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A B S T R A C T   

The cycling of dissolved organic matter in the productive west Antarctic Peninsula (WAP) region is not well 
understood. For this study, dissolved organic carbon (DOC) and nitrogen (DON) concentrations and other 
biogeochemical measurements were collected along the WAP shelf during austral summer 2017. Concentrations 
of both DOC and DON in the upper ocean were lower than in lower latitudes (38.13–48.00 μmol C L− 1, 
2.90–10.52 μmol N L− 1). DOC is produced along with particulate organic carbon during primary production, and 
is subsequently consumed by bacteria. DON shows high variability and is more likely the product of bacterial 
activity only in the surface waters. The N-isotopic composition of nitrate and particulate nitrogen showed intense 
nitrification, especially along the coast, and supports the findings of intense upper ocean cycling of organic 
matter of both particulate and dissolved forms. Export of DOM from the productive surface layer was negligible 
in the shelf waters of the WAP. Samples from glacial melt areas showed increased DON concentrations 
(7.88–10.52 μmol N L− 1) so we conclude that increasing warming and continuing melting of Antarctic glaciers 
may lead to higher concentrations of dissolved organic matter but also higher bacterial activity with more intense 
upper-ocean carbon and nitrogen cycling.   

1. Introduction 

1.1. Dissolved organic matter and climatic relevance in the Southern 
Ocean 

Marine dissolved organic matter (DOM) plays a vital role in the 
global carbon cycle, yet processes driving the cycling of DOM are still 
poorly understood, particularly in the Southern Ocean. Bioavailable 
DOM is reworked and transformed by microbes (Carlson and Hansell, 
2015; Jiao et al., 2010; Jiao et al., 2011) until it reaches a recalcitrant 
state. Throughout the global ocean, there is a pool of refractory DOM 
which, following the thermohaline circulation, becomes slightly 
depleted over time (Hansell, 2002). Hence, understanding how DOM is 
processed by microbes in the ocean is an important step in under-
standing the mechanisms involved in DOM cycling. 

The Southern Ocean is estimated to be responsible for around 30% of 
the global atmospheric carbon uptake (Takahashi et al., 2009; Lenton 
et al., 2013; Gruber et al., 2009; Roobaert et al., 2019) with subsequent 

partial utilisation of this inorganic carbon by primary producers. Most of 
the open Southern Ocean is considered low in primary productivity 
(Tagliabue et al., 2014; Coale, 2004; Bowie et al., 2001; Boyd et al., 
2007; Boyd and Ellwood, 2010) but the Antarctic shelf seas (such as the 
West Antarctic Peninsula; WAP) show increased primary production in 
comparison (e.g. up to 1100 mg C m− 2 d− 1 in Vernet et al., 2008). The 
region west of the Antarctic Peninsula is the most accessible part of 
Antarctica, which makes it a well-measured area compared to other 
Antarctic regions (e.g. studies of the U.S. Palmer Antarctica Long-Term 
Ecological Research (PAL LTER) Program and studies from the UK 
Rothera Research Station, Henley et al., 2019 and references therein). 

At the WAP, the dynamics of DOM cycling are clearly distinguished 
from those found in lower latitude continental shelf seas, since 
allochthonous and anthropogenic sources are negligible due to mini-
mum terrestrial river runoff or human impact so the major DOM source 
is in situ production (Billen and Becquevort, 1991). Organic matter dy-
namics in high latitude regions are ultimately controlled by light 
availability and climatic variations that exert control on the time- 
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varying distribution of sea-ice (Saba et al., 2014). With increasing light 
availability and the start of sea-ice melt in the austral spring, high- 
biomass phytoplankton blooms develop over the summer season 
(Moline and Prezelin, 1996) with an increasing cross-shelf trend 
following the retreat of the sea-ice (Arrigo et al., 2017; Li et al., 2016). 
The phytoplankton community at the WAP during summer blooms is 
mostly dominated by diatoms, with a more minor contribution of other, 
mostly smaller, phytoplankton species (Moline et al., 2004; Montes- 
Hugo et al., 2009; Schofield et al., 2017; Brown et al., 2021) with 
studies suggesting a shift to a dominance by smaller species with 
warming (Ferreira et al., 2020; Russo et al., 2018; Lima et al., 2019). 
Locally (and depending on the water-column structure, but especially in 
regions with influence from other water masses such as the northern part 
of the WAP), phytoplankton blooms may be dominated by other, smaller 
species such as cryptophytes (Pereira et al., 2018). Bacterial decompo-
sition with intense molecular restructuring of organic matter and pref-
erential uptake of nitrogen (N) are thought to lead to the post-primary 
production release of DOM of varying quality (Caron et al., 1985; 
Goldman and Dennett, 2000; Pomeroy et al., 2007; Jiao et al., 2010; 
2011). 

1.2. Oceanographic and climatic context 

The Antarctic Circumpolar Current (ACC) lies in close proximity to 
the WAP shelf. The southern boundary of the ACC is located on the 
upper continental slope between 750 and 1000 m depth. Intrusions of 
Upper Circumpolar Deep Water (UCDW) from the ACC penetrate onto 
the shelf, especially along deep glacially-scoured canyons; these provide 
a persistent source of warmer water (Martinson and McKee, 2012) with 
high nutrient and DIC concentrations (Klinck et al., 2004; Prézelin et al., 
2000). Effective vertical mixing of UCDW with Antarctic Surface Water 
(AASW) provides the WAP surface waters with heat, salinity and nu-
trients (Meredith et al., 2013). These oceanographic characteristics 
make the WAP an ecologically and biogeochemically unusual region 
compared with other Antarctic shelf regions, many of which are typified 
by persistently colder, more homogeneous water columns. 

The AASW at the WAP has a deep (~100 m) mixed layer in winter, 
and is comparatively saline and cold due to winter cooling and sea-ice 
formation (Clarke et al., 2008). During spring and summer, the sur-
face waters become fresher and warmer due to ice melt and solar radi-
ation, so that the deeper components of the winter AASW become 
isolated from the surface and exists as a subsurface remnant Winter 
Water (WW) layer, usually between 50 and 150 m depth (Meredith et al., 
2013). 

In the second half of the 20th century, the WAP exhibited rapid 
warming with increases in atmospheric and oceanic temperatures; 
changes in precipitation; a decline in sea-ice extent and duration; and 
increasing glacial melting in the area (Marshall et al., 2006; Vaughan 
et al., 2003; Van Wessem et al., 2015; Smith et al., 1996). Sea ice dy-
namics exert a leading-order influence on ecological processes in this 
region; accordingly the WAP ecosystem is subject to large intra- and 
inter-annual variability. Sea ice cover and duration at the WAP are 
strongly controlled by climatic variability, including the Southern 
Annular Mode (SAM; the dominant circumpolar mode of interannual 
climate variability in the extratropical Southern Hemisphere) and the El 
Niño-Southern Oscillation (ENSO). Interaction of these modes in-
fluences the location and depth of the Amundsen Sea Low (ASL), a low 
pressure system that resides between the WAP and the Ross Sea. Com-
bined, these modes exert a strong influence on wind patterns at the 
WAP, and hence on the motion, phenology and distribution of sea ice 
(Stammerjohn et al., 2008; Saba et al., 2014; Vaughan et al., 2003). 

