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A B S T R A C T

The Antarctic seas play critical roles in global carbon cycling. Yet, little is known about the dissolved organic
matter (DOM) characteristics and the dynamics there. Here, we conducted an extensive study on the seawater
DOM in the Amundsen Sea in the Pacific sector of the Southern Ocean. We found that low molecular weight
fractions quantitatively dominated the DOM composition at the surface of the highly productive Amundsen Sea
Polynya with the relative abundance reaching up to ~89%. Moreover, CDOM and tyrosine-like fluorescence
generation were observed, with the average values of~2.4–2.6 m−1 (a254) and ~0.3 RU, respectively. While
there is a net positive accumulation of dissolved organic carbon (DOC) at the ocean's surface, the net accu-
mulation was negative for the chromophoric DOM (CDOM), which suggests a labile nature for the freshly
produced CDOM. The estimated net DOC production ratio was only ~9 ± 6%, which was less than the global
level (~17%). This finding signified a low surface accumulation of DOM in the austral summer, which is po-
tentially explained by its nonlimiting nutrients, photo- and/or bio-labile nature of produced DOM, and long
water residence time.

1. Introduction

The Antarctic region, which is vulnerable to the ongoing climate
change, plays pivotal roles in global hydrological and biogeochemical
cycles. > 70% of world's freshwater is stored in the glaciers in the
Antarctic areas (Fretwell et al., 2013). The Antarctic ice sheet alone
contains ~3.3–8.4 Gt of organic carbon (Smith et al., 2017). The global
oceans sink is ~48% of the total anthropogenic CO2 emissions (Sabine
et al., 2004), while the Southern Ocean’ role is disproportionately im-
portant relative to its size, which accounts for> 40% of the global
oceanic anthropogenic CO2 uptake (Sallee et al., 2012). It also serves as
a major site of world ocean deep water upwelling (~80%) via spiraling
pathways (Tamsitt et al., 2017). In particular, the coastal Southern
Ocean has been reported as a strong carbon sink (Arrigo et al., 2008).
Nevertheless, the dissolved organic matter (DOM) characteristics and
the dynamics in this region are still poorly understood.

The Amundsen Sea in the west Antarctica has undergone a rapid ice
loss through basal melting due to the warm Circumpolar Deep Water
(CDW) intrusion channeled through the bathymetric cross-shelf

troughs. It alone contributes ~10% to the global sea level rise
(Mouginot et al., 2014; Turner et al., 2017). The Amundsen Sea Polynya
(ASP) was reported as the greenest and the most productive region
among the coastal polynyas around Antarctica that are fueled by iron
from the melting glaciers (Arrigo and van Dijken, 2003). Recently, a
low particulate organic carbon (POC) export to the seafloor (< 5% of
primary productivity) was reported in the highly productive
(> 200mmol C m−2 d−1, Yager et al., 2016) coastal Amundsen Sea in
the Southern Ocean, which was explained by the off-shelf flushing of
the carbon-enriched waters due to the lack of deep water formation
caused by the intrusion of warm CDW (Lee et al., 2017). The Southern
Ocean has no major terrestrial inputs of DOM. Hence, in situ primary
productivity is the main source of organic matter in the surface ocean
although the dissolved organic carbon (DOC) concentrations in the
deep waters are primarily controlled by allochthonous processes
(Bercovici and Hansell, 2016). In addition, microbes have been re-
ported to play a critical role in glacial environments, which include
supra-, en-, and sub-glacial, by the microbial formation of labile organic
carbon (Smith et al., 2017; Musilova et al., 2017).
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In the recent DOM studies in the Southern Ocean, notable findings
are chromophoric DOM (CDOM) production and a high protein allo-
cation (~60% protein out of the total photosynthetic organic carbon) of
phytoplankton in the Amundsen Sea Polynya (Lee et al., 2016; Song
et al., 2016). High levels of CDOM and the biogeneration of CDOM were
also observed in the Amundsen and Bellingshausen Seas in the Southern
Ocean (Ortega-Retuerta et al., 2009; Lee et al., 2016; Song et al., 2016).
High bioavailability of DOM produced in phytoplankton bloom has also
been suggested (Kähler et al., 1997; Carlson et al., 1998).

