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ARTICLE INFO ABSTRACT

Editor: Christian Herrera The West Antarctic Peninsula (WAP) is a hotspot of climate warming, evidencing glacier retreat and a decrease in
the fast-ice duration. This study provides a > 30-y time-series (1987-2022) on annual and seasonal air tem-
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years along the fjord axis (2010-2019), and for the first time provides a unique continuous underwater irradi-
ance time series over 5 years (2014-2018). The effects on the annual light budget in the water column were
studied along the fjord axis in three areas, a low glacier influence area (LGI), an intermediate glacier influence
area (IGI), and a high glacier influence area (HGI). To determine the possible impact of light limitation on the
viability of benthic primary producers, the minimum annual light requirements and the daily metabolic carbon
balance of two key macroalgal Antarctic species, Himantothallus grandifolius and Palmaria decipiens, were
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estimated. The mean annual, autumn, winter and spring air temperature has risen during the last three decades,
but summer temperatures kept rather stable. Turbidity caused by glacial melt mostly governs the underwater
light climate while fast-ice duration is currently of minor importance for the annual light budget. Glacier melting
differentially affected the fjord system along its axis. The three areas showed quantitative differences in turbidity
and underwater irradiance varying across seasons and years. Water clarity significantly decreased within the last
few years, with key macroalgal species probably not reaching their minimum annual light requirements during
warmer years. This may have considerable effects on the primary productivity of the ecosystem.

1. Introduction

The annual mean surface air temperatures over Antarctica are pro-
jected to increase by 0.5 and 3.6 °C (under different emission scenarios)
by 2081-2100 (IPCC AR6 WGI Table 4.2). Regional warming will most
likely continue to be one of the main factors of climate forcing in
Antarctica during this century (Hendry et al., 2018; IPCC, 2021a, b). The
Antarctic climate variability is also influenced by the Southern Annular
Mode (SAM) and regionally by other modes, including the El Nino
Southern Oscillation (ENSO: El Nino-La Nina conditions) (Chown et al.,
2022). The Western Antarctic Peninsula (WAP) is highly influenced by
winds and air temperature driven primarily by ENSO (Yuan, 2004;
Stammerjohn et al., 2008; Ruiz Barlett et al., 2018), and the SAM
(Stammerjohn et al., 2008; Schloss et al., 2012). Particularly, the
northern WAP is a hotspot of climate warming with a rapid increase in
air temperature and significant cryosphere loss such as severe glacial
retreat and strong fast-ice decline (Turner et al., 2009; Stammerjohn
et al., 2012; Cook et al., 2016; Chown et al., 2022).

In coastal zones of the WAP newly ice-free areas established as a
consequence of glacier retreat (Riickamp et al., 2011), with new sub-
strates available for benthic colonization (Quartino et al., 2013;
Constable et al., 2014; Lagger et al., 2017, 2018). In parallel, glacial melt
is leading to increased turbidity and decreased salinity in the water
column (Kloser et al., 1996; Meredith et al., 2018). These climate-driven
rapid shifts may have complex consequences on the biodiversity and
productivity of the coastal ecosystems (Barnes and Souster, 2011; Barnes
et al., 2024, Griffiths et al., 2024). In addition, changes in fast-ice
duration have been significant in the WAP (Barnes et al., 2014). Fast-
ice duration is a major structuring feature of Antarctic ecosystems,
regulating light, wind exposure, water column structure and nutrient
availability, as well as providing physical refuge. All these environ-
mental changes will affect the whole food web from Antarctic microbes
to whales (Constable et al., 2023; Swadling et al., 2023).

Antarctic waters are characterized by strong seasonal light changes
and constant low temperatures (Zacher et al., 2009). With the fast-ice
breakage in austral spring, sudden high irradiances reach the water
column and the benthos (Runcie and Riddle, 2006), and high light
conditions prevail until warmer temperatures induce inflow of turbid
melt-water from glaciers carrying fine sediments into the sea (Drew and
Hastings, 1992). In addition, phytoplankton blooms, circulation pat-
terns and wind have a major impact on the underwater light (Schloss
et al., 2012). Especially in coastal areas, climate change may signifi-
cantly alter the annual light budget available for primary producers as
glacial melt is exacerbated, and fast-ice duration significantly reduced
(Huovinen and Gomez, 2020). The onset of thawing is extremely rele-
vant for photosynthetic organisms, especially macroalgae, as favorable
light conditions are constrained to only a few months per year when they
also meet the growth active phase of macroalgae in spring (Wiencke and
Amsler, 2012).

In general, changes in turbidity (and thus light penetration) are
mainly evident in semi-enclosed bays, more generally in coastal areas
(Kloser et al., 1993; Rodrigo et al., 2016). At this scale, the question
whether rising air temperatures will cause changes in the light envi-
ronment in Antarctic coastal zones and how they could affect primary
producers is central to understanding the future of benthic primary
production (Zacher et al., 2009). Benthic primary producers generally

have low light requirements (Gomez et al., 2009), however if the annual
photon dose does not meet the minimum light requirements of these
species, they are not able to survive (Runcie and Riddle, 2012). Given
that photosynthesis in coastal areas is the most important biological
process affected by light, macroalgae, besides benthic diatoms and
phytoplankton, can be considered as sentinel taxa to evaluate these
changes (Deregibus et al., 2020).

Among the coastal vegetated ecosystems macroalgal habitats are one
of the most productive and extensive (Runcie and Riddle, 2012; Gomez
and Huovinen, 2020; Duarte et al., 2022; Pessarrodona et al., 2022).
Three-dimensional macroalgae ecosystems are the key primary pro-
ducers along shallow coastal zones, and form nearshore marine biodi-
versity hotspots along the WAP (Pellizzari et al., 2023), providing food
and refuge for associated fauna (Amsler et al., 2005; Campana et al.,
2018, 2020; Marina et al., 2018). Macroalgae are globally important for
carbon capture and export (Krause-Jensen and Duarte, 2016; Ross et al.,
2023), but also vulnerable to climate change (Hanley et al., 2023). In
Antarctica, most of the carbon captured by macroalgae in newly ice-free
areas, is stored as standing stock, but potentially sequestered as Blue
Carbon if transported into deep areas (Quartino et al., 2020). Our study
is performed in Potter Cove (Fig. 1), King George Island/Isla 25 de Mayo,
located in an archipelago at the northern WAP. Recent studies especially
focused on the impacts of climate-forced glacier retreat across the entire
coastal ecosystem (Sahade et al., 2015). As elsewhere, benthic organ-
isms have colonized newly ice-free areas in Potter Cove (Quartino et al.,
2013; Lagger et al., 2017), and in parallel the benthos became affected
by freshwater input, sediment run-off and calving of glaciers (Sahade
et al., 2015; Jerosch et al., 2019).

