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Abstract

:

Observations and predictions show that consequences of climate warming such as declining summer sea ice cover, melting glaciers, thawing permafrost, and increased river runoff to the Arctic Ocean will likely modify processes relevant to the freshwater and carbon budget, which in turn affect high-latitude marine ecosystems. There is a knowledge gap in terms of understanding the seasonal variability of biogeochemical characteristics in coastal environments, first of all due to a lack of winter data. More data are also needed on the biogeochemical composition of different environmental media, i.e., sediments, snow, and ice. The aim of this work was to assess the current biogeochemical regime of a fjord system exposed to coastal runoff and glacial melting and discuss the possible consequences connected with climate warming. We used data from five expeditions to the Templefjord, West Spitsbergen, obtained in different seasons (February 2011, September 2011, March 2014, June 2015, and June 2017). In all the expeditions, the distributions of dissolved oxygen, nutrients, and carbonate system parameters in the water column were studied. The principal environmental media, i.e., seawater, bottom sediments, river water, sea ice, river ice, glacier ice, and snow, were sampled. The collected data allowed us to describe seasonal dynamics in the water column and to estimate the concentrations of the parameters under study in different environmental media. Our observations revealed the glacial and river footprints in the water column biogeochemistry; the glacial influence can be traced both in summer and in winter season. The results demonstrated the significant influence of coastal runoff and melted glacier water on the carbonate system and nutrient regime in the Templefjord, and can be extrapolated to other Arctic fjord systems.
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1. Introduction


Impacts of climate change have already been reported in the Arctic Ocean (AO) [1,2,3]; examples are increased temperature [4], decreasing sea-ice extent [5], freshening [6], increase in Arctic rivers discharge [7], and increasing surface carbon dioxide concentrations, with concomitant ocean acidification [8]. Observations and predictions show that declining summer sea ice cover and increased river runoff to the Arctic Ocean will lead to changes in the freshwater and carbon budget, which in turn affect the high-latitude marine ecosystem. Compared with the 1980–2000 average, the volume of freshwater in the upper layer of the Arctic Ocean has increased by 8000 cubic km (more than 11%) [9]. The increase in atmospheric CO2 and elevated oceanic CO2 uptake, with the consequences of decreased pH and carbonate ion concentrations, are expected to put further stress on marine organisms, in particular calcifiers [10]. The largest ocean acidification signal (pH decline) in the world’s oceans is expected in relatively cold and fresh Arctic surface waters [8,11,12]. In addition to the direct effects—changes in pH and carbonate ion concentrations in marine organisms and ecosystems—indirect links could also occur, through changes in biogeochemical cycling of substances, especially nutrients and their bioavailability for primary production [13].



The Arctic coastal water, in addition to the processes occurring in seawater, is subject to processes occurring on the land, i.e., glaciers melting, coastal abrasion, and permafrost thawing influence riverine and coastal discharge water quantity and quality. This is well evidenced in a series of works [14,15,16] dedicated to carbonate chemistry dynamics in the Arctic Ocean as well as permafrost thawing’s influence on coastal water properties [16,17,18,19].



Glaciers cover many Arctic islands and, in particular, about 60% of the Svalbard archipelago [20]. Nowadays, many of them are retreating and have shown decreasing glacier volume (e.g., [21,22,23]), increasing in turn the freshwater supply to the nearby fjord and ocean. One of the consequences of “atlantification” is a longer ice-free period in the Svalbard area in the recent decades, primarily due to a contemporary increase in the temperature of inflowing waters [24]. In Svalbard, the inflowing warm Atlantic water has the potential to melt the glacier fronts at the tidewater glaciers of West Svalbard [25]. In studies by Fransson et al. [25], it was shown that increased freshwater supply with glacial drainage water decreased carbonate saturation state, pH, and alkalinity. The stratification of Svalbard coastal water is generally due to seasonal warming of the surface layer and fresh water supply from melting glaciers, river runoff sustained by land-terminating glacial meltwater, and snow melt [26]. The deep and subsurface waters of the fjords are subject to advection of Atlantic waters, largely driven by local wind conditions entering the fjord from the shelf [27].



