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Abstract Nitrous oxide (N,0) is a strong greenhouse gas and stratospheric ozone-depleting substance.
Around 20% of global emissions stem from the ocean, but current estimates and future projections are uncertain
due to poor spatial coverage over large areas and limited understanding of drivers of N,O dynamics. Here, we
focus on the extensive and particularly data-lean Arctic Ocean shelves north of Siberia that experience rapid
warming and increasing input of land-derived nitrogen with permafrost thaw. We combine water column N,O
measurements from two expeditions with on-board incubation of intact sediment cores to assess N,O dynamics
and the impact of land-derived nitrogen. Elevated nitrogen concentrations in water column and sediments were
observed near large river mouths. Concentrations of N,O were only weakly correlated with dissolved nitrogen
and turbidity, reflecting particulate matter from rivers and coastal erosion, and correlations varied between river
plumes. Surface water N,O concentrations were on average close to equilibrium with the atmosphere, but varied
widely (N,O saturation 38%—180%), indicating strong local N,O sources and sinks. Water column N,O profiles
and low sediment-water N,O fluxes do not support strong sedimentary sources or sinks. We suggest that N,O
dynamics in the region are influenced by water column N,O consumption under aerobic conditions or in anoxic
microsites of particles, and possibly also by water column N,O production. Changes in biogeochemical and
physical conditions will likely alter N,O dynamics in the Siberian Arctic Ocean over the coming decades, in
addition to reduced N,O solubility in a warmer ocean.

Plain Language Summary Nitrous oxide (N,0) is a strong greenhouse gas and can reduce the
stratospheric ozone layer. Around 20% of global N,O emissions come from the ocean. These estimates are
uncertain due to scarce data from large areas and a limited understanding of controls on N,O production and
consumption. Here, we focus on the shallow but large continental shelves of the Arctic Ocean north of Siberia.
This area is rapidly warming, and receives land-derived nitrogen from rivers and coastal erosion that is expected
to increase with permafrost thaw. We analyzed N,O concentrations in the water column during two expeditions,
and performed incubations with intact sediment cores to measure N,O release from sediment to water. Our

data show that concentrations of dissolved nitrogen in the water and of total nitrogen in sediments increase
toward large river mouths. Concentrations of N,O were weakly correlated with a range of parameters including
dissolved inorganic nitrogen and turbidity, with high variability among river plumes. On average, water-air N,O
fluxes were low, but strong N,O sources and sinks were observed locally. An increase in water temperature
could substantially reduce N,O solubility in the ocean water, and add to biogeochemical and physical changes
that could alter N,O production itself.

1. Introduction

Nitrous oxide (N,O) is the third largest contributor to radiative forcing and the most important ozone
layer-depleting substance of the 21st century (Ravishankara et al., 2009). On average 20% of current N,O
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emissions to the atmosphere have been suggested to stem from the World Ocean, but current estimates of
marine emissions show large uncertainties, spanning from 2.5-4.3 Tg N yr~! (Tian et al., 2020). Scarcity of
observational data from vast areas (Tian et al., 2020; Yang et al., 2020) and limited quantitative understand-
ing of the factors driving marine N,O production and consumption processes currently prevent more robust
estimates of N,O emissions from ocean sources, and their future development under changing environmental
conditions.

This study targets the shallow continental shelves of the Arctic Ocean north of Siberia where nitrogen released
from thawing land permafrost might fuel a wide range of nitrogen cycling processes and potentially stimulate
N,O emissions. This Arctic Ocean region receives substantial nitrogen input from several large rivers that
drain permafrost terrain, such as the Ob, Yenisey and Lena. These three rivers alone deliver 0.7 Tg N yr~! and
account for ca. 40% of the total riverine nitrogen flux to the Arctic Ocean (Holmes et al., 2012; McClelland
et al., 2016). In addition, coastal erosion has been estimated to contribute ca. 1.6 Tg N yr~! to the Arctic
Ocean, primarily to the Siberian region (Terhaar et al., 2021). Land-derived nitrogen might support a large
part of Arctic Ocean primary production, especially north of Siberia, as indicated by combination of remote
sensing-derived primary production estimates with nitrogen flux modeling (Terhaar et al., 2021). A box model
based on observations from the northern part of the Siberian Arctic Ocean shelves however suggests that
nutrients from the Pacific are more important (Sun et al., 2021). Land-derived nitrogen might also provide
substrates for a range of nitrogen cycling processes, either directly or after remineralization of marine organic
matter. These processes include nitrification (the conversion of ammonium to nitrate) in oxic surface sedi-
ments and the water column, and denitrification (the conversion of nitrate to N,) in deeper, anoxic sediment
sections. Both processes can release N,O as a by-product and denitrification can also consume N,O by reduc-
tion to N, (Barnes & Upstill-Goddard, 2018). On shallow continental shelves, nitrogen dynamics are usually
dominated by sediment processes (Rowe et al., 1975). This has also been indicated for the outer part of the
East Siberian Arctic Shelf where sediment processes contributed substantially to nitrogen remineralization
(Sun et al., 2021).

Arctic warming occurs at rates 23 times the global average and is expected to promote permafrost thaw along the
coasts and inland, with repercussions for ocean nitrogen cycling. With progressing permafrost thaw, fluvial trans-
port of dissolved organic nitrogen as well as nitrate is expected to increase, at least in areas dominated by mineral
soils (Frey & McClelland, 2009). Additionally, an increase in coastal erosion can already be observed as a conse-
quence of warming (Farquharson et al., 2018; Giinther et al., 2013; Jones et al., 2009; Novikova et al., 2018).
Increased nitrogen delivery by rivers and coastal erosion may intensify the marine nitrogen cycle in the region,
and potentially stimulate nitrification, denitrification, and N,O release.

Estimates of current N,O emissions from the Siberian part of the Arctic Ocean shelves and their future trajectory
are limited by scarcity of observational data. The only published data from this region are from a cross-shelf
transect in the East Siberian Sea around 170°E and indicate elevated concentrations of N,O compared to the equi-
librium with the atmosphere (Yang et al., 2020). However, this eastern part of the East Siberian Sea is strongly
influenced by inflow of Pacific water masses. The influence of Pacific waters decreases westwards, while that of
freshwater discharge from the large Russian rivers increases (Semiletov et al., 2005). Quantitative data on N,O
dynamics on the extensive Siberian Arctic Ocean shelves, and the impact of land-derived nitrogen, are urgently
needed to assess potential N,O emissions from this region and their trajectory in a warming climate.

This study has three main objectives, (a) to provide observational data of N,O concentrations and fluxes on the
particularly data-lean and vulnerable Siberian part of the Arctic Ocean shelves. These data can contribute to
global N,O budget estimates and future parameterization of model projections. We additionally aimed (b) to
constrain potential N,O sources, and (c) to test the effect of terrigenous nitrogen input on ocean N,O fluxes. We
hypothesized that terrigenous nitrogen input increases nitrogen availability in the water column and sediments
near river mouths and coastal erosion sites and promotes N,O production in these areas. We further hypothesized
that sediment processes would represent the main N,O sources and sinks, as is usually the case on shallow conti-
nental shelves. Rare access to the remote study area in the Kara, Laptev and East Siberian Seas was provided by
the SWERUS-C3 expedition in July—August 2014 and the International Siberian Shelf Study 2020 (ISSS-2020)
expedition in September—November 2020. To address the objectives, we here combine observations of N,O and
dissolved nitrogen concentrations in the water column across the study area with on-board incubation of intact
sediment cores to quantify sediment-water N,O fluxes.
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2. Materials and Methods
2.1. Study Area and Field Sampling