Here, for the first time we provide a unique dataset of continuous
underwater irradiance from three areas differentially affected by glacier
melting along an Antarctic fjord axis for five years (2014-2018). In
addition, we provide long-term data on air temperature over three de-
cades (1987-2020). We analyzed the associated interannual, seasonal
and spatial variability of the underwater irradiance, turbidity, salinity
and water temperature along the fjord axis between 2010 and 2019. In
addition, we provide data on fast-ice duration in the cove during the last
decade (2009-2019). These data are used to generate a conceptual
figure about the impact of unusually warm years on the minimal annual
light requirements and on the daily metabolic carbon balance of two key
macroalgal species. We hypothesized (a) that the annual and seasonal
mean air temperature has been increasing in Potter Cove for the past few
decades, (b) that in Potter Cove, the underwater annual light budget is
stable over the years as the expected increase in turbidity, and the earlier
fast-ice breakup will compensate each other, and as a consequence (c)
the minimum light requirements for macroalgae are met even during
warmer years. Finally, we estimate the possible consequences for
benthic primary producers in Antarctic coastal zones subjected to
climate change.

2. Methods
2.1. Study site
The study was carried out in Potter Cove (62° 14 °S, 58° 38’ W), Isla

25 de Mayo/King George Island, South Shetland Islands, Antarctica
(Fig. 1). All activities took place at the Carlini Scientific Station/
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Dallmann Laboratory. Inside the cove, three areas were selected to
measure environmental variables: LGI (low glacier influence area, 62°
13’ 45.7” S; 58° 41’ 24” W), IGI (intermediate glacier influence area, 62°
13’ 33.3” S; 58° 39’ 52,6” W), and HGI (high glacier influence area, 62°
13’ 30,8” S; 58° 38’ 29,5” W. We define “glacier influence” as impacted
by sediment inflow resulting in decreased light penetration, both as a
result of glacial melt.

This fjord is surrounded by the Fourcade Glacier at its eastern end
and opens to Maxwell Bay (25 de Mayo Bay) to the west. It is <50 m
deep in the inner cove and has some meltwater streams on the south
shore, characterized by sand and gravel. In general, the surface circu-
lation in Potter Cove is cyclonic (clockwise) related to the predominant
westerly winds (Roese and Drabble, 1998). Thus, clean water enters
from Maxwell Bay along the north coast (passing by IGI and LGI areas),
skirts the glacier and retreats along the southern edge, being fed here by
meltwater run-off (Wolfl et al., 2014). Consequently, in general the
turbidity plume develops along the southern shore of the inlet and its
effect is most obvious near the end of the glacier in the most inner side of
the cove (HGI) (Kloser et al., 1993). Eventually, this plume may enter
other areas of the cove depending on the direction and intensity of the
surface wind (Hass et al., 2010; Meredith et al., 2018).

2.2. Air temperature and indicators for climate variability

Table A.1 shows an overview of environmental variables measured
during the last decades in this study. Meteorological data were provided
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by the Argentine Servicio Meteoroldgico Nacional (SMN) station located
at Carlini Station. Monthly averages of air temperature were calculated
from daily temperatures for the period 1987-2022. From these, the
annual and seasonal averages were obtained. Also, for the period
2014-2018 mean annual and monthly air temperatures were calculated
for comparison with the continuous underwater irradiance dataset. We
defined the seasons in the following way: summer (December 21th-
March 20th), autumn (March 21th-June 20th), winter (June 21th-
September 20th) and spring (September 21th-December 20th).

Climate variability indicators used in this study are the Bivariate
ENSO (El Nino-Southern Oscillation) Time Series (BEST) and SAM
(Southern Annular Mode) indices. The monthly averaged BEST index
(Smith and Sardeshmukh, 2000) was retrieved from the National
Oceanic and Atmospheric Administration Earth System Research Labo-
ratory website (https://psl.noaa.gov/people/cathy.smith/best/). In this
simple index, oceanic and atmospheric processes linked to ENSO are
considered, and the different phases are indicated with a number: El
Nino (= 1), La Nina (= —1), null (= 0). The monthly SAM index was
obtained from the British Antarctic Survey (BAS, http://www.nerc-bas.
ac.uk/icd/gjma/sam.html), and represents the difference in zonal mean
sea level pressure between 40° and 65° S (Marshall, 2003). This index
oscillates between negative and positive values.

2.3. Hydrographic data

Carlini Station is equipped with a photographic camera that
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Fig. 1. The study area, Potter Cove, on Isla 25 de Mayo/King George Island (KGI). Red dots indicate sites where monitoring of abiotic variables took place: LGI
(low glacier influence area), IGI (intermediate glacier influence area), and HGI (high glacier influence area). For details of variables and measurement periods see
Table A.1. Lines are depth contours (map modified from Deregibus et al., 2023), and yellow arrows indicate the sites where the main meltwater streams flow into

the cove.
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monitors Potter Cove to determine its freezing status. This camera is
located at a strategic point in order to obtain three daily images of the
cove. The fast-ice duration was calculated by analyzing the daily photos
of Potter Cove from 2009 to 2019 (Gomez Izquierdo et al., n.d.) and
recording days and time periods with fast-ice in Potter Cove.

Photosynthetic Active Radiation (PAR) (umol photons m—2 s’l) was
measured at 0 m (just below the water surface), 5, 10, 20 and 30 m depth
using a LI-COR datalogger (LI 1400, LI-COR, Lincoln, USA) equipped
with an underwater sensor LI-COR 192 PAR (LI-COR, Lincoln, USA)
between 2010 and 2019. The coefficients of light attenuation (Kg) were
calculated at each area using 0 and 10 m depth values according to Kirk
(1994):

1
z*Inln (’;—")

where E is the incident irradiance at 0 m depth and E, is the irradiance
at 10 m depth. Low values of K4 indicate greater water transparency
with a low attenuation of light, while high values of K; denote the
presence of high amounts of suspended particulate matter in the water
column and thereby more light attenuation.

Physicochemical parameters of the water column were obtained
between 2012 and 2019, using a vertical profiler SBE 19plus V2 CTD
(Conductivity-Temperature-Depth), with an auxiliary sensor of turbidity
ECO-NTU (Sea-Bird, USA) from pneumatic boats. The turbidity sensor
measures the amount of light scattered by suspended particles in the
water; the greater the scattering, the higher the turbidity. All measure-
ments were performed at noon, and once a week (when the weather
conditions were appropriate) between the surface and 30 m depth (close
to the seabed) at the three sampling areas (HGI, IGI and LGI).

K4 = (€8]

2.4. Measurement of continuous photosynthetic active radiation (PAR)

Continuous PAR was logged every 30 min between 2014 and 2018 at
~10 m depth in each area (LGI, IGI and HGI) with an Odyssey Photo-
synthetic Irradiance Recording System (Data Flow Systems, Christ-
church, New Zealand), positioned upright on iron tripods and secured by
SCUBA divers at the respective sites (Fig. A.1).

