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Summary 23 

Export into the deep sea can store significant amounts of atmospheric carbon (C) on 24 

millennial time scales, buffering global warming1,2. The Barents Sea is one of the most 25 

biologically productive areas of the Arctic Ocean3,4 but C retention times there were 26 

thought to be short5. Here we show that dense bottom water formation and transport over 27 

the continental slope into the deep sea6–8 result in deep injection of substantial amounts of 28 

organic C with long retention times. Observational evidence complemented by numerical 29 

model simulations revealed a deep and widespread C injection driven by Barents Sea 30 

Bottom Water transport with daily lateral fluxes of ~2.2 kt C d-1 to ~1200 m in the Nansen 31 

Basin. With increasing distance from the outflow region, the plume expanded and 32 

penetrated into even deeper waters, and towards the sediment (retention time hundreds 33 

of millennia). Numerical model and genomic data suggest a seasonally fluctuating but 34 

continuous transport of C-rich phytoplankton and resuspended material from the 35 

Barents and Kara Sea shelves. This mechanism could sequester ~1/3 of total C burial 36 

across the whole Barents Sea9. Our findings combined with those from other export 37 

regions of C-rich dense waters in the Arctic10,11 and around Antarctica12–16 highlight the 38 

importance of lateral transport of bottom water as a C sink globally. Resolving 39 

uncertainties around negative feedbacks of global warming due to sea ice decline will 40 

necessitate observation of changes in bottom water formation17 and biological 41 

productivity3 at a resolution high enough to quantify future deep C injection. 42 



Main text 43 

Without the buffering function of the world oceans, the impact of anthropogenic greenhouse 44 

gas emissions would be far more dramatic2,18. The oceans’ ability to retain up to 25 % of human 45 

CO2 emissions from the atmosphere1,19 strongly depends on the local export efficiency and 46 

sequestration depth. Photosynthetically fixed particulate organic carbon (POC) can increase 47 

retention times drastically due to gravitational sinking into deeper water masses or sediments 48 

isolating it from the atmosphere for long time scales20. POC fluxes are traditionally considered 49 

to decrease exponentially with increasing depth due to ongoing zooplankton grazing and 50 

zooplankton and microbial respiration21. However, a major and yet unconstrained uncertainty 51 

in such vertical decay models is lateral transport, which, if significant, would cause an increased 52 

input of POC at depth and thereby decouple sources and sinks. These processes are rarely 53 

studied and generally not considered in global biogeochemical models. Only a handful of 54 

studies have documented particle injection from productive shelves to the deep sea22–24. In 55 

particular polar bottom waters have the potential to carry an important carbon signature into the 56 

deep sea due to density-driven deep vertical integration after entering the ocean basins, but 57 

detailed investigations of this process are missing. The Barents Sea within the Siberian shelf 58 

system is a hotspot of bottom water formation8,25 and carbon fixation, contributing with appr. 59 

102 Mt C a-1 4 about 50 % of the pan-arctic primary production3. Due to the lack of detailed 60 

data from the bottom water outflow region, the interplay of both processes and the 61 

consequences for the Arctic and global carbon budget are still not fully resolved. Here we 62 

present results of the multidisciplinary campaign ARCTIC2018 onboard RV Akademik 63 

Tryoshnikov carried out downstream of the outflow area of bottom waters from the productive 64 

Barents Sea shelf in the Nansen Basin and the Laptev Sea. Combining underwater imaging with 65 

water mass and circulation measurements, as well as molecular sequencing techniques and 66 



model calculations, we show that bottom water-driven deep carbon injection processes may be 67 

substantial and provide an important pathway for the Arctic carbon sequestration. 68 

Bottom water associated lateral particle transport 69 

In August and September 2018 we performed transects of simultaneous vertical high-resolution 70 

profiles within the Nansen Basin east of St. Anna and Voronin Trough (Fig. 1a) using a 71 

conductivity, temperature and depth sensor (CTD) equipped with a fluoro- and turbidimeter as 72 

well as an Underwater Vision Profiler camera system (UVP 5hd)26 to measure particle size-73 

distribution and abundance. Our data showed a widespread plume of particulate matter in the 74 

Nansen Basin, which was most pronounced north of Severnaya Zemlya (81.9 °N, 94.9 °E - 82.2 75 

°N, 94.9 °E; Fig. 1), where the maximum total particle volume for particles larger than 100 µm 76 

(equivalent spherical diameter, ESD) reached 3.5 mm³ L-1 (parts per million, ppm). This plume 77 

extended over a vertical area of 19.2 km2 at depths between 500 and 1200 m and more than 40 78 

km off the shelf and into the Nansen Basin and was co-located with Barents Sea bottom water 79 

(BSBW), defined as practical salinity <34.9 and potential density anomaly >27.97 kg m-3 (Fig. 80 

1c). In water depths shallower than 500 m only low particle concentrations, typical for Atlantic 81 

seawater in this region (Fig. 1b), were found. Increased concentrations of particles larger than 82 

100 µm observed below were hence transported laterally with the advection of BSBW. 83 



 84 

Figure 1: Deep particle plume and its relation to BSBW north of Severnaya Zemlya. a, 85 

Map of the research area including CTD stations (red dots) with the shown transect closest to 86 

the outflow area (red rectangle). b, Spatial particle volume distribution of the size fraction 0.1 87 

– 2 mm (ESD) measured along the transect. Solid (Practical salinity of 34.9) and dashed line 88 

(Potential density anomaly of 27.97 kg m-3) indicate BSBW mass boundaries. c, T-S plot with 89 

particle volume as color code show relation of particle maxima with BSBW (orange rectangle 90 

in b and c). Particle volumes have same color bar in b and c. 91 

 92 

BSBW is formed by successive cooling and brine enrichment of Atlantic Waters of the Barents 93 

Sea branch caused by sea ice formation on the Barents and Kara Sea shelf6,8. It leaves the shelf 94 

system through St. Anna and Voronin Trough towards the Nansen Basin where it integrates 95 

into the vertical density gradient below the Atlantic core of the Arctic boundary current. Steered 96 

by the Coriolis force, BSBW propagates along the shelf break further east towards our study 97 

area7,25. 98 

The presence of particles larger than 100 µm ESD mainly in the deeper layers or below the 99 

