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Abstract

Dissolved organic carbon (DOC) constitutes the largest organic carbon reservoir in the ocean and plays a vital role in
the oceanic carbon cycle. However, research on DOC in Antarctica has been limited, largely due to difficulties in
sample collection. In this study, we investigate chromophoric dissolved organic matter (CDOM) in the Cosmonaut Sea
and Cooperation Sea, Antarctica. The relative abundances of CDOM, as indicated by the absorption coefficient at
254 nm (a,s,), exhibit significant variability, ranging from 1.29 m™! to 8.37 m™!. The diatom species B is the primary
contributor to CDOM in the region influenced by the Antarctic slope current. Using excitation-emission matrix
fluorescence spectroscopy coupled with parallel factor analysis (EEM-PARAFAC), we identify three fluorescent
components: one protein-like component (C1) and two humic-like components (C2 and C3). Our findings indicate that
strong microbial activity in the euphotic zones of the Cosmonaut Sea and Cooperation Sea serves as a primary pathway
for the removal of protein-like substances while also acting as a significant source of humic-like substances. Microbial
degradation likely accounts for the decoupling of the vertical distribution of DOC and phytoplankton. Furthermore, the
intrusion of modified circumpolar deep water (mCDW) into the euphotic zones of open ocean areas influences the
distribution of CDOM at depths shallower than 200 m. These results have important implications for enhancing our
understanding of the dynamics of CDOM and DOC in east Antarctica, as well as for improving assessments of the
carbon cycle.
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1 Introduction

The seasonal ice zone in east Antarctica is character-
ized by exceptionally high biological productivity, primar-
ily driven by processes such as sea ice melting and up-
welling during the Southern Hemisphere summer. The
melting of sea ice releases freshwater, resulting in the for-
mation of a shallow mixed layer. This nutrient-rich and
light-abundant environment facilitates significant phyto-
plankton proliferation within the euphotic zone, leading to
the establishment of diverse phytoplankton communities
(Williams et al., 2010). In the waters surrounding east
Antarctica, these phytoplankton communities predomi-
nantly consist of Phaeocystis antarctica, diatoms, and
cryptophytes (Li et al., 2024). Their distribution and abun-
dance are influenced by factors including sea ice melt, nu-
trient availability, and light conditions (Wright et al.,
2010). For example, following sea ice melt, phytoplank-
ton may experience reduced predation pressure, resulting
in primary productivity levels that range from 25% to
67% (Smetacek et al., 2004). Marine ecosystems along the
eastern coast of Antarctica are impacted by various fac-
tors, such as climate change, ocean circulation patterns,
and sea ice cover (Moore et al., 1999). Additionally, the
high productivity and rich biodiversity observed in the
East Antarctic region during the summer contribute to the
global carbon cycle.

Chromophoric dissolved organic matter (CDOM) is
recognized as the optically active component of dissolved
organic matter (DOM) (Coble, 2007). CDOM constitutes
a subset of dissolved organic carbon (DOC) and possess-
es light-absorbing properties that influence light penetra-
tion depth and photosynthetic productivity in aquatic envi-
ronments (Nelson et al., 2004). CDOM absorbs light in
the blue wavelength range, coinciding with the absorption
peaks of chlorophyll and photoprotective carotenoids,
thereby limiting photosynthetic processes in aquatic sys-
tems (Arrigo and Brown, 1996). Certain phytoplankton
species may adapt to high CDOM environments by alter-
ing their photosynthetic pigment composition to optimize
light utilization (Nelson and Siegel, 2013). Moreover,
CDOM absorbs potentially harmful UVB (280-320 nm)
and UVA (320400 nm) radiation, thereby mitigating the
adverse effects of elevated ultraviolet exposure on phyto-
plankton communities (Arrigo and Brown, 1996). CDOM
also participates in photochemical reactions that generate
reactive oxygen species, which can influence various
chemical reactions and biological processes in marine en-
vironments (Biers et al., 2007). Consequently, CDOM not
only affects phytoplankton growth but also indirectly in-
fluences the productivity of entire marine ecosystems by
regulating the light environment.

Previous studies have revealed significant regional
variations in the distribution of CDOM within the South-
ern Ocean. In the Antarctic Peninsula region, the half-
lives of CDOM range from 2.1 d to 5.1 d due to photo-
bleaching in the upper water layers, while doubling times