Semilabile DOC, which survives a rapid turnover and accumulates
in the surface of the ocean over the timescale of months to years, is an
important element for the marine carbon cycle via vertical (wintertime
convective overturn) and horizontal exports (advection) (Hansell and
Carlson, 1998). The contribution of semilabile DOC in the surface ocean
was estimated to be ~17% of the global net community production
(Hansell and Carlson, 1998; Romera-Castillo et al., 2016). In the Ant-
arctic seas, the Ross Sea showed quite some variability in surface
semilabile DOC accumulation during spring bloom (~4–20%, Carlson
et al., 1998; Hansell and Carlson, 1998). Furthermore, the newly pro-
duced DOC was found to be bio-labile in the Ross Sea with> 70% of it
utilized by bacteria over the course of 19 days, indicative of low surface
DOC accumulation despite the high primary productivity (Carlson
et al., 1998).

This study mainly aimed to investigate the dynamics of DOM in the
Antarctic region by utilizing multiple DOM fingerprints. The specific
objective was to estimate the DOM accumulation in the marine surface
and the potential export to the deep ocean. We utilized excitation
emission matrix coupled with parallel factor analysis (EEM-PARAFAC),
a high-resolution Fourier transform ion cyclotron resonance mass
spectrometry (FT-ICR-MS), and a size exclusion chromatography cou-
pled with an organic carbon detector (SEC-OCD), in order to gain in-
depth information on DOM characteristics and dynamics. Furthermore,
we calculated the net DOC production ratio (NDPr) using the net DOC
accumulation on the surface waters divided by the net community
production estimated from the nutrients drawdown. The highly pro-
ductive Amundsen Sea fueled by iron from melting glaciers was chosen
for this study (Alderkamp et al., 2015). Sampling in the Amundsen Sea
is sparse for DOM studies due to remoteness and harsh environments.
This is the first report of fluorescent, size distribution, and molecular
fingerprints there. The marine-ice-sheet instability is underway
throughout the Amundsen Sea embayment due to the warm Cir-
cumpolar Deep Water (CDW) intrusion (St-Laurent et al., 2013), which
alone could contribute to more than one meter of sea-level rise if melted
(Ritz et al., 2015).

2. Methods

2.1. Site description and water mass properties

Sampling sites are located in the Amundsen Sea of Antarctica
(Fig. 1). The sea ice concentration data from January 14th to February
3rd, 2016, in the Antarctic can be obtained from the website http://
www.meereisportal.de. The warm CDW intruded onto the continental
shelf of the Amundsen Sea through the glacially scoured troughs in the
seafloor (Jacobs et al., 2012; Turner et al., 2017). In the Amundsen Sea,
the three major water masses are: (1) the relatively cold Antarctic
Winter Water (WW), (2) the warmer and saltier CDW, and (3) a layer of
seasonal Antarctic Surface Water (AASW).

2.2. Sampling

Seawaters from 37 sampling sites were collected from January 14th
to February 3rd, 2016, during the R/V Araon Antarctic Amundsen Sea
expedition (Fig. 1). Hydrographic surveys and seawater sampling were
carried out in the Amundsen Sea using a conductivity-temperature-
depth (CTD) and a rosette system holding 24 10 L-Niskin bottles

(SeaBird Electronics, SBE 911 plus) aboard the Korean icebreaker R/V
Araon during the ANA04B cruise (Fig. 1). The sampling sites en-
compassed 26 ice-free sites (red labels) in Amundsen Sea Polynya (ASP)
and open sea (station 1), and 11 ice-covered sites (blue labels) on the
ice shelf and along the sea ice zone (station 2).

Samples for the DOC analysis were drawn from the Niskin bottle by
gravity filtration through an inline pre-combusted Whatman GF/F filter
held in an acid-cleaned (0.1M HCl) polycarbonate 47mm filter holder
(PP-47, ADVANTEC). The filter holder was attached directly to the
Niskin bottle spigot. The filtrate (~250mL) was collected in an acid-
cleaned glass bottle after ~100ml of seawater was passed through to
clean the sampling system. The collected samples were distributed into
two pre-combusted 20ml glass ampoules with a sterilized serological
pipette. Each ampoule was sealed with a torch, was quickly frozen, and
preserved at −24 °C for further analyses in the land laboratory.
Samples for inorganic nutrient analyses were pre-filtered in a manner
similar to that for the DOC, transferred to a 50ml conical tube, and
immediately stored in a refrigerator at 2 °C prior to chemical analysis
within ~1month after filtration (GF/F).