The causes of the WAP warming since the middle of the last century 
are not known unambiguously, but potentially include enhanced tele-
connections with the tropics, local feedbacks, and modifications in the 
circumpolar wind patterns. The warming trend is not monotonic, 
exhibiting periods of little change or even cooling. An apparent lack of 

warming since the turn of the 21st century has been attributed to natural 
variability superposed on the decadal warming trend (Turner et al., 
2016). 

Glacial meltwater supports stratification in coastal regions and has 
been shown to introduce micronutrients to the surface waters enhancing 
primary production (Annett et al., 2015; Eveleth et al., 2017). The effect 
of sea-ice melt and glacial meltwater on stratification has cascading 
effects on primary production and phytoplankton species composition: 
diatoms have been shown to grow more efficiently in shallower mixed 
layers due to enhanced irradiance, while haptophytes are often associ-
ated with areas of strongly mixed surface waters (Arrigo 1999) and 
cryptophytes occur with high glacial meltwater input (Moline et al., 
2004). 

1.3. Isotopic insights into nitrogen cycling in the west Antarctic Peninsula 
region 

The stable isotope composition of nitrogen (δ15N) in nitrate and 
particulate nitrogen is used here to examine the upper ocean processes 
involved in the cycling of inorganic and organic nitrogen-containing 
compounds; for example, uptake of nitrate and ammonium, remineral-
isation and nitrification. δ15N is defined as the deviation of the 15N/14N 
ratio in the sample from that of a universal reference standard atmo-
spheric N2 expressed in the per mille (‰) notation (equation (1)). 

δ15N (‱) =

(
( 15N/ 14N) sample

( 15N/ 14N) standard
− 1

)

× 1000 (1) 

Variations in the N-isotope composition of nitrate (δ15NNO3), as the 
primary nitrogen source to Antarctic shelf surface waters, and particu-
late nitrogen (δ15NPN) occur due to kinetic fractionation between the 14N 
and 15N isotopes caused by biological processes (see supplement 1). 
Uptake and assimilation of nitrate by phytoplankton favour the lighter 
14N isotope such that δ15NNO3 in the water increases as nitrate utilisation 
proceeds. The degree of fractionation is defined by the fractionation 
factor or kinetic isotope effect (ε). ε is the ratio of the rates at which the 
two N isotopes are converted from nitrate to organic nitrogen. 

Replenishment of the surface nitrate pool by nutrient-rich UCDW, 
sea-ice melt, organic matter remineralisation and nitrification can all 
cause deviations from modelled values of δ15NNO3. As δ15NPN is influ-
enced by δ15N of the inorganic N source at the time of PN production as 
well as processes impacting on PN once it has been produced, δ15NPN is 
an integrative measurement that reflects the availability and uptake of 
different N sources and the remineralisation and loss processes 
underway. 

1.4. Objectives 

Future projections for the WAP show a potential shift to a food web 
in which microbial processing of organic matter plays a more important 
role, leading to higher DOM production but potentially also consump-
tion (Sailley et al., 2013; Saba et al., 2014). While an increase in DOM 
production can lead to an increase in carbon export, it can also create a 
positive feedback mechanism by increasing upper-ocean respiration if 
this fresh DOM is bioavailable. 

To determine how much DOM is available for export and/or recycled 
in this region and how these estimates vary and may change in the 
future, it is essential to understand the cycling of organic carbon and 
nitrogen. 

The objective of this study is to understand how DOC and DON are 
being produced, utilised, remineralised and/or exported in this region 
seasonally with phytoplankton productivity as the ultimate DOM source. 
Dissolved and particulate organic carbon and nitrogen concentrations 
were analysed alongside other biogeochemical parameters including 
primary production, chlorophyll-a concentrations, bacterial abundance 
and production, inorganic nutrient concentrations and the N-isotopic 
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composition of nitrate and particulate nitrogen as part of the PAL LTER 
Program summer cruise in January 2017. This study advances our un-
derstanding of DOM cycling in high-productivity Antarctic shelf envi-
ronments and its importance in larger-scale Southern Ocean 
biogeochemistry. 

2. Materials and methods 

2.1. Study region 

The study area is part of the annually-sampled PAL LTER survey grid 
west of the Antarctic Peninsula (Ducklow et al., 2013) covering an area 
of 400 × 200 km. The sampling pattern consists of stations positioned 
along transect lines orthogonal to the coast approximately 100 km apart 
(Fig. 1). It is differentiated between off-shelf stations (“O”, xxx.200), 
shelf stations (“S”, xxx.100), coastal stations (“C”, xxx.040 or xxx.060) 
and one inshore station (“I”, 200.000). For this study, samples were 
collected from January 6th to January 31st 2017 on board the ARSV 
Laurence M. Gould. The sampling scheme on each annual cruise involves 
deployments of a SeaBird 911 + conductivity-temperature-depth in-
strument attached to a 24-bottle Niskin bottle rosette used to collect 
seawater samples over the full water column depth. Sea-ice data are 
derived from satellite observations from NASA’s Scanning Multichannel 
Microwave Radiometer and the Defense Meteorological Satellite Pro-
gram’s Special Sensor Microwave/Imager (Stammerjohn et al., 2008). 
Days since sea-ice retreat are defined as the number of days since sea-ice 
cover was <15% for at least 5 consecutive days (Stammerjohn et al., 
2008). 

2.2. Sample collection 

At each sampling station, samples for DOC, total dissolved nitrogen 
(TDN), inorganic nutrients, N-isotopic composition of nitrate and bac-
terial measurements were collected in acid-cleaned 60-ml HDPE bottles. 
Sampled seawater was gravity-filtered directly from the Niskin bottles 
through pre-combusted GF/F filters (Whatman 0.7 μm nominal pore 
size, 47 mm Ø) and immediately transferred to a − 80 ◦C freezer. POM 
samples were collected from the top 6 sampling depths at every station 
by filtering up to 4 L of collected seawater through pre-combusted GF/F 
filters (Whatman 0.7 μm GF/F 25 mm Ø). The filters were stored in 
cryovials at − 80 ◦C. Primary production and chlorophyll-a samples were 

collected directly from Niskin bottles into brown HDPE bottles. Samples 
for δ18OH2O analysis were collected in 50-ml glass bottles which were 
stoppered and crimp-sealed. 

2.3. Analysis of bulk dissolved organic carbon and nitrogen 
concentrations 

DOC and TDN analyses were conducted via high-temperature com-
bustion on a Shimadzu TOC-V Analyser with an attached TNM1 Total 
Nitrogen Measuring unit. 10 mL of each sample was transferred into acid- 
cleaned and combusted glass vials using an acid-cleaned 5 mL pipette. 
Sample replicates were analysed in each run to measure analytical 
precision. Certified Reference Material (D.M. Hansell Lab, Univ. of 
Miami) was analysed before and after each batch of samples to deter-
mine the accuracy of the analytical method. CRMs were processed with 
each sample set to ensure linearity of the instrument throughout the 
period of analysis. Detection limits were 0.04 μmol C L− 1 for DOC and 
0.36 μmol N L− 1 for TDN, and analytical precision for DOC was ± 1.09 
μmol C L− 1 and for TDN ± 0.51 μmol N L− 1. 

DON concentrations were calculated by subtracting inorganic ni-
trogen species concentrations from TDN. Due to logistical constraints, 
samples from the PAL LTER cruise were only analysed for the inorganic 
nitrogen species NO2

– and NO3
– so that the DON concentrations presented 

here also include NH4
+, consistent with other studies of DOM concen-

trations from the Palmer LTER. NH4
+ concentrations in WAP surface 

waters have been shown to be minimal at the beginning and for the 
period of intense primary production (Henley et al., 2018; Sere-
brennikova and Fanning, 2004; Serebrennikova, 2005); however, when 
NH4

+ concentrations might be of importance, they are mentioned in the 
discussion. 

