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Benthic (seafloor) remineralization of organic material determines the fate of carbon in the ocean and 
its sequestration. Bottom water temperature and labile carbon supply to the seafloor are expected to 
increase in a warming Arctic and correspondingly, benthic remineralization rates. We provide some 
of the first experimental data on the response of sediment oxygen demand (SOD), an established 
proxy for benthic remineralization, to increased temperature and/or food supply across a range of 
Arctic conditions and regimes. Each factor significantly increased SOD rates (with different degrees 
of variability); however the largest increases were seen with both factors combined (50% to ten-fold 
increases), consistently across the four seasons and the spatial gradient covering shelf to deep basin 
included in our study. This ability of the Arctic benthos to process increased pulses of carbon suggests 
that increased sedimented carbon under warming conditions is likely to be utilized and processed, not 
accumulated, impacting carbon storage and decreasing the Arctic’s role as a global carbon sink.
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The biological pump determines the trajectory and fate of carbon at the global scale, and benthic remineralization 
is key to the process. Specifically, remineralization refers to the regeneration of organic matter into inorganic 
nutrients and carbon dioxide, which can then be fixed by primary producers into organic matter. In the ocean, 
remineralization takes place throughout the entire water column, but seafloor remineralization ultimately 
determines not just the cycling of carbon within the ocean1–5, but also its long-term storage and sequestration6–9.

In marine systems, rates of biological activity are often determined by temperature, and benthic 
remineralization rates are no exception5. Therefore, changes in bottom-water temperature related to global 
warming should induce changes in rates of benthic remineralization. In the Arctic, warming is particularly 
pronounced10,11, which means that benthic remineralization rates have the potential to change considerably. 
However, bottom-water temperature increases are not expected to be consistent across different regions of the 
Arctic. Inflow shelves receiving warmer waters, such as the Barents and Chukchi Seas, are expected to experience 
the greatest degree of bottom water warming, up to 5 °C over the next century12–14, and overall, shelves and 
coastal areas will likely experience warming bottom water to a larger extent than deep basins (+ 4  °C versus 
+ 1–2 °C, respectively)13,15,16. Incorporating this regional and bathymetric variability into experimental studies 
of seafloor processes is important if predictions generated from the results are to be relevant.

The availability of labile organic matter is one of the other most important environmental factors driving 
remineralization rates for the Arctic benthos5. In the Arctic, food supply to the benthos is highly seasonal 
and tightly linked to surface primary production2,17,18. During the polar night, primary production is limited 
(though not entirely absent)19,20, but the return of sunlight stimulates two distinct pulses of high primary 
production17,21. The first occurs close to the onset of the return of sunlight when sea ice is still abundant. Under 
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these conditions, sea ice algae can thrive and thick strands extending up to meters in length have even been seen 
trailing under the ice22–26. Significant phytoplankton production can also take place under the sea ice27, although 
large phytoplankton blooms occur in open ocean areas as spring progresses and sea ice melts with increasing day 
length and temperature28–30.

The decline of sea ice (by areal extent, thickness and amount of thick, multiyear ice)31–35 has extended the 
growing season for phytoplankton and expanded the areal extent and period of open water for phytoplankton 
blooms to occur across the Arctic and especially on interior shelves, including an increase in the frequency 
of autumn phytoplankton blooms36–40. Accordingly, annual phytoplankton primary production has increased 
across a large part of the Arctic, particularly on continental shelves37,38 and this trend is expected to continue due 
to (regionally) enhanced mixing and nutrient delivery due to more open water and more frequent storms36,41–44. 
Since both under-ice and autumn phytoplankton blooms are likely to peak before the seasonal ascent and after 
the seasonal descent of large zooplankton grazers, and since autumn blooms may be dominated by large, fast-
sinking phytoplankton species45, the benthos will likely receive greater inputs of phytoplankton-based organic 
material in much of the future Arctic Ocean46.

The specific trajectories of primary production change will vary regionally46, but substantial summer sea 
ice loss has taken place in the central Arctic and the Barents Sea is expected to experience year round ice-free 
conditions by the end of the 21st century47. Therefore the above mentioned scenario of greater phytoplankton 
based carbon supply to the seafloor can be expected to play out in these regions, coupled with some of the largest 
increases in bottom water temperature12,13. The changes in both food supply and temperature at the seafloor 
may impact benthic remineralization rates in these regions and ultimately, the overall role of the Arctic as a 
global carbon sink. It is currently unclear whether increased temperature and food supply to the benthos in the 
central Arctic and Barents Sea will result in an enhanced biological carbon pump and a larger accumulation of 
carbon on the seafloor or whether benthic communities will be able to process the larger degree of incoming 
carbon. Quantifying and assessing changes in benthic remineralization rates in response to these predicted 
changes are hence necessary steps to understand the ecological impacts of climate change. Therefore, we 
quantified benthic remineralization rates across a transect from the shelf in the Barents Sea to the deep, abyssal 
plain of the Nansen Basin in four seasons (March, May, August and December) and in response to increased 
phytoplankton based food supply and warmer temperatures (Fig. 1). We further tested the combined effect of 
both increased temperature and food supply (see Table 1 and Fig. 2), since these two scenarios are expected to 
occur concomitantly. We hypothesized that higher temperature would result in higher remineralization rates at 
all stations and all seasons due to the established relationship between temperature and base metabolic rates. 
We also expected that the deeper stations (slope and basin) would exhibit stronger responses to increased food 
supply than shallower water shelf stations since food is comparatively more limited in deep water locations5. 
Finally, we expected that the response of remineralization rates to added phytoplankton based food supply 
would vary seasonally, depending on whether fresh phytodetritus had recently naturally arrived at the sea floor. 
We thus provide some of the most comprehensive data and insight on Arctic benthic remineralization within the 
context of climate change and projections for the future.

Results
In most cases, experimental treatments (warm, algae and warm + algae, see Fig. 2) exhibited higher SOD rates 
than baseline rates (Table 2). Within the warm treatment, higher increases were seen at the deep stations (up to 
300% higher than baseline rates) than at the shelf stations (up to 77% higher than baseline rates, Table 2). The 
greatest increases however (approximately 300% higher than baseline at the Slope and Basin stations in May), 
were not always statistically significant. In fact, rates significantly higher than baseline were only recorded in 
March at the two shelf stations (70% and 43% higher than baseline rates at the Atlantic shelf and Arctic shelf 
respectively) and in December at the Slope station (74% higher than baseline rate) (Fig. 3).

The algae treatment resulted in significantly different SOD rates from baseline rates in more instances: at least 
once for each station, and twice at the Slope station and these increases ranged from 54% higher than baseline 
rates (Arctic shelf in March) to 758% higher (Basin in May) (Fig. 3). During March, the algae treatment resulted 
in significantly higher SOD rates than baseline at all stations where experiments were conducted (Fig. 3). Similar 
to the warm treatment, the highest increases in SOD within the algae treatment were seen at the two deep 
water stations (up to 154 and 758% increases at Slope and Basin, respectively) (Table 2). At the Arctic shelf and 
Basin stations, the highest increases (88% and 758% higher than baseline respectively) occurred when the lowest 
chlorophyll a values were recorded in the sediment (August and May, respectively), but this was not the case for 
the other two stations (Tables 1 and 2).