2.3. Onboard analyses

The inorganic species, which include ammonium (NH4
+), nitrate

and nitrite (NO3
−+NO2

−), phosphate (PO4
3−), and silicic acid (Si

(OH)4), were measured onboard within 3 days after sampling using a
four-channel continuous Auto-Analyzer (QuAAtro, Seal Analytical) ac-
cording to the Joint Global Ocean Flux Study (JGOFS) protocols de-
scribed elsewhere (Sinha et al., 2007). The precision for NH4

+,
NO3

−+NO2
−, PO4

3−, and Si(OH)4 measurements were ± 0.18,±
0.14,± 0.02, and ± 0.28 μmol L−1, respectively. The seawater sam-
ples for the chlorophyll a (chl-a) measurements were collected in the
upper 100m, and filtered onto 47mm GF/F filters under low vacuum
pressure. Chl-a was extracted from the filters with 90% acetone for 24 h
(Parsons et al., 1984), and then measured onboard using a fluorometer
(Trilogy, Turner Designs, USA).

2.4. DOC analyses

The DOC was measured using a Shimadzu TOC-L analyzer based on
high temperature combustion. The Milli-Q water (blank) and the con-
sensus reference material (CRM, 42–45 μM C for the DOC, deep Florida
Strait water obtained from University of Miami) were measured every
sixth analysis to check the accuracy of the measurements. Analytical
errors based on the replicated measurements, which were at least three
measurements per sample, were within 5% for the DOC.

2.5. UV–Vis and EEM measurements

Absorption spectra were obtained from 240 to 800 nm on a
Shimadzu 1800 ultraviolet-visible (UV–Vis) spectrophotometer
(Shimadzu Inc., Japan). The Napierian absorption coefficient aλ re-
ported below is calculated based on the equation: aλ=2.303×optical
density/pathlength. The 3D fluorescence EEMs were scanned using a
Hitachi F-7000 luminescence spectrometer (Hitachi Inc., Japan) at the
excitation/emission (Ex/Em) wavelengths of 250–500/280–550 nm.
The excitation and the emission scans were set at 5 nm and 1 nm steps,
respectively. Blank subtraction, inner filter effect correction, instrument
correction, and Raman Unit normalization were performed. Identical
integration times were used for water Raman scans and DOM samples.
Further details on the EEM measurements and the procedures of the
post-acquisition corrections are available in prior reports (Chen et al.,
2010). The procedures for the Raman Unit (RU) normalization can be
found in the literature (Lawaetz and Stedmon, 2009). PARAFAC mod-
eling was performed using the MATLAB7.0.4 with a DOMFluor toolbox
(Stedmon and Bro, 2008). All corrected EEMs of seawater (n=413)
were used for modeling. The number of components was determined
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based on split-half validation. Biological index (BIX), which is an index
of recent biological and autochthonous contribution, was calculated
according to Huguet et al. (2009).

2.6. SEC-OCD and FT-ICR-MS measurements

SEC (chromatographic column: 250× 20mm, TSK, HW 50S; Toso,
Japan) coupled with an OCD (DOC Labor Dr. Huber, Karlsruhe,
Germany) was performed to measure the MW distribution for some
samples (from stations 1, 8, 12, and 19) for surface seawaters (≤ 30m,)
and close-to-bottom seawaters. A volume (1ml) of pre-filtered sample
was injected directly into the instrument. A mobile phase containing a
phosphate buffer of pH 6.85 (2.5 g KH2PO4+ 1.5 g Na2HPO4×2H2O
to 1 L MQ-H2O, Merck) was used with a flow rate of 1.1 mLmin−1. A
detailed configuration and method description of this system are
available elsewhere (Huber et al., 2011; Chen et al., 2016a). We used
typical molecular weight cutoffs for the fractions without calibration
using standards.

