understand utilization of these areas by

higher trophic levels. Therefore, in situ CTD-fluorescence data

recorded from SES represent a valuable contribution to the

knowledge of Antarctic coastal polynya ecology and physics.

Using 698 fluorescence, salinity and temperature profiles recorded

by nine post-moult SES from February to September 2011, 2019 - 2021,

our study describes the seasonal cycle of fluorescence, a proxy for

chlorophyll-a concentration, within two East Antarctic coastal

polynyas (65°-100°E) during the autumn/winter months. This study

using the first in situ observations of fluorescence data inside polynyas

from animal borne sensors (McMahon et al., 2021) will allow us to

address previously unanswered questions: How long does the

phytoplankton cells persist in coastal polynyas and what are the

environmental drivers? Are there intra and/or inter polynya

differences in fluorescence signals, and if so, what drives these

differences? Following the study by Lieser et al. (2015) who

highlighted the underestimation of Southern Ocean phytoplankton

blooms within the sea ice region, we hypothesize that the

phytoplankton biomass may persist until at least early autumn (i.e.

March).We expect to observe a decrease of the fluorescence signal with

time due to a decline in irradiance and a deepening of the fluorescence

maximum due to a reduction in stratification (i.e. deepening of the

mixing layer) caused by sea ice production, salt release and winds

mixing the surface layer (Mitchell and Holm-Hansen, 1991; Gu et al.,

2020; von Berg et al., 2020). We posit a strong impact of the season on

the identified biological and environmental signals given the light

dependence of the chlorophyll-a growth cycle (Smith et al., 2000) and

the dependence of temperature and salinity with seasonal sea ice

production. Also, we expect to observe temporal and spatial patterns

specific to each polynya given their observed differences in terms of

water masses, regional circulation and bathymetry (Tamura et al., 2016;

Portela et al., 2021; Portela et al., 2022).
2 Materials and methods

To meet the objectives of this study, we: i) assessed the length of

phytoplankton blooms within polynyas, by analyzing the persistence

of fluorescence throughout the austral autumn/winter with monthly

average fluorescence profiles and ii) appraised when and how

polynyas can support productive ecosystems by characterizing the

environmental conditions of the fluorescence signal within polynyas

using Principal Component Analysis (PCA) as an exploratory tool.
2.1 Polynya identification

This study focuses on East Antarctic coastal polynyas delineated

using a combination of dynamic monthly sea ice concentration and

static bathymetric data. A threshold of 75% of sea ice concentration

was used to delineate the polynyas following the procedure

described in Portela et al. (2021). Since the seal dataset extends
Frontiers in Marine Science 03
up to 2021 and sea ice concentration data for 2020 and 2021 were

not available at the time of the study, the monthly broadest contours

between 2004 and 2019 were used for the delineation. This monthly

approximation of the polynya contour provides the opportunity to

keep as many seal profiles as possible within polynyas.
2.2 Data presentation and preparation

A total of nine post-moulting male SES equipped with CTD-

Fluo-SRDLs (Boehme et al., 2009; Guinet et al., 2013) between 2011

and 2021 visited a coastal polynya in East Antarctica at least once

(Figure 1). The rest of this study will focus on Cape-Darnley (CDP)

and Shackleton (SP) polynyas, which are the only ones to have data

during the austral autumn and winter months (Figure 1A). CDP

straddles the continental shelf and slope whereas SP is only located on

the continental shelf and next to the Shackleton ice shelf (Figure 1B).

Individual seals were anesthetized with an intravenous injection of a

1:1 combination of tiletamine and zolazepam (Zoletil 100) (McMahon

et al., 2000; Field et al., 2002) to attach the instrumentation. The data

loggers were glued to the seals heads using quick-setting epoxy (Araldite

AW 2101, Ciba; Field et al., 2012). Data on seal’s diving behavior as well

as in situ hydrographic conditions were transmitted when the seal

surfaces to breathe through communication with polar-orbiting Argos

satellites (Harcourt et al., 2019).

The dataset is composed of in situ profiles of pressure, temperature,

salinity and fluorescence. Fluorescence measurements are used as a

proxy to estimate the concentration of chlorophyll-a in the water

(Guinet et al., 2013). In this study, we have chosen not to convert

chlorophyll-a fluorescence into chlorophyll-a concentration, as

conversion ratios are highly variable in the Southern Ocean

(Schallenberg et al., 2022), which could affect the validity of results

interpretations. However, although quantitative assessments of

phytoplankton biomass can hardly be reached with the sole use of

fluorometers (Roesler et al., 2017; Petit et al., 2022), in vivo chlorophyll-

a fluorescence is a commonly used method to detect presence of living

phytoplanktonic organisms and study their dynamics in terms of

concentration (IOCCG, 2011). The tag transmits an average of three

profiles per day (3.3 ± 1.4) corresponding to the ascent phase of the

deepest dives within 6-hour period. The data points transmitted for

each CTD profile are a combination of temperature and salinity at a set

of pre-selected standard depths and at another set of depths chosen by

a broken-stick algorithm that selects the important inflection points in

temperature and salinity data (recorded every second during the ascent

phase of the dives) (Guinet et al., 2013).

The fluorometer tags deployed in 2011 sourced from Turner

(Cyclops 7 model) and differed from those deployed since 2019

(Valeport, Hyperion model). The instruments differed primarily in

their ability to detect low concentrations of chlorophyll-a: 0.03 mg.L-1

compared with 0.066 mg.L-1, respectively (Keates et al., 2020). The

inter-tags variability is known to be non-negligible for both sensor’s

models (Guinet et al., 2013; Keates et al., 2020; Le Ster et al., 2023)

which implies caution when making quantitative comparisons of data.

All tags were calibrated in the laboratory and some of them were

also tested at sea and compared to data collected by a ship-based

CTD prior to deployment on individuals (Guinet et al., 2013). All
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tags were post-calibrated (Roquet et al., 2011; Roquet et al., 2014).

