
1.  Introduction
Sea ice loss, freshening, and stratification changes driven by global warming in the recent past have already 
affected, and are projected to continue to affect, the seasonal timing and distribution of primary productivity in 
the Arctic Ocean (IPCC, 2022). In the photic layer, primary productivity is ultimately limited by nutrient availa-
bility and hence regulated by vertical and lateral nutrient supply. On a pan-Arctic scale, replenishment of surface 
water macronutrient levels (here: dissolved inorganic nitrogen, DIN; dissolved inorganic phosphorus, DIP; and 
silicic acid, DSi) from the deep pool via vertical mixing is the main process governing primary productivity (Hill 

Abstract  Realistic prediction of the near-future response of Arctic Ocean primary productivity to 
ongoing warming and sea ice loss requires a mechanistic understanding of the processes controlling nutrient 
bioavailability. To evaluate continental nutrient inputs, biological utilization, and the influence of mixing 
and winter processes in the Laptev Sea, the major source region of the Transpolar Drift (TPD), we compare 
observed with preformed concentrations of dissolved inorganic nitrogen (DIN) and phosphorus (DIP), silicic 
acid (DSi), and silicon isotope compositions of DSi (δ 30SiDSi) obtained for two summers (2013 and 2014) 
and one winter (2012). In summer, preformed nutrient concentrations persisted in the surface layer of the 
southeastern Laptev Sea, while diatom-dominated utilization caused intense northward drawdown and a 
pronounced shift in δ 30SiDSi from +0.91 to +3.82‰. The modeled Si isotope fractionation suggests that 
DSi in the northern Laptev Sea originated from the Lena River and was supplied during the spring freshet, 
while riverine DSi in the southeastern Laptev Sea was continuously supplied during the summer. Primary 
productivity fueled by river-borne nutrients was enhanced by admixture of DIN- and DIP-rich Atlantic-sourced 
waters to the surface, either by convective mixing during the previous winter or by occasional storm-induced 
stratification breakdowns in late summer. Substantial enrichments of DSi (+240%) and DIP (+90%) beneath 
the Lena River plume were caused by sea ice-driven redistribution and remineralization. Predicted weaker 
stratification on the outer Laptev Shelf will enhance DSi utilization and removal through greater vertical DIN 
supply, which will limit DSi export and reduce diatom-dominated primary productivity in the TPD.

Plain Language Summary  Ongoing warming and sea ice loss in the Arctic Ocean may 
significantly impact biological productivity, which is mainly controlled by light and nutrient availability. To 
investigate nutrient inputs from land, biological utilization, and the influence of water mass mixing and winter 
processes on the nutrient distributions, we measured nutrient concentrations and silicon isotopes in the Laptev 
Sea. We found high concentrations in the southeastern Laptev Sea in agreement with nutrient inputs from the 
Lena River. Toward the northern Laptev Sea, nutrient concentrations decreased in the surface layer and the 
silicon isotope signatures shifted to heavier values, consistent with nutrient utilization by phytoplankton. In 
contrast to the depleted surface layer, the bottom layer beneath the Lena River plume was strongly enriched in 
some nutrients, which we attribute to different physical and biogeochemical processes. These observations are 
important for our understanding of nutrient bioavailability in the Laptev Sea and the Transpolar Drift (TPD), 
which is a surface current that connects the Laptev Sea with the central Arctic Ocean and the Fram Strait. The 
changing hydrography of the Laptev Sea will likely cause a decrease in silicic acid concentrations and thus a 
reduction in nutrient export and diatom-dominated primary productivity in the TPD.
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et al., 2013; Randelhoff et al., 2020). In the extensive Arctic shelf areas, terrigenous nutrient inputs from land and 
nutrient cycling exert additional strong controls on nutrient bioavailability, supporting as much as one third of the 
current net primary productivity in the Arctic Ocean (Terhaar et al., 2021). In some of these marginal regions, 
despite the decrease in sea ice cover and opposite to the general trend, primary productivity has decreased in the 
recent past (Ardyna & Arrigo, 2020; Arrigo & van Dijken, 2015; Demidov et al., 2020; Lewis et al., 2020). While 
it is unclear how this inconsistent response of primary productivity is linked to changes in stratification, nutrient 
supply, and cycling, it demonstrates that a deep understanding of the complex balance between these controlling 
mechanisms in Arctic shelf regions is critical for predicting future changes in ecosystem functioning. Large parts 
of the Arctic Ocean are affected by waters and nutrients exported from these regions, indicating a regional and a 
large-scale, pan-Arctic influence on marine biogeochemistry and biology.

The Laptev Sea is the main source region of the Transpolar Drift (TPD) and is among the peripheral Arctic 
regions most affected by climate change. Therefore, it is also a key region for investigations of nutrient bioge-
ochemistry on the Siberian Shelf. The Laptev Sea connects the Kara and East Siberian Seas while at the same 
time receiving large amounts of freshwater from the Lena River and marine waters of Atlantic origin (Figure 1). 
Freshwater and dense bottom waters originating from the Laptev Sea feed into the TPD (Paffrath et al., 2021) 
and maintain the Arctic halocline (Bauch et al., 2011, 2014; Janout et al., 2015), respectively, while at the same 
time transporting dissolved and particulate constituents including nutrients and trace elements to the central 
Arctic Ocean (e.g., Bauch et  al.,  2011; Charette et  al.,  2020; Klunder et  al.,  2012; Laukert, Frank, Bauch, 
Hathorne, Gutjahr et al., 2017, Laukert, Frank, Bauch, Hathorne, Rabe et al., 2017; Middag et al., 2011; Paffrath 
et al., 2021; Rijkenberg et al., 2018; Slagter et al., 2017). The highly variable hydrography of the Laptev Sea is 
the result of changes in atmospheric circulation, strong seasonality in river discharge, and the formation, melt-
ing, and export of sea ice (Janout et al., 2013, 2015, 2016, 2020). The surface layer of the central and eastern 
Laptev Sea is dominated by Lena River freshwater, which is responsible for a year-round stratification except 
for a short period of time before the seasonal ice retreat in spring (Janout et al., 2020). The northwestern Laptev 
Sea, in contrast, is mainly influenced by waters from the Kara Sea (Janout et al., 2015; Laukert, Frank, Bauch, 
Hathorne, Gutjahr et  al.,  2017) and is well-mixed from mid-December to sea ice breakup in spring (Janout 
et al., 2016, 2020). Since the mid-2000s, the Laptev Sea shelf has been ice-free in summer as a function of overall 
higher temperatures, resulting in enhanced hydrographic variability and tentatively weaker stratification due to 
stronger atmosphere-ocean coupling (Janout et al., 2020). This observation contrasts with expectations of increas-
ing stratification due to sea ice loss and warming, highlighting the need to better constrain nutrient dynamics in 
this region and their impact on nutrient bioavailability in the TPD.

Numerous investigations have focused on the mechanisms controlling the distribution and bioavailability of 
macronutrients and micronutrients in the Laptev Sea (e.g., Bauch & Cherniavskaia, 2018; Bauch et al., 2014; 
Cauwet & Sidorov, 1996; Codispoti & Richards, 1968; Gordeev & Sidorov, 1993; Gordeev et al., 1996; Kattner 
et  al.,  1999; Klunder et  al.,  2012; Létolle et  al.,  1993; Martin et  al.,  1993; Nitishinsky et  al.,  2007; Sanders 
et al., 2022; Sorokin & Sorokin, 1996; Sun et al., 2021; Thibodeau et al., 2017). Most of these studies were based 
on nutrient concentration data, which in combination with salinity and other hydrographic parameters were used 
to assess nutrient input from external sources, conservative mixing, biological uptake, and remineralization. 
Pioneering investigations identified the Lena River as the main source of riverine inorganic nutrients to the Laptev 
Sea and found strong contrasts in nutrient concentrations between surface and bottom waters near the Lena Delta 
in summer (Cauwet & Sidorov, 1996; Codispoti & Richards, 1968; Létolle et al., 1993). More recently, erosion 
of coastal soils was suggested to be another strong source of terrestrial nutrients to the water column (Fritz 
et al., 2017; Holmes et al., 2012; Sanders et al., 2022; Terhaar et al., 2019, 2021). The widely observed depletion 
of nutrients in the freshwater enriched surface layer has been attributed to water mass mixing and biological 
utilization by primary producers (Codispoti & Richards, 1968; Gordeev et al., 1996; Kattner et al., 1999; Létolle 
et al., 1993). The average annual primary productivity was recently reestimated at 125 mg C/m 2 per day for the 
entire Laptev Sea and maximum productivity rates were observed from May to July (Demidov et al., 2021). In 
situ remineralization of organic matter and associated nutrient release were invoked to explain high concentra-
tions particularly of DIP and DSi in the bottom layer (Cauwet & Sidorov, 1996; Codispoti & Richards, 1968; 
Létolle et al., 1993; Nitishinsky et al., 2007). Some DSi concentrations reported for bottom waters in the Lena 
estuary, however, exceeded the maximum amount attributable to phytoplankton decomposition (Codispoti & 
Richards, 1968), hinting at additional processes supplying nutrients to the water column. Thibodeau et al. (2017) 
suggested atmospheric nitrogen inputs to the bottom layer through admixture of brine-enriched dense waters 
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formed during seasonal sea ice growth. This winter process likely also affects the distribution of other dissolved 
organic and inorganic constituents in the Laptev Sea (e.g., Bauch et al., 2011; Hölemann et al., 2021; Laukert, 
Frank, Bauch, Hathorne, Gutjahr et al., 2017).

The fate of terrigenous nutrients such as those introduced to the Laptev Sea through the various Siberian rivers 
has been discussed on the pan-Arctic scale (Le Fouest et  al., 2013; Torres-Valdés et  al., 2013). A net export 
of DSi and DIP from the Arctic Ocean to the North Atlantic has been determined and has been attributed to 
riverine input sources in the case of DSi (Torres-Valdés et al., 2013). In contrast, the DIN budget was assumed 
to be balanced, supporting the observation of widespread DIN limitation in the Arctic Ocean (e.g., Tremblay & 
Gagnon, 2009; Tremblay et al., 2012, 2015) under the assumption that most of the utilized DIN is eventually 
regenerated in the water column and exported from the Arctic Ocean (Macdonald et al., 2010). DSi excess and 
DIN limitation are consistent with low removal rates (∼14%) of riverine DSi by phytoplankton when only river-
ine DIN is consumed (Le Fouest et al., 2013). However, diatom-dominated primary productivity in some regions 
of the Atlantic sector of the Arctic Ocean may also strongly deplete DSi due to a continuous supply of DIN from 
the deep pool (Codispoti et al., 2013; Duarte et al., 2021; Giesbrecht & Varela, 2021; Krause et al., 2019; Krisch 
et al., 2020; Sakshaug, 2004; Wheeler et al., 1997). In addition to the DSi-rich but DIN-poor “shelf-influenced” 
and the DSi-poor but DIN-rich “Atlantic” regimes, enhanced diatom productivity can establish a “Polar” regime 
with very low DSi and DIN concentrations (e.g., Fernández-Méndez et al., 2015; Flores et al., 2019). The distri-
bution of these regimes is strongly linked to upper ocean circulation in addition to primary productivity and 
hence subject to the influence of near-surface currents such as the TPD. Recently, Paffrath et al. (2021) identified 
two laterally and vertically separated source freshwater clusters within the TPD, corresponding to shelf waters 
with dominating freshwater contributions either from the Lena River (Lena domain) or the Yenisei and Ob 
rivers (Yenisei/Ob domain). Both domains mainly originate in the Laptev Sea, their current and future role in 