Focus areas of this study were the continental shelves of the Kara, Laptev and East Siberian Seas north of Siberia.
The Kara Sea has an average depth of 131 m (Jakobsson, 2002), and is strongly influenced by the Ob and Yenisey
rivers that deliver freshwater, carbon and nitrogen (ca. 0.47 Tg N yr~! in particulate and dissolved form; Holmes
et al., 2012; McClelland et al., 2016). The Laptev and East Siberian Sea shelves form, together with the Russian
part of the Chukchi Sea, the East Siberian Arctic Shelf, the largest and shallowest continental shelf of the world
ocean. The Laptev Sea has an average depth of only 48 m (Jakobsson, 2002), and receives ca. 0.27 Tg N yr~! from
the Lena river (Holmes et al., 2012; McClelland et al., 2016). The East Siberian Sea has an average depth of 58 m
(Jakobsson, 2002) and is the recipient of comparatively small rivers such as Indigirka and Kolyma, but is influ-
enced by the inflow of nutrient-rich Pacific waters from the east. The westward limit of strong Pacific nutrient
input varies over time (Peralta-Ferriz & Woodgate, 2017), but might average ca. 160°E (Semiletov et al., 2005).
High freshwater input typically results in strong stratification of water masses in the outflow regions of the Sibe-
rian Arctic Ocean shelves (Osadchiev, Pisareva, et al., 2020; Sanders et al., 2022; Thibodeau et al., 2017), but
mixing of water masses can occur due to wind-driven upwelling (Osadchiev, Silvestrova, & Myslenkov, 2020).
The Laptev and East Siberian Seas are further characterized by particularly strong coastal erosion that can
locally exceed 5 m per year (Lantuit et al., 2012; Semiletov et al., 2005). This is facilitated by the presence of
Pleistocene-age Ice Complex deposits along the coasts that are prone to collapse due to their high ice content.
The stations included here where N,O was measured are primarily located in the Kara, Laptev and East Siberian
Seas (Jakobsson, 2002), and a few in the Central Arctic Ocean on the Laptev Sea slope. In line with our research
question on the influence of river-derived nitrogen, most stations are located along transects from the mouths of
Ob, Lena and Indigirka across the shelf seas.

The data presented here were generated during the SWERUS-C3 and the International Siberian Shelf Study 2020
(ISSS-2020) expeditions. The SWERUS-C3 cruise on-board the Swedish I/B Oden is described in detail in previ-
ous publications (e.g., Humborg et al., 2017); all stations included here are from the first leg of the expedition in
July—August 2014 and are numbered consecutively. The ISSS-2020 expedition represented the 82nd cruise of the
Russian R/V Akademik Mstislav Keldysh and lasted from late September to early November 2020 covering the
shelf of the Kara, Laptev and western part of the East Siberian Sea. Station numbering followed the accumulating
order of R/V Keldysh expeditions, that is, stations of this cruise were identified as AMK82-6931 to AMK82-7012.

2.2. Water Sampling

Concentrations of dissolved N,O were measured at 9 SWERUS and 56 ISSS-2020 CTD profiling stations cover-
ing the whole water column (Figure 1). These depth profiles are complemented by 23 locations for near-surface
waters collected during ISSS-2020. Vertical thermohaline measurements were performed with a Seabird
SBE911plus (ISSS-2020) and an SBE 911 (SWERUS-C3) equipped with two parallel temperature and conduc-
tivity sensors. For ISSS-2020, we here included also data from a chlorophyll fluorometer (Seapoint), a colored
dissolved organic matter (CDOM) fluorometer (WET Labs) and a turbidity meter (Seapoint). The turbidity,
chlorophyll and CDOM as well as all CTD sensors were calibrated before the cruises in a certified laboratory.
Since turbidity, chlorophyll and CDOM sensors were not calibrated against each other, the SWERUS data were
not included here. Water samples were collected with 20 L (ISSS-2020) and 7 L (SWERUS-C3) Niskin bottles.
Subsurface seawater was additionally collected during ISSS-2020 by a ship-board underway pump-through
system with an intake located at a depth of 3 m. The water flow within the pump-through system was provided
by a 900-W onboard pump (Metabo). The system was equipped with a thermosalinograph (SBE 21 SeaCAT) that
continuously recorded salinity and temperature of flowing subsurface seawater; also these sensors were calibrated
before the cruise in a certified laboratory.

2.3. Analysis of N,O Concentrations

Dissolved N,O concentration were determined by headspace equilibration followed by on-onboard analysis
of headspace N,O concentrations by gas chromatography (Elkins, 1980). Water samples for measurement of
dissolved gases were taken from Niskin bottles (ISSS-2020 and SWERUS-C3) or seawater intake (ISSS-2020) as
described above. During ISSS-2020, 50 ml plastic syringes were connected via three-way valves to the silicone
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Figure 1. Map of the study area. Symbols show stations sampled in 2014 (SWERUS-C3) and 2020 (ISSS-2020), distinguishing between stations sampled using
Niskin flasks where depth profiles are available (NI) and stations where only surface water samples were taken (SWI). Stations for sediment incubation are indicated
with crosses and labeled with station number (as AMK-82 XXXX). Stations were assigned to river plumes for the purposes of this study based on mixed layer salinity
and ocean currents (see Methods for details). The transects shown in Figure 2 are indicated. DLS, Dmitry Laptev Strait. Bathymetry is from IBCAO v4 (Jakobsson

et al., 2020).
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Figure 2. Transects of selected parameters in the Kara, Laptev and East Siberian Sea. Shown are temperature, salinity, turbidity, and N,O concentrations; the location
of transects is indicated in Figure 1. The transect figures were generated using Ocean Data View.
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tubing on the rosette bottle spigots or the seawater intake, rinsed to remove air bubbles and filled with sample water.
Syringes were processed immediately for gas equilibration. The syringe water volume was adjusted to 35 and
15 ml of He were added from a gas bag at atmospheric pressure, and samples were shaken for 30 min at 500 rpm
on a shaker table and left to equilibrate for another 30 min at a temperature of 20°C. During SWERUS-C3, water
samples were collected bubble-free in 12 ml exetainers with the same technique as above and stabilized with
100 pl 50% ZnCl, solution before further processing. Before analysis, 4 ml of the sample volume were replaced
with He at atmospheric pressure and samples were shaken for 12 hr at 150 rpm on a shaker table to equilibrate
headspace and water. In each case, aliquots of the gas phase were then transferred to a SRI Instruments 8610C gas
chromatograph equipped with a Porapak Q pre-column, Hayesep D main column and an electron capture detector
(ECD). During ISSS-2020, the syringe headspace was transferred to a second syringe and 5 ml were injected
through a septum into the sample loop. During SWERUS-C3, the 3 ml of the headspace volume was replaced by
salt brine and transferred to a second syringe and loaded via Luerlock on a 1 ml stainless steel injection loop. For
detection with ECD, 5% CH, in Ar was used as make-up gas. Concentrations of N,O in the gas phase were
calculated by calibration against a series of standard gases (Air Liquide). For the ISSS-2020 expedition, stand-
ards contained 0.24, 0.60 and 3.01 ppm N,O, with an accuracy of +10%, +10%, and +2%, respectively. For the
SWERUS-C3 expedition, standards were 0.30 and 1.04 ppm N,O, each +3%. Standards were injected for every
20 samples to account for drift. Duplicate standard injections showed a relative standard deviation of 3.2 + 3.6%
(average + standard deviation) across all sample batches.

Standard curves of the standard gases were calculated before and after each station. On several occasions, more
than one station was sampled during a day, and a set of standards was determined after the second station to
account for the instrument drift that was estimated from the difference between the estimated concentration and
their expected value assuming linear drift over time. If the regression had p < 0.10 and R? > 0.65 (Prairie, 1996),
we considered drift to be significant, and applied a drift correction using the slope and intercept of this regression.
Samples from 19 of 65 stations were thus corrected. 83% of measured concentrations fell within the range of the
standards. The remaining 17% were lower than the lowest standard, and the lowest measured value was 0.13 ppm
N,O. Dissolved N,O concentrations were calculated using the Bunsen solubility coefficients of N,O in seawater
at the measured salinity and temperature during equilibration in the laboratory (Weiss & Price, 1980).