Following data processing, the minimum accuracy was estimated to

be 0.03°C and 0.05 psu. It could reach 0.01°C and 0.02 psu in the

best cases. The marine mammal data were collected and made freely

available by the International MEOP Consortium and the national

programs that contribute to it1.

Each profile of fluorescence, salinity and temperature had a

vertical resolution of one meter after interpolation. No fluorescence

data were available above 10 m and below 170 m. Profiles with

missing values between these depth thresholds (10-170 m) were

removed (n = 87 i.e, 10% of the profiles). The dataset for the nine

individuals was then composed of 766 profiles recorded in polynyas

(n = 300 in CDP, n = 398 in SP, n = 44 in Barrier Bay polynya and n

= 24 in Davis polynya; Figure 1).

The mixed layer depth (MLD) was computed from temperature

and salinity profiles using a density criteria Dr = 0:03kg :m−3, with

density at 10 m depth used as the reference value following de Boyer

Montégut et al. (2004).

Fluorescence profiles can be corrected for non-photochemical

quenching (NPQ) with a correction algorithm developed by Xing

et al. (2018). The NPQ effect is induced by photo-inhibition in

phytoplankton cells exposed to high light levels. This method aims at

correcting the depression observed in the fluorescence signal

(generally in the surface layer) resulting from the NPQ effect. As all

profiles start at 10 m depth and the study focuses on autumn and

winter, the effect of NPQ is negligible. However, when light was

available, which is the case for profiles recorded in 2020 and 2021

(236 profiles out of 766), a correction was still applied. The correction
1 http://www.meop.net
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is based on the definition of a “NPQ-layer”. Upper and lower

boundaries are, respectively, the ocean surface, and the shallowest

value between MLD and a light-threshold depth fixed at 15 mmol.m-

2s-1 (PAR15, expressed in m). The maximum fluorescence value in

the so-called NPQ-layer is then extrapolated up to 10 m depth which,

as a result, discards the fluorescence depression due to NPQ (for

details, see Xing et al. (2018)). Moreover, background noise from the

fluorescence sensor detected at 170 m depth (where it is assumed that

the fluorescence signal should be null) was removed from all the 766

fluorescence profiles.

The geographical positions transmitted via the Argos system

uses the Doppler shift of the signal frequency received during the

passing of one of the polar-orbitting satellites and depending on the

position of the satellite relative to the transmitting tags, errors from

0.5 to 10 km may be observed. To provide the best location

estimates we (i) filter the trajectories of individuals in order to (ii)

interpolate the position of the CTD profiles from the filtered

trajectory. The method used is based on a continuous-time state-

space model presented in Jonsen et al. (2020) and implemented

using the R package foieGras (now known as Animotum (Jonsen

et al., 2019; Jonsen et al., 2020; Jonsen et al., 2023)).

Each profile was assigned to a broad regional area based on its

location. These three areas: the continental shelf, the continental

slope and the pelagic zone, were determined from the

GEBCO_2021 Grided bathymetry (Gebco, 2021). The latitudinal

limits of the continental slope were determined by graphic

visualization every 0.5˚ longitudes (between -0.5˚E and 158°E) by

plotting bathymetry against latitude. The beginning of the slope

corresponds to the latitude where bathymetry starts to decrease

drastically while the end of the slope corresponds to the first latitude

where bathymetry is deeper than 2 900 m.
BA

FIGURE 1

(A) shows polynya usage by 9 post-moult SES in 2011, 2019, 2020 and 2021 based on CTD positions associated to each profile (n = 2 292). All CTD
positions were kept even if the recorded profiles had missing values. Each color is associated with a different polynya. (B) shows monthly contours
for Cape-Darnley, Barrier Bay and Shackleton polynyas as well as the CTD profiles recorded within them (black points, n = 742). The monthly
broadest contour among years between 2004 and 2019 was assigned for each polynya as explained in section 2.1. For all three polynyas, contours
between January and March were the same as the one for April, which explains why they are not visible on the map. The bathymetry displayed on
the map is based on the GEBCO data (2021). Note: polynyas contours are represented from January to September for all polynyas to show
variations in extension, even if profiles were not recorded every month.
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2.3 Water masses identification

Water masses within CDP and SP were identified following the

criteria described in Table 1. Five main water masses known to be

present in East Antarctica were considered as defined in Portela

et al. (2021; 2022): Antarctic Surface Water (AASW), modified

Circumpolar Deep Water (mCDW), Ice Shelf Water (ISW), Dense

Shelf Water (DSW) and modified Shelf Water (mSW).
2.4 Data analysis

A Principal Component Analysis (PCA) was used as an

exploratory tool to identify the variability in the dataset and the

underlying biological and physical patterns (Pauthenet et al., 2017).

For CDP and SP, the 1-m interpolated temperature (T), salinity (S)

and fluorescence (F) profiles between 10 and 170 m were used to

build a matrix X of size N (rows) and L = 3(variables) × K

(columns), with K (depths) = 161. Each row corresponds to an

observation within polynyas and can be summarized by a vector p,

such as:

pn = (pFn,1,…, pFn,K , p
S
n,1,…, pSn,K , p

T
n,1,…, pTn,K )

with n = 1,…,N . Each column of the matrix X corresponds to a

record of one of the three variables: fluorescence, salinity and

temperature between 10 and 170 m depth. The average profiles

can be computed with:

�p = (�pF1 ,…, �pFK , �p
S
1,…, �pSK , �p

T
1 ,…, �pTK )

where �pik, with i ∈ fF, S,Tg and k = 1,…,  K, corresponds to

the mean of the N coefficients of column k in X, i.e., �pi is the mean

profile of fluorescence, salinity or temperature.

