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Abstract Arctic climate warming is causing permafrost thaw and erosion, which may lead to enhanced
inputs of terrestrial organic matter into Arctic Ocean shelf sediments. Degradation of terrestrial organic matter
in sediments might contribute to carbon dioxide production and bottom water acidification. Yet, the
degradability of organic matter in shallow Arctic Ocean sediments, as well as the contribution of terrestrial
input, is poorly quantified. Here, potential organic matter degradation rates were investigated for 16 surface
sediments from the Kara Sea, Laptev Sea, and the western East Siberian Sea and compared with
physicochemical sediment properties including molecular biomarkers, stable and radioactive carbon isotopes,
and grain size. Aerobic oxygen and carbon dioxide fluxes, measured in laboratory incubations of sediment
slurry, showed high spatial variability and correlated significantly with organic carbon content as well as with
the amount and degradation state of terrestrial organic matter. The dependency on terrestrial organic matter
declined with increasing distance from land, indicating that the presence of terrestrial organic matter is likely a
constraining factor for organic matter degradation in shallow shelf seas. However, sediment oxygen
consumption rates, measured in incubations of intact sediment cores, also exhibited substantial spatial
variability but were not related to organic carbon content or terrestrial influence. Oxygen consumption of intact
sediments may be more strongly influenced by in situ redox conditions. Together with previous observations,
our findings support that terrestrial organic matter is easily degradable in shelf sea sediments and might
substantially contribute to aerobic carbon dioxide production and oxygen consumption.

Plain Language Summary The Arctic climate is warming rapidly, which is leading to thawing of
frozen deposits on land. These deposits contain large amounts of terrestrial organic matter that is being eroded
and deposited into shallow ocean sediments. The breakdown of terrestrial organic matter in sediments might
contribute to carbon dioxide release into the ocean water. There is insufficient knowledge on how fast this
breakdown is happening and which parameters influence it. We investigated organic matter breakdown rates for
sediment samples taken from shallow Siberian seas and compared them with sediment properties. Oxygen
consumption and carbon dioxide release were measured in laboratory experiments and showed high variability
between different samples. The release was related to the amount of terrestrial organic matter and its state of
decomposition. This relationship decreased strongly for sediments further away from land. During a second
incubation experiment, using intact sediment cores, oxygen consumption rates were measured and also showed
high variability between samples. Oxygen consumption rates were not related to organic matter content. These
findings support previous observations that terrestrial organic matter breaks down rapidly in shallow Arctic
Ocean sediments and might also substantially contribute to the release of carbon dioxide and consumption of
oxygen from the seawater.

1. Introduction
The Arctic is warming more rapidly than the global average due to polar amplification (Rantanen et al., 2022; You
et al., 2021). The combined effects of higher air and ground temperatures, as well as sea ice retreat, lead to
increasing rates of coastal erosion along the permafrost‐dominated shorelines of the Arctic shelf seas (Jones
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et al., 2020; Nielsen et al., 2022). Increased river discharge combined with destabilization and mobilization of
permafrost soils and deposits in river catchments may lead to increasing inputs of terrestrial organic matter
(terrOM) into fluvial systems, and eventually the Arctic Ocean (Feng et al., 2021; Hugelius et al., 2020; Peterson
et al., 2002; Savelieva et al., 2000; Vonk & Gustafsson, 2013).

The Siberian shelf seas represent an area of the Arctic Ocean that receives substantial amounts of terrOM
mobilized by coastal erosion and discharge of major rivers such as the Ob, Yenisey, Lena, and Kolyma rivers
(Jakobsson et al., 2003; Martens et al., 2022; Stein and Macdonald, 2013). Terrestrially derived organic matter
entering Arctic shelf seas contributes to sediment organic matter content, often exceeding 50% on the Siberian
shelves (Gustafsson et al., 2011; Martens et al., 2022; Semiletov et al., 2011; Vonk et al., 2010, 2012). Terrestrial
biomarker contents such as lignin phenols and high molecular weight (HMW) n‐alkanes decrease by one to two
orders of magnitude from nearshore to the outer shelf sediments (Matsubara et al., 2022). Additionally, lignin
phenol and n‐alkane degradation proxies (e.g., acid/aldehyde ratios of lignin and carbon preference index of
HMW n‐alkanes) indicate higher decomposition state of terrOM further from shore with proxy values changing
by ca. one order of magnitude (Matsubara et al., 2022; Tesi et al., 2014). This shows that terrOM represents a
labile pool of organic matter in shelf sediments that is readily decomposed to carbon dioxide (CO2).

The rates of organic matter decomposition in the water column, and sediments are important parameters that have
cascading effects within the Arctic. Organic matter degradation releases CO2, which may be emitted to the at-
mosphere. The release of CO2 also affects the Arctic Ocean carbonate system by lowering the pH of seawater,
leading to acidification (Semiletov, 1999) that threatens carbonate shell‐forming organisms and the food webs
that depend on them (Capelle et al., 2020). Strong ocean acidification was observed on the Siberian Arctic Ocean
shelves exceeding the levels expected by ocean uptake of rising atmospheric CO2 alone, and attributed to the
release of CO2 from terrOM degradation (Semiletov et al., 2016). Thus, an increase in terrOM input caused by
Arctic warming and permafrost thaw could affect organic matter degradation rates and have further reaching
effects on the biogeochemistry of the Arctic marine environment.