BSBW (Fig. 1b, Extended Data Fig. 1b-d) indicated slow gravitational sinking, resulting in a 100 



spatial separation during water mass propagation from the outflow regions St. Anna and 101 

Voronin Trough located several tens of km upstream. Increased turbidity values, that exhibited 102 

an even higher co-location with BSBW signals (Fig. 2), point to a high load of small particles 103 

still in suspension within this water mass. Especially this material, which is characterized by 104 

very low sinking velocities, has the potential for long-range lateral transport from shelf regions 105 

into the deep Nansen Basin. 106 

 107 

Figure 2: Increased turbidity and fluorescence signals within BSBW in the transect north 108 

of Severnaya Zemlya and modeled origin of the material. a, b, Spatial distribution of 109 

turbidity and fluorescence measured along the transect. The area between the solid (Practical 110 

salinity of 34.9) and dashed line (Potential density anomaly of 27.97 kg m-3) indicates BSBW. 111 

c, Finite-Element/volume Sea ice-Ocean Model (FESOM)-based calculation of the mean 112 

current velocity at 200 m depth visualizes the main current field of the Barents Sea branch of 113 

the Arctic boundary current. d, Backward trajectories of small non-ballasted particles (0.08 mm 114 

ESD, sinking velocity of 1.03 m d-1) calculated with FESOM indicate shelf-based origin of 115 

large fractions even from the northern Barents Sea. Red squares in c and d indicate location of 116 

particle release in the observed plume.  117 



Origin of the material 118 

In order to identify the origin of the particulate material observed within the plume, we 119 

performed reverse particle back-tracking calculations using the Finite-Element/volume Sea ice-120 

Ocean Model (FESOM27, Extended Data Fig. 2a-c), which confirmed a lateral injection from 121 

the shelf (Fig. 2c and d, Extended Data Fig. 2d-g). Reverse particle trajectories showed that 122 

large fractions of the particle plume North of Severnaya Zemlya originated in the St. Anna 123 

Trough region on the shelf following the main ocean current field into the basin. More than half 124 

of the non-ballasted small particle fraction even originated on average about 750 km upstream 125 

of the observed plume in a region within the northeastern Barents Sea between Novaya Zemlya 126 

and Franz Josef Land (Extended Data Tab. 1).  127 

The northeastern Barents Sea is a known hotspot of BSBW formation where increased sea ice 128 

formation rates within open waters of lee polynyas cause intense cooling and brine 129 

enrichment8,25. Furthermore, enhanced particle production and transport compared to the Arctic 130 

basin is characteristic for this area: Increased light availability within the marginal ice zone and 131 

polynyas in combination with nutrient supply by Atlantic waters, freshwater runoff, and wind-132 

induced vertical mixing promotes primary productivity10,28,29. On the other hand, deep mixing 133 

together with enhanced aggregation leads to high export efficiencies5,30–32, whereas strong mean 134 

and tidal currents keep the material in suspension in the frictional bottom boundary layer which 135 

prevents burial on the shelf33. This turbulent current regime may also promote resuspension 136 

from the sediment while BSBW is propagating successively towards the outflow troughs. 137 

The FESOM simulations included a warm bias of ~1 °C, leading to an underestimation of 138 

BSBW production and therefore also an underestimation of the proportion of particle load 139 

originating from the shallow shelf region. However, several lines of field evidence support the 140 

non-local origin of the observed particles: (1) Genomic analyses of 16S and 18S rRNA gene 141 

amplicon sequencing revealed that the eukaryotic and prokaryotic microbial community 142 



differed within the suspended particle fraction <100 µm between plume and non-plume 143 

locations (Extended Data Fig. 3). Moreover, (2) we identified the benthic indicator species 144 

Dolichomastigaceae, recently isolated in deep sea sediments34, to be associated with those 145 

particles (Supplementary Tab. 1). (3) CTD-based fluorescence signals were increased within 146 

the plume (Fig. 2b), pointing towards a phytoplanktonic origin of at least fractions of the 147 

suspended particle load. (4) The majority of marine snow >1 mm associated with the plume 148 

consisted of degraded phytodetritus aggregates as identified in UVP images (Extended Data 149 

Fig. 1e vs. Extended Data Fig. 1h-j). The distinct circular and compact morphology of those 150 

aggregates has recently been described as characteristic for processed aggregates transported to 151 

depth below, especially after Arctic phytoplankton blooms35. (5) Abundances of copepods 152 

larger than 1 mm ESD were increased within the plume (up to 50 ind. m-3, Extended Data Fig. 153 

1g). UVP images showed copepods to be intact and healthy looking, suggesting that they were 154 

alive and likely actively grazing. Synthesizing this list of field evidence with our back-tracking 155 

model results above, the particle load transported with BSBW can be described as a mixture of 156 

fresh material from the phytoplankton-grazer community within the euphotic shelf zone and 157 

resuspended material from shelf sediments. 158 

As a result of this mixed pool of non-local relatively fresh and old material, also size 159 

fractionated elemental C and N analyses revealed contradictory results: Particle samples of the 160 

size fraction >100 µm from the BSBW closest the outflow region showed high molar C:N ratios 161 

up to >40 (Extended Data Fig. 4) which are typical for old resuspended or even terrigenous 162 

material36,37. However, comparable values were also measured for material collected from near-163 

surface, non-BSBW water samples, but not for the size-fraction smaller than 100 µm within the 164 

BSBW. Alternatively, the high molar C:N ratios for the large size-fractions could also be caused 165 

by large amounts of extrapolymeric substances, such as polysaccharides within large 166 

phytoaggregates38. Since these substances are carbon-rich and nitrogen-poor buoyant particles, 167 

this would have provided a particulate source of carbon that could have caused the high C:N 168 



ratios and might also support long distance lateral transport observed in our particle 169 

backtracking results due to reduced sinking velocities. 170 

 171 

Evolution of the particle plume along its propagation pathway 172 

In the course of the campaign we could follow the path of BSBW and its particle load further 173 

along the shelfbreak. Approximately 250 km downstream of the first observation, east of 174 

