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Dimethylsulfide (DMS) is a biogenic trace gas with importance to aerosol formation. DMS is produced by microbial degradation of dimethylsulfoniopropionate (DMSP), an abundant metabolite in marine microalgae. We analyzed DMS and DMSP concentrations in surface water in the central Arctic Ocean during two expeditions north of 79°N in 2011 and 2015. We identified three regions, which were characterized by different DMS and DMSP concentrations, dependent on the regional water masses and the relative movement of sea ice and water to each other. In addition, correlations between DMS and DMSP and correlation of the two sulfur compounds to autotrophic biomass (as chlorophyll a) differed in the regions. In the area of the nutrient rich Atlantic water inflow and short contact of this water with sea ice, DMS is present in high concentrations and correlates to DMSP as well as chlorophyll a. At two stations, particularly high DMS concentrations were found in conjunction with under-ice phytoplankton biomass peaks. In contrast, in mixed Atlantic and Pacific water with strong polar influence, where long-term contact between sea ice and water causes persistent stratification, only little DMS is found. Further, the correlations to DMSP and chlorophyll a are lost and the ratio of DMS to DMSP is about one order of magnitude lower, pointing toward consumption of DMSP without the production of DMS. We conclude that the duration of sea ice influence and source of the surface water do not only lead to differences in phytoplankton productivity, resulting in different DMSP concentrations, but also influence microbial recycling of DMSP to DMS or other compounds. DMS production, as possible source for aerosols, is thus presumably lower in the strongly sea ice influenced central Arctic areas than what could be expected from DMSP concentration or biomass.
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INTRODUCTION

Dimethylsulfide (DMS) represents the most important natural source of sulfur to the atmosphere, accounting for up to 80% of global biogenic sulfur emissions (Keller et al., 1989; Liss et al., 1997; Kettle and Andreae, 2000). In the atmosphere DMS can be oxidized to sulfate aerosols which serve as cloud condensation nuclei and thus influence solar radiation income (Charlson et al., 1987; Andreae, 1990). The contribution of DMS to cloud condensation nuclei is particularly important in remote oceanic regions, such as the Southern Ocean that is little affected by anthropogenic sources of sulfate (Vallina et al., 2007). In the Arctic, several studies show a coincidence or strong contribution of DMS to aerosol formation. This is particularly pronounced during phytoplankton blooms (Park et al., 2017) and in the summer, when other condensation nuclei, e.g., from anthropogenic sources or sea salts, are low (Chang et al., 2011; Leaitch et al., 2013; Ghahremaninezhad et al., 2016).

Dimethylsulfide is produced by degradation of dimethylsulfoniopropionate (DMSP), which is an abundant metabolite produced by marine microalgae. Different taxonomic groups of microalgae produce different amounts of DMSP per biomass. Dinoflagellates, prymnesiophytes, and chrysophytes are high DMSP producers, whereas diatoms, prasinophytes and chlorophytes produce lower amounts of DMSP (Keller et al., 1989; Stefels et al., 2007). In the polar regions, sea ice algae are important DMSP producers, for whom it probably serves as osmoregulator and cryoprotectant (Kirst et al., 1991). Marine bacteria have recently been shown to produce DMSP, but the physiological role and contribution to overall DMSP production is unknown so far (Curson et al., 2017). Phytoplankton as well as bacteria cleave DMSP to DMS with enzymes (e.g., Ishida, 1968; Kiene, 1990; Stefels and Van Boekel, 1993; Ledyard and Dacey, 1994). DMSP is further released into the seawater by active exudation or by disruption of cells, e.g., by autolysis, viral lysis, or grazing (Malin et al., 1998; Simó, 2001; Kasamatsu et al., 2004). Dissolved DMSP is then available for microbial consumption, serving as an important carbon and sulfur source, covering up to 15% of the carbon and 100% of the sulfur demand (Kiene et al., 2000). Bacteria either lyse DMSP to assimilate the carbon and produce DMS as side product, or demethylate DMSP to assimilate both carbon and sulfur. The balance between both pathways is controlled by the sulfur demand of the bacterial community. Major removal processes of DMS from seawater are bacterial uptake and degradation, photo-oxidation and sea-air flux (Kiene and Bates, 1990; Simó, 2004; del Valle et al., 2009).

The central Arctic Ocean is influenced by Atlantic water (AW) entering through Fram Strait and Pacific water (PW) entering through Bering Strait (Figure 1A). AW and PW differ in their nitrate-to-phosphate ratios, with PW being depleted in nitrate compared to AW (Jones et al., 1998). Both water masses mix while drifting from the Laptev Sea toward Fram Strait in the Transpolar Drift, which is also the primary drift direction of sea ice (Kwok et al., 2013; Figure 1A). In addition, in the central Arctic sea-ice melt and freeze influence the surface stratification. This limits winter vertical mixing and thus the resupply of nutrients from deeper water (e.g., Rudels et al., 1991).
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FIGURE 1. Study area (A), station map (B), and salinity profiles in the upper 150 m of the water column (C). (A) Schematic of general surface water (blue arrows) and sea ice (orange arrow) movement relevant for our study. Atlantic water (AW) enters the central Arctic via Fram Strait, Pacific water (PW) via the Bering Strait. The black lines indicate the cruise tracks Transark I 2011 (solid) and Transark II 2015 (dashed). Adapted from Ulfsbo et al. (2014) and Damm et al. (2018). (B) Stations during expeditions Transark I 2011 (triangles) and Transark II 2015 (circles), covered a broad area of the central Arctic Ocean spanning different water masses. Colors show the water mass dominating in the surface layer (<25 m). Region 1 is dominated by AW, Region 2 is characterized by a mix of nutrient signatures, while Region 3 is dominated by PW. The light blue box indicates the approximate coverage of previous studies in the central Arctic from Levasseur (2013). (C) Salinity profiles in the different regions for both years. Sea ice melt from the current season (Melt) causes the lower salinity in the upper 25 m. In Region 1, directly beneath is the AW. In Regions 2 and 3, the mixed AW/PW water is separated from the meltwater layer by a second halocline (HC). The gray bars on the right show the general structure of the water column. Note the different x-axis scales.