Across all stations and seasons, the impact of the combination of increased temperature and food was much 
more pronounced than either factor taken individually (Table 2; Fig. 3). Other than at the Atlantic shelf station 
in August, the warm + algae treatment exhibited much higher rates than baseline rates (from 50% higher than 
baseline rates at the Atlantic shelf in May to over 1000% higher at Basin in May). Furthermore, in most cases, 
the warm + algae treatment rates were considerably higher than the warm and algae treatments individually 
(Table  2). In all but two cases, increases were statistically significant, i.e., the warm + algae treatment nearly 
always resulted in significantly higher than baseline SOD rates of higher magnitude than the other two treatments 
regardless of season (from 50% to ten times higher than baseline rates).

Polychaetes were the most abundant group at all stations during each sampling event. Polychaetes largely 
dominated the biomass at the two shelf stations, however at the Slope and Basin stations, echinoderms, sponges 
and ascidians contributed the most to biomass (Fig. 4). Overall, macrofaunal abundance and biomass varied 
considerably between the shelf stations and the deeper water stations (Fig. 4; Table 148,49). Despite this, neither 
environmental nor community parameters explained much of the spatial or seasonal variation in baseline SOD: 
none of the tested parameters exhibited a statistically significant impact on SOD (Table 3).
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Discussion
Temperature and labile carbon supply are the dominant drivers of benthic oxygen fluxes and organic matter 
remineralization in the Arctic Ocean5,50, and both of these are expected to increase as the Arctic warms15,16,38,46. 
Our experimental study, unprecedented in its temporal and spatial coverage, revealed modest impacts of increased 
temperature and food supply when tested individually, but more dramatic increases in benthic remineralization 
rates when the factors were combined. We discuss how these results have important implications for assessing 
the impact of a warming climate on Arctic carbon cycling and sequestration.

Temperature is well known as a primary driver of SOD in marine sediment51–53, including in cold regions 
such as the Arctic. Indeed, SOD has been shown to increase linearly with increasing temperature up to 19 °C 
in Svalbard fjords53. Thus, it was not surprising that our warm treatment led to increased SOD, although the 
response was more modest and variable than expected. Significantly higher rates over baseline were recorded 
only three out of the 11 times we conducted the warm treatment (Fig. 3). Unexpectedly, significant increases 
usually did not correspond with times when bottom water temperature was at its coldest at the different stations.

Similarly, the considerable spatial variability we recorded in the extent of SOD increase was somewhat 
unexpected. The highest increases were at the deeper stations (Slope and Basin) where SOD increased by up to 
three-fold (Table 2). At the two shelf stations, SOD was also enhanced over baseline rates, but less (up to 77%), 
despite a higher temperature increase. Ambient bottom-water temperature did not vary between all the stations 
by more than 2 °C, and varied even less between the Arctic shelf station and the deeper (Slope and Basin) stations 
(Table 1). Therefore, different ambient temperature alone is not a sufficient explanation for the deeper Slope 
and Basin stations exhibiting a greater response to increased temperature than the shelf stations. The relative 
contribution of different benthic community compartments to SOD could offer an explanation. Macrofauna is 
the primary contributor to SOD in Arctic shelf regions1,2,54 while in deeper locations, meiofauna and microbes 

Fig. 1. Map of the study area and the locations of the stations in this study. Station P1 (Atlantic shelf) is south 
of the polar front on the shelf, P4 (Arctic shelf) is north of the polar front on the shelf, P6 (Slope) is on the 
continental slope and P7 (Basin) is in the Nansen basin off the slope. Warm Atlantic water is shown with red 
arrows and cold, Arctic water is shown with blue arrows. Bathymetry is from General Bathymetric Chart of the 
Oceans (GEBCO) and currents are re-drawn from Vihtakari, 202093. The map was created with Golden Surfer 
(v19, https://www.goldensoftware.com/) and Inkscape (v1.2.2, https://inkscape.org/).
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contribute proportionally more to SOD rates55. We observed lower macrofaunal abundance and biomass at 
the Slope and Basin locations (Table  148,49), and microbial activity is highly responsive to temperature56,57, 
which may partly explain why the Slope and Basin stations responded more strongly to increased temperature. 
However, some studies have also shown that even with increased microbial activity, SOD rates can remain 
relatively stable50. Be that as it may, we were not able to discern how much of the enhanced SOD in the warm 
treatment can be attributed to microbes or meiofauna versus macrofauna.

Taken together, these findings from our study and the literature suggest that other factors than temperature 
itself or meiofaunal/microbial activity must modulate the temperature response of sediment communities. We 
did not record a significant relationship between either TOC or chlorophyll a (measures of food quantity and 
quality) and SOD rates (Table 3), however, both TOC and chlorophyll a were consistently higher at the Atlantic 
shelf station than the other stations, as were baseline SOD rates. It was also at this station where the warm 
treatment showed a strong trend (though not statistically significant) more frequently than the other stations 
(Fig. 3). Therefore, we suggest that benthic temperature response is linked to food availability, specifically, that 
higher temperature does not enhance SOD unless sufficient quantities of labile organic material are present.

Benthic systems are known to be carbon-limited, and food availability is one of the most important factors 
determining SOD rates5. In the Arctic, seasonal variation in SOD has been observed to be directly related to 
organic material export to the seafloor2–4. Accordingly, we expected increases in SOD rates at times of low food 
supply to the benthos and correspondingly, times with low quantities of fresh phytodetrital material (indicated by 
chlorophyll a or the ratio of chlorophyll a to phaeopigments) in the sediment. We recorded significant increases 
to SOD rates in the algae treatment in March at all stations (except at the Basin station where this treatment was 
not conducted in March). Contrary to our expectations, levels of sedimentary pigments were close to annual 
maxima at each station and chlorophyll a/phaeopigment ratios did not indicate lower quality (low values) at the 
stations during this time (Table 1). Nonetheless this is actually a time when the quantity of labile carbon in the 

Fig. 2. Illustration of the sampling process and the experimental setup. Treatments and controls were run in 
five replicates each (six during December).
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sediment was expected to be low since it is prior to spring blooms of ice algae or phytoplankton and well after 
any autumn phytoplankton blooms that might have occurred. Correspondingly, vertical flux of organic material 
was low during this period58.

There were two other instances when the SOD rates of the algae treatments were significantly higher than 
baseline: August at the Slope station, and May at the Basin station (Fig. 3). At all sampling points, the Slope and 
the Basin stations had lower quantities and proxies for quality of food than the two shelf stations (Table 1), and 
the consistency of our measurements (which are admittedly at low temporal resolution), do not indicate evidence 
of a strong flux of phytopigments to the seafloor at any time during the year. The depths of these Slope and 
Basin stations (900–3000 m), and the possibility of advective and consumption processes, can strongly dampen 
seasonal primary productivity signals59. Subsequently, these stations are likely food limited throughout the year 
and likely experience only episodic food pulses. Based on this, we should expect these stations to respond year-
round to increased food supply. Thus the higher frequency with which algae addition increased SOD rates at the 
Slope and Basin stations could be due to those communities rapidly capitalizing on increased supply since they 
are otherwise perennially food deprived. In line with our expectations, the Slope and Basin stations exhibited 
additional significant responses to the algae treatments compared to the shelf stations.

