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Abstract. The highly productive Antarctic coastal waters are a key component of the strong Southern Ocean biological pump, 

supported by high nutrient availability. However, modern observations of the nitrogen cycle and phytoplankton responses in 

these regions remain limited, particularly at multi-decadal to centennial timescales. The use of nitrogen stable isotopes (δ¹⁵N) 

measured in chlorophyll a (Chl a) preserved in marine sediment offers a new opportunity to better understand the relationships 

between the past primary productivity, nitrate supply and environmental conditions. Because the δ¹⁵Nchl is directly derived 15 

from phytoplankton and is not affected by diagenetic alteration, it provides valuable insights into long-term changes in the 

nutrient cycle. Here we present the first antarctic δ¹⁵Nchl record from the well-dated U1357B IODP Site located offshore Adélie 

Land, East Antarctica, spanning the last two millennia. Our δ¹⁵Nchl record shows a strong variability with isotopic values 

oscillating between –6‰ and –2‰. Comparison with other proxy reconstructions reveals periods of higher δ¹⁵Nchl at ~1850-

1500 yrs BP and ~1100-500 yrs BP, corresponding to enhanced sea-ice cover and late seasonal melting. In contrast, lower 20 

δ¹⁵Nchl at 1500-1100 yrs BP and since 500 yrs BP coincide with less sea ice extent and earlier retreat. We interpret these 

variations in δ¹⁵Nchl as reflecting changes in nitrate supply from the subsurface nitrate-rich modified Circumpolar Deep Waters, 

driven by variations in sea-ice and atmospheric conditions over the last 2000 years.     

1. Introduction 

Understanding the marine biological carbon pump is essential for estimating the ocean’s capacity to absorb atmospheric CO2 25 

under global warming. The global ocean is estimated to absorb around 1.5-2.0 PgC per year (Takahashi et al., 2009) through 

a combination of solubility-driven uptake and phytoplankton productivity (Gruber et al., 2009). Approximately half of this 

oceanic CO2 uptake occurs in the rapidly changing Southern Ocean (Takahashi et al., 2012; Hauck et al., 2015). While 

phytoplankton productivity is generally limited in the high-nutrient, low-chlorophyll (HNLC) regions of the open Southern 

Ocean, it is particularly efficient in Antarctic coastal areas, where macro- and micronutrients (e.g. nitrate, silicate, and iron) 30 

are highly abundant (Deppeler and Davidson, 2017).  
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Coastal Antarctic phytoplankton communities are primarily composed of diatoms and soft-body tissue species developing 

mostly during the austral spring and summer (Sambrotto et al., 2003; Beans et al., 2008; Riaux-Gobin et al., 2011). Sea-ice 

seasonality generally limits phytoplankton growth by reducing light penetration and by influencing vertical mixing, which 

controls the supply of nutrients from below the euphotic zone to the surface layer (Sambrotto et al., 2003). In spring, sea-ice 35 

melt forms a stratified, nutrient-rich surface layer in which phytoplankton adapted to these conditions can develop significant 

blooms (Annett et al., 2013), leading to a strong depletion of the surface nutrient stock (Sambrotto et al., 2003) and aqueous 

CO2 (DeJong and Dunbar, 2017). However, episodic wind-driven mixing and deepening of the surface mixed layer during the 

growing season enable access to the upper part of the nutrient-rich Circumpolar Deep Water (CDW) intruding onto the 

continental shelf (Lacarra et al., 2011), thus sustaining high productivity until autumn (Annett et al., 2010) and export of large 40 

amounts of organic carbon to the seafloor (Ratnarajah et al., 2022; Stirnimann et al., 2024).  

Modern observations of nutrient cycling, especially nitrate (NO3
-), its controlling processes, and the responses of 

photosynthetic organisms remain limited in the sea-ice seasonal zone (DiFiore et al., 2006; Henley et al., 2018; Duprat et al., 

2020; Kim et al., 2022). Together, they highlighted the spatio-temporal complexity of bioavailable nitrogen inputs into the 

surface layer, based on large-scale oceanography and regional mixing conditions, as well as interactions with local 45 

productivity. Additionally, oceanographic expeditions are generally limited to the austral spring-summer because the 

seasonality of the ice pack limits accessibility. Despite the increasing use of satellite observations, which now allow regular 

and global monitoring of the surface conditions throughout the year (Kahru et al., 2010; Lacarra et al., 2011; Carranza and 

Gille, 2015), processes occurring within the water column or below sea ice (e.g. nutrient and productivity) remain poorly 

constrained. The scarcity of observations spanning multi-decadal timescales limits our understanding of the long-term impacts 50 

of environmental variability on both the phytoplankton productivity and the nutrient cycles. Paleoenvironmental 

reconstructions are therefore critical for placing recent observations into a broader temporal context and unravelling the drivers 

of long-term changes in polar phytoplankton production.  