Severnaya Zemlya (103.2 -109.3 °E, 79.5 - 80.5 °N, Extended Data Fig. 5b & c), maximum 175 

particle loads reached twice as far into the Nansen Basin (~90 km) but decreased to 2.6 ppm 176 

and were not clearly associated with BSBW. The successive mixing of BSBW with Arctic 177 

bottom water6,25 decreased BSBW signals whereas particle discharge towards the seafloor 178 

reduced maximum deep particle loads and its association with BSBW with increasing 179 

propagation distance. East of Vilkitzky Strait (78.4 °N, 110.0 °E - 79.3 °N, 114.9 °E, Extended 180 

Data Fig. 5d & e), ~420 km downstream of the first observation, deep particle load signals 181 

decreased to 1 ppm while the association with decreasing BSBW signatures reduced further. 182 

The ongoing degradation and remineralization, evident in the observations of increased 183 

zooplankton abundances (Extended Data Fig. 1f), and the identification of several 184 

heterotrophic indicator species as well as ammonium oxidizing Nitrococcacceae in 16S and 185 

18S sequences of particle associated microbes within BSBW (Supplementary Tab. 1) further 186 

reduced the POC load and caused discharge of dissolved carbon fractions and nutrients into 187 

surrounding waters. Finally, in the Nansen Basin north of the central Laptev Sea (76.0 °N, 126.0 188 

°E – 81.5 °N, 126.0 °E, Extended Data Fig. 5f & g) distinct BSBW signals were absent and 189 

maximum deep particle loads of 0.4 ppm were almost exclusively located below the 27.97 kg 190 

m-3 isopycnal at around 1500 m. BSBW-driven particle injection thus represents an important 191 

pathway carrying carbon from shelf regions to the deep sea and thereby distributes food and 192 



nutrients to the Arctic deep sea community over a distance of 1000 km between St. Anna 193 

Trough and the central Laptev Sea. 194 

 195 

Quantifying BSBW-driven deep carbon injection 196 

To estimate the spatial POC distribution, we scaled up our high resolution UVP, turbidity and 197 

fluorescence data with discrete size-fractionated POC measurements. Based on these 198 

calculations we were able to map the POC distribution within the plume, resulting in maximum 199 

total deep POC concentrations of 26.5 mg C m-3 north of Severnaya Zemlya (Fig. 3). Overall, 200 

the particle size fraction <100 µm ESD contributed about two thirds of the total POC load (on 201 

average 12.4 mg C m-3 and 7.0 mg C m-3, for < and >100 µm ESD, respectively; Extended 202 

Data Fig. 6). 203 

 204 

Figure 3: Spatial distribution of POC estimated based on field measurements. Red arrow 205 

illustrates the path of particle-loaded BSBW from the Barents Sea shelf through St. Anna 206 

Trough and along the continental slope towards the observed plume.  207 



We further estimated the along-slope lateral flux of POC based on the BSBW current velocity 208 

of 0.06 m s-1 on the day of sampling (i.e. particle and CTD data acquisition) as measured by 209 

Acoustic Doppler Current Profiler (ADCP) and Rotor Current Meter (RCM) within the transect 210 

of the most pronounced plume signals north of Severnaya Zemlya (ERC, Kanzow, T., MJ, 211 

Hölemann, J.: Structure and seasonal evolution of the Arctic Boundary Current off Severnaya 212 

Zemlya. J Geophys Res [under review]). Calculations yielded estimates of an average total 213 

lateral carbon flux of 79.9 – 111.7 g C m-2 d-1 within the plume (<100 µm ESD: 53.8 – 69.1 g 214 

C m-2 d-1, >100 µm ESD: 26.1 – 42.8 g C m-2 d-1). Integrated over the vertical BSBW area of 215 

19.75 km2 in this transect, we calculated a total lateral transport of 1.98 kt C d-1. Including the 216 

POC load from the particles larger than 100 µm ESD, which were observed to slowly sink out 217 

of the BSBW, would increase the total lateral flux to 2.23 kt C d-1. This value is equivalent to 218 

8.2 kt CO2, or in more figurative terms, equivalent to the total CO2 emission of a medium-sized 219 

car circling the globe >1000 times (assuming an emission of 19 kg CO2 per 100 km). Altogether 220 

this process has the potential to transport up to 0.81 Mt C a-1 into the deep Arctic basin if 221 

carrying material successively with similar daily flux rates from a permanent POC pool on the 222 

shelf. This value would be about one third of the amount of total POC accumulated across the 223 

whole Barents Sea seafloor (2.8 Mt C a-1)9. BSBW-driven carbon injection thus retains 224 

significant amounts of carbon from the atmosphere on millennial time-scales39 due to the slow 225 

circulation of Arctic deep waters and, in turn, acts as a sink in the carbon cycle.  226 

 227 

Temporal trends and implications for polar carbon budgets 228 

Seasonal and inter-annual changes in carbon fixation9,40 and BSBW production6,8,17 would be 229 

likely to cause fluctuations of the amount of material injected by BSBW into the deep sea. To 230 

resolve those temporal trends, we performed model calculations using the biogeochemical 231 

Regulated Ecosystem Model (REcoM241) coupled to FESOM. The model was validated by 232 



comparing the spatial distribution of POC concentrations from the field with the respective 233 

values in time and space from the model. The model successfully reproduced the process of 234 

dense water formation and subduction driving particle injection. The modelled POC 235 

concentrations associated with subducting dense waters could be found close to the continental 236 

slope north of Severnaya Zemlya (Extended Data Fig. 7). However, the location of the 237 

modelled deep POC maximum was ~200 m shallower and POC concentrations were generally 238 

about one order of magnitude lower than the field observations, reaching maximum values of 239 

~2.5 mg C m-3 (Extended Data Fig. 7e vs. g). This discrepancy could be explained by the 240 

temperature bias in the underlying ocean current model (FESOM, see above), leading to a 241 

reduced density and, hence, a reduced export depth of the produced bottom water as well as a 242 

reduced outflow from the shelf. Additionally, REcoM2 does not include resuspension 243 

processes, which likely play an important role for carbon transport on the shelf (see above) and 244 

might thus lead to underestimations of the transported POC load. These results indicate that the 245 

process of dense water-driven particle injection could qualitatively be well reproduced by 246 