vary from 4.9 d to 15.7 d as a result of photohumification
(Ortega-Retuerta et al., 2010). This indicates that CDOM
in this region exhibits highly dynamic characteristics. In
the Amundsen Sea Polynya (ASP) of the Southern Ocean,
the highest recorded absorbance of CDOM at 355 nm was
0.51 m~! within the euphotic layer (Lee et al., 2016). This
study identified the dominant phytoplankton species,
Phaeocystis antarctica, as a significant contributor to
CDOM levels. Additionally, it was noted that the net ac-
cumulation of CDOM in the surface waters of ASP was
negative, indicating the labile nature of freshly produced
CDOM (Chen et al., 2019). In regions of high primary
productivity within the Ross Sea, the spectral absorption
coefficient of CDOM was relatively low, and the prolifer-
ation of P. antarctica did not directly correlate with in-
creased CDOM levels. This suggests that variations in
CDOM may be related to sea ice melt or microbial degra-
dation occurring outside the photic zone (Kieber et al.,
2009). In east Antarctica, a study indicated that ice melt-
ing may both alter the spectral characteristics of CDOM in
surface waters and act as a potential source of fresh, au-
tochthonous CDOM and labile DOC (Norman et al.,
2011). Highly labile DOC is further degraded and rem-
ineralized by microorganisms within the upper 200 m of
Prydz Bay, east Antarctica. The newly transformed DIC
and residual DOC can be preserved in the deep layer due
to the stratification of the water column during the austral
summer (Jiang et al., 2024).

The dynamics of CDOM within the water column of
the eastern Southern Ocean remain poorly understood,
particularly in the context of unstable and variable envi-
ronmental conditions, such as stratification. This study
presents the geographic and vertical distribution of
CDOM and DOC in the open ocean regions of the Cos-
monaut Sea and Cooperation Sea. We employed excita-
tion-emission matrix spectroscopy coupled with parallel
factor analysis (EEM-PARAFAC) to achieve this. Our ob-
jective is to enhance the understanding of the sources and
evolution of CDOM and to identify the factors that influ-
ence the dynamics of DOC and CDOM in this region dur-
ing the austral summer.

2 Methods

2.1 Study area and sample collection

During the austral summer of 2019, from December 8
to December 26, samples for DOC and CDOM analysis
were collected in the epipelagic layers of the Cosmonaut
Sea and Cooperation Sea aboard the R/V Xuelong 2 from
the Polar Research Institute of China (PRIC) (Fig. 1). Ac-
cording to sea ice data (Fig. S1), the study area was char-
acterized by open ocean conditions, devoid of sea ice cov-
erage. The sampling sites were categorized based on the
prevailing water masses into two distinct areas: waters af-
fected by the Antarctic slope current (WAA) and areas of
open water (OW), with detailed information provided in
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Fig. 1. Location of the stations sampled during austral
summer in the 2019 cruise. The Antarctic slope current
(ASC, gray), the Antarctic circumpolar current (ACC,
green), the Weddell Gyre (cyan), and the Prydz Gyre (yel-
low) are also labeled schematically.

Table 1.

At each sampling station, parameters including pres-
sure, salinity, and temperature were measured using a
SBE 911 plus conductivity-temperature-depth (CTD) in-
strument equipped with a rosette sampler containing 24
Niskin bottles, each with a volume of 10 liters. The con-
centration of oxygen was assessed via Winkler titration,
following the methodology described by Williams and
Jenkinson (1982). Oxygen saturation was calculated by
integrating measured data with the solubility equations es-
tablished by Garcia and Gordon (1992), alongside the co-
efficients from Benson and Krause (1984). Apparent oxy-
gen utilization (AOU), indicative of microbial het-
erotrophic metabolism, was defined as the difference be-
tween oxygen saturation and the actual concentration at a
given depth, reflecting oxygen consumption throughout
the study period. The mixed layer depth (MLD) was de-
termined at the depth corresponding to the peak buoyancy
frequency, in accordance with the techniques described by
Carvalho et al. (2016). The index of ice-melting water
(MW) was computed using the surface salinity (S, pce)
and deep-water salinity (S, approximately 300 m), fol-
lowing the approach outlined by Mendes et al. (2018), as
expressed in Eq. (1):

MW =1 _(Ssurface_6)/(sdeep_6)]x 100%. (1)

Table 1. Location details in the study area

Water samples representing the characteristics of vari-
ous water masses were selected at specified depths at each
sampling station. For the seasonal mixed layer (SML),
samples were taken from the ocean surface down to the
MLD. In the WW layer, samples were obtained at the
depth closest to the minimum temperature (T'; ). For the
mCDW layer, sampling was conducted at 200 m, where
the average temperature was recorded at (1.51 + 0.34)°C,
with an average salinity of 34.62 + 0.03.

2.2 Sample treatment

For DOC and CDOM analysis, water samples were
filtered through pre-combusted Whatman GF/F filters.
The resulting filtrate was distributed into two pre-com-
busted 20 mL glass ampoules and preserved at —20°C for
subsequent laboratory analysis.

2.3 DOC analysis

DOC analysis was performed using a Shimadzu TOC-L
analyzer employing high-temperature combustion. Base-
line measurements were established by subtracting blanks
from Milli-Q water samples. The accuracy of the analy-
ses was verified against standards (4245 pmol C for
DOC, deep sea reference from the University of Miami).
Analytical errors, based on replicate measurements (with a
minimum of three per sample), were maintained within
5% for DOC determinations.