Sediment oxygen (O2) consumption is frequently being used to estimate organic matter degradation rates in ocean
sediments. In turn, sediment oxygen consumption can be utilized to estimate rates of sediment CO2 production,
using respiratory quotients (CO2 flux/O2 flux). However, such an approach is currently challenging in the Arctic
Ocean for several reasons. First, despite a substantial number of O2 consumption rates published for the Arctic
Ocean, the Siberian shelf seas are notably under‐represented (Bourgeois et al., 2017). Second, when sediment O2

fluxes from the Laptev Sea, Kara Sea, and East Siberian Sea (ESS) are reported, they demonstrate high variability
in space and disagreement between studies regarding relationships between sediment O2 fluxes and depth and
distance from shore (Boetius & Damm, 1998; Brüchert et al., 2018; Clough et al., 2005; Ray et al., 2024;
Wollenburg & Kuhnt, 2000). Some of this variability could be associated with spatial and temporal differences in
terrOM content and relative degradation state at the time of sampling. And third, sediment respiratory quotients in
the world's oceans range from 0.69 to 1.31 (Jørgensen et al., 2022), making the association of O2 consumption and
CO2 production difficult. Linking sediment terrOM content and degradation state with sediment O2 consumption
and respiratory quotients will help reduce uncertainty in understanding sediment O2 consumption in Arctic shelf
seas and allow for better estimates of sediment CO2 production.

In this study, we investigated the decomposition potential of organic matter in sediments of the Kara Sea, Laptev
Sea, and western ESS to deduce the influence of chemical and physical sediment properties, and in particular of
terrOM. Therefore, potential CO2 production and O2 consumption rates were determined by incubating surface
sediment samples as an aerobic slurry under controlled laboratory conditions. To assess which factors may affect
CO2 and O2 fluxes, sediment samples were analyzed for elemental and isotopic composition (total organic carbon
content (TOC), total nitrogen content (TN), δ13C‐TOC, and Δ14C‐TOC), grain size distribution, and molecular
biomarkers reflecting the content, sources, and decomposition state of terrOM (lignin phenols and n‐alkanes).
Data from the laboratory incubation are compared with sediment O2 consumption rates that were measured via
shipboard incubations of intact sediment cores during the International Siberian Shelf Study expedition in fall
2020; these data were published previously in the context of sediment nitrous oxide dynamics and silicate cycling
(Ray et al., 2024;Wild et al., 2023). We hypothesize that (a) high sediment TOC in general, and content of terrOM
in particular, increases O2 consumption and CO2 production rates fromArctic shelf sediments, in both incubations
of aerobic slurries and intact cores; (b) the effect of terrOM on O2 and CO2 fluxes is strongest close to land and
diminishes further outward; and (c) correlations with the measured sediment characteristics will be weaker for
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shipboard O2 fluxes of intact cores than for O2 and CO2 measured in laboratory slurry experiments as envi-
ronmental factors are more variable during intact sediment core incubations.

2. Materials and Methods
2.1. Study Area

The area investigated in this study comprises the Kara, Laptev, and western ESS (Figure 1). These shallow
interior shelf seas cover ca. 25% of the Arctic Ocean margin and extend up to 800 km seaward from land (Stein
and Macdonald, 2013). The Kara Sea constitutes the western margin of the study area. Large seasonal freshwater
discharge of the Ob and Yenisei river estuaries lead to pronounced stratification and large dissolved and sus-
pended loads into the southern Kara Sea (Holmes et al., 2002; Osadchiev, Frey, Shchuka, et al., 2021). East of the
Kara Sea, the Laptev Sea is separated from the ESS by the New Siberian Islands and the Dmitry Laptev Strait.
Several rivers drain into the Laptev Sea with the Lena contributing >70% of the total discharge (Williams &
Carmack, 2015). Parts of the coastline consisting of ice‐rich permafrost deposits are influenced by strong coastal
erosion (Fuchs et al., 2020; Holmes et al., 2002; Lantuit et al., 2012). The ESS constitutes the eastern margin of
the study area. Its western part (until ca. 160°E) that is included in this study is dominated by river outflow of the
Indigirka River and the eastward flow of fresher surface water from the Laptev Sea (Gordeev, 2000). Coastal
erosion of destabilized ice‐rich permafrost deposits contributes to inputs of terrOM into the western ESS
(Semiletov et al., 2005).

2.2. Sediment Sampling

Sediment samples were collected during the International Siberian Shelf Study expedition in fall 2020 (ISSS‐
2020) on board the Russian R/V Akademyk Mstislav Keldysh. Cores from 16 stations were used for this study, in
most cases following transects from the mouths of large rivers (Ob, Lena, and Indigirka) toward the outer shelf, as
shown in Figure 1. Sampling stations of the Laptev Sea and ESS were grouped according to their proximity to the
Lena Delta or erosional coastlines, respectively. This distinction was further supported with water depth and
bottom water salinity (Table S1 in Supporting Information S1). For the Laptev Sea, two groups were defined: the
inner Laptev Sea consisting of stations close to the Lena Delta and the outer Laptev Seawith stations closer to the
shelf break. Two stations located close to erosional coastlines along the ESS and Dmitry Laptev Strait were
grouped as inner ESS (see Figure 1). Stations within the ESS that are situated further away from the coast were

Figure 1. Map of the study area. All stations sampled for this study are marked with red dots. The map area shows the Siberian
interior shelves including the Kara Sea, Laptev Sea, and East Siberian Sea (ESS). Stations within the Laptev Sea and ESS
were clustered in four spatial subgroups that are marked with gray rectangles including outer Laptev Sea, inner Laptev Sea,
inner ESS, and central ESS. Bathymetric data of IBCAO version 4 (Jakobsson et al., 2020), the extent of Ice Complex
deposits (Strauss et al., 2021), and coastal erosion rates (Lantuit et al., 2012) are shown.
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grouped as central ESS. Sediment cores were collected using an Oktopus multicorer (ca. 10 cm core liner
diameter). One core per station was used for shipboard incubations to determine sediment O2 consumption and for
the laboratory slurry incubation as described below. A second core was obtained for bulk sediment analysis (e.g.,
grain size, elemental composition, and biomarker). To this end, the core was sliced into 1‐cm increments on
board, and stored, transported, and continuously frozen until further usage. Freeze‐dried material from 0–1 cm
depth was used for the analyses described below. Stations sampled during the ISSS‐2020 were numbered
consecutively as AMK82‐69XX, and station names are abbreviated here as the last two digits of the full name
(e.g., 32 for AMK82‐6932).