Most of the studies on DMS and DMSP in the Arctic have been performed in the Canadian Archipelago, coastal regions and some in Greenland and Barents Sea (see references in Levasseur, 2013). Only three studies (Gosselin et al., 1996; Leck and Persson, 1996; Matrai et al., 2008) were conducted in the central Arctic Ocean, covering a slim corridor along 0–10°E and continuing on 170°W (Figure 1B). Our study covers regions extending further eastward toward the Laptev Sea and toward the Beaufort Sea, which have not been investigated in previous studies. We hypothesize that DMSP and DMS concentrations differ by region, despite a full sea ice cover. We define three regions with influence of different sea ice – ocean interaction and water mass signatures. We analyzed DMS and DMSP concentrations with respect to chlorophyll a, as a marker for autotrophic biomass, as well as group-specific marker pigments, macronutrients and overlying sea-ice types. The objective of our study is to quantify DMS in the three regions and to explain how different DMSP and DMS production and consumption processes could lead to the observed findings.

MATERIALS AND METHODS

Water Column Properties and Water Sampling

Samples were collected in the central Arctic Ocean during Transark I (13 August–22 September 2011) and Transark II (20 August–24 September 2015) cruises of RV Polarstern (Figure 1B and Supplementary Table 1; Schauer, 2012, 2016). The two cruises covered an area north of 79°N between 30° E and 130° W. Water column salinity and temperature were recorded with a conductivity-temperature-density (CTD) system (SBE911+, Sea-Bird Electronics Inc., Washington, DC, United States) mounted on a carousel water sampler/rosette (SBE32). Water samples from the upper 100 m of the water column were either collected with 12 L Niskin bottles mounted onto a rosette sampler during the up-cast or with 6.4 L Kemmerer bottles through a hole in the sea ice in several meters distance from the ship. Details on CTD measurement and Niskin water sampling procedures are described in Schauer (2012, 2016) and Damm et al. (2018).

At the time of observations in August/September, the depth of the Winter Mixed Layer (WML) can be identified as a temperature minimum below the much shallower summer mixed layer and the summer halocline (Rudels et al., 1996; Korhonen et al., 2013). This estimation is based on the assumption that the temperature minimum, often with temperature close to the freezing point temperature, is a remnant of the haline convection during previous winter. Since the summer warming and ice melting quickly establish strong density stratification near the surface, their effect is restricted to the shallow surface layer and the warming does not reach as deep as the winter convection.

Analysis of Inorganic Nutrients and Calculations of Pacific Water Fractions

In 2011, inorganic nutrients nitrate, phosphate and silicate were determined on an Evolution III Autoanalyzer (Alliance Instruments GmbH, Salzburg, Austria). Methods were modified after Grasshoff et al. (1998) and manufacturers instructions (Seal Analytical, https://seal-analytical.com, accessed June 27, 2019). In 2015, nutrients were analyzed colorimetrically as described in Van Ooijen et al. (2016). Data can be accessed at PANGEA (Kattner and Ludwichowski, 2014; Van Ooijen et al., 2016). Pacific water fractions (fPW) were calculated from nitrate and phosphate concentrations according to Jones et al. (2008), using endmember correlations of selected Atlantic water and Pacific water dominated stations from our study.

To express macronutrient limitations and deviations from the Redfield ratio the quasi-conservative tracer N* = (N − 16 × P + 2.9 μmol kg–1) × 0.87 was calculated according to Gruber and Sarmiento (1997). Values of 0 reflect that Redfield ratio is retained, while N* > 0 indicates a depletion of phosphate relative to nitrate (Atlantic influenced waters) and N* < 0 indicates a depletion of nitrate relative to phosphate (Pacific waters).

Quantification of DMS and DMSP

Dimethylsulfide was analyzed on a gas chromatograph (Varian 450C) which was coupled to a purge and trap system slightly modified from the method described in Kiene and Slezak (2006). Aliquots of 3 mL seawater were sampled directly into 5 mL glass vials, sealed with Teflon-coated rubber septa and crimp lids, and analyzed within 3 h after sampling. Samples were purged with helium for 10 min at a flow rate of 60 mL min–1 and dried while passing a NafionTM tube (Perma Pure LLC, NH, United States). DMS was cryo-trapped in teflon tubing immersed in liquid nitrogen, desorbed in a water bath heated to 70°C and transferred into the gas chromatograph equipped with a CP-Sil 5CB column (25 m, 0.32 mm, 0.25 μm) and a pulsed flame photometric detector (PFPD). Helium was used as carrier gas at a flow rate of 1.7 mL min–1, the oven temperature was 130°C isotherm and the detector was run at 200°C.

Since samples were not filtered prior to measurements, we cannot exclude that fragile phytoplankton cells like prymnesiophytes might have been disrupted during purging, releasing DMSP followed by conversion to DMS. As detailed in the Supplementary Material this might have led to a overestimation of DMS concentrations of up to 1.5 nM and an according underestimation of DMSP in samples with high haptophyte content (e.g., Station Transark II/54).

Total DMSP was analyzed as DMS after alkali cleavage (Dacey and Blough, 1987) with the same analytical procedure as described above. For DMSP analysis, approximately 30 mL seawater was sampled into 50 mL centrifuge tubes and stored refrigerated. Within 12 h the tubes were inverted several times to resuspend particles and 1–3 mL seawater were subsampled into 5 mL glass vials. To initiate alkali lysis of DMSP, 2 mL of 10 M NaOH were added, the vial sealed, and incubated at room temperature for 2 h. DMS and DMSP were analyzed from separate aliquots. Since DMS was not purged from the DMSP aliquot before alkali lysis, the measured DMSP concentration (DMSPgross) also contained DMS. DMSP data presented in this publication were corrected for DMS as follows: DMSP = DMSPgross – DMS.

The system was calibrated with DMS (>99%, Sigma-Aldrich) for concentrations from 0.8 to 763 pmol in 3 mL Milli-Q in 2011 (Transark I). In 2015 (Transark II) the calibration spanned 2.4–315 pmol in 3 mL Milli-Q. The limit of quantification (LOQ) was defined to the lowest calibration level. Considering the sample volume, this resulted in LOQ of 0.16 nM DMS and 0.27 nM DMSP in 2011 and 0.8 nM for DMS and DMSP in 2015. Samples below LOQ but >0 were normally distributed and treated as ½ of the LOQ for calculation of the mean and standard deviation. For further analysis (e.g., correlations, means) values <LOQ were omitted. Standard deviation on replicate standard measurements was 12% on average, while sample replicates had average standard deviations of 19% for DMS and 14% for DMSP.