Figure 1.  (a) Bathymetric map of the Arctic Mediterranean (i.e., Nordic Seas and Arctic Ocean) with circulation scheme of surface currents (dashed white arrows), 
the Transpolar Drift (TPD, solid white arrow), and subsurface Atlantic and intermediate layers (solid red arrows) (modified after Rudels et al. (2012)) and the major 
riverine and marine nutrient sources (AW = Atlantic-derived water; NCW = Norwegian Coastal Water, and PAC = Pacific-derived water). The area shown in (b) 
is highlighted in turquoise. (b) Laptev Sea region with the Arctic Boundary Current (mean volume transport at 125°E is from Pnyushkov et al. (2021) and given in 
Sverdrup (Sv, in 10 6 m 3/s)) and potential freshwater pathways (mean annual freshwater transport for the Khatanga and Lena rivers is taken from R-ArcticNET http://
www.r-arcticnet.sr.unh.edu/ and for Kara Sea freshwater advected via the Vilkitsky Strait Current is taken from Janout et al. (2015)). Arctic Atlantic Water is modified 
AW at ∼200 m depth. Stations of this study (only for isotope samples, see main text) are shown as color coded symbols and station numbers. In addition to seawater 
samples recovered above and below the pycnocline, bottom water samples immediately above the undisturbed sediment-water interface were recovered at four stations 
in 2014 using a multicorer device.

http://www.r-arcticnet.sr.unh.edu/
http://www.r-arcticnet.sr.unh.edu/
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establishing and sustaining the various nutrient regimes therefore highly depends on the Laptev Sea's spatiotem-
porally variable hydrology and biogeochemistry.

The biogeochemistry of Si is of particular importance for biological productivity in the Laptev Sea, given 
that diatoms, the main primary producers consuming DSi, currently dominate the phytoplankton composition 
(Cremer, 1999; Fahl et al., 2001; Tuschling, 2000). In the near future, the DSi supply from land to the Arctic 
Ocean may increase due to enhanced weathering and riverine inputs (Tréguer et al., 2021 and references therein). 
However, the potential impact of this increase on primary productivity and hence the biological pump is unclear. 
In addition to nutrient concentrations, stable silicon (Si) isotope compositions of DSi (expressed as δ 30SiDSi) 
may provide further information on Si sources, utilization, and cycling (e.g., Sutton et al., 2018) given that Si 
isotopes are fractionated during diatom growth due to preferential incorporation of the light isotopes into the 
diatom frustules (de la Rocha et al., 1997). To date no δ 30SiDSi data have been reported for the Siberian Interior 
Shelf Seas (i.e., the Kara, Laptev, and East Siberian Seas) but δ 30SiDSi distributions in other shallow and deep 
regions of the Arctic Ocean confirm the viability of Si isotopes to trace Si utilization and cycling in the northern 
high latitudes (Brzezinski et al., 2021; Debyser et al., 2022; Giesbrecht et al., 2022; Liguori et al., 2020, 2021; 
Varela et  al., 2016). Recently, Brzezinski et  al.  (2021) and Liguori et  al.  (2021) reported relatively high DSi 
concentrations accompanied by heavy δ 30SiDSi values for TPD waters, which they attributed to riverine DSi 
inputs on the Siberian Shelf and biological DSi utilization. The combination of these processes could also explain 
similar DSi-δ 30SiDSi characteristics in the East Greenland Current at Fram Strait, consistent with the export of 
DSi from the Siberian Interior Shelf Seas to the North Atlantic (Debyser et al., 2022). Brzezinski et al. (2021) 
also presented a preliminary Si isotope budget for the Arctic Ocean, which is only balanced if effective burial of 
frustules with exceptionally light δ 30Si occurs on the shelves. The δ 30SiDSi signatures of the marine (Brzezinski 
et al., 2021; Liguori et al., 2020, 2021; Varela et al., 2016) and riverine (Mavromatis et al., 2016; Pokrovsky 
et al., 2013; Sun et al., 2018) DSi sources contributing to the Laptev Sea are well constrained. Therefore, an 
important condition for verifying the above assumptions and for studying the Si biogeochemical cycle based on 
δ 30SiDSi signatures is fulfilled for the Laptev Sea.

In this study, we investigate the impacts of external nutrient inputs, conservative mixing and nutrient utilization, 
and cycling on nutrient distributions in the Laptev Sea with a specific focus on the biogeochemical cycle and 
the isotopic distribution of Si, based on samples recovered in winter 2012 and the summers of 2013 and 2014 
(Figure  1). To determine nonconservative nutrient changes (i.e., changes beyond preformed values expected 
from external nutrient inputs and conservative mixing), we employed a water component analysis established 
previously for the same years and samples (Laukert, Frank, Bauch, Hathorne, Gutjahr et al., 2017). Based on 
the calculated changes in nutrient concentrations and δ 30SiDSi from preformed to measured values, we suggest 
that combined external inputs, seasonal hydrographic changes, and biological and biogeochemical processes 
signifi cantly affect nutrient distributions in the Laptev Sea. Anticipated near-future changes in these distributions 
will have strong implications for nutrient export to and nutrient bioavailability in the TPD.

2.  Materials and Methods
2.1.  Sample Collection and Treatment of Isotope Samples

All samples reported here were collected during two summer expeditions in 2013 and 2014 (Transdrift 21 and 
22, respectively) and during one winter expedition in 2012 (Transdrift 20) (Figure 1). The summer samples were 
recovered across the entire Laptev Sea shelf and above the shelf slope (down to ∼310 m depth) along with CTD 
(conductivity, temperature, depth) profiles with an SBE 32 rosette water sampler equipped with 12 Niskin bottles 
(2.5 L) under ice-free conditions on board the Russian research vessel RV Viktor Buynitskiy. Most stations of the 
2013 expedition were reoccupied in 2014 enabling direct interannual comparison. Comparing summer and winter 
data further allows the determination of seasonal variations. Sampling in winter 2012 was conducted with 2 L 
Niskin-type bottles at three ice camps in the landfast ice area east and northeast of the Lena Delta. Concentrations 
of DIN ([DIN]), DIP ([DIP]), and DSi ([DSi]) were obtained from small-volume samples recovered at a high 
vertical resolution (hereafter referred to as nutrient samples). In addition, large-volume (10 L) seawater samples 
were recovered during the two summers and the winter for isotope measurements at the same stations but at a 
lower resolution, from different casts and at slightly different depths (hereafter referred to as isotope samples). 
Where possible, one isotope sample from the surface mixed layer and one isotope sample from the bottom layer 
were collected at each station to include waters present above and below the pycnocline. In addition, four bottom 
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water isotope samples directly above the undisturbed sediment-water interface were recovered in 2014 with a 
multicorer device (MUC).

Isotope samples collected in the summer of 2013 and 2014 were immediately filtered through AcroPak TM500 Capsules 
containing sequential 0.8/0.2 μm Supor® membrane filters and stored in acid-cleaned LDPE-Cubitainers before they 
were acidified to pH ∼2.2 with ultrapure concentrated HCl at the Otto-Schmidt Laboratory in St. Petersburg, Russia. 
Samples obtained during the winter expedition in 2012 were treated similarly, except that they were filtered through 
0.45  μm Millipore® cellulose acetate filters using a peristaltic pump and subsequently acidified after transport 
to the home laboratory at GEOMAR, Kiel. Aliquots of the isotope samples have been used to determine selected 
provenance tracers (neodymium and oxygen isotopes) and dissolved rare earth elements (REEs), whose distribu-
tion is reported and discussed by Laukert, Frank, Bauch, Hathorne, Gutjahr et al. (2017). In our study, 0.01–0.1 L 
aliquots of these geochemically well-characterized samples have been used for the determination of dissolved stable 
Si isotopes (δ 30SiDSi) and the corresponding [DSi]. These aliquots were separated into 1 L acid-cleaned LDPE-bottles 
and kept in the dark for less than five years before final treatment and analysis (Sections 2.2 and 2.3).

2.2.  Nutrient Concentrations

All concentrations presented in this study were measured following the procedures by Grasshoff et al. (1999). 
Nutrient samples recovered in 2012 and 2013 were frozen at −20°C directly after collection, whereas samples 
recovered in 2014 were measured directly onboard with a KFK-3 spectrophotometer. Frozen samples (from 2012 
to 2013) were transported to the Otto-Schmidt Laboratory in St. Petersburg and nutrient concentrations were 
analyzed using a Skalar San + nutrient autoanalyzer. To allow for direct comparison with δ 30SiDSi values [DSi] was 
remeasured on filtered and acidified subsamples of all (2012, 2013, and 2014) the isotope samples at GEOMAR, 
Kiel, using a nutrient autoanalyzer system (QuAAtro, SEAL Analytical).

The quality of the nutrient data was ensured by continuous measurements of certified reference material NMIJ 
CRM 7602a provided by the National Metrology Institute of Japan and in addition assessed by a comparison of 
concentrations in deeper waters (between 150 and 300 m) with published data from independent surveys conducted 
in or near the study region (Table S1). At such depths, similar concentrations can be expected due to smaller spatial 
and temporal variations. For comparison, we used data from samples collected in 2015 along a 125°E Laptev Shelf 
slope transect (data from the Nansen and Amundsen Basin Observation System II, NABOS-II; https://arcticdata.
io) and from the central Arctic Ocean (data from RV POLARSTERN expedition PS94, ARK-XXIX/3, stations 
58–134; van Ooijen et al., 2016). Our mean [DIP] and [DSi] are within error identical with the data from these open 
ocean surveys, while [DIN] on average is lower by ∼4 μM for 2013 and by ∼2 μM for 2014. Thibodeau et al. (2017) 
reported [DIN] data from samples used for nitrogen isotope analysis collected independently during the same 
summer expedition in 2014 that are overall identical within error with our data from the same expedition. In 
addition, Schulz et al. (2022) recently reported similarly low [DIN] at the Laptev Sea margin for 2018. Therefore, 
we conclude that the differences observed in [DIN] between the open ocean surveys conducted in 2015 and our 
surveys in 2013 and 2014 are linked to slight hydrological differences rather than sample treatment and analysis.

In order to allow for an assessment of nutrient distributions based on a water component analysis developed by 
Laukert, Frank, Bauch, Hathorne, Gutjahr et al. (2017) using the same samples and to enable comparison of the 
nutrient data with dissolved δ 30SiDSi and other parameters (e.g., dissolved REEs), we linearly interpolated the 
original high-resolution nutrient data on the isopycnal surfaces based on the two nearest nutrient values above 
and below each surface (measured and interpolated values are <2 m apart in surface waters and <10 m below 
the pycnocline). Despite differences observed for individual samples, the interpolated high-resolution [DSi] data 
agree well (R 2 = 0.85) with [DSi] determined in the isotope samples. The differences (up to 50% for individual 
samples) are likely either caused through nutrient and isotope sample recovery from different casts and at slightly 
different depths or through reactive DSi loss after frozen storage (Becker et al., 2020), which might have affected 
the nutrient samples recovered in winter 2012 and summer 2013. To avoid the latter issue, we use [DSi] obtained 
from the filtered and acidified isotope samples for our water component analysis. Given that [DIN] and [DIP] 
have not been determined in the isotope samples, a comparison for these nutrients is not possible.