Nitrogen stable isotope signals preserved in deep-sea sediments can provide insights into past nitrogen cycling beyond the 

instrumental period. During photosynthesis, phytoplankton preferentially assimilate the lighter N isotope (14N), leaving the 55 

residual seawater enriched in the heavier isotope (15N), which is ultimately transferred to the organic matter. As such, δ15N 

signals preserved in sediments reflect the degree of nitrate utilisation by the phytoplankton (Galbraith et al., 2008), as a balance 

between supply and uptake, and their underlying processes (Altabet and Francois, 1994; Altabet, 2006). However, most studies 

exploring past changes in the Southern Ocean nitrogen cycle were conducted in the open ocean using nitrogen isotopic 

composition (δ15N) of bulk sediments (François et al., 1997; Brzezinski et al., 2002), diatom-bound organic matter (Robinson 60 

et al., 2004; Studer et al., 2015; Ai et al., 2020; Fripiat et al., 2026), or planktonic foraminifera (Marks et al., 2023). Yet, studies 

have enabled the measurement of nitrogen isotopic composition of individual chlorophyll (δ15Nchl) preserved in the sediment, 

providing a more direct record derived purely from phytoplankton (Chikaraishi et al., 2008; Higgins et al., 2011; Ohkouchi 

and Takano, 2014). Both the pigments’ high resistance to fractionation processes, and their obligatory fast export and burying 
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to the sediment should benefit this study when trying to reconstruct past surface conditions. Such a proxy has indeed been 65 

successfully applied in several marine and lacustrine settings (Tyler et al., 2010; Naeher et al., 2016; Isaji et al., 2022). 

This study presents, for the first time, a δ15N signal extracted from chlorophyll a preserved in a sediment core from Adélie 

Land, East Antarctica (IODP Expedition 318, Site U1357B, Escutia et al., 2011). As δ15Nchl had not yet been applied in 

Antarctic settings, we compare δ15Nchl with δ15Nbulk records from the same core to assess its potential for coastal Antarctic 

sediments. To further elucidate the factors controlling its variability, the record spanning the last 2000 years is examined 70 

through a multi-proxy approach to disentangle the dominant environmental drivers. We then discuss the potential implications 

of climate change for the coastal nitrogen cycle and the coastal Antarctic phytoplankton pump.  

2. Study area 

The Dumont D’Urville Trough (DDUT) off Adélie Land, East Antarctica, is characterised by several depressions shaped by 

past ice-stream activity and erosion processes (Leventer et al. 2006; McMullen et al., 2006; Beaman et al., 2011) (Fig. 1a). 75 

These depressions are separated by topographic highs and act as efficient sediment traps, facilitating the accumulation of 

material derived from surface productivity (Denis et al., 2009; Johnson et al., 2021). The DDUT is oriented southeast–

northwest and extends from the French Dumont d’Urville Station to the continental slope. It is bordered by the Adélie Bank 

to the east and the Dibble Bank to the West, which limits the oceanic exchange along the continental shelf (Fig. 1a).  

Hydrographically, the DDUT is influenced by multiple currents and water masses (Bindoff et al., 2000; Williams et al., 2010; 80 

Rintoul and Naveira Garabato, 2013). The main water masses relevant to phytoplankton productivity are the Antarctic Surface 

Water (AASW) and modified Circumpolar Deep Water (mCDW). Flowing westward, the AASW generally occupies the upper 

100 m of the water column, where most phytoplankton develop, down to a local temperature minimum characterising the 

remnant Winter Water (WW) (Lacarra et al., 2011). The AASW is characterised by low density (<28.03) with rather low 

salinity (>34 psu), and temperatures (from −1.8 to −2.0 °C) (Bindoff et al., 2000) for the region, as well as a wide range of N 85 

nutrient concentration resulting from nitrate depletion due to successive phytoplankton blooms (e.g., nitrate concentration 

[NO3
-] of ~16-27 μM, Serebrennikova and Fanning, 2004). The CDW is advected by the Antarctic Circumpolar Current toward 

the continental shelf (Fig. 1a), where it penetrates through canyons at the shelf edge (Tamsitt et al, 2017, 2021). CDW mixes 

with fresher shelf waters (Whitworth et al., 1998), forming mCDW, which subsequently flows toward the inner shelf along 

through pathways (Lacarra et al., 2011). The mCDW is a relatively warm (1.7 < θ < 1.5 °C), salty (< 34.7 psu) (Bindoff et 90 

al., 2000), and nutrient-rich water mass, with [NO3
-] reaching ~35-37 μM (Sigman et al., 1999; DiFiore et al., 2009). Because 

mCDW is lighter (28.0 < γn < 28.27 kg m-3, Williams et al., 2010a) than the underlying Antarctic Bottom Water (AABW) (γ 

> 28.27 kg m-3, Bindoff et al., 2000) and denser than AASW (γ < 28.03 kg m-3, Bindoff et al., 2000), it occupies an intermediate 

depth range between ~200 and 400 m, where a temperature maximum is observed (DiFiore et al., 2009). 