Pigment Analysis

For pigment analyses, 1–2 L seawater samples were taken from Niskin bottles attached to the CTD rosette from 6 to 8 depths in the upper 100 m. During Transark I, occasionally only the upper 50 m were sampled. In addition, samples from a hand held Kemmerer bottle were taken through an ice hole. The seawater was immediately filtered on GF/F filters, frozen in liquid nitrogen, and stored at −80°C until further analyses by high performance liquid chromatography (HPLC) at the home laboratory. Pigment samples were measured with reverse-phase HPLC with a VARIAN Microsorb-MV3 C8 column (4.6 mm × 100 mm), using HPLC-grade solvents (Merck), a Waters 1525 binary pump equipped with an autosampler (OPTIMASTM ), a Waters 2996 PDA (photodiode array detector) and the EMPOWER software. For further details see Tran et al. (2013). The ratio of respective marker pigments to chlorophyll a was calculated to serve as indication of the dominant phytoplankton communities observed during this study.

Sea Ice Trajectories

To determine pathways, age and source area of sampled sea ice, a Lagrangian approach (ICETrack) was used that traces sea ice backward in time using a combination of satellite-derived low-resolution drift products. ICETrack has been used in a number of publications to examine sea ice sources, pathways, thickness changes and atmospheric processes acting on the ice cover (e.g., Krumpen et al., 2016, 2019; Damm et al., 2018; Peeken et al., 2018). The tracking approach works as follows: An ice parcel is tracked backward in time on a daily basis starting at Fram Strait. Tracking is stopped if (a) ice hits the coastline or fast ice edge, or (b) ice concentration at a specific location drops below 25% and we assume the ice to be formed.

Statistics

Data processing and analyses were performed with the software package R version 3.2.3 (R Core Team, 2015) in RStudio Version 1.0.163. Figures, except for Figures 1C, 3, were prepared with base and ggplot2 packages. Sample groups in Figures 2, 5, 6 were compared to each other applying Welch’s t-test (Welch, 1938; Andrade and Estévez-Pérez, 2014, Eqs. 5 and 5c). Boxplots in those figures show the median, the 25th and 75th percentiles, as well as 1.5 times the interquartile range as whiskers. Pearson correlation coefficients (Pearson, 1895; Hollander et al., 2015) in Figure 4 were calculated in R package Hmisc version 4.0-3. Figure 1C was created using Ocean Data View (Schlitzer, 2018). Figure 3 was created with Sigma plot 10 displaying the median, the 10th, 25th, 75th, and 90th percentiles as vertical boxes with error bars.
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FIGURE 2. Chlorophyll a (Chl a), dimethylsulfoniopropionate (DMSP), and dimethylsulfide (DMS) concentrations in the upper 100 m water column during expeditions Transark I (triangles) and Transark II (circles) in the three regions. Data, of which the measured value was below the limit of quantification (LOQ), is shown in gray (Transark I: 0.16 nmol L–1 DMS and 0.27 nmol L–1 DMSP, dotted lines; Transark II: 0.8 nmol L–1 DMS and DMSP, dashed lines). In Region 1 depth 0–25 m, 25% of the DMS measurements were <LOQ, while for all other regions and depths ≥50% were <LOQ. This value was even higher with >93% for regions 2 and 3 for depths below 25 m. DMSP or DMS = 0 are shown as 0.005 due to logarithmic y-axis. Confidence levels of Welch’s t-test for significant differences between sample groups: 0.0001 ≤ ∗∗∗p < 0.001 ≤ ∗∗p < 0.01 ≤ *p ≤ 0.05 < NS. ≤ 1.
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FIGURE 3. Marker pigment ratio to chlorophyll a for the various regions (upper panel 0–25 m; lower panel 25–50 m). Peri, Peridinin; 19.Bt, 19-butanoyloxyfucoxanthin; Fuco, fucoxanthin; 19.Hx, 19-Hexanoyloxyfucoxanthin; Prasi, Prasinoxanthin; Chl.b, Chlorophyll b; Allo, Alloxanthin indicative for Dinoflagellates, Crysophytes, Diatoms, Prymnesiophytes, Prasinophytes, Chlorophytes, and Cryptophytes, respectively.
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FIGURE 4. Correlations between DMSP and DMS to chlorophyll a and DMS to DMSP. DMS and DMSP values <LOQ are shown at the x-axis. Correlations were calculated with DMS and DMSP values >LOQ. Outliers were omitted for correlations: Region 2 DMSP >200 nmol L–1, DMS >2 nmol L–1. Pearson correlation coefficients (r) are shown for p-value <0.05. For p-value >0.05 “ns” indicates that those were not statistically significant. Stations with high DMS concentration in Region 1 (red circle) are PS78/203 (n = 10, depth <11 m), PS94/34 (n = 2, depth: 20 m, 28 m), and PS94/54 (n = 2, depth: 2 m, 10 m).


RESULTS

We can distinguish three different regions (Figure 1), based on the dominating water masses at depths <25 m and the influence of sea ice processes on the upper water column. For each of the regions we describe the respective water mass, nutrients and ice conditions, followed by DMSP and DMS as well as the biomass and taxonomy of the phototrophic community.

Region 1

In 2011 all stations in Region 1 were sampled between 13 and 17 August, while in 2015 Region 1 was sampled between 20 August and 2 September. For both years Region 1 was characterized by northeastward directed inflow of Atlantic water from the Fram Strait with fractions of Pacific Water (fPW) smaller than 25% (Figure 1B). Salinity was high with 31.8–34.3 PSU in the upper 25 m and 34.1–34.8 PSU at 50–100 m depth (Figure 1C). The corresponding seawater densities of 1026.7 ± 0.4 kg m–3 in the upper 25 m and 1027.7 ± 0.1 kg m–3 at 50–100 m depth indicate weak stratification caused by meltwater in the upper 25 m. The Winter Mixed Layer, describing the depth of the haline convection during the previous winter, is 60–100 m deep in Region 1. Macronutrients nitrate, phosphate and silicate in Region 1 were lowest in the upper 25 m, increasing downward (Table 1). Nitrate was replete with 2.2 ± 1.6 (0–25 m) to 8.4 ± 2.4 μmol L–1 (50–100 m) compared to relatively low phosphate of 0.2 ± 0.1 to 0.6 ± 0.2 μmol L–1. The nitrate to phosphate ratio deviated slightly from the Redfield ratio toward phosphate limitation as indicated by N* of 1.3 ± 0.7 μmol kg–1. Silicate concentrations were the lowest of all three regions with values of 2.3 ± 0.9 μmol L–1.