REcoM2 making it a suitable tool to resolve temporal trends of carbon outflow between 2000 247 

and 2018. 248 

Model results revealed that pulses of carbon leave the shelf with outflowing dense water (Fig. 249 

4) and pass our study area north of Severnaya Zemlya every year. These pulses occur during 250 

and following the productive season in the second half of the year (Fig. 4b). In the periods 251 

between those peaks, POC outflow almost reaches undetectable levels in the model, but 252 

resuspension of deposited material not represented in the model may cause limited fluxes to 253 

occur in-between bloom phases in reality.  254 

Consequently, the model underestimates the POC concentrations (see above) and fluxes by an 255 

order of magnitude compared to our field-based estimates north of Severnaya Zemlya (max. 256 

~0.08 vs. 0.81 Mt C a-1). However, also elevated daily fluxes of dissolved organic carbon 257 



(DOC), which were not directly quantified in the field, could be observed in the REcoM2 model 258 

results (Fig. 4b), where annual total DOC fluxes fluctuated between 50 – 200 % of the annual 259 

POC fluxes (Fig. 4c). DOC is known to be transported by polar bottom waters in large 260 

amounts42, which promotes the role of BSBW injection as a significant carbon sink. 261 

 262 

Figure 4: Time series of cross-sectional transport of water masses and organic carbon 263 

from FESOM and REcoM2 model runs. a, Total (grey) and BSBW (red) transport through 264 

St. Anna Trough. b and c, Daily (b) and total annual (c) transport of dissolved (dashed lines) 265 

and particulate (solid lines) organic matter (OM) within BSBW dense water through sections 266 

North of Franz Josef Land (green), St. Anna Through (orange) and north of Severnaya 267 

Zemlya (blue).  268 



Our FESOM model results revealed a relatively stable annual outflow volume of ~2 Sv of dense 269 

water out of St. Anna Trough between 1980 and 2018 (Fig. 4a). During the same period, 270 

REcoM2 results showed the annual lateral POC flux to be slightly increasing within BSBW in 271 

St. Anna Trough (~0.05 to ~0.07 Mt C a-1) and within our study area north of Severnaya Zemlya 272 

(~0.025 to ~0.04 Mt C a-1). This development could be explained by a higher biological 273 

production due to increased light and nutrient availability as a result of less sea ice cover and 274 

stratification, which was predicted for the northern Barents Sea as a result of global warming3. 275 

However, it has also been reported that with ongoing reduction of sea ice cover also the 276 

formation of dense bottom water on the shelf might decrease in the future17, which would reduce 277 

the amount and the export depth of carbon sequestered in the Nansen Basin drastically, and in 278 

turn also the retention time. Although, we could not report this scenario in our model runs, 279 

negative feedback effects and hence an amplification of global warming cannot be excluded 280 

because underlying field measurements of carbon and dense water are scarce in this region. 281 

 282 

Conclusions 283 

In this study, we showed that the co-location of bottom water formation and transport with 284 

elevated biological production in the Barents Sea impacts the carbon budget of the Eurasian 285 

Arctic by retaining significant amounts of carbon from the atmosphere in the deep Nansen 286 

Basin. The Barents Sea, however, is not the only shelf region with such a co-location. For 287 

example, polynyas in the Sea of Okhotsk, the Bering Sea and around northern Greenland10,11, 288 

but in particular the Antarctic Ross12 and Weddell Seas13–15 are characterized by bottom water 289 

formation and transport of organic matter, and it is therefore likely that high dense water 290 

injection rates also occur there as well. Moreover, very high densities of bottom waters 291 

produced around Antarctica16 can lead to much deeper injection with even longer carbon 292 

retention times than reported here for the Arctic Ocean. 293 



Polar Regions are currently changing dramatically and feedback effects of global warming 294 

might lead to even higher global mean temperatures in the future43. The scarcity of carbon 295 

measurements in dense water outflow regions leads to uncertainties about the injection system 296 

of the Eurasian Arctic in model simulations. A future reduction of dense water formation and 297 

hence a reduced transport and retention time of carbon from the atmosphere can also be 298 

expected in other polar regions. This might result in a cumulative response and a so far 299 

unconstrained amplification of global warming, which urgently calls for detailed studies of such 300 

systems.  301 
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Methods 419 

Cruise description and sensor setup 420 

Data and samples were collected during the research campaign ARCTIC2018 in the Laptev and 421 

East Siberian Seas on board RV Akademik Tryoshnikov from August 18th to September 29th 422 

2018. Conductivity, temperature and depth profiles (CTD; SBE 9plus, Sea-Bird Electronics, 423 

USA) including fluorometer (ECO Fl, Wetlabs, USA) and turbidity data (ECO BB, Wetlabs, 424 

USA) were acquired at each station44,45. An Underwater Vision Profiler (UVP 5hd; Hydroptic, 425 

France) was mounted on the CTD frame and acquired particle data and images with a maximum 426 

frequency of 20 Hz during descent. 427 

Pre-processing of particle and image data was accomplished using the software Zooprocess46 428 

and image classification and validation using the web-based application Ecotaxa and Ecopart47. 429 

Images were individually classified with the assistance of machine learning classifiers into 430 

respective groups of living zooplankton and non-living marine snow. Marine snow was further 431 

classified into distinct groups using k-means clustering of PCA coordinates of morphological 432 

features of the detritus images as described by Trudnowska et al.35. 433 

 434 

Size fractionated POC/PON sampling and measurements 435 

Size fractionated POC/PON sampling was accomplished by filtering slowly up to 60 L of 436 

sample water directly from the Niskin bottles through 100 µm nylon mesh filters (Millipore). 437 

Subsequently, material >100 µm on the mesh was rinsed off using sterile filtered sea water (0.2 438 

µm) and filtered onto 0.8 µm GFF filters (Whatman). 2 L of the corresponding filtrate from 100 439 