Every January, a new Odyssey light meter was replaced in each area.
Light meters were calibrated against a LI-COR datalogger (LI 1400, LI-
COR, Lincoln, USA) equipped with a LI-COR 192 PAR underwater
sensor (LI-COR, Lincoln, USALICOR LI-1400) before deployment and
after one year underwater (Pavlov et al., 2019). Once in the water, the
light meters were checked and cleaned by divers and the data down-
loaded approximately once a month when conditions were favorable.
The general data was corrected with the calibration factors. On some
occasions, mainly at HGI, the data from the Odyssey light meters were
lost due to ice disturbance or fouling. In these cases, light data was
estimated. This was done by using the data obtained with Odyssey light
meters from the respective neighboring area (IGI), but corrected with
the instantaneous LICOR light data at the same depth (Table. A.2) from
the area under consideration (HGI). Details about the stability and drift
of Odyssey light meters are given in Long et al. (2012) and details about
our methodology are provided in the Text A.1 of the Appendix.

2.5. Macroalgal light requirements

To determine the possible impact of light limitation on the presence
of benthic primary producers in the studied areas, and during years with
different mean air temperatures, the minimum annual light re-
quirements of two abundant macroalgal Antarctic species, the endemic
Antarctic brown alga Himantothallus grandifolius and the red alga Pal-
maria decipiens were estimated. Their light compensation point (E.),
which is the irradiance level at which the photosynthesis rate equals the
respiration rate, was used to calculate the annual minimum light
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requirement budget (mALB) for each species by converting E. (umol
photons m~2 s71) into the minimum light requirement over one year
(mol photons m’zy’l) (Table 1) (Clark et al., 2013; Scherrer, 2015). As
E. values in macroalgae differ with season and depth (e.g. Franke et al.,
2024), we calculated a mean E. value per species from published evi-
dence to harmonize the different E. values generated from different
areas, depths and seasons (Gomez et al., 2009; Clark et al., 2013;
Deregibus et al., 2016).

The annual light budget recorded by light meters was calculated for
an “Average year” (2014) and a “Warm year” (2016). For the definition
of an average and a warm year see section 2.7. This light budget was
compared to the minimum annual light budget (mALB) for P. decipiens
and H. grandifolius, to detect whether these macroalgal species can reach
their minimum light requirements in LGI, IGI and HGI during years with
different average air temperatures. A year is considered to last from
January 1st to December 31st.

2.6. Daily metabolic carbon balance

The daily metabolic carbon balance (CB) was estimated for
P. decipiens and H. grandifolius using the irradiance in an “Average year”
(2014) and during a “Warm year” (2016), to detect whether the CB of
these macroalgal species was affected at LGI, IGI and HGI during years
with different average air temperatures. The calculations of CB (mg C
g’1 Fresh Weight (FW) d™ 1 were performed by including (1) the
average of the continuous PAR data (pmol photons m 2 s~1) obtained at
10 m depth over the day (every 30 min) for LGI, IGI and HGI during each
season, and (2) the photosynthetic parameters estimated in Antarctica
from the mean values published by Gomez et al. (2009), Clark et al.
(2013) and Deregibus et al. (2016) into the following P—I curve model
(Jassby and Platt, 1976):

P = P, *tanhtanh (a (%(11:12)> ) +R (2)

where P is the photosynthetic rate, Pyay is the maximum photosynthetic
rate, tanh is the hyperbolic tangent, «a is the initial slope of the curve at
low irradiance; R is the dark respiration rate, and “average (11:12)” is the
average of two incident irradiances between time 1 and time 2 (in situ
light measurements of 30 min intervals were considered). Each incident
irradiance is the seasonal average of PAR measurements. The formula
provides the oxygen production produced every 30 min. Hence, the sum
of the photosynthetic rate values of each of the 48 intervals obtained
during 24 h results is an approximation of the net oxygen production in
an entire day. Calculations of daily net carbon balance (mg C g~} FW
d™!) were obtained by converting oxygen data to equivalent carbon
units using the ratio gC = 0.375 9 gO2 (Muscatine, 1980). Finally, the
annual CB for each species was calculated averaging the four seasonal
CB obtained for the respective year. The inclusion of in situ continuous
light measurements results is a novel and more accurate approximation
of the CB for each species within a specific area and/or depth (for more
details see Deregibus et al., 2016).

2.7. Data analysis

To analyse anomalously warm or cold years and seasons, the
anomalies of the air temperature were calculated by removing their

Table 1

Minimum annual light budget (mALB) of Antarctic macroalgae. Values were
estimated from the mean compensation values (E.) published by Gomez et al.
(2009), Clark et al. (2013) and Deregibus et al. (2016), in Antarctica.

Species mALB (mol photons m 2y~ 1)
Himantothallus grandifolius 128
Palmaria decipiens 399
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linear trends and the 1987-2022 climatological means (e.g. Yu et al.,
2024). Then, anomalously warm or cold years or seasons were defined as
periods with higher or lower mean values than the standard deviation of
1987-2022 or the respective seasonal temperature average (Schloss
et al., 2012). Specifically, years and seasons were analyzed for their
anomaly between 2010 and 2019.

CTD data were processed using Sea-Bird Scientific’s Seasoft software
package (USA) and water temperature, salinity and turbidity profiles
were derived. A quality control was performed to each data set, to
suppress erroneous data and salinity and turbidity outliers. Observations
<0.5 m depth were removed in order to homogenize the initial value
and filter surface effects in CTD sensors such as wave rugosity (Ruiz
Barlett et al., 2021). Water temperature, salinity and turbidity data were
averaged over the upper 10 m of the water column. Due to the very low
availability of CTD profiles between January 2010 and October 2011,
these data are not presented in the respective figures.

2.8. Statistics

Linear regression analyses (LRA) were performed to test whether
there was a significant variation in annual and seasonal air temperature
with time for the periods 1987-2022 and 2013-2022. The effect of the
factor “years” was tested on the air temperature (2010-2019) with an
ANOVA. The effect of the factors “area” and “years” was tested on the
annual instant PAR and K4 (2010-2019), the water temperature, salinity
and turbidity (2012-2019) and on the sum of the daily irradiance
(2014-2018) via separate 2-way ANOVAs.

Homogeneity of variances was checked using Cochran’s Test, and
normality through the Shapiro-Wilks test. Post hoc multiple means
comparisons were analyzed using the Di Rienzo, Guzman and Casanoves
(DGC) test. Kruskal-Wallis (KW) analyses were performed when as-
sumptions of normality and homogeneity of variance could not be met
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(Di Rienzo et al., 2008).

Pearson’s coefficients were calculated, annually and for summer, in
linear correlation analyses between air temperature vs. water temper-
ature, salinity, turbidity and Ky, and between turbidity vs. K.

All analyses were performed using InfoStat 2008 software (Di Rienzo
et al., 2008). The significance level for all analyses was p < 0.05.