2.4. Inorganic nutrient analysis 

Dissolved inorganic nutrient concentrations (nitrate + nitrite, silicic 
acid and phosphate) were analysed using a Seal Analytical segmented 
flow autoanalyser using standard protocols (Mequon, WI, Seal Auto-
Analyzer AA3; SEAL Analytical, Inc. 2019) at Lamont Doherty Earth 
Observatory, USA. A deep-sea sample from 3,000 m was analysed as an 
internal reference standard. Detection limits were 0.015 μmol N L− 1 for 
nitrate + nitrite, 0.0021 μmol P L− 1 for phosphate and 0.03 μmol Si L− 1 

for silicic acid. 

Fig. 1. The PAL LTER annual sampling stations west of the Antarctic Peninsula. The numbers at each sampling station show the sampling station names. = UK 

Rothera Research Station = US Palmer Station. 
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2.5. Analysis of particulate organic carbon and nitrogen concentrations 
and the N-isotopic composition of particulate nitrogen 

The concentrations of POC and PN and the stable isotopic composi-
tion of PN were analysed at the School of GeoSciences at the University 
of Edinburgh. Filters for POC and PN analysis were prepared following a 
method adapted from Lourey et al. (2004). Samples were analysed on a 
CE Instruments NA2500 Elemental Analyser inline with a Thermo Fin-
nigan Delta + Advantage stable isotope ratio mass spectrometer (IRMS). 
Both instruments are linked through a Finnigan ConFlo III Universal 
Interface to allow for simultaneous carbon and nitrogen analysis. The 
certified reference materials PACS-2 and acetanilide were analysed for 
the isotopic composition and carbon and nitrogen concentrations, 
respectively. The N-isotopic composition is presented in the delta per 
mille notation relative to the international standard atmospheric N2 
(δ15N‰AIR). The analytical precision was better than 1.0% wt for POC, 
better than 1.1% wt for PN and 0.2‰ for δ15NPN. 

2.6. Analysis of N-isotopic composition of NO3
– via the denitrifier method 

Analysis of the N-isotopic composition of NO3
– followed the denitri-

fier method, wherein nitrate is converted to N2O by the denitrifying 
bacteria Pseudomonas aureofaciens (Sigman et al., 2001; Casciotti et al., 
2002; Tuerena et al., 2015). Nitrite was not removed prior to denitrifi-
cation, so the δ15NNO3 values reported here are δ15N of the combined 
nitrate + nitrite pool. Seawater samples were injected into aliquots of 
nitrogen-purged bacterial media with a gas-tight syringe and left to 
denitrify overnight. Samples were then injected with 10 N sodium hy-
droxide to lyse bacteria, stop the denitrification reaction and scavenge 
CO2. Samples were analysed by headspace analysis using a Combi PAL 
auto-sampler linked to a Thermo Fisher Scientific GasBench II system 
and Thermo Fisher Scientific Delta + Advantage IRMS. The N-isotopic 
composition is presented in the delta per mille notation relative to the 
international standard atmospheric N2 (δ15N‰AIR) by referencing raw 
data to isotopic standards USGS-32, USGS-34 and USGS-35. The 
analytical precision is 0.2‰ for δ15NNO3. 

2.7. Bacterial measurements 

Bacterial abundance, production and HNA/LNA (high nucleic acid 
and low nucleic acid cells) were analysed onboard the ship. Bacterial 
abundance and HNA and LNA were analysed within two hours of 
collection via flow cytometry on a Becton-Dickinson Accuri C6 instru-
ment following Gasol and Del Giorgio (2000). Bacterial production rates 
were determined via incorporation of 3H-labelled leucine following a 
protocol modified from Smith and Azam (1992). Samples were assayed 
in triplicate. Each 1.5 mL sample was inoculated with 3H-leucine (MP 
Biomedical, Santa Ana, CA; >100 Ci/mmol, 20–25 nmol N L− 1 final 
concentration) and incubated for 3 h at ± 0.5 ◦C of the in situ temper-
ature. At the end of the incubation period, 200 μL 100% trichloroacetic 
acid was added to the samples to stop uptake. After concentration by 
centrifugation, the samples were rinsed with 5% trichloroacetic acid and 
70% ethanol and air-dried overnight before analysis by liquid scintil-
lation counting in an Ultima Gold cocktail on a Packard TriCarb 
instrument. 

2.8. Primary production and chlorophyll-a measurements 

Primary production rates, calculated as daily carbon uptake in mg C 
m− 3 day− 1, were measured in deck incubators cooled with flowing 
seawater. 100 mL seawater samples were inoculated with 1 μCi of 14C- 
labelled NaHCO3 in borosilicate bottles. The bottles were incubated for 
24 h at in situ light levels and ambient surface temperatures. After the 
24-hour incubation period, the seawater samples were filtered through 
GF/F filters, the filters were washed with 10% HCl, dried and counted in 
a scintillation counter. Chlorophyll a samples were filtered onto GF/F 

filters and kept frozen at – 80 ◦C. Analysis was conducted at Palmer 
Station through acetone extraction and measurement of the extract on a 
Turner AU10 Fluorometer. 

2.9. Analysis of stable oxygen isotopes in seawater (δ18OH2O) 

Samples were analysed for δ18OH2O at the Natural Environmental 
Research Council (NERC) Isotope Geosciences Laboratory at the British 
Geological Survey using a VG Isoprep 18 and SIRA 10 mass spectrometer. 
The method followed the equilibrium method for CO2 established by 
Epstein and Mayeda (1953). A subset of samples was analysed in 
duplicate to assess precision; this was determined to be better than ±
0.02‰. Using the δ18OH2O and salinity data, the contributions of sea ice 
and meteoric water (glacial melt plus precipitation) to each of the 
samples collected were calculated using a set of mass balance equations, 
following Meredith et al. (2016) who adapted the method from Östlund 
and Hut (1984). 

3. Results 

3.1. Hydrography and sea ice 

Salinity was most variable in the surface waters due to the combined 
effects of sea-ice melt and glacial meltwater (Fig. 2a). Surface water 
salinity was lowest at station 300.040, adjacent to Adelaide Island 
(32.64) and highest at station 300.200, beyond the shelf break (33.92). 
The influence of sea ice and glacial meltwater is revealed by comparing 
the spatial patterns of salinity (Fig. 2a) and δ18O (Fig. 2d). The lowest 
δ18O-value coincides with the lowest salinity (300.040), revealing sig-
nificant meteoric water input at this location. Mass balance calculations 
reveal 6.1% meteoric water at this location, presumed largely in the 
form of glacial discharge. A strong cross-shelf gradient in meteoric water 
percentage is apparent, with a minimum (2.1%) at station 400.200. 

Sea-surface temperature (SST) in the LTER grid ranged from 1.1 to 
2.9 ◦C (mean 2.1 ± 0.46 ◦C) (Fig. 2b). Highest SST was found in the 
north (stations 500.060 and 500.100 with 2.9̊C and 2.7̊C, respectively) 
and lowest SST in the coastal south (300.040 and 200.040 with 1.3̊C and 
1.1̊C, respectively). 