FT-ICR-MS measurements were carried out with a 15-T FT-ICR-MS
interfaced with an Apollo II electrospray ionization source (ESI, Bruker
Daltonik, Germany) in negative ion mode. Due to the limited sample
volume of each sample, we combined the samples from all the stations
and depths from the ASP to obtain a sufficient volume for the FT-ICR-
MS measurements (mixing in 1:1 volume ratio). The solid phase ex-
traction (SPE) using BondElut cartridges (1 g PPL sorbent, Agilent Inc.)
was performed prior to the FT-ICR-MS measurements as described
elsewhere (Chen et al., 2016b). About 1 L of mixed acidified sample was
discharged through the PPL cartridge. The cartridge was dried up
completely with N2 (> 99.999%) after all the samples passed through
it. The adsorbed DOM on the cartridge was eluted with 6ml of

methanol into a pre-cleaned glass ampoule. The sample was injected
with a Hamilton syringe with a flow rate of 2 μl min−1. The negatively
charged ions were accumulated in an argon-filled collision cell for 1 s
and transferred to the ICR cell. A S/N ratio of≥4 was set. The spectrum
was evaluated in the mass range of m/z 200–650. Formulas were as-
signed using a Composer software (Sierra Analytics, Inc.) allowing the
elemental combinations of 12C0-∞

1H0-∞
14N0-5

32S0–2. The mass accuracy
threshold was set Δm≤ ±1ppm. The following elemental ratio cri-
teria were implemented: 2.2 > H/C > 0.3, O/C < 1.2. The double
bond equivalent (DBE) rule and the nitrogen rule were applied with
ambiguous formulas rechecked with the “chemical building block”
approach and intrinsic stable isotope 13C (Schaub et al., 2005; Koch
et al., 2007). DBE and modified aromatic index (AIm) were calculated
based on the formula: DBE=1+1/2(2C–H+ N) and AIm= (1+C-
0.5O-S-0.5H)/(C-0.5O-S-N-P), respectively (Koch et al., 2005; Koch and
Dittmar, 2006).

2.7. Estimation of Net DOC production ratio (NDPr)

The Net DOC production ratio (NDPr) was based on the ratio of
ΔDOC/NCP. DOC accumulation (ΔDOC) in the marine surface was es-
timated with the differences in the observed concentrations of DOC
between the surface waters and the underlying waters at a depth of
100m (a depth below the euphotic zone, Eq. (1)) as used in a recent
report in the Southern Atlantic Ocean (Romera-Castillo et al., 2016).
The reduction of nitrate and nitrite concentrations due to photo-
synthetic drawdown were similarly estimated and were utilized to es-
timate NCP (Eqs. (2)–(3)). It is based on two assumptions: (1) the water
column is well-mixed during the winter overturn, and (2) water at a
depth of 100m maintains pre-bloom wintertime conditions. The

Fig. 1. Sampling sites in the Amundsen Sea, Antarctica (a-b). The ice-free and the ice-covered sites are marked with red and blue colors, respectively (b). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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ecological stoichiometry of C and N was utilized for the estimation of
NDPr. The related equations are below:

= −ΔDOM DOM DOMsurface 100 m (1)

= −Δnutrient nutrient nutrient100 m surface (2)

= = × ×
−NDPr ΔDOC/NCP ΔDOC/(6.6 ΔNO ) 100%x (3)

where 6.6 is the molar conversion from N to C units and
ΔNOx

−= Δ(NO3
−+NO2

−) (Redfield, 1958).

3. Results and discussion

3.1. DOC accumulation, CDOM exhaustion, and nutrients drawdown at
surface ocean

As seen from Fig. 2, the intrusion of the relatively warm CDW to the
ASP at a depth of ~400m in the ASP and a much shallower depth in the
open sea area can be seen in the section plots of salinity and tem-
perature, which was in line with a previous report of CDW intrusion
channeled through the Dotson-Getz Trough in the study area (Turner
et al., 2017). From the chl-a (up to ~11mgm−3) data of the current
work as compared with those in a previous report of> 20mgm−3

based on the samples collected from mid-December 2010, to early
January 2011, the sampling time (from mid-January to early February
2016) from this study seems to fall into a declining period of phyto-
plankton bloom (Fig. 3).