2.4 CDOM analysis

CDOM absorbance was quantified across the ultravio-
let and visible (UV-Vis) spectral range (240-800 nm)
with a resolution of 1.0 nm, utilizing a Shimadzu Spec-
trophotometer UV-2700 and a 5 cm quartz cuvette. The
absorbance (4) was converted into Napierian absorption
coefficients (@) using Eq. (2):

A
ay =2.303 x f +k, )

where 4, is the absorbance at the wavelength 4, L is the
optical path length expressed in meter, and & is an offset
calculated as the mean absorbance between wavelengths
650 nm and 700 nm (approximately zero) (Green and

Study area Station Date (UTC) Longitude/(°) Latitude/(°) Depth/m MLD/m MW/%

WAA C4-08 2019/12/26 45.00 —65.70 3125 23 3.6
C8-09 2019/12/16 64.94 —66.00 3080 14 2.9

oW C4-01 2019/12/24 45.00 —62.65 4 605 35 3.2
C4-03 2019/12/25 44.98 -63.99 4276 10 2.7

C6-03 2019/12/22 54.99 —63.98 4 490 46 3.7

C7-06 2019/12/18 60.08 —65.00 3949 74 3.8

C9-04 2019/12/11 69.00 —64.32 3205 42 2.7

C9-07 2019/12/08 68.94 —65.32 2764 24 2.5

C6-01 2019/12/21 54.94 -62.64 4825 10 3.0

C8-01 2019/12/13 65.00 —62.65 4169 57 3.1

C9-02 2019/12/12 69.03 -63.32 3825 59 3.0

Note: MLD is the mixed layer depth, MW is the index of ice-melting water.



Hu Ji et al. Acta Oceanol. Sin

Blough, 1994). The Napierian absorption coefficient (a;)
was calculated at 254 nm.

Excitation emission matrices (EEMs) were obtained
using a Hitachi Fluorescence Spectrofluorometer (F4700)
witha 1 cm x 1 cm quartz cuvette. The excitation wave-
length range was established between 250 nm and 450 nm,
while the emission wavelength range spanned from 300 nm
to 600 nm. Excitation scans were conducted in 5 nm in-
crements, and emission scans were performed in 1 nm in-
crements. Prior to analysis, corrections were made for
blank subtraction, instrument bias, and Raman unit nor-
malization. The EEM derived from Milli-Q water, mea-
sured under identical conditions, was subtracted to elimi-
nate instrumental bias. Rayleigh and Raman scattering
peaks were removed through three-dimensional interpola-
tion (Zepp et al., 2004). EEMs were normalized to the Ra-
man signal of water (Lawaetz and Stedmon, 2009), with
fluorescence intensities expressed as equivalent water Ra-
man Units (R.U.). Subsequently, data from the EEMs
were analyzed using parallel factor analysis (PARAFAC)
facilitated by the DOMFluor toolbox v1.7 (Stedmon and
Bro, 2008). Model validation was achieved through visu-
al inspection of residuals and split-half analysis. Detailed
information regarding the analysis of DOC and CDOM
can be found in our previous work (Hu et al., 2023).

The humification index (HIX) and the biological in-
dex (BIX), serving as indicators of the degree of humifi-
cation and the contribution of biological and autochtho-
nous dissolved organic matter (DOM), respectively, were
derived from the EEMs of the samples (Huguet et al.,
2009). The spectral slope ratio refers to the ratio of spec-
tral slopes across different wavelength ranges, with a
commonly used ratio being S,,5 595 t0 S;50.400- In this
study, the spectral slope ratio (S,;5_ 595/ S350 490> referred to
as Sy) is employed as a valuable metric for differentiating
between fresh, labile organic matter and aged, more com-
plex organic matter (Helms et al., 2008). Furthermore, the
specific UV absorbance at 254 nm (SUVA,,) exhibits a
strong positive correlation with the percentage of aro-
maticity in DOC, suggesting that SUVA can effectively
indicate the concentration of dissolved aromatic carbon in
aquatic environments (Weishaar et al., 2003).

2.5 Analysis of pigment concentration and iden-
tification of taxonomic groups

Three liters of seawater for each pigment sample were
filtered through a GF/F glass fiber filter (Whatman, New
Castle, USA) with a gentle vacuum (<0.5 atm) and con-
ducted under dim light conditions. The filtered samples
were subsequently stored at —80°C until laboratory analy-
sis, which was completed within six months following the
survey. The samples underwent pre-treatment as outlined
by Zapata et al. (2004) prior to instrumental analysis.
Three milliliter of acetone were used to extract the pig-
ments, followed by ultrasonication in an ice bath for 30 s.
The extracts were subsequently stored at —20°C for 2 h.
Then, the extract was separated from the filter debris, and
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the supernatant was evaporated under a gentle stream of
nitrogen. The resulting residue was then re-dissolved in
300 pL of a methanol and water mixture (9:1, v/v), with
analysis conducted within 4 h of preparation.