Sea ice retreated from the off-shelf area earliest (>100 days prior to 
sampling) and latest in the coastal regions (5 to 54 days prior to sam-
pling). Fig. 2c shows the number of days between the sampling date and 
sea-ice retreat, which corresponds to the period over which the surface 
ocean has been exposed to the atmosphere and ambient levels of 
incoming solar radiation, prior to sampling. 

3.2. Phytoplankton and bacteria 

Surface primary production and chlorophyll-a concentrations show a 
similar cross-shelf gradient with highest values along the coast (Fig. 2f, 
2g). Primary production peaked in the north at station 500.060 (101.9 
mg C m− 3 d− 1) while highest chlorophyll-a concentrations (16.98 mg 
m− 3) were found at 300.040. At the shelf and off-shelf stations, both 
primary production and chlorophyll-a concentrations were substantially 
lower, with primary production showing more variability and rates up to 
55.2 mg C m− 3 d− 1 at 400.100 while chlorophyll-a generally stayed 
below 1.83 mg m− 3. 

Highest bacterial leucine incorporation rates occurred at the coastal 
stations, decreasing off the shelf and towards the north (Fig. 2h, Fig. 3). 
Bacterial abundance peaked at stations 200.000 and 300.040 while 
leucine incorporation peaked at 200.000 and 400.040. In relation to the 
rest of the sampling grid, leucine incorporation maxima at these stations 
were extremely high at > 400 pmol leu hr− 1 L− 1. Other surface values 
showed high variability ranging from leucine incorporation rates as low 
as 3.65 pmol leu hr− 1 L− 1 at 200.200 to 168.3 pmol leu hr− 1 L− 1 at 
300.040. All off-shelf stations showed leucine incorporation maxima at 
depths between 25 and 30 m; at almost all coastal stations (except 

R. Dittrich et al.                                                                                                                                                                                                                                 



Progress in Oceanography 206 (2022) 102854

5

300.040) maxima were found at the surface. Leucine incorporation at 
the off-shelf stations was 10 to 100 times lower than along the coast, 
ranging from 0.36 pmol leu hr− 1 L− 1 at station 200.200 to 21.73 pmol 
leu hr− 1 L− 1 at station 400.200. Bacterial abundance showed high 

variability, with highest values along the coast ranging from 4.4x108 

cells L− 1 at 500.100 to 3.1x109 cells L− 1 at 200.000. At the off-shelf 
stations, bacterial abundance peaks are deeper, mostly between 40 
and 60 m, while at the shelf and coastal stations, highest bacterial 

Fig. 2. Physical and biogeochemical surface condi-
tions for the PAL LTER grid in January 2017. Panels 
show (a) salinity, (b) sea surface temperature, (c) 
number of days since sea ice retreat, (d) δ18OH2O, as 
well as concentrations of (e) PN, (g) chlorophyll a, 
(i) DOC* and (j) DON*, and rates of (f) primary 
production and (h) leucine incorporation (POC is 
not shown as the surface distribution is reflected in 
PN concentrations). *DOC and DON concentrations 
at station 300.040 are shown for 10 m depth as no 
surface data were available.   
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abundance is mostly found at the surface or between 10 and 25 m. The 
ratio of HNA to LNA bacteria at the upper three depths ranged between 
1.2 and 6.6 with the exception of stations 300.040 (10.7) and 200.000 
(14.6). 

3.3. Dissolved and particulate organic matter distribution 

Across the entire PAL LTER sampling grid, highest DOC concentra-
tions (>48 μmol C L− 1) were found mostly in the upper 20 m while DON 
maxima were found over the full range of sampled depths (Fig. 4). The 
coastal stations 200.000 and 400.040 showed high DON concentrations 
in the surface waters (8.70 μmol N L− 1 and 7.88 μmol N L− 1, respec-
tively; Fig. 2j). Lowest DOC concentrations were found at depths > 50 m 
and covered a narrow range from 38.13 to 40.88 μmol C L− 1. DON 
minima were mostly found at depths > 60 m with the exceptions of 
stations 500.200 and 600.200 where DON minima were found in the 

upper 25 m and DON maxima at 40 and 60 m, respectively. 
Surface POC and PN concentrations were generally highest along the 

coast, ranging from 14.80 μmol C L− 1 and 2.59 μmol N L− 1 at station 
200.040 to 98.62 μmol C L− 1 and 16.84 μmol N L− 1 at station 300.040 
(Fig. 2e). C:N ratios of POM in the upper 15 m were around the Redfield 
ratio of 6.6 with a mean of 6.47 ± 0.37, except for stations 500.200, 
600.200 and 600.100 (the stations that are farthest north and from the 
coast) where C:N ratios were higher (between 7.2 and 13). While PN 
concentrations decreased faster with depth than POC, driving increases 
in POC:PN ratios with depth, POC:PN ratios at the southern stations (all 
of the 200 line, 300.040 and 300.100) only vary slightly and mostly stay 
below 7 in the upper 50 m. 

3.4. Nutrient concentrations 

The surface distribution of inorganic nutrients across the sampling 

Fig. 3. Depth profile plots for bacterial abundance and leucine incorporation rates over the upper 60 m at stations across the Palmer LTER grid in January 2017. 
Stations are colour-coded by sampling grid line orthogonal to the WAP coast according to the colour legend, with coastal (C), inshore (I), off-shelf (O) and shelf (S) 
stations differentiated by symbol and line type according to the symbol legend. 

Fig. 4. Depth profile plots for DOC and DON concentrations over the full water column depth at stations across the Palmer LTER grid in January 2017. Note the 
break in y-axis scales at 105 m to show higher resolution for the upper 100 m. Stations are colour-coded by sampling grid line orthogonal to the WAP coast according 
to the colour legend, with coastal (C), inshore (I), off-shelf (O) and shelf (S) stations differentiated by symbol and line type according to the symbol legend. 
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grid reflects the physical conditions described above (Fig. 5). At depths 
> 200 m, NO3

– concentrations had a mean value of 33.15 ± 1.21 μmol N 
L− 1 representing NO3

– concentrations in CDW being transported across 
the WAP shelf. Above 100 m, NO3

– concentrations decreased towards the 
surface. Surface NO3

– concentrations ranged from 0.77 μmol N L− 1 at 
300.040 to 25.45 μmol N L− 1 at 200.200. The off-shelf stations showed 
higher surface concentrations (24.52 ± 1.26 μmol N L− 1) in comparison 
to shelf waters (19.34 ± 1.86 μmol N L− 1) and coastal stations (12.85 ±
6.6 μmol N L− 1). The higher standard deviation at the coastal stations 
shows more variable NO3

– uptake in these waters with more depleted 
surface waters at the southernmost stations. 

3.5. N-isotopic composition of NO3
– and PN 

The N-isotopic composition of NO3
– and PN was highly variable 

across the sampling grid, with a clear distinction in both signatures 
between coastal, shelf and off-shelf stations. δ15NNO3 was lowest in CDW 
(5.2 ± 0.3‰) and increased into the surface ocean as nitrate was drawn 
down, to values of > 6.5‰ in the upper 15 m at all stations. The highest 
values of δ15NNO3 in the upper 15 m (>8‰) were observed at coastal 
stations 600.040, 500.060, 300.040, 200.000 and the shelf station 
500.100. The lowest values of δ15NNO3 in the upper 15 m (<7.3‰) were 
observed at off-shelf stations 600.200, 500.200, 300.200, 200.200 as 
well as the shelf station 200.040. δ15NPN also showed the highest values 
in the upper 15 m at coastal stations 500.060 and 300.040 (>6‰) as 
well as the shelf station 300.100 (>4‰), where POM concentration, 
chlorophyll-a and/or primary production were also high (Fig. 2f, 2g). At 
all other stations, δ15NPN values in the upper 15 m were between − 2.5 
and 3‰ with the lowest values at the off-shelf stations 400.200 and 
200.200, shelf stations 600.100, 400.100, 200.100, and the coastal 
station 600.040. δ15NPN increases with depth below the mixed layer 
(between 20 and 110 m) at all stations, with the magnitude of this in-
crease ranging from 2.5 to 7.2‰. 