Over the DDUT, sea ice persists for 7 to 9 months per year (Fig. 1), typically from February-March to November-December 95 

(Fig. 1c & 1d) (Fetterer et al., 2017). During winter, the mixed layer depth (MLD) deepens and homogenises the water column 
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through convection driven by sea-ice growth and brine rejection (Gordon and Huber, 1990; DiFiore et al., 2009). Strong, 

episodic katabatic winds maintain the Dumont d’Urville polynya year-round (Parish and Wendler, 1991; Adolphs and 

Wendler, 1995; Wendler et al., 1997), a major local source of sea-ice production that further enhances vertical mixing. In 

spring, sea-ice melt, combined with increasing daylight and atmospheric temperatures, leads to a shallow MLD and strong 100 

surface stratification.  

The remnant Winter Water (or Tmin layer), whose deeper portion is isolated from the surface by spring stratification (Gordon 

and Huber, 1990; William et al., 2010b), is acting as a source of intermediate [NO3
−] between the surface layer and the richer 

mCDW (Sigman et al., 1999). Because the WW partially inherited concentrations and isotopic signatures of the mCDW during 

winter high buoyancy-driven mixing, only the latter will be considered when discussing the nutrient exchanges with the 105 

subsurface. During summer, the MLD usually ranges between 50 and 100 m along the coast (Sigman et al., 1999) and deepens 

episodically through the season owing to wind-driven mixing and progressive destratification (Williams et al., 2010, Petty et 

al., 2014). In this vein, the MLD observed near the Adelie Land coast can exceed 150 m during strong wind events 

(Vaillancourt et al., 2003), enabling substantial vertical mixing and significant upward transport of nutrients from the mCDW 

into the subsurface (Carranza et al., 2015). Consequently, the depth of the chlorophyll maximum, where nutrient concentration 110 

is elevated and light levels remain sufficient, follows that of the MLD (Vaillancourt et al. 2003).  

In line with changes in sea-ice conditions, wind activity, and MLD, seasonal primary productivity in the Adélie Land typically 

can exhibit one to two chlorophyll production peaks associated with phytoplankton blooms. A main peak generally occurs in 

spring (late December–January), followed by a secondary one around February (Fig. 1b) (Massé et al., 2011). However, the 

timing and intensity of these peaks vary from one year to another, with some years only showing enhanced production in 115 

spring or later in the summer (Fig. 1c & 1d) (Massé et al., 2011). The exact drivers of this variability remain unclear, but likely 

include the timing of sea-ice retreat (Fig. 1c & 1d), surface water stratification, the direction and intensity of wind stress, and 

nutrient supply (Sambrotto et al., 2003; Vaillancourt et al., 2003; Beans et al., 2008), all of which are modulated by climate 

variability (Denis et al., 2006; Johnson et al., 2021).  
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 120 

Figure 1. a) Regional map of Adélie Land, East Antarctica. Red arrows: modified Circumpolar Deep Water (mCDW) trajectory 

through the depressions. Cylinder: IODP U1357 coring site. Cone: Dumont d’Urville (DDU) scientific station. Elevation from 

Matsuoka et al. (2021), bathymetry modified from Beaman et al. (2011), sea Ice extent from Fetterer et al. (2017).  b) Average sea 

ice (1979-2014, in white) and surface chlorophyll (2002-2011, in green) concentrations during the austral summer season, over the 

DDUT. c) & d) Comparison of long and short ice-free seasons. Sea-ice concentrations from DiGirolamo et al. (2022) and surface 125 
chlorophyll concentrations from Massé et al. (2011).  
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3. Materials & methods 

3.1 Sediment cores at the IODP 318 Site U1357B 

The sediment cores at the IODP Site U1357B (Fig. 1) were collected during the IODP Wilkes Land Expedition 318 from the 

southern end of the DDUT, namely the Adélie Basin, (66°24.7990′S, 140°25.5705′E, 1028 m water depth, total length 170.7 130 

m) in February 2010 (Escutia et al., 2011) during the summer ice-free season (Fig. 1b). The collected sequences consist of 

continuously laminated diatom ooze with a high sedimentation rate (~1.5-2 cm yr-1) recording marine biogenic blooms 

(Johnson et al., 2021). This study focuses on the upper 40 m of IODP core U1357B, which spans the last 2,000 years. The 

high-resolution age model was previously published in Johnson et al. (2021) based on eighty-seven 14C dates, of which twenty 

were measured over the last 2,000 years. 135 

3.2 Pigments extraction and nitrogen isotope analysis 

Chlorophyll a was extracted from freeze-dried sediment using 90% acetone by ultrasonication on ice for 5 min, followed by 

liquid-liquid extraction three times in n-hexane and Milli-Q water. The sediment was extracted up to three times and the 

combined n-hexane fraction was dried under Ar gas on a heater set to 30°C. The sample was then dissolved in 50 L DMF 