3. Results
3.1. Annual air temperature and fast-ice duration

The annual mean near-surface air temperature for Carlini Station
during the period 1987-2022 and during 2013-2022 is given in Fig. 2A.
It increased significantly over time, which was more pronounced during
2013-2022 (LRA, F = 6.30, p = 0.036) than over the whole period
1987-2022 (LRA, F = 4.25, p = 0.047). While the air temperature
increased at an average rate of 0.25 °C per decade since 1987, the rate of
increase was five times faster in 2013-2022 with 1.14 °C per decade.
Specifically, the normalized and detrended air temperature series shows
that during the last decade, 3 years (2016, 2021 and 2022) were
anomalously warm and 2 years anomalously cold (2015 and 2019)
(Fig. A.2).

Fast-ice duration in Potter Cove is given in Fig. 2B. In general, there
was an inverse relationship between the mean annual air temperature
and the fast-ice duration. The fast-ice duration varied from 14 to 134
days between 2009 and 2019. Since 2009, the years with the longest
fast-ice duration were 2009, 2011 and 2015 (105 days y’l, 134 days
y~1, 118 days y !, respectively) and since then the duration decreased
to < a month during the last two years.
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3.2. Seasonal air temperature

The seasonal evolution of air temperature in Potter Cove between
1987 and 2022 is given in Fig. 3A. Over 3.5 decades, an increase in air
temperature is visible in all seasons but summer. The largest
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temperature increase was in autumn (0.54 °C per decade) followed by
winter (0.38 °C per decade) and spring (0.01 °C per decade). But only in
autumn, the mean air temperature increased significantly over time
(LRA, F =5.36, p = 0.03). The winter and autumn increase never hit the
0 °C value while this was different in spring where mean air
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for the periods (A)1987-2022, and (B) 2013-2022. The colored lines are regression lines.
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temperatures varied between 0.77 °C and — 1.97 °C. Considering only
the last decade 2013-2022 the largest temperature increase was recor-
ded for winter (1.98 °C per decade) followed by spring (1.41 °C per
decade), summer and autumn (both with 0.59 °C per decade) (Fig. 3B).

During 2010-2019 (the time period when the instant PAR and CTD
measurements were performed, and with a mean air temperature of
—1.68 °C over all years), the annual mean air temperature was signifi-
cantly warmer in 2010 (—1.2 °C), 2016 (—0.88 °C), 2017 (—1.34 °C),
and 2018 (—0.87 °C) compared to the rest of the years (KW, H = 57.49,
p < 0.01) (Table A.2 and Table A.3). In contrast, the years 2011
(—2.54 °C), 2015 (—2.29 °C) and 2019 (—1.88 °C) were anomalously
cold (Fig. A.2).

During 2014-2018 (the time period with continuous PAR measure-
ments) the seasonal differences in air temperature between years were
not coherent. While summers were significantly different, with the
summers of 2017 (1.9 °C) and 2018 (2.12 °C) significantly warmer than
the summers of 2014 (0.9 °C), 2015 (1.6 °C) and 2016 (1.5 °C) (KW, H =
33.21, p < 0.001), the autumns 2014-2018 were similar among years. In
winter, the year 2015 was significantly colder (—7 °C) than the rest of
winters during this period (KW, H = 36.99, p < 0.001). During spring
2016 the mean air temperatures were > 0 °C (0.5 °C), and this spring
was significantly warmer than all other years (KW, H = 46.94, p <
0.001). Furthermore, the normalized and detrended air temperature
series shows that 2014 had an anomalously cold summer (0.9 °C) and
spring (—1.5 °C), and 2015 had an anomalously cold winter (-7 °C)
(Fig. A.3).

3.3. Water temperature, salinity, turbidity and instantaneous PAR

The temporal evolution of seawater temperature, salinity, turbidity
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and instant PAR across the whole water column between 0.5 and 30 m
depth in each study area (HGI, IGI, LGI) of Potter Cove is given in Fig. 4
and Fig. A.4. Generally, the mean seawater temperature at HGI during
the melting season was relatively cooler than at IGI and LGI (Fig. 4A).
The seawater temperature was highest during the summer months with
values >1.5 °C during the summers of 2015, 2017, 2018 and 2019 in all
areas. Seawater temperatures >1.5 °C were also present during summer
2012 at IGI and HGI. Colder seawater temperatures (< 1.5 °C) charac-
terized Potter Cove during summer 2014 and 2016.

Over the whole investigation period, the seawater in the superficial
layer (<10 m depth) was normally less saline in summer than in the
remaining months (Fig. 4B). The isohaline of 33.9 can be used as a
threshold to separate the freshwater layer from more saline oceanic
waters (following Meredith et al., 2018). In general, the periods with
lower salinity (<33.9) in the water column were associated with warmer
air temperatures. Only during the melting season of 2014 higher salinity
conditions (>33.7) were present in all study areas. But, in general,
surface waters nearest to the glacier (HGI and IGI) showed lower sum-
mer salinities than those in the LGI zone. However, superficial LGI
seawater was also characterized by low salinities (<33.7) from 2015
onwards and thereby the area impacted by glacial melt increased
(Fig. 2B). This phenomenon was associated with the observed rapid
increase in air temperature measured at the Carlini Station from 2015
onwards (Fig. 2.A). As a result, this warming affected the surface layer
over a larger area during the subsequent summers (Fig. 2.B). Overall,
turbidity was higher at HGI, intermediate at IGI and approximately zero
at LGI during the study period (Fig. 4C). During the summer months,
turbidity increased up to 30 NTU in the inner cove. In a few exceptional
years (2014, 2017 and 2018) high turbidity values were also observed at
LGI during summer in the surface layer (<5 m depth) reaching a

C) LGI
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Fig. 4. Temporal evolution of water temperature (A), salinity (B), turbidity (C) and PAR (D) is depicted across three glacier influenced areas: LGI (Low Glacier
Influence) in the upper panel, IGI (Intermediate Glacier Influence) in the middle panel, and HGI (High Glacier Influence) in the lower panel, between 24 November
2011 and 16 December 2019. For salinity and turbidity, the data are only given from 0.5 to 10 m depth. White areas in the panels indicate the absence of data, while
black lines represent reference isolines. The dashed white line marks the 10-m isobath.
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maximum of 12.6 NTU.

As expected, and in contrast to turbidity, instantaneous PAR was
higher at LGI, intermediate at IGI and lower at HGI, decreasing with
increasing water depth in all areas (Fig. 4D). Maximum PAR values were
present in spring in all areas and during most of the studied years.
However, one major result was that since 2016 a decrease in the light
penetration of the water column took place during spring and summer in
all three areas (in HGI mainly above 10 m depth).