Given the differences in sample preparation protocols between ISSS-2020 and SWERUS-C3, we compared both
methods with Baltic Sea water samples. Precision was 1.3% for the ISSS-2020 syringe method and 2.5% for the
SWERUS-C3 method, calculated as coefficients of variation from five replicates. Concentrations of N,O meas-
ured using the SWERUS-C3 method were 9.0 & 2.6% lower than using the ISSS-2020 syringe method. We addi-
tionally tested the recovery of an N,O gas standard using the ISSS-2020 method, resulting in 103 + 2% recovery
(average =+ standard deviation), suggesting that N,O concentrations were overestimated by ca. 3% during ISSS-
2020 and underestimated by ca. 6% during SWERUS-C3. The differences between both methods do not limit
relative comparisons across the study area, as SWERUS-C3 only accounted for 9 of 65 oceanonographic stations.
Excluding SWERUS-C3 stations in the statistical analyses gave very similar results. However, even slight over-
or underestimations of N,O concentrations can have implications for N,O sink versus source strength over large
areas. Additional sensitivity analyses on the potential impact of the measurement uncertainties described above
on calculated N,O saturation and sea-to-air fluxes are presented in the Results section.

2.4. N,O Saturation and Sea-Air Fluxes

Surface water N,O saturation and sea-air N,O fluxes were calculated by comparison of surface water N,O concen-
trations ([N,O] ) with the concentrations expected for equilibrium with atmospheric N,O levels ([NZO]eq).
Surface waters were defined as the shallowest data available from Niskin casts to a maximum depth of 5 m
(final range 2.0-5.0 m), complemented by data from seawater intake (depth 3 m). Atmospheric equilibrium
concentrations were calculated as a function of water temperature and salinity as previously described (Weiss
& Price, 1980), using an atmospheric mixing ratio of 327.7 ppb N,O for SWERUS-C3 and 334.1 ppb N,O for
1SSS-2020, that is, the June 2014 and October 2020 averages reported by the NOAA/ESRL halocarbons in situ
program at the Barrow Atmospheric Baseline Observatory, Alaska, United States (Dutton et al., 2017).

Sea-air fluxes of N,O (F) were calculated as described before (Wanninkhof, 2014), as

F = k([NZO]surf - [Nzo]e‘J) (1)
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k = 0.251 (u)* (Sc/660)™"° ()

where k is the gas transfer velocity (cm h™'), u is wind speed (m s~!) at 10 m, and Sc is the Schmidt number calcu-
lated as a function of the measured temperature and salinity as described previously (Johnson, 2010).

Previous studies have used ship-based wind speed measurements or interpolated data products to calculate
sea-air fluxes, and in the latter case data that were specific to the time point of sampling, longer-term averages
or time-weighted approaches that consider the residence time of the target gas in the mixed layer (Manning
et al., 2022). Instantaneous wind speeds tend to result in lower fluxes than longer-term averages given that strong
winds are disproportionally important for sea-air fluxes (Manning et al., 2022; Wanninkhof et al., 2009). On
the other hand, observational coverage of wind data products is poor in the Siberian Arctic Ocean, and previous
studies in this region have therefore commonly used ship-based, instantaneous wind measurements to calculate
sea-air fluxes of CH, and CO, (Humborg et al., 2017; Shakhova et al., 2010; Thornton et al., 2016). Considering
also that our N,O concentration data represent point observations in time and are the first from this region, and
that we consequently cannot assess their temporal variability, we followed these earlier studies and used instan-
taneous, ship-based wind speeds for calculating sea-air fluxes that must be seen as snapshot observations. Wind
speed was measured at 10 m height during SWERUS-C3 and at 20 m height during ISSS-2020; the latter values
were corrected to 10 m (Saucier, 2003).

In addition to wind, sea ice cover can substantially influence sea-air fluxes. Of the 88 stations where surface water
N,O concentrations were available, only three were affected by sea ice during sampling. Station SWERUS-45 had
20%-40% fractional sea ice cover, and stations SWERUS-50 and SWERUS-53 had >80%. We here restricted our
calculations to the ice-free zone, excluding the three ice-covered stations from sea-air flux calculations. Of the
remaining 85 stations, 82 had been ice-free for at least two months, and we consequently do not consider sea-ice
history in our calculations (Manning et al., 2022; Ouyang et al., 2021).

2.5. Nutrient Measurements

For nutrient measurements, samples were collected directly from Niskin flasks and sea water intake, using
high density polyethylene bottles that were acid-washed before the expedition and rinsed multiple times
between samples. For all SWERUS-C3 stations and the low-turbidity ISSS-2020 stations, filtering was not
necessary as samples were fully transparent, meaning no interference with photometric analyses. Water from
high-turbidity stations during ISSS-2020 was filtered with 0.7 pm GF/F syringe filters (see Table S1 in Support-
ing Information S1 for identification of filtered and non-filtered stations). All samples were analyzed for nutrients
at sea within a few hours of sampling. Inorganic nitrogen species were measured with a four-channel segmented
flow autoanalyzer (QuAAtro from SEAL Analytical), following the manufacturer's protocols. The determina-
tion of nitrate was based on reduction to nitrite and subsequent colorimetric analysis. For SWERUS-C3, only
the sum of nitrate and nitrite was analyzed. For ISSS-2020, nitrite was also measured separately and nitrate
calculated by subtraction. Ammonia concentrations were analyzed using the phenol-hypochlorite method on
1SSS-2020 and the sodium salicylate method on SWERUS-C3. Accuracy was monitored by repeated measure-
ment of a certified reference solution over the course of both expeditions (VKI QC RW1, 7.1 pM ammonium
and nitrate each, diluted 1:2 for SWERUS-C3), and expressed as the median deviation from the expected value.
During SWERUS-C3, accuracy was —0.15 pM for ammonium and —0.11 pM for nitrate, and during ISSS-2020,
+0.04 pM and +0.10 pM, respectively. Precision was calculated as the coefficient of variation of the reference
solution, and was 3.7% for ammonium and 1.2% for nitrate during SWERUS-C3, as well as 2.3% and 1.7%
during ISSS-2020, respectively. The detection limit was calculated from the standard deviation of repeated meas-
urements of the lowest standard across each expedition (1.1 pM ammonium, 3.6 uM nitrate), as the Student's ¢
value for a single-tailed 99th percentile 7 statistic and a standard deviation with n — 1 degrees of freedom. The
calculated detection limit was 0.08 pM for ammonium and 0.09 pM for nitrate during SWERUS-C3, as well as
0.04 and 0.11 pM during ISSS-2020, respectively. In total, 10% of nitrate and 12% of ammonium concentrations
were below these formal limits. These values are included in this study to avoid a bias for high concentrations,
but are identified as below the formal detection limit in Table S1 in Supporting Information S1. For ISSS-2020
samples, total nitrogen was additionally measured using alkaline persulfate digestion followed by colorimetric
determination of the resulting nitrate (Valderrama, 1981). We assumed that total nitrogen equaled total dissolved
nitrogen (Voss et al., 2013) and calculated dissolved organic nitrogen by subtracting ammonia, nitrite and nitrate.
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Dissolved organic nitrogen might be thus slightly overestimated for low-turbidity stations where water samples
were not filtered (Table S1 in Supporting Information S1; see above).