Generally, biogeochemical processes in the Arctic coastal environments and their connection with climate change are understudied, making it difficult to assess the potential impacts. There is a knowledge gap in terms of understanding the seasonal variability of biogeochemical characteristics in the coastal environment, first of all due to a lack of winter data. Moreover, more data are needed on the content of biogeochemical characteristics in different environmental media, i.e., sediments, snow, and ice.



The aim of this work was to assess the current biogeochemical regime of a fjord system in Svalbard exposed to coastal runoff and glacial melting, depicting the seasonal variability in the fjord as well as the contrast between its glacier-influenced and outer areas. To assess the current biogeochemical regime in the fjord, we need to evaluate its main seasonal features. It is also necessary to learn how coastal discharge and glacial melting affect biogeochemical properties and what parameters can be better used for detecting riverine and glacial water. It is important to estimate concentrations in the main environmental media, i.e., seawater, bottom sediment, river water, sea ice, river ice, and glacier ice, to evaluate the rates of transformation of elements in coastal environments.



We performed our studies in Templefjord, Spitzbergen, Norway, hosting a glacier and a river, and carried out measurements in different seasons. For this we used a unique infrastructure available in Longyearbyen and performed our studies on winter and summer expeditions [28,29].




2. Materials and Methods


2.1. Study Area


Templefjord is located in the inner part of Isfjord on the west coast of Spitsbergen island, which is part of Svalbard archipelago, neighboring the Arctic Ocean, the Norwegian Sea, and the Greenland Sea. At the head of this 14-km-long fjord, there is a calving tidewater glacier named Tunabreen and two land-terminating glaciers, von Postbreen and Bogebreen, running into the Templefjord. The drainage area of Tunabreen glacier is approximately 190 km2 and it is now retreating from its maximum extent in 2004 [30] The fjord is relatively shallow in the inner part. The depth is 50 m near the glacier and 110 m in the main basin (central and outer fjord) [25]. A small river, the Murdochelva, flows into the northern coast of the fjord approximately 8 km from the Tunabreen glacier. This river is basically a stream draining from Murdochbreen glacier, located 4–5 km from the coast. The geographical position of the fjord allows the inflow of warm and saline Atlantic water by the West Spitsbergen Current [26]. A distinct sill is absent in Templefjord [31], allowing the free exchange of water with the open ocean. A surface water mass with large seasonal and interannual variability and an intermediate mass of shelf water mixed with advected waters from the Atlantic can be distinguished [25].



In this study a total of five expeditions were performed in different seasons from 2011 to 2017 (Table A8). Two were conducted in the winter (February 2011 and March 2014) and three in the summer (September 2011, June 2015, and June 2017). The positions of sampling stations are shown in Figure 1.



During the winter expeditions, the fjord was covered with ice. In 2011, the solid ice boundary was in the fjord mouth, allowing sampling from the ice at all stations. In 2017, solid ice was found only in the inner part of the fjord; stations TM1–TM4 were sampled from the ice and station TM5 from the boat, since the outer fjord was clogged with drifting ice.



River water was sampled at Station R in 2015 and 2017.



The expeditions were based in Longyearbyen and the sampling sites were accessed by snowmobiles in the ice-covered part of the fjord and by boats in the open part depending on the season. The first day analyses were performed at the laboratory of the University Centre in Spitzbergen, Longyearbyen (UNIS).