The two periods when significant responses to added algae were not recorded at these two stations (Slope 
in May and Basin in August) may be linked to when chemosynthesis constituted a major nutrition source. As 
mentioned above, the specific locations of these Slope and Basin stations changed between sampling points 
due to issues with accessibility. Siboglinid worms, which use carbon fixed by chemolithoautotrophic symbiotic 
bacteria60–62 were present in high abundance, and even the dominant taxon, at the Basin station at these times 
(Fig. 448,48). Neither siboglinid worms nor free-living chemosynthetic microbes feed directly on organic matter, 
therefore communities dominated by such groups might not immediately respond to increases in phytodetrital 
material. This needs to be kept in mind as glaciers retreat and expose methane-rich forefronts in fjords63 
where chemosynthesis-based communities are likely to develop. Overall, the results of the algae treatment 
corresponded well with our expectations of responses being linked to periods/locations of low food availability 
and furthermore demonstrate the efficiency of the Arctic benthos in response to food inputs, as has been seen 
before23,64–66 .

Tests of the more realistic projection of a combination of higher temperature and greater food supply37,67 in 
Arctic sediment resulted in large and statistically significant increases in benthic SOD over baseline rates in nearly 
every experiment (Fig. 3). Specifically, within the warm + algae treatment, increases in SOD ranged from 50% 
over baseline rates (Atlantic shelf) to up to ten times baseline rates (Basin) (Table 2). The highest increases were 
seen at the two deeper water stations (Slope and Basin), but the Arctic shelf station also consistently displayed 
over 100% increases in SOD rates. SOD measured during individual studies of Arctic benthos varied by a factor 
of 2–10 both seasonally2 and spatially5, so this strong effect in our study is not unusually high. The response to 
the warm + algae treatment resulted in SOD rates that would consume the additional 912 mg m−2 of organic 
carbon added in 10–30 days across all stations and seasons studied. The amount of added algae, approximately 
equivalent to vertical carbon flux during 2–16 days of a spring phytoplankton bloom in the region, appears to 
be easily processed by seafloor communities across all depths and community types. It should be noted that 
we only mimicked phytoplankton derived organic material, large diatoms such as from sea ice algae can also 
be quickly consumed by the benthos, particularly deposit feeders23,64. Furthermore, processing time will vary 
depending on the degree of lability of the material added. Pure freeze-dried phytoplankton culture is expected to 
be quite labile, therefore this estimate represents a minimum time, however this regardless suggests the amount 

station/season amb algae warm warm + algae

P1 Atlantic shelf - March 3.0 ± 0.8 5.1 ± 0.9 (69%)* 5.1 ± 0.6 (70%)* 7.1 ± 1.6 (138%)*

P1 Atlantic shelf - May 2.8 ± 0.5 4.0 ± 1.6 (42%) 3.6 ± 0.2 (27%) 4.2 ± 0.6 (50%)*

P1 Atlantic shelf - August 5.7 ± 1.0 3.8 ± 1.4 (-33%) 5.1 ± 0.8 (-10%) 5.0 ± 1.4 (-12%)

P4 Arctic shelf - March 2.6 ± 0.4 3.9 ± 0.7 (52%)* 3.7 ± 0.5 (43%)* 8.6 ± 2.2 (230%)*

P4 Arctic shelf - May 2.7 ± 0.5 3.6 ± 1.0 (32%) 2.6 ± 0.9 (-6%) 6.8 ± 1.8 (146%)*

P4 Arctic shelf - August 3.4 ± 1.9 5.5 ± 1.3 (63%) 4.0 ± 1.9 (18%) 9.3 ± 2.0 (176%)*

P4 Arctic shelf - December 2.9 ± 1.3 n/a 5.1 ± 1.3 (77%) n/a

P6 Slope - March 1.4 ± 0.2 3.4 ± 1.0 (154%)* 1.3 ± 0.3 (-1%) 2.3 ± 0.9 (68%)

P6 Slope - May 0.7 ± 0.7 0.9 ± 1.1 (38%) 2.6 ± 2.9 (300%) 4.0 ± 1.8 (508%)*

P6 Slope - August 1.9 ± 0.6 3.6 ± 1.1 (88%)* n/a n/a

P6 Slope - December 1.6 ± 0.2 n/a 2.8 ± 0.5 (74%)* n/a

P7 Basin - May 0.3 ± 0.5 2.7 ± 1.1 (758%)* 1.2 ± 2.4 (275%) 3.6 ± 2.5 (1032%)*

P7 Basin - August 4.4 ± 1.8 4.1 ± 1.4 (-8%) n/a n/a

Table 2. Sediment oxygen demand (SOD) rates for all stations in all seasons and across the four different 
treatments (mmol/m2/day). Numbers shown are average rates based on 5 replicates (6 in the case of 
December) ± standard deviation. For the three experimental treatments, i.e., with increased temperature and/
or algae, percent changes compared to amb (ambient conditions) are written in parentheses with positive 
values indicating increased rates. Rates that were statistically significant from amb rates are indicated with an 
asterisk.
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of presumably quite labile material added can be processed in an ecologically reasonable time period. Thus, it 
is clear that organic inputs from under-ice or autumn phytoplankton blooms are likely to be processed and not 
likely to accumulate and get buried in the sediment in a future Arctic.

Pelagic-benthic coupling is known to be particularly tight on Arctic shelves68,69, and our results demonstrate 
that benthic communities in the Arctic deep-sea also respond rapidly to increased food and temperature. Changes 
in primary productivity regimes, links with grazer phenology, processes governing vertical flux, and the ability 
for the benthic community to respond all influence the efficiency of the biological pump23,66,70,71 and are likely to 
be affected by ongoing climate change68,72,73 which will influence the balance between organic matter recycling 
and carbon burial. Although estimates of the proportional roles of continental shelves and margins versus the 
deep sea for carbon burial vary by study6,7,9, it is established that the global seafloor represents a major long term 
sink for carbon. In the deep sea, only 1–2% of the organic material reaching the seafloor gets remineralized due to 
remineralization rates positively correlating with carbon fluxes which are low in the deep sea74.Carbon turnover 
rates tend to be higher on shelves50,55 however some shelf habitats such as fjords also exhibit globally high rates 
of carbon burial due to high carbon inputs from both terrestrial catchments and marine surface production75,76. 
Among fjords, carbon burial rates can differ based on the proportion of depositional organic material originating 
from terrestrial versus marine sources which in turn is linked to water masses and hydrographical regimes that 
are expected to change with the climate76. A number of factors therefore can determine the quantity and lability 
of organic material reaching different parts of the seafloor and subsequent burial/remineralization rates which 
are sensitive to climate related changes. Our results offer insight into how benthic processes may regulate carbon 
burial under climate-change scenarios.