The hydrographic characteristics at 10 m depth over seasons and the
years 2010-2019 are visualized in Hovmoller diagrams (Fig. A.5). At
this depth, in general, in each area the physicochemical parameters
seawater temperature, turbidity and PAR varied seasonally. The largest
changes were evident in turbidity and PAR.
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The annual seawater temperature, salinity, turbidity, instantaneous
PAR and Kq4 at 10 m depth during the time period 2010-2019 are given
in Table A.2 and the respective statistics in Table A.3. At this depth, all
parameters did not show an interaction between areas and years, but
there was an effect of area and year for salinity and PAR, an effect of the
year for water temperature, and an effect of area on turbidity and Kg.
Most notably are the mean annual seawater temperature during 2014
(—0.28 °C) which was 20-50 % lower compared to the rest of the years
(p < 0.001), and the salinity which was lower in HGI compared to LGI,
and lower in 2015 compared to the rest of the years (p < 0.001). In
addition, while at HGI the turbidity (as well as K;) was at least twice as
high compared to the rest of the areas (p < 0.001), the opposite was true
for the instant PAR in this area with values two to three times lower

i
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—e— PAR —0— Modelled PAR
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Fig. 5. Air temperature, sum of the daily irradiance, and fast-ice presence between 2014 and 2018. A) Annual mean air temperature (mean + SE, n = 365); different
capital letters indicate significant differences between years. B) Sum of the mean daily irradiance per month (mean + SE) at 10 m depth; blue dots: data obtained
with Odyssey light meters. Empty dots: data was estimated when Odyssey light meters were lost due to ice disturbance or fouling (Text A.1). Grey vertical bars: days
with presence of fast-ice, white interfaces between grey bars indicate absence of fast-ice.
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compared to IGI and LGI, respectively, and also 30 % lower at IGI
compared to LGI (p < 0.001). Lastly, interannual differences were
observed for PAR, with higher values during 2010 and 2012 compared
to 2013, 2017, 2018 and 2019 (p = 0.01).

3.4. Correlations

In order to better show how air temperatures may influence turbidity
and light attenuation, we performed linear correlations between air
temperature and turbidity and K4 averaged over the surface layer at
Potter Cove over the time period 2010-2019 (Table A.4, all differences
p < 0.001). Air temperature positively correlated with turbidity and Kg4
in every area. Air temperature also positively correlated with seawater
temperature and negatively with salinity at all locations, while K4 had a
positive correlation to turbidity at all locations.

3.5. Photosynthetic active radiation: continuous measurements

The course of the sum of the daily irradiance at 10 m depth between
2014 and 2018 is given in Fig. 5. It becomes evident that PAR at 10 m
depth was different among the three areas which is especially prominent
from spring onwards and noticeably reduced with the onset of the
austral summer. In general, the increment in the sum of the daily irra-
diance after the disintegration of the fast-ice was very prominent.

The annual and seasonal sum of the daily irradiance sum is given in

Table 2

Photosynthetic active radiation. Sum of the mean daily irradiance over the
whole year (A), for summer (B), autumn (C), winter (D) and spring (E). In
brackets: standard error. Lowercase letters indicate significant differences
(p<0.05) between areas per year.

A) Annual irradiance

Area 2014 2015 2016 2017 2018

LGI 1.69 (0.17) 1.48 (0.17) 0.79 (0.12) 1.3 (0.15)* 1.49 (0.21)
IGI 1.8 (0.25) 1.01 (0.18) 0.55 (0.08) 0.86 (0.07)° 0.71 (0.16)
HGI 0.56 (0.09) 0.39 (0.06) 0.4 (0.04) 0.52 (0.04)® 0.43 (0.12)
B) Summer irradiance

Area 2014 2015 2016 2017 2018

LGI 1.54 (0.25) 2.07 (0.62) 0.57 (0.26) 1.53 (0.16) 1.35(0.52)
IGI 1.31 (0.35) 2.08 (0.67) 0.34 (0.15) 0.61 (0.16) 0.73 (0.17)
HGI 0.49 (0.22) 0.49 (0.17) 0.22 (0.15) 0.36 (0.13) 0.52 (0.42)
C) Autumn irradiance

Area 2014 2015 2016 2017 2018

LGI 0.17 (0.02) 0.44 (0.05) 0.09 (0.01) 0.22 (0.02) 0.11 (0.01)
IGI 0.51 (0.07) 0.58 (0.11) 0.1 (0.01) 0.13 (0.01) 0.17 (0.02)
HGI 0.12 (0.02) 0.24 (0.03) 0.03 (0.01) 0.1 (0.01) 0.13 (0.03)
D) Winter irradiance

Area 2014 2015 2016 2017 2018

LGI 0.7 (0.05) 0.11 (0.04) 0.07 (0.01) 0.25 (0.04) 1.43 (0.1)
IGI 1.31 (0.15) 0.06 (0.01) 0.24 (0.03) 0.14 (0.02) 0.31 (0.06)
HGI 0.41 (0.06) 0.06 (0.01) 0 0.14 (0.02) 0.28 (0.03)
E) Spring irradiance

Area 2014 2015 2016 2017 2018

LGI 3.6 (0.31) 2.9 (0.3)* 2.43 (0.36) 3.2(0.32) 3.08 (0.53)*
IGI 4.09 (0.5) 1.32 (0.19)° 1.53(0.18) 2.57 (0.16) 1.62 (0.33)°
HGI  1.23(0.13) 0.78(0.12)° 1.35(0.36)  1.46(0.09)  0.77 (0.2)
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Table 2 and the respective statistics in Table A.3. At 10 m depth, the sum
for the annual, summer, autumn, winter and spring daily irradiance did
not show an interaction between areas and years, but there was an effect
of area and year for the annual, spring and summer irradiance, and an
effect of the year in the autumn and winter irradiance.

Among the most remarkable results we registered that the sum of the
annual daily irradiance was 2 to 3 times lower at HGI (0.46 mol photons
m~2 d7!; from now on mol photons m~2 d~! will be abbreviated as
“mpmd”) compared to IGI (0.99 mpmd) and LGI (1.3 mpmd) (p < 0.01).
Also, considering all areas together, there were interannual differences.
During 2016 the irradiance was 2.5 times lower (0.58 mpmd) compared
to 2014 (1.29 mpmd) (p = 0.03; Table 2A; Table A.5). Interestingly, only
IGI showed interannual variations, with a > 2 times higher irradiance
during summer 2015 (2.08 mpmd) compared to the rest of the years (p
= 0.045), and with a 2 times higher irradiance during spring 2014 (4.09
mpmd) compared to the rest of the years (p = 0.01, Table 2).

In summer, the irradiance was also lower at HGI (0.42 mpmd) than at
IGI (1.02 mpmd) and LGI (1.42 mpmd) (p = 0.001), and overall, it was
significantly higher during 2015 (1.55 mpmd) and 2014 (1.12 mpmd)
compared to 2016 (0.38 mpmd). Also, during the summer of 2017 the
irradiance at LGI was 2.5 or 4 times higher compared to IGI and HGI,
respectively (p = 0.01, Fig. 6B). During autumn and winter interannual
differences in irradiance were also present. In autumn, during 2016
(0.08 mpmd) irradiance was 3 to 4 times lower than in 2014 and 2015 (p
= 0.02). In winter, the higher irradiance values coincided with years
with a shorter duration of fast ice, and vice versa. During this season, the
irradiance and in 2015 and 2016 it was much lower in comparison to
2014 and 2018 (p < 0.01). One major result was that in spring all areas,
overall years, were significantly different to each other, with highest
irradiances at LGI (3.05 mpmd), intermediate ones at IGI (2.23 mpmd)
and lowest at HGI (1.12 mpmd) (p < 0.01). Finally, in spring also
interannual differences were present, with significantly higher irradi-
ance values in 2014 and 2017 compared to the rest of the years (p =
0.02, Table 2).