Acquity H-class ultra performance liquid chromatog-
raphy (UPLC, Waters Corp., Milford, USA) was used to
analyze pigment extracts, comprising UPLC-quaternary
solvent manager, sample manager-FTN, PDAeA detector,
and FLR detector. The analysis employed the acquity
UPLC BEH C18 column (50 mm x 2.1 mm, 1.7 pm) at a
flow rate of 0.4 mL/min. A binary gradient elution pro-
gram was used according to the work of Zapata et al.
(2000). Pigments were qualitatively and quantitatively de-
tected by comparing retention time, absorption spectra,
and peak area in each sample chromatogram with those of
authentic standards obtained from Danish Hydraulic Insti-
tute (DHI) water and environment (Hersholm, Denmark).
The detection limits and precision of the method were 2.2
pg/L and 0.26 pg/L, respectively. The CHEMTAX pro-
gram (version 1.95) was used to differentiate the specific
concentrations of six taxonomic groups (Feng et al., 2022).

2.6 Statistics

Data plotting was performed with ocean data view
software (http://odv.awi.de) and Origin 9.65 software.
Statistical analysis was performed with Python 3.9 soft-
ware. Differences between two categories were assessed
using a two-sample #-test, with a p-value threshold of 0.05
or 0.01 set to determine statistical significance.

3 Results

3.1 Water mass and hydrographical conditions

According to the study by Williams (2010), surface
circulation in the research area is influenced by the
Antarctic circumpolar current (ACC) and the Antarctic
slope current (ASC), which are aligned with the full-depth
circulation. In waters shallower than 250 m, circulation is
primarily affected by Antarctic surface water (ASW) and
modified circumpolar deep water (mCDW, see Fig. 2).
ASW can be further categorized into the residual winter
mixed layer, characterized by the lowest temperatures (de-
noted as 7, or winter water, WW), and SML, both of
which are predominantly influenced by ice melt and solar
radiation.

In the study area, sea ice began to retreat from the
northeast toward the southwest starting in November
2019, resulting in only a small amount of floating ice
present during the survey (see Fig. S1). In the open water
(OW) region, the combined effects of ice melt and solar
radiation contributed to the stratification of the water col-
umn. The MLD was measured at (18.5 £ 6.4) m in the
WAA region and (39.7 + 22.2) m in the OW region. In the
WAA region, WW is primarily influenced by the ASC,
leading to a broad vertical distribution (see Fig. S2), with
a minimum temperature recorded at —1.82°C. However, as
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Fig. 2. The profiles of temperature (a—k) and salinity (I-v) for all stations in the epipelagic layer. The water mass iden-
tified included the seasonal mixed layer (SML), winter water (WW), and modified circumpolar deep water (mCDW).
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the WW extends into the OW region, its distribution nar-
rows due to the intrusion of warmer and saltier mCDW
from below.

3.2 Spacial distributions of Chl a, DO, and AOU

Phytoplankton blooms were detected in the SML of
the study area, with peak chlorophyll-a (Chl a) concentra-
tions reaching 1 813.18 ng/L in the WAA region and
2 027.01 ng/L in the OW region. The mean dissolved
oxygen (DO) levels were 9.82 mg/L in the WAA and
9.16 mg/L in the OW (see Table 2). The distribution of
DO exhibits a similar pattern to that of Chl a, particularly
in association with the phytoplankton bloom (refer to
Fig. 3). The mean AOU values were 2.19 mg/L in the
WAA and 2.53 mg/L in the OW (as shown in Table 2).
Positive AOU values were recorded at all depths shallow-
er than 200 m in both the WAA and OW regions. In the
OW region, the AOU at the depth corresponding to the
highest Chl a concentration was measured at 2.07 mg/L,
indicating that microbial activity is particularly intense
within the euphotic zone.

3.3 HIX, BIX and PARAFAC components

The mean values of HIX are 0.67 in WAA and 0.76 in
OW (Table 2). Most stations recorded HIX values of less
than 1.00. The mean values of BIX are 1.42 in WAA and
1.39 in OW. The HIX (<4) and BIX (>1) indices indicate
a biological or aquatic bacterial origin for dissolved or-
ganic matter (DOM) (Huguet et al., 2009). The HIX val-
ue increases with water depth, whereas the BIX value
shows an inverse trend (Fig. 4).