Predicted large increases in flux of labile organic matter at the seafloor as tested in this study may even lead 
to a reduction in current sedimentary carbon inventories, although, as mentioned above, responses will differ by 

Fig. 3. Sediment oxygen demand (SOD) rates shown as a response rate (%) of each treatment (x-axis) in 
relation to baseline SOD rates (amb treatment). Error bars represent 95% confidence intervals of the three 
manipulative treatments, and when they intersect the line at 100% there is no significant difference from 
baseline (amb) rates. Rates that were statistically significantly different from amb rates (i.e. above the 100% 
dashed line) are indicated with an asterisk. Month of sampling is indicated on the right of each row of figures. 
See Supporting Information Table 1 for rates for individual replicates.
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region, location and habitat type. Organic priming, a process by which the presence of labile material enhances 
processing of more recalcitrant organic material such as detritus or terrestrially derived material, is suggested to 
be more important than recognized, particularly in areas with high carbon input77. This has yet to be explored 
in the Arctic, but given the rapid response of the benthos to projected inputs of fresh organic material in this 
study, it is conceivable that organic priming could play an important role in future carbon dynamics. Lower 
carbon burial rates as well as the potential for release of already stored carbon can therefore reduce the ocean’s 
seafloor sequestration capacity, with significant consequences for climate-regulation services provided by the 
marine system.

Fig. 4. Abundance and biomass of the five taxa with highest abundance and biomass at each station during 
every sampling event (see Jordà-Molina et al., 202449). Numbers for each taxon represent averages based on the 
ambient (amb) treatment replicate cores (December P6 biomass value is based on the warm treatment due to a 
problem with handling the samples).
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Warming in the Arctic has progressed at a pace underestimated by most models11 and the effect of this on 
the Arctic’s role in carbon transfer and storage has been examined with respect to factors such as the decline of 
sea ice and albedo78,79, much more than in terms of alterations of benthic processes. By conducting experiments 
targeting the response of the benthos to both increased food and temperature across a comprehensive seasonal 
and spatial spectrum, we provide some of the first concrete insight into how the Arctic benthos could potentially 
compromise the extent to which the Arctic functions as a global carbon sink.

Methods.
Incubations and sediment sampling were conducted from the research vessel Kronprins Haakon as part of the 

Nansen Legacy project (arvenetternansen.com) during four cruises: August 2019, December 2019, March 2021 
and May 2021. The March and May cruises were planned to directly follow the 2019 cruises but had to be delayed 
to 2021 due to the Covid-19 pandemic (see Table 1 for details on sampling).

Study area and sediment sampling
Sampling was conducted at four stations (P1, P4, P6 and P7) that represent different environmental and 
bathymetric regimes (Fig. 1). P1 is located on the shelf at a water depth of about 325 m (Fig. 1), and is within 
warm, salty Atlantic water (bottom water temperature was measured to be 0.5–2  °C during our sampling). 
Surface waters are perennially ice free in this location and we therefore refer to it as the Atlantic shelf station. 
P4 is further north (330 m water depth) and is characterized by colder, Arctic water (bottom water temperature 
between − 1 and + 1 °C when we sampled) and was covered by sea ice during each season sampled, and we refer 
to it as the Arctic shelf station. P6 is located on the continental slope (Slope station) at a depth of around 850–
900 m, where we observed thick (usually at least 1 m) sea ice during all our sampling efforts. The steepness of the 
slope resulted in sampling locations varying somewhat in position and depth (by 50 m) across the four sampling 
periods. P7 is in the Nansen Basin, at approximately 3000 m water depth. Year-round ice cover (excluding open 
water leads) made it logistically difficult to return to the same coordinates for P7 on every cruise; however, we 
nonetheless targeted deep-water locations at the edge of the Nansen Basin and refer to this station as the Basin 
station.

At each station, sampling was conducted with a box core (50 cm x 50 cm x 60 cm). Usually, three replicate box 
cores were taken at each station, although in some cases, time and other constraints restricted us to two replicates 
(Table 1). Once box cores were on deck, overlying water was gently siphoned off to sample the sediment surface. 
Only box core samples with undisturbed sediment were used. From each box core, subcores (11.7 cm inner 
diameter and approximately 20 cm deep) were taken for incubations (Fig. 2). Additionally, from each box core, 
subcores for chlorophyll a, phaeopigments, total organic carbon (TOC) and total nitrogen (TN) were taken and 
sliced at 1 cm intervals. All slices were frozen on board at -20 °C until they were processed in the lab80–87.

Oxygen uptake incubations
Bottom water was collected at each station using the CTD/rosette and was carefully added to the incubation 
subcores without disturbing the sediment surface. Sediment heights in each subcore were measured to calculate 
the volume of overlying water. Air stones were inserted and incubation subcores were kept in the dark in 
temperature-controlled rooms for 12  h to allow for the benthos to acclimate and overlying waters to reach 
saturation of dissolved oxygen (Fig. 2). We recognize that pressure effects from running on-board incubations on 
sediments from the deep sea (> 1000 m) can bias rate measurements (reviewed by Smith and Hinga, 198388, but 
see Pfannkuche and Thiel, 198789). Since statistical comparisons for assessing the impact of food and temperature 
on respiration rates were limited to among-treatment effects within each station, we feel the pressure effect does 
not substantially impact our conclusions, although the specific rates measured may have been affected.

coefficient std. error t-value p-value

intercept -9.36 70.70 -0.13 0.90

chl a (0–2 cm) -0.56 0.49 -1.15 0.32

phaeopigments (0–2 cm) -0.03 0.09 -0.34 0.75

TOC (0–1 cm) 4.27 47.32 0.09 0.93

TN (0–1 cm) 34.70 314.04 0.11 0.92

Corg/N (0–1 cm) -0.07 10.60 -0.01 1.00

abundance 0.01 0.03 0.44 0.68

biomass 0.08 0.78 0.10 0.92

temperature 0.67 1.14 0.59 0.59

Table 3. Results of a multiple regression model testing chlorophyll a (chl a) in the top 2 cm, phaeopigments in 
the top 2 cm, total organic carbon (TOC) in the top 1 cm (%), total nitrogen (TN) in the top 1 cm (%), carbon 
to nitrogen ratio (Corg/N) in the top 1 cm, total abundance (numbers of individuals) of macrofaunal taxa and 
total biomass of macrofauna as predictors of sediment oxygen demand (SOD). Environmental parameters 
were averaged across the three replicates taken at each station, abundance and biomass were averaged from the 
incubation cores (amb treatment, and the warm treatment for P6 December biomass), and SOD was averaged 
from the incubation cores (amb treatment).
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After the acclimation period, air stones were removed and the incubation cores were topped off with bottom 
water and sealed. Lids with slowly rotating magnets prevented stratification of the water within the cores. Core 
lids were also fitted with calibrated (0% and 100% saturation) PreSens oxygen measuring spots, and oxygen 
measurements were taken every six hours from each core using the Fibox 4 optical sensor (PreSens Precision 
Sensing GmbH) (Fig. 2). Incubations lasted until approximately 30% of the oxygen was consumed.

Four experimental treatments were imposed. Treatment ambient (amb) was carried out at near-in situ bottom 
water temperature. Since we were limited to a minimum operational temperature in the cold room of 0 °C, the 
ambient treatment was slightly higher than in situ temperatures when bottom water conditions were below zero 
(this occurred four times across the entire study, see Table 1). Treatment algae was kept at ambient temperature, 
and 30 g of dried, ground cultured microalgae (Dunaliella tertiolecta in 2019 and Thalassiosira weissflogii in 2021, 
naturally occurring algae in the Barents Sea) was added to the cores to mimic enhanced phytoplankton export to 
the benthos. Algae added is the equivalent of 912 mg C m−2, or approximately 2–16 days of sinking carbon flux 
in spring/summer in the western Barents Sea3,58,73 .