2.3. Shipboard Incubations

The processing of sediment cores and the setup of the shipboard sediment core incubation experiment, as well as
O2 measurements and calculations, are described in detail in Wild et al. (2023). Incubations lasted 10–14 days
(see Table S7 in Supporting Information S1); the last stations sampled had shorter incubation times than the others
to finish sample processing before the end of the expedition. Oxygen consumption rates from shipboard in-
cubations are given as absolute values, that is, positive fluxes represent net sediment uptake. After the incubation,
cores were sliced in 1‐cm increments and stored frozen. The top 0–1 cm was used for laboratory slurry
incubations.

2.4. Laboratory Slurry Incubations

Sediment slurry incubations were conducted under controlled laboratory conditions to determine simultaneous
potential CO2 production and O2 consumption rates. Surface sediment samples (0–1 cm) from the shipboard
incubation cores were thawed at 5°C and 10 g (wet) weighed into 125‐mL glass incubation vessels. Triplicate
incubations were created for each station sample. Artificial seawater was created by dissolving Instant Ocean sea
salt mixture (Spektrum Brands, Blacksburg, VA) into ultrapure water. Additionally, the total dissolved inorganic
carbon concentration was adjusted to 2,000 μmol kg− 1 by dissolving sodium bicarbonate into the artificial
seawater. Two separate batches with distinct salinities were created (23 and 32‰) according to the in situ bottom
water salinities measured during the cruise (Table S1 in Supporting Information S1). Incubation vessels, sedi-
ment, and artificial seawater were equilibrated at 5°C for ca. 16 h before starting the incubations. After adding
60 mL of artificial seawater to the sediment, the mixture was stirred into a slurry and the incubation vessels were
closed with rubber septa. 25 mL of laboratory air was added as an overpressure with a syringe to prevent pressures
below 1 bar after repeated sampling. Vessels were incubated in the dark in a temperature‐controlled room at 5°C
for 14 weeks. The slurry was shaken regularly to ensure continued oxygenation of the sediment. For all but one
sample, the lowest headspace O2 concentration was >8% at the end of the incubation, indicating oxic conditions.
Sample 47 exhibited O2 depletion (<5% O2) at the end of the incubation, so the last time point was not used.

Headspace and water samples were taken from the incubation vessels at four time points during the incubation
period (1 hr, 7 days, 40 days, and 99 days). Headspace samples were taken through the septum using a gastight
syringe and directly injected into an 8610C gas chromatograph (SRI Instruments, Germany). Carbon dioxide and
O2 were separated using a Porapak Q precolumn coupled to a HayeSep D packed column at 60°C isothermal.
Target gas species were detected with a flame ionization detector (CO2) and an electron capture detector (O2).
Concentrations were determined via linear regression (concentration vs. response) of standard gas mixtures
ranging from 320 to 2,000 ppm CO2 and 10%–21% O2 (Air Liquide Gas AB, Sweden) using integrated peak area
signals of the target gases. The water phase was sampled by extracting exactly 1 mL of water with a gastight
syringe through a syringe filter (0.45 μm pore size). The sample was transferred into preflushed (N2) gastight
glass vials and acidified with 100 μL of 85% H3PO4, converting all forms of dissolved inorganic carbon to
unionized species (CO2 + H2CO3). After equilibration, the headspace of the gas vial was sampled and injected
into a GC‐FID (above) for CO2 quantification. Temperature and pressure were measured directly beforehand as
supplementary parameters for calculating CO2 partitioning.

The total amount of headspace CO2 and O2 were calculated using the ideal gas law and data on headspace
concentration, pressure, and temperature for each time point. Gas solubility was calculated to derive the total
amount of dissolved O2 in the water phase of the incubation vessels and the amount of CO2 dissolved within the
water phase of the gas vials. Henry coefficients for O2 were calculated based on Johnsson (2010) and for CO2

based on Weiss (1974), assuming 5°C and 23‰ or 32‰ salinity, respectively. Flux rates were derived from the
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slope of a linear regression of total CO2 or total O2 (headspace + water phase) versus the incubation time and are
given in μmol g DW− 1 d− 1. As for the shipboard incubations, both data sets are given as absolute values. Res-
piratory quotients were calculated using the ratio of CO2 production over O2 consumption.

2.5. Chemical and Physical Sediment Characterization

Organic carbon and nitrogen as well as δ13C of sediments were taken from a previous publication (Wild
et al., 2023). Carbon and nitrogen contents are given in weight percent (wt%), and the organic carbon to nitrogen
ratio (OC/N) was calculated based on molar contents. For organic carbon and nitrogen content, the uncertainty
was determined based on replicates of a reference material (acetanilide) with coefficients of variation of 1.6 and
1.9, respectively. The uncertainty of δ13C was assessed by routine replicate measurements of the IAEA reference
material CH7, and an in‐house standard material and is estimated as 0.15‰.

Radiocarbon analysis was conducted for bulk organic carbon. An amount of sample equaling approximately 1 mg
of organic carbon was weighed into silver capsules. Particulate carbonate minerals were removed by adding an
excess of 1 M hydrochloric acid and letting the samples dry at 35°C for 48 hr in a drying oven. After preparation,
samples were sent to the Ångström Laboratory (Uppsala University) for 14C analysis via accelerator mass
spectrometry. Radiocarbon data are presented as Δ14C values and used as a relative measure for comparing
average organic carbon ages between sampling sites relative to the time of measurement. The δ13C and Δ14C
values were used for dual‐isotope source apportionment, to quantify the contribution of marine and terrestrial
sources to sediment OC (see Text S3 in Supporting Information S1 for details).