The PARAFAC method was applied in this work, and
three fluorophore components were identified with our
dataset (Fig. 5, Table 3). Component 1 (C1) has the exita-
tion/emission (E,/E,) of 275/324 nm, and it was identi-
fied as protein-like components. The £, of C1 is blue-
shifted from authentic tryptophan fluorescence. It was re-
ported that the fluorescence characteristics of amino acids
depend on whether they are freely dissolved or bound in
proteins (Lakowicz, 2006). The molecular structure
changes, such as a decrease in the number of aromatic
rings, reduction of conjugated bonds in a chain structure,
and conversion of a linear ring system to a non-linear one,

Table 2. Mean values and ranges of environmental variables within 200 m in the study area

Area Chl a/(ng-L-') DO/(mg: L-1) DOC/(mg- L-') AOU/(mg: L1) a,s54/m™" SUVA,;,/(L-mg-m™) Sr HIX BIX
WAA 707.15 9.82 0.62 2.19 4.28 6.97 3.18 0.67 1.42
15.10-1 813.18 7.91-11.83  0.50-0.81 -0.04-3.91 1.50-8.00 2.80-13.42 0.95-7.11 0.49-0.88 1.31-1.53
ow 581.83 9.16 0.67 2.53 5.01 7.53 2.36 0.76 1.39
3.21-2027.01 5.56-11.75  0.45-0.91 0.00-5.41 1.29-8.37 2.06-12.6 1.11-10.25 0.46-1.25 1.06-1.73
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Fig. 3. Profiles of Chl a concentration (a and d), DO concentration (b and ¢), and AOU (c and f) in the research area.
WAA represents waters affected by the Antarctic slope current; OW represents areas of open water.
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Fig. 5. EEM contour plots of the three different fluorescent components C1-C3 (a—c) identified by PARAFAC, excita-

tion (dashed lines), and emission (solid lines) spectra of three components (d—f).

could result in blue-shift emission of CDOM (Coble,
1996). The component similar to C1 was not only report-
ed in the coastal ocean of Ise Bay (Yamashita et al.,
2008), marine sediment pore waters (Burdige et al., 2004),
and ballast water in ships (Murphy et al., 2006), but also

found in a highly productive Amundsen Sea Polynya (Hu
et al., 2023). It is supposed to relate to the melting water
from glaciers or seasonal ice. Component 2 (C2) has the
primary £, and £ of 255 nm and 452 nm, respectively.
The second E, peak with a lesser intensity was observed
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Table 3. Identification of the three PARAFAC components through the comparison with the literature data

Fluorescent . . . .
EJE, Traditional identification
component

Reported literature

Cl1 275/324 protein-like

Burdige et al., 2004; Murphy et al., 2006; Yamashita et al., 2008

C2 255 (355) /452 UVC humic-like + UVA humic-like Coble et al., 1996; Yamashita et al., 2003; Stedmon and Markager,

C3 (<250) 310/380 UVC humic-like + marine humic-like

2005; Jorgensen et al., 2011
Coble et al., 1996; Jargensen et al., 2011

at the wavelength of 355 nm. C2 shows spectral character-
istics similar to humic-like components (peak A + C)
(Coble et al., 1998). Component 3 (C3) has a primary and
secondary excitation peak, occurring around 250 nm or
less and 310 nm, respectively, and a single emission peak
at 380 nm. This component is characterized by absorption
of UVC and UVB light. It is similar to a marine humic-
like component (peak M) that occurs at £ 370-420 nm
and £, 290-310 nm (Coble, 1996). The trend of the Cl
component shows little variation with depth, while both

toplankton productivity, particularly during the summer
months, attributable to ample sunlight and nutrient avail-
ability. Phytoplankton contribute significantly to organic
matter production through photosynthesis, which is subse-
quently released as DOC following phytoplankton mortal-
ity or grazing by heterotrophic organisms. Consequently,
the organic matter produced by phytoplankton via photo-
synthesis represents a key source of DOC (Nelson et al.,
1998).

In the study area, phytoplankton concentrations dis-

play a vertical gradient, with higher concentrations ob-
served in the SML compared to the underlying WW and
mCDW. However, spatial analysis reveals no significant
differences in DOC distribution (p > 0.05, Fig. 7). For ex-
ample, in the WAA, DOC concentrations in the SML do
not significantly differ from those in the WW (Table S1).
Similarly, in the OW, no notable differences in DOC con-
centrations are observed between the SML and both WW
and CDW (p > 0.05). The results indicate that DOC con-
centration is statistically unrelated to Chl a across all ana-

the C2 and C3 components exhibit an increasing trend
with increasing depth (Fig. 6).

4 Discussions

4.1 Role of microbial degradation in decoupling
phytoplankton crops and DOC concentra-
tions

The Southern Ocean is characterized by elevated phy-
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Fig. 6. Depth profiles of the EEM components C1 (a and d), C2 (b and ¢), and C3 (c and f) in the research area.
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lyzed regions (p > 0.05, Fig. 7), suggesting that the vari-
ability in DOC concentration does not exhibit the expect-
ed correlation with chlorophyll levels.