2.3.  Silicon Isotopes

The validity of the entire preconcentration, purification, and measurement procedures for dissolved Si isotope 
analysis applied in our study was confirmed through participation of our laboratory in the international 

https://arcticdata.io
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GEOTRACES Si isotope intercalibration study (Grasse et al., 2017) and is reported in detail in the Supporting 
Information (Text S1 in Supporting Information S1). In brief, samples were first treated with ultraviolet light 
(254 and 365 nm, UV hand lamp from Herolab GmbH, reference 2950740) and diluted (0.1%) hydrogen perox-
ide (H2O2) to destroy dissolved organic matter (Hughes et al., 2011). Silicon was preconcentrated applying the 
magnesium-induced coprecipitation (MAGIC) method using sodium hydroxide based on the method by Karl and 
Tien (1992) modified by Reynolds et al. (2006) (see also Ehlert et al., 2012; Grasse et al., 2013). The samples 
were purified chromatographically using a cation exchange resin (BIORAD® AG50W-X8 resin, 200–400 μm 
mesh size, 1.0 mL resin bed) following the procedure described by Georg et al. (2006) and modified by de Souza 
et al. (2012). Silicon isotope measurements were performed on the Nu Instruments™ Nu Plasma II MC-ICPMS 
at GEOMAR equipped with an adjustable source-defining slit set at medium-resolution mode for separation of 
the  30Si beam from molecular interferences. The Si isotope compositions are reported in the δ-notation, which 
represents the parts per thousand deviation of the sample ratio from that of the NIST standard NBS28 as follows: 
δ 30Si =  [(( 30Si/ 28Si)sample/( 30Si/ 28Si)NBS28)−1]*1,000. For each sample, the number of analytical replicates (n), 
individual sessions (S), and chemical preparations (N) is provided in the Supporting Information (Data set S1 
in Supporting Information S1). The external reproducibility is reported as 2σ standard deviation (2 SD) of all 
analytical replicates of the mean δ 30Si value, ranging between 0.12 and 0.33‰ for all samples. The long-term 
external reproducibility of repeated measurements of the NBS28 standard was within the long-term precision 
of ±0.20‰ (2 SD), which represents the error bars provided for the majority of the δ 30SiDSi data of our study, 
except for the few samples with individual 2 SD larger than ±0.20‰ for which the individual 2 SD was used as 
error bars of the δ 30SiDSi data. All measurements show the expected mass-dependent Si isotope fractionation. For 
several well-established standard liquid and solid reference materials, a very good agreement with the consensus 
values of Reynolds et al. (2007) and Grasse et al. (2017) is observed (see Text S1, and Figure S1 in Supporting 
Information S1).

2.4.  Silicon Isotope Fractionation: Closed Versus Open System Model

Rayleigh (closed) and steady-state (open) models can be applied to describe Si isotope fractionation ( 30ε) during 
consumption of DSi by diatoms (e.g., de la Rocha et al., 1997; Ehlert et al., 2012). The Rayleigh model assumes 
a closed system with a single DSi input from external sources, described by δ 30SiDSi = δ 30SiDSi_0 +  30ε × ln f. 
In contrast, the steady-state model assumes an open system with a continuous supply of nutrients from external 
sources balanced by continuous removal by diatom productivity (i.e., input = output), which is described by δ 30

SiDSi = δ 30SiDSi_0 +  30ε × (1−f). In both equations, δ 30SiDSi corresponds to the measured Si isotope composition of 
the samples, while δ 30SiDSi_0 represents the corresponding initial or preformed compositions expected from DSi 
inputs and conservative behavior during mixing. The fraction of remaining [DSi] in solution relative to the initial 
concentration is described by f = [DSi]/[DSi]0, where [DSi] and [DSi]0 are analogous to δ 30SiDSi and δ 30SiDSi_0. 
The calculation of δ 30SiDSi_0 and [DSi]0 is provided in Section 2.5. Note that Lena River estuary waters with 
δ 30SiDSi < +2‰ have likely been strongly influenced by DSi redistribution due to sea ice formation and melting 
and thus are excluded from the calculation of  30ε.

2.5.  Water Component Analysis, End-Member Values, and Preformed Nutrient and δ 30Si Characteristics

The difference between the observed nutrient concentrations and Si isotope values and the values expected 
from external inputs and water mass mixing ([nutrient]0 and δ 30SiDSi_0, respectively; hereafter also referred to as 
preformed concentrations and Si isotope compositions) are determined based on the water component analysis of 
Laukert, Frank, Bauch, Hathorne, Gutjahr et al. (2017). The analysis is based on multiple parameters including 
salinity, stable oxygen and radiogenic neodymium isotopes, and includes the calculation of the initial salinity 
corresponding to the salinity expected without the influence of sea ice formation and melting based on oxygen 
isotope data. This salinity is combined with dissolved neodymium isotope signatures to determine the preformed 
Nd concentration and the contributions of the major sources (see below) by applying their end-member values 
(Table  1) and iteratively solving a set of mass balance equations (Laukert, Frank, Bauch, Hathorne, Gutjahr 
et al., 2017). Salinity and oxygen isotopes are also used to calculate the fractions (f) of river water (fRIV) and sea 
ice meltwater (fSIM).

Arctic Atlantic Water (AAW), Lena River freshwater (L), and Kara Sea freshwater (KS, essentially Yenisei 
and Ob River water) are the three major end-members that contribute to the mixture of waters in the Laptev 
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Sea (Figure  1). We use the fractions of these end-members calculated by Laukert, Frank, Bauch, Hathorne, 
Gutjahr et  al.  (2017) to determine preformed nutrient concentrations and dissolved Si isotope compositions. 
The end-member values for δ 30SiDSi and [nutrient] (Table 1) are well constrained: For AAW, we use the aver-
age values of the two samples from approximately 200 m water depth (VB14/17/1/5 and VB13/03/6/190) with 
typical θ-S characteristics of AAW (Laukert, Frank, Bauch, Hathorne, Gutjahr et al., 2017; Rudels et al., 2012). 
All nutrient concentrations of our AAW end-member are well in line with literature data and the general 
circulation scheme of the open Arctic Ocean (see Section  2.2). The corresponding Si isotope composition 
(δ 30SiDSi = +1.99 ± 0.07‰) is within error identical to the value reported by Varela et al. (2016) for AAW in the 
Canada Basin (δ 30SiDSi = +2.04 ± 0.11‰). Note that these δ 30SiDSi values are heavier than the value reported 
for “pristine” Atlantic Water (AW) entering the Arctic Ocean (δ 30SiDSi ∼ +1.5–1.7‰) and “modified” AAW 
circulating in the central Arctic Ocean (δ 30SiDSi ∼ +1.6‰) (Debyser et al., 2022; Liguori et al., 2020), likely due 
to admixture of dense and productive waters from the Barents and Kara Seas to (A)AW at the Laptev Shelf slope 
(e.g., Laukert, Frank, Hathorne et al., 2017, 2019). End-member values for the Lena River summer and winter 
δ 30SiDSi are an average of summer signatures (+0.86‰) and the heaviest winter signature (+1.86‰), respec-
tively, and are adapted from Sun et al. (2018), while for the Yenisei River the average summer signature (+1.6‰) 
is adapted from Mavromatis et al. (2016). The selection of the heaviest winter signature for Lena River winter 
inputs serves the purpose of identifying relative rather than absolute changes in δ 30SiDSi. The value of the Yenisei 
River is subsequently applied as the KS end-member (Table 1). No δ 30SiDSi data are available for the Ob River 
but no significant difference is expected between Ob and Yenisei isotope signatures, given that both rivers drain 
similar lithologies (Pokrovsky et al., 2013). In addition, no significant difference exists between the average [DSi] 
of these two rivers (∼84 μM; calculated based on [DSi] and seasonal discharge data from the Arctic Great River 
Observatory, http://www.arcticgreatrivers.org/data.html) and the [DSi] reported by Mavromatis et al. (2016) for 
the Yenisei River (∼82 μM). The end-member values for [DIN] and [DIP] are also provided in Table 1 and were 
calculated in the same way as for [DSi], except that for the Lena River concentrations and seasonal discharge data 
were also taken from the Arctic Great River Observatory.

The preformed nutrient concentrations are based on the above-described water component analysis and the three 
end-members and are calculated as [nutrient]0 = fAAW*[nutrient]AAW + fL*[nutrient]L + fKS*[nutrient]KS, where f and 
[nutrient] are the fractions and the concentrations of the corresponding water component, respectively. The difference 
btween preformed concentrations to measured concentrations (i.e [nutrient]—[nutrient]0) is expressed as Δ[nutrient] 
in percent, with negative and positive numbers reflecting nutrient deficiency and excess, respectively. Zero percent 
change means that the observed concentrations can be entirely attributed to conservative nutrient behavior resulting 
from nutrient supply and mixing. Note that the calculation of Δ[nutrient] only accounts for net excess or deficiency of 
nutrient concentrations and does not provide direct information on multiple consecutive nutrient enrichment or deple-
tion phases. We estimate the absolute uncertainty for Δ[nutrient] to be 15% for all nutrients based on the accuracy and 
precision of the nutrient measurements and the uncertainties associated with the water component analysis (Laukert, 
Frank, Bauch, Hathorne, Gutjahr et al., 2017). The calculation of preformed δ 30SiDSi_0 is performed analogous to that 
of [nutrient]0 by solving the following equation: δ 30SiDSi_0 = (fAAW*δ 30SiDSi_AAW*[DSi]AAW +  fL*δ 30SiDSi_L*[DSi]L   
+  fKS*δ 30SiDSi_KS*[DSi]KS)/(fAAW*[DSi]AAW  +  fL*[DSi]L  +  fKS*[DSi]KS). The difference between δ 30SiDSi_0 and 
δ 30SiDSi is reported as Δδ 30SiDSi and calculated analogous to Δ[nutrient] but instead of percentages it is reported in ‰.

End-members Salinity δ 18O εNd [DIN] (μM) [DIP] (μM) [DSi] (μM) δ 30SiDSi (‰) [DSi]DIN* (μM)
[DIP]DIN* 

(μM)

Arctic Atlantic Water — AAW 34.85 a 0.2 a −9.9 ± 0.34 a 9.00 a 0.80 a 4.89 a +1.99 ± 0.28 a −4.1 g 0.24 h

Kara Sea freshwater — KS 0 −20 b −6.0 ± 0.42 c 1.39 d 0.09 d 82.3 e +1.6 ± 0.25 e 80.9 g 0.00 h

Lena River summer end-member — LS 0 −20 b −15.7 ± 0.19 c 1.34 d 0.11 d 68 f +0.86 ± 0.3 f 66.7 g 0.03 h

Lena River winter end-member — LW 0 −20 b −16.7 ± 0.32 c 4.43 d 0.16 d 141.4 f +1.86 ± 0.08 f 137.0 g −0.12 h

 aAverage of the two samples VB14/17/1/5 and VB13/03/6/190 with typical θ -S characteristics of AAW (θ > 0°C and S ≈ 34.85) at the Laptev slope (see also Laukert, 
Frank, Bauch, Hathorne, Gutjahr et al. (2017); Laukert, Frank, Bauch, Hathorne, Rabe et al. (2017)).  bValues taken from Bauch et al. (2010).  cValues taken from Laukert, 
Frank, Bauch, Hathorne, Rabe et al. (2017).  dCalculated based on seasonal discharge and concentration data from the Arctic Great River Observatory, http://www.
arcticgreatrivers.org/data.html. For KS + Ls we calculated averages of the spring freshet periods from 2013 to 2014. For Lw we used winter data from 2011.  eValues 
taken from Mavromatis et al. (2016).  fValues taken from Sun et al. (2018).  gcalculated as [DSi]DIN* = [DSi] − [DIN].  hcalculated as [DIP]DIN* = [DIP] − ([DIN]/16).