3.6. Macroalgal light requirements and daily metabolic carbon balance

Based on the estimated minimum annual light requirements for
P. decipiens and H. grandifolius (Table 1), these macroalgae are likely to
survive in two of the three study areas (LGI and IGI) during an average
year like 2014. However, in a warmer year such as 2016, their survival
would likely be restricted to only one of the three areas (LGI) (Fig. 6A).

In the average year the daily metabolic carbon balance (CB) was
positive and higher for H. grandifolius (0.52-0.65 + 0.9 mg C g~' FW
d™Y) and P. decipiens (2.62-2.87 + 0.8 mg C g~ FW d 1) at LGI and IGI
compared to negative values estimated for HGI (Fig. 6B). During the
warmer year all CB values were negative for both species, except for
P. decipiens at LGI with a CB of 0.4 + 0.3 mg C g~ FW d ™! (Fig. 6B).

4. Discussion

This study provides an unprecedented quantitative time series of
continuous underwater irradiance measurements covering five years
under differential influence of glacial melt and fast-ice duration in a
coastal ecosystem located at the northern tip of the WAP. The data show
a clear correlation between the air temperature and the underwater
irradiance, mostly explicable by the inflow of sediments during glacial
melt, and to a smaller degree to the variations in fast-ice duration. The
spatial variation of the sediment surface plume in Potter Cove creates
inverse gradients of underwater light and turbidity, and quantitative
intra- and interannual differences in water column conditions. Over the
last three decades, a significant warming of the air temperature occurred
mainly in autumn and winter, while this warming trend also became
prominent during spring within the last decade. In addition, water
clarity significantly decreased within the last years. This possibly im-
pacts key benthic macroalgal primary producers as we showed that two
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Fig. 6. A. Annual light budgets at the seabed. Points represent the annual light budgets recorded by Odyssey light meters during an “average year” in yellow (average
year) and a “warmer year” in grey (warm year) at LGI, IGI and HGI in Potter Cove. Dashed lines are estimated minimum annual light requirements of two species of
local macroalgae, Palmaria decipiens and Himanthothallus grandifolius (Gomez et al., 2009; Clark et al., 2013; Deregibus et al., 2016). Macroalgae can survive in areas
where the annual light budget is above their minimum light requirements. B. Daily metabolic carbon balance in Antarctic macroalgae at three differently glacier
influenced areas at Potter Cove. The continuous PAR 24 h data were obtained during 2014 and 2016. Values correspond to an overall net gain or loss of Carbon

during 24 h.

key species may not reach their minimum annual light requirements and
have negative daily metabolic carbon balances during a warmer year.
The latter will probably have considerable effects on the primary pro-
ductivity of this ecosystem in future considering the current climatic
trends in this region. Our findings provide the baseline for productivity
modelling to estimate the possible consequences for these Antarctic
coastal ecosystems.

4.1. Rising air temperatures

The annual, and the autumn, winter and spring mean air temperature
has been increasing, while the summer season stayed rather stable over
the last 35 years. However, during the last decade (2013—2022) the air
temperature increased more pronouncedly in every season compared to
the long-term measurements (1987-2022). Over the last decade, the
mean annual air temperature increased by 1.14 °C per decade,
compared to a slower rate of 0.25 °C per decade between 1987 and
2022. If these observed trends persist, mean annual air temperatures
exceeding 0 °C could be reached within 15 years (at a rate of 1.14 °C per
decade) or in six decades (at 0.25 °C per decade). We observed a high
number of anomalously warm years during the last decades in Potter
Cove, with the last two years of our time series in a row (2021 and
2022). Considering that the occurrence and severity of extreme envi-
ronmental events has been increasing with significant impacts (Siegert
et al., 2023; Pinones et al., 2024), this may considerably influence pri-
mary productivity especially if occurring in spring which is the major
growth season for benthic macroalgae (Wiencke and Amsler, 2012). Our
findings are in agreement with the observed rapid warming of mean air
temperature at the Antarctic Peninsula region since the 1950s (e.g.
Vaughan et al., 2003; Chown et al., 2022; SC-CAMLR-42/BG/11, n.d.).
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Other studies also suggest that since the mid-2010s a more pronounced
warming period has re-started (Turner et al., 2016; Carrasco et al.,
2021). The IPCC Models show that in West Antarctica mean annual air
temperatures may reach positive values very fast with an average air
temperature of 4 °C by 2100 (IPCC WGI Interactive Atlas, n.d.). The
increase in air temperature described here for 2013-2022 is also similar
to a 20-year time series from the Arctic, which shows a remarkable
warming in all seasons (Maturilli et al., 2015) with an annual rate of
increase of 1.3 + 0.7 °C per decade, but a maximum seasonal increase
during the winter months with 3.1 + 2.6 °C per decade.

4.2. Interaction between air temperatures and hydrography in a highly
sensitive Antarctic fjord

Fast-ice is highly vulnerable to the changing climatic conditions and
major decreases and interannual variations have been reported in
Antarctica during the last years (IPCC AR6 WGI 9.3.2.1). In this study, at
a very local scale fast-ice duration also considerably varied interann-
ually. Since 2015, the frozen days of Potter Cove decreased drastically
which is in general agreement with the situation along the WAP. Here
fast-ice losses have been greatest (Stammerjohn et al., 2012) and
retreated to a record low in summer 2017 (Turner et al., 2017; Parkinson
and DiGirolamo, 2021). In 2022 and 2023two new records were set for
the lowest annual minimum extent of fast-ice (Thompson, 2022; NSIDC,
2023; Siegert et al., 2023). Antarctic fast-ice will possibly continue to
decline in future due to warming, ice sheet and ice shelf melt, and
strengthening of westerly winds, although the magnitude and timing are
uncertain (Swadling et al., 2023), and there are limited observations and
a disagreement among models (Chown et al., 2022).

In Potter Cove there are inverse gradients of underwater light or
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salinity with turbidity increasing with distance from the Fourcade
Glacier run-off (east end of the cove). Particularly the HGI as the area in
Potter Cove most frequently and extremely influenced by glaciers,
showed high turbidity and low salinity values across the entire profile of
the water column. This is in agreement with previous studies in this area
pointing to the sediment load and resulting turbidity as key factor
determining the hydrographic characteristics in areas close to glacial
outflows (Schloss et al., 2012; Ruiz Barlett et al., 2021; Braeckman et al.,
2021; Neder et al., 2022). High turbidity in surface waters often asso-
ciated with low salinity during the melting season has also been
observed in several others Antarctic fjords in the WAP region (e.g., Lee
et al., 2015; Rodrigo et al., 2016; Lima et al., 2019; Wdjcik et al., 2019).