(N,N-Dimethylformamide), before filtration through a 0.2 m PTFE filter for HPLC analysis.  140 

Purification of chlorophylls was performed with an analytical-scale column (ZORBAX XDB-C18, Agilent; 4.6 mm × 250 

mm; 5-μm particle size) with a guard column. The pigments were eluted isocratically with 75% acetonitrile/pyridine (100:0.5, 

v/v) and 25% ethyl acetate/pyridine (100:0.5, v/v) for 5 min, followed by a linear gradient of ethyl acetate/pyridine to 50% 

over 50 min. The flow rate was set to 1 mL min−1, and the column temperature was set to 30°C. Peaks of chlorophyll a (Chl 

a) coeluting with divinylchlorophyll a (DVChl a) and chlorophyll b (Chl b) coeluting with divinylchlorophyll b (DVChl b) 145 

were separated and collected with baseline resolution.  

The collected chlorophyll a was converted to pheophytin a by reaction with 2 M HCl. The converted pheophytins were 

completely dried, extracted with n-hexane and Milli-Q water three times, and the combined n-hexane fractions were dried 

under argon gas. The pheophytins a were then further purified by an analytical-scale column (Zorbax Eclipse PAH, Agilent; 

4.6 mm × 250 mm; 5-μm particle size). The pigments were eluted isocratically with 80% acetonitrile/pyridine (100:0.5, v/v) 150 

and 20% ethyl acetate/pyridine (100:0.5, v/v) for 5 min, followed by a linear gradient of ethyl acetate/pyridine to 60% over 25 

min, and then a linear gradient of ethyl acetate/pyridine to 100% over 10 min. The flow rate was set to 1 mL min−1 and the 

column temperature to 15°C during the second purification process. 

Stable isotopic compositions of both bulk sediment and the purified pigments were determined with a sensitivity-improved 

Flash EA1112 automatic elemental analyzer connected to a Thermo Finnigan Delta plus XP IRMS via a ConFlo III Interface 155 

(nano-EA/IRMS: Isaji et al., 2020; Ogawa et al., 2010). The purified pheophytins (80–350 ngN) were dissolved in chloroform, 

transferred quantitatively to a precleaned, smooth-wall, hard Sn capsules and dried completely before analysis. Nitrogen 

isotopic compositions are expressed in conventional δ notation relative to the atmospheric nitrogen (AIR). The analytical 
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precisions (1σ) of the nano-EA/IRMS determined from replicate measurements of Ni-octaethylporphyrin as the laboratory 

standard were better than ±0.6‰ for δ15N. The purities of the isolated compounds were confirmed by comparison with the 160 

estimated sample mass from the photoabsorbance of the HPLC and from the N2 peak of the nano-EA/IRMS. 

 

3.3 Total organic carbon 

The total organic carbon quantities (%TOC) were determined by the area of total ion peaks of the CO2 and N2 detected by the 

nano-EA/IRMS. Mass accumulation rates (MAR) for the total organic carbon were then calculated using the following 165 

formula: 

MAR = %TOC x LSR x BD  (1) 

Where MAR = mass accumulation rate (g.cm-2 per year) 

LSR = linear sedimentation rate (cm per year) 

%TOC = the percent abundance (as a decimal fraction) of total organic carbon 170 

BD = bulk density (g.cm-3) 

  

Linear sedimentation rates (LSR) were calculated using the Bayesian age-depth model for core U1357B (Ashley et al., 2021). 

LSRs were calculated and binned into 10 cm intervals. No bulk density measurements were made for U1357B, therefore, bulk 

densities of discrete samples of the same ages from core U1357A were used. The U1357A age-depth model based on 36 bulk 175 

organic carbon dates, uses an identical Bayesian approach as U1357B (Johnson et al., 2021). A linear fit model was constructed 

from the bulk densities data from U1357A, and this linear fit model was then interpolated onto the U1357B age scale to obtain 

an age versus density model for both holes. While this approach misses higher frequency variations in density, which are 

anticipated to be minor due to the consistent lithology, it does correct for downcore compaction.  

 180 
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4. Results  

4.1 15N and TOC records at site U1357B 

The δ15Nchl at Site U1357B shows no trend over the past 2000 years, but exhibits a multi-decadal to multi-centennial variability 

between –6‰ and –2‰ (Fig. 2). The signal is rather stable before 1300 yrs BP, recording a mean of –3.3‰, before declining 185 

toward –5‰ between 1250 and 1100 yrs BP. After a sharp increase of almost 3‰ around 1100 yrs BP, the isotopic signal 

remains high between 1100 and 600 yrs BP. Afterwards, the record depicts a decrease from –1.4‰ at 617 yrs BP to –5.5‰ at 

272 yrs BP, then increases up to the maximum value of –0.8% at 47 yrs BP. 