µm nylon mesh filters was filtered onto 0.8 µm GFF filters (Whatman) to assess the size fraction 440 

<100 µm. Samples were stored at -80 °C before removing carbonates by acidification and tin-441 



encapsulation. Measurements of C and N content of the processed samples were carried out 442 

using an element analyzer (Euro EA 3000 Elemental Analyser, Eurovector, Italy). 443 

 444 

Size fractionated DNA sampling for Amplicon 16S and 18S rRNA gene PCR and 445 

sequencing 446 

Size fractionated DNA sampling was accomplished analogously to POC/PON sampling. The 447 

particle size fraction >100 µm ESD was sampled by filtering appr. 10 L of sample water slowly 448 

from the Niskin bottle onto 100 µm nylon mesh (Millipore) before resuspension with sterile 449 

filtered (0.2 µm) sea water and filtration onto 0.22 µm filters (SterivexTM, Millipore) using a 450 

peristaltic pump (Masterflex®, Cole-Parmer, USA). Size fraction <100µm was sampled by 451 

filtering 2 L of the filtrate directly onto 0.22 µm filters. Filters were kept at -80 °C until opening 452 

them in the lab followed by DNA extraction using the DNeasy PowerWater Kit (Qiagen) 453 

according to manufacturer’s instructions. The number of the resulting extracts (n) for 16S and 454 

18S sequencing was 24 for the particle size fraction <100 µm and 23 for the size fraction >100 455 

µm, respectively. DNA extracts were stored at -20 °C before generation of prokaryotic and 456 

eukaryotic amplicon sequences targeting the 16S rRNA gene (27F–519R48) and 18S rRNA gene 457 

(TA-Reuk454FWD1 – TAReukREV349), respectively. Amplicon libraries were created 458 

following standard protocols of amplicon library preparation (16S Metagenomic Sequencing 459 

Library Preparation, Illumina, Part # 15044223 Rev. B; Appendix B). Both 16S and 18S rRNA 460 

PCR libraries were sequenced using 250-bp paired-end sequencing with a MiSeq Sequencer 461 

(Illumina).  462 



Analyses of amplicon sequence data and statistical analysis 463 

ASV tables were constructed using the DADA2 pipeline v. 1.15.150 with standard parameters, 464 

and additional primer trimming using Cutadapt v.1.1851. Sequencing statistics for remaining 465 

sequences after each filtering step are reported in Supplementary Tab. 2 and Supplementary 466 

Tab. 3. Sequences were taxonomically assigned outside DADA2 using the SilvaNGS v.1.452 467 

pipeline for 16S rRNA gene data with the similarity threshold set to 1. Reads were aligned using 468 

SINA v. 1.2.1053, and classified using BLASTn v. 2.2.3054 with the Silva database v. 132 as a 469 

reference database. 18S rRNA gene amplicons were assigned using the 'feature-classifier' 470 

version 2019.7.0 (from package 'q2-feature-classifier' v. 2019.7.0) in QIIME 255 and the pr2 471 

database v. 4.1256 as a reference database. 472 

The ASV tables were Hellinger-transformed to stabilise the variance in the sequence count data 473 

for beta dispersion and PERMANOVA analyses using the decostand() function in 474 

zCompositions (rowsum cutoff = 3). Environmental metadata were z-scored (mean of data 475 

variable shifted to 0) for comparable metadata analysis.  476 

To examine microbial community dissimilarity between groups (“outside plume”, “plume”, 477 

“central Vilkitzky”) we performed a principal coordinate analysis (PcoA): we calculated beta 478 

dispersion of sites based on Bray-Curtis dissimilarity analysis of Hellinger-transformed ASV 479 

tables. PCoA eigenvalues were used to examine variation captured in PCoA axes. Differences 480 

of microbial communities between groups were tested with a permutational MANOVA 481 

(PERMANOVA57) on the Hellinger-transformed ASV tables using the adonis2() function in 482 

vegan (v.2.5.6).  483 



Estimating POC concentration using turbidity, fluorescence and optical particle data 484 

In order to visualize high-resolution POC concentrations and to calculate total POC flux 485 

throughout the bottom water plume, we scaled up size fractionated POC measurements using 486 

CTD-based fluorescence and turbidity data, as well as optical particle concentration and size 487 

distribution data from the UVP. Regressions were carried out using the statsmodels (v0.12.2) 488 

Python module58. 489 

High-resolution POC concentrations within the UVP size fraction >100 µm ESD were 490 

estimated using the pattern of the relative cumulative particle size distribution, total particle 491 

volume, and POC concentration of the sampled fraction > 100µm (n = 92). The pattern of the 492 

particle size distribution was described by the two coefficients a and b of the power law function 493 

(f(x) = axb) fitted over relative cumulative particle size class proportions using ordinary least 494 

squares (OLS) regression (see examples in Extended Data Fig. 8a & b). In order to optimize 495 

fitting, ESDs of size classes are subtracted by the smallest size value (102 µm ESD) to eliminate 496 

the offset below the UVP detection limit. Measured POC concentrations >100 µm ESD where 497 

then correlated to total particle volume up to 2050 µm ESD, as well as the calculated 498 

coefficients a and b (Extended Data Fig. 8c). The regression was achieved using a generalized 499 

linear model (GLM) based on the gamma distribution model family, logarithmic link function 500 

and iteratively reweighted least squares (IRLS; Extended Data Table 2). Resulting intercept 501 

and coefficients were then used to estimate POC concentrations >100 µm for each UVP data 502 

point, following OLS regression of the respective cumulated volumetric particle size 503 

distribution as described above. 504 

High-resolution POC estimation of the fraction below the UVP size threshold of 100 µm was 505 

achieved by correlating the POC concentrations of the sampled fraction <100 µm ESD (n = 92) 506 

with CTD-based turbidity and chlorophyll a fluorescence sensor data of the respective sampling 507 

location and depth (Extended Data Fig. 8d). Therefore, a robust linear regression model 508 