One major outcome of our study is the clear correlation of air tem-
peratures to direct responses in the surface water layer, and to fast-ice
duration. The longest fast-ice period (> 4 months) occurred during the
anomalously cold winter of 2011. Similar results were obtained in Potter
Cove for 2009-2017 (Ruiz Barlett et al., 2021). Very high underwater
instant irradiances were recorded during the anomalously cold spring
2012 and a combination of high salinity and very high PAR values were
also present during the anomalously cold summer 2014. In contrast,
extremely low instant irradiances occurred during the anomalously
warm year 2016. The latter coincides with the exceptional high glacier
discharge rates which were about 4.5 times higher than the previous
years during the warm summer 2016-2017 (Braeckman et al., 2021). A
similar situation was observed with high turbidity and very low instant
irradiances during the warm year 2018. We thus can confirm that glacial
discharge levels are strongly dependent on local air temperature and
released suspended particulate matter accumulates in surface layers
generating elevated turbidity.

The two main modes of climate variability influencing the Antarctic
Peninsula, the SAM and the ENSO, could have probably influenced the
atmospheric conditions, and thus the nature of the cryosphere loss and
of the hydrographic conditions observed in Potter Cove (Table A.6 and
A.7). A good example is 2010 when El Nino coincided with a negative
SAM index during the first months of the year, which turned into
opposite phases during the second half of the year. This situation led to
relatively colder conditions in summer, and warmer conditions in winter
and spring, respectively. The summer 2010 was anomalously cold in the
northernmost Antarctic Peninsula (Costa and Agosta, 2012), also with
colder, more saline and low turbid waters in Potter Cove (Ruiz Barlett
et al., 2021). In winter 2010 the fast-ice period was remarkably short
lasting only 14 days, and breakage of fast-ice around mid-September
was probably associated with warm conditions in winter and spring.
This situation also influenced the annual light budget and led to
significantly higher underwater PAR values during this year. The trends
and relationship of parameters analyzed in this study are in agreement
with previous studies (Schloss et al., 2012; Braeckman et al., 2021; Ruiz
Barlett et al., 2021). All highlight that the combined effects of ENSO and
SAM conditions affecting winds, air temperature and fast-ice duration
act as an additional, indirect forcing factor on the environmental pa-
rameters and on the marine ecosystem of the Potter Cove.

4.3. Changes in the cryosphere influence the underwater light climate in
Potter Cove?

In coves and bays such as Potter Cove, located in the WAP and
especially in the South Shetland Islands, the climate is milder and the
impact of rising air temperatures are very high (Ducklow et al., 2013;
Chown et al., 2022). These fjords have probably the highest sedimen-
tation rates across the Antarctic continent (Meredith et al., 2018), and
hence govern the underwater light climate much more than fast-ice. Our
results show the severe impact of the melting of the glacier Fourcade
during summer, generating highest peaks in turbidity and thereby
reducing irradiance values by >50 % compared to spring (Table 2,
Figs. 4 and 5). In addition, there is a clear spatial gradient in Potter Cove
creating considerable differences in the available underwater irradiance
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along the fjord axis. Areas with low glacier influence (LGI) have an
annual daily irradiance ~30 % or > 300 % higher than areas with in-
termediate (IGI) and high glacier influence (HGI), respectively. Thus,
the location inside a cove or bay is very important in determining the
total light budget for primary producers, as the distance to the glacier
(and hence the presence of particulate suspended matter), the water
circulation, and the fast-ice duration greatly influence the irradiance in
the water column and reaching the sea bed (Clark et al., 2013; Deregibus
et al., 2016; Clark et al., 2017; Gémez and Pirjo, 2020; Niedzwiedz and
Bischof, 2023; Schlegel et al., 2024). The underwater annual light
budget values of 146 to 647 mol photons m~2 yr~! calculated in this
study are within the order of magnitude to those reported in other fjord
systems in Antarctica (Gomez et al., 1997; Gomez et al., 2009; Clark
et al., 2017), and also in the Arctic (Bartsch et al., 2016). In summer, the
lowest irradiance was recorded at HGI, and during this season it was
very much affected by air temperature. During the very warm summer of
2017 very low underwater irradiances were recorded in most of the
cove. This probably was due to the expansion of the sediment plume and
its load. Interestingly, irradiance differed significantly in spring in all
three areas, unlike in summer. This pattern is consistent with the fact
that average air temperatures are lower in spring than in summer, so the
sediment plume contains a lower sediment load and forms a distinct
turbidity gradient (Deregibus et al., 2023), which affects each area
differently.

We hypothesized that in Potter Cove the underwater annual light
budget is stable over the years as we assumed that an expected increase
in turbidity will be compensated by the earlier fast-ice breakup. Our data
indicate otherwise. In 2016, the annual air temperature was signifi-
cantly warmer than in 2014, while the annual daily irradiance was
significantly lower. Despite the overall warming trend, air temperature
increases were not uniform across seasons. Each year exhibited distinct
combinations of “cold” and “warm” seasons. In 2016, the longer fast-ice
duration extended into spring, reducing underwater irradiance. This,
combined with a significantly warm spring that intensified turbidity in
the water column, resulted in a lower annual light budget. In contrast,
2014 featured a significantly colder summer, which improved water
clarity. The latter, together with a minimal fast-ice presence during
winter which enhanced underwater light availability earlier in spring,
lead to a significantly higher annual light budget for this year. The year
2015 was anomalously cold, with a significantly colder summer too,
favoring clear waters. This resulted in a significantly higher underwater
irradiance during the first half of the year, but the overall annual light
budget was only intermediate, as the high summer and autumn irradi-
ances were followed by a 4-month long fast-ice duration lasting much
longer into spring than in other years (Table 2, Fig. 5B). In summary, our
data indicate that the increase in underwater irradiance following the
disintegration of fast-ice was generally very abrupt (Fig. 5B). While the
duration of fast-ice primarily determined the total irradiance budget
during winter and early spring (Table 2), its impact on the annual light
budget was less significant. Instead, the primary factor influencing both
the seasonal and annual light budgets was the turbidity of the water
column.

Our findings indicate that areas with an intermediate glacier influ-
ence such as the study site IGI are more prone to interannual variations
of the underwater light budget, especially in spring and summer, than
low and high sediment impacted areas (LGI, HGI). Areas far away from
the glacier run-off as LGI, are rather independent of fast-ice variations,
and the influence of the sediment plume is low. Thus, the underwater
light availability is moderately high and constant over most relevant
months. The opposite is true for areas close to the glacier run-off such as
HGI as they are highly influenced by sedimentation during most parts of
the year except for winter (Deregibus et al., 2020; Neder et al., 2020)
resulting in generally low underwater light conditions. As a conclusion,
areas located in the middle part of glacier influenced coves or fjord
systems are likely most sensitive to subtle differences in sedimentation
since they are located in the limit where the extent of the sediment
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plume varies the most (Jerosch et al., 2019; Neder et al., 2022). They
exhibit the largest interannual variability in light conditions, and
thereby they are most prone to changes in their benthic assemblage
structure (Deregibus, 2017).