Lignin phenol biomarkers were quantified from the sediment following Goñi andMontgomery (2000) with minor
modifications previously described in Martens et al. (2019). Briefly, freeze‐dried sediment samples were
depolymerized via alkaline copper oxide oxidation, and the oxidation products were then extracted with ethyl
acetate. Individual lignin phenol monomers were separated, detected, and quantified using gas chromatograph
mass spectrometry. A detailed method description, including method uncertainty and a listing of all target
compounds and recovery standards is given in the supplement (Text S1 in Supporting Information S1). The
measured amounts of copper oxide oxidation products are given in μg per g dry weight of sample (g DW) and per
1 g organic carbon (g OC). Total lignin was calculated as the sum of syringyl, vanillyl and cinnamyl phenols in
μg g− 1 DW and μg g− 1 OC. To elucidate the degradation state and origin of terrOM, several commonly used
proxies were calculated. As in Matsubara et al. (2022), three degradation proxies were calculated: 3,5‐dihy-
droxybenzoic acid over total vanillyl phenols (3,5‐Bd/V), syringic acid over syringaldehyde (Sd/Sl), and vanillic
acid over vanillin (Vd/Vl), which all positively correlate with degradation state. To investigate the origin of
terrOM, two proxies were calculated: the ratio of total syringyl phenols over total vanillyl phenols (S/V) and total
cinnamyl phenols over total vanillyl phenols (C/V; Jex et al., 2014).

The procedure for extraction and purification of n‐alkanes has previously been described in Martens et al. (2020).
Briefly, freeze‐dried sediment was extracted with a mixture of dichloromethane and methanol, and the extracts
were further fractionated in two steps. Neutral and acid soluble lipids were separated via solid‐phase extraction,
and the neutral lipids were then further fractionated into low‐polarity (n‐alkanes) and high‐polarity (n‐alkanols)
lipids. Individual n‐alkanes were then separated and quantified with gas chromatography mass spectrometry. A
detailed method description is given in the supplements (Text S2 in Supporting Information S1). Total HMW n‐
alkane content was calculated as the sum of C25–C33 n‐alkanes and given in μg g− 1 OC and μg g− 1 DW. This
value was used as a proxy for assessing the contribution of terrOM to the sediment. The carbon preference index
of HMW n‐alkanes (CPIalk) is commonly used to assess the degradation state of terrOM (e.g., Martens
et al., 2020; Wild et al., 2022) and decreases toward 1 with increasing degradation.

For grain size analysis, about 1 g of freeze‐dried sediment was combusted at 400°C for 12 hr. The ash was then
removed by washing the combusted samples twice with 45 mL deionized water followed by centrifugation.
Finally, the washed samples were freeze‐dried. Grain size analysis was conducted using a Malvern Instruments
Ltd Mastersizer 3000, and the samples were introduced, circulated, and dispersed via the Hydro LV wet
dispersion system. Sodium metaphosphate was added prior to each measurement as a dispersion agent. An
amount of sample was added via the Hydro LV which resulted in an obscuration value between 5% and 15%.
Grain size measurement was repeated 5 times per sample, and an average was calculated for further use. Grain
size classes were defined as clay (<2 μm), silt (2–63 μm), and sand (>63 μm) for this study.
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2.6. Statistics

Statistical analyses were conducted using the software IBM SPSS Statistics (version 29). Correlations between
flux rates and sediment properties were tested using two‐tailed Spearman’s rank correlation tests due to the
overall low n (=16) for each variable and differing distribution patterns of data sets. The null hypothesis,
assuming no difference between stations, was rejected for test results exhibiting p < 0.05. Test results with
p < 0.05 were classified as significant, whereas test results exhibiting p‐values slightly above 0.05, were classified
as marginally significant (p > 0.05 and <0.1).

3. Results
3.1. Chemical and Physical Sediment Characteristics

The measured chemical and physical sediment characteristics showed high spatial variability for several pa-
rameters. Specifically, TOC contents varied between 0.15% and 2.28% without any clear spatial trends
(Figure 2a). Similarly, grain size distribution varied strongly with clay ranging between 0% and 8.6%, and silt and
sand ranging between 0% and 100%, respectively (Table S2 in Supporting Information S1). Statistically sig-
nificant positive (clay and silt) and negative (sand) correlations (p < 0.05) were found between TOC and grain
size (Table S11 in Supporting Information S1). Spatial trends could be observed for OC/N and δ13C. OC/N
decreased from ca. 10–14 to 7–8 and δ13C increased from ca. − 27.5‰ to − 24‰with distance to land (Figures 2b
and 2g). Terrestrial biomarker contents (HMW n‐alkanes and lignin phenols) showed intermediate to high values
in the Kara Sea, inner Laptev Sea, and inner ESS, and lower values in the outer Laptev Sea and central ESS, both
when normalized by DW and OC (Figures 2c and 2e; Table S2 in Supporting Information S1). Molecular
degradation proxies suggest an increasing degradation state of terrOM with distance from land, indicated by
cross‐shelf gradients in CPIalk, Vd/Vl, Sd/Sl, and 3,5‐Bd/V. For example, Vd/Vl increased from ca. 0.3–0.6 close
to land to ca. 0.7–1.1 on the outer shelf and CPIalk decreased from ca. 4–6 to ca. 2–3 from shore to outer shelf
(Figures 2d, 2f, 2i, and 2j).

Isotopic and molecular source proxies both indicated an overall mixed organic matter composition for most
samples with only slight trends for individual spatial groups. Dual carbon isotopes (Δ14C and δ13C) have been
traditionally used in the study region to investigate the origin of sediment organic matter to distinguish the
different organic matter sources: active layer soil, Ice Complex deposits (present in the Laptev Sea and ESS
catchments), peat deposits (abundant in the Kara Sea catchment), and marine organic matter (Martens et al., 2022;
Figure S1 in Supporting Information S1). Dual‐isotope source apportionment suggests that 48%–88% of the OC
was derived from land sources. Differences could be observed for samples from certain spatial groups, with inner
ESS samples showing the highest contribution of Ice Complex deposits (64%), outer Laptev Sea of marine
organic matter (43%–52%), and Kara Sea of active layer (36%–39%) (Table S2 in Supporting Information S1).