From the latitudinal section plots of the DOM accumulation relative
to the depth at 100m based on Eq. (1) (ΔDOM, Fig. 3), the ΔDOC values
reached the maxima (~19.2 μM) at the surface (~10m depth) of station
31, which roughly corresponds to the center of the ASP and above the
Dotson-Getz Trough. In contrast, the accumulation of absorption coef-
ficients, Δa254 and Δa350, were the lowest as shown by the net negative
accumulation values of roughly −9.7m−1 for a254 and− 9.5m−1 for
a350 at the top surface (0m depth) in the same location. However, the
highest absolute levels (up to 14.0 m−1 for a254 and 12.3 m−1 for a350)
were seen at a depth of ~30m. The results suggest a highly photo- and/
or bio-labile nature of freshly produced CDOM. Meanwhile, the nutrient
drawdown of ΔNOx

−, ΔPO4
3−, and ΔSi(OH)4 based on Eq. (3) was

obvious in the ASP with the maximum values of ~16 μM, ~1 μM, and
~10 μM, respectively (Fig. 3). The ratios of ΔNOx

−: ΔPO4
3− were ~16,

which were in line with a previous report of the nutrient drawdown
ratio for Phaeocystis antarctica (up to 90% in the ASP) observed in the
neighboring Ross Sea (Arrigo et al., 1999).

3.2. Dominance of low molecular weight DOC at the surface ocean in the
polynya

The representative SEC-OCD results revealed noticeable dis-
crepancies in the molecular distributions of the DOM at different sta-
tions and depths (Fig. 4, Table S3). The surface waters (< 30m to the
surface) in the highly productive ASP showed the dominance of low
molecular weight neutrals fraction (80%) with a nominal average mo-
lecular weight Mn of<~350 Da (Huber et al., 2011), whereas station 1
in the open ocean area did not present this feature (Fig. 4b). Moreover,
the comparison of the SEC-OCD data for the surface seawaters (≤30m
to surface) versus the close-to-seafloor seawaters (≤30m from bottom)
illustrated a sharp contrast between the prominent low molecular
weight fractions at surface waters in the ASP and their less pronounced
presence in the deeper waters (Fig. 4a). It is noteworthy that deep water
in the Southern Ocean is primarily controlled by distant (i.e., al-
lochthonous) processes and thus that the DOM composition might have
been changed for the close-to-bottom waters (Bercovici and Hansell,
2016). Interestingly, the SEC-OCD results at the ice-free sites in ASP in
the present study were similar to those observed in the ice-covered sites
of the Chukchi Sea in the Arctic Ocean (Chen et al., 2018). The ice-free
sites in ASP are dominated by Phaeocystis antarctica, while the ice-
covered sites in the Chukchi Sea are prevailed by Phaeocystis pouchetii
during under-ice phytoplankton bloom (Lee et al., 2016; Assmy et al.,
2017). The coincidence may suggest there is a link between the pro-
ductions of low molecular weight DOM by these two kinds of phyto-
plankton taxa in polar environments.

3.3. Massive labile CDOM production

The sampling stations were categorized into ice-free and ice-covered
(> 15% coverage) sites to assess the potential effects of the ongoing sea
ice and the ice shelf retreat. The depth profile of CDOM showed wide
variability among stations and depth, spiked at the surface of center
station 31 of the ASP and implied the CDOM production in ocean sur-
face (Fig. S1). The DOC concentrations were 43 ± 8 μM and
41 ± 4 μM for the ice-free and the ice-covered sites, respectively
(Table S1, Fig. S1). These values are generally comparable to those in
prior reports (Table S2). However, the CDOM was very high in this
study. The absorption coefficients of a254 were 2.4 ± 2.7m−1 and
2.6 ± 2.9m−1 for the ice-free and the ice-covered sites, respectively.
The a350 values were 1.2 ± 2.5m−1 and 1.3 ± 2.8m−1 for the ice-
free and the ice-covered sites, respectively. The a355 averaged 1.2 m−1,

Fig. 2. Property-property plot of θ-S (a) and section plots of salinity and temperature (b) of all seawater samples. The water mass types identified include: Antarctic
Surface Water (AASW), Winter Water (WW), and Circumpolar Deep Water (CDW) in the Amundsen Sea, Antarctica. Note that station 1 is excluded from the ODV
plots for proper extrapolation purpose. Plot (b) was produced with an Ocean Data View.
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which was about one order of magnitude higher than those reported in
other Antarctic seas, such as the Ross Sea, the Weddell Sea, and the East
Antarctica. The values were also ~2–3 times higher than those reported
in the Amundsen Sea and the neighboring Bellingshausen Sea, which
were sampled primarily in February other than mid-January to early