2.6. Intact Sediment Core Incubation

We performed an on-board incubation experiment with sediments from 16 stations of the ISSS-2020 expedition
(Figure 1) to quantify net sediment-water N,O fluxes. The approach uses intact multicores to minimize distur-
bance of the sediment-water interface, and is commonly used in other systems to measure sediment-water fluxes
(see e.g., Ray et al., 2021 for general considerations). Sediment cores were taken with an Oktopus multicorer
with ca. 10 cm diameter. One core per station was further processed for incubation. Immediately after multicore
sampling, liners were closed at the bottom with gas-tight lids and additional bottom water was collected from
multiple parallel cores in a carboy. Cores were stored outside at temperatures above the freezing point with over-
lying bottom water before processing within 1 day. Before the start of the incubation, the sediment depth inside
the liner was measured, the liners were complemented with collected bottom water to the rim and closed at the
top with gas-tight lids, taking care to avoid bubbles in the core. Average water volume was 3.2 + 0.3 L (+standard
deviation). Top lids were equipped with O, sensor stickers (PreSens SP-PSt3-NAU-D10-YOP), a magnetic stirrer,
an outlet and an inlet port that was connected to a carboy with spare bottom water from the same station. Cores
were placed in a water-filled incubator tank (average + standard deviation 3.3 + 1.5°C) around a rotor (40 rpm)
that gently moved the magnetic stirrers inside the liners, maintaining mixing of the water without re-suspension
of sediments. A parallel set of liners was filled only with bottom water (4.3 L) and treated in the same way as a
water-only control. Tanks were covered with lids to avoid photosynthesis. Incubations lasted 2 weeks for the nine
first stations, but had to be shortened to a minimum of 10 days for later stations to allow for sample processing
before the end of the expedition. This incubation time is longer than in previous studies at warmer locations, and
was adjusted to the cold conditions of the Arctic Ocean that require longer times to arrive at comparable total
changes in dissolved gas concentrations. Dissolved O, concentrations were monitored throughout the incubation
with a PreSens OXY-1 SMA trace transmitter to ensure that conditions never became hypoxic (<65 pM), but also
that microbial activity was high enough (represented by consumption of at least 65 pM O,) to allow detectable
changes in other gases.

Water samples for N,O analysis were taken at five time points during the incubation by filling 50 ml syringes
from the outlet ports and analyzed as described above; inlet ports were opened during sampling to allow replace-
ment of the removed water from the carboy, ensuring there was never an air headspace. We determined the rate of
sediment-water N,O and O, fluxes using a regression approach. We considered fluxes to be significant when the
change in concentration had p < 0.10 and R? > 0.65 (Mazur et al., 2021; Prairie, 1996), and then pro-rated the flux
to the cross-sectional area (0.0071 m?) and volume of water in the core. This process was repeated for the water-
only control cores, and when they had significant fluxes, we subtracted this rate from the accompanying sediment
core. Organic carbon and nitrogen content as well as 8'°C values of organic carbon were analyzed in acidified
aliquots of dried surface sediment samples (O—1 cm depth), using a Finnigan Delta Plus XP mass spectrometer
coupled to a Thermo Fisher Scientific Flash 2000 Isotope Ratio Mass Spectrometer Element Analyzer via a
Conflo II interface. We note that acidification can lead to a slight reduction in measured nitrogen concentrations.

2.7. Data Processing and Statistical Analyses

To test the effect of terrestrial nitrogen input on nitrogen cycling, we aimed to reduce the influence of other bioge-
ochemical gradients, such as changes along the water column and east-west gradients in nutrient availability. To
that end, we separated (a) observations from the mixed water layer above the pycnocline, as well as (b) observa-
tions from individual river plumes. For each sampling station, the bottom of the mixed layer was defined as the
depth where the density difference to the surface exceeded 20% of the density difference between the deepest
sample and the surface (Shaw et al., 2009), using CTD data at 1 m resolution. The river plumes of the Ob/Yenisey,
Lena and Indigirka were described by applying a filter of max. 30%o salinity in the mixed layer. Based on the
direction of ocean currents, the Ob/Yenisey plume was restricted to the Kara Sea west of the Yamal peninsula,
and the Lena plume to the Laptev Sea east of 125°E, as well as north of the New Siberian Islands. In addition to
nitrogen input from the Lena river, this area is also influenced by coastal erosion in the Buor-Khaya Bay. Stations
in the Dmitry Laptev Strait (DLS) south of the New Siberian Islands also receive water from the Lena, but were
excluded due to extremely high rates of coastal erosion that limit the comparability with other stations of the river
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plume. The Indigirka plume is present in the East Siberian Sea east of the New Siberian Islands; in addition to
input from the Indigirka, this area is also influenced by coastal erosion in the DLS as well as Pacific waters from
the east. For each station located within a plume, we then calculated the distance from the respective river mouth
(estimated as: Ob 73.6°E 72.4°N, Lena 128.5°E 72.53°N, Indigirka 150.6°E 71.3°N).

Statistical analyses were performed in R (R Core Team, 2018). Relationships between environmental parameters
were investigated using Pearson's correlations, after log- or rank-transformation where necessary to achieve normal
distribution. Correlations were considered significant at p < 0.05 and marginally significant at p < 0.1. All data used
here on salinity, temperature, turbidity, CDOM, chlorophyll A, dissolved organic nitrogen, ammonium, nitrate, nitrite
and N, O concentration are presented in Tables S1 and S2 in Supporting Information S1, and on N,O saturation and
fluxes in Table S3 in Supporting Information S1. Data from sediment core incubations are in Tables S4 and S5 in
Supporting Information S1. Statistical results on correlations between water sample parameters are in Tables S6—S9
in Supporting Information S1, and on correlations with water depth in Table S10 in Supporting Information S1.

3. Results
3.1. River Influence on Salinity, Temperature and Turbidity

The Kara, Laptev and East Siberian Seas showed stratification of water masses with strong river influence in the
mixed layer. Fully mixed conditions were only observed at stations AMK82-6968 and 6969 that were located in
the DLS close to coastal erosion sites, and where water depth was only 15 and 17 m. The mixed layer showed
lower salinity than the deeper waters at all stratified stations, whereas temperature gradients with depth varied
geographically (Figure 2 and Table S1 in Supporting Information S1).

Individual river plumes differed substantially in spatial patterns of salinity, temperature, and suspended material
in the mixed layer at the time of sampling. With increasing proximity to the river mouth, the Indigirka plume
showed a significant decrease in salinity, and increase in temperature, turbidity and CDOM in the mixed layer (R?
0.50-0.72; Figures 3 and 4 and Table S6 in Supporting Information S1). In addition to river input, turbidity in this
region is also fueled by strong erosion in the DLS west of the Indigirka (Figure 3b). The Lena river plume showed
a similar decrease in mixed layer salinity with proximity to the river mouth (R? 0.64), but a decrease in water
temperature (R? 0.32; Figure 4). Highest turbidity was observed at greater distance from the shore (Figure 3b).
The Ob/Yenisey plume showed no correlation of salinity and temperature with distance from the river mouth
(Figure 4), but fresher and colder mixed layer water masses further to the east are in line with the movement of
the river plume following ocean currents. The highest turbidity was observed at two stations 150-220 km north
of the Ob mouth (Figures 2 and 3b), and was not associated with low salinity or changes in temperature. All river
plumes showed close correlations of turbidity and CDOM (R? 0.83-0.96), and an increase in chlorophyll A fluo-
rescence with proximity to the river (R? 0.22-0.67, Table S6 in Supporting Information S1).

3.2. River Influence on Dissolved Nitrogen Concentrations

Concentrations of organic nitrogen, ammonium, nitrite and nitrate in the mixed water layer significantly increased
with decreasing salinity and increasing proximity to the Ob, Lena and Indigirka river mouths (Figures 3 and 5, and
Figures S1-S4 in Supporting Information S1). This applied both across the entire dataset (R? 0.26-0.53) and in most
cases also to individual river plumes (Table S7 in Supporting Information S1). Similar correlations were observed
when the entire water column was considered (Table S7 in Supporting Information S1), with the exception of
nitrate, which strongly increased in higher-salinity bottom waters (Figure S5 in Supporting Information S1). Corre-
lations with salinity likely underestimate the influence of rivers on dissolved nitrogen in the mixed layer as salinity
is also affected by sea ice melt. For the DLS that has high coastal erosion and is also influenced by the Lena river,
we observed no elevation of nitrate, nitrite and dissolved organic nitrogen in the mixed layer, but high ammonium
concentrations compared to stations near the Lena mouth (Figure 3c and Figure S6 in Supporting Information S1).