TABLE 1. Salinity, concentrations of macronutrients and N* (mean ± standard deviation).
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A loose cover of melting summer sea ice characterized Region 1 except for one station at the ice edge in 2011 and one in open water toward Fram Strait in 2015. In both years, most of the sea ice (87%) had drifted to Region 1 from the Laptev Sea area. In 2011 all stations were covered by 2 year ice, which had formed in polynyas close to the coast. In 2015, on the other hand, most of the ice was 1-year-old and had formed during sea ice freeze-up in deeper waters.

Chlorophyll a concentration, describing total autotrophic biomass, was highest in the upper 25 m of the water column throughout all regions, with concentrations between 0.077 and 2.65 μg L–1 (0.72 ± 0.67 μg L–1, Figure 2). Below 25 m chlorophyll a concentrations were homogeneous with means of 0.18 ± 0.10 μg L–1 at 25–50 m, and 0.18 ± 0.20 μg L–1 at 50–100 m depth. Corresponding to chlorophyll a, DMSP was also high in the upper 100 m of the water column in Region 1, with concentrations of up to 139.4 nM. However, concentrations decreased from the surface layer to 100 m with mean values of 38.6 ± 37.2 nM (0–25 m), over 21.3 ± 39.3 nM (25–50 m) to 4.7 ± 5.7 nM (50–100 m). We observed maximal DMS concentrations of 122 nM in the surface layer, with a mean of 17.6 nM (±29.1 nM), while at 25–50 m DMS was only 5.4 ± 15.5 nM, with 42.8% of the samples below the LOQ (Supplementary Table 2). At 50–100 m concentrations were even lower with a maximum of 3.3 nM, and 54% of the samples below the LOQ.

In the high biomass region 1 the phytoplankton community (0–50 m) was dominated by diatoms as indicated by the high ratio of fucoxanthin to chlorophyll a. Other important groups were prymnesiophytes (19-hexanoyloxyfucoxanthin) and chlorophytes (chlorophyll b) (Figure 3). Overall, the communities in the surface <25 m and the 25–50 m range were similar except for sporadic high contributions of prymnesiophytes in the surface layer.

Region 2

Region 2 was sampled from 19 to 30 August and 6 to 22 September in 2011. In 2015, sampling in this region was performed from 4 to 24 September. Generally, Region 2 is characterized by the Transpolar Drift transporting Polar surface water from the Siberian shelf toward Fram Strait. Pacific water (fPW) fractions were largely between 25 and 60%, although some reached values outside that range (Figure 1B). Salinity spread from 27.2 to 34.5 PSU in the upper 25 m, and had a narrower range of 32.0 to 34.7 PSU at 50–100 m depth (Figure 1C). Corresponding seawater densities of 1024.3 ± 1.3 kg m–3 near the surface and 1027.1 ± 0.5 kg m–3 at depth show a moderate to strong influence of sea ice melt in the upper 25 m of the water column. The WML in Region 2 is approximately 50 m deep (Korhonen et al., 2013). Nitrate was particularly depleted near the surface, with 1.1 ± 1.2 μmol L–1 (0–25 m), increasing to 7.5 ± 2.2 μmol L–1 (50–100 m). This compares to homogeneous phosphate concentrations of 0.6 ± 0.09 μmol L–1 (Table 1). Deviation from the Redfield ratio toward nitrate limitation was strongest near the surface with N* of −3.3 ± 2.8 μmol kg–1 (0–25 m) but lower in the deeper water layers −0.7 ± 2.1 μmol kg–1 (50–100 m). Silicate concentrations were homogeneous at 8.1 ± 4.7 μmol L–1.

A loose cover of melting summer sea ice characterized Region 2 except for three ice-free stations in the Laptev Sea in 2011 (14%). Source regions and types of the ice were diverse in both years, but dominated by ice from the Laptev Sea region. Whereas 57 and 52% was freeze-up sea ice from the interior Laptev Sea, sea ice originated in the shallow Siberian polynya region made up 24 and 14% in 2011 and 2015, respectively. In 2015, 33% of the ice had formed in the Pacific Arctic during freeze-up or in shallow polynya regions close to coast in the Beaufort Sea. In 2011, the age of ice was mixed with 24% one-year, 43% two-year, and 14% multi-year ice. In 2015, one-year ice dominated with 86%, over two and multi-year ice.

Chlorophyll a concentrations were 0.20 ± 0.17 μg L–1 in the upper 25 m decreasing to 0.16 ± 0.14 μg L–1 in the deeper layers (Figure 2). In the upper 25 m DMSP had a wide spread of concentrations with the highest observed value in this study being 227.8 nM, but averaged lower than Region 1 to 11.0 ± 26.1 nM. Deeper in the water column, DMSP concentrations were small with 1.4 ± 1.0 nM in 25–50 m and 0.8 ± 0.8 nM in 50–100 m depth. DMS concentration in the upper 25 m ranged up to 3.1 nM, but averaged below the LOQ. In the upper 25 m 58% of the samples were below the LOQ, while in the deeper water layers (50–100 m) over 96% were not quantifiable in Region 2.

In the upper 50 m water column in Region 2, diatoms (marker pigment fucoxanthin) dominated the phytoplankton community (Figure 3). Chlorophytes (marker pigment chlorophyll b) were the second most abundant group. Compared to Region 1, a slightly higher contribution of prasinophytes and cryptophytes was indicated by the marker pigments prasinoxanthin and alloxanthin, while the prymnesiophyte signal 19-hexanoyloxyfucoxanthin was lower than in Region 1.

Region 3

Region 3 was sampled from 31 August to 4 September in 2011. Region 3 was characterized by Pacific water (fPW) fractions >60% (Figure 1B). Salinity was 29.2 ± 0.5 PSU in the upper 25 m, and had a narrower range of 32.0 ± 0.8 PSU at 50–100 m depth (Figure 1C). Corresponding seawater densities showed a strong stratification and decrease gradually from 1023.4 ± 0.4 kg m–3 in the surface layer to 1025.7 ± 0.6 kg m–3 at depth. The Winter Mixed Layer was relatively shallow at approximately 40 m in Region 3. The range of macronutrient concentrations was largest in Region 3 increasing from surface to deeper waters. Nitrate was fully depleted (0.09 ± 0.1 μmol L–1) in the upper 25 m of the water column, increasing toward 13.1 ± 4.0 μmol L–1 at 50–100 m depth (Table 1). Phosphate increased from 0.6 ± 0.03 μmol L–1 to 1.8 ± 0.4 μmol L–1. The strong deviation from the Redfield ratio with N* of −6.3 ± 0.5 μmol kg–1 increased with depth to −11.0 ± 2.0 μmol kg–1. Silicate ranged between 2.2 ± 1.0 and 27.66 ± 9.8 μmol L–1 from surface to deeper waters, respectively.