The aim is to compute a PCA on X (whose profiles are

previously centered and reduced) which will provide two main

results: the principal components (PCs) and the vertical modes of

the profiles. The PCs correspond to the projection of the data onto

the vertical modes. Vertical modes are used to identify the main

variations in the profiles that explain the largest amount of variance

in X and therefore extract the shape of the profiles according to the

PCs:

PCs  = X �F
Frontiers in Marine Science 05
modes = �pi ±
ffiffiffiffi
ll

p
Fl

where i ∈ fF, S,Tg and Fl is the l
th eigenvector associated with

the eigenvalue ll . The PCAs were performed using R version 4.1.1

(R Core Team, 2021).
3 Results

3.1 Seasonal signal of fluorescence within
East Antarctic coastal polynyas

Mean monthly profiles of in situ fluorescence between February

and September were used to describe the seasonal signal within

polynyas (Figure 2). In February and March, CDP had weaker

signals than SP (Figures 2A, B). For both polynyas, the fluorescence

maximum in February is between the surface and about 25 m depth

(Figures 2A, B). In February and March, the fluorescence signal

becomes significantly lower at about 110 m in CDP and 125 m in SP

(Figures 2A, B). In CDP, the MLD in February is just below the

fluorescence maximum (Figure 2A) while it is at the maximum in

SP (Figure 2B). A decrease of the fluorescence signal is observed in

March for both polynyas and was accompanied by a deepening of

the MLD when compared with February (Figures 2A, B). This

fluorescence signal is mainly located above the MLD in CDP

(Figure 2A), while the maximum of fluorescence is located at the

depth level of the MLD in SP and a significant part of the

fluorescence signal is present below the MLD (Figure 2B).

A magnification of the mean profiles for both polynyas between

April and September (data ceased in August for SP) is presented in

Figures 2C, D.Most of these profiles were recorded in 2011 (Figure 1A).

A primary difference between the two polynyas is the shape of the mean

profile in April which shows a fluorescence maximum (greater than 0.1

mg.m-3) around 40 m depth for CDP (Figure 2C) compared with ~120

m depth for SP (Figure 2D). Surprisingly, the MLD is similar near 85 m

depth between the two polynyas. A second difference is observed for the

later profiles (between May and August). Fluorescence decreases with

depth for SP (Figure 2D), while the mean profiles in CDP show some

variation over depth with a maximum of fluorescence in August at

around 130 m depth (Figure 2C). The MLD in August is also shallower

for CDP (about 170 m) than for SP (about 240 m, not visible on the

figure). All the fluorescence maxima observed during August within

CDP were above the MLD, which is variable at this time of year
TABLE 1 Water masses criteria based on Portela et al. (2021).

Water mass Salinity Potential temperature Neutral density

AASW S < 34.4 q > Tf g < 28

mCDW – q > Tf + 0.1 28 < g < 28.27

ISW – q < Tf - 0.05 –

DSW S > 34.5 Tf - 0.05 < q < Tf + 0.1 g > 28.27

mSW – Tf + 0.1 < q < - 1.7 g > 28.27
Tf = Surface freezing point.
frontiersin.org

https://doi.org/10.3389/fmars.2023.1186403
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Bourreau et al. 10.3389/fmars.2023.1186403
(minimum of 53 m andmaximum of 296 m). These fluorescence peaks

were clearly evident in 7 profiles (out of 50 recorded in August in CDP)

which showed a fluorescence value between 0.06 mg.m-3 and 1.9 mg.m-

3 between 125 and 170 m depth (0.07 ± 0.04 mg.m-3 at 135 m depth,

Figure 2C) (Supplementary Figure S1). Three of these profiles are

located on the slope, the others are on the shelf but in the vicinity of the

slope (Supplementary Figure S1). Finally, we note that the fluorescence

signal remains non-zero between May and August in both polynyas,

despite some null fluorescence profiles and a weak signal

(Figures 2C, D).

The monthly average profiles demonstrate that the fluorescence

signal remains persistent until April in CDP and SP. The signal
Frontiers in Marine Science 06
becomes weaker with time and deepens as does the MLD except for

the SP in April where the fluorescence maximum is located below

the MLD. CDP also showed an intriguing signal around 130 m

depth in August in the vicinity of the continental slope.
3.2 Oceanographic conditions within East
Antarctic coastal polynyas

The difference in the geographic distribution of profiles

throughout the season between the two polynyas is illustrated in

Figures 3A, B. Profiles within CDP are dispersed within the polynya
B

C D

A

FIGURE 2

Mean fluorescence profiles between February and September for Cape-Darnley (A) and Shackleton (B) polynyas and associated standard errors
(dotted line envelope). (C, D) are a magnification of (A, B) between April and September, respectively. The data were composed of a total of 330 and
432 fluorescence profiles for Cape-Darnley and Shackleton polynyas, respectively. If profiles presented missing values for some depth, there were
ignored in the calculation of the mean and standard error. The dashed horizontal lines represent the mean mixed layer depth (MLD) for the
corresponding months. MLDs that were outside the displayed depth range were not shown.
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with profiles on the continental slope and along the shelf

throughout the season (Figure 3A). In SP, profiles at the

beginning of the season (January-March) are mostly located

within a cluster in the western part of the region (Figure 3B).

Then, from April onwards, profiles are located along the ice shelf

within two clusters distinguishing autumn profiles (April-June)

from winter ones (July-August) (Figure 3B).

A PCA was performed on all fluorescence, temperature and

salinity profiles for each polynya to identify the linkages between

these variables (Figures 3C, D). Two and four profiles were removed

as outliers for CDP and SP, respectively. The first three PCs

represented around 77% of the variance for both polynyas.