3.3. Nitrous Oxide in the Water Column

Nitrous oxide concentrations ranged between 5 and 32 nM (mean =+ standard deviation 14 + 4 nM) across all meas-
ured water samples. We originally hypothesized that N,O concentrations would be elevated in near-coastal waters
affected by terrigenous nitrogen input, and tested for correlation of N,O concentration with distance from river
mouth, salinity and dissolved nitrogen concentration in the mixed layer. We found that N,O concentrations signifi-
cantly increased with nitrate and nitrite concentrations, with proximity to the river mouth and with decreasing salinity
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N,O concentration in surface waters, (e) surface water N,O saturation, (f) sea-air N,O fluxes, (g) interpolated concentrations of sedimentary nitrogen taken from the
CASCADE database (Martens et al., 2021a, 2021b) and (h) sediment-water N,O fluxes determined during incubation of intact sediment cores. Data for 14 of the 16
incubated cores are shown, excluding two that were affected by leakage (see Methods). Circles show data from the ISSS-2020 expedition (September—November 2020)

and squares from SWERUS-C3 (July—August 2014). Bathymetry is from IBCAO v4 (Jakobsson et al., 2020).
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Figure 4. Correlations of distance from river mouth, salinity, temperature and turbidity in the mixed layer. Shown are correlations across all samples (a—c) and
separately for the Ob/Yenisey (d—f, red squares), Lena (g—i, orange upward triangles) and Indigirka (j—1, yellow downward triangles) plumes. The R? values are shown
for correlations where p < 0.1 (n.s., not significant).

across all stations, but the observed correlations were very weak (p < 0.05, R? < 0.05; Figure 6 and Figure S7 in
Supporting Information S1, and Table S8 in Supporting Information S1). Similar, weak correlations were observed
when all depths were considered, as well as a negative correlation with ammonium (p < 0.05, R? < 0.1; Table S8 in
Supporting Information S1). The strongest relationships of N,O were observed in the Indigirka plume, where mixed
layer N,O concentrations showed significant, positive correlations with proximity to the river mouth, water freshness,
ammonium, nitrite and nitrate concentration (p < 0.05, R?> 0.22-0.44). These correlations were driven by particu-
larly low N,O concentrations at the most distant stations AMK82-6961 to -6964, SWERUS-50 and -53 (Figures 3d
and 6m). These stations are located >500 km from the river mouth and furthest to the north-east (75°N 161°E), and
might be influenced by Pacific waters (Semiletov et al., 2005). Nitrous oxide slightly increased with distance from the
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Figure 5. Correlations of dissolved inorganic nitrogen (DIN) concentrations with selected parameters in the mixed layer. Shown are correlations across all samples
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Indigirka among closer-to-shore locations (Figure 3d). Correlations of N,O concentrations were weaker for the Lena
plume and significant for salinity, nitrite, and nitrate in the mixed layer (p < 0.05, R? 0.11-0.14). No significant posi-
tive correlation of N,O with water freshness or any measured nitrogen form was observed in the Ob/Yenisey plume.

Considering the weak relationship of N,O with dissolved nitrogen concentrations especially in the Lena and Ob/
Yenisey plumes, a wider range of parameters was explored as potential controls on N,O dynamics. We found that
mixed layer N,O concentrations were significantly correlated with turbidity and CDOM in the Ob/Yenisey and
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Figure 6. Correlations of N,O concentrations with selected parameters in the mixed layer. Shown are correlations across all samples (a—d) and separately for the Ob/
Yenisey (e-h, red squares), Lena (i-1, orange upward triangles) and Indigirka (m—p, yellow downward triangles) plumes. Blue circles are stations outside river plumes.
The R? values are shown for correlations where p < 0.1 (n.s., not significant).

Indigirka plumes (p < 0.05, R? 0.20-0.35; Figure 6, Table S8 in Supporting Information S1). No correlation of
N,O concentration and turbidity or CDOM was observed for the Lena.

Finally, depth profiles of N,O concentrations in the water column were assessed for indications of sedimentary
N,O release or uptake. Depth profiles were available for 65 oceanographic stations (see examples along transects
in Figure 2 and all data in Table S1 in Supporting Information S1). Twelve of these stations showed a signifi-
cant increase in N,O concentration with depth, and two showed a decrease (p < 0.1; Table S10 in Supporting
Information S1). Seven stations showed an increase in N,O saturation with depth, and seven a decrease (p < 0.
1). The strongest difference between bottom and mixed layer waters was observed at station SWERUS-13, with
32 nM N, 0 at the bottom and 9-14 nM N, O closer to the surface.

3.4. Nitrous Oxide Saturation and Sea-Air Fluxes

Surface water N,O saturation averaged 94 + 24% with a total range of 38%—180% (Figure 3e). The high variabil-
ity of surface water N,O saturation was primarily driven by the wide range in N,O concentrations (p < 0.001, R?
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Table 1
Overview of Surface Water N,O Concentrations, Saturation, Sea-Air Fluxes and Wind Speed at 10 m

N,O conc. (nM) N,O sat. (%) Flux (pmol m=2 d-1) Wind (m s~!)

Ref. (n) Av + sd [Range] Av + sd [Range] Av + sd [Range] Av + sd [Range]
Kara Sea

Here (23) 15+5 [10-32] 99 + 32 [65-180] 1.4 +18.6 [-38.2to 58.1] 73 +3.6 [1.4-16.6]
Laptev Sea

Here (36) 14 +3 [8-21] 91 +19 [51-131] -29+78 [—21.8 to 10.8] 7.1 +£3.7 [0.6-12.6]
East Siberian Sea

Here (18-21) 14 +4 [6-22] 89 + 27 [38-134] 1.6 +10.6 [-15.4t0 32.9] 78 +34 [2.3-13.2]
All from this study

Here (85-88) 15+4 [6-32] 94 + 24 [38-180] —0.5+12.0 [-38.2to 58.1] 72 +3.6 [0.6-16.6]
Chukchi Sea

a -04+0.7

c4 15+3 [12-18]* 114 + 8 [107-125] 9.8 +8.6 [2.3-22.1] 10.3 +4.6 [3.5-13.4]

e (75) 14 +2 [11-17]* 00+15 [-2.9t0 5.7]

f(21) 14 +1 [11-16]* 101 + 8 [89-118] 00+1.8 [-3.0 to 4.2]

i(12) 14+2 [11-16] 103 + 8 [95-118]
Bering Sea

a -0.5+0.5

c@ 12+2 [10-13]* 106 + 5 [102-112] 25+33 [0.2-7.4] 7.0+ 1.7 [5.2-9.2]

e (32) 12+2 [11-17]* 04+12 [-1.9to 3.4]
Bering + Chukchi Sea

b (9) 23+27 [0.1-8.6] 6.4+45 [1.5-14.0]

229 82+ 1.4 [-1.5t022.3]

h 37 3£ 540
Beaufort Sea

d 17+1 115 +7

e (40) 15+2 [12-18]* -0.7+1.8 [-4.8 to 3.9]
Canadian Arctic Archipelago

a -02+1.1

d 21 +3 117 + 15

e (44) 14 +1 [11-17] —03+1.0 [-3.4t02.2]

Note. Averages + standard deviations and total ranges are presented for the Kara, Laptev and East Siberian Sea (this study; individual data in Table S3 in Supporting
Information S1), and compared with previous studies on the Arctic Ocean shelves and Bering Strait: a, Fenwick et al. (2017); b, Heo et al. (2021); ¢, Hirota et al. (2009);
d, Kitidis et al. (2010); e, Manning et al. (2022); f, Toyoda et al. (2021); g, Wu et al. (2017); h, Zhan et al. (2021); i, Zhang et al. (2015). In the Kara and East Siberian
Sea, average emissions were calculated despite average undersaturation as wind speeds were slightly higher at oversaturated stations. *, Unit is nmol kg~!.