Sea-ice cover was 90% for Region 3, which was only sampled in 2011. The ice consisted to 86% of 2-year freeze-up ice from the Canadian Arctic. Only the northernmost station of this region was covered by multi-year sea ice that had formed during freeze-up in the East Siberian Sea.

Chlorophyll a was generally low in Region 3 but in contrast to the other two regions, there was no downward gradient (Figure 2). Highest concentrations were observed at 25–50 m water depth with 0.09 ± 0.05 μg L–1, while the above and below concentrations were 0.05 μg L–1. DMSP was 4.2 ± 1.8 nM at 0–25 m, 3.0 ± 1.5 nM at 25–50 m and 0.9 ± 1.2 nM at 50–100 m. In the surface layer DMS was present at concentration of 0.2 ± 0.2 nM, while in the underlying water 93% of the DMS samples were below LOQ.

In the upper 50 m water column, the marker pigments in Region 3 represented a community dominated by chlorophytes and prasinophytes (chlorophyll b and prasionoxanthin, Figure 3). Within the deep chlorophyll maximum, also chrysophytes (19-butanoyloxyfucoxanthin) and prymnesiophytes were present, indicating an overall flagellate dominated community. Dinoflagellates (peridinin) were almost absent, as in all other regions.

DISCUSSION

Overall, seawater DMS and DMSP concentrations in our study (Figure 2) are similar to concentrations reported in the few previous studies north of 79°N (<10 nM DMS, <40 nM DMSP) (Gosselin et al., 1996; Leck and Persson, 1996; Matrai et al., 2008; Levasseur, 2013). However, we observe pronounced regional differences in DMS and DMSP concentrations, which match differences in water masses, the intensity of sea ice – ocean interaction, as well as differences in the phototrophic biomass. This complexity might point to different mechanisms for DMSP and DMS production and degradation processes in the regions, which eventually control the overall budget of DMSP and DMS in the central Arctic. In the following we discuss in detail the physical as well as biological drivers on the patterns of DMSP and DMS distribution.

Region 1

Influence by Inflowing AW and Short Time Sea Ice – Ocean Contact

The upper 100 m water column in Region 1 is characterized by a high fraction of Atlantic water (Figure 1A) due to the AW inflow into the Eurasian Basin via Fram Strait. While the AW circulates northeastward toward the Laptev Sea (Jones et al., 1998), wind drives sea ice drift in the opposite direction from the Siberian shelf toward Fram Strait (Kwok et al., 2013). Because of the opposite movements of water and ice (Figure 1A), the seawater in Region 1 has been in contact with sea ice for a relatively short time only. Thus, the influence of sea ice is low (Damm et al., 2018) and ice melt forms a slightly less saline, shallow (approximately 25 m) meltwater layer on top of the AW body. The presence of nitrate and phosphate (0–50 m) shows that winter mixing reaches deep enough (approximately 75 m; Supplementary Figure 1A) to resupply the surface layers with fresh nutrients before the next growth season.

The drawdown of nutrients, however, observed in mid to late August in the meltwater layer (0–25 m) compared to the deeper water, as well as high chlorophyll a concentrations (Figure 2 and Table 1), point to recent or ongoing phytoplankton growth. Due to reduced mixing between the lower saline meltwater and the underlying higher saline AW, the majority of the phytoplankton was found in the meltwater lens directly under the ice, where it receives the highest incoming radiation to support primary production (Laney et al., 2017). About 75% of the chlorophyll a signal was found in the upper 25 m of the water column.

That phytoplankton was actively growing in Region 1 during our study is corroborated by net community production rates (approximately 1 mol C m–2) derived from carbon dioxide partial pressure (pCO2) for the same region in 2011 (Ulfsbo et al., 2014). Generally, during late summer, these latitudes of the Eurasian Arctic (82–87°N) – ice covered, yet in proximity to the ice edge – show higher integrated net primary production estimates (20–30 mg C m–2 d–1) compared to higher latitudes (Fernández-Méndez et al., 2015).

DMS Production Controlled by Phytoplankton Abundance

Concurrent with the highest concentrations of chlorophyll a, we observed the highest concentration of DMSP and DMS in Region 1 (Figure 2). The strong positive correlation of DMSP to chlorophyll a (r = 0.68, Figure 4) shows, that the DMSP in this region is largely controlled by the biomass of photosynthetic microalgae in the water column. The tight correlation is striking considering the spread in species composition within Region 1 (Figure 3). The influence of species composition was identified as one of the reasons for a missing global correlation between DMSP and chlorophyll a (Stefels et al., 2007).

Beside the production of DMSP through phytoplankton, sea ice melt might release ice algal-sourced DMSP into the under ice water. Galindo et al. (2014) report maximum concentrations of 20 nM ice-sourced DMSP in the under ice water in the Canadian Archipelago. Due to the lower DMSP stocks in sea ice of the central Arctic (Levasseur, 2013 and unpublished own data) and the short time of sea ice – ocean contact, we assume that in Region 1 the effect of DMSP release from sea ice is negligible compared to the production by phytoplankton.

However, considering the sea ice-influence it is worth having a closer look on the different ice types influencing the water column. Damm et al. (2018) found that sea ice formed in the shallow shelf region transports methane from the shelf which is released to the underlying water column during the common drift into the central Arctic. Indeed, the source region of sea ice seems also be applicable to other dissolved compounds or particles. In the sea ice-influenced upper 25 m water column DMSP concentrations were significantly higher in 2011 beneath 2-year sea-ice, which had formed in polynyas close to the Siberian coast, than in 2015 beneath 1-year sea-ice, which had formed offshore in the Laptev Sea (Figure 5). In addition, nitrate and phosphate concentration were lower in 2011 below second year ice compared to 2015 below first year ice. This circumstance might also refer to the effect of different sea ice types to the sea ice influenced water underneath (Supplementary Figure 2).
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FIGURE 5. Chlorophyll a and DMSP concentrations in the upper 25 m water column in Regions 1 and 2. The x-axis shows different age of sea ice, color indicates the source region and symbols the two different expeditions/years. Note the different y-axis scales. Confidence levels of Welch’s t-test for significant differences between sample groups: 0.0001 ≤ ∗∗∗p < 0.001 ≤ ∗∗p < 0.01 ≤ *p ≤ 0.05 < NS. ≤ 1.