2.2. Methods and Data


The samples were collected from typical Arctic media: seawater, river water, sea bottom sediments, river bottom sediments, sea ice, river ice, glacier ice, and snow. Samples of seawater were collected during all expeditions (under the ice in February 2011 and March 2014), and samples of river water during the summer expeditions. Sea ice was sampled in March 2014 (at Stations TM1, TM2, and TM3; Figure 1 and Figure A4, Table A1) and June 2017 (St. R, and near St. TJ1 from a drifting iceberg, Table A4). In 2017, the bottom sediments (collected at St. TG1, TF4, TG8, R) and different types of ice (collected near St. R, and near St. TJ1 from drifting pieces of ice) were studied. Bottom sediments were collected with a grab in 2017 at St. TG1, TF4, TG8, R (Figure A10, Table A2, Table A3 and Table A5).



The following parameters were determined in the collected water samples: temperature, salinity, dissolved oxygen, pH, total alkalinity (Alk), phosphate (PO4), sum of nitrate and nitrite (NOx), silicate (SiO2), total dissolved inorganic carbon (TIC), and dissolved organic carbon (DOC). The list of parameters studied varied in different expeditions (see Table A8).



For the water column, we used a CTD profiler Sea Bird SBE 911 (Bellevue, [WA], USA), or SAIV A7S (Laksevag, Norway) that measured temperature and conductivity/salinity, and a 1 L HydroBios (Altenholz, Germny) bottle for water sampling. Depending on the vertical structure, they were sampled at from 2 to 5 depths. Water samples for dissolved oxygen were collected in 50-mL calibrated flasks and titrated following the Winkler method in the few hours after sampling. Samples for the determination of pH were collected in 100-mL plastic bottles without preservation. Nutrients were sampled into 100-mL plastic bottles and preserved with sulfuric acid (1 mL of 4N H2SO4) [32]. Samples for Alk and TIC were collected in 500-mL borate bottles and fixed with 0.250 mL of concentrated HgCl2. Samples for DOC were collected in dark glass 100-mL bottles and preserved with 1 mL of 4N sulfuric acid according to accredited Norwegian procedures [32].



Ice cores were sampled in March 2014. The temperature was measured with a digital thermometer along the ice core with discreteness of 10 cm. The cores were transported to the lab in polyethylene bags. In the lab, they were divided into 10-cm layers (three layers from 30-cm-thick ice) and melted in light conditions in a room at 5 °C for approximately 12 h. The same analyses were conducted in melted ice water samples as in the other water samples.



For the bottom sediment sampling, we used a grab. The samples from the 0–5-cm upper layer were packed into plastic bags and delivered frozen to the lab. From the extracted liquid, using centrifugation sediment porewater, we measured the content of alkalinity, total inorganic carbon, phosphate, nitrate, and silicate. Samples from an abrasive cliff were collected in plastic bags that were frozen and further processed in a similar way as the bottom sediment samples.



First day analyses were carried out at the laboratory of UNIS (Longyearbyen); other samples were preserved and sent to the laboratories of NIVA (the Norwegian Institute for Water Research), IO RAS (the Shirshov Institute of Oceanology, Russian Academy of Sciences) and SOI (N. N. Zubov’s State Oceanographic Institute, Roshydromet) for further analyses.



Oxygen, nutrients, and DOC were determined by the procedures of [32,33]. Samples for dissolved oxygen in water were titrated within a few hours after sampling using the Winkler technique. Samples for pH were thermostated (25 °C) and measured also in the few hours after collecting. During the various expeditions, pH measurements were taken by the traditional potentiometric pH technique (pH-P) and with the spectrophotometric technique (pH-S) recommended for ocean acidification studies [34]. pH-P was measured with a pH meter Metrohm 780, (Giessen, Germany), with the electrode calibrated before every measurement. We performed pH-S measurements with a 5-cm cell-equipped HACH DR-2800 (Colorado, USA) field spectrophotometer that measured the absorbance at three wavelengths simultaneously after the addition of m-cresol purple dye to the sample in a 1:100 ratio according to [34]. More details are given in [35]. pH-P and pH-S operate with different pH scales: the NBS (NIST, IUPAC) scale for pH-P and total scale for pH-S. The total scale defines pH in terms of the sum of the concentrations of free hydrogen ion and HSO4−. The difference in pH values between these scales is about 0.13 [36]. A similar difference (0.146) was observed in field studies in the Barents Sea (about 100 measurements; our data). In this study, the results were presented using the NBS scale, which is applicable to both seawater and freshwater. Data from the expedition in 2011, when only spectrophotometric pH was applied, were transformed into NBS scale using the difference of 0.14. Nutrients were measured spectrophotometrically at the NIVA lab following accredited Norwegian procedures [37]; phosphates were measured using techniques by Murphy and Riley, dissolved silica was measured according to the method of Koroleff, and ammonia was analyzed with phenol-hypochloride Sagi–Solorzano method. The technique of nitrate nitrogen determination was based on the reduction of nitrates to nitrites and subsequent colorimetry.