0.88). We further observed very weak, but significant correlations indicating an increase in N,O saturation with
proximity to the river mouth, turbidity and temperature, which lowers gas dissolution (p < 0.05, R? 0.07-0.08;
Table S9 in Supporting Information S1). We did not observe systematic differences between the Kara, Laptev
and East Siberian Seas (Table 1).

Most stations (85 of 88) were completely ice-free during sampling and we considered only these stations
for calculation of sea-air N,O fluxes. On average, the ice-free ISSS-2020 and SWERUS-C3 stations took up
0.5 + 12 pmol N,O m~2 d~! from the atmosphere. Observations at individual stations ranged from an uptake of
38 pmol to the release of 58 pmol N,O m~2 d~!. Wind speed, which strongly determines calculated fluxes, aver-
aged 7.2 + 3.6 m s~! at these stations. These ship-observed, instantaneous wind speeds are slightly higher than
the modeled 2001-2020 annual average of 6.1 m s~! for the same oceanographic stations (Hersbach et al., 2018).
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We performed an additional sensitivity test to assess how differences in methodology between the two expeditions
could have affected calculated N,O saturation state and sea-to-air flux. Method cross-comparison and a standard
recovery test indicate a possible overestimation of ISSS-2020 N,O concentrations by 3% and underestimation of
SWERUS-C3 concentrations by 6%. This implies a minimum detectable saturation level of 103% for ISSS-2020
to establish a source, and a maximum level of 94% for SWERUS-C3 to establish a sink. Only five of 82 ISSS-
2020 surface water observations fell between 100% and 103% saturation, that is, the calculated oversaturation
was within the uncertainty range. None of the SWERUS-C3 stations showed saturation between 94% and 100%.
Decreasing all ISSS-2020 surface water saturation values by 3% and increasing SWERUS-C3 saturation by 6%
would reduce overall N,O saturation to 91 + 24% (range 37%-174%), and increase N,O uptake to 2 + 12 pmol
N,0 m~2d~! (ranging from an uptake of 42 to the release of 54 pmol N,O m~2 d~!). These values fall well within
the uncertainty range of uncorrected calculations and demonstrate a marginal effect of measurement uncertainties
on the main observations of this study.

3.5. Sediment Incubation

All incubated cores showed significant, linear changes in concentrations of N,O (average R? 0.89, range 0.69-1.00)
and O, (average R? 0.86, range 0.66-0.97) over time (Table S5 in Supporting Information S1). Data from two
cores had to be removed from the dataset as increasing O, concentrations indicated leakage. Consumption of
0, ranged between 0.3 and 5.0 mmol m~2 d~!, and final O, concentrations were 150-378 pM corresponding to
45%—-96% of initial values. The decline in O, concentration during incubation has therefore likely had little effect
on measured fluxes as concentrations never became hypoxic (<65 pM).

Incubation of intact sediment cores with overlying water resulted in the average release of 110 + 166 nmol
N,O m~2 d~! from the sediment to the water column. Individual values ranged from an uptake of 266 and
141 nmol m~2d~! observed at two stations to a maximum release of 388 nmol m~=2d~! (Figure 3h). Sediment-water
N,O fluxes were positively correlated with CTD-derived bottom water temperature and the ratio of organic
carbon over total nitrogen in surface sediments, and negatively correlated with nitrate concentration at the incuba-
tion start (p < 0.1, R 0.21-0.25). Sediment-water N,O fluxes were not significantly correlated with distance from
river mouth, sea-air N,O fluxes, bottom or surface water N,O concentration or saturation. In addition, we found
that control experiments using only bottom waters without sediment showed significant net N,O consumption at
10 of 14 stations (Table S4 in Supporting Information S1), with an overall average rate of —434 + 434 nmol N,O
m~2 d~! per meter water column (range —1,242 to +252 nmol m~2 m~! d-!). This N,O consumption cannot be
explained by anoxic conditions as O, concentrations at the end of the incubation ranged between 238 and 419 yM
in the water-only controls.

4. Discussion
4.1. N,O Saturation and Sea-Air Fluxes

Surface waters of the Kara, Laptev and East Siberian Sea were on average in equilibrium with N,O mixing ratios
in the atmosphere, but showed high variability. Nitrous oxide saturation averaged 94 + 24% with a total range of
38%-180% (Figure 3e). This range greatly exceeded the range of 89%—125% previously reported for other Arctic
Ocean shelf seas, including the Chukchi and Beaufort Sea, the Canadian Arctic Archipelago and the Bering Strait
(Hirota et al., 2009; Kitidis et al., 2010; Toyoda et al., 2021; Zhang et al., 2015; Table 1). Observations of strong
surface water undersaturation as in our study are rare, but not unprecedented. For instance, surface water satu-
ration of ca. 35% has been reported for locations in the Pacific (Cornejo et al., 2015) and of 43% in the Red Sea
(Bange et al., 2019). We here observed surface water N,O saturation below 60% at five stations in the outer part
of the East Siberian Sea. Three of these stations (SWERUS-45, -50, and -53) were partly covered with sea ice at
the time of sampling; the low N,O concentrations at these stations might be linked to sea ice melt and dilution
of water masses with low-N,O melt water (Randall et al., 2012). The two remaining stations (AMK82-6958 and
-6961) had been ice-free for at least two months before sampling. In both cases, N,O saturation increased with
water column depth, but remained low (42%-70%).

Average sea-air fluxes of N,O in the Kara, Laptev and East Siberian Seas were comparable in magnitude to
previous observations from other Arctic Ocean areas, but showed higher variability (—=0.5 = 12 pmol N,O
m~2 d-!, range —38 to +58 pmol N,0 m~=2 d~!). For the Chukchi and Beaufort Sea, the Canadian Arctic
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Archipelago and the Bering Strait, previous studies have reported fluxes ranging from an uptake of 5 to a release
of 22 pmol m~2 d~! (Fenwick et al., 2017; Heo et al., 2021; Hirota et al., 2009; Manning et al., 2022; Toyoda
et al., 2021; Wu et al., 2017; Zhan et al., 2021; Table 1). For comparison, upwelling and oxygen minimum
zones can reach N,O emission fluxes of several hundred pmol m=2 d=! (Arévalo-Martinez et al., 2019; Naqvi
et al., 2000; Paulmier et al., 2008). Non-hotspot regions of the Atlantic and Pacific Ocean show fluxes from —2
to +3 pmol N,O m~2d~! (Breider et al., 2015; Charpentier et al., 2010; Forster et al., 2009; Frame et al., 2014).
We note that our fluxes were calculated for stations that were ice-free during sampling (85 of 88), using instan-
taneous, ship-based windspeeds, and that the previous studies cited here used a variety of approaches to estimate
wind speed, including instantaneous values from direct measurements and large-scale data products, and for the
latter in some cases applying weighting functions that consider mixed layer residence times. Although the Kara,
Laptev and East Siberian Seas were on average in equilibrium with the atmosphere during our expedition, local
observations of pronounced N,O uptake and release might suggest strong, local N,O sources and sinks in the
Siberian shelf seas. We emphasize the need for more observations from this understudied region to assess how
representative these observations are, including measurements at higher spatial resolution and from multiple
years and seasons.

4.2. Sources and Sinks of N,O

In shallow continental shelf systems, N,O is mainly produced and consumed in sediments (Rowe et al., 1975).
In addition, N,O can be produced and consumed in the water column; it can be delivered by rivers, and it can be
transported over long distances with ocean currents. In our study, temperature/salinity plots showed no pattern
of higher or lower N,O concentrations in specific water masses (Figure S8 in Supporting Information S1), and
consequently do not point at a strong effect of long-distance transport of water masses on the variability of N,O
concentrations in the study area.