4. Discussion 

4.1. Seasonal cycling of DOM along the WAP shelf 

4.1.1. Spatial distribution of DOM 
The measured deep-sea DOC and DON concentrations (taken at ~ 

3000 m, CDW) analysed in this study were within a range of 38.87 to 

42.45 μmol C L− 1, and 4.64 to 5.53 μmol N L− 1, respectively. These 
values are consistent with previous DOM studies in the Southern Ocean 
and represent deep water concentrations of refractory DOM (Carlson 
et al., 2000; 1998; Hubberten et al., 1995; Lechtenfeld et al., 2014; 
Nikrad et al., 2014; Sanders and Jickells 2000; Wang et al., 2010; Ogawa 
et al., 1999). 

The predominant water masses in the study area are UCDW, LCDW, 
AASW and WW (Fig. 6, Emery and Meincke 1986; Martinson and McKee 
2012; Carter et al., 2008, Klinck et al., 2004, Ducklow et al., 2007). The 
entrainment of UCDW towards the surface ocean along the WAP in-
troduces refractory DOM and inorganic nutrients into the upper ocean 
(Pollard et al., 2006; Sigman et al., 1999) so that there is a constant 
background of refractory DOM concentrations. Concentrations of 
seasonally bioavailable (labile and semi-labile) DOC and DON can 
therefore be estimated by subtracting the deep-sea DOC and DON con-
centrations from upper ocean values (e.g. Soendergaard et al., 2000). 

The surface DOC distribution across the entire LTER grid shows a 
cross-shelf trend with higher concentrations at the coastal stations; 
however, the values are patchy and highly variable. DON shows sig-
nificant variability between coast and off-shelf stations (paired t-test t =
2.161, p = 0.035) with higher [DON] at the coastal stations than at the 
off-shelf stations. 

4.1.2. DOC and DON dynamics as a result of phytoplankton bloom 
progression and bacterial response 

The distributions of biological properties such as primary production 
and nutrients show a clear cross-shelf trend, which follows the physical 
changes of the WAP ecosystem triggered by the retreat of sea ice, and 
represents the annual cycle of primary production in the WAP shelf 
waters (e.g. Moline and Prezelin 1996; Ducklow, et al., 2012). Sea ice 
retreated earlier in the off-shelf region than closer to the shore, so that 
regions of open water could support phytoplankton blooms much earlier 
than in the coastal regions where sea ice only retreated shortly before 
sampling (Stammerjohn et al., 2008). Due to this timing difference, a 
progression in phytoplankton bloom development and the biogeo-
chemical response can be observed across the shelf. DOM concentrations 
measured at the WAP have been lower than in other high-productivity 
regions of the global ocean (Carlson et al., 1998; Ducklow et al., 
2008), and have been thought to be only the product of bacterial 
transformation of POM, which causes a time lag between peaks in POM 
and DOM concentrations (Carlson et al., 1998). 

Fig. 5. Depth profile plots for the concentration and N-isotopic composition of nitrate and PN at stations across the Palmer LTER grid in January 2017. Note different 
y-axis scales between plots. Stations are colour-coded by sampling grid line orthogonal to the WAP coast according to the colour legend, with coastal (C), inshore (I), 
off-shelf (O) and shelf (S) stations differentiated by symbol and line type according to the symbol legend. 

R. Dittrich et al.                                                                                                                                                                                                                                 



Progress in Oceanography 206 (2022) 102854

8

During the PAL LTER cruise in January 2017, peaks of labile DOC 
concentrations of > 10 μmol C L− 1 above the refractory background 
levels were consistently found at the same depth as either the chloro-
phyll-a or bacterial activity maximum suggesting co-production of DOC 
during primary production and bacterial processes. DOC shows a sig-
nificant albeit weak correlation with POC (r = 0.52, p = 4.3*10− 6) as 
well as NO3

– concentrations (r = -0.55, p = 3.8 * 10− 7, Fig. 7), indicating 
direct production of DOC during primary production. These findings 
contrast with previous studies (Rozema et al., 2016; Ducklow et al., 
2012; Billen and Becquevort 1991; Ghiglione and Murray 2012; Piquet 
et al., 2011) that suggest little to no direct DOC production or release 

during primary production, at least relative to the high primary pro-
duction rates characteristic of this region. 

There are no significant relationships between DON and phyto-
plankton parameters (Fig. 8, r2 < 0.2, p > 0.1) indicating that processes 
other than primary production are primarily responsible for DON pro-
duction and removal. Surface [DON] showed significant positive cor-
relations with both bacterial abundance (r2 = 0.65, p = 3.1*10− 4) and 
leucine incorporation (r2 = 0.82, p = 3.3*10− 6, Fig. 8), suggesting that 
DON is produced by bacterial processes. Although no comparable data 
are available for elsewhere in the Southern Ocean, these findings sup-
port the results of a DOM model study based on 13C tracer experiments in 

Fig. 6. Temperature-salinity plot with DOC (left panel) and DON concentrations (right panel) as the z variable for the entire study region. T-S fields for AASW, WW, 
UCDW and Lower CDW (LCDW) are depicted by grey shaded boxes as per annotations. UCDW and LCDW are as defined previously (Emery and Meincke, 1986; 
Martinson and McKee, 2012; Carter, McCave, and Williams, 2008). AASW and WW are adapted from Klinck et al. (2004), Ducklow et al. (2007) and Emery and 
Meincke (1986), to improve fit to our data. Grey data points show sample depths where DOM was not measured. 

Fig. 7. Nitrate concentrations plotted against POC, PN, DOC and DON concentrations for stations across the Palmer LTER grid in January 2017. Statistically sig-
nificant correlations are shown (black) with 95% confidence intervals (grey). 
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a Danish fjord (Van den Meersche et al., 2004). Those authors found that 
60% of DOC was released directly by phytoplankton and 40% by bac-
terial processes, while over 99% of DON is likely the product of bacteria. 
Time-series data collected from 2013 to 2016 in the coastal waters off 
Rothera Research Station on Adelaide Island in the central WAP (Fig. 1) 
suggest similar dynamics in DOC and DON production and consumption 
(Dittrich 2020). 

Whilst carbon is not limiting in the ocean, nitrogen can become a 
limiting nutrient for phytoplankton, such that the direct release of N- 
containing DOM compounds by a healthy phytoplankton cell during a 
photosynthetic production period is accompanied by high energetic 
costs (Ward and Bronk 2001). In the Southern Ocean, nitrogen is not 
limiting in general, although in regions where primary production is not 
limited by iron or other co-limiting micronutrients for the most part, 
such as the WAP, inorganic nitrogen can be depleted to limiting levels, 
as we observed. Under these circumstances, DON released by phyto-
plankton might represent a valuable and bioavailable source of nitrogen 
for phytoplankton. 