Alk and TIC samples collected in all the expeditions were measured in the lab with a VINDTA system [38] using Certified Reference Materials (CRM, purchased from A. Dickson, Scripps Institution of Oceanography, USA), with the resultant accuracy in the order of the precision. The components of the carbonate system were calculated according to [33] using the CO2SYS program [39]. During the calculations we used pH, Alk, phosphate, silicic acid, salinity, temperature, and depth (pressure) as input. The calculations were made using the NBS scale for pH, the H2SO4 dissociation constant of Dickson, solubility products of aragonite and calcite of Mucci, and the carbonic acid dissociation constants (K1 and K2) of Mehrbach, as refitted by Dickson and Millero. Concentrations of carbonate ions (CO32−), bicarbonate ions (HCO32−), total dissolved inorganic carbon (TIC), carbon dioxide partial pressure (pCO2), and aragonite saturation (Ωar) were calculated for the laboratory temperature conditions.





3. Results


3.1. Distribution of Hydrophysical and Biogeochemical Properties in the Water Column


3.1.1. Winter


During the winter expedition of 2011 (19 February 2011), we found no visible vertical gradients in the distribution of hydrophysical parameters; the water column was not stratified, and there was also no horizontal difference from the station near the glacier to the outer fjord (Figure 2). The distributions of temperature and salinity were homogenous, with values varying in the ranges 1.8–1.9 °C and 33.6–34.5 psu from surface layer to the bottom near the glacier and in the outer fjord. No significant concentration changes were observed for the biogeochemical parameters. They were distributed homogeneously with values of about 350 μM for O2, 8.33 NBS for pH, 0.55 μM for PO4, 7 μM for NOx, 5–10 μM for SiO2, 2330–2360 μmol/kg for Alk, and 2140–2170 μmol/kg for TIC (Figure 2). The calculated pCO2 was about 400 μatm and the calculated aragonite saturation was 1.35. A single exception is an increase of SiO2 to 10 μM below the ice, observed only at station near the glacier, St. T1, but not at St. T4 (Figure A1) and T5 (Figure A2) sampled nearby.



A similar vertically uniform distribution was observed in March 2014 near the fjord opening (St. TM4, TM5, in Figure 3, Figure A5 and Figure A6), but the distributions near the glacier were different (St. TM3 in Figure 3 and St. TM1 in Appendix A.1.2, Figure A3). Here, a strong vertical salinity gradient was detected 1 m below the ice, where the salinity dropped from 34.8–34.9 psu in the deeper layer to 27 psu near the ice. The temperature changed from −1.75 °C in the deep layers to −1.5 °C just below the ice.



The nutrient concentration in the surface layer under the ice cover was higher than in 2011: 0.8–1.0 µM for PO4, 9–10 µM for NOX and 10–25 µM for SiO2. Alk and TIC showed a slight decrease beneath the ice (to 2339 μmol/kg and 2200 μmol/kg, respectively) in comparison with the deeper layer. The high concentration of dissolved oxygen (355–390 µM), high pH (8.21–8.43 NBS), and low pCO2 (200–300 μatm) indicate the beginning of phytoplankton development directly under the ice. The ice cores collected in these stations had a brown color in the lower parts, showing the presence of algae in the ice.