Further, we also find DMS strongly correlated with chlorophyll a and DMSP (Figure 4) in Region 1. This is typical for ice edge blooms and ice-free regions in the Arctic (Galí and Simó, 2010; Levasseur, 2013; Park et al., 2013). DMS is produced by enzymatic cleavage of DMSP by phytoplankton as well as bacteria. The latter can also take up DMSP or degrade it via demethylation/demethiolation, which does not result in the production of DMS, and is usually the dominant pathway for bacterial DMSP assimilation (Kiene et al., 2000). Although unfortunately no microbiological data is available for this study, previous studies support that also in Arctic waters bacterial conversion processes of both sulfur compounds are likely to be an important factor for the final DMS and DMSP concentrations. For example, alpha-proteobacteria been reported from Arctic surface water (Motard-Côté et al., 2012; Rapp et al., 2018). The alpha-proteobacteria include the typical DMSP degrading groups SAR11 and Roseobacter (Kiene et al., 2000; Reisch et al., 2008). In addition, alpha- and gamma-proteobacteria have been shown to incorporate DMSP-sulfur in Arctic waters (Motard-Côté et al., 2012). The balance between the DMSP lysis and demethylation pathways is controlled by the sulfur demand of the bacterial community. Once the sulfur demand is saturated, lysis of DMSP becomes dominant (Kiene et al., 2000). Based on the findings by Kiene et al. (2000) we hypothesize that the high DMSP availability in Region 1 leads to a dominance of the lysis pathway over the demethylation pathway resulting in high DMS concentrations.

Since sea-air exchange of gasses as well as incoming radiation is reduced by the sea ice cover (Loose et al., 2011; Nicolaus et al., 2012), we assume that sea-air efflux as well as photo-oxidation of DMS were low and bacterial consumption of DMS was the most important sink for dissolved DMS in the under ice water in our study. An equilibrium between microbial DMS production and consumption rates has been suggested to keep the dissolved DMS pool steady at relatively low concentrations (Wolfe et al., 1999; Galí and Simó, 2010). However, the high concentrations of DMS or DMSP found in Region 1 might overwhelm DMS consumption and allow for accumulation of high amounts of dissolved DMS. Concentrations in the range of 11–32 nM DMS or dissolved DMSP were found to saturate DMS consumption (Kiene, 1992; Wolfe et al., 1999). In the Labrador Sea, a particularly low DMS consumption rate was found at the coldest temperature of −0.1°C (Wolfe et al., 1999). Considering that the temperatures in our study are between −1.2° and −1.8°C, saturation as well as low consumption rates might cause the observed high DMS concentrations.

Under-Ice Biomass Peaks as Hotspots for DMS Production

The particularly high DMS concentrations of up to 122 nM in surface water of Region 1 (Figure 4, red circle and Supplementary Figure 3) are the highest observed in latitudes above 79°N (Gosselin et al., 1996; Leck and Persson, 1996; Matrai et al., 2008; Galí and Simó, 2010). For the ice-edge station Transark II/34 the depth of the DMS- and DMSP-peak at 28 m resembles the depth of biomass peaks previously observed in open water in vicinity to the ice edge (Arrigo et al., 2012). Chlorophyll a and other pigment data is not available for this station. At the other two stations (Transark II/54, Transark I/203) maximal DMS and DMSP values were located at a depth ≤10 m in the meltwater layer, concurrent with high phytoplankton biomass (chlorophyll a 0.6–2.6 μg/L) and a drawdown of nitrate, phosphate and silicate. These characteristics are typical for under-ice blooms that can develop, if structures like melt ponds or leads in the sea ice allow for increased incoming radiation to the underlying water column compared to an uninterrupted ice cover without ponds (Arrigo et al., 2012; Assmy et al., 2017).

In 2011, the under-ice-biomass peak was located at 86°N (station Transark I/203), 353 km from the ice edge (83°N, 14.8.2011) in an area with 92% ice cover (50 km average) and a high melt pond fraction of 25–50%. Both, the broken ice cover and melt ponds, likely allowing for light transmission to the under ice water (Nicolaus et al., 2012). The mixed community was dominated by diatoms (41 ± 3%), but also contained considerable fractions of prymnesiophytes (13 ± 2%) and chlorophytes (14 ± 2%). This resembles the average species composition in Region 1 (Figure 3 and Supplementary Figure 3). We thus conclude that the high DMS signal at station 203 in 2011 is driven by the high biomass (Chlorophyll a: 1.1–2.6 μg/L).

In 2015, the under-ice biomass peak was located at 85°N (Transark II/54), 260 km from the ice edge (83°N, 28.8.2015) in an area with 100% ice cover (50 km average). The fractions of prymnesiophytes (90 ± 14%) and crysophyte (23 ± 10%) specific pigments were distinctly higher, and the fraction of diatoms lower (13 ± 5%), compared to other stations in Region 1 (Figure 3 and Supplementary Figure 3). In the same year in May, the prymnesiophyte Phaeocystis pouchettii was reported form under-ice blooms north of Svalbard at 81°N (Assmy et al., 2017; Wollenburg et al., 2018). Prymnesiophytes and crysophytes are known to be strong DMSP producers (Keller et al., 1989; Stefels et al., 2007). However, the fraction of prymnesiophytes was neither correlated to DMSP nor DMS, while the fraction of crysophytes showed a weak negative correlation to DMSP and no correlation to DMS (Supplementary Table 3).

We conclude that in Region 1 the concentration of DMS is primarily controlled by phytoplankton biomass which controls DMSP concentration (Wolfe and Kiene, 1993; Wolfe et al., 1999; Galí and Simó, 2010), while the species composition has a minor influence on DMS concentrations. Overall, DMSP as precursor for the climate cooling gas DMS seems to be high in this Atlantic water-influenced region of the central Arctic.

Region 2

Influence by Recurrent AW/PW Mixed Water and Long-Time Sea Ice – Ocean Contact

In Region 2, Atlantic dominated waters mix with Pacific waters. While AW completes its anti-clockwise circulation in the southern Eurasian Basin, PW enters the Arctic Basin through Bering Strait (Jones et al., 1998). Surface waters as well as sea ice thus move from the Siberian shelf toward Fram Strait in a southwestward direction (Figure 1A). Because of this common drift direction, the sea water in Region 2 is strongly influenced by sea ice melt and freezing processes over one or more seasons (Damm et al., 2018). During freezing events in winter, brine release leads to haline convection in the upper water column (Rudels et al., 1996; Kikuchi, 2004). Despite the brine rejection, the resulting WML has a lower salinity than the underlying Atlantic water (Figure 1C and Table 1) and seasonal sea ice melt forms an even less saline meltwater layer in the upper 25 m of the water column. The meltwater halocline reduces downward mixing, retaining most of the phytoplankton in the meltwater layer.