Table 1 
End-Member Compositions of Nutrient Sources Applied in This Study

http://www.arcticgreatrivers.org/data.html
http://www.arcticgreatrivers.org/data.html
http://www.arcticgreatrivers.org/data.html
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To predict which nutrient becomes limiting for phytoplankton growth, we calculate nutrient concentrations relative 
to typical phytoplankton requirements (Moore, 2016 and references therein). The distributions of DIP and DSi rela-
tive to DIN ([nutrient]DIN*) are derived as follows [DIP]DIN* = [DIP] − ([DIN]/16) and [DSi]DIN* = [DSi] – [DIN]. 
The end-member values of [DIP]DIN* and [DSi]DIN* are provided in Table 1. The preformed DIP and DSi distribu-
tions relative to DIN ([DIP]DIN*_0 and [DSi]DIN*_0, respectively) are calculated identically, except that [nutrient]0 
is used instead of [nutrient]. The differences between [nutrient]DIN*_0 and [nutrient]DIN* are calculated analogous 
to Δ[nutrient] and reported as Δ[nutrient]DIN* in μM. [nutrient]DIN*, [nutrient]DIN*_0, and their difference can only 
be calculated for the summer samples due to the lack of DIN data from the winter expedition.

3.  Results
3.1.  Hydrography and Water Mass Distribution

For the investigated years the hydrography and the distribution of the major water mass components (AAW, L, KS) 
have been described elsewhere in detail (Janout et al., 2015, 2017, 2020; Laukert, Frank, Bauch, Hathorne, Gutjahr 
et al., 2017) and therefore are only briefly summarized here. Sampling in winter 2012 was geographically restricted 
to a comparatively small area near the Lena River Delta, which was marked by a stratified water column comprising 
surface waters with near-freezing temperatures and a wide range of salinities (∼6–20), and warmer and saltier bottom 
waters. In contrast, sampling during the summers of 2013 and 2014 was conducted across the entire Laptev Sea. It 
revealed hydrographic conditions that differed fundamentally between the two years, representing the two extreme 
hydrographic modes generally observed in the Laptev Sea: Onshore-directed winds in summer 2013 caused spread-
ing of Lena River freshwater throughout much of the eastern and central Laptev Shelf, while strong southerly winds 
in summer 2014 diverted much of the freshwater to the northeast. This setting resulted in a reduction of fRIV by ∼50% 
and a significantly weaker stratification in the central and southeastern Laptev Sea compared with the previous year 
(Janout et al., 2020). This shift is also reflected in the surface salinity, which in September 2013 reached only ∼5 
in the east and ∼18 on the central shelf, while in September 2014 it was significantly higher (S > 20) (Figure 2). In 
contrast to the central and southeastern shelf, the northwestern Laptev Sea near Vilkitsky Strait had higher surface 
salinities in 2013 (S ∼28) than in 2014 (S ∼22), consistent with a stronger contribution of KS via the Vilkitsky Strait 
Current as evidenced by higher fRIV and fKS (reaching 20%) above the southern slope of the Vilkitsky Trough in 2014. 
Surface temperatures on the central shelf in both years reached maximum values at ∼4.5°C, while bottom waters 
had near-freezing temperatures (∼−1.8°C). The depth of the seasonal pycnocline was generally shallower in the 
southeast Laptev Sea and deepened (10–35 m) with distance from the Lena River Delta. Waters below 60 m depth 
at the Laptev Sea shelf break had salinities above 34 in both years and temperatures ranging between −1.7°C and 
1.7°C, with warmest and saltiest (S = 34.85) waters forming the core of AAW at ∼200 m depth. Sea-ice meltwater 
(positive fSIM) was encountered in surface waters of the northwestern Laptev Sea during both summers (fSIM up to 
11%), while a brine signal (negative fSIM) dominated the central and eastern Laptev Sea (fSIM reaching −12%). Below 
the pycnocline, variable brine signals dominated the bottom water layer during both summers.

3.2.  Nutrient Concentrations, Relationships, and Si Isotope Compositions

In summer, surface nutrient concentrations are generally highest in the southeastern Laptev Sea near the Lena 
Delta and gradually decrease toward the northern and northwestern Laptev Sea (Figure 2). On average, surface 
concentrations were higher in 2013 compared to 2014, particularly in the southeastern Laptev Sea, which in 
2013 was marked by lower surface salinities reflecting a larger fL (Figure 2). Each nutrient exhibits a unique 
water column distribution that was similar in both summers and was marked by highly variable concentra-
tions on the shelf (<∼60  m depth) but essentially constant concentrations above the shelf slope (>∼60  m 
depth) (Figure 3). Summer [DSi] ranged between 0.44 and 54.9 μM and is only weakly correlated with salin-
ity (R 2 = 0.31) but moderately correlated with fL (R 2 = 0.69). Summer [DSi] is not correlated with [DIN] or 
[DIP] and both nutrients are only weakly correlated with one another (R 2 = 0.42). For samples with river frac-
tions >10%, however [DSi] is weakly correlated with [DIP] (R 2 = 0.27) and moderately correlated with [DIN] 
(R 2 = 0.51). Summer [DIN] and [DIP] range from zero to 11.6 μM and from 0.08 to 1.4 μM, respectively, while 
winter nutrient concentrations are significantly higher with [DSi] and [DIP] reaching 136.5 μM (isotope sample 
with lowest surface salinity and highest fL) and 4.7 μM (bottom layer sample with high salinity), respectively.

The summer distributions of DIP and DSi relative to DIN ([DSi]DIN* and [DIP]DIN*) range between −0.1 and 
0.9 μM and between −5.9 and 52 μM, respectively (Figure 4). [DIP]DIN* are highest in bottom water samples with 
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Figure 2.  Surface distribution of salinity (Janout et al., 2015, 2020), dissolved inorganic nitrogen ([DIN]), dissolved inorganic phosphorus ([DIP]), and silicic 
acid concentrations ([DSi]) for the summers of 2013 and 2014. Silicon isotope signatures (δ 30SiDSi) are reported as numbers next to the color coded [DSi].
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fRIV ∼10%, whereas lowest [DIP]DIN* are calculated for the surface samples, 
which on average have a [DIP]DIN* value of 0.2 μM. In contrast [DSi]DIN* are 
highest in surface samples with the highest fRIV in the southeastern Laptev 
Sea, whereas lowest [DSi]DIN* are determined for bottom water and shelf 
slope samples in the northeastern Laptev Sea. [DIP]DIN* correlates with fRIV 
neither in the surface nor in the bottom layer (R 2 < 0.2), while [DSi]DIN* 
decreases in both layers with decreasing fRIV (R 2 = 0.86 and 0.53 for surface 
and bottom water samples, respectively) reaching 0.8 μM in the surface layer 
(station 2, 2014). Highest [DSi]DIN* values in the bottom layer (up to 34 μM) 
are calculated for the samples with the highest [DIP]DIN*.

The δ 30SiDSi signatures are similar for both summers ranging between +0.91 
and +3.82‰. Lowest δ 30SiDSi values are observed in surface waters near 
the Lena River Delta and highest values are confined to surface waters of 
the northern and northwestern Laptev Sea (Figure  2). δ 30SiDSi variability 
decreases with water depth reaching constant signatures around +2‰ at the 
Laptev Shelf slope (>60  m depth) (Figure  3). The surface δ 30SiDSi signa-
tures are negatively correlated with [DSi] obtained from the isotope samples 
(R 2  =  0.72, Figure  5a) and positively with initial salinity S0 (R 2  =  0.69), 
while no strong correlations are observed below the pycnocline. δ 30SiDSi 
and [DSi] measured in winter samples collected near the Lena Delta devi-
ate strongly from the summer distribution, with a high range in [DSi] 
(33–136.5 μM) and less variable δ 30SiDSi values ranging between +1.48‰ 
and +1.74‰. In winter, the highest δ 30SiDSi (+1.74‰) was associated with 
the highest [DSi] (136.5 μM).

3.3.  Deviations From Preformed Nutrient Concentrations and δ 30SiDSi 
Compositions

Large differences exist between the observed and preformed summer 
concentrations (Δ[nutrient]) (Figures 3 and 6). Apart from two samples with 
highest fL (stations 19 and 20 from 2013), surface samples are marked by 
pronounced DIN loss (Δ[DIN] < −35%), which increases from the south-
eastern toward the northwestern Laptev Sea until complete DIN removal is 

Figure 3.  Dissolved inorganic nitrogen ([DIN]), dissolved inorganic phosphorus ([DIP]), and silicic acid ([DSi]) concentrations as well as dissolved stable silicon 
isotopes (δ 30SiDSi) plotted against depth. Error bars for δ 30SiDSi represent the long-term precision of ±0.20‰ (2σ) or individual sample error in case it is higher. Note 
that [DIN] and [DIP] for the isotope samples were interpolated from concentrations obtained from the nutrient samples, while [DSi] was determined in the isotope 
samples. Estimated preformed [nutrient] and δ 30SiDSi values are shown in addition and correspond to the concentrations and isotope signatures expected from external 
inputs and conservative behavior based on a previously developed water component analysis (Laukert, Frank, Bauch, Hathorne, Gutjahr et al., 2017).

Figure 4.  (a) [DIP]DIN* ([DIP] − ([DIN]/16)) and (b) [DSi]DIN* 
([DSi] − [DIN]) plotted against the river fraction fRIV calculated based on 
salinity and oxygen isotopes. For better data illustration, a logarithmic scale is 
used for fRIV. For interpretation of the trends, see Section 3.2.
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reached (Δ[DIN] = −100%). The distributions of DIP and DSi loss are similar, except that complete removal 
is not achieved (Δ[DIP] and Δ[DSi] only reach −86% and −90%, respectively). Pronounced but overall smaller 
loss of all nutrients is also observed in bottom water samples recovered in the northwestern Laptev Sea (Δ[DIN], 
Δ[DIP], and Δ[DSi] reach −95%, −57%, and −85%, respectively). In contrast, bottom water samples recovered in 
the southeastern Laptev Sea beneath the Lena River plume are marked by strong DIP and DSi excesses (Δ[DIP] 
and Δ[DSi] reach +89% and +240%, respectively). Weak local DSi enrichment is also observed in the north-
western Laptev Sea (Δ[DSi] ∼ +10%). Above the Laptev Shelf slope at depths >60 m, no significant changes 
between measured/interpolated and preformed concentrations are observed and the Δ[nutrient] values scatter 
around zero % (Figures 6a–6c).

A moderate correlation between Δ[DSi] and fRIV exists for the surface samples (R 2 = 0.63) but samples with fRIV 
∼40% deviate toward weaker DSi loss (Figure 6f), a trend that is also observed for the loss distributions of DIN 
and DIP (Figures 6d and 6e). Samples with DIP and DSi excess beneath the Lena River plume also have elevated 
fRIV (up to ∼10%) and negative fSIM. Positive fSIM are only present in some of the surface samples (Figures 6g–6i). 
Δ[DSi] of the winter samples varies between +15 and −45% when the winter end-member is applied for the Lena 
River.