February in this study.
The observation may be linked to the biogeneration of the CDOM

reported in the peninsular region and the Amundsen Sea Polynya of the
Southern Ocean (Ortega-Retuerta et al., 2009; Lee et al., 2016). Con-
sidering that the peak of the phytoplankton bloom occurs in January

Fig. 3. DOC accumulation (a), CDOM degradation (b-c), and nutrients drawdown (d-f) at the ocean surface of the Amundsen Sea Polynya. The labeled numbers are
stations. Station 31 is approximately at the center of the Amundsen Sea Polynya. NOx

−=NO3
−+NO2

−.

Fig. 4. SEC-OCD chromatograms of the surface (≤
30m) and the close-to-seafloor seawater samples
from the Amundsen Sea of the Southern Ocean. (a)
Comparison between surface and deep waters, (b)
Comparison between Polynya and open ocean wa-
ters. Typical molecular weight cutoffs for the frac-
tions: Biopolymers (Mn > 10 kDa); Humic sub-
stances (Mn=~1 kDa); Building blocks
(Mn=350–500 Da); LMW acids= Low molecular
weight acids (Mn < 350 Da); LMW neutrals
(Mn < 350 Da). Mn represents nominal average
molecular weight (Mn= ΣNiMi/ΣNi, where M is the
molecular mass and N is the number of molecules).
Bypass was to obtain a detector signal at the dead
volume time of each run. Deep water depth: ~500m
and 800m at station 8 and 12, respectively.
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(Yager et al., 2016), it is reasonable that the CDOM found in this study
with samples collected from mid-January to early February is higher
than those observed from February (Lee et al., 2016). Despite the
massive CDOM production observed, the −0.2 m−1 net negative sur-
face accumulation of the absorption coefficients of a254 and a350 in-
dicated the photo- and/or bio-labile nature of the freshly produced
CDOM at the ocean surface (Table 1, Fig. 3). The high reactivity of
CDOM may contribute to the low accumulation of semilabile DOC at
the surface. More discussion on the semilabile DOC dynamics is pre-
sented in Section 3.5.

3.4. High tyrosine-like fluorescence C270/306 and a potential glacier-born
component C300/342

The tyrosine-like fluorescence component, C270/306, was as high as
0.3 RU, one order of magnitude higher than that observed in the
Weddell Sea of Antarctica in the austral winter (Fig. 5) (Stedmon et al.,
2011). In the Antarctic seas, there was only one report about fluor-
escent DOM (FDOM) in the Weddell Sea. Protein-like fluorescence has
been suggested to be heterogeneous in some ecosystems. It is associated
with both proteinaceous materials and phenolic moieties in a coastal

wetland ecosystem (Maie et al., 2007). Tyrosine- and tryptophan-like
fluorescence has been observed to be correlated to the total hydro-
lysable amino acids (THAA) in a coastal to oceanic environment, sug-
gesting its usefulness to trace the dynamics of THAA (Yamashita and
Tanoue, 2003). The tyrosine-like component here presumably is not
phenolic moieties considering the Amundsen Sea is remote from ter-
restrial DOM sources (Maie et al., 2007; Rosario-Ortiz and Korak,
2017). Its high abundance is consistent with the high protein produc-
tion (~60.0% of overall photosynthetic carbon allocation) of phyto-
plankton in the Amundsen Sea compared to the lower protein produc-
tion (7–23%) reported previously in other seas in the Southern Ocean,
which include the McMurdo Sound, the East Antarctica, and the Wed-
dell Sea (Song et al., 2016). Interestingly, the component C300/342 is
similar to a C305/344 fluorescence observed in Arctic Ocean while it is
not usually seen in subtropical or temperate aquatic ecosystems, sug-
gesting a potential to trace glacier DOM source (Chen et al., 2010,
2018).

Table 1
Estimation of DOM accumulation (ΔDOM), nutrients drawdown, and net DOC production ratio (NDPr) in surface waters at ice-free sites of the Amundsen Sea Polynya
in austral summer.