Lignin phenols further allow to distinguish four generalized sources of vascular plant tissues: woody gymno-
sperm, nonwoody gymnosperm, woody angiosperm and nonwoody angiosperm tissues. Similar to the isotopic
approach, lignin phenol source proxies showed a mixed composition with all samples located outside the ranges
defined for pure source materials (Figure S1 in Supporting Information S1). Only sediment samples from the
inner Laptev Sea exhibited slightly lower S/V and C/V values than other stations, indicating a higher contribution
of material from boreal forests.

3.2. Shipboard O2 Consumption Rates and Correlation With Sediment Characteristics

The lowest O2 concentration observed during shipboard sediment core incubations was 150 μM, indicating that
conditions remained oxic throughout the experiment for all samples. All sediment cores showed significant O2

uptake with two exceptions where net O2 release indicated an improper seal of the lid (stations 61 and 63); O2

fluxes from these stations were not used for any further analyses. Sediment O2 consumption was highly variable
(Figure 3a) with rates ranging between 266 and 4,981 μmol m− 2 d− 1, and no spatial trends could be observed
(Table S7 in Supporting Information S1). Most consumption rates in the inner Laptev Sea and ESS ranged be-
tween ca. 1,300 and 2,500 μmol m− 2 d− 1 with the exception of station 74 (266 μmol m− 2 d− 1; Table S7 in
Supporting Information S1). The highest O2 consumption was measured in the outer Laptev Sea (station 47;
4,981 μmol m− 2 d− 1), in close proximity to stations with substantially lower O2 consumption rates (station 50 and
52; 652 and 1,384 μmol m− 2 d− 1). The O2 consumption rates showed significant positive correlations with clay
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Figure 2.
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content (rho = 0.60) and marginally significant (0.05 < p < 0.1) positive and negative correlations with silt and
sand content, respectively (silt: rho = 0.47; sand: − 0.47; Figure 4a). No other chemical or physical sediment
characteristics significantly correlated with shipboard O2 consumption (Figure 4a, Table S8 in Supporting
Information S1).

3.3. Slurry Incubations: O2 and CO2 Fluxes and Correlation With Sediment Characteristics

Potential O2 and CO2 fluxes, determined during laboratory slurry incubations, varied substantially and only
showed slight spatial trends (Figures 3b and 3c; see Tables S3–S6 in Supporting Information S1 for absolute
values). Within the ESS, a decrease of CO2 production and O2 consumption rates could be seen with distance to
land from 0.28 to 0.06 μmol g− 1 DW d− 1 and from 0.8 to 0.32 μmol g− 1 DW d− 1, respectively. This trend was
linked to a gradient in OC content, and disappeared when rates were normalized by OC (Table S4 in Supporting
Information S1). No spatial trends were observed in the Kara Sea and Laptev Sea. As for shipboard O2 con-
sumption, stations with relatively high potential CO2 and O2 flux rates were located in close proximity to stations
with substantially lower rates (Figures 3b and 3c; Tables S3 and S5 in Supporting Information S1). A highly
significant correlation was found between potential CO2 production and O2 consumption (rho= 0.84; p < 0.001),
while neither correlated significantly with shipboard O2 consumption (Table S8 in Supporting Information S1).

Potential O2 and CO2 fluxes normalized by sediment DW significantly correlated with 8 and 10 out of 21 tested
sediment characteristics, respectively (Figures 4b and 4c; Table S8 in Supporting Information S1). Both, CO2

production and O2 consumption were significantly correlated with TOC and TN (rho = 0.59–0.69), and O2

consumption was marginally significantly correlated with OC/N (rho = 0.43). Marginally significant negative
correlations were also found between both fluxes and δ13C (CO2: rho = − 0.47; O2: rho = − 0.49). A significant
positive correlation was found for silt content and a negative correlation for sand content (CO2: rho= 0.67, − 0.67;
O2: rho = 0.51, − 0.49). Both, total lignin and HMW n‐alkane content (normalized to g DW) showed a significant
positive correlation with CO2 and O2 flux; correlation coefficients ranged between 0.55 and 0.65 (Figures 4b and
4c; Table S8 in Supporting Information S1). Also, the degradation proxies 3,5Bd/V and CPIalk, exhibited sig-
nificant negative and positive correlations with both fluxes, respectively. Thus, both indicate higher fluxes with
lower degradation state. Other degradation proxies also showed marginally significant correlations, Vd/Vl
correlating with CO2 production (rho = − 0.49) and Sd/Sl with O2 consumption (rho = − 0.43; Table S8 in
Supporting Information S1). The terrOM source proxies S/V and C/V, as well as Δ14C and water depth, did not
correlate with either CO2 production or O2 consumption (Table S8 in Supporting Information S1).

We additionally explored correlations of O2 and CO2 fluxes normalized by sediment OC, with sediment param-
eters. These correlations offer insights into howOCquality rather than quantity influences decomposition. Rates of
CO2 production were only marginally significantly correlated with silt (rho = 0.44) and Sd/Sl (rho = − 0.45); no
other significant correlations were observed. Rates of O2 consumption did not show significant correlations.

Although both O2 consumption and CO2 production rates exhibited similar variability between sites and showed a
strong correlation with each other, absolute O2 consumption was consistently at least twice as high as CO2 pro-
duction for a given site (Figures 3b and 3c). The O2 consumption ranged between 0.24 and 1.94 μmol g

− 1 DWd− 1,
whereas CO2 production ranged between 0.03 and 0.67 μmol g− 1 DW d− 1. Resulting respiratory quotients,
calculated as the ratio of CO2 production over O2 consumption, were below 0.51 for all sites with values varying
between 0.11 and 0.51 (Figure 5).