Figures 3C, D shows the first factorial plane associated with each

polynya. The first component represents the seasonal effect for both

polynyas: profiles early in the season are mainly on the negative side

of the PC while profiles later in the season are on the positive side

(Figures 3C, D). For SP, early profiles on the positive side of the first

axis (yellow cluster, Figure 3D) correspond to profiles with near-
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zero fluorescence. Moreover, for both polynyas PC1 was correlated

to the integrated fluorescence (i.e., the sum of the fluorescence along

the water column), with a Pearson coefficient of 0.51 for CDP and

0.75 for SP, suggesting that integrated fluorescence is a good

indicator of the seasonality of the fluorescence signal of the

polynya. PC2 more likely represents spatial patterns (detailed in

3.2.1 and 3.2.2 below). The axes of the PCA were further explored

through the examination of the relative contribution of the three

observed variables (fluorescence, salinity and temperature) to the

explained variance.

For both polynyas, Figure 4 shows for the three main PCs the

percentage of variance explained by the 483 variables (3 (variables)

× 161 (depths)) corresponding to fluorescence, salinity and

temperature profiles at each depth from 10 to 170 m. As each

variable has an associated depth, it is possible to reconstruct an “axis

contribution profile” for fluorescence, salinity and temperature for

each PC. For each variable, fluorescence, salinity or temperature, the

sum of the explained variance at each depth corresponds with the
B

C D

A

FIGURE 3

(A, B) show the geographic distribution of CTD-Fluo profiles colored by the day of the year for Cape-Darnley (n = 298) and Shackleton (n = 394)
polynyas respectively. (C, D) represent the PC1/PC2 graphs for each polynya. The percentage of variance explained by each PC is specified in
parentheses next to the axis labels. For illustration purposes, only the polynya’s contour for September is represented. The bathymetry displayed on
the map is based on the GEBCO data (2021).
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variance explained by this given variable. When the explained

variance is zero at certain depths for a given variable, then the

vertical modes associated with this variable (Figures 5, 6) are not

interpretable at that depth specifically. For CDP, the variance of the

axis between 0 and 70 m depth on PC1 is mostly explained by

salinity (red curve, Figure 4A). From 100 m depth, temperature and

salinity explain almost all the variance of this axis (blue and red

curves, Figure 4A). For PC2, temperature and fluorescence co-vary

together since they explain an equivalent share of variance along the

profile and are opposite to salinity (Figure 4B). A shift occurs

around 60 m depth where salinity starts to explain the majority of

the variance of the axis while temperature and fluorescence explain

the variance nearer the surface (Figure 4B). The variance of PC3 is
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almost entirely explained by fluorescence (green curve, Figure 4C).

In SP, fluorescence and temperature co-vary together on the first

two PCs (blue and green curves, Figures 4D, E). PC1 is mainly

explained by these two variables from the surface to depth while

salinity explains almost all the variance of PC2 (Figures 4D, E). The

variance of PC3 is mainly explained at the surface by salinity (from

10 m to 50 m depth) while fluorescence explains almost all the

variance from 100 m depth (Figure 4F). Thus, PC3 discriminates

the rare fluorescence profiles presenting a high signal at depth from

those with no signal.

The PCA identifies that fluorescence and temperature tend to

co-vary together (except for the PC1 in CDP) and have a similar

contribution in explaining the profile patterns observed in both
B C

D E F

A

FIGURE 4

Variance explained by the fluorescence, salinity and temperature variables of the PCA for Cape-Darnley (A–C), (n = 298) and Shackleton (D–F),
(n = 394) polynyas for the three main PCs. The percentage of variance explained by each PC is specified in parentheses in the titles. Note for each
variable (fluorescence, salinity or temperature), the sum of the explained variance every meter corresponds to the variance explained by the variable.
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CDP and SP. Moreover, their contribution is commonly opposing

that of salinity. Interestingly, fluorescence explains almost all the

variability of PC3 at depth for both polynyas.

The objective then is to identify the spatial and temporal

variations in fluorescence, salinity and temperature for these two

polynyas and to determine their drivers by the analysis of the

vertical modes from the PCA. In the following sections, results are

presented separately for each of the two polynyas. Following

Ramsay and Silverman (2005), Figures 5, 6 present the effect of

adding (red curve) or subtracting (blue curve) the first and second

modes to the mean fluorescence, salinity and temperature profiles

for CDP and SP, respectively.

3.2.1 Cape-Darnley polynya
PC1 summarizes almost 50% of the variance and reflects the

seasonality (Figure 3C). Thus, red curves (positive side of the PC1)

for each variable provide information on the shape of profiles later

in the season (i.e., during winter) (red curves, Figures 5A–C). PC1

indicates that in winter compared to summer, there is less

fluorescence than average and waters are saltier and colder from

the surface to 170 m depth (red curves, Figures 5A–C). The opposite

is observed for profiles earlier in the season (blue curves,

Figures 5A–C). As the profiles were well dispersed within the
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polynya throughout the season (Figure 3A), no clear spatial

pattern is observed for PC1 (Figure 5D).

For PC2, we observed two main clusters on the map: the

profiles located on the continental slope (red points) and those

located on the continental shelf (blue points) (Figure 5H). This PC

is likely associated with the bathymetry. These two clusters suggest

differences in environmental conditions between these two areas.