In comparison, the δ15Nbulk signal at Site U1357B shows an almost continuous decreasing trend from ~5 at 1800 yrs BP to 

~2‰ at the core top (Fig. 2). No centennial variability is superimposed on the decreasing trend.  190 

 

 

Figure 2.  δ¹⁵N records of bulk nitrogen and chlorophyll a, and mass accumulation rates of total organic carbon measured from 

IODP core site U1357B over the last 2,000 years. Side frame displays the molecular structure of chlorophyll a.  

 195 

The MAR TOC record also displays a strong variability over 2000 years (i.e. between ~23 and ~57 mg.cm-2.yr-1). Key multi-

centennial trends are an increase from 23 mg.cm-2.yr-1 at 1550 to 57 mg.cm-2.yr-1 at 1150 yrs BP, interrupted by a local 35 

mg.cm-2.yr-1 minimum around 1300 yrs BP, and an extended decrease from the 1150 maximum to 25 mg.cm-2.yr-1 at 550 yrs 

BP. After 500 yrs BP, the values stabilise at ~40 mg.cm-2.yr-1 up to 200 yrs BP. 

  200 

https://doi.org/10.5194/egusphere-2026-1897
Preprint. Discussion started: 10 April 2026
c© Author(s) 2026. CC BY 4.0 License.



9 

 

5. Discussion 

5.1 Rationale for the δ15Nchl proxy in coastal Antarctic settings 

 

In marine environments, the δ15N can be influenced by both N sources and sinks. Here, we exclude any significant impact of 

denitrification, the main N sink in the ocean, as a potential driver of δ¹⁵N variability. Denitrification predominantly occurs 205 

under weakly ventilated, low-oxygen and warm conditions typical of the mid- and low-latitude regions (Altabet, 2006), leading 

to the removal of bioavailable N and the enrichment of the residual nitrate pool (Fripiat et al., 2023). Although denitrification 

has been previously reported in the western Antarctic Peninsula (Dutta et al., 2023), its influence in the Adélie Basin is 

unlikely, given the persistently low δ15N values in both bulk and chlorophyll-derived records over the last 2,000 years.  

Nitrogen (N2)-fixation, the main source of fixed N to the ocean, is also unlikely to be a dominant control on δ¹⁵N variability 210 

in this region. N2-fixation is primarily carried out by diazotrophic organisms that thrive in warm, nitrate-depleted, stratified 

waters, characteristic of some tropical and subtropical areas (Zehr & Capone, 2020). However, recent studies have reported 

evidence of N2-fixation genes in the Adélie Basin (Shiozaki et al., 2020) and off the northern Antarctic Peninsula (Pierrella et 

al., 2021). The presence of these genes does not attest to an intense N2-fixation activity. Though this assimilation process 

cannot be entirely ruled out and requires further investigation to properly quantify its contribution to the coastal Antarctica 215 

nitrogen cycle, these environments are generally considered unfavourable for sustaining high fixation rates (Raes et al., 2020) 

because N2-fixation is an energetically demanding process requiring high light availability (Kranz et al., 2010).  

Isotopic fractionation during nitrate uptake varies among phytoplankton groups and species (Needoba et al., 2004), but this 

remains poorly constrained in coastal Antarctic environments. Although ammonium uptake occurs as an alternative nitrogen 

source (Goeyens et al., 1995), previous studies indicated that nitrate is the primary N source supporting primary productivity 220 

off Adélie Land (DiFiore et al., 2009), as confirmed by seasonal nitrate depletion coinciding with chlorophyll maxima 

(Sambrotto et al., 2003). Sea ice and penguin colonies release nitrate, ammonium, and micronutrients such as iron, which may 

promote early-season phytoplankton blooms (Sedwick et al., 1997; Otero et al., 2018; Belyaev et al., 2023). However, their 

contributions are likely negligible compared to inputs from the mCDW. The measured δ15NNO3- (~20‰) and δ15NTN (~10‰) 

in soils impacted by penguin guano around Antarctica (Wang et al, 2020) are not consistent with the negative values found at 225 

IODP Site U1357. 