Although the underwater light climate was mostly explicable by air
temperature conditions, some results suggest additional influencing
factors. The interannual atmospheric climate variability modes which
influence wind direction, cloudiness and rain, may possibly also affect
the light budget. For example, during spring 2015 and autumn 2016 we
registered some unexpected low irradiance values. During this period El
Nino was present, which is characterized by cold air temperatures and
an increased frequency of anomalous easterly winds (Yuan, 2004).
However, the parallel occurrence of a positive phase of the SAM between
November 2015 and March 2016 (Table A.5) was most probably
responsible for reducing the effects of El Nino in this region by bringing
warm and humid air and increased rainfall (e.g., Marshall et al., 2006).
This found its expression in summer 2016 which was characterized by
warm air and high rainfall (Ruiz Barlett et al., 2021). Both factors may
have decreased the underwater irradiance.

Summing up, in Potter Cove the underwater light climate is mainly
influenced by the air temperature. The year 2016 as an example of a
“warm” year generates a possible scenario for the development of the
underwater light budget with rising temperatures in future. During this
unusually warm year the annual daily irradiance values were ~ 50 % or
200 % lower than during years with intermediate or low air temperature
values, respectively, pointing to a darkening future Antarctic coastal
ecosystem as is already an ongoing phenomenon in parts of the Arctic
(Konik et al., 2021).

4.4. Biological perspectives towards primary productivity

The minimum light requirements (mALB) for H. grandifolius and
P. decipiens calculated for 10 m depth were met with a positive carbon
balance at LGI and IGI, but not at HGI during the average year. This
meets our expectation as the vertical distribution limit of these species
was at 30, 20 and 10 m depth at LGI, IGI and HGI, respectively during
surveys in 2010 and 2013 (Deregibus et al., 2016; Deregibus, 2017). In
contrast, in the warm year 2016 the modelled mALB was not achieved
for both macroalgal species, at HGI and IGI and only by H. grandifolius at
LGI. In addition, during this warm year the CB was negative for these
species at 10 m depth. These results are alarming, as rising air temper-
atures and continuous high melting rates of the glacier Fourcade are
envisaged. The annual mean surface air temperatures over Antarctica
are projected to warm between 0.5 and 3.6 °C (under different emissions
scenarios) by 2081-2100 (IPCC AR6 WGI Table 4.2). As a result, strong
impacts on marine life in general are expected (Chown et al., 2022). The
envisaged warming along the northern part of the WAP accompanied by
high glacier melting rates and a lengthening of the thawing season,
raises the question, whether macroalgae can store enough carbon during
the shortening time periods when the minimum light requirements are
surpassed to support their energy requirements for the rest of the year? If
the annual photon doses do not sustain growth and reproduction of
macroalgae, they will probably disappear from certain areas and depths
in the short term (Runcie and Riddle, 2012). This will result in shifts in
their vertical distribution to shallower depths, increasing overlap and
competition between species and possibly resulting in altered commu-
nity compositions and demographic patterns (Quartino et al., 2020) as
has been observed in the Arctic (Diisedau et al., 2024).

In the long term, we predict that sedimentation rates will signifi-
cantly decrease once the glacier has retreated enough, leading to an
increase in the underwater annual light budget again. In addition, the
projected decrease in fast-ice in the south of the WAP, will also support
macroalgal biomass (Amsler et al., 2023). Macroalgal expansion in
coastal areas is expected to reduce overall benthic biodiversity if they
replace biodiversity rich faunal communities (Worm et al., 2006; Clark
et al, 2013), however the primary productivity and carbon-
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sequestration potential of ecosystems will increase. Primary producers
in general have been reported to be affected by climate change-induced
glacial melt and the corresponding decline in irradiance, as was also
shown for phytoplankton (Schloss et al., 2012), and benthic microalgae
(Campana et al., 2020; Braeckman et al., 2021) besides macroalgae
(Deregibus et al., 2016). But benthic diatoms may also thrive in close
proximity to a retreating glacier (Ahn et al., 2016; Pers orbs), indicating
that sedimentation may not be always detrimental to diatoms. As
warming, reduced fast-ice cover and duration, and glacial melting with
all associated factors such as change of ice scour, turbidity and fresh-
ening will cause regional benthic biomass variations (Griffiths et al.,
2024), regular long-term studies are needed to better elucidate the
possible fate of these ecosystems.

5. Conclusion

There is an urgent need to conserve Antarctic ecosystems due to their
unique and high biodiversity and high endemism. Our results indicate
that the effects of climate change stress and negatively impact coastal
macroalgae ecosystems along the Antarctic Peninsula. In addition, the
WAP is also threatened by introduction of non-indigenous species and
increased tourism (Convey and Peck, 2019; Tejedo et al., 2022). Science
has a major role in providing evidence-based data for policy decision
makers, and for mitigating the consequences of anthropogenic climate
change (Chown et al., 2022). This underscores the importance of pro-
tecting the ecosystems of the Antarctic Peninsula, reinforcing the
importance of adopting the proposal of the Marine Protected Area in the
so-called Domain 1 (D1MPA) (CCAMLR-43/37, n.d.), led by Argentina
and Chile, which includes the Western Antarctic Peninsula and regions
South of the Scotia Arc.

Macroalgae growing in Polar fjords which are heavily affected by
climate change are in a constant tradeoff between being negatively
affected by glacier melting and expanding into newly ice-free areas
(Deregibus et al., 2020; Diisedau et al., 2024; Neder et al., 2024). In
recent years, hundreds of fjords have emerged as glaciers retreated along
the Western Antarctic Peninsula (WAP), resulting in significant carbon
gains driven by benthic colonizing organisms (Barnes et al., 2020;
Deregibus et al., 2023). Benthic blue carbon around Antarctica has the
potential to mitigate broader CO, emissions, as it continues to increase
with climate change (Bax et al., 2021; Morley et al., 2022; Ross et al.,
2023; Sands et al., 2023; Tait et al., 2024). However, if the impacts of
climate change intensify, macroalgal colonization in newly exposed
inshore areas may only establish persistent and mature communities
after the cessation of severe glacial melt (Campana et al., 2020; Dereg-
ibus et al., 2020). Until then, the potential of these inshore zones-and
entire fjord systems- to support ‘new or additional blue carbon’ could
be possibly threatened The study of Antarctic shallow ecosystems should
remain a high research priority, and given the envisaged massive
ecological changes, the expansion of international research cooperation
is essential for the regional understanding of climate-induced impacts,
for scientific progress in identifying forthcoming changes and ‘tipping
points’ (Clark et al., 2013; Bennett et al., 2015; Deregibus et al., 2017;
Barnes et al., 2021; Griffiths et al., 2024). Monitoring programs could be
implemented at a regional scale (e.g. in the framework of the Southern
Ocean Observing System, The Antarctic Near-shore and Terrestrial
Observing System (ANTOS)) along the WAP to predict possible changes
in primary productivity in areas affected by climate change, and quan-
tify their expansion, productivity and contribution to blue carbon.
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