4.1.3. Efficient cycling of dissolved organic matter in the surface ocean of 
the WAP 

DOC and DON concentrations decline to background concentrations 
within the top 50–150 m (Fig. 4). In combination with the significant 
relationship of DON with bacterial measurements in surface waters, 
these dynamics suggest that DOM cycling in the upper ocean is taking 
place efficiently, to such an extent that there is no or little export of DOM 
to depths below 50–60 m. In the upper 50 m, both [DOC] and [DON] are 
highly variable between stations, both horizontally and vertically. 
Below a depth of 50 m, [DOC] shows much less variability while and 
[DON] decreases slightly but remains variable. Elevated DON concen-
trations between 50 and 100 m at some stations are likely due to 
increased ammonium concentrations, which are a product of bacterial 
organic nitrogen degradation and were not measured during this 
research cruise. Increased post-primary production ammonium con-
centrations were shown in previous studies in the southern coastal wa-
ters of the WAP (Serebrennikova and Fanning, 2004b; Serebrennikova 
et al., 2008) but also during high rates of primary production in the same 

area (Dittrich, 2020). 
The limited variability of DOC and DON and low concentrations 

below 50–150 m show efficient cycling of labile DOM in the upper ocean 
so that no or little DOM is being exported to depth. 

Our particulate data (Fig. 5) further show that PN concentrations 
decline rapidly over the upper 50 m, such that both POM and DOM 
appear to be remineralised efficiently in the upper ocean, with limited 
export to depth. These findings build on previous studies showing that 
the WAP is a productive ecosystem but is inefficient in organic matter 
export, and support previous suggestions that horizontal advection may 
be a more efficient transport pathway for suspended organic matter 
(Ducklow et al., 2018; Stukel et al., 2015; Stukel and Ducklow, 2017). 
However, it might also show that upper-ocean carbon and nitrogen 
remineralisation occur efficiently for both POM and DOM. 

4.2. Conceptual model of seasonal organic matter cycling at the WAP 

Here we present a simple conceptual model to describe and sum-
marise the progression of a phytoplankton bloom and associated 
biogeochemical cycling, including POM and DOM production and the 
development of the bacterial processes and communities (Fig. 9). 
Shortly after the retreat of sea ice, which starts in the off-shelf region, 
primary production is triggered by incoming solar radiation as the sun 
returns to the high southern latitudes. The extent of sea-ice cover in 
winter has a strong influence on the magnitude of primary production 
during the following spring/summer due to its effect on stratification 
and mixing (Venables et al., 2013; Schofield et al., 2017). POM is pro-
duced by phytoplankton during primary production, such that POM 
concentrations increase rapidly during the early part of the bloom. The 
production of DOC occurs at the same time, but likely at a slower net rate 
so that it peaks later in the growing season and continues throughout the 
period of increasing bacterial activity as DOC is then also being released 
by bacteria. As DON is produced primarily by bacterial activity, DON 
accumulation only starts with the development of the bacterial bloom. 
While there are no zooplankton biomass data available for the sampled 
upper ocean depths, zooplankton grazing on POM potentially contrib-
utes further to DOM production via sloppy feeding and is thus displayed 

Fig. 8. Surface DON concentrations plotted against bacterial abundance, leucine incorporation rates, primary production rates and chlorophyll-a concentrations for 
stations across the Palmer LTER grid in January 2017. Statistically significant correlations are shown (black) with 95% confidence intervals (grey). Where no 
regression line is shown, the relationship is not statistically significant at the 95% confidence level. 
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in the conceptual model. 
Research cruise sampling only provides a snapshot in time and thus 

only captures one stage of the seasonal cycle depicted by the conceptual 
model at each station. In 2017, in the off-shelf region, the peak of the 
first phytoplankton bloom likely occurred several weeks before sam-
pling, considering the earlier retreat of sea ice in those regions, so that 
POM was being decomposed intensely at the time of sampling. Bacterial 
activity was increasing such that bacteria (as well as potentially 
zooplankton) were in the process of remineralising POM in the surface 
waters which led to increased production of bacterial DOM. Meanwhile 
along the coast, sampling occurred when primary production was just 
past its seasonal peak (Fig. 9). 

This is supported by the POM and nutrient concentrations in com-
bination with the relationships of these parameters with DOC and DON, 
phytoplankton and bacterial parameters, and the N isotopic composi-
tions of PN and nitrate (see section 4.5). The phytoplankton blooms in 
the coastal and shelf waters occurred more recently such that both 
bacteria and zooplankton had had less time to react and start the 
decomposition process. 

While this conceptual model attempts to show an overall under-
standing of DOM cycling in WAP shelf surface waters, the cycling of 
DOM, and particularly DON, is also highly sensitive to freshwater fluxes 
(as discussed in section 4.4) and potentially the distributions of micro-
nutrients such as iron which play a significant role in primary 

production in the open Southern Ocean. 

4.3. Isotopic insights into N cycling along the WAP shelf 

N-isotopic signatures of nitrate (δ15NNO3) and PN (δ15NPN) are used 
here to provide additional insight into N cycle processes in the WAP 
shelf environment. In particular, comparison of our data with the closed 
system model of Rayleigh fractionation kinetics for δ15NNO3 and the 
instantaneous and accumulated product equations for δ15NPN highlights 
the importance of N recycling within the context of DOM cycling 
described in this study (Fig. 10, see supplement I for a detailed expla-
nation of calculations). Input parameters for the model were [NO3

–]ini =

31.8 μmol L− 1 and δ15NNO3 ini = 5.5‰ taken as the mean of values 
measured between 75 and 125 m across the LTER grid. We use frac-
tionation factor (ε) values of 4–6‰, consistent with ε calculated from 
δ15NNO3 and δ15NPN (see below), as well as previous studies for the Polar 
Antarctic Zone and the WAP shelf region specifically (e.g. Henley et al., 
2017; 2018; Difiore et al., 2010). 

Good agreement between measured and modelled δ15NNO3 is seen for 
the majority of samples at most stations (Fig. 10), indicating that bio-
logical uptake of the upper ocean nitrate pool by phytoplankton is the 
primary process influencing δ15NNO3. Notable exceptions are observed 
at off-shelf stations 500.200, 400.200 and 200.200, shelf station 
200.100 and coastal station 400.040, where measured values are 
significantly above the modelled values at intermediate depths (50–200 
m). This is most likely indicating that vertical mixing is incorporating a 
nitrate pool that has been partially utilised into these subsurface waters 
(Arrigo et al., 2017; Dinniman and Klinck, 2004). Partial utilisation 
prior to the January cruise could have occurred in the surface ocean 
and/or within sea ice either in situ or upstream in the regional circula-
tion; in the ACC for the off-shelf and shelf stations (Hofmann et al., 
1996), or further north in the Antarctic Peninsula Coastal Current for the 
coastal station 400.040 (Moffat et al., 2008). 

In contrast, measured values fall below the modelled relationships in 
surface waters at the coastal stations 600.040 and 300.040, and to a 
lesser degree at coastal stations 500.060 and 200.000, and shelf stations 
200.100 and 200.040. Low δ15NNO3 compared to modelled values based 
on nitrate uptake alone are most likely due to nitrification of low-δ15N 
ammonium produced from the remineralisation of organic matter. This 
effect has been observed in numerous Southern Ocean studies and at the 
WAP specifically (e.g. Henley et al., 2017; 2018; Tolar et al., 2016). 