Treatment warm was carried out at warmer than ambient temperatures, either 4 °C higher than ambient for 
the two shelf stations, or 2 °C higher than ambient for the deeper Slope and Basin stations. These two temperature 
increases were chosen to represent projected increases in bottom water temperature by 2099 13,16. Treatment 
warm + algae combined both warmer temperature and algal input (Fig. 2).

Each treatment included five or six replicate cores. Subcores from replicate box core deployments were 
interspersed among treatments so that each treatment consisted of replicate cores from the three different box 
core samples. The algal treatment experiments were not conducted during the December cruise since increased 
algal input is not expected during polar night periods. Due to problems with box core deployments and sea-ice 
conditions, not all treatments could be carried out at all stations in every season (Table 1).

In each temperature-controlled room, two chambers with only bottom water were incubated in the same 
manner as the sediment cores (during August only one core in each room). These served as controls to estimate 
the oxygen consumption rate of the bottom water pelagic community (see section on SOD measurements).

After incubations were completed, all core contents were sieved over a 0.5 mm mesh and the retained animals 
were fixed in 4% buffered formaldehyde with Rose Bengal and stored in the cold until sorting was done at Nord 
University, Akvaplan-niva and Institute of Oceanology, Polish Academy of Sciences (IOPAN) labs. From the 
amb treatment, total macrobenthic abundance and biomass were measured for each replicate core.

Sediment oxygen demand (SOD) measurements and statistical analyses
For each core, oxygen concentrations were plotted against time and carefully examined for sudden peaks or 
drops that could have occurred due to mechanical problems (stopping of stirring) or oxygen levels dropping 
below 70% of original values. Data collected after such events and time points were discarded and not used in 
calculations. Oxygen concentrations (mmol) measured during the course of the incubations were fitted to a 
linear model and the (negative) slope of this model represented the rate of oxygen consumption for that whole 
core. In order to estimate oxygen uptake rates for the benthos only, the average oxygen consumption rates from 
the control chambers (bottom water only) were subtracted from each core’s measured oxygen uptake rate. Based 
on the surface area of the cores and volume of water in the core tube, SOD was calculated as mmol O2 m−2 d−1.

Our primary goal was to examine the effect of warming and/or algal addition treatments on SOD, and 
whether responses varied by station location and season. For this purpose, log-transformed response ratios 
(LnRR) were calculated based on Hedges et al. 1989 90 and Vihtakari et al. 2016 91. Log differences between amb 
(baseline rates) and the experimental treatments (warm, algae and warm + algae) were calculated. Response 
ratios (RR) were then back calculated from the log responses and expressed as percentages. Therefore 100% 
represents a value equal to the amb treatment, or baseline rates, and the effect of each treatment can be visualized 
whereby responses are deemed significantly different from amb if the 95% confidence intervals do not cross the 
100% value. We further tested the effect of sediment parameters (chlorophyll a, phaeopigments, TOC, C/N) 
and macrofaunal abundance and biomass in driving those baseline rates through a multiple regression model. 
Statistical analyses were carried out in R with the tidyverse and AICCmodvag packages92.

Data availability
Data used in this study have been published and are publicly available at the following locations: https://
gbif.imr.no/ipt/resource? r=aen_benthic_macrofauna#anchor-description (macrofauna data), https://doi.
org/10.21335/NMDC-1821375519, https://doi.org/10.21335/NMDC-350572235, https://doi.org/10.21335/
NMDC-490057692, https://doi.org/10.21335/NMDC-799257283 (sediment carbon and nitrogen data), https://
doi.org/10.11582/2023.00030, https://doi.org/10.11582/2023.00031, https://doi.org/10.11582/2023.00032, 
https://doi.org/10.11582/2023.00033 (sediment chlorophyll a and phaeopigment data). Published datasets are 
cited throughout the article. The individual replicates of SOD rates are provided as supporting information. 
The R scripts used for retrieving the data from the public repositories, extracting the subsets we used for our 
analyses, and the scripts for conducting the statistical analyses are published and available here: https://zenodo.
org/records/11202836.

Received: 16 May 2024; Accepted: 19 September 2024

References
 1. Piepenburg, D. et al. Partitioning of benthic community respiration in the Arctic (northwestern Barents Sea). Mar. Ecol. Prog Ser. 

118, 199–213 (1995).

Scientific Reports |        (2024) 14:23336 10| https://doi.org/10.1038/s41598-024-73633-z

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


 2. Renaud, P. E. et al. Seasonal variation in benthic community oxygen demand: a response to an ice algal bloom in the Beaufort Sea, 
Canadian Arctic? J. Mar. Syst. 67, 1–12 (2007).

 3. Renaud, P. E., Morata, N., Carroll, M. L., Denisenko, S. G. & Reigstad, M. Pelagic–benthic coupling in the western Barents Sea: 
processes and time scales. Deep Sea Res. Part. II Top. Stud. Oceanogr. 55, 2372–2380 (2008).

 4. Morata, N., Renaud, P., Brugel, S., Hobson, K. & Johnson, B. Spatial and seasonal variations in the pelagic–benthic coupling of the 
southeastern Beaufort Sea revealed by sedimentary biomarkers. Mar. Ecol. Prog Ser. 371, 47–63 (2008).

 5. Bourgeois, S., Archambault, P. & Witte, U. Organic Matter remineralization in marine sediments: a pan-arctic synthesis. Glob 
Biogeochem. Cycles. 31, 190–213 (2017).

 6. Muller-Karger, F. E. et al. The importance of continental margins in the global carbon cycle. Geophys. Res. Lett. 32, L01602. https://
doi.org/10.1029/2004GL021346 (2005).

 7. Dunne, J. P., Sarmiento, J. L. & Gnanadesikan, A. A synthesis of global particle export from the surface ocean and cycling through 
the ocean interior and on the seafloor. Glob. Biogeochem. Cycles 21, GB4006. https://doi.org/10.1029/2006GB002907 (2007).

 8. Burdige, D. J. Preservation of organic matter in marine sediments: controls, mechanisms, and an imbalance in sediment organic 
carbon budgets? Chem. Rev. 107, 467–485 (2007).

 9. Cartapanis, O., Galbraith, E. D., Bianchi, D. & Jaccard, S. L. Carbon burial in deep-sea sediment and implications for oceanic 
inventories of carbon and alkalinity over the last glacial cycle. Clim. Past. 14, 1819–1850 (2018).

 10. Steele, M., Ermold, W. & Zhang, J. Arctic Ocean surface warming trends over the past 100 years. Geophys. Res. Lett. 35, L02614. 
https://doi.org/10.1029/2007GL031651 (2008).

 11. Rantanen, M. et al. The Arctic has warmed nearly four times faster than the globe since 1979. Commun. Earth Environ. 3, 1–10 
(2022).

 12. Carmack, E. & Wassmann, P. Food webs and physical–biological coupling on pan-arctic shelves: unifying concepts and 
comprehensive perspectives. Prog Oceanogr. 71, 446–477 (2006).

 13. Renaud, P. E., Sejr, M. K., Bluhm, B. A., Sirenko, B. & Ellingsen, I. H. The future of Arctic benthos: expansion, invasion, and 
biodiversity. Prog Oceanogr. 139, 244–257 (2015).