Phytoplankton release DOC during photosynthesis,
leading to increased organic carbon concentrations in the
water column; thus, regions with high phytoplankton pro-
ductivity typically exhibit elevated DOC concentrations
(Carlson et al., 1994). However, in certain open ocean ar-
eas or specific temporal windows, a correlation between
DOC and phytoplankton abundance may be absent. Sever-
al factors contribute to this lack of correlation. DOC can
originate from various sources, including riverine inputs,
remineralization of marine sediments, microbial degrada-
tion, and exudates from marine organisms, in addition to
phytoplankton photosynthesis (Hansell and Carlson,
2001). The presence of these diverse sources complicates
the relationship between DOC concentration and phyto-
plankton abundance. In some cases, phytoplankton growth
may be limited by light or nutrient availability, such as ni-
trate and phosphates. For instance, subpolar and polar re-
gions experience low temperatures and restricted light
conditions, which can inhibit phytoplankton growth and
obscure the relationship between DOC and phytoplankton
abundance (Hansell and Carlson, 2014). Furthermore, in
open ocean waters characterized by strong mixing, physi-
cal processes such as currents and vertical mixing can in-
fluence DOC distribution, further complicating its rela-
tionship with phytoplankton density (Hansell et al., 2009).
In certain nutrient-poor open ocean regions, a significant
correlation between DOC concentration and phytoplank-
ton growth may be lacking (Nelson et al., 2004). In these
areas, DOC primarily consists of recalcitrant organic ma-
terials whose sources and fates are less directly linked to
phytoplankton productivity (Hansell and Carlson, 2014;
Nelson and Siegel, 2013).

Processes such as microbial degradation, photochemi-
cal reactions, and physical mixing can all influence DOC
concentrations (Hansell et al., 2009). The rapid degrada-
tion of DOC may elucidate the absence of a positive cor-
relation between phytoplankton abundance and DOC con-
centration in certain areas. For example, in some regions
of the Arctic and Antarctic, microbial activity may rapid-
ly consume DOC, limiting phytoplankton access to essen-
tial nutrients and consequently affecting their population
dynamics (Cherrier and Bauer, 2004).

The open waters of the Southern Ocean are situated
far from land, resulting in relatively low contributions
from riverine inputs and terrestrial sources of DOC, with
atmospheric deposition of DOC also being minimal. Con-
sequently, the influence of terrestrial inputs and atmo-
spheric deposition on the distribution of DOC in the study
area can be regarded as negligible. The distribution data
for AOU reveal that, with the exception of a negative val-
ue at the surface of station C4-08 (—0.04 mg/L), all other
water layers shallower than 200 m exhibit positive AOU
values (Fig. 3). This finding indicates significant micro-
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bial metabolic activity in the upper layers, which aligns
with the distribution of heterotrophic prokaryotes and
phytoplankton viruses measured during the same cruise
(Han et al., 2022). Therefore, we hypothesize that the in-
tense microbial heterotrophic metabolism in the upper wa-
ter layers leads to accelerated transformation rates of
DOC, which is a primary factor contributing to the ob-
served discrepancies in the spatial distribution of DOC
and Chl a.

Microorganisms play a crucial role in the production
and removal of particulate organic matter (POM) and dis-
solved organic matter (DOM) within marine ecosystems.
Viruses facilitate the conversion of particulate organic
carbon (POC) to DOM through the lysis of host cells, a
process known as the “viral shunt”, which influences the
transformation of organic material from particulate to dis-
solved forms (Pearce et al., 2011). Additionally, viruses
can release dissolved organic compounds through bacteri-
al lysis, further impacting the cycling of organic matter
(Fuhrman, 1999). Heterotrophic bacteria degrade DOM,
converting it into inorganic forms or synthesizing new
biomass, which affects the removal and transformation of
DOM, thereby promoting the recycling of organic matter
and the release of nutrients. Heterotrophic prokaryotes fa-
cilitate nutrient regeneration through the decomposition of
organic matter (Hansell and Carlson, 2014). As summer
ice melts and there is an increase in light and nutrient
availability from upwelling, phytoplankton growth is en-
hanced, which subsequently influences the abundance of
both bacteria and viruses. Microbial abundance also ex-
hibits significant seasonal dynamics, with notable changes
occurring during the ice-melting period. The growth of
phytoplankton and the abundance of bacteria and viruses
are temporally coupled, particularly during peak produc-
tivity periods in ice-edge ecosystems, where microbial
communities also reach their highest abundances (Pearce
etal., 2011).

4.2 Relationship between phytoplankton and
CDOM concentrations

Due to limited terrestrial inputs, CDOM in the South-
ern Ocean is predominantly derived from biological pro-
cesses occurring within the marine environment, particu-
larly from phytoplankton production and microbial degra-
dation (Nelson et al., 1998). However, various factors in-
fluence the relationship between CDOM and Chl a, which
exhibits substantial variability between the WAA and the
OW. In the WAA, CDOM demonstrates a positive corre-
lation with Chl @ and other phytoplankton pigments
(Fig. 7). Among the phytoplankton community, the di-
atom B species shows the strongest correlation with
CDOM concentration, indicating it as the primary contrib-
utor to CDOM in this region.