Parameter Δa254 Δa350 ΔNOx− ΔDOC NDPr (%) NDPr (%)
Unit m−1 m−1 μM μM this study Global oceans
Amundsen Sea −0.2 −0.2 9.4 ± 4.3 4.6 ± 3.4 9 ± 6 17
ΔDOM=DOMsurface−DOM100 m (Eq. (1)); Δnutrient= nutrient100 m− nutrientsurface (Eq. (2)).
Net DOC production ratio (NDPr)= ΔDOC/(6.6×ΔNO3

−) (Eq. (3)). 6.6 is the molar conversion from N to C units.
NOx−=NO3−+NO2−.

Fig. 5. Contour plots of identified four EEM-PARAFAC components (a) and depth profile of the components (b) for seawaters in the Amundsen See. The labeled
station 31 is approximately at the center of the Amundsen Sea Polynya.
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3.5. Low surface accumulation of semilabile DOC in the Amundsen Sea
Polynya

The net DOC production ratios (NDPr) in the surface waters were
estimated using Eq. (3) only for the ice-free sites since no accumulation
was observed at the ice-covered sites. This ratio can indicate the surface
accumulation and vertical downward export efficiency of the DOC from
the photic surface oceans to the deep non-photic zone, which strongly
depends on the DOM bioavailability and the physical oceanographic
conditions, such as the currents. The average ΔDOC and ΔNOx

− were
4.6 ± 3.3 μM and 9.4 ± 4.3 μM, respectively, among the sites
(Table 1). The estimated NDPr was 9 ± 6%, which was lower than the
global trend of the NDPr level (i.e., 17%, Hansell and Carlson, 1998;
Romera-Castillo et al., 2016). However, low surface accumulation of
DOC in the Ross Sea of Antarctica (as low as 4% out of cumulative
primary productivity over the course of bloom) was also observed
during spring phytoplankton bloom (Carlson et al., 1998).

The low surface accumulation of the DOC can be explained by
several scenarios: (1) an eutrophic ecosystem, (2) a bio-labile nature of
freshly produced DOM in the surface ocean, (3) its photo-labile nature,
and (4) its longer residence time in the surface of the ocean due to the
low density of foam-like Phaeocystis antarctica. It is suggested that DOC
accumulation has been linked to nutrient depletion and the nonlimiting
nutrients in the Antarctic waters offer some explanation of low surface
DOC accumulation (Ittekkot et al., 1981; Carlson et al., 1998). As stated
above, a net negative accumulation of absorption coefficients a254 and
a350 at the surface of the ocean indicates the labile nature of the mas-
sively produced CDOM. In fact, a high bioavailability of DOM in the
upper water column and a low benthic respiration have been previously
reported in the ASP (Ducklow et al., 2015; Sipler and Connelly, 2015;
Kim et al., 2016). The relatively high abundance of ~4% of peptides
compounds (Table S4, Fig. 6) observed from the FT-ICR-MS data also
matched with the bio-labile peptides in the DOM, despite the fact that
PPL solid phase extraction can bias against the heteroatomic com-
pounds and peptides (Chen et al., 2016c). The potentially high re-
activity of DOM can also be supported by the composition of the mo-
lecular formulas of 41% CHON compounds (including peptides, amines,
amides, etc.), 28% CHOS compounds (including S-containing peptides,
thiols, sulfonic acids, etc.), 13% aliphatics, and 38% of highly un-
saturated with high oxygen compounds (O/C > 0.5), which are often
found to be relatively labile in the aquatic ecosystems (Singer et al.,
2012; Chen et al., 2016b; Wang et al., 2018). As mentioned above, this
sample comes from a composite sample from all stations and depth.
Thus, the abundance of bio-labile compound types could be even higher
in surface waters. A previous study reported a cryophilic heterotrophic
microbial community became more active during the Phaeocystis ant-
arctica bloom in the ASP (Williams et al., 2016). Prior studies on other
Antarctic shelves, such as the Ross Sea and the Weddell Sea, suggested
that the DOC produced during the phytoplankton bloom is rather bio-
labile within its production season with a majority was consumed by
bacterioplankton within 19 days (Kähler et al., 1997; Carlson et al.,
1998). Large mineralization of amino acids to NH4