On site TM5 (14 km away from the solid ice and 1.5 km from pancake ice), no freshening in the surface water was detected. The entire water column at the site was well mixed, with salinity at about 35 psu. The temperature rose slightly, from −1.5 °C on top to −1 °C near the bottom. O2 had the lowest value in the surface layer (328 µM). Nutrient concentrations increased slightly from the surface to the bottom layer; however, the water structure was generally homogenous.



Strong maxima of 52 µM and 24 µM were detected at 44 m depth at St. TM3 (Figure 3) and under the ice at St. TM1 (Appendix A.1.2, Figure A3). In the same sample from 44 m at St. TM3 (Figure 3), the concentration of phosphate was 1.98 µM, which is twice the maximum concentration measured during our studies (about 1 µM).



Alk near the glacier slightly decreased from 2378 μmol/kg to 2339–2345 μmol/kg, and TIC from 2238 μmol/kg to 2200–2222 μmol/kg. We detected an increase in pH from 8.21 to 8.21–8.40 near the glacier, and an increase in aragonite saturation from 1.65 to 1.78–1.89.




3.1.2. Summer


The summer period was characterized by a well-developed water column stratification. A thin (<1 m) surface water layer with low salinity was detected in the June expeditions (Figure 4 and Figure A7). Below the thin surface layer, there was a layer where the salinity slightly increased to about 20 m. This 20-m upper thermocline layer was characterized by changes in temperature: it decreased from 2.77 °C near the surface to −0.90 °C at 20 m depth.



A clear hydrophysical stratification affected the distribution of all the studied biogeochemical parameters in June. Compared to the deeper water, the upper 20 m layer was characterized by higher values of O2 (334–377 µM) and pH (8.32–8.41) and lower values of PO4 (0.19–0.36 µM), NOX (1.1–1.9 µM), and SiO2 (3.2–3.6 µM) (Figure 4).



In the surface layer, a difference in the carbonate system parameters could be detected between a station near the glacier (St. TJ1) and one in the middle of the fjord (St. TJ3). Surface layer pCO2 increased from 276 µatm to 343 µatm and Ωar increased from 2.19 to 3.20 from the glacier and halfway out in the fjord. The highest value of Ωar was detected at 60 m at Station TJ3 (2.81), which is comparable to the highest values of Ωar in the open Arctic Ocean [40].



In September, this upper low saline layer was smoothed, and salinity gradually increased in a 10-m layer (Figure 5). This layer was characterized by higher temperatures, fluctuating between 3 and 4 °C, probably due to various wind conditions prior to sampling. At station TS1 close to the Tunabreen glacier in September, the average salinity over the surface layer (0–2 m) was 21.1 psu, and at station TS2 (in the middle of the fjord) it was 27.1 psu. Below 10 m, it was uniformly distributed with values of 32.7–33.2 psu. At the surface, the water oxygen concentration changed from 366.2 µM at Station TS1 near the glacier to 333.6 µM at St. TS2. Therefore, an increased freshwater supply of glacial drainage water could be detected in the salinity profile and oxygen distributions.



A small river, the Murdochelva, flowing out from the northern coast of the fjord, formed a plume spreading from the river’s mouth to the surrounding water. This plume was detected as a thin (several decimeters) layer in June 2017 at St. TG1 (Figure 6), located in the middle of the fjord, about 2 km from the coast and 8 km from the glacier. At this station, the surface water had increased values of PO4 (1.5 µM), NOX (about 4 µM), and an extremely high value of SiO2 (59 µM), much higher than the background values (0.25 µM, 0.15 µM, and 2 µM, correspondingly). The plume water was characterized by a decrease in Alk (from 2.3 μmol/kg to 1.2