Off Adélie Land, where nitrate is high, δ¹⁵N signals are expected to primarily reflect regional relative nitrate utilisation by 

phytoplankton, resulting from the balance between nitrate supply and biological uptake (Denis et al., 2009; DiFiore et al., 

2009), with higher values indicating either increased uptake and/or reduced supply to surface waters. However, at site U1357B, 

the reconstructed decrease in δ15Nbulk (from –2 to –6‰ over 2,000 years, Fig. 2), derived from a mixture of N-bearing 230 

compounds with variable and unquantified degrees of preservation, suggests instead a progressive downcore diagenetic 

enrichment in ¹⁵N due to preferential loss of ¹⁴N (Lourey et al., 2003, Robinson et al., 2012). Post-depositional alterations 

such as adsorption, remineralization, and terrestrial inputs may have further altered the original signal (Altabet et al., 2006), 
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as previously hypothesised for the Southern Ocean (Altabet and Francois, 1994). This likely explains the lack of 

correspondence between the δ15Nbulk record and paleoenvironmental data derived from this site (Ashley et al., 2020; Crosta et 235 

al., 2021; Johnson et al., 2021; Behrens et al., 2022) or of larger geographical significance (Stenni et al., 2017).  

In contrast, the δ15Nchl reconstruction does not exhibit a long-term drift over the last 2,000 years (Fig. 2), attesting to its strong 

diagenetic resistance (Kashiyama et al., 2008), as later specified. Yet, the unusually low δ15Nchl values (down to –6 ‰), 

compared to δ15Nbulk values, as well as their pronounced multi-centennial millennial scale variability, raise the question of the 

processes and sources recorded in the δ15Nchl.  240 

In the Adélie Basin, chlorophyll a is synthesised exclusively by phototrophic organisms, essentially diatoms with 

accompanying Phaeocystis antarctica (Wright and van den Enden, 2000; Sambrotto et al., 2003; Beans et al., 2008; Stirnimann 

et al., 2024). Although chlorophyll a quickly degrades into derivative compounds (e.g., pheophytin a or pyropheophytin a) 

(Louda et al., 2002; Chikaraishi et al., 2007; Szymczak-Żyła et al., 2008) under light and oxic conditions or during zooplankton 

grazing, diagenetic alteration of δ15Nchl remains minimal due to the robustness of its molecular nucleus (i.e., cyclic tetrapyrrole) 245 

containing four N atoms (Fig. 2) (Goericke et al., 2000). As a result, δ15N values are largely preserved during deposition and 

early diagenesis (Ohkouchi et al., 2005). Moreover, the labile nature of chlorophyll a implies that its preservation in sediments 

closely reflects surface water conditions at the time of production.  

The very low δ15Nchl values are attributed to two reasons. First, nitrates are not the limiting factor for primary production in 

this region. Due to the preferential uptake of highly available 14N, partial nitrate assimilation leads to an apparent isotope 250 

fractionation toward lower values. Secondly, N isotopic fractionation happens during chlorophyll biosynthesis by eukaryotic 

algae, where chlorophyll a becomes depleted in 15N relative to bulk cellular N by an offset of 4.8 ± 1.4‰ (Sachs et al., 1999; 

Ohkouchi et al., 2006). In addition, δ15Nchl depends on the bioavailable nitrogen pool in the Adélie Basin, which is largely 

dominated by seasonal inputs of nitrate-rich mCDW (DiFiore et al., 2009). The initial δ15N of these nitrates (δ15Nnitrate) has 

been measured in the Antarctic Zone and off Dumont d’Urville at 4.8 ± 0.2 ‰ (Sigman et al., 1999; DiFiore et al., 2009). 255 

Accounting for isotopic fractionation during nitrate assimilation and chlorophyll biosynthesis explains the negative δ15Nchl 

values recorded at Site U1357B, which is consistent with partial nitrate utilisation by phytoplankton.  

In conclusion, despite uncertainties surrounding minor N sources, variations in δ15Nchl are expected to primarily reflect changes 

in relative nitrate utilisation in surface waters off Adélie Land over the last 2,000 years, resulting from the balance between 

the biological uptake by phytoplankton and physical supply of nitrate from the mCDW to surface waters.  260 
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5.2 δ15Nchl inferences on the nitrate cycle over the last 2,000 years 

 

To discriminate the processes driving the variations in δ15Nchl, independent paleoenvironmental proxies from the U1357B core 

were selected. First, we document changes in total biological and in siliceous productivity using MAR TOC and MAR BSi, 265 

respectively, to assess the nitrate demand. The coherence between these two records (Fig. 3b & 3c) suggests that primary 

productivity in the Dumont d’Urville Trough (DDUT) was dominated by diatoms over the last 2000 years, as it is today (Beans 

et al., 2008). Second, we document changes in sea ice using the HBI Diene/triene (Collins et al., 2013; Belt et al., 2016) and 

sea ice-associated diatoms (Campagne et al., 2016). We also assess changes in water-column mixing using the relative 

abundances of Chaetoceros resting spores (Campagne et al., 2016). 270 

The MAR TOC and MAR BSi records show no similarity with the δ15Nchl during the last 2,000 yrs (Fig. 3a, 3b & 3c). For 

instance, between 1200 and 800 yrs BP, high and relatively stable BSi MAR values (e.g., ~12 mg cm-2 a-1), indicative of 

efficient productivity and nitrate uptake by diatoms, coincide with a strong variability in δ15Nchl values (i.e. between ~−6‰ 

and ~−2‰). Subsequently, between 800 and 500 yrs BP, very low MAR BSi and MAR TOC values are congruent with elevated 