Comparable to Region 1, the highest chlorophyll a signal was found at depths <25 m, below 25 m less than 25% of the surface layer chlorophyll a signal was found, and only 8% of the surface layer signal below 50 m. A similar distribution with decreasing concentrations toward depth was observed for DMSP and DMS. At depths >25 m DMS was either too low to be quantified or absent. In the AW/PW mixed water nitrate was close to depletion, while phosphate was still available, causing a deviation from the Redfield ratio toward nitrate limitation. When nitrate is depleted in late summer, primary production in the central Arctic has been found to be predominantly supported by a regenerated system based on ammonium as nitrogen source (Martin et al., 2012). Supporting this, Ulfsbo et al. (2014) found low net community production (approximately 0.25 mol C m–2) in highly ice covered areas in 2011. As a result, chlorophyll a and DMSP concentrations are lower in Region 2 compared to Region 1 (Figure 2).

As laid out for Region 1, sea ice melt might also be a source of DMSP to the water column. Since the amount of DMSP produced by phytoplankton is presumably lower in Region 2 due to the lower biomass, the relative influence of sea ice sourced DMSP might be higher assuming that the same amount is released during melting. In addition to melt, brine rejection during sea ice freezing transports dissolved compounds like salts and gasses (Rudels et al., 1996; Damm et al., 2015), but also particulates like sea ice algae (Hardge et al., 2017) from the sea ice system to the underlying water. Particularly the biogeochemical signals in the WML can still be observed in the next summer (Damm et al., 2015), since downward mixing is reduced by a strong halocline (Rudels et al., 1996). Some of the DMSP observed in 25–100 m might thus be sourced from the previous sea ice freeze up.

As in Region 1, we find significantly higher DMSP concentrations beneath 2-year sea-ice, this time accompanied by higher chlorophyll a concentrations (Figure 5). Under one-year as well as multi-year ice DMSP concentrations were lower and not significantly different from each other. Source regions were not clearly separated between the 2 years and different ice types. However, like in Region 1, the water under sea ice formed in the coastal Siberian polynyas mostly contained higher DMSP and chlorophyll a concentrations, compared to water under sea ice formed in the other source regions. Differences in nutrient availability might also contribute to the differences in DMSP concentrations (Supplementary Figure 2).

DMS Budget Controlled by Secondary Processes

Similar to Region 1, the amount of DMSP in Region 2 is tightly coupled to phytoplankton biomass indicated by the strong correlation between DMSP and chlorophyll a (r = 0.79, Figure 4). On the contrary, DMS is neither correlated to chlorophyll a nor DMSP (Figure 4). Furthermore, DMS was over-proportionally lower in Region 2 when comparing to DMSP and chlorophyll a. In the upper 25 m, chlorophyll a and DMSP were about 25% of the amount in Region 1, while this ratio was only 2% for DMS. Thus, either DMS is not produced in the first place, or DMS is removed faster or more complete than in Region 1.

Abiotic removal by photo-oxidation and sea-air efflux was supposedly low due to the high sea ice cover and in a similar magnitude than in Region 1. Microbial consumption of DMS, however, might be more complete than in Region 1, since 90% of the DMS concentrations in Region 2 were lower than the saturation concentration of 18 nM DMS determined in the Labrador Sea (Wolfe et al., 1999). This might have allowed DMS consumption to match DMS production, resulting in overall low DMS concentrations.

Second, the production of DMS via DMSP lysis might be reduced. Considering a similar sulfur demand for the bacterial communities in Region 1 and Region 2 and the lower DMSP concentrations in Region 2, a higher fraction of the DMSP would be demethylated to assimilate the sulfur. This would result in a lower fraction of DMSP being cleaved to DMS. Pinhassi et al. (2005) found higher contribution of DMSP sulfur to bacterial sulfur demand under oligotrophic conditions than under phytoplankton senescence in microcosm experiments with water from the Gulf of Mexico. The authors conclude that nutrient limitation leads to a limitation in S-containing organic molecules in dissolved organic matter, which could serve as alternate sulfur source to the bacteria besides DMSP. This might also apply to Region 2 where nitrate limitation leads to low phytoplankton biomass. In the same experiment, Pinhassi et al. (2005) identify DMSP as an important carbon source to the microbial community. Damm et al. (2010) found evidence that in nitrate limited waters of the central Arctic and when phosphate is available, bacteria use DMSP as carbon-source via the demethylation pathway and produce methane as side product. The same process might have lead to the low DMS concentrations in Region 2 in our study.

Concluding, in Region 2, phytoplankton production is low and DMSP and DMS production is decoupled. We hypothesize that DMS concentrations are mainly controlled by secondary processes like bacterial DMS production or consumption.

Region 3

Influence by PW and Intense Sea Ice – Ocean Interaction

Like in Region 2, the upper 100 m of the water column in Region 3 are strongly influenced by sea ice melting and freezing processes. However, Region 3 is mainly influenced by Pacific water. Since Pacific water has a lower salinity than Atlantic water (Jones et al., 1998) all water layers are less saline than in Region 2. In addition, the higher phosphate concentrations and low nitrate concentrations typical for Pacific Water (Jones et al., 1998), lead to a strong deviation from the Redfield ratio toward excess phosphate. At 0–25 m nitrate was fully depleted, resulting in very low concentrations of phytoplankton biomass indicated by low chlorophyll a concentrations (Figure 2).

In contrast, the underlying water still contained nitrate at similar concentrations than the other two regions and chlorophyll a peaked between 25 and 50 m in Region 3 (Supplementary Figure 1B). This deep chlorophyll a maximum could be caused by phytoplankton growth at the shallowest depth where nitrate becomes available with sufficient light to support primary production (Carmack et al., 2004). This is typically observed in very oligotrophic regions where nutrient depletion near the surface inhibits phytoplankton growth in the well illuminated surface layer (Takahashi and Hori, 1984; Agustí and Duarte, 1999) and also on the arctic shelves when the spring bloom exhausted the nutrients in the surface layer (e.g., Carmack et al., 2004; Martin et al., 2010). Since algal cells contain a higher chlorophyll a content to balance the low light levels available for photosynthesis (Beardall and Morris, 1976), the actual phytoplankton concentration is supposedly very low at this depth. In contrast to chlorophyll a, depth profiles of DMSP, showed two peaks of similar concentration, one near the surface and one at 50 m suggesting multiple sources for this compound (Figure 2 and Supplementary Figure 1B).