Differences also exist between the observed and preformed DIP and DSi distributions relative to DIN (see differ-
ence between observed and preformed values in Figure 4). Highest Δ[DIP]DIN* values are determined for the 
bottom water samples reaching 0.7 μM in 2013 at station 17. In contrast, the lowest Δ[DIP]DIN* values are calcu-
lated for the surface samples reaching −0.3 μM in 2013 at station 9. The trend in [DIP]DIN* (decrease with decreas-
ing fRIV) is mirrored in [DSi]DIN*_0 but marked deviations from the preformed deficiency distribution exist for the 
surface and the bottom layer. Essentially all surface samples have negative Δ[DSi]DIN* reaching −14.3 μM in the 
sample with the lowest Δ[DIP]DIN*. In contrast, almost all shelf bottom water samples have positive Δ[DSi]DIN*  
values reaching 30.2 μM in the sample with the highest Δ[DIP]DIN*.

The difference between δ 30SiDSi_0 and δ 30SiDSi (Δδ 30SiDSi) for the summer samples ranges between 0 and +2‰ 
(Figure 5b). Samples with the lowest Δ[DSi] have the highest Δδ 30SiDSi, meaning that DSi loss is accompanied 
by a shift toward heavier δ 30SiDSi values. Summer bottom samples with marked DSi excess have Δδ 30SiDSi rang-
ing between 0 and +0.5‰. This range in Δδ 30SiDSi also applies to the winter samples, provided that the summer 
end-member for the Lena River is used. The winter samples have Δδ 30SiDSi around −0.25‰ at Δ[DSi] scattering 
between 0% and −50% when the winter end-member is applied for the Lena River.

Figure 5.  (a) Three end-member mixing diagrams showing the dissolved stable Si isotopes (δ 30SiDSi) plotted against silicic 
acid concentrations ([DSi]). In general, the summer end-member values were used, except for the winter samples for which 
primarily the winter end-member of the Lena River was applied. Samples that do not fall in the mixing triangle are clearly 
influenced by nonconservative processes (e.g., uptake and loss of DSi). (b) Change of preformed to measured Si isotope and 
DSi concentrations (Δδ 30SiDSi in ‰ and Δ[DSi] in %, respectively). For interpretation of these figures, see Section 4.1.1.
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4.  Discussion
4.1.  Mechanisms Controlling Nutrient Distributions in the Laptev Sea

4.1.1.  Marine and Riverine Inputs Versus Biological Uptake in Surface Waters

The summer distributions of macronutrients in the surface layer of the Laptev Sea reflect the interplay between 
marine (AAW) and riverine (L, KS) inputs and utilization by phytoplankton. Highest nutrient concentrations were 
encountered in the southeastern Laptev Sea in surface waters with lowest salinities and highest fRIV (Figure 2, in 
2013 reaching 4.7, 1.1, and 55.6 μmol/kg for [DIN], [DIP], and [DSi], respectively). These waters are marked by 
weaker or no nutrient loss (Δ[nutrient] ≈ 0%, Figure 6), suggesting conservative behavior and hence a dominant 
role of the contributing water masses and their mixing (L for DSi and AAW for DIN and DIP) in generating these 
high concentrations. Nutrient supply through erosion of coastal soils (Terhaar et al., 2021 and references therein) 
does not seem to have a major effect on the nutrient distributions as this would be likely reflected in markedly 

Figure 6.  Change of preformed to observed nutrient concentrations (Δ[nutrient], in percent) plotted against depth (a–c), the 
river water fraction fRIV (d–f), and the fraction of sea ice meltwater fSIM (g–i). Note that one winter sample has fRIV > 80% and 
thus plots outside the visible range in the Δ[DSi] plots (c, f, i). Samples with Δ[nutrient] > 0% are marked by nutrient excess, 
while samples with Δ[nutrient] < 0% exhibit nutrient deficiency compared to what can be expected from external nutrient 
inputs and conservative behavior (i.e., Δ[nutrient] = 0%). The absolute uncertainty for Δ[nutrient] is estimated at 15% for all 
nutrient changes (see Section 2.5 for more information).
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higher Δ[nutrient], given that our analysis does not account for such additional inputs. The dominance of the 
Lena River in supplying most of the DSi is further supported by low δ 30SiDSi values near the Lena River Delta 
(in 2013 reaching +0.91‰ at station 19, Figure 2) approaching those of the summer Lena River end-member 
(δ 30SiDSi = +0.86‰, Sun et al., 2018). Contributions of DIN and DIP through coastal erosion cannot be entirely 
excluded but will likely achieve a similar magnitude as the riverine inputs (Terhaar et  al.,  2021), which will 
be significantly smaller than inputs via advection of DIN- and DIP-rich AAW (Table  1). Highest surface 
Δ[DIN] around zero percent were calculated for the two samples with highest fRIV (>60%) recovered near the 
Lena River Delta (stations 19 and 20, 2013, see also Figure 6), which in the case of DIN argues against major 
additions through external sources other than those identified in our study.

Progressing nutrient utilization by phytoplankton toward the northern and northwestern Laptev Sea is evident 
from decreasing nutrient concentrations and increasing nutrient loss (i.e., Δ[nutrient] becomes more negative). 
This distribution suggests that the presence of Lena River freshwater has a profound effect on biological uptake, 
given that moderate correlations are observed for DIN (R 2 = 0.50), DIP (R 2 = 0.42), and DSi (R 2 = 0.63) between 
Δ[nutrient] and fRIV in the surface layer (Figures 6d–6f). For the northern Laptev Sea, our Si isotope fractionation 
model indicates closed system DSi uptake (see further below), consistent with a strong single DSi input during 
the spring freshet and no significant additions during the summer months when the Lena River discharge is low 
(Holmes et al., 2012). In contrast, there is little to no DSi loss in the southeastern Laptev Sea despite the highest 
productivity rates in the months prior to sampling. There, low DSi loss can either be attributed to the rapid and 
continuous influx of riverine nutrients during the summer months and/or to the influence of riverine freshwater 
and its constituents on light availability. Light-absorbing substances, such as colored dissolved organic matter, 
have high concentrations in the river plume (Heim et al., 2014; Hölemann et al., 2021) and limit the depth of the 
photic zone (Soppa et al., 2019). These substances may have suppressed nutrient utilization at high fRIV (>60%) 
and in addition to a continuous supply of river-borne nutrients during the summer months, helped maintain high 
nutrient concentrations below and possibly above the pycnocline (Demidov et al., 2021).

Scatter in the loss distributions of DIN and DIP in the Δ[nutrient]-fRIV space mainly results from weaker 
losses at fRIV = 30–40% compared to what can be expected from continuous utilization of river-borne nutrients 
(Figures 6d–6f). The corresponding surface samples were mainly recovered north of the Lena River Delta and 
had negative fSIM suggesting admixture of brine- and nutrient-rich waters (Figures 6g–6i, Section 4.1.2). Two 
bottom water samples collected below the pycnocline (station 13, 2013; station 18, 2014) have fRIV, fSIM, and 
Δ[nutrient] similar to these surface samples, which supports vertical exchange between the bottom waters and the 
surface mixed layer in this region. The strong stratification in the southeastern Laptev Sea generally dampens the 
effect of vertical mixing during the summer months (Bauch et al., 2012; Janout et al., 2020). However, multiple 
storms occurred shortly before and during the sampling campaigns in late September and may have temporar-
ily and locally weakened stratification (e.g., Kassens & Volkmann-Lark, 2013), likely enabling limited vertical 
exchange and upward supply of nutrient- and brine-rich bottom waters before pycnocline reestablishment. We 
therefore suggest that local storm-induced stratification breakdowns in late summer are responsible for stimulat-
ing primary productivity at fRIV <50% and thus far later than initial estuarine stimulation through direct nutrient 
inputs via the Lena River (Heiskanen & Keck, 1996).

Outside of the direct influence of the Lena plume, DIN additions to the photic layer must also have contributed 
to the strong drawdowns observed for DIP and DSi in the northwestern Laptev Sea, given that such drawdowns 
cannot be explained by biological utilization of riverine DIN only (see also Le Fouest et al., 2013). DIN inputs 
to the surface layer likely occur through admixture of DIN-rich (∼9 μM) AAW (Bauch & Cherniavskaia, 2018), 
whose contribution to the entire water column of the Laptev Sea is not only indicated by high [DIN] (reaching 
∼9 μmol/kg in the bottom layer) but also evidenced by high AAW fractions (reaching 90%) determined for the 
surface layer in this region. DIN addition from the deep marine pool to the surface layer is consistent with previous 
nutrient budget assessments (Nitishinsky et al., 2007) and likely attributable to wind- and storm-induced mixing 
and deepening of the pycnocline in late fall and early winter (Hölemann et al., 2011; Janout et al., 2016, 2020). 
The seasonal erosion of stratification homogenizes nutrient concentrations in the entire water column but has no 
effect on Δ[DIN], which therefore only reflects nutrient utilization. The photic zone outside the Lena plume can 
extend to a depth of 30 m (Demidov et al., 2014; Mosharov, 2010; Sorokin & Sorokin, 1996), which is consistent 
with low [DIN] and elevated DIN loss due to nutrient utilization observed in the upper 20–30 m of the water 
column during both summers. However, strong nutrient loss is also observed below the photic zone (Δ[DIN] 
reaches −95% in bottom waters of the southwestern Laptev Sea). This loss likely results from homogenization of 
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the depleted summer water column during downward progression of the pycnocline, a process that occurs only 
outside the river plumes and is therefore largely confined to the northern Kara Sea and the northwestern Laptev 
Sea. This suggests that preformed nutrient levels, as expected from conservative behavior (i.e., external inputs 
and water mass mixing), particularly in the northwestern Laptev Sea, are unlikely to be reached due to strong 
utilization. Denitrification in the water column may also lead to pronounced DIN loss but is not expected to occur 
in the water column of the well-oxygenated Laptev Sea (Thibodeau et al., 2017). The exact impact of sedimentary 
denitrification (e.g., Sun et al., 2021; Tanaka et al., 2004) on the DIN distribution in the entire Laptev Sea remains 
to be investigated in dedicated process studies.