The apparent ε of nitrate assimilation calculated from the slope of the 
regression of δ15NNO3 versus ln[NO3

–] (Fig. 10) can be used further to 
infer the importance of nitrification in lowering δ15NNO3 (and therefore 
apparent ε) and resupplying the surface nitrate pool. These derived ε 

Fig. 9. Conceptual model of the progression of DOM concentrations in WAP 
waters in relation to a phytoplankton bloom and subsequent breakdown of 
organic matter by bacteria and zooplankton. The data show differences in DOC 
and DON concentrations due to the varying stage of the phytoplankton bloom 
observed at the off-shelf stations compared to the shelf and coastal stations. 

Fig. 10. Rayleigh fractionation plots of nitrate 
concentration vs. δ15N for stations across the Palmer 
LTER grid in January 2017. Left hand plot shows 
δ15NNO3 and δ15NPN vs. measured nitrate concen-
tration, with filled symbols depicting δ15NNO3 and 
open symbols depicting δ15NPN. Trend lines are 
modelled values for δ15NNO3 (solid lines) and δ15NPN 
based on the instantaneous (dotted lines) and 
accumulated (dashed lines) product equations. 
These models are based on ε of 4‰ (dark grey lines), 
5‰ (black lines) and 6‰ (light grey lines). Right 
hand plot shows δ15NNO3 vs. the natural log of ni-
trate concentration, with regression line (black) and 
95% confidence intervals (grey). In both plots, 
symbol colour depicts sampling grid line orthogonal 
to the WAP coast according to the colour legend, 
and symbol shape denotes coastal (C), inshore (I), 
off-shelf (O) and shelf (S) stations according to the 
symbol legend.   
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values are between 4.2 and 6.2‰ at the majority of shelf and off-shelf 
stations (Table1, Supplement I), consistent with known values for ni-
trate assimilation by phytoplankton in the polar Southern Ocean (e.g. 
Difiore et al., 2010), providing further evidence for this nitrate uptake 
being the primary process acting on the nitrate pool. Coastal stations 
500.060, 400.040, 300.040 and 200.000 and shelf stations 200.100 and 
200.040 all show ε values lower than 4‰, indicating the greater 
importance of nitrification in inshore regions. Because nitrifiers are 
photo-inhibited (Hagopian and Riley, 1998), nitrification most likely 
takes place around the base of the euphotic layer (Fripiat, et al., 2015a; 
Ward, 2008) and/or in sea ice when incoming light levels are sufficiently 
low (Fripiat et al., 2014; 2015b). Wintertime nitrification can also 
modify the isotopic signature of the upper ocean nitrate pool (Smart 
et al., 2015), but we do not see evidence of a lowering of δ15NNO3 in the 
Winter Water, suggesting that winter processes are not responsible for 
the upper ocean signatures shown here. It is also noteworthy that all 
stations over the shelf along the 200 grid line show ε values lower than 
4‰, indicative of nitrification, and are situated along Marguerite 
Trough, a key conduit for the transport of warm nutrient-rich CDW to 
inshore regions. This is consistent with Henley et al. (2018) who showed 
the importance of nitrification in enriching this nutrient source along its 
flow-path through Marguerite Trough into northern Marguerite Bay, 
supporting the robustness of this effect over multiple years. 

δ15NPN values also show regional patterns in N recycling, with 
coastal δ15NPN showing highest variability in accordance with both 
primary and bacterial production (Fig. 5). For the majority of stations, 
regenerated production via the utilisation of nitrified nitrate and/or 
low-δ15N ammonium is reflected in δ15NPN values falling substantially 
below the modelled relationship for the accumulated product in the 
mixed layer (Fig. 10). This strongly suggests that a substantial fraction of 
organic matter is being recycled in the upper ocean, rather than being 
exported to depth, in agreement with the findings above (Section 4.3). 

Below the mixed layer, most δ15NPN data exceed the modelled values 
at a number of stations, mostly at the southern stations along grid lines 
200 and 300. This further supports the argument that organic matter 
undergoes intense decomposition over the upper ~ 100 m, which fa-
vours the lighter isotope and hence leads to increasing δ15NPN values 
below the mixed layer. These findings support those of Weston et al. 
(2013), who found upper-ocean recycling of particulate organic matter 
to be greater in Marguerite Bay in the southern part of the WAP than at 
Palmer Station in the northern part. The N-isotopic signatures of both 
nitrate and PN show more intense recycling of organic matter in the 
southern WAP shelf compared to the northern WAP shelf and in the 
coastal regions compared to shelf and off-shelf regions over the entire 
grid. This strongly suggests that nitrification makes a more important 
contribution to the surface nitrate pool in the coastal regions than 
further across the shelf and beyond, and more in the south than in the 
north of the WAP, indicating more intense biological nitrogen cycling in 
the upper ocean closer to the coast and further south where primary and 
bacterial production rates were also higher. 

We have shown that a significant portion of DOC is a direct product 
of primary production, like POC, and therefore it is likely to undergo 
similarly intense recycling in the upper ocean of the WAP, as well as 
being generated by the subsequent decomposition of POC. DON is pro-
duced mostly by bacterial production, providing an additional recycling 
pathway by which organic nitrogen is remineralised to ammonium and 
nitrate. DON recycling is greatest in the upper ocean and in the southern 
part of the WAP, particularly at stations 200.000 and 400.040, where 
surface-water bacterial production rates are highest and DON concen-
trations are high at the surface and decrease rapidly with depth. 

Overall, our study suggests that the production and recycling of DOC 
and DON in the upper ocean play a critical role in nutrient biogeo-
chemical cycling along the WAP shelf, with DON providing an important 
regeneration pathway from organic matter to inorganic nutrients. Our 
findings support previous studies (Stukel et al., 2015; Stukel and 
Ducklow, 2017; Ducklow et al., 2018) that describe the WAP shelf as a 

high-productivity low-export environment, with organic matter remi-
neralisation and nitrification being most intense along the coast and 
further south. Bacteria are shown to be the major consumers and con-
verters of organic matter which is reflected in the relationships of bac-
terial abundance and activity with DON concentrations described above 
(Section 4.2; Fig. 8). 

4.4. The influence of glacial meltwater on DOM cycling along the WAP 
shelf 

In this study, regions subjected to strongest glacial influence (station 
200.000 and 400.040 and to some extent 600.040), as shown by 
δ18OH2O, also show the highest DON concentrations. The increased DON 
concentrations could originate directly from the glacial meltwater, or 
from increased bacterial activity due to the early onset of primary pro-
duction and high concentrations of organic matter available for 
decomposition in these highly stratified waters. The latter suggestion is 
consistent with the exceptionally high leucine incorporation rates 
measured at these stations in 2017 (100–400 pmol Leu hr− 1 L− 1), which 
were among the highest recorded during this study. 

High DON concentrations could also derive from phytoplankton of a 
different species composition than those at the stations of lesser glacial 
influence, or which could be in a state of osmotic stress due to the 
potentially rapid decrease in salinity, triggering DON release (Hernando 
et al., 2015; Rijstenbil et al., 1989). At station 200.000, high DON and 
high bacterial activity are likely caused by a combination of recent sea- 
ice retreat and concurrent release of sea-ice derived organic and inor-
ganic nutrients, sea-ice algae and bacteria, as well as the meteoric water 
influence (Fripiat et al., 2014). Station 400.040 also shows high con-
centrations of DON and bacterial activity; however, sea-ice retreat was 
not as recent. Here, high DON concentrations could result from high 
glacial influx increasing stratification and introducing nutrients as well 
as potentially different phytoplankton species (Annett et al., 2015; 
Eveleth et al., 2017) leading to relatively high primary production 
leading to high bacterial activity. While the rate of leucine incorporation 
is similar at both 200.000 and 400.040, bacterial abundance is twice as 
high at 200.000. This further supports the argument for a more recent 
addition of bacteria and DOM from both sea ice and glaciers at station 
200.000. 