The continental slope is characterized by lower salinity over the

entire water column and associated with colder temperatures and

less fluorescence from the surface to about 140 m depth compared

to the continental shelf (red curves, Figures 5E–G). Below 140 m

the temperature and fluorescence become higher than the average

profile (red curves, Figures 5E, G) but these two variables do not

explain any variance of PC2 at this depth (Figure 4B), making this

observation uninterpretable. The continental shelf is therefore

characterized by saltier and warmer waters throughout the upper

water column compared with the continental slope and associated

with higher fluorescence down to 140 m (blue curves, Figures 5E–

G). There is also a near-surface pattern observed in the salinity

and temperature signals to about 60 m at both locations: on the

shelf, surface salinity is lower and temperature is higher than at

depth, while both remain higher than profiles on the slope

(Figures 5F, G).
B C D

E F G H

A

FIGURE 5

Vertical modes from the first (A–C) and second (E–G) PC and their spatial distributions (D, H) for the PCA based on Cape-Darnley polynya
fluorescence, salinity and temperature data. The colored curves show the mean profile (black) and the effects of adding (red) or subtracting (blue)
eigenvectors. The percentage of variance explained by each PC is specified in parentheses next to titles. The percentage of variance explained by
each variable is specified in parentheses next to axis labels. The zero value on the map (white color) corresponds to the mean profile. For illustration
purposes only the polynya’s contour for September is represented. The bathymetry displayed on the map is based on the GEBCO data (2021). Note:
the red and blue curves show the direction of the effects of adding and subtracting each principal component curve to the mean, the amplitude is
not respected (hence some unphysical values such as negative fluorescence). Ramsay and Silverman (2005) indicates that a suitable multiple of the
PCs can be used to give easily interpretable results.
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3.2.2 Shackleton polynya
For this polynya, the non-homogeneous distribution of the

profiles during the season (Figure 3B), means that geographical

and temporal effects cannot be distinguished.

However, as described for CDP, PC1 (Figure 3D) seems to

represent the seasonality with the mapped PC1 (Figure 6D)

reflecting the same spatiotemporal clusters identified in Figure 3B.

Likewise, profiles later in the season (i.e., in winter) are associated

with less fluorescence and colder temperatures up to 170 m depth

compared with the average profile (red curves, Figures 6A, C).

Unlike CDP, the water is saltier down to 60 m and then becomes

fresher than the average from 60 m to 170 m depth (red curve,

Figure 6B). However, the salinity represents less than 5% of the

variance of the axis (Figure 4D). The opposite is observed for

profiles earlier in the season (blue curves, Figures 6A–C).

For PC2, salinity explains more than 85% of the variance

(Figure 4E). This PC discriminates a specific area close to the ice

shelf (blue points, Figure 6H) characterized by low salinity over the

entire water column compared to the rest of the polynya (blue

curve, Figure 6F). It is also associated with warmer temperatures

from about 75 m to 170 m depth compared with the rest of the

polynya (blue curve, Figure 6G). Fluorescence explains less than 3%
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of the variance of the axis (Figure 4E). It is globally stronger at the

surface than at depth but varies little between the two zones

discriminated by the PC except for a slight peak around 130 m

depth for those profiles in the ice shelf vicinity (blue curve,

Figure 6E). This finding corresponds with the peak of

fluorescence observed at depth in the average April profiles

presented in Figure 2D.

A more detailed investigation of the temperature and salinity

profiles located in the specific ice shelf area described above is

presented in Figure 7. When classifying the profiles according to the

day of the year, we can observe a change towards warmer

temperatures at depth over time (Figure 7B). The profiles are also

saltier at depth (below about 100 m) compared with the surface but

remain generally fresher than the profiles located in the rest of the

polynya (Figures 7A, 6F).

PCA results demonstrate that temperature and salinity (to a

lesser extent for SP) have a strong impact on the seasonal

fluorescence signal in the two polynyas studied (PC1 represent

more than 40% of the variance of the signals for both polynyas).

However, other factors such as topography or the presence of an ice

shelf also seem to play an important role on the distribution and

amplitude of the fluorescence signal in the water column.
B C D

E F G H

A

FIGURE 6

Vertical modes from the first (A–C) and second (E–G) PC and their spatial distributions (D, H) for the PCA based on Shackleton polynya
fluorescence, salinity and temperature data. The colored curves show the mean profile (black) and the effects of adding (red) or subtracting (blue)
eigenvectors. The percentage of variance explained by each PC is specified in parentheses next to titles. The percentage of variance explained by
each variable is specified in parentheses next to axis labels. The zero value on the map (white color) corresponds to the mean profile. For illustration
purposes only the polynya’s contour for September is represented. The bathymetry displayed on the map is based on the GEBCO data (2021). Note:
the red and blue curves show the direction of the effects of adding and subtracting each principal component curve to the mean, the amplitude is
not respected (hence some unphysical values such as negative fluorescence). Ramsay and Silverman (2005) indicates that a suitable multiple of the
PCs can be used to give easily interpretable results.
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3.3 Water masses: temporal and
vertical distribution

Water masses were identified for CDP (Tables 2, 3;

Supplementary Tables S1, S2) and SP (Table 4; Supplementary

Table S3). For both polynyas, the percentage of each water mass

within a period of time and a depth interval was computed in order

to link these results with those from the PCA analyses

(Supplementary Tables S1–S3). For clarity, only the dominant

water masses are presented in Tables 2–4.

The CDP and SP are unique in terms of dominant water masses.

Concerning CDP, a distinction between the continental shelf

(Table 2) and slope (Table 3) was made due to the spatial

distribution of the profiles. On the continental shelf (Table 2),

AASW dominates between February and April from the surface to

170 m depth. Then during May, DSW dominates at the surface

while ISW has the highest proportional contribution between 51 to

170 m depth. DSW is predominant in June. In July, ASSW is present

up to 150 m depth while mCDW dominates between 151 m and 170

m depth. ASSW has the highest proportional contribution in

August down to 170 m depth and is proportionally similar to

DSW below 151 m depth. On the continental slope in CDP, AASW

is predominant between February and August throughout the upper
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water column, except in May between 151 and 170 m depth where

DSW has the highest proportion (Table 3). SP, in contrast, is

dominated by AASW from the surface to 170 m depth for the

whole observation period between January and August (Table 4;

Supplementary Table S3).
4 Discussion

We present the first chlorophyll fluorescence signals recorded

from in situ biotelemetry data in East Antarctic coastal polynyas

during the austral autumn and winter. We identified differences in

the amplitude and persistence of the fluorescence signal through the

season between CDP and SP (Figure 2). We observed a significant

fluorescence signal persisting through autumn (until April) in both

polynyas with an additional small but persistent signal arising in

winter (August) for the CDP along the continental slope. This

fluorescence signal, a proxy for chlorophyll-a concentration, may

have important ecological implications regarding trophic cascades

through the autumn/early winter. Using PCA as an exploratory

analysis, we described the seasonal cycle of fluorescence and

identified how temperature and salinity were associated with

patterns of fluorescence for each polynya. We found that
TABLE 2 Main water masses identified within Cape-Darnley polynya on the shelf.