 14. Danielson, S. L. et al. Manifestation and consequences of warming and altered heat fluxes over the Bering and Chukchi Sea 
continental shelves. Deep Sea Res. Part. II Top. Stud. Oceanogr. 177, 104781 (2020).

 15. Bergmann, M., Dannheim, J., Bauerfeind, E. & Klages, M. Trophic relationships along a bathymetric gradient at the deep-sea 
observatory HAUSGARTEN. Deep Sea Res. Part. Oceanogr. Res. Pap. 56, 408–424 (2009).

 16. Sweetman, A. K. et al. Major impacts of climate change on deep-sea benthic ecosystems. Elem. Sci. Anth. 5, 4 (2017).
 17. Leu, E., Søreide, J. E., Hessen, D. O., Falk-Petersen, S. & Berge, J. Consequences of changing sea-ice cover for primary and 

secondary producers in the European Arctic shelf seas: timing, quantity, and quality. Prog Oceanogr. 90, 18–32 (2011).
 18. Lalande, C. et al. Lateral supply and downward export of particulate matter from upper waters to the seafloor in the deep eastern 

Fram Strait. Deep Sea Res. Part. Oceanogr. Res. Pap. 114, 78–89 (2016).
 19. Vader, A., Marquardt, M., Meshram, A. R. & Gabrielsen, T. M. Key Arctic phototrophs are widespread in the polar night. Polar Biol. 

38, 13–21 (2015).
 20. Berge, J. et al. In the dark: a review of ecosystem processes during the Arctic polar night. Prog Oceanogr. 139, 258–271 (2015).
 21. Søreide, J. E., Leu, E., Berge, J., Graeve, M. & Falk-Petersen, S. Timing of blooms, algal food quality and Calanus glacialis 

reproduction and growth in a changing Arctic. Glob Change Biol. 16, 3154–3163 (2010).
 22. Ji, R., Jin, M. & Varpe, Ø. Sea ice phenology and timing of primary production pulses in the Arctic Ocean. Glob Change Biol. 19, 

734–741 (2013).
 23. Boetius, A. et al. Export of algal biomass from the melting arctic sea ice. Science. 339, 1430–1432 (2013).
 24. Assmy, P. et al. Floating ice-algal aggregates below melting arctic sea ice. PLOS ONE. 8, e76599 (2013).
 25. Poulin, M., Underwood, G. J. C. & Michel, C. Sub-ice colonial Melosira arctica in Arctic first-year ice. Diatom Res. 29, 213–221 

(2014).
 26. Fernández-Méndez, M. et al. Composition, buoyancy regulation and fate of ice algal aggregates in the central Arctic Ocean. PLOS 

ONE. 9, e107452 (2014).
 27. Ardyna, M. et al. Under-ice phytoplankton blooms: shedding light on the “invisible” part of Arctic Primary production. Front. Mar. 

Sci. 7, 608032. https://doi.org/10.3389/fmars.2020.608032 (2020).
 28. Arrigo, K. R., Matrai, P. A. & van Dijken, G. L. Primary productivity in the Arctic Ocean: Impacts of complex optical properties 

and subsurface chlorophyll maxima on large-scale estimates. J. Geophys. Res. 116, C11022. https://doi.org/10.1029/2011JC007273 
(2011).

 29. Arrigo, K. R. et al. Massive phytoplankton blooms under Arctic Sea Ice. Science. 336, 1408–1408 (2012).
 30. Assmy, P. et al. Leads in Arctic pack ice enable early phytoplankton blooms below snow-covered sea ice. Sci. Rep. 7, 40850 (2017).
 31. Stroeve, J., Holland, M. M., Meier, W., Scambos, T. & Serreze, M. Arctic sea ice decline: faster than forecast. Geophys. Res. Lett.  34, 

L09501. https://doi.org/10.1029/2007GL029703 (2007).
 32. Perovich, D. K. & Richter-Menge, J. A. Loss of sea ice in the Arctic. Annu. Rev. Mar. Sci. 1, 417–441 (2009).
 33. Wang, M. & Overland, J. E. A sea ice free summer Arctic within 30 years? Geophys. Res. Lett.  36, L07502 https://doi.

org/10.1029/2009GL037820 (2009).
 34. Maslanik, J., Stroeve, J., Fowler, C. & Emery, W. Distribution and trends in Arctic sea ice age through spring 2011. Geophys. Res. 

Lett. 38, L13502. https://doi.org/10.1029/2011GL047735 (2011).
 35. Comiso, J. C. Large decadal decline of the Arctic multiyear ice cover. J. Clim. 25, 1176–1193 (2012).
 36. Zhang, J. et al. Modeling the impact of declining sea ice on the Arctic Marine planktonic ecosystem. J. Geophys. Res. Oceans. 115, 

2009JC005387 (2010).
 37. Arrigo, K. R. & van Dijken, G. L. Secular trends in Arctic Ocean net primary production. J. Geophys. Res. Oceans 116, C09011. 

https://doi.org/10.1029/2011JC007151 (2011).
 38. Arrigo, K. R. & van Dijken, G. L. Continued increases in Arctic Ocean primary production. Prog Oceanogr. 136, 60–70 (2015).
 39. Kahru, M., Brotas, V., Manzano-Sarabia, M. & Mitchell, B. G. Are phytoplankton blooms occurring earlier in the Arctic? Glob 

Change Biol. 17, 1733–1739 (2011).
 40. Ardyna, M. et al. Recent Arctic Ocean Sea ice loss triggers novel fall phytoplankton blooms. Geophys. Res. Lett. 41, 6207–6212 

(2014).
 41. Carmack, E. & Chapman, D. C. Wind-driven shelf/basin exchange on an Arctic shelf: The joint roles of ice cover extent and shelf-

break bathymetry. Geophys. Res. Lett. 30, 1778. https://doi.org/10.1029/2003GL017526 (2003).
 42. Zhang, X., Walsh, J. E., Zhang, J., Bhatt, U. S. & Ikeda, M. Climatology and interannual variability of Arctic cyclone activity: 

1948–2002. J. Clim. 17, 2300–2317 (2004).
 43. Rainville, L. & Woodgate, R. A. Observations of internal wave generation in the seasonally ice-free Arctic.Geophys. Res. Lett. 36, 

L23604. https://doi.org/10.1029/2009GL041291 (2009).
 44. Tremblay, J. É. et al. Climate forcing multiplies biological productivity in the coastal Arctic Ocean. Geophys. Res. Lett. 38, L18604. 

https://doi.org/10.1029/2011GL048825 (2011).
 45. Waga, H. & Hirawake, T. Changing occurrences of fall blooms associated with variations in phytoplankton size structure in the 

Pacific Arctic. Front. Mar. Sci. 7, 209. https://doi.org/10.3389/fmars.2020.00209 (2020).
 46. Lewis, K. M., van Dijken, G. L. & Arrigo, K. R. changes in phytoplankton concentration now drive increased Arctic Ocean primary 

production. Science. 369, 198–202 (2020).