Low sediment-water N,O fluxes observed in incubations with intact sediment cores, and the absence of a corre-
lation with water column N,O concentrations do not support a dominant sedimentary N,O source or sink. Nitrous
oxide release from sediments to the water column averaged 110 + 166 nmol m~2 d~!. These sediment-water
fluxes were lower than the calculated sea-air fluxes at the same stations (—14 to +26 pmol m~2d~!), and were not
correlated with sea-air fluxes, bottom or surface water N,O concentration or saturation. Correlations (p < 0.1) of
sediment-water N,O fluxes with environmental parameters hint at a shift between dominant nitrogen reduction
pathways as a possible driver of spatial variability across the study area. Sediment-water N,O fluxes increased
with bottom water temperature and organic carbon/total nitrogen ratio in surface sediments, as well as decreasing
nitrate concentration at the incubation start. High temperature and availability of labile organic carbon have been
shown to favor heterotrophic denitrification over autotrophic anammox (Babbin et al., 2014; Canion et al., 2014;
Rysgaard et al., 2004; Tan et al., 2020). Similarly, high and stable nitrate loading might favor anammox over
denitrification (Brin et al., 2014; Rysgaard et al., 2004). Alternatively, high carbon availability might indicate
high decomposition and O, consumption that could reduce O, penetration depth, and change N,O fluxes by
altering the balance between various N,O-producing and -consuming processes. However, we found no signifi-
cant correlation between sediment-water N,O and O, fluxes. The relationship with organic carbon/total nitrogen
ratios could also reflect differences in organic matter quality impacting carbon and nitrogen availability for
microorganisms.

Sediment-water N,O exchange on the Siberian Arctic Ocean shelves was also low compared to previous
observations, including lower rates of both release and uptake. Rates observed here were slightly lower than
those reported for the continental margin of the Northeast Subarctic Pacific Ocean (524 + 122 nmol m=2 d~!;
Jameson et al., 2021), as well as those of temperate and subtropical continental shelf seas and estuaries. A
previous study estimated the annually-averaged release of 20-570 nmol N,O m~2 d~! from sediments to the
water column in the temperate shelf system of the Gulf of Maine, with a range of observations from —300 to
1,100 nmol m~2 d~! (Hopkinson et al., 2001). Observations from estuarine environments range from average
releases of ca. 10 pmol N,O m=2d~! (Seitzinger et al., 1984; Sturm et al., 2016) to the uptake of 552 + 125 nmol
N,O m~2 d~! (Foster & Fulweiler, 2016), but include also more moderate rates, for example, 206 + 77 nmol N,O
m~2d~! (Mazur et al., 2021) and —460 to +1,940 nmol N,O m~2 d~! (Hopkinson et al., 1999) in two temperate
estuaries. The lower rates of both N,O release and uptake in our study might reflect lower denitrification which
can produce and consume N,O, and might be outcompeted by anammox at low temperatures. This is in line with
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a previously reported increase in sedimentary N,O uptake fluxes with temperature in a temperate estuary (Foster
& Fulweiler, 2016). The lower rates observed here might also be related to lower nitrogen loading, as previous
studies on sediment-water N,O fluxes have often focused on systems with high anthropogenic nitrogen input.

Largely constant N,O concentrations across the water column fall in line with low sedimentary N,O production
and consumption. The majority of stations (51 of 65) showed no significant change in N,O concentration with
depth; 12 showed an increase and two a decrease (p < 0.1). These observations suggest that sediments can be
locally important, but overall do not represent a dominant N,O source on the Kara, Laptev and East Siberian
shelf seas. These findings contrast with previous studies from the Bering Strait and Chukchi Sea shelves. In
these regions, sediments were indicated as the main N,O source by an increase in N,O concentration with depth
(Fenwick et al., 2017; Hirota et al., 2009; Wu et al., 2017; Zhang et al., 2015), although annual variability has
been observed with a weak halocline promoting vertical mixing and more homogenous concentrations during
one expedition (Toyoda et al., 2021). It seems likely that N,O dynamics in this area are influenced by the inflow
of nutrient-rich Pacific waters and resulting higher marine primary production compared to the Kara, Laptev and
East Siberian Seas (Codispoti et al., 2013).

Comparison of N,O depth profiles and surface water saturation, together with incubation data points at N,O
consumption in the water column as one driver of locally observed surface water undersaturation. First, we
found surface water undersaturation and uptake of atmospheric N,O in 55 of 88 stations (Figure 3f). Sediment
uptake was only observed in two of 14 stations and much lower than sea-air fluxes. Second, both surface and
bottom waters were undersatured in N,O at all 12 stations where N,O concentration significantly increased
with depth, and seven of these stations also showed a significant increase in N,O saturation. These stations
include the two ice-free stations and one of three ice-covered stations where N,O saturation in surface waters was
below 60%. For example, at station AMK-82 6958, N,O concentration and saturation significantly (p < 0.05)
decreased from 12 nM and 70% in bottom waters to 8 nM and 51% at the surface. These observations point at
a sedimentary source at these stations, but suggest also N,O consumption in the water column, overall leading
to increasing undersaturation towards the surface. Third, we directly observed net consumption of N,O in the
water-only controls of the sediment incubations at 10 of 14 stations (Table S4 in Supporting Information S1).
These samples are not representative for the entire water column, but demonstrate that N,O consumption can
occur in bottom waters. Nitrous oxide consumption has been in the past largely associated with denitrification
under anoxic conditions, which is in conflict with the oxygenation of the entire water column in the study region.
More recent studies have demonstrated N,O consumption also in oxygenated surface waters, as indicated by a
decrease in N,O concentration in sea water samples during incubation (Rees et al., 2021), and by tracing '*N
from N, O into organic matter (Cornejo et al., 2015; Farfas et al., 2013). In addition, active nosZ genes that code
for the enzyme N,O reductase have been detected in oxygenated surface waters at a range of locations (Coates &
Wyman, 2017; Raes et al., 2016; Rees et al., 2021; Sun et al., 2017; Wyman et al., 2013). These studies provide
compelling support for biological N,O consumption in oxygenated waters. It remains unclear at this point if this
N,O consumption actually happens under oxic conditions, or at anoxic microsites. Active nosZ genes have been
found also in bacteria associated with cyanobacterial colonies in oxygenated surface waters, suggesting that
denitrification and N,O consumption could occur under sub- or anoxic conditions within the colony (Coates &
Wyman, 2017). Such microsites might also exist in sinking organic aggregates (Bianchi et al., 2018; Wolgast
et al., 1998) and might provide conditions suitable for N,O reduction also in our system. Taken together, our data
suggest water column N,O consumption as an important component of N,O dynamics in the study area. Consid-
ering the limited importance of sediments as N,O sources, it is possible that also N,O production is dominated by
water column processes, by nitrification or denitrification, including classic denitrification at anoxic microsites as
outlined above, or nitrifier denitrification that has also been demonstrated under oxic conditions (Wrage-Monnig
et al., 2018). Direct evidence for water column N,O production in this system is however missing.

4.3. River Impact on Nitrogen Availability and N,0 Concentrations

We originally hypothesized that nitrogen delivered from land would increase nitrogen availability in the water
column and promote N,O production in these areas. In line with our expectations, we found that nitrogen input
by large rivers led to elevated nitrogen concentrations in the water column of the Siberian shelf seas near the
river mouths. The recently published Circum-Arctic Sediment CArbon DatabasE (Martens et al., 2021a, 2021b)
complements our water column observations and shows elevated nitrogen concentrations also in surface
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sediments near the Yenisey estuary and the Lena river delta (Figure 3g). Taken together, river-derived nitrogen
might promote nitrogen availability for primary production and a range of nitrogen cycle processes including
nitrification and denitrification near the river mouths. In addition, rivers might also directly transport N,O to the
coastal ocean.