+ was observed in
Antarctic coastal waters previously (Tupas et al., 1994). Even in austral
winter, biological hot spots exist in Antarctic waters (Shen et al., 2017).
The bio-lability of Antarctic DOM lend support to the relatively low
accumulation of DOC. Furthermore, the photo-labile nature of the
CDOM is supported by the depth profile of the CDOM accumulation at
the surface of the ocean in this study (Fig. 3). The CDOM displayed a
net negative accumulation at the depths of ~0–20m at the ASP center
station 31 in contrast with its highest absolute levels at a depth of
~30m, which implies the simultaneous operation of photo- and bio-
degradation to cause the rapid decay of the CDOM at the ocean surface
to a depth ~20m. There is a well-known ozone hole above Antarctica
which may lead to strong solar radiation despite of high latitude. In
addition, the predominant phytoplankton taxa of Phaeocystis antarctica
have foam-like structures without the silicon shell as in diatoms that

have a much faster settling rate (0–0.19m d−1 vs. > 100m d−1,
Alldredge and Gotschalk, 1989; Becquevort and Smith Jr, 2001). With
the low settling rate of 0–0.19m d−1, it would take at least hundreds of
days for the Phaeocystis antarctica debris to reach a depth of 100m. The
longer residing debris can lead to less DOM export since the particulate
organic matter (POM) is a standing stock of DOM. Undoubtedly, it is
probable that phytoplankton debris adheres to particles with a higher
density and settles faster in this case. Meanwhile, the longer residence
time in the upper water column could promote photo- and bio-de-
gradation before the phytoplankton debris is transported to depth. Off-
shelf flushing was postulated as the main reason for low vertical export
of the particulate organic carbon in the ASP in a prior report (Lee et al.,
2017). Unlike other Antarctic seas, there is no bottom water formation
caused by the CDW intrusion on the shelf of the ASP. However, the off-
shelf flushing should be of little importance to surface waters over the
timescale of a few months and considering the similar low accumula-
tion in the neighboring Ross Sea where there is bottom water forma-
tion.

It is not clear whether this low surface accumulation persists until
winter or during other non-phytoplankton bloom seasons. There is a
possibility that this low molecular weight-dominated, heteroatomic-
enriched, and high tyrosine-like fluorescence DOM freshly produced by
the Phaeocystis antarctica might be particularly labile. The situation
might not be the same for the off-phytoplankton bloom season when the
dominant phytoplankton community shifts and the environmental
factors are different, such as light availability, microbial activity, and
the atmospheric and oceanic forcing. For example, diatoms were ob-
served to be dominant in the non-bloom waters in the ASP (Schofield
et al., 2015). Moreover, substantial differences in the export efficiency
of the particles were previously reported even during the early and mid-
bloom vs. the high bloom periods (Yager et al., 2016), which implies
temporal variations of the POM export. Hence, the export pattern of the
DOM can also be affected by the changes in the POM export because of
the dynamic exchanges between the POM and DOM (He et al., 2016).

4. Summary and conclusions

This study shows several significant findings regarding the DOM
dynamics in a highly productive Antarctic sea, which are the massive
production of low molecular weight DOC, the labile CDOM, the high
tyrosine-like component, and the low surface accumulation of the DOC
during a summer phytoplankton bloom in a highly productive Antarctic
sea intruded by warm CDW channeled through cross-shelf troughs. In
addition, because of the higher DOC at ice-free versus ice-covered sites,
and the weak but significant positive correlations of photosynthetically
active radiation (PAR) with chl-a and DOC, primary productivity and
DOC enhancement could potentially be accelerated with the ice retreat
and elevated light availability. In contrast, the CDOM and FDOM seem
to be rather insusceptible to the change of ice-cover. Most importantly,
the low surface accumulation and thus low downward export and ad-
vection of low molecular weight DOC in this highly productive
Antarctic sea should be considered in the future estimates of global
carbon exports as a potential fast turnover of DOC, which is hinted by
the labile nature of the massively produced CDOM. At this point, we
cannot confirm yet the interlink between the low molecular weight
DOM characteristics and the low accumulation of semilabile DOC at
surface ocean and its subsequent export. More field data in wide ranges
of areas and different seasons are essential to allow an accurate esti-
mation of the fraction of DOM sequestered in the deep ocean under a
changing climate.
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