(RLM) based on iteratively reweighted least squares (IRLS) including Andrew´s Wave M-509 

estimator as weight function was used (Extended Data Table 2). Resulting intercept and 510 

coefficients of this regression were then used to estimate POC concentrations <100 µm ESD 511 

for each CTD data point.  512 

Fitting of the resulting estimates of the POC load below and above 100 µm ESD are presented 513 

as the difference between measured and the estimated POC concentration for the respective 514 

sampling location and depth (Extended Data Fig. 8e). Almost all larger outliers were located 515 

in the euphotic zone <100 m, pointing towards non-matching locations of sampling and data 516 

acquisition due to the patchiness of the POC distribution in this zone. Nevertheless, about 80 517 

% of the estimates showed a difference below 10 mg m-3, representing a relatively robust 518 

regression considering the different nature of the approaches, the fact that data acquisition of 519 

CTD and UVP occurred during descent and POC sampling during ascent with wind drift in 520 

between, and that no organisms were picked out of the samples. 521 

The overview of estimated POC concentrations in Fig. 3 was created in PyGMT v.0.6.159,60 522 

using the SRTM15+V2.4 grid61 and surface gridding62. 523 

 524 

BSBW current velocities and data processing 525 

The average ocean current velocity of the area covered by BSBW across the westernmost 526 

transect was estimated from Acoustic Doppler Current Profilers (ADCP’s, Teledyne RDI) and 527 

rotor current meters (RCM) deployed in a high-resolution mooring array. The array consisted 528 

of 7 moorings (AK1 to AK7) arranged perpendicular to the continental slope in water depths 529 

between 300 m (AK1) and 3015 m (AK7) from August 2015 to September 2018 (ERC, 530 

Kanzow, T., MJ, Hölemann, J.: Structure and seasonal evolution of the Arctic Boundary 531 

Current off Severnaya Zemlya. J Geophys Res [under review]). The sampling frequency for 532 



ADCPs and RCMs was 90 and 120 minutes, respectively. The effects of the tide and inertial 533 

periods were removed with a 6-day running average window and temporal resolution was 534 

reduced to one day. Only velocity measurements located within the BSBW region were used 535 

(AK2 to AK5). RCM current records at AK4 and AK5 stopped on 31st of January 2016 and 536 

11th of May 2017, respectively. These gaps in the time series were recovered by scaling 537 

velocities from the ADCPs. Before the current records stopped, correlation between time series 538 

from both instruments for the zonal and meridional components were 0.85 - 0.71 and 0.56 - 539 

0.47 for AK4 and AK5, respectively. Currents from the 20th of August 2018 were aligned in 540 

the along-slope direction and used to represent the time period when the hydrographic transect 541 

was occupied. BSBW was defined by salinities <34.9 and potential density anomalies >27.97 542 

kg m-3. The area of BSBW was divided accordingly to the location of each mooring and the 543 

depth-average velocity of AK2 and AK3 and the velocities from AK4 and AK5 were combined 544 

with its respective area to estimate the weighted-average velocity of BSBW. More detailed 545 

descriptions of deployment and calculation procedures as well as the resulting data set are 546 

provided in ERC, Kanzow, T., MJ, Hölemann, J.: Structure and seasonal evolution of the Arctic 547 

Boundary Current off Severnaya Zemlya. J Geophys Res (under review). 548 

 549 

Estimating BSBW-driven lateral POC flux in the westernmost transect closest to the St. 550 

Anna-Trough outflow 551 

BSBW driven lateral POC flux was estimated for the westernmost transect closest to St. Anna 552 

Trough based on POC load estimations described above starting with the station-wise 553 

integration of POC contents within BSBW per m2 water column. Potential density anomaly was 554 

calculated by the Thermodynamic Equations Of Seawater – 201063 using the Python package 555 

gsw (v. 3.4.0). For each station of this transect, POC contents per m2 BSBW per station where 556 

then multiplied by half of the distance to the two nearest stations towards, respectively. No 557 



extrapolation towards the south of the southernmost and towards north of the northernmost 558 

station was calculated in order to perform a conservative flux estimation. The resulting POC 559 

content in the whole vertical area of BSBW was then multiplied by the BSBW current velocity 560 

(0.06 m s-1) within the same transect and from the day of sampling (see above). Finally, 561 

calculation of different time intervals (day, year) and average lateral flux per m2 followed. 562 

Based on the assumption that a fraction of POC >100µm ESD was transported into the area by 563 

BSBW but was dislocated due to gravitational settling (see Fig. 1, Extended Data Fig. 1 and 564 

Extended Data Fig. 6) one can conclude that this material was also transported with the BSBW 565 

current velocity of 0.06 m s-1. In order to obtain estimates of the potential additional fluxes by 566 

this material, we calculated the possible additional POC load as follows: Maximum depth with 567 

increased POC concentration > 100 µm below BSBW was calculated by identifying the depth 568 

for each station where ambient concentrations below BSBW were reached. Ambient 569 

concentrations were defined for each station as the average POC load > 100µm in 100 m above 570 

the BSBW subtracted by its standard deviation. Ambient concentrations were reached right 571 

below BSBW in all stations, except for one station located at 82.11 °N and 94.84 °E. For this 572 

profile POC concentrations >100 µm ESD were integrated over the layer below the depth of 573 

the last BSBW signal and the identified maximum depth. This POC load per m² water column 574 

was then multiplied by half the distances to the next 2 stations north- and southwards as 575 

described above and multiplied by the BSBW current velocity of 0.06 m s-1. 576 

 577 

FESOM modelling of current speeds and particle back-tracking 578 

To better understand the velocity structure in the northern Barents Sea, we used the velocity 579 

field from the Finite-Element-Sea ice-Model version 1.4 (FESOM1.427). FESOM1.4 is based 580 

on triangular unstructured meshes for both the ocean and sea ice components. The global 581 

model grid has 4.5 km resolution in the Arctic Ocean and 24 km in the North Atlantic. The 582 



model configuration used here was forced with atmospheric reanalysis data from JRA55-do 583 

v.1.364 and reasonably represents the hydrography and velocity structure in the Arctic 584 

Ocean65,66. One should note that in the model, a known warm bias of around 1°C relative to 585 

the Polar Science Center Hydrographic Climatology (PHC v.367) was present in the Eurasian 586 