Scientific Reports |        (2024) 14:23336 11| https://doi.org/10.1038/s41598-024-73633-z

www.nature.com/scientificreports/

https://doi.org/10.1029/2004GL021346
https://doi.org/10.1029/2004GL021346
https://doi.org/10.1029/2006GB002907
https://doi.org/10.1029/2007GL031651
https://doi.org/10.3389/fmars.2020.608032
https://doi.org/10.1029/2011JC007273
https://doi.org/10.1029/2007GL029703
https://doi.org/10.1029/2009GL037820
https://doi.org/10.1029/2009GL037820
https://doi.org/10.1029/2011GL047735
https://doi.org/10.1029/2011JC007151
https://doi.org/10.1029/2003GL017526
https://doi.org/10.1029/2009GL041291
https://doi.org/10.1029/2011GL048825
https://doi.org/10.3389/fmars.2020.00209
http://www.nature.com/scientificreports


 47. Onarheim, I. H. & Årthun, M. Toward an ice-free Barents Sea. Geophys. Res. Lett. 44, 8387–8395 (2017).
 48. Jordà-Molina, È. et al. Lack of strong seasonality in macrobenthic communities from the northern Barents Sea shelf and Nansen 

Basin. Prog Oceanogr. 219, 103150 (2023).
 49. Jordà-Molina, È. et al. Benthic macrofauna community from the Northwestern Barents Sea from seasonal cruises (Q3-August 

2019; Q4-December 2019; Q1-March 2021; Q2-May 2021)-The Nansen Legacy project (Arven etter Nansen). (2024). https://doi.
org/10.21335/NMDC-1152502405

 50. Kiesel, J., Bienhold, C., Wenzhöfer, F. & Link, H. Variability in benthic ecosystem functioning in Arctic shelf and deep-sea 
sediments: assessments by benthic oxygen uptake rates and environmental drivers. Front Mar. Sci. 7, (2020).

 51. McDonnell, A. J. & Hall, S. D. Effect of environmental factors on benthal oxygen uptake. J. Water Pollut Control Fed. 41, R353–
R363 (1969).

 52. Bowman, G. & Delfino, J. Sediment oxygen demand techniques: a review and comparison of laboratory and in situ systems. Water 
Res. 14, 491–499 (1980).

 53. Thamdrup, B. & Fleischer, S. Temperature dependence of oxygen respiration, nitrogen mineralization, and nitrification in Arctic 
sediments. Aquat. Microb. Ecol. 15, 191–199 (1998).

 54. Gooday, A. J. Biological responses to seasonally varying fluxes of organic matter to the ocean floor: a review. J. Oceanogr. 58, 
305–332 (2002).

 55. Clough, L. M., Renaud, P. E. & Ambrose, W. G. Jr. Impacts of water depth, sediment pigment concentration, and benthic 
macrofaunal biomass on sediment oxygen demand in the western Arctic Ocean. Can. J. Fish. Aquat. Sci. 62, 1756–1765 (2005).

 56. Boetius, A. et al. A marine microbial consortium apparently mediating anaerobic oxidation of methane. Nature. 407, 623–626 
(2000).

 57. Knittel, K. & Boetius, A. Anaerobic oxidation of methane: progress with an unknown process. Annu. Rev. Microbiol. 63, 311–334 
(2009).

 58. Bodur, Y. V. et al. Seasonal patterns of vertical flux in the northwestern Barents Sea under Atlantic Water influence and sea-ice 
decline. Prog Oceanogr. 219, 103132 (2023).

 59. Falk-Petersen, S., Pavlov, V., Timofeev, S. & Sargent, J. R. Climate variability and possible effects on arctic food chains: the role of 
Calanus. in Arctic Alpine Ecosystems and People in a Changing Environment (eds Ørbæk, J. B. et al.) 147–166 (Springer, Berlin, 
Heidelberg, doi:https://doi.org/10.1007/978-3-540-48514-8_9. (2007).

 60. Dubilier, N., Bergin, C. & Lott, C. Symbiotic diversity in marine animals: the art of harnessing chemosynthesis. Nat. Rev. Microbiol. 
6, 725–740 (2008).

 61. Hilário, A. et al. New perspectives on the ecology and evolution of siboglinid tubeworms. PLoS ONE. 6, 1–14 (2011).
 62. Thornhill, D. J., Fielman, K. T., Santos, S. R. & Halanych, K. M. Siboglinid-bacteria endosymbiosis: a model system for studying 

symbiotic mechanisms. Commun. Integr. Biol. 1, 163–166 (2008).
 63. Kleber, G. E. et al. Groundwater springs formed during glacial retreat are a large source of methane in the high Arctic. Nat. Geosci. 

1–8. https://doi.org/10.1038/s41561-023-01210-6 (2023).
 64. McMahon, K. W. et al. Benthic community response to ice algae and phytoplankton in Ny Ålesund, Svalbard. Mar. Ecol. Prog Ser. 

310, 1–14 (2006).
 65. Sun, M. Y. et al. Rapid consumption of phytoplankton and ice algae by Arctic soft-sediment benthic communities: evidence using 

natural and 13 C-labeled food materials. J. Mar. Res. 65, 561–588 (2007).
 66. Rybakova, E., Kremenetskaia, A., Vedenin, A., Boetius, A. & Gebruk, A. Deep-sea megabenthos communities of the Eurasian 

Central Arctic are influenced by ice-cover and sea-ice algal falls. PLOS ONE. 14, e0211009 (2019).
 67. Slagstad, D., Wassmann, P. F. J. & Ellingsen, I. Physical constrains and productivity in the future Arctic Ocean. Front. Mar. Sci. 2, 

85. https://doi.org/10.3389/fmars.2015.00085 (2015).
 68. Grebmeier, J. M. Shifting patterns of life in the Pacific Arctic and sub-arctic seas. Annu. Rev. Mar. Sci. 4, 63–78 (2012).
 69. Grebmeier, J. M. et al. Ecosystem characteristics and processes facilitating persistent macrobenthic biomass hotspots and associated 

benthivory in the Pacific Arctic. Prog Oceanogr. 136, 92–114 (2015).
 70. Ratkova, T. N. & Wassmann, P. Sea ice algae in the White and Barents seas: composition and origin. Polar Res. 24, 95–110 (2005).
 71. Mäkelä, A., Witte, U. & Archambault, P. Ice algae versus phytoplankton: resource utilization by Arctic deep sea macroinfauna 

revealed through isotope labelling experiments. Mar. Ecol. Prog Ser. 572, 1–18 (2017).
 72. Piepenburg, D. Recent research on Arctic benthos: common notions need to be revised. Polar Biol. 28, 733–755 (2005).
 73. Wassmann, P. & Reigstad, M. Future arctic ocean seasonal ice zones and implications for pelagic-benthic coupling. Oceanography. 

24, 220–231 (2011).
 74. Jørgensen, B. B. & Boetius, A. Feast and famine — microbial life in the deep-sea bed. Nat. Rev. Microbiol. 5, 770–781 (2007).
 75. Smith, R. W., Bianchi, T. S., Allison, M., Savage, C. & Galy, V. High rates of organic carbon burial in fjord sediments globally. Nat. 

Geosci. 8, 450–453 (2015).
 76. Faust, J. C. & Knies, J. Organic Matter sources in North Atlantic Fjord Sediments. Geochem. Geophys. Geosyst. 20, 2872–2885 

(2019).
 77. S Bianchi, T. The role of terrestrially derived organic carbon in the coastal ocean: a changing paradigm and the priming effect. Proc. 