DIN is considered the limiting nutrient for primary producers in the Siberian Interior Shelf Seas including the 
Laptev Sea (Dittmar & Kattner, 2003; Kattner et al., 1999; Nitishinsky et al., 2007; Pivovarov et al., 2005; Reyes & 
Lougheed, 2018; Thibodeau et al., 2017), consistent with complete DIN utilization (Δ[DIN] = −100%) in the photic 
layer observed at a few stations in the northwestern Laptev Sea in 2013 and multiple stations in 2014 in the northern 
and central Laptev Sea (Figures 2, 3, and 6a). The loss distributions of DIP and DSi mirror that of DIN during both 
summers, with strongest drawdowns (Δ[DIP] and Δ[DSi] both reach up to ∼−90%) observed in DIN-limited regions 
where [DIP] and [DSi] reach 0.1 and 0.4 μmol/kg, respectively (Figures 2, 3, 6b, and 6c). However, despite widespread 
DIN limitation the demand of DSi may be higher for diatoms than that of DIN, as can be inferred from [DSi]DIN*, a 
parameter used to relate DSi to DIN uptake and hence to derive DSi deficiency relative to that of DIN (Moore, 2016 
and references therein). In presence of adequate light and nutrient availability, diatoms generally incorporate Si and N 
in a molar ratio of 1:1, which results in [DSi]DIN* ≥ 0 (Brzezinski, 1985; Ragueneau et al., 2000). In the surface waters 
of the Laptev Sea [DSi]DIN* decreases from the southeastern to the northwestern Laptev Sea, where [DSi]DIN* reaches 
values as low as ∼0.8 μmol/kg (Figure 4b; Figure S2 in Supporting Information S1). This decrease partly reflects 
mixing between the riverine freshwater and AAW, given that the river end-members have much higher [DSi]DIN* 
(>∼65 μmol/kg) compared to AAW (∼−4.1 μmol/kg). However, by applying our water component analysis, we can 
eliminate the effect of source inputs and mixing. This allows us to determine negative Δ[DSi]DIN* (reaching −14.3 μM) 
for essentially all surface samples, indicating preferential DSi utilization in the surface layer of the Laptev Sea (see 
discussion below). Only a few surface samples with fRIV ∼40% are marked by higher [DSi]DIN* than expected from 
source inputs and mixing, providing further evidence of the admixture of DSi- and DIP-enriched bottom waters to these 
surface waters due to vertical mixing. To decrease the additional DSi supplied via admixture of AAW, even stronger 
preferential DSi utilization would be required than what can be inferred from the difference between preformed and 
actual [DSi]DIN*. In contrast to DSi, DIP is mainly available in excess compared to DIN, which is indicated by most 
bottom samples being marked by positive [DIP]DIN* and Δ[DIP]DIN* reaching 0.7 μM (Figure 4a).

Deviations from the classical Redfield ratios have been reported for other shallow shelf regions of the Arctic 
Ocean, for example, for the Beaufort and the Chukchi Seas, where nutrient drawdown is characterized by lower 
DIN:DIP and higher DSi:DIN ratios (Tremblay et al., 2015). While our calculations indicate that the preferential 
enrichment of DIP compared to DIN (positive Δ[DIP]DIN*) cannot be explained by a lower DIN:DIP drawdown 
ratio (e.g., 13 instead of 16), a higher DSi:DIN ratio (e.g., 2 instead of 1) could account for the negative Δ[DSi]DIN*  
values of the surface samples, suggesting higher consumption of DSi relative to DIN in the surface layer of the 
Laptev Sea. Preferential DSi uptake can be ascribed to iron limitation, species-specific differences in optimal 
DSi requirements, DIN limitation, or low irradiance (Tremblay et al., 2008 and references therein). The high 
riverine input of dissolved iron by the Lena River (Blunden & Arndt, 2019) argues against iron limitation in the 
Lena River estuary, even though most of it must be removed on the shelves through scavenging and flocculation 
(Charette et  al.,  2020). Iron deficiency has been suggested for AW entering the Arctic Ocean through Fram 
Strait (Krisch et al., 2020) and AAW advected via the Arctic Ocean Boundary Current along the Siberian Shelf 
margin (Klunder et al., 2012; Rijkenberg et al., 2018). The advection and admixture of iron-depleted AAW to the 
northwestern Laptev Sea may thus be a reasonable explanation for the higher utilization of DSi relative to DIN 
in this region. Krisch et al. (2020) recently reported that in the AW-dominated surface waters of eastern Fram 
Strait (precursor to the AAW), limitation of DSi is approached along with limitation of DIN and iron, which is 
consistent with the very low surface [DSi] value in the AAW-dominated northwestern Laptev Sea.

The assumption that diatoms play an important role in the utilization and cycling of Si and the other two macronu-
trients is confirmed by evaluation of dissolved stable Si isotope compositions. For the late summer data, the utiliza-
tion of the macronutrients is accompanied by a shift toward heavier δ 30SiDSi reaching ∼+3.8‰ in the northwestern 
Laptev Sea (Figure  2), which we ascribe to nutrient uptake by diatoms in agreement with diatom-dominated 
productivity in the Laptev Sea (Cremer, 1999; Fahl et al., 2001; Tuschling, 2000). In δ 30SiDSi-[DSi] space, DSi 
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uptake by diatoms for most samples results in compositions plotting outside of 
the mixing envelope defined by the three end-members through higher δ 30SiDSi 
signatures and lower [DSi] values (Figure 5a). This process is also reflected 
in the Δδ 30SiDSi-Δ[DSi] space (Figure  5b), which relates nonconservative 
changes in δ 30Si to those observed in [DSi]. Modeling the Si isotope fraction-
ation indicates that both Rayleigh-type (closed) and steady-state (open) condi-
tions could account for the summer δ 30SiDSi distribution in the southeastern 
Laptev Sea. However, only the steady state would be consistent with a contin-
uous influx of riverine nutrients during the summer months (see discussion 
above). In contrast, in the northern Laptev Sea, where the fraction of remain-
ing [DSi] in solution relative to the initial concentration falls below ∼0.2, the 
Rayleigh-type model would best explain the δ 30SiDSi distribution in support of 
a long-distance advection of the single DSi input from the annual spring freshet 
of the Lena River (Figure S3 in Supporting Information S1). The fractionation 
factor ( 30ε) for the entire surface layer of the Laptev Sea for the Rayleigh model 
is −1.34‰ (±0.87‰, 1SD), while that of the steady-state (open system) 
model is −2.04‰ (±0.88‰, 1SD). Considering the large uncertainties aris-
ing from the differing end-member compositions (L and AAW), both fraction-
ation factors agree well with laboratory estimates, although the steady-state 
value is at the upper end of the compositional range reported in the literature 
to date (de la Rocha et al., 1997; Meyerink et al., 2017; Milligan et al., 2004; 
Sun et al., 2014; Sutton et al., 2013, 2018). Sun et al. (2018) also observed a 
small increase in δ 30SiDSi of the Lena River from spring to summer, which 
could be superimposed on the Laptev Sea signal but is hardly distinguishable. 
Field-based estimates in the Beaufort Sea and the Canada Basin vary between 
−0.33 (closed system) and −1.28‰ (open system) (Giesbrecht et al., 2022; 
Varela et al., 2016). The latter point to an open system model for the Canada 
Basin but as the authors of both studies pointed out, the seasonal near quantita-
tive drawdown of DSi occurring in this region would be more consistent with 
a closed system model. Varela et al.  (2016) therefore invoked seasonal DSi 
drawdown occurring in sea ice to explain the discrepancy between observed 
and expected  30ε in the Canada Basin. In contrast, the Laptev Sea was essen-
tially ice-free during the sampling campaigns in September 2013 and 2014 and 
pelagic diatoms rather than sea ice diatoms processed all DSi, which can be 
inferred from the absence of the latter in preceding years with similar condi-
tions (Polyakova et al., 2021).

A shift toward heavier δ 30SiDSi at increasing/high utilization as observed 
for the late summer data sets cannot be identified for the winter samples. 
Instead, all samples are marked by slightly lighter δ 30SiDSi than expected 
from conservative mixing (Δδ 30SiDSi  =  −0.25‰) when the winter Lena 

River end-member is applied (Figure 5b). This shift is within analytical error (±0.2‰) but appears to be system-
atic and may result from strong interannual variability in the composition of the Lena River end-member (Sun 
et al., 2018), which we cannot account for in our assessment of nutrient and δ 30SiDSi distributions. Lena River 
end-member variability could also explain the wintertime decrease in [DSi] (Δ[DSi] reaches up to −50%), given 
that [DSi] of the Lena River winter end-member is known to vary strongly between years (Sun et al., 2018).

4.1.2.  Bottom Layer Enrichment: Sea Ice-Driven Accumulation and Remineralization

We observed strong enrichments of DSi and DIP (Δ[DSi] and Δ[DIP] reach +240% and +90%, respectively) 
in the bottom layer of the southeastern Laptev Sea during both summer campaigns (Figure 6). All bottom water 
samples have a high AAW fraction but samples with the highest DSi and DIP excess were recovered beneath the 
Lena River plume and had an elevated fR (up to 10%) and negative fSIM (up to −10%) (Figures 6d–6f and 6g–6i, 
respectively), indicating combined contributions of riverine freshwater and sea ice-derived brines. As shown in 
Figure 7, these excesses are positively correlated with one another and with changes observed in [DIN] despite 
all samples being marked by DIN loss. A correlation with excess DSi is also found for ytterbium (Yb), a heavy 

Figure 7.  Preformed to observed changes in (a) dissolved inorganic nitrogen 
(Δ[DIN]), (b) dissolved inorganic phosphorus (Δ[DIP]), and (c) dissolved 
ytterbium (Δ[DYb]) concentrations plotted against the change in silicic acid 
concentration (Δ[DSi]). For interpretation of the trends, see Section 4.1.2.
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REE whose dissolved distribution in the Laptev Sea is controlled by sea ice formation and melting in addition to 
riverine inputs, mixing, and limited estuarine removal (Laukert, Frank, Bauch, Hathorne, Gutjahr et al., 2017). 
The simultaneous accumulation of bio-essential nutrients and essentially bio-inactive trace elements (e.g., Yb) at 
increasing fRIV and decreasing fSIM suggests the admixture of river- and brine-rich waters to be the primary driving 
mechanism of nutrient enrichments rather than biogeochemical or biological processes.

Previous investigations attributed DIP and DSi enrichments in bottom waters exclusively to in situ nutrient reminer-
alization from the decomposition of organic matter (Cauwet & Sidorov, 1996; Codispoti & Richards, 1968; Létolle 
et al., 1993; Nitishinsky et al., 2007). Apart from the lack of direct evidence of this process for the bottom layer 
beneath the Lena River plume, the findings of Codispoti and Richards (1968) cast doubt on nutrient enrichment by a 
single process, given that some of their bottom water samples in the Lena estuary had [DSi] exceeding the maximum 
amount attributable to phytoplankton decomposition. All of our winter samples recovered near the Lena River Delta 
in 2012 have also high [DSi] and [DIP] and a Δ[DSi] near zero percent when the winter end-member is used for 
the Lena River, suggesting a riverine origin of these nutrients during winter. However, these winter samples exhibit 
an apparent DSi excess of up to +140% when the summer end-member for the Lena River is used (Figures 6c, 6f 
and 6i). This end-member adjustment allows to evaluate the role of riverine winter inputs to the summer nutri-
ent distribution. The resulting apparent excess is similar to that determined for most bottom water samples recov-
ered during the late summer campaigns in 2013 and 2014 and thus consistent with preservation of winter water 
and nutrients in the bottom layer during summer (Bauch et al., 2009, 2010; Nitishinsky et al., 2007). Thibodeau 
et al. (2017) identified a strong atmospheric contribution of nitrogen to the bottom layer, which they attributed to 
winter convective mixing and injection of brine-enriched dense waters resulting from sea ice formation into the 
bottom layer. Hölemann et al. (2021) also concluded that the distribution of dissolved organic matter in the Laptev 
Sea water column is strongly influenced by the formation and melting of sea ice. Sea ice formation is accompanied 
by rejection of a high proportion of nutrients and other seawater constituents into the underlying water (Meiners & 
Michel, 2016), resulting in highly enriched brines that can sink to the bottom layer due to their high density (Bauch 
et al., 2009, 2010). They could enable transport of nutrient-rich dense waters with elevated fRIV to the bottom layer 
and thus explain the nutrient excess beneath the Lena River plume. Due to the thin photic layer (∼5 m) of the Lena 
River plume (Soppa et al., 2019) and the relatively long residence time (at least one seasonal cycle) of bottom waters 
in the Laptev Sea (Bauch et al., 2009), these nutrient enrichments are preserved throughout the year.