Low DMS Concentrations Controlled by Low Phytoplankton and Secondary Processes

Surprisingly, in Region 3 a strong positive correlation between DMSP and chlorophyll a is observed only below 25 m water depth (r = 0.84, Figure 4), pointing toward phytoplankton as major control on DMSP concentration in these deep water layers. Coinciding with the WML depth at 44 ± 3 m (Supplementary Figure 1B), the deep chlorophyll as well as DMSP maxima could be affected by brine rejection during sea-ice freeze-up in previous winter. Above 25 m, DMSP and chlorophyll a are not correlated and other factors than phytoplankton abundance must control DMSP concentration. For example, bacteria could constitute a DMSP-fraction unrelated to chlorophyll a, as marine bacteria were found to take up and accumulate DMSP intracellularly before metabolizing it (Kiene et al., 2000), and being capable of producing DMSP (Curson et al., 2017). Further, zooplankton and fecal pellets can contain DMSP (Kwint et al., 1996; Tang et al., 1999) adding to this chlorophyll a-unrelated DMSP-pool.

While the chlorophyll a-unrelated DMSP-pool might also be present in the other two regions, it is masked by the higher signal of phytoplankton derived DMSP. The low nanomolar DMSP concentrations in Region 3 are similar to concentrations previously reported under Arctic sea ice if there was no phytoplankton bloom present (Simó, 2001; Galindo et al., 2014). They are likely to be a result of a quick turnover of dissolved DMSP by the microbial community (Kiene et al., 2000). The very low DMS concentrations and DMS/DMSP ratios in Region 3 could either be the result of a high DMS turnover or of a dominance of the demethylation pathway over the lysis pathway in bacterial DMSP metabolism.

As a result DMSP as precursor for the climate cooling gas DMS seems to be low in this strongly oligotrophic Pacific influenced waters of the central Arctic. Secondary processes seem to mainly control DMS concentrations in Region 3. Additionally, and contrary to Region 1 and 2, in the surface layer (<25 m) DMSP appears to be controlled by other factors than phytoplankton biomass.

CONCLUSION AND OUTLOOK

Our study shows strong heterogeneity of DMS and DMSP concentrations in ice covered surface waters between different regions of the central Arctic. These differences are driven by physical as well as biological drivers, i.e., variations in water mass composition, sea ice cover, phytoplankton abundance and bacterial processes. High DMS and DMSP concentrations are found in the less ice-influenced region in the western Eurasian Basin (Region 1) where Atlantic water inflow provides nutrients for phytoplankton growth and light penetrates through the thinner or broken sea ice cover. In contrast, little DMS and DMSP are found in the eastern Eurasian Basin (Region 2) and the region influenced by Pacific waters (Region 3). Here sea ice strongly influences the underlying water causing oligotrophic conditions, which probably lead to different microbial cycling of DMSP and DMS, resulting in a 10- and 25-fold reduced DMS concentration per amount of chlorophyll a and DMSP, respectively (Figure 6 and Supplementary Table 4).
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FIGURE 6. Ratios of DMSP and DMS to chlorophyll a (Chl a), and between DMS and DMSP in the upper 25 m water column during expeditions Transark I (triangles) and Transark II (circles) in the three regions. Confidence levels of Welch’s t-test for significant differences between means: 0.0001 ≤ ∗∗∗p < 0.001, 0.01 ≤ *p ≤ 0.05 < NS. ≤ 1.



These regional patterns of DMS are likely to change with future changes in the ocean-ice system in the Arctic due to climate warming, particularly in the Eurasian Arctic. Here, “Atlantification,” is a term used to summarize the increased importance of surface Atlantic inflow further eastward into the Eurasian Basin (Polyakov et al., 2017). It reflects the increased depth of winter mixing leading to upward mixing of the warmer and nutrient rich deeper waters coupled with loss of sea ice. Decreases in sea ice extent and duration, as well as changing properties of the sea ice cover, like higher dynamics, i.e., opening of leads are currently observed, and predicted to become more pronounced in the future (Stroeve and Notz, 2015; Comiso et al., 2017; Kwok, 2018). Further intensified melt in the marginal ice zone interrupts the transarctic conveyer belt and reduces long-ranged transport of sea ice (Krumpen et al., 2019). Extension of these conditions, i.e., less sea ice especially from the shelves, more nutrients, and warmer water could change the distinct conditions for the western and eastern part of the Eurasian basin, to more homogeneous conditions. This might enhance biological production with the potential of increased DMSP and DMS production in these ice-covered waters. A thinner and more dynamic ice cover with frequent opening of leads might allow for enhanced exchange of gasses, e.g., DMS release from the seawater to the atmosphere. On the other hand predicted stronger stratification due to higher freshwater input, e.g., by ice melt, might lead to increased oligotrophic conditions in the surface, limiting primary production (Slagstad et al., 2015). This could result in a shift of the system observed in the eastern Eurasian basin toward low DMSP and DMS production in the surface as observed in the region influenced by Pacific waters.

In light of the ongoing changes in the Arctic, our observations provide a status quo for projections of the DMS concentration and can be used in modeling approaches to access its contribution to aerosol production in the Arctic. Our study suggests that in the central Arctic macronutrient concentrations in the euphotic zone, controlled by water mass and sea ice influenced stratification, regulate not only the abundance of DMSP producing phytoplankton but also the heterotrophic cycling of DMSP to DMS and recycling of DMS itself. While our study lacks rate measurements of the suggested processes, those will be essential to confirm the autotrophic and heterotrophic processes in DMSP and DMS cycling suggested in this study and should be included in future studies. Improving the understanding of the regulation of heterotrophic processes, such as DMSP and DMS cycling, will help to build appropriate parametrizations for model studies. Already the currently available seasonally limited studies in the central Arctic, which were all performed in summer to autumn (July to October), show seasonality in DMS concentration and suggest that sea-ice melt and freeze processes are important for DMS concentrations in the upper water column. In future studies observations should be extended to a full year, ideally analyzing the same water mass to capture possible exchange of these compounds between the upper water column and sea ice particularly during freezing and melting.
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