Depth range Feb-Mar Apr May Jun Jul Aug

1 – 50 m AASW AASW DSW DSW AASW AASW

51 – 100 m AASW AASW ISW DSW AASW AASW

101 – 150 m AASW AASW ISW DSW AASW AASW

151 – 170 m AASW AASW ISW DSW mCDW AASW DSW
fr
A more detailed version of this table is presented in Supplementary Table S1.
Each water mass is highlighted with a different color that is consistent between Tables 2–4.
BA

FIGURE 7

Salinity (A) and temperature (B) profiles observed in the area next to the ice shelf in Shackleton polynya discriminate by the negative PC2 for this polynya
(n = 75, see blue points in Figure 6H). The profiles are ordered according to the day of the year (from day 80 to 122 i.e., in April) but the profile number
is represented on the x-axis as some profiles were registered on the same day. Note: blanks between profiles correspond to days without data.
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fluorescence was positively associated with warmer waters in both

polynyas and with fresher waters in CDP through the whole period

(February to August) (Figures 5A–C, 6A–C). By zooming in on the

role of sea-floor topography for CDP, we observed colder and

fresher waters associated with poorer fluorescence on the slope

compared to the continental shelf (Figures 5E–H). In SP, warm and

fresh waters at depth (from 75 to 170 m depth) in the immediate

vicinity of the ice shelf between late March and early April were

associated with a weak, but noteworthy, peak of fluorescence below

the MLD (Figures 6E–H). This peak in fluorescence may be

associated with the intrusion of warm waters which likely leads to

the melting of the ice shelf and, in turn, can have implications via

iron input for stimulating a slight phytoplankton growth (St-

Laurent et al., 2017). A detailed discussion follows and all the

hypotheses developed are illustrated in Figure 8.
4.1 Florescence signal within polynyas and
associated oceanographic conditions

The fluorescence signal persisted until April within CDP and SP

(Figures 2C, D), hence there is a strong evidence for the presence of

chlorophyll-a and thus phytoplankton biomass during the Austral

autumn. These fluorescence signal detections until early autumn

within the sea ice region has rarely been observed and documented

(Lieser et al., 2015) and, until now, has not been demonstrated with

in situ observations. This study provides the first description of

these new in situ CTD-fluorescence data within polynyas. The

differences in amplitude of the fluorescence signals between the

two polynyas (Figures 2A, B) is likely partly due to differences in the

sensors’ characteristics (including sensitivity and calibration

coefficients) given the two different sensors used over the life of

the study (see detailed explanation in section 2.2). While sensors

particularities may explain some of the differences, environmental

conditions will no doubt also contribute to some of the differences
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we observed. Indeed, each polynya is unique in several aspects

including physical location (for example CDP straddles the

continental shelf and slope while SP is in the vicinity of the ice

shelf), oceanographic conditions, and thus biological activity (Smith

and Barber, 2007).

The fluorescence signal was still present in some profiles from

May to August in both polynyas, despite the low amplitude of the

signal (Figures 2C, D). This can reflect a background chlorophyll-a

concentration that remains through winter. Fritsen et al. (2008)

demonstrated that exchanges between the water column and sea ice

can persist over winter, and if the sea ice is filled with algal cells,

then these could be released into the water column over winter,

explaining a weak but persistent fluorescence signal across

the months.

The seasonal decrease in fluorescence signal was associated with

colder and saltier waters for CDP (Figures 5A–C) and with colder

waters for SP (Figures 6A–C). Several factors could contribute to the

attenuation and deepening of the signal such as the availability of

light, dilution, iron limitation and grazing (Wright et al., 2010;

Lieser et al., 2015). In autumn, atmospheric cooling drives sea ice

production and significant salt release; combined with the

strengthening of the winds in autumn and winter, it leads to a

de-stratification of the water column and a thickening of the surface

layer (Behera et al., 2020) limiting light availability for

phytoplankton cells.

4.1.1 Cape-Darnley polynya
4.1.1.1 Winter fluorescence signal

Despite the decline of the fluorescence signal during winter, a

non-negligible fluorescence signal around 130 m depth was

observed in August in CDP along the slope (Figure 2C;

Supplementary Figure S1). These profiles (n = 50) were checked

individually to prevent outliers. Seven of them had a shape

consistent with the MLD, with a signal between 0.06 mg.m-3 and

1.9 mg.m-3 above the MLD (average of 0.07 ± 0.04 (SD) mg.m-3 at
TABLE 4 Main water masses identified within Shackleton polynya.

Depth range Jan-Mar Apr May Jun Jul Aug

1 – 50 m AASW AASW AASW AASW AASW AASW

51 – 100 m AASW AASW AASW AASW AASW AASW

101 – 150 m AASW AASW AASW AASW AASW AASW

151 – 170 m AASW AASW AASW AASW AASW AASW
A more detailed version of this table is presented in Supplementary Table S3.
Each water mass is highlighted with a different color that is consistent between Tables 2–4.
TABLE 3 Main water masses identified within Cape-Darnley polynya on the slope.