In contrast to our hypothesis, we found no support for a substantial enhancement of N,O concentrations
near river mouths. Although nitrogen availability has been suggested to exert a primary control on N,O
production, the relationship between elevated nitrogen near rivers and N,O concentrations was weak. Signif-
icant correlations with concentrations of different dissolved inorganic nitrogen (DIN) forms were primarily
observed in the Indigirka plume, but were very weak in the Lena and absent in the Ob/Yenisey plumes.
These observations do not support our hypothesis of terrigenous nitrogen input promoting net N,O produc-
tion near river mouths or of direct N,O delivery by rivers, but suggest that other parameters have a stronger
influence on N,O dynamics in the region. One such parameter might be turbidity that was significantly
correlated with N,O concentrations in the Ob/Yenisey and Indigirka plumes. A connection between high
N,O concentration and high turbidity has been frequently observed in estuaries (Abril et al., 2000; Barnes
& Upstill-Goddard, 2011). The production of N,O in turbid waters might be facilitated by high nitrifica-
tion rates, driven by high concentrations of particulate organic nitrogen, by the accumulation of bacteria
around particles (Barnes & Upstill-Goddard, 2011), or by light-limitation of primary production that reduces
competition for nitrogen by phytoplankton. High N,O in turbid waters might also stem from denitrification
at anoxic microsites of particles (Liu et al., 2013). Taken together, the spatial distribution of N,O suggests an
influence of both nitrogen and turbidity delivered by rivers, and large differences in dominant drivers across
the Siberian shelf seas.

We here propose that the variation in N,O concentrations across the Siberian Arctic Ocean shelves might be partly
explained by interactions between nitrogen availability and turbidity. The three river plumes showed contrasting
relationships between DIN, turbidity and N,O in the mixed layer. For the Indigirka plume, both DIN and turbid-
ity increased with proximity to the river mouth. Together, increasing substrate availability for nitrification and
denitrification and increasing turbidity could favor higher N,O concentrations closer to the river. The Lena and
Ob/Yenisey plumes showed opposing cross-shelf trends of these three parameters in the mixed layer. For the Ob/
Yenisey plume, we observed the highest turbidity at two stations 150-220 km from the Ob (Figure 3b). These
stations also had the highest N,O concentrations (Figure 3d), and were clearly distinct from the high-nitrogen,
low-salinity waters near the river mouth. The Lena plume also showed a turbidity maximum at greater distance
from the high-nitrogen, low-salinity waters near the coast (Figure 3b). For the Lena plume, we did not observe
a significant correlation of N,O concentration and turbidity; a possible positive effect of turbidity on N,O might
however have been neutralized by a negative effect of decreasing nitrogen concentration with distance from shore.

In addition, temperature has been suggested as a key control on high-latitude N,O dynamics. Higher temperature
has been shown to favor denitrification over anammox (Canion et al., 2014; Rysgaard et al., 2004; Tan et al., 2020),
that is, the anaerobic oxidation of ammonium by nitrite to N, that competes with denitrification for substrate
and is thought not to produce N,O directly (Okabe et al., 2011). Mixed layer temperature significantly increased
towards the Indigirka mouth, possibly adding to the stimulating effect of DIN and turbidity on N,O production near
the river. By contrast, temperature significantly decreased towards the Lena mouth, which could have contributed to
dampening N,O production close to the coast. Interactions between nitrogen availability, turbidity, and possibly
temperature might have contributed to the contrasting cross-shelf trends in N,O concentration across the Siberian
shelf seas.

4.4. Implications of Climate Change on N,O Dynamics in the Siberian Arctic Ocean

Anthropogenic climate warming is rapidly changing the Arctic Ocean. Projections include an increase in water
temperature, decline of sea ice, and increased input of freshwater and a range of organic and inorganic compounds,
fueled by land permafrost thaw. Both nitrogen input and turbidity are expected to increase with higher river
transport (Bobrovitskaya et al., 2003; Doxaran et al., 2015; Frey & McClelland, 2009; Gordeev, 2006; Krickov
et al., 2018) and accelerating coastal erosion (Nielsen et al., 2022). The correlations observed in this study make
it possible that increasing nitrogen availability and turbidity will stimulate N,O production and N,O emissions
on the Siberian Arctic Ocean shelves. The moderate R? of even the strongest correlations and the high variability
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across river plumes however indicate confounding effects of multiple processes on N,O dynamics in this Arctic
shelf system.

Rising temperatures might further directly stimulate a range of nitrogen cycle processes (Greaver et al., 2016),
independent of changes in nitrogen loading or turbidity. Both N,O production by nitrification and denitrifi-
cation, as well as N,O reduction in water column or sediments might increase, and the net effect on N,O will
depend on the balance between production and consumption processes. Denitrification-derived N,O production
is particularly sensitive to temperature, as denitrification outcompetes anammox at higher temperatures. Strong-
est warming effects are expected at northern high latitudes, where a doubling of sedimentary N,O production by
denitrification has been projected until 2100 in the Representative Concentration Pathway (RCP) 8.5 scenario
(Tan et al., 2020). Nitrous oxide production from sediments, but possibly also from water column denitrification
might become more important on the Siberian Arctic Ocean shelves in the future.

Rising temperatures could also affect N,O fluxes by altering N,O solubility in the ocean water. Recent Earth
System Models project an increase in Arctic Ocean sea surface temperature by 5°C (SSP 5-8.5 scenario;
Kwiatkowski et al., 2020) and a decrease in salinity in the top 100 m by 1.5%o until the end of the century
(RCP 8.5 scenario; Koenigk et al., 2013). Even larger decreases are possible on a regional scale. For instance,
a decrease by ca. 13%, that is, 3%o salinity has been suggested for the near-coastal Laptev Sea (Fu et al., 2020)
which already has a low salinity due to freshwater discharge by the Lena river. Increasing temperature strongly
reduces the solubility of gases in the water, while freshening partly counteracts this effect. To illustrate the
magnitude of the solubility effect, we tested how projected changes in temperature and salinity alone would
influence N,O saturation and fluxes in the study area, without considering expected changes in wind speed, N,O
production and consumption. A change in temperature by +5°C and in salinity by —1.5%0 would alter average
N,O saturation from 94 + 24% as observed here to 113 + 29%. Fluxes of N,O would change from an uptake of
0.5 + 12 pmol m~2 d~! to the release of 7 & 15 pmol m~2 d~!. An increase in atmospheric N,O mixing ratio by
60 ppb as projected by 2100 in SSP5-8.5 (IPCC, 2021) would counteract the decrease in N,O solubility, overall
resulting in 96 + 25% saturation and +0.3 + 14 pmol m~2 d~! N, O flux. The apparent discrepancy between aver-
age undersaturation and average positive fluxes results from slightly higher wind speeds at oversaturated stations
observed here, and the large uncertainty range spans from positive to negative fluxes. Wind speed and N,O
concentrations were kept at the observed values for this illustration. Given also the limited temporal coverage of
our data, we emphasize that our calculations do not represent a realistic projection of future N,O emissions from
the Siberian Arctic Ocean shelves, but demonstrate the sensitivity of N,O fluxes to warming-induced changes in
solubility. Reduced N,O solubility will add to changes in wind speed as well as N,O production and consumption
that are likely to follow large-scale alterations of the biogeochemical and physical regime in the study region.
Our findings suggest that N,O production and consumption are strongly influenced by interactions among such
biogeochemical and physical parameters, and point at water column processes as central players.

Data Availability Statement

All data are available in Supporting Information S1 and in the Bolin Centre Database under the link https://bolin.
su.se/data/wild-2023-nitrous-oxide-1 and the doi https://doi.org/10.17043/wild-2023-nitrous-oxide-1.
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