Basin of the Arctic Ocean (Figure 4 in Wang et al 201865). Resulting water mass distribution, 587 

however, was similar to field observations, although the location of the dense water plume at 588 

the westernmost transect at ~90 °E was slightly shallower (Fig. 1 vs. Extended Data Fig. 2 ). 589 

Following release depths for particle back-tracking were adjusted accordingly to match the 590 

observed co-location of particle maxima with dense water. 591 

A Lagrangian particle-tracking algorithm was used to determine the origin of particles 592 

observed at the continental shelf break. It has been successfully applied to study the 593 

catchment area of sediment traps deployed in Fram Strait68, the pathways of microplastic in 594 

the Arctic Ocean69, and vertical microbial connectivity in Fram Strait70. 70 particles were 595 

released at the respective depths of bottom water in the model within the westernmost transect 596 

of the plume observed in the field (95°E/ 81.9°N-82.14°N), at 450 m, 500 m, 550 m, 600 m, 597 

650 m, 700 m, and 750 m depth (see Extended Data Fig. 2c). Release was carried out every 598 

14 days in 2018 and back-tracked until they reached the ocean surface, resulting in 1680 599 

trajectories. A time step of 30 min was used for the trajectory calculations, yielding bi-hourly 600 

positions. The horizontal displacement of particles was computed with daily-averaged 601 

velocity fields from FESOM1.4, and the vertical displacement was determined from constant 602 

sinking velocities measured for particle samples from Fram Strait70. The sinking velocity (v) 603 

was computed with its empirical relationship to particle ESD described by the coefficients a 604 

and b of the power law function (v = a(ESD)b). We conducted back-tracking model runs with 605 

sinking velocities representing non-ballasted (a = 34.6, b = 1.39), small (0.08 mm ESD) and 606 

large (0.5 mm ESD) particles (v = 1.03 and 13.2 m d-1, respectively) as well as small ballasted 607 



particles (a = 94.58, b = 0.96) with 0.08 mm ESD (v = 8.58 m d-1). Selected numerical results 608 

are shown in Extended Data Tab. 1. 609 

 610 

Validation of the injection process and seasonal and inter-annual trends using REcoM2 611 

The Regulated Ecosystem Model (REcoM2) is a biogeochemical model describing the lower 612 

trophic levels of the Arctic ecosystem with one zooplankton class, the phytoplankton types 613 

diatoms and nanophytoplankton and one type of detritus41. It includes descriptions of the 614 

cycles of nitrogen, silicon and iron as well as the carbon cycle, whereas water mass and 615 

current properties are based on FESOM (see above). The FESOM-REcoM2 setup was run 616 

from 1980 to 2018. The first 25 years of the run have been validated by Schourup-Kristensen, 617 

et al. (2018)71 while the time-varying trends in Arctic nitrate supply is discussed in LO, VSK, 618 

CW, Hauck, J. The pan-Arctic continental slope as an intensifying conveyer belt for nutrients 619 

in the central Arctic Ocean (1985-2015). Global Biogeochem Cycles (submitted). 620 



Data availability 621 

The UVP image and particle data that support the findings is available on EcoTaxa 622 

(https://ecotaxa.obs-vlfr.fr, project no. 2463) and Ecopart (https://ecotaxa.obs-vlfr.fr/part/; 623 

project no. 239) on request. Results of the PCA based k-means clustering of detritus classes, 624 

depth-binned distributions of zooplankton and particle size classes, as well as the measured 625 

POC/PON data and the resulting POC estimates have been submitted to the PANGAEA data 626 

repository (https://www.pangaea.de) and will be publicly available upon publication. CTD data 627 

is available on PANGEA44 and the Arctic Data Center45. Results of the 16S and 18S amplicon 628 

sequencing will be provided on GFBIO (German Federation for Biological Data; 629 

https://www.gfbio.org/) upon publication. 630 

 631 

Code availability 632 

Results were achieved using publicly available Python and R packages as mentioned in the 633 

methods section. However, python scripts, i.e. for POC estimations, can be provided upon 634 

request.  635 
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Extended Data 753 

Extended Data Figures 754 

 755 

Extended Data Figure 1: Detailed results of the UVP-based particle size distribution 756 

<1050 µm and image analyses >1000 µm. a, map of the research area including stations (red 757 

dots) and the shown transect (red rectangle) closest to the BSBW outflow region Voronin and 758 

St. Anna Trough. b - d, spatial distribution of particle size classes <1050 µm. e –f, distribution 759 

of total detritus > 1000 µm (e), copepods (f), and different detritus classes identified via PCA 760 

clustering (g-j). Isolines indicate practical salinity. Please note the scale differences. 761 



 762 

Extended Data Figure 2: Detailed results of ocean-sea ice modelling (FESOM)-based 763 

particle back-tracking. a - c, water mass properties (temperature [a] and practical salinity [b]) 764 

and and zonal velocities (c) from FESOM model run for the field transect North of Severnaya 765 

Zemlya. Green dots in c represent release locations for particle backtracking in dense BSBW. 766 

d, ocean velocity at 200 m depth-averaged over the years 1989-2018 visualizes the outflow 767 

from the Barents and Kara Sea shelf through St. Anna Trough. e-g, distribution of different 768 

particle classes released within the BSBW-plume of our field transect north of Severnaya 769 

Zemlya (red rectangle) and back-tracked until reaching the surface. e, non-ballasted particles 770 

with 0.08 mm ESD and a sinking velocity of 1.03 m d-1. f, non-ballasted particles with 0.5 mm 771 

ESD and a sinking velocity 13.2 m d-1. g, ballasted particles with small 0.08 mm ESD and a 772 

sinking velocity of 8.58 m d-1. Grey contour lines in d-g indicate the 500 m and 1000 m isobaths, 773 

respectively.  774 



 775 

Extended Data Figure 3: Results of Principal Coordinate Analysis of the particle 776 

associated community composition. a, prokaryotic community differences (based on 16S 777 

rRNA genes) associated with particles <100 µm ESD. b, prokaryotic community differences 778 

(based on 16S rRNA genes) associated with particles >100 µm ESD. c, eukaryotic community 779 

differences (based on 18S rRNA genes) associated with particles <100 µm ESD. d, eukaryotic 780 

community differences (based on 18S rRNA genes) associated with particles >100 µm ESD. 781 