Depth range Feb-Mar Apr May Jun Jul Aug

1 – 50 m AASW AASW AASW AASW AASW AASW

51 – 100 m AASW AASW AASW AASW AASW AASW

101 – 150 m AASW AASW AASW AASW AASW AASW

151 – 170 m AASW AASW DSW AASW AASW AASW
A more detailed version of this table is presented in Supplementary Table S2.
Each water mass is highlighted with a different color that is consistent between Tables 2–4.
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135 m depth, Figure 2C), while the other profiles (n=43) were close

to zero (Supplementary Figure S1). This unexpected result raises

new questions about the possibility of such fluorescence signal

appearing or being maintained at this depth during the austral

winter. With these observations, it is impossible to know whether

the signal corresponds to an i) in situ phytoplankton growth or to ii)

remaining chlorophyll-a from phytoplankton cells that would have

been maintained through the winter. Different hypotheses are

suggested below, depending on the interpretation considered,

attempting to explain the deep fluorescence signal observed in

August in CDP (Figure 8B).

If we consider that the fluorescence signal is incipient, i.e.

coming from in situ phytoplankton growth, one possible

explanation for the observation of a deep winter fluorescence

signal may be associated with the adaptation of phytoplankton to

low irradiance conditions (Figure 8B). Hague and Vichi (2021)

posited that phytoplankton can be present around 100 m depth in

August around 65˚S in a situation where the MLD is deeper than

100 m and sea ice is still strongly present. The case of polynyas is

not mentioned in this study but the authors suggest that the

adaptation of Antarctic phytoplankton to low irradiance is

probably underestimated and that the observation of chlorophyll-

a peaks in August may support this theory. Laboratory experiments

and in situ observations have also demonstrated the surprising

adaptation of phytoplankton species, including diatoms, to the low

light, iron and temperature conditions of the Southern Ocean (Joy-

Warren et al., 2019; Strzepek et al., 2019). These observations
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support the feasible early appearance of a fluorescence signal in

the CDP before the end of winter.

This deep fluorescence signal could also be explained by the

second hypothesis i.e., a remnant signal during the winter and not

an in situ growth (Figure 8B). The observations indicate that the

fluorescence signal is stronger in August rather than in June or July

(Figure 2C); this suggests that a process has taken place in August.

We hypothesize that the advection of chlorophyll-a (when loss rate

is low e.g., grazing) from another source than the polynya could

explain the origin of this deep winter fluorescence signal. The

presence of mCDW and DSW on the continental shelf at the

same depths in July and August, respectively (Table 2), could

demonstrate an advection of water into the polynya that could be

rich in chlorophyll-a, explaining the deep fluorescence signal

observed. As no fluorescence signal was observed in September in

CDP (Figure 2C) this suggests that the deep fluorescence signal in

August was ephemeral and therefore rather advected than growing.

If the signal corresponded with in situ phytoplankton growth, we

would expect to see a stronger signal in September in this same

polynya, which is not the case. However, the few data recorded in

September (n = 14) limits our interpretation.

Our CDP findings can support the idea that polynyas may be

biologically active throughout most of the year, and have an

ecological importance for the Antarctic ecosystems up to higher

trophic levels (Karnovsky et al., 2007). Although the winter

fluorescence signal was not observed in the SP, observations in

CDP suggests that under favorable conditions (hypothetically: long
FIGURE 8

Illustration of the results and hypotheses developed in this study in order to provide potential explanation on the observed (A) near ice-shelf autumn
(April) fluorescence signal within Shackleton polynya and the (B) deep winter (August) fluorescence signal within Cape-Darnley polynya. The
illustration was made by S. Labrousse using Adobe Illustrator.
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surface residence time, nutrient- and iron-rich waters, stratified

water column or advection of chlorophyll-a-rich waters) a

fluorescence signal is possible in other polynyas. However, more

data is needed to confirm these observations and identify the drivers

of winter fluorescence signal.

4.1.1.2 Comparison of the signal between the continental
shelf and slope

We found clear oceanographic differences in conditions on the

continental shelf compared with the continental slope within CDP

(Figures 5E–H). On the continental slope, the water was generally

fresher, colder and had lower fluorescence signals (Figure 8B). This

is an important finding given the current lack of knowledge about

biological productivity within these two areas, particularly the

continental slope. The continental slope is relatively narrow and

difficult to access especially at the onset of autumn and winter, and

consequently poorly studied with large knowledge gaps remaining

(Heywood et al., 2014; Thompson et al., 2018). These findings

provide the information that CDP has more fluorescence on the

shelf than on the slope from February to September. This result is

also reflected by the presence of nutrient-rich water masses on the

continental shelf from May onwards to August with notably ISW,

DSW and mCDW (Table 2) (Prézelin et al., 2000; Herraiz-

Borreguero et al., 2016) while the slope is predominantly

composed of AASW between the surface and 170 m depth

between February and August (Table 3).

4.1.2 Shackleton polynya
In the SP, salinity have an important spatial variability as it

accounts for more than 85% of the variance of PC2 (Figure 4E) and

highlights a low-salinity area near the ice shelf in April from the

surface to 170 m depth (Figures 6E–H). On Figure 4E, we observe

that temperature and fluorescence both share a low but non

negligeable part of the variance below 100 m depth, making the

interpretation of these modes noteworthy. Consequently, the low-

salinity waters near the ice shelf were associated with a higher-than-

average fluorescence signal and warmer-than-average water from

about 75 m depth to 170 m compared to profiles from elsewhere in

the polynya (Figures 6E–H). By carefully assessing the fluorescence

profiles recorded in this area individually, we found that 46% of

them had a fluorescence signal below the MLD that was greater than

0.12 mg.m-3 and were recorded between the end of March and

April, contributing to the subsurface fluorescence maxima observed

in the average April profiles (Figure 2D). During the mixing of the

water column, the fluorescence peak is expected to remain above the

MLD rather than below (Gu et al., 2020; Prakash et al., 2020; Louw

et al., 2022). Two hypotheses, not mutually exclusive, might explain

the phenomenon observed in SP: the dynamic hypothesis centered

around the physical structure; and the biological hypothesis which

focuses on the biological activity and vertical movement of

phytoplankton (Figure 8A).