Existing studies have shown that in certain eutrophic
areas, CDOM concentrations are positively correlated
with phytoplankton crops. For example, in the phyto-
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plankton communities of the Ross Sea, a correlation was
observed between CDOM concentration and phytoplank-
ton productivity (Carlson et al., 2000). This correlation
primarily results from the organic matter released during
phytoplankton photosynthesis, which increases CDOM
concentrations in the water column. Notably, certain phy-
toplankton species, such as Phaeocystis antarctica, domi-
nate the phytoplankton community in the Southern Ocean
and significantly elevate CDOM concentrations during
their bloom periods (Carlson et al.,, 1998). Lee et al.
(2016) also identified P. antarctica as the main contribu-
tor to CDOM in the Amundsen Sea polynya. Thus, it is
evident that there are significant spatial and temporal vari-
ations in the contribution of phytoplankton species to
CDOM in the Southern Ocean, likely related to changes in
phytoplankton community structure.

In contrast, the correlation between CDOM and Chl a
is absent in the OW (p > 0.05). Various processes influ-
ence CDOM distribution and its relationship with phyto-
plankton crops in the Southern Ocean. First, light condi-
tions in the Southern Ocean differ from those in other re-
gions, particularly during austral summer when pro-
longed sunlight enhances the photodegradation of CDOM,
resulting in decreased concentrations in surface waters
(Andrews et al., 2000). The relatively high levels of ultra-
violet (UV) radiation in this region also accelerate the
photodegradation processes of CDOM, further diminish-
ing its concentration in the upper water layers (Herndl
et al., 1993). Second, strong vertical mixing in the South-
ern Ocean, especially within the Antarctic circumpolar
current region, leads to significant mixing of surface
CDOM with deeper water layers while also bringing
deeper CDOM to the surface (Nelson et al., 2004).

In this study, the influence of the ASC on the WAA is
notable (Fig. S2). Under the influence of the ASC, CDOM
concentrations in the WW are relatively low (Table S1).
However, as the WW extends northward, the influence of
mCDW progressively affects water layers shallower than
200 m. Consequently, the CDOM concentration in the
WW of the OW gradually increases due to the higher
CDOM levels present in the SML and mCDW. Therefore,
the elevated CDOM in deeper water layers due to the in-
trusion of CDW likely constitutes a primary reason for the
absence of correlation between CDOM and Chl a in the
ow.

A higher Sy typically indicates the presence of fresh
organic material within CDOM, primarily derived from
biological production by phytoplankton. Conversely, a
lower Sy suggests a greater prevalence of aged organic
matter, which has generally undergone microbial degrada-
tion and possesses a more complex chemical structure. In
the WAA, Sy exhibits a positive correlation with salinity
(»p < 0.05, Fig. 7) but a significant negative correlation
with CDOM concentration (p < 0.01, Fig. 7). This further
confirms the substantial effects of microbial degradation
in the upper water layers of this region. CDOM in both
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the WAA and OW demonstrates a significant positive cor-
relation with SUVA,,, (p < 0.01, Fig. 7), indicating that
freshly generated CDOM in the euphotic zone is charac-
terized by relatively high aromaticity.

4.3 Impacts of microbial heterotrophic metabo-
lism on degradation and production of CDOOM
components

In both the WAA and OW regions, the AOU values in
the water column demonstrate a negative correlation with
the protein-like component Cl1 in CDOM (p <0.05,
Fig. 7). This observation suggests that microbial het-
erotrophic metabolism is the predominant mechanism for
the removal of dissolved protein-like components in the
seawater of eastern Antarctica. Previous research has
highlighted the critical role of the interaction between mi-
croorganisms and proteins within marine ecosystems. Mi-
croorganisms are not only essential contributors to the cy-
cling of dissolved organic matter (DOM) and particulate
organic matter (POM) in the ocean but also play signifi-
cant roles in the degradation and transformation of pro-
teins (Hansell et al., 2009).

Microbial metabolic activities are pivotal in the degra-
dation and transformation of proteins. Studies have indi-
cated that bacteria can effectively degrade dissolved pro-
teins, particularly in marine environments, where the
degradation rate of unprotected dissolved proteins can
reach up to 92% (Borch and Kirchman, 1999). However,
when proteins adsorb onto submicron particles, their
degradation rates significantly decline, suggesting that the
microbial utilization of proteins is influenced by environ-
mental conditions (Keil and Kirchman, 1994). Further-
more, microorganisms facilitate protein degradation by se-
creting extracellular enzymes capable of breaking down
complex organic materials, including proteins, thereby re-
leasing smaller molecules such as amino acids that can be
utilized by other microorganisms (Arnosti, 2011). For ex-
ample, RuBisCO (ribulose-1,5-bisphosphate carboxylase/
oxygenase), a protein commonly found in photosynthetic
organisms, has also been identified in marine environ-
ments, underscoring its significance in microbial food
webs (Orellana and Hansell, 2012). Additionally, the
species composition and community structure of microor-
ganisms significantly influence the degradation and trans-
formation of proteins. Different bacterial communities
display varying efficiencies in utilizing distinct types of
proteins and amino acids, which may be linked to their
metabolic pathways and ecological adaptations (Morris
etal., 2010).