Significant differences could be identified for the prokaryotic and eukaryotic composition of 782 

the microbial community within suspended particles <100 µm ESD.  783 



 784 

Extended Data Figure 4: Molar carbon to nitrogen ratios depending on temperature and 785 

practical salinity. a, C:N ratios of the particle size fraction <100 µm. b, C:N ratios of the 786 

particle size fraction >100 µm. Dashed lines indicate isolines of potential density anomaly (σ0). 787 

Large dots represent measurements within the transect closest to the BSBW outflow north of 788 

Severnaya Zemlya.  789 



 790 

Extended Data Figure 5: Evolution of the deep particle plume and its relation to BSBW 791 

east of Severnaya Zemlya. a, Map of the research area including stations (red dots) and shown 792 

transects in rectangles (red: b, c; blue: d, e; yellow: f, g). b, d, f, spatial particle volume 793 

distribution of the size fraction 0.1 – 2 mm ESD along the respective transect. The areas 794 



between the solid (practical salinity of 34.9) and dashed lines (potential density anomaly of 795 

27.97 kg m-3) indicate BSBW. c, e, and f, Temperature-salinity diagram with color-coded 796 

particle volume shows the relation of particle maxima with BSBW. Black lines indicate isolines 797 

of potential density anomaly (σ0). Particle volumes have the same color bar in the respective 798 

transects.  799 



 800 

Extended Data Figure 6: Sensor-based estimates of the POC distribution north of 801 

Severnaya Zemlya. a, estimates of POC <100 µm ESD based on reference measurements, 802 

turbidity and fluorescence sensor data. b, estimates of POC >100 µm ESD based on reference 803 

measurements, and total particle volume and particle size distribution from the UVP. c, Total 804 

POC distribution. The area between the solid (practical salinity of 34.9) and dashed line 805 

(potential density anomaly of 27.97 kg m-3) indicates BSBW.  806 



 807 

Extended Data Figure 7: Results of REcoM2 runs for the field transect North of 808 

Severnaya Zemlya and comparison with POC distribution in the field. REcoM outputs for 809 

August 2018 of: a, Temperature (°C), b, practical salinity, c, density anomaly (kg m-3), d, 810 

vertical velocity (m d-1), e, Particulate Organic Carbon (mg m-3), and f, Dissolved Organic 811 

Carbon (mmol m-3). g, total POC concentrations (mg m-3) based on field data estimates. The 812 

area between the solid (practical salinity of 34.9) and dashed line (potential density anomaly of 813 

27.97 kg m-3) in g indicates BSBW.  814 



 815 

Extended Data Figure 8: Visualization of the sensor based POC estimation. a and b, 816 

examples for power law curve fitting of the relative cumulative particle size distribution 817 

between 0.1 – 2.05 mm for one UVP depth bin of 5 m, respectively. c, regression between 818 

coefficients (a) and exponents (b) of the relative cumulative particle size distribution, total 819 

particle volume between 0.1 – 2.05 mm, and corresponding measurements of POC >100 µm 820 

ESD. d, regression between turbidity and chlorophyll a fluorescence and corresponding 821 



measurements of POC <100 µm ESD. e, Difference between measured concentrations from 822 

samples and estimated POC concentrations for the fraction <100 µm ESD (red) and >100 µm 823 

ESD (blue). Golden shade indicates area between -10 and 10 mg m-3.  824 



Extended Data Tables 825 

 826 

Extended Data Table 1: Results of FESOM 1.4 based particle back-tracking 827 

828 
Particle type Sinking 

velocity 

Fraction of 

particles 

originating south 

of 81 °N 

Mean trajectory 

length of particles 

originating south of 

81 °N 

Mean distance 

between 

release point 

and surface of 

particles 

originating 

south of 81 °N 

 [m d-1] [%] [km] [km] 

Non-ballasted 

0.08 mm ESD 
1.03 50.2 5028 750 

Non-ballasted 

0.5 mm ESD 
13.2 9.9 686 441 

Ballasted 

0.08 mm ESD 
8.58 28.4 835 498 



Extended Data Table 2: Descriptions and results of regression models for estimation of 829 

POC concentrations smaller and larger than 100 µm (see also Extended Data Fig. 8). 830 

Regression model description for POC <100 µm 

Dependent Variable POC <0.1 mm [µg L-1] 

Regression model Robust Linear Model 

Weight function Andrew´s wave (tuning constant: 1.339) 

Scaling for fitting median absolute deviation 

Link Function identity 

Optimization method Iteratively reweighted least squares 

Regression results for POC <100 µm 

 Coefficient Standard 

error 

z P > |z| 

Intercept 9.1954 1.126 8.164 >0.001 

Turbidity [ntu] 25.9341 9.321 2.782 0.005 

Chlorophyll a fluorescence [flntu] 32.1410 0.764 42.076 >0.001 

 

Regression model description for POC >100 µm 

Dependent Variable POC >0.1 mm [µg L-1] 

Regression model Generalized Linear Model 

Distribution Family Gamma exponential 

Link Function logarithmic 

Optimization method Iteratively reweighted least squares 

Regression results for POC >100 µm 

Log-Likelihood -292.61 

Deviance 82.685 

Pearson chi² 98.3 

 Coefficient Standard 

error 

z P > |z| 

Intercept 1.7350 0.263 6.603 >0.001 

Particle distribution coefficient a -2.6996 1.216 -2.220 0.026 

Particle distribution coefficient b 0.7251 0.248 2.924 0.003 

Total particle volume 0.1-2.05 mm [ppm] 0.1928 0.057 3.389 0.001 

 831 



Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

SIGuide.docx

SupplementaryTables.pdf

reportingsummary.pdf

https://assets.researchsquare.com/files/rs-1617794/v1/ec29afab467869ef82311e5f.docx
https://assets.researchsquare.com/files/rs-1617794/v1/686b44583304f33551ca49e7.pdf
https://assets.researchsquare.com/files/rs-1617794/v1/a9e22515823534eda2bc0cd9.pdf