δ15Nchl values. As such, the MAR records show no temporal alignment with periods of elevated or reduced δ¹⁵Nchl described 275 

above. We cannot rule out that a part of the δ15Nchl variability can be due to nitrate uptake from non-siliceous phytoplankton 

groups, such as colonies of Phaeocystis antarctica. However, we believe that this impact is marginal as P. antarctica biomass 

is much less abundant than that of diatoms in nearby sites nowadays (Sambrotto et al., 2003; Vaillancourt et al., 2003). The 

discrepancy between the δ15Nchl record and both MAR signals (Fig. 3a, 3b & 3c) indicates that the degree of nitrate uptake by 

the regional productivity is unlikely to be the primary driver of δ15Nchl variability off Adélie Land. In this vein, a previous 280 

work in the region has suggested that δ15Nbulk variations from the neighbouring sediment core MD03-2601 were mostly driven 

by changes in nitrate supply rather than by changes in uptake (Denis et al., 2009).  

Reconstructing past nitrate supply can be partially achieved by characterising stratified conditions associated with sea-ice 

formation and melt, as well as wind-driven mixing that enabled access to nutrients from the mCDW. Mechanistically, sea ice 

exerts two synergistic effects on surface-water properties. First, its presence reduces wind stress at the surface ocean and limits 285 

the vertical mixing with underlying layers (Venables and Meredith, 2014). Second, enhanced meltwater input during sea-ice 

retreat freshens surface waters and increases stratification (Venables and Meredith, 2014). Together, these processes restrict 

the upward flux of nutrients from the subsurface waters and lead to a shallow MLD in spring. On the contrary, the summer 

MLD is primarily controlled by wind forcing and density gradients (De Boyer Montégut et al., 2004), both being related to 

the absence of sea-ice cover. Consequently, variations in sea-ice extent, surface stratification, and wind-driven mixing provide 290 

a direct framework for interpreting changes in nitrate supply to surface waters. In the following section, we therefore use 

independent sedimentary proxies from Site U1357B to reconstruct past sea-ice conditions and water-column stratification, and 

to evaluate their respective roles in modulating nitrate availability and, ultimately, δ15Nchl. 
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 295 

Figure 3. Intercomparison of relative nitrate utilisation, productivity, sea-ice and climate records from Site IODP U1357B. a) 

δ15Nchl (this study). b) Mass Accumulation Rates of total organic carbon (TOC, in black) (this study). c) Mass Accumulation Rates 

of biogenic silica material (BSi, in green) (Johnson et al., 2021). d) Di-unsaturated HBI (C25:2; Diene)/tri-unsaturated HBI isomer 

(C25:3; Triene) ratio (Ashley et al., 2021). e) Relative abundance of the combined Fragilariopsis curta and Fragilariopsis cylindrus 

group (Crosta et al., 2021). f) Relative abundance of Chaetoceros Hyalochaete resting spores (CRS) (this study; the protocol for the 300 
preparation of the slides, the counting rules, and the data acquisition follows the one described in Crosta et al., 2021). Grey areas 

highlight the periods of enhanced sea-ice cover and late seasonal melting. 
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Sea-ice conditions are derived from the highly branched isoprenoids (HBIs), expressed as the ratio of diene to triene 

compounds (D/T), and the Fragilariopsis curta gp (combining F. curta and F. cylindrus). Higher values of D/T are linked to 

a greater presence of fast ice (Massé et al., 2011, Belt et al., 2016, Smik et al., 2016) while higher percentages of the F. curta 305 

gp indicate a later melting of sea ice in spring (Campagne et al. 2016). In IODP Site U1357B, the D/T and F. curta gp records 

vary congruently and reveal two main intervals of enhanced sea-ice cover and late melting between ~1850-1500 yrs BP and 

~1100-500 yrs BP, separated by periods of reduced sea ice (Fig. 3d & 3e) (Crosta et al., 2021; Johnson et al., 2021). Low 

relative abundances of Chaetoceros Hyalochaete resting spores (CRS) are synchronous with icier conditions (Fig. 3f). 