The most prominent biological difference between the two stations is 
a clear difference in the bacterial community structure with 200.000 
showing a ratio of HNA to LNA cells of 14.6 while at 400.040 the HNA: 
LNA ratio is 6.6. Even though there is much debate about what quali-
tative information can be drawn from HNA and LNA analyses (Gasol 
et al., 1999; Gomes et al., 2015; Sherr et al., 2006; Vila-Costa et al., 
2012; Zubkov et al., 2001), it is clear that there is a difference which 
might indicate a shift in the taxonomy or physiology of the bacterial 
clades present (Luria et al., 2017). Bowman et al. (2017) suggested that 
higher HNA may represent the differences in community physiology of 
bacterial clades that would cycle DOM differently with varying demands 
for DOC and DON compounds. Compared to the other coastal stations, 
both 200.000 and 400.040 showed elevated HNA values and might thus 
express a different physiological preference for specific DOM com-
pounds. Among all sampled stations, only station 300.040 shows a 
similarly high HNA:LNA ratio of 10.7 along with high glacial meltwater 
influx. This leads to the suggestion that the bacterial community struc-
ture is influenced by glacial meltwater input, and this is likely to have 
cascading effects on DOM dynamics. 

DOC concentrations are also elevated at both stations 200.000 and 
400.040 but not as substantially as DON concentrations. At both sta-
tions, DON and DOC concentrations decrease close to background levels 
within the top 50 m suggesting that the enhanced DOM is (semi)labile 
and is cycled rapidly by bacteria in the upper ocean, as has been dis-
cussed above. 

The increased concentrations of DON in locations of high meltwater 
influence reveal a potential sensitivity to ongoing and future climatic 
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change: the majority of Antarctic Peninsula glaciers have retreated in 
recent decades and retreat rates are increasing, injecting increasing 
amounts of glacial meltwater into the ocean (Cook et al., 2005, 2015; 
Meredith and King, 2005), and this process is projected to continue into 
the future (Raphael et al., 2016). Our findings strongly suggest that these 
changes will lead to increased DOM concentrations in the surface wa-
ters, but a commensurate increase in bacterial rates is likely to maintain 
efficient cycling of DOM in the upper ocean and thus no or little export of 
DOM to depth. With efficient cycling of organic matter in the upper 
ocean and no or little export, the function of this region as a carbon sink 
could be affected negatively. Along with these potential changes in DOM 
dynamics, primary and bacterial production are highly likely to be 
affected by changes in glacial meltwater input, especially along the 
coast, with further effects on DOM production and cycling in the surface 
waters. 

5. Conclusion 

In this study, we show that DOM dynamics at the west Antarctic 
Peninsula are driven by a multitude of factors, with primary and bac-
terial production having the most direct effect on production and con-
sumption of DOC and DON. We suggest that most DOC is produced and 
released directly by primary producers, as well as being produced by 
bacterial processing of POC, while DON is primarily a product of bac-
terial activity. Both dissolved organic carbon and nitrogen are cycled 
efficiently in the upper ocean with no or little export to greater depths. 
Our findings differ from previous studies that suggest that DOM is only 
produced by bacteria after the phytoplankton bloom, but we do show 
intense recycling of organic matter, especially in the coastal southern 
part of the WAP. Further, the δ15N composition of NO3

– and PN shows 
evidence for nitrification in the southern and coastal regions and to a 
lesser extent towards the northern and off-shelf region, also implying 
intense recycling of organic matter in the upper ocean with little export. 
In regions of high glacial meltwater influence, increased DON concen-
trations were found, indicating a sensitivity of DOM dynamics to vari-
ations in climate. Increasing warming and continuing melting of 
Antarctic glaciers could lead to an increase in DOM production, trig-
gering a simultaneous increase in upper-ocean organic matter cycling 
through bacteria and hence a decrease in organic-matter export, which 
could negatively affect the Southern Ocean’s function as a carbon sink. 
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A Bacterial Method for the Nitrogen Isotopic Analysis of Nitrate in Seawater and 
Freshwater. Anal. Chem. 73 (17), 4145–4153. https://doi.org/10.1021/ac010088e. 

Sigman, D.M., Altabet M. a, D.C. McCorkle, Roger François, Fischer, G., 1999. ‘The D15N 
of Nitrate in the Southern Ocean: Nitrate Consumption in Surface Waters’. Global 
Biogeochem. Cycles 13 (4): 1149–66. 

Smart, S.M., Fawcett, S.E., Thomalla, S.J., Weigand, M.A., Reason, C.J.C., Sigman, D.M., 
2015. Isotopic Evidence for Nitrification in the Antarctic Winter Mixed Layer. AGU 
Publications. Global Biogeochemical Cycles 29, 427–445. https://doi.org/10.1002/ 
2014GB005013.Received. 

Smith, D.C., Azam, F., 1992. A Simple, Economical Method for Measuring Bacterial 
Protein Synthesis Rates in Seawater Using Tritiated-Leucine. Mar. Microb. Food 
Webs 6 (2), 107–114. 

Smith, R.C., Stammerjohn, S.E., Baker, K.S., 1996. Surface Air Temperature Variations in 
the Western Antarctic Peninsula Region. Foundations for Ecological Research West 
of the Antarctic Peninsula. 70, 105–121. 

Soendergaard, M., Williams, P.M., Cauwet, G., Riemann, B.o., Robinson, C., Senka 
Terzic, E., Woodward, M.S., Worm, J., 2000. Net Accumulation and Flux of 
Dissolved Organic Carbon and Dissolved Organic Nitrogen in Marine Plankton 
Communities. Limnol. Oceanogr. 45 (5), 1097–1111. https://doi.org/10.4319/ 
lo.2000.45.5.1097. 

Stammerjohn, S.E., Martinson, D.G., Smith, R.C., Iannuzzi, R.A., 2008. Sea Ice in the 
Western Antarctic Peninsula Region: Spatio-Temporal Variability from Ecological 
and Climate Change Perspectives. Deep-Sea Res. Part II: Topical Stud. Oceanography 
55 (18–19), 2041–2058. https://doi.org/10.1016/j.dsr2.2008.04.026. 

Stukel, M.R., Asher, E.C., Couto, N., Oscar, M.E., Schofield, S., Strebel, P.T., Ducklow, H. 
W., 2015. The Imbalance of New and Export Production in the Western Antarctic 
Peninsula, a Potentially “Leaky” Ecosystem. Global Biogeochem. Cycles 29, 
1400–1420. https://doi.org/10.1002/2015GB005211.Received. 

Stukel, M.R., Ducklow, H.W., 2017. Stirring Up the Biological Pump: Vertical Mixing and 
Carbon Export in the Southern Ocean. Global Biogeochem. Cycles 31 (9), 
1420–1434. https://doi.org/10.1002/2017GB005652. 

Tagliabue, A., Sallée, J.-B., Bowie, A.R., Lévy, M., Swart, S., Boyd, P.W., 2014. Surface- 
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