4. Discussion
4.1. Potential O2 Consumption and CO2 Production: Drivers of Variability

To assess the potential for aerobic organic matter degradation of different surface sediments, O2 and CO2 fluxes
were determined using sediment slurry incubations. Due to the artificial setup of the experiment, which included

Figure 2. Surface plots of selected sediment properties across the interior Siberian shelf seas. Sediment properties of following parameters are depicted in panels (a) total
organic carbon content (TOC), (b) organic carbon to nitrogen ratio (OC/N), (c) sum of C25–C33 n‐alkanes, (d) their carbon preference index (CPI), (e) sum of syringyl,
vanillyl, and cinnamyl phenols (lignin), (f) the ratio of vanillic acid over vanillin (Vd/Vl), (g) δ13C, (h) Δ14C, (i) 3,5‐dihydroxybenzoic acid over total vanillyl phenols
(3,5Bd/V), (j) syringic acid over syringealdehyde (Sd/Sl), and (k and l) relative amounts of silt and sand from total mineral particles in percent. Bathymetric data of
IBCAO version 4 (Jakobsson et al., 2020) is used as the background map.

Journal of Geophysical Research: Biogeosciences 10.1029/2024JG008226

SAUERLAND ET AL. 8 of 15

Version of Record at: https://doi.org/10.1029/2024JG008226



Figure 3.

Journal of Geophysical Research: Biogeosciences 10.1029/2024JG008226

SAUERLAND ET AL. 9 of 15

Version of Record at: https://doi.org/10.1029/2024JG008226



frequent mixing, full oxygenation, dark conditions, no in‐ or outflow of water or sediment, and the exclusion of
Arctic seawater microbial communities, the determined flux values are not directly transferrable to in situ con-
ditions. Instead, these fluxes reflect the potential of organic matter to be mineralized under aerobic conditions and
aid in our understanding of the mechanisms that regulate in situ processes.

Rates of CO2 production observed in this experiment were highly variable, but overall comparable in magnitude
to previous observations from the region. A previous slurry incubation study measured aerobic CO2 production
between 15.6 and 73.4 μmol g OC− 1 d− 1 for the eastern ESS (Karlsson et al., 2015), which is comparable to the
range measured in this study in the Kara Sea, Laptev Sea, and western ESS (7.9–88.6 μmol g OC− 1 d− 1). It is
necessary to highlight that geographical focus and incubation temperature differ compared to our study. The
previous study reported only anaerobic CO2 production rates for the Laptev Sea, which ranged between − 0.002
and 3.8 μmol g OC− 1 d− 1 (6.5–24 μmol g OC− 1 d− 1 for the eastern ESS) (Karlsson et al., 2015). These anaerobic
fluxes were lower than our CO2 production values, which would be expected because anaerobic organic matter
decomposition is known to be ca. 3 times lower than aerobic (Knoblauch et al., 2018). Potential O2 consumption
exhibited similar variability to CO2 production in our study, but comparable values from previous experiments are
lacking.

The correlations of potential CO2 production andO2 consumption rates with sediment properties, together with the
understanding of dominant carbon sources to these sediments, suggest a strong contribution of terrOM to CO2

production from surface sediments on the Siberian Arctic Ocean shelves. First, significant positive correlations of
CO2 productionwith TOC andTN indicate that organicmatter content is themain driver of CO2 production. This is
in line with expectations, since organic matter constitutes the basis for heterotrophic respiration. Second, isotope‐
based source apportionment suggests that terrOM accounts for 48%–88% of TOC in surface sediments of the study
area. The lack of correlation between CO2 production normalized byOC and terrOMproxies indicates that terrOM
has neither a higher nor a lower degradability compared to bulk organicmatter. Thus, as formarine organicmatter, a
large portion of terrOM is labile and readily degraded in the marine environment. Taken together, these obser-
vations point at a strong contribution of terrOM to CO2 production from surface sediments on the Siberian Arctic
Ocean shelves. This conclusion is further supported by the significant positive correlations ofDW‐normalizedCO2

production with the amount of terrOM (DW‐normalized lignin and n‐alkane contents, δ13C, OC/N) and negative
correlations with terrOM degradation state (i.e., CPIalk; Vd/Vl; Figures 4b and 4c). The TOC content thus de-
termines the potential for CO2 production, and terrOM contributes a large part of the TOC in this region.

Similar correlation patterns between CO2 fluxes and terrestrial biomarkers (lignin phenols and lipid biomarker)
were also found in the previous study investigating aerobic and anaerobic CO2 production in Laptev Sea sedi-
ments (Karlsson et al., 2015). Therein, correlations were either weaker or not present for sediments from the
eastern ESS. The eastern ESS represents a marine shelf system that is more strongly influenced by Pacific water
inflow and a dominance of marine organic matter, rather than terrOM (Semiletov et al., 2005). A similar trend can
be observed in our data set when calculating (DW‐normalized) correlation coefficients separately for outer shelf
samples (central ESS + outer Laptev Sea) and inner shelf samples (inner ESS + inner Laptev Sea + Kara Sea).
Both, CO2 production and O2 consumption showed higher correlation coefficients with the amount and degra-
dation state of terrOM in the inner shelf sea than all stations; these proxies also rapidly changed with distance from
shore within the inner shelf. By contrast, the outer shelf sediments showed limited variability in terrOM proxies,
and CO2 production as well as O2 consumption did not correlate significantly with any of them (Tables S9 and
S10 in Supporting Information S1). This indicates that interior shelf sediments in close proximity to land might
exhibit a unique biogeochemical regime that is strongly influenced by deposition and degradation of terrOM.