Comparison of diatom assemblages from an interface core collected in the inner DDUT and environmental parameters over 310 

the last 40 years attributed low CRS relative abundances to persistent stratification, reducing the nutrient availability, over the 

growing season (Campagne et al., 2016). The combination of these records implies that increased sea-ice presence, during the 

two periods aforementioned, likely reduced wind stress, shoaled the MLD in spring while delaying its deepening in summer, 

and limited both the vertical water column mixing and nitrate supply to the surface (Fig. 3f & 4a). As a result, diminished 

nitrate availability led to higher δ¹⁵Nchl (Fig. 3a), despite a decrease in productivity observed during the last part of these 315 

periods (Fig. 3b & 3c). Conversely, an early retreat of sea ice, documented between 1500- 

1100 yrs BP and since 500 yrs BP (Fig. 3d & 3e), favoured wind-driven water-column mixing (Fig. 3f & 4b) and 

preconditioned a deeper summer MLD, which enhanced episodic nitrate supplies from the mCDW over the growing season. 

As a consequence, the nitrate pool increased, and the δ¹⁵Nchl declined. The regional productivity increased almost continuously 

during the 1500-1100 yrs BP period, peaking at ~1150 yrs BP (Fig. 3b & 3c) when δ¹⁵Nchl values reached their minimum (Fig. 320 

3a). This may indicate that sufficient time existed between mixing events for water-column stabilisation and phytoplankton 

regrowth (Vaillancourt et al. 2003), but that the nutrient supply largely surpassed the phytoplankton demand as observed in 

low-latitude coastal upwelling systems (Robinson et al., 2002; Rafter and Sigman, 2016). 

As the siliceous and global productivities show little relationship with the relative nitrate utilisation and the environmental 

reconstructions, we believe that the primary control on the δ15Nchl signal is the renewal of the surface nutrient inventory through 325 

episodic summer nitrate supplies, particularly active when sea ice retreated early in the season. Any increase in the surface 

nitrate concentration would, however, be limited by the previous depletion of nitrates from earlier blooms and would be 

reflected in the δ¹⁵Nchl variations. The ability of the mixing conditions to overtake the productivity’s influence over the δ¹⁵Nchl 

is therefore also attributed to the active renewal of mCDW-derived isotopically lighter nitrates in the surface for the later 

blooms to use. 330 

Multi-decadal variability in sea-ice conditions off Adélie Land over the last 2000 years was largely driven by changes in large-

scale atmospheric circulation patterns (Crosta et al., 2021). During a persistent El Niño/SAM– combination, the SWW were 

located further to the south with a more southward direction, which enhanced sea-ice compaction at the coast (Fig. 4a). 

Congruently, lowered katabatic winds reduced vertical mixing and nutrient supplies during the growing season. Opposite 

atmospheric and sea-ice conditions were reconstructed during multi-decadal La Niña/SAM+ combinations (Fig. 4b).  335 

Consequently, δ15Nchl variability over the last 2,000 years is likely governed by the combined effects of changes in wind 
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regimes, sea-ice persistence, and access to mCDW nutrients, ultimately driven by the interplay between ENSO and SAM on 

multi-decadal timescales. 

  

Figure 4. Schematic view of the environmental, sea-ice and mixing features during the early summer season (e.g., January) over the 340 
Dumont d’Urville Through, Terre Adélie, East Antarctica, and their effect on δ¹⁵Nchl. mCDW = modified Circumpolar Deep Water. 

MLD = Mixed Layer Depth. a) Mixing conditions in a situation of late sea-ice retreat (as observed during El Niño/SAM– 

combination). b) Mixing conditions in a situation of early sea-ice retreat (La Niña/SAM+). 
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6. Conclusions 

This study represents the first use of the δ15N derived from chlorophyll a, recorded on a sediment core from the East Antarctic 345 

shelf. The robustness of the δ15Nchl allows to compensate for some defects in the more conventional δ15Nbulk. Here, without 

completely ruling out the influence of primary productivity on the signal, we show that nitrate inputs have changed significantly 

over the last two millennia in Adélie Land and are reflected in the δ15Nchl. Changes in supply were linked to the coupled action 

of winds and sea-ice conditions on the water column structure, with an early sea-ice melting leading to less stratified surface 

water conditions, enhanced wind mixing, and recurrent nutrient recharge over the growing season, ultimately resulting in low 350 

δ15Nchl values.  The decline in seasonal sea ice is unlikely to stop in the future, which may lead to a higher nutrient stock to 

fuel Wilkes Land’s coastal Antarctic ecosystems, depending on the interactions between ENSO and SAM. Decreased 

stratification, increased nutrient availability, and warming waters during the growing season may shift communities from 

diatoms to less nutritious soft-tissue organisms. These changes could limit the export of organic carbon to the seafloor, with a 

non-negligible impact on the uptake of CO2 by phytoplankton and profound changes to the surface water ecosystem. It is 355 

therefore necessary to accurately reconstruct the N cycle in coastal Antarctic regions presenting different atmospheric, 

oceanographic, and phytoplankton productivity conditions, to assess the Southern Ocean’s role as a major storehouse of CO2 

and distributor of nutrients to other oceans.  
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