The residence time of the Lena River plume is not precisely known for the Laptev Sea but is likely to range from a 
few months to slightly more than a year, depending on prevailing wind conditions (cf. Janout et al., 2020). There-
fore, redistribution of nutrients in winter by sea ice formation could also affect nutrients supplied through the Lena 
River in spring and summer that have not been utilized by phytoplankton during the productive season. This is 
supported by the elevated nutrient levels in the Lena River plume in late September (Δ[nutrient] reaching 0%, 
see Section 4.1.1) and thus shortly before the onset of sea ice formation in October. To quantify the contribution 
of summer and winter DSi inputs from the Lena River, the primary DSi source in the Laptev Sea, to the excess 
beneath the Lena River plume, we calculated the summer and winter flow-weighed DSi inputs and compared them 
to the inventory of excess DSi in the bottom layer beneath the Lena River plume. We estimated the excess DSi 
to be 10 μM and the volume of the area with accumulated nutrients to be 1,250 km 3, corresponding to a water 
body of 250*250*0.02 km. Nutrient input from the Lena River is lower in winter than in summer due to lower 
discharge and despite higher concentrations. Nevertheless, depending on the values chosen for Lena River discharge 
(R-ArcticNET or Whitefield et al. (2015)) and [DSi] (Arctic Great River Observatory or Sun et al. (2018)), the winter 
DSi contribution is 327–680*10 9 g and corresponds to 17%–49% of the Lena River inputs in spring and summer, 
which is estimated to be 1387–1981*10 9 g. Fluxes reported by Holmes et al. (2012) for the different seasons and by 
Le Fouest et al. (2013) and the references therein for the whole year are somewhat lower than those reported here 
(the maximum annual DSi flux reaches only 1640*10 9 g), but the proportion between winter and summer fluxes 
determined by Holmes et al. (2012) is within the range. The winter contribution of the Lena River flux accounts for 
44%–90% of the accumulation in the bottom layer (751*10 9 g), while spring and summer inputs could contribute 
185%–264% if no biological uptake occurred. Although this is only a rough estimate due to the high uncertainties in 
the end-members, it demonstrates that the winter DSi input from the Lena River, combined with a small portion of 
the summer DSi input, could indeed account for the DSi enrichment under the Lena plume.

Si isotopes further support our hypothesis that DSi enrichment in the bottom layer is mainly established during 
winter via sea ice formation. The δ 30SiDSi signatures of the summer bottom waters with high DSi excess recov-
ered beneath the Lena plume range between +1.5‰ and +1.9‰ and thus are within error identical with the  
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Si isotope signatures determined for the winter samples (δ 30SiDSi between +1.5‰ and +1.7‰). Moreover, the 
difference between δ 30SiDSi and δ 30SiDSi_0 for both winter and summer waters is low (Δδ 30SiDSi only reaches 
∼0.5‰), which is in line with the wintertime origin of these waters and no substantial consumption of bottom 
water nutrients during summer. DSi additions to the bottom waters resulting from the dissolution of biogenic 
Si from settled diatom frustules would likely imprint lighter δ 30SiDSi signatures, given that diatoms formed in 
the Lena River plume likely have very light δ 30Sidiatom compositions around +0.6‰ based on a  30ε of −1.34‰ 
(Section 4.1.1) and the δ 30SiDSi of surface waters in this region (average δ 30SiDSi = +2‰, 2 SD = 0.3, n = 6). In 
contrast, outside the Lena River plume in the northwestern Laptev Sea, elevated [DSi] and low DSi excess reach-
ing ∼10% in bottom waters (50 m depth, stations 7 and 6 from 2013 to 2014, respectively) are consistent with in 
situ diatom dissolution, given that the expected δ 30Sidiatom signatures of settling diatoms (∼+1.8‰, based on the 
above fractionation factor from the Rayleigh model and an average surface δ 30SiDSi of +3.2‰, 2 SD = 0.9, n = 7) 
are within error identical with  the δ 30SiDSi of bottom waters (∼+2.0‰). As discussed in Section 4.1.1, the entire 
water column outside the Lena River plume is depleted in nutrients due to a combination of uptake by phyto-
plankton in summer and homogenization during seasonal stratification breakdown in autumn and winter. Bottom 
waters outside the influence of the Lena River plume have δ 30SiDSi signatures up to  ∼  +1.5‰ heavier than 
δ 30SiDSi_0 (Figure 5b), which is consistent with this scenario. However, the bottom samples with the highest DSi 
excess have the lowest Δδ 30SiDSi (+0.45 and +0.16‰ for stations 7 and 6 from 2013 to 2014, respectively), which 
agrees with benthic Si release as the main source of [DSi] excess. Elevated benthic Si fluxes have been inferred 
for the Siberian Interior Shelf Seas and other shallow regions of the Arctic Ocean (Brzezinski et al., 2021; März 
et al., 2015, 2022; Sun et al., 2021). In addition to dissolution of biogenic Si from settled diatom frustules, the 
dissolution of primary minerals would result in relatively light δ 30SiDSi (Frings et al., 2016), while heavier δ 30SiDSi 
signatures are expected if authigenic clay formation (Ehlert et al., 2016; Opfergelt & Delmelle, 2012) and Si 
adsorption onto ferric hydroxides (Zheng et al., 2016) removes lighter isotopes from pore waters. Pore water 
δ 30SiDSi signatures have been determined for the Barents Sea and estimated for the Chukchi Sea at values rang-
ing between −0.51 and +1.69‰ (Brzezinski et al., 2021; Ward et al., 2021), which is significantly lighter than 
the values expected for the northwestern Laptev Sea (∼+1.8‰, see above), indicating that preformed δ 30SiDSi 
values prior to biological production were either different or that other dissolution processes are at play in the 
Laptev Sea.

The excess of DIP beneath the Lena River plume in the winter samples is significantly higher than that of DSi 
even if the winter end-member is used (+200 to +600%). The Lena River winter end-member [DIP] (0.16 μM) 
of our study is based on only one sample collected in November 2011, which is marked by a lower [DIP] than 
river water samples taken in preceding winters (e.g., 0.52 μM in early 2011). In addition, temporally limited but 
exceptionally high [DIP] peaks (up to ∼1.2 μM) have been observed for freshwater of the Lena River (Sanders 
et al., 2022). Therefore, variations in Lena River winter end-member [DIP] may partly explain the discrepancy 
between expected and observed [DIP] in the winter samples. The flow-weighed summer and winter Lena River 
inputs (2.7–8.7*10 9 g and 0.5–1.7*10 9 g, respectively; [DIP] end-member values taken from Arctic Great River 
Observatory or Gordeev et al., 1996) agree well with those reported by Holmes et al. (2012) and correspond to 
17%–56% and 3%–11% of the DIP enrichment in the bottom layer (∼15*10 9 g), respectively. Even the maxi-
mum annual DIP contribution of the Lena River (3–10*10 9 g) could account only for 68% of the DIP excess. 
However, redistribution through sea ice formation does not solely affect river-borne nutrients but essentially all 
nutrients present in the surface layer. Most of the DIP in the Laptev Sea is supplied by the advection of AAW, 
which makes up as much as 90% of the surface layer. Therefore, the combined redistribution of AAW-derived 
DIP in the water column with DIP supplied by the Lena River could be responsible for the excess in the bottom 
layer. DIP released during organic matter degradation may also lead to DIP excess in the bottom layer, as was 
recently observed for the Laptev Shelf slope (Sun et al., 2021). However, if DIP excess beneath the Lena River 
plume is driven by in situ benthic DIP release, a hitherto unexplored mechanism would be required to explain 
the much stronger accumulation of DIP during winter when temperatures and primary productivity rates are 
lowest. In addition, our four summer MUC samples (Section 2.1) have Δ[nutrient] values similar to those of the 
bottom water samples from the same stations, except at station 18 from 2014 at which, however, salinity also 
strongly differs between the MUC and the bottom water sample. These observations argue against a major role 
of benthic DIP contributions in generating the marked DIP excess beneath the Lena River plume. As discussed 
above, benthic DSi release is resolvable in our data set but confined to the outer shelf of the northwestern 
Laptev Sea at a depth of 50 m. Below this depth, dissolved δ 30SiDSi can be entirely attributed to advection of 
AAW characterized by a δ 30SiDSi of ∼+2‰ (Varela et al., 2016), resulting in Δδ 30SiDSi values around zero 
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for these samples. In addition, Δ[DIP] and Δ[DSi] values of the shelf slope samples scatter around zero or 
are even negative (Figure  6), which supports our observation of significant benthic fluxes being restricted 
to a narrow area at the outer shelf of the Laptev Sea. Benthic DIP fluxes would constitute only ∼13% of the 
AAW contribution (Sun et al., 2021) and thus are not resolvable with our water component assessment for the 
highly AAW-influenced northern Laptev Sea (i.e., Δ[DIP] does not exceed zero percent outside the Lena River 
plume).

4.2.  Implications for Nutrient Bioavailability in the Transpolar Drift

Laterally and vertically separated contributions of the Lena and Yenisei/Ob rivers have recently been identified in 
the central Arctic Ocean based on a semiquantitative water component analysis involving standard hydrographic 
parameters, radiogenic neodymium and stable oxygen isotopes as well as REEs (Paffrath et al., 2021; Figure S4 
in Supporting Information S1). Both TPD freshwater domains have provenance tracer characteristics similar to 
those observed in the northern Laptev Sea (Laukert, Frank, Bauch, Hathorne, Gutjahr et al., 2017), in line with 
the Laptev Sea being the main source region of freshwater, nutrients, and trace elements transported via the TPD. 
The “shelf-influenced” nutrient regime with low [DIN] but high [DSi] ([DSi]DIN* reaches ∼12 μM) in 2015 was 
confined to the Lena domain comprising the freshwater-rich (fRIV up to ∼20%) part of the TPD (Figure S4 in 
Supporting Information S1). The persistent stratification in the southeastern Laptev Sea limits vertical nitrogen 
flux and thus inhibits the complete consumption of DSi supplied by the Lena River, which instead is exported 
via the Lena domain through the northeastern Laptev Sea. The origin of the “shelf-influenced” nutrient regime 
from the eastern Laptev Sea is further supported by the close correspondence of [DSi] and δ 30SiDSi characteristics 
between the Lena domain of the TPD (Liguori et al., 2021) and the waters prevailing in the eastern Laptev Sea 
(Figure 8a). The relatively homogenous DSi distributions observed within and below this shallower TPD domain 
likely result from combined DSi utilization at the surface and DSi enrichment in the bottom layer through sea 
ice formation in winter. Both processes overprint the DSi distributions expected from water mass mixing (i.e., 
high [DSi] at surface due to Lena River inputs and low [DSi] in bottom layer due to AAW dominance). This is 
supported by lighter signatures in TPD waters below the Lena domain reaching +1.83‰ at 50 m depth in agree-
ment with relatively light δ 30SiDSi winter inputs from the Lena River and heavier signatures of ∼+2.5‰ in surface 
waters of the Lena domain resulting from DSi utilization (Figure S4 in Supporting Information S1). In years with 
direct northward Lena River plume advection (e.g., in 2013), the majority of river-borne DSi is exported offshore, 
while weaker export occurs in years with eastward deflection of the Lena River plume (e.g., in 2014). The 
difference between north- and eastward deflection of the Lena River plume is consistent with the spatiotemporal 
variability in provenance tracer distributions observed within the TPD (Paffrath et al., 2021).