The dynamic hypothesis suggests that the freshening observed

in SP nearby the ice shelf could correspond with an intrusion or

advection of warm water, melting the ice shelf and thereby

increasing freshwater inputs and stratifying the water column

(i.e., shallower MLD) (Figure 8A). Our observations confirm that
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water is saltier (Figure 7A) and warmer (Figure 7B) at depth within

this area compared to the surface. Indeed, the fresh melt-waters, less

dense, may rise to the surface, explaining the saltier waters at depth.

This dynamic hypothesis of ice shelf melting by warmer waters is

supported by the study of Rignot et al. (2013) in which the authors

observed high ice shelf melting rate from basal melting in SP. Also,

the study by St-Laurent et al. (2017) demonstrated that ice shelf

melting represents a non-negligible input of iron contributing to

primary production during summer in the Amundsen Sea polynya

(Antarctica). The melting of the Shackleton ice shelf could thus

represent an iron supply supporting the growth of phytoplankton,

explaining the maximum of fluorescence we observed below the

MLD. Although the analysis of the water masses within the polynya

reveals that AASW is clearly dominating in the upper 170 m from

April onward (Table 4), we observed from 100 to 170 m some

presence of ISW and mCDW (warm water) between January and

February (e.g., more than 15% of ISW in January below 100 m

depth) (Table 4; Supplementary Table S3). mCDW could then be

responsible for the melting of the ice shelf providing ISW and iron

input feeding the fluorescence signal observed a few weeks later, in

April, at the same depths. However, it is important to highlight two

main points in order to explain why we do not observe mCDW in

April and only a slight signal in January and February: first, we

hypothesize that mCDW may be located deeper than 170 m

(Portela et al., 2022) and therefore could melt the ice-shelf

deeper; second, high quantity of AASW can also prevent the

detection of any intrusion of mCDW in March-April as it mixes

with dominant fresh waters.

The biological hypothesis is based on the study of Gu et al.

(2020) in autumn-winter-spring during which the MLD appears to

govern the depth of the chlorophyll-a maximum but in summer the

relationship is less clear with occasional chlorophyll-a peaks below

the MLD (Figure 8A). Gu et al. (2020) hypothesized that during

summer, access to nutrients controls most of the vertical

distribution of chlorophyll-a. Indeed, at this time of the year,

when the water column is highly stratified (i.e. a shallow MLD),

the supply of nutrients by upwelling is low (Behera et al., 2020).

Thus, surface nutrient stocks can be depleted. If this occurs, species

that can control their buoyancy, such as large diatoms (Baldry et al.,

2020), may tend to descend below the MLD to find an optimum

between light and nutrients. In our case, the presence of non-

negligeable fluorescence signal below the MLD may be associated

with large phytoplankton moving to areas within the water column

where light and nutrient supply are optimized.

The two suggested hypotheses may be related: ice shelf melting

would lead to a supply of iron necessary for the growth of

phytoplankton and diatoms (Ryan-Keogh and Smith, 2021) in the

same way that it would tend to stabilize the water column by the

supply of fresh water (Figure 8A). Thus, the species with the ability

to control their buoyancy might over time be attracted deeper,

below the mixed layer, to find richer waters, possibly explaining the

fluorescence signal observed around 130 m depth near the ice shelf

in the SP in April. This explanation is supported by Cullen (2015)

who noted that depth of the subsurface biomass maximum layer is

close to the boundary between the nutrient-limited layer and the

light-limited layer.
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It is important to emphasize that this work has focused on the

linkages between fluorescence, temperature and salinity but other

drivers, such as light, nutrients, grazing, and currents, may also be

involved in the genesis and maintenance of the fluorescence signal.

Unfortunately, such data are currently unavailable within polynyas

due to the difficulty to sample these regions in autumn and winter

and will not be discussed in the present research.

This study focuses on two polynyas: the Cape Darnley polynya,

which straddles the continental shelf and slope, and is known to be a

major source of Antarctic bottom water through the Cape-Darnley

Bottom Water with an impact on the overturning circulation

(Ohshima et al., 2013); and the Shackleton polynya which is located

in the immediate vicinity of the Shackleton ice shelf. As described

previously, both presented intra-polynya spatial and temporal

differences in terms of fluorescence, temperature and salinity. These

two polynyas differ in terms of water masses and geographical location,

however they both show biological activity throughout the year,

underlining their potential importance for Antarctic ecosystems.

These new results do not provide information on whether the

patterns described can be generalized or applicable to all polynyas.

Nevertheless, they encourage further studies throughout the year to be

able to increase the current first observations and understand the

biological role of Antarctic polynyas.
4.2 Conclusions

The description of the water column fluorescence signal within

polynyas and the identification of the related environmental

conditions greatly increased our knowledge of the important, yet

highly inaccessible, Antarctic coastal polynyas. Indeed, the

persistence of the signal until April with the possibility of a signal

during August highlights the potential ecological attractiveness of

polynyas. In addition, this study provides evidence on the influence

of topography on the attenuation and deepening of the fluorescence

signal in CDP and suggests potential drivers of the fluorescence

signal, poorly observed, such as ice shelf melting as a possible iron

source and the potential effect of the physiology/ecology of some

phytoplankton species contributing to unsuspected adaptations

(potential control of their buoyancy and adaptation to low light

environments). Since this study uses data collected by SES that may

exhibit variable behavior depending on their habitat, the next

challenge will be to study the effect of this fluorescence signal on

SES foraging behavior. Our results demonstrate the utility of

animal-borne fluorometer-CTDs and highlight the need to

continue such deployments over the long-term to capture the

inherent variability in these complex and remote ecosystems.
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