Considering the results of this study together with previous work suggests that CO2 production from terrOM
declines rapidly once the terrOM enters the Arctic Ocean. Aerobic incubations of Ice Complex deposit material,

Figure 3. Surface plots of sediment gas fluxes. Sediment O2 consumption rates (in μmol m
− 2 d− 1) were measured during

shipboard incubations of intact sediment cores with overlying bottom water, and were originally published in Wild
et al. (2023) (panel a). Potential O2 consumption and potential CO2 production were measured during aerobic sediment slurry
incubations of surface sediments from the same sites and are shown normalized to gram dry weight sediment (in μmol g− 1

DW d− 1, panels b and c) and normalized to gram organic carbon (in μmol g− 1 OC d− 1, panels d and e). Fluxes were
determined for samples from the Kara Sea, Laptev Sea, and western East Siberian Sea. Bathymetric data of IBCAO version 4
(Jakobsson et al., 2020) are used as the background map.
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collected from debris near a permafrost cliff, in seawater showed a rapid decrease in CO2 production rates during
60 days of incubation, by ca. 90% (from 7.46 ± 2.26 to 0.67 ± 0.15 μmol CO2 g DW

− 1 d− 1) for comparatively
fresh Ice Complex deposit material, and by ca. 50% (from 1.09 ± 0.11 to 0.54 ± 0.03 μmol CO2 g DW

− 1 d− 1) for
more degraded material (Tanski et al., 2021). In comparison, CO2 production rates of our stations with highest

Figure 4. Correlations between shipboard sediment O2 consumption (Ship_O2, panel a), potential O2 consumption (Pot_O2,
panel b), potential CO2 production (Pot_CO2, panel c), and sediment properties. The Spearman correlation coefficient (rho)
for each flux versus sediment property parameters is plotted on the y‐axis. The height of each column represents the
magnitude of rho for each parameter. The colors of bars indicate three different classes of significance for correlation
coefficients: gray = not significant (p > 0.1); blue with horizontal lines =marginally significant (0.1 > p > 0.05); and green
with diagonal lines = significant (p < 0.05). Selected sediment parameters include total organic carbon (TOC, in wt%), total
nitrogen (TN, in wt%), organic carbon to nitrogen ratio (OC/N), δ13C (‰‐VPDB), Δ14C (‰), grain size fractions (clay, silt,
and sand, in %), total lignin content (μg g− 1 DW), ratio of 3,5‐dihydroxybenzoic acid to vanillyl phenols (3,5‐Bd/V), ratio of
syringic acid to syringaldehyde (Sd/Sl), ratio of vanillic acid to vanillin (Vd/Vl), ratio of syringyl to vanillyl phenols (S/V),
ratio of cinnamyl to vanillyl phenols (C/V), carbon preference index of C25‐C31 n‐alkanes (CPIalk), sum of C25–C33 n‐
alkanes (μg g− 1 DW), and water depth (m). Concentrations and fluxes are normalized by sediment dry weight; see Table S8
in Supporting Information S1 for correlations normalized by organic carbon.
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(>60%) Ice Complex deposit contribution in the inner ESS (Figure S1 in
Supporting Information S1), were about half (0.28 and 0.26 μmol CO2 g
DW− 1 d− 1) that of the final flux rates of the reference study by Tanski
et al. (2021). Taken together, these data suggest that the most easily
degradable fraction of Ice Complex deposits is rapidly decomposed as it
enters the seawater, and that decomposition continues at slower rates over
longer time frames in the water column and the sediment. Thus, terrOM in-
puts are likely to contribute to CO2 production from both the water column
and sediment near the shore.

Rates of CO2 production during our aerobic slurry incubation represent the
potential degradability of organic matter under the incubation conditions,
and cannot be directly translated to the field. Nevertheless, comparing these
rates with OC burial rates and O2 penetration depths allows to put our data
into context. Mass accumulation rates on the outer Laptev Sea and western
East Siberian Sea shelf are in the order of 0.15–0.25 g cm− 2 yr− 1, or 0.10–
0.17 cm yr− 1 (Martens et al., 2022) assuming an average bulk density of
1.5 g cm− 3 (see Table S1 in Supporting Information S1). Oxygen pene-
tration depth in that area is ca. 0.5–1.5 cm (Brüchert et al., 2018); based on
these assumptions, the sediment OC remains within the oxic sediment layer
for 3–15 years. This time will be substantially shorter on the inner shelves,
where mass accumulation rates are 2–3 times higher (Martens et al., 2022),
and O2 penetration depth is unquantified but likely lower. During the

99 days of our aerobic incubation, samples lost on average 3 ± 2% of the initial OC (range 1%–11%). This
would result in 11% OC loss over 1 year at constant decomposition rates. Rates will however likely decline
over longer time frames than our incubation as the most easily degradable substrates are depleted, as is often
observed in incubations. Although these uncertainties limit robust estimates of CO2 production under in situ
conditions, it seems possible that some tens of percent of OC could be lost as CO2 by aerobic decomposition in
surface sediments.

Even though CO2 production and O2 consumption showed a strong relationship, the ratio between both fluxes
expressed as respiratory quotients exhibited high variability between 0.11 and 0.51 (Figure 5). This range is
substantially lower than in situ respiratory quotient (RQ) values determined for a wide range of different
sediments, with ratios between 0.69 and 1.31 (Jørgensen et al., 2022). High RQ variability at small spatial
scales was also observed in other areas, for instance, in a shallow fjord in NE Greenland where RQ values
spanned from ca. 0.5 to above 1 (Glud et al., 2002). Incubations of outer Laptev Sea and ESS sediment cores
yielded respiratory quotients close to 1 (0.96–1.00; n = 3; Brüchert et al., 2018). The discrepancy to RQ values
measured in our study may be explained by relatively high O2 fluxes in our laboratory slurry incubations. These
might have been caused by processes not directly related to organic matter degradation. One possible process
could be the reoxidation of reduced electron acceptors, such as ammonium, iron, and sulphides, which would
increase the consumption of O2 without directly affecting CO2 production. The RQ values determined in this
study should consequently be taken as an indication of the relationship of CO2 production and O2 consumption
during the laboratory slurry incubation, but not interpreted as a realistic approximation of the in situ rela-
tionship between CO2 and O2 fluxes.