The relationship between CDOM and phytoplankton
is indirect, with bacteria playing a crucial role in the pro-
duction of CDOM (Cammack et al., 2004). Generalized
additive models (GAM) can be employed to investigate
the primary environmental factors influencing fluorescent
components in the global ocean (Catala et al., 2016). It
was found that AOU has the most substantial impact on
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Table 4. The results of power-law regression fitting in each area and comparisons with those in the global epipelagic

ocean and dark global ocean

C2 C3
Area Source
a/1073 b R? P a/1073 b R? p
WAA 571+0.56 046+0.10 0.69 <0.0001 5.82+0.82 0.35+0.15 0.35 <0.000 1 this work
ow 7.52+£0.37 0.30+0.04 059 <0.0001 593+0.32 0.36+0.04 0.67 <0.000 1 this work
Global epipelagic ocean 3.0+0.3 0.25+£0.02 0.73 <0.0001 29+0.2 0.26+0.02 0.80 <0.0001 Cataldetal., 2016
Dark global ocean 0.09+0.02 0.51+0.04 09 <0.0010 20+04 031+0.04 0.79 <0.001 0 Catalaetal., 2015

Note: The coefficient a represents the baseline fluorescence intensity at AOU = 1, which lacks direct biological significance. The

exponent b quantifies the nonlinearity of fluorescence production/consumption rates relative to AOU variation, serving as a proxy for

humic substance production efficiency.

the global distribution of humic-like components, fol-
lowed by Chl a, exhibiting a power-law relationship.
Power-law regression analysis revealed that AOU ac-
counted for 0.69 of the variation in C2 and 0.35 in C3 in
the WAA region and 0.59 of the variation in C2 and 0.67
in C3 in the OW region (Table 4). These findings corrobo-
rate that microbial heterotrophic metabolism is the princi-
pal process for the production of humic-like components
in this area. Rochelle-Newall and Fisher (2002) proposed
that bacteria can generate humic fluorescence through the
release of non-fluorescent organic matter by phytoplank-
ton. Numerous studies have documented a strong correla-
tion between the production of aquatic humic-like fluo-
rophores and microbial activity (Stedmon and Markager,
2005). Additionally, the exponential parameter (b) values
for C2 and C3, derived from power-law regression analy-
sis, were significantly higher than the mean values for the
epipelagic layer of the global ocean (0.25 + 0.02 for C2
and 0.26 + 0.02 for C3, Catala et al., 2016). However,
these values were lower than the mean values for the
global deep ocean (0.51 = 0.04 for C2, Catala et al.,
2015). This indicates that the conversion of humic compo-
nents by bacteria in the study area occurs at a rate faster
than that of the epipelagic layer of the global ocean, yet
slower than that of the global deep sea.

5 Conclusions

In the eastern Antarctic region, robust microbial activ-
ity in the euphotic zones of the Cosmonaut Sea and the
Cooperation Sea not only represents the primary pathway
for the removal of protein-like substances from the water
column but also serves as a significant source of humic-
like substances. Microbial degradation plays a crucial role
in shaping the distribution of DOC. Furthermore, the in-
trusion of mCDW into the euphotic zones of these open
ocean areas affects not only temperature and salinity at
depths of 200 m and shallower but also the distribution of
CDOM.

It is essential to consider the potential implications of
increased sea ice melting on CDOM in future research.
Prior studies have suggested that ice melting may pro-
duce fresh autochthonous CDOM and labile DOC, result-
ing in alterations to the spectral characteristics of CDOM

in surface seawater (Norman et al., 2011). Therefore, it is
imperative to conduct comprehensive CDOM measure-
ments across various marine regions, particularly in polar
and open ocean environments, to quantify its spatial and
temporal variability. This will enhance our understanding
of CDOM distribution patterns in the global ocean and its
relationship with climate change. Further investigation in-
to the biological sources of CDOM, particularly the roles
of phytoplankton and microorganisms, as well as the
mechanisms underlying CDOM degradation in the water
column, will contribute to elucidating the interactions be-
tween CDOM and marine ecosystems.
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Fig. S1. Sea ice concentration in the research area from November 2019 to January 2020. The sea ice concentration data during
the cruise in Antarctica was obtained from the sea ice remote sensing system of the University of Bremen (https://seaice.uni-

bremen.de/start/).

Fig. S2. Distributions of temperature (‘C) along C4 transect (containing Stations C4-01, C4-03, and C4-08).

Table S1. Concentrations of DOC and CDOM in the different water masses within 200 m.
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