Natl. Acad. Sci. 108, 19473–19481 (2011).
 78. Walsh, J. J. Arctic carbon sinks: Present and future. Glob Biogeochem. Cycles. 3, 393–411 (1989).
 79. Dai, H. Roles of Surface Albedo, Surface temperature and Carbon Dioxide in the Seasonal Variation of Arctic amplification. 

Geophys. Res. Lett. 48, e2020GL090301 (2021).
 80. de Ricardo, T. Seabed sediment data (upper 6  cm) on water content, total nitrogen, total carbon, total organic carbon, total 

inorganic carbon, carbon and nitrogen isotopic composition from the Nansen Legacy seasonal cruise 2021703 (Q1). University of 
Oslo (2022). https://doi.org/10.21335/NMDC-1821375519

 81. de Ricardo, T. Seabed sediment data (upper 6  cm) on water content, total nitrogen, total carbon, total organic carbon, total 
inorganic carbon, carbon and nitrogen isotopic composition from the Nansen Legacy seasonal cruise 2021704 (Q2). University of 
Oslo (2022). https://doi.org/10.21335/NMDC-350572235

 82. de Ricardo, T. Seabed sediment data (upper 6 cm) on grain size, water content, total nitrogen, total carbon, total organic carbon, 
total inorganic carbon, carbon and nitrogen isotopic composition from the Nansen Legacy seasonal cruise 2019706 (Q3). 
University of Oslo (2022). https://doi.org/10.21335/NMDC-490057692

 83. de Ricardo, T. Seabed sediment data (upper 6  cm) on water content, total nitrogen, total carbon, total organic carbon, total 
inorganic carbon, carbon and nitrogen isotopic composition from the Nansen Legacy seasonal cruise 2019711 (Q4). University of 
Oslo (2022). https://doi.org/10.21335/NMDC-799257283

 84. Akvaplan-Niva. Nansen Legacy Sediment Pigment Data Q1. Archive (2014). https://doi.org/10.11582/2023.00030 (2023).
 85. Akvaplan-Niva. Nansen Legacy Sediment Pigment Data Q2. Archive (2014). https://doi.org/10.11582/2023.00031 (2023).
 86. Akvaplan-Niva. Nansen Legacy Sediment Pigment Data Q4. Archive (2014). https://doi.org/10.11582/2023.00033 (2023).
 87. Akvaplan-Niva. Nansen Legacy Sediment Pigment Data Q3. Archive (2014). https://doi.org/10.11582/2023.00032 (2023).
 88. Smith, K. L. & Hinga, K. R. Sediment community respiration in the deep sea. in The sea: deep-sea Biology (ed Rowe, G. T.) 331–370 

(Wiley, New York, (1983).
 89. Pfannkuche, O. & Thiel, H. Meiobenthic stocks and benthic activity on the NE-Svalbard shelf and in the Nansen Basin. Polar Biol. 

7, 253–266 (1987).

Scientific Reports |        (2024) 14:23336 12| https://doi.org/10.1038/s41598-024-73633-z

www.nature.com/scientificreports/

https://doi.org/10.21335/NMDC-1152502405
https://doi.org/10.21335/NMDC-1152502405
https://doi.org/10.1007/978-3-540-48514-8_9
https://doi.org/10.1038/s41561-023-01210-6
https://doi.org/10.3389/fmars.2015.00085
https://doi.org/10.21335/NMDC-1821375519
https://doi.org/10.21335/NMDC-350572235
https://doi.org/10.21335/NMDC-490057692
https://doi.org/10.21335/NMDC-799257283
https://doi.org/10.11582/2023.00030
https://doi.org/10.11582/2023.00031
https://doi.org/10.11582/2023.00033
https://doi.org/10.11582/2023.00032
http://www.nature.com/scientificreports


 90. Hedges, L. V., Gurevitch, J. & Curtis, P. S. The meta-analysis of response ratios in experimental ecology. Ecology. 80, 1150–1156 
(1999).

 91. Vihtakari, M., Havenhand, J., Renaud, P. E. & Hendriks, I. E. Variable individual- and Population- Level responses to Ocean 
Acidification. Front. Mar. Sci. 3, 51. https://doi.org/10.3389/fmars.2016.00051 (2016).

 92. R Core Team. R: A Language and Environment for Statistical Computing (R Foundation for Statistical Computing, 2021).
 93. Vihtakari, M. PlotSvalbard - User Manual (Institute of Marine Research, 2020).

Acknowledgements
We are extremely grateful to the captains and crew of Kronprins Haakon whose patience and expertise made all 
our sampling possible, even under harsh conditions and with uncooperative gear. We are very thankful to the 
chief scientists of the seasonal cruises, Marit Reigstad, Rolf Gradinger (Arctic University of Tromsø), Tove Ga-
brielsen (University of Agder), Janne Søreide (University Centre in Svalbard), Sebastian Gerland, Anette Wold, 
Phillip Assmy (Norwegian Polar Institute) and Martin Ludvigsen (Norwegian University of Science and Tech-
nology) for tackling the logistical challenge our sampling needs presented. We are grateful to Elisabeth Alve 
for helping us plan and coordinate the study. It would not have been possible to conduct all the incubations on 
board and take all the samples without Amanda Ziegler, Yasemin Bodur, Karoline Saubrekka and Jack Garnett. 
We thank Tobias Vonnahme and Anook T. Klootwijk for providing the algal cultures, Katrin Bluhm and Liova 
Idahl for analyzing sediment pigment samples, Antonia Malmann and Matilda Smollny for benthic sample pro-
cessing, and Maria Włodarska-Kowalczuk and Basia Oleszczuk for help with macrofauna identification. We are 
grateful to Yngve Svensby, Rune Svendsen, Morten Krogstad, Håvard Hansen, and Simon Bjørvik for all kinds of 
logistical support with shipping and transporting samples. We thank Mona Isaksen, Sommarøya Hotel and Ma-
langen Retreat for organizing quarantines so that we could participate in research cruises during the Covid-19 
pandemic. AS and EJM were financed by Nord University and TRdF by the University of Oslo. This study is a 
part of and was financially supported by the Nansen Legacy project funded by the Research Council of Norway 
(Grant number 276730) and a contribution to the Scientific Committee on Oceanic Research Changing Oceans 
Biological Systems project (NSF OCE-1840868).

Author contributions
AS, SH, HR, BAB and PER were responsible for conceptualization and planning the study, AS, EJM, TRdF, SH 
and BAB conducted the experimental work and work at sea, AS, EJM, HR, BAB and PER conducted the data 
analyses, EJM and AS were responsible for the data presentation and visualization, AS, HR, BAB and PER wrote 
the article and all authors have read and approved the article.

Funding
Open access funding provided by Nord University.

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1038/s41598-024-73633-z.

Correspondence and requests for materials should be addressed to A.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give 
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party material in this article are included in the article’s 
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy 
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024 

Scientific Reports |        (2024) 14:23336 13| https://doi.org/10.1038/s41598-024-73633-z

www.nature.com/scientificreports/

https://doi.org/10.3389/fmars.2016.00051
https://doi.org/10.1038/s41598-024-73633-z
https://doi.org/10.1038/s41598-024-73633-z
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	Benthic remineralization under future Arctic conditions and evaluating the potential for changes in carbon sequestration in warming sediments
	Results
	Discussion
	Study area and sediment sampling
	Oxygen uptake incubations
	Sediment oxygen demand (SOD) measurements and statistical analyses
	References