4.2. Variability of Shipboard O2 Consumption

Sediment O2 consumption, measured for 14 stations during shipboard sediment core incubations, showed strong
spatial variability and exhibited values at the lower end of previous investigations of Arctic shelf seas. The O2

consumption averaged 1,759± 1,146 μmol m− 2 d− 1 across the entire study area (Figure 3a), compared to average
values of 6,200 ± 5,600 μmol m− 2 d− 1 reported for interior Arctic shelf seas in a previous meta‐analysis
(Bourgeois et al., 2017). Specifically for the Laptev Sea, previous studies found a similarly high O2 consump-
tion variability with rates ranging between 70 and 13,430 μmol m− 2 d− 1 and decreasing with water depth (Boetius
& Damm, 1998; Brüchert et al., 2018; Clough et al., 2005; Wollenburg & Kuhnt, 2000).

Figure 5. Relation between potential CO2 production and potential O2
consumption. Potential CO2 production (y‐axis, in μmol g

− 1 DW d− 1) and
potential O2 consumption (x‐axis, in μmol g

− 1 DW d− 1) were measured in
sediment slurry incubations for 16 stations in the Kara Sea, Laptev Sea, and
western East Siberian Sea. Orange squares represent mean values (n = 3),
and error bars show the standard deviation of each data point. The three
light‐gray dashed lines indicate theoretical respiratory quotient (RQ)
trajectories for RQ = 1, RQ = 0.5, and RQ = 0.25, as reference values to the
data points.
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The lower rates observed in our study compared to published studies could be related to the seasonal timing of O2

consumption measurements, differing research areas, and methodological differences. First, O2 consumption
rates in our study were measured during October, which is later in the year than most values reported in previous
studies that dominantly were conducted in spring or summer (Bourgeois et al., 2017). Even though O2 con-
sumption rates encompassing several seasons are very rare, there are indications of O2 consumption rates peaking
in late spring or summer, likely tied to phytoplankton blooms and increased river discharge (Ardyna et al., 2013;
Feng et al., 2021). Supporting this, previous studies reported higher sediment O2 consumption rates during June–
July in the Laptev Sea (Brüchert et al., 2018; Clough et al., 2005), than the rates presented here for October. These
differences might indicate strong seasonal variability of O2 consumption, highlighting that point measurements of
sediment O2 consumption should not be considered representative for the entire open water season. Second, most
of the existing O2 consumption data for Arctic Ocean shelves were measured in the Beaufort Sea; to our
knowledge, only four publications reported values for the Laptev Sea and one for the ESS and no data have been
published for the Kara Sea (Bourgeois et al., 2017; Brüchert et al., 2018). The circum‐Arctic shelf seas differ in
sedimentary and hydrological regimes, which may lead to geographical differences in overall organic matter
degradability and O2 consumption. Additionally, it is noteworthy that O2 consumption has been measured using
various methods, which all have systematic biases that affect the comparability of the results. In situ measure-
ments generally yield the highest estimate of O2 consumption, whereas ex situ measurements such as in our study
in general yield lower estimates (Jørgensen et al., 2022).

Previous research suggests that for the Arctic Ocean, sediment O2 consumption is primarily constrained by labile
organic matter input and water depth (Bourgeois et al., 2017). In contrast to our hypothesis, we found no sta-
tistically significant relationship between shipboard O2 consumption and water depth, TOC or amount and
degradation state of terrOM (Figure 4a). Water depth can be seen as a proxy for the spatial and temporal sepa-
ration between organic matter source and the sediment, which in turn can affect the amount and degradation state
of organic matter reaching the sediment (Matsubara et al., 2022). This is supported by observations showing
decreasing O2 consumption with water depth from shallow shelf to slope sediments in the Laptev Sea (Clough
et al., 2005). Such a relationship was not observed in our study, likely because all our stations were located on
shelves, with a weak gradient in water depth (14–74 m). This may indicate that water depth is less important for
constraining O2 consumption on the shallow parts of the Siberian shelf seas. The lack of relationship of sediment
O2 consumption with parameters indicative of TOC availability, including TOC content, terrOM proxies, and
potential CO2 production, suggests that other factors overlay the contribution of aerobic organic matter
decomposition on in situ O2 consumption, such as the reoxidation of reduced compounds of iron, manganese, and
sulphide.

4.3. Implications for Arctic Ocean Shelf Biogeochemistry

Terrigenous organic matter contributes to total sedimentary organic matter content, and to sediment CO2 fluxes in
the Siberian Shelf seas. For near‐coastal shelf seas, the dominance of terrOM inputs (Belicka et al., 2002; Martens
et al., 2022) might be an important driver of organic matter mineralization and associated CO2 production and O2

consumption, rather than marine organic matter. Combining our findings with previous studies on the decom-
position of coastal Ice Complex deposits suggests that part of terrOM that is eroded on land and deposited into
shelf sediments is transformed back to CO2. During summer months when substantial freshwater discharge leads
to strong stratification of Siberian shelf seawaters (Osadchiev, Frey, Shchuka, et al., 2021, Osadchiev, Frey,
Spivak, et al., 2021), CO2 released from sediments can accumulate in bottom waters, leading to a decrease in
bottom water pH (Semiletov et al., 2016). Our findings support previous suggestions that terrOM decomposition
may add to seasonal bottom water acidification in Arctic Ocean shelf seas, which could have cascading effects on
Arctic Ocean biogeochemistry and food webs. However, this stratification is disrupted during winter months
because of decreased freshwater discharge and storms. Thus, CO2 produced by terrOM degradation that exceeds
the partial pressure of the atmosphere will be vented into the atmosphere once the stratification is disrupted and
thereby contributes to the permafrost carbon feedback, exacerbating climate change.

Data Availability Statement
All data are included in the Supporting Information S1 and additionally deposited in the publicly available Bolin
Centre Database (Sauerland et al., 2024, https://doi.org/10.17043/sauerland‐2024‐arctic‐sediments‐1).
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