Figure 8.  Si isotope signatures and [DSi] in samples from the Laptev Sea (this study, diamond symbols) compared with 
samples (<180 m) from the central Arctic Ocean (Liguori et al., 2021, square symbols). (a) Dissolved stable Si isotopes 
(δ 30SiDSi) plotted against silicic acid concentrations ([DSi]) (corresponding to Figure 5a). (b) Dissolved stable silicon isotopes 
(δ 30SiDSi) plotted against depth (corresponding to Figure 3). The sample of station PS94/069–5 from 30 m depth is considered 
an outlier in our study.
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In contrast to the Lena domain of the TPD, the domain containing contributions from the Yenisei and Ob rivers 
(fRIV reaches up to 6%) has low [DSi] and [DIN] ([DSi]DIN* near zero μM) (Figure S4 in Supporting Infor-
mation S1). These nutrient characteristics define the “Polar” nutrient regime (Fernández-Méndez et al., 2015; 
Flores et al., 2019), which can only be established via strong utilization of river-borne DSi enabled by replen-
ishment of AAW-derived DIN (Section 4.1.1). Such a strong utilization is enabled by the long transit times of 
Yenisei/Ob-derived nutrients from the southern Kara Sea to the central Arctic Ocean and by the strong upward 
supply of DIN during erosion of the stratification in late autumn and early winter (see also Janout et al., 2016). 
Seasonal erosion of the stratification only occurs outside the river plumes and therefore is largely confined to the 
northern Kara Sea and the northwestern Laptev Sea, the main source areas of the Yenisei/Ob domain (Paffrath 
et al., 2021). Similar to the “shelf-influenced” nutrient regime, the origin of the “Polar” nutrient regime from 
the western Laptev Sea is confirmed by similar [DSi] and δ 30Si characteristics of the Yenisei/Ob domain of the 
TPD (Liguori et al., 2021) and the waters prevailing in the western Laptev Sea (Figure 8a). The “Polar” nutrient 
regime also prevailed at the margin of the Barents Sea in 2015 (Figure S4 in Supporting Information S1) in waters 
with significantly lower REEs (Paffrath et al., 2021), which agrees with direct advection of these waters from the 
Barents Sea (Laukert et al., 2019).

Overall, the distribution of [DSi] and δ 30SiDSi composition within the TPD (see Brzezinski et al., 2021; Liguori 
et al., 2021) can be attributed to nutrient export from the Laptev Sea, which in turn suggests that biological or 
biogeochemical processes along the TPD do not significantly alter the [DSi] distribution. The δ 30SiDSi signatures 
within the Yenisei/Ob domain of the TPD reach +3.09‰ at 50 m depth (Liguori et al., 2021) and thus in waters 
with highest Yenisei/Ob contributions (Paffrath et al., 2021, Figure S4 in Supporting Information S1), which 
agrees with strong DSi drawdown in the western Laptev Sea prior to export of these shelf waters via the TPD. 
In contrast, as mentioned above, the Lena domain is marked by lighter signatures at 50 m depth and heavier 
signatures of ∼+2.5‰ in surface waters (Liguori et al., 2021). Liguori et al. (2021) attributed the heavier δ 30SiDSi 
values at the surface to DSi utilization by sea ice diatoms or sea ice-attached diatoms along the TPD. However, 
the matching δ 30SiDSi signatures of the Lena domain samples from the TPD and the samples of the eastern 
Laptev Sea collected in the frame of our study suggest that the uptake of DSi may have occurred already in the 
ice-free Laptev Sea prior to nutrient export via the TPD. The only difference between the two δ 30SiDSi data sets 
are the heavier δ 30SiDSi signatures encountered at 50 and 100 m depth in the Yenisei/Ob domain and in waters 
outside the TPD influence (Figure 8b). Heavier δ 30SiDSi signatures in the Yenisei/Ob domain could be explained 
by enhanced vertical mixing at the outer Laptev Shelf, which is only partly covered by our data. Such mixing 
enables transport of the heavy surface δ 30SiDSi signatures observed in the northwestern Laptev Sea to deeper 
layers, which in turn causes lower δ 30SiDSi signatures in the surface layer of the Yenisei/Ob domain (+2.34‰) 
than in the surface layer of the northwestern Laptev Sea (∼+3.5‰). The heavy signatures outside the TPD influ-
ence are confined to the “Atlantic” nutrient regime. However, provenance tracer data suggest that these waters 
were partly also modified by admixture of shelf waters from the Kara Sea (Paffrath et al., 2021 and Figure S4 
in Supporting Information S1) but to a much lesser extent than the waters advected via the Yenisei/Ob domain. 
Therefore, the admixture of productive nutrient depleted waters from the Kara Sea could account for the heavier 
δ 30SiDSi signatures in the central Arctic Ocean at 50–100 m depths. One sample from the central Arctic Ocean 
(PS94/069–5, 30 m depth, Liguori et al., 2021) clearly differs from all other samples of the data set and also does 
not reflect the [DSi]-δ 30SiDSi properties of the Laptev Sea shelf waters, which is why we excluded it from our 
discussion (Figure 8).

In 2012, the “Polar” nutrient regime covered a larger area in the central Arctic Ocean than in 2015 
(Fernández-Méndez et  al.,  2015; Flores et  al.,  2019). This indicates that prior to the sampling campaign in 
2012, the Lena River plume was either deflected to the east as was observed in 2014 or that a greater reduction 
of stratification in the eastern Laptev Sea allowed for enhanced biological uptake of DSi supplied by the Lena 
River. Both scenarios are consistent with the strong interannual variability of the Laptev Sea hydrography (Janout 
et al., 2020), mainly driven by changing wind fields causing differences in Lena River plume extent or strength 
of stratification. Therefore, it is the variability in the Laptev Sea hydrography and nutrient biogeochemistry that 
defines the distribution of the different nutrient regimes within the TPD. This is an important observation consid-
ering that the central Arctic Ocean will likely be ice-free in summer before the middle of this century (Notz & 
Community, 2020), resulting in higher exposure of the surface layer to solar irradiance and wind stress and poten-
tially stronger stimulation of photosynthesis via enhanced light and nutrient bioavailability. However, if stratifi-
cation in the Laptev Sea continues to weaken (Janout et al., 2020), river-bound DSi and other nutrients are more 
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likely to be consumed on the shelves and thus prior to their export. This would result in strong lateral gradients 
of the future biological regimes between the central Arctic Ocean, the inner Laptev Sea shelf, and the continental 
slope region, which receives AW-sourced nutrients with the boundary current and is projected to experience a 
future increase in productivity due to progressing Atlantification (i.e., the increasing influence of Atlantic waters) 
along with further reduction in stratification (Bluhm et al., 2020; Oziel et al., 2022; Schulz et al., 2022). The loss 
of sea ice will therefore only lead to stronger diatom-dominated primary productivity in the central Arctic Ocean 
for a short period of time, if at all. DSi limitation has previously been observed in the eastern Fram Strait and the 
Nansen Basin and has been attributed to the presence of Atlantic water (Fernández-Méndez et al., 2015; Krisch 
et al., 2020). A negative trend in surface [DSi] has also been observed in recent decades in the subpolar North 
Atlantic Ocean (Hátún et al., 2017), the Barents Sea (Rey, 2012), and the (A)AW-influenced sector of the Nansen 
Basin (Duarte et al., 2021), suggesting that ongoing changes within the “Atlantic” nutrient regime favor DSi limi-
tation. On the other hand, our data underscore the importance of the progressive weakening of stratification and 
an associated increase in diatom productivity and DSi utilization in the Laptev Sea for the increasing expansion 
of the “polar” nutrient regime at the expense of the “shelf-influenced” regime. We suggest that this process will 
not only counteract but also outweigh the predicted increase in riverine DSi supply and a potential intensification 
of Si remineralization. Remineralization of Si from settling diatoms currently is limited in the Laptev Sea, as 
indicated by our data and a preliminary Si isotope budget for the Arctic Ocean, suggesting removal of DSi with 
light δ 30SiDSi on the shelves (Brzezinski et al., 2021). We also do not anticipate a strong intensification in reminer-
alization, given that the high sedimentation rates, particularly in the southern Laptev Sea, should generally favor 
lower biogenic Si exposure to dissolution and burial. Therefore, the changes anticipated for the Laptev Sea are 
expected to add to the increasing limitation of bioavailable DSi observed in different regions of the Arctic Ocean.

5.  Conclusions
We provide new insights into the nutrient dynamics of the Laptev Sea and assess its importance for nutrient 
bioavailability along the TPD. Evaluation of water column nutrient and Si isotope distributions of the late 
summers of 2013 and 2014 and the winter of 2012 in combination with a water component analysis based on 
provenance tracers suggests that the Laptev Sea is a highly efficient trap particularly for DSi despite the high DSi 
flux from the Lena River and benthic DSi inputs. The efficient removal of DSi is enabled by DIN replenishment 
from the deep marine pool, which stimulates diatom-dominated primary productivity in the Laptev Sea well 
beyond river-borne DIN removal and causes pronounced drawdowns of all macronutrients at the surface as well 
as beneath the pycnocline in areas outside the Lena River plume. Our Si isotope data and the above observations 
support efficient removal of light δ 30SiDSi in the Laptev Sea via fractionation during biological DSi utilization. 
This process has been invoked to compensate the input of light δ 30SiDSi from river and sediment pore waters to 
balance the Si isotope budget of the Arctic Ocean (Brzezinski et al., 2021) and is also in line with water mass 
mixing being considered the dominant process controlling Si isotope distributions in the deep central Arctic 
Ocean (Liguori et al., 2020). The latter suggests that input and burial of isotopically light δ 30SiDSi signatures a 
confined to the Siberian Interior Shelf Seas. Biological Si utilization in the Laptev Sea is therefore an important 
process whose influence on the δ 30SiDSi as well as the [DIN], [DIP], and [DSi] distributions extends far beyond 
the Siberian Shelf.

The establishment of the “shelf-influenced” and “Polar” nutrient regimes exported via the TPD is controlled 
by combined conservative and nonconservative processes occurring in different regions of the Laptev Sea. In 
particular, the interplay between stratification, marine (mainly DIN and DIP) and riverine (mainly DSi) nutrient 
inputs and diatom-dominated primary productivity results in strong seasonally and interannually variable nutri-
ent gradients. The retreat of the “shelf-influenced” nutrient regime, which we invoke based on our newly gained 
understanding of the Laptev Sea biogeochemistry combined with recent observations of a progressively weak-
ening stratification (Janout et al., 2020), will eventually reduce diatom-dominated primary productivity in the 
TPD. This reduction will result in a shift toward haptophyte-dominated phytoplankton compositions in the central 
Arctic Ocean and significant alterations of organic carbon export to the bathypelagic layer (Tréguer et al., 2017). 
The anticipated increase in DSi supply via the Siberian rivers will counteract this process but we expect that the 
increase in DSi utilization and subsequent Si burial will outweigh riverine supply, which will result in lower 
rather than higher DSi export to the central Arctic Ocean and the North Atlantic. The exact interplay between 
Laptev Sea hydrography and nutrient biogeochemistry remains to be fully explored in dedicated process studies 
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to enable reliable forecasts of nutrient bioavailability in the Laptev Sea, the central Arctic Ocean, and the North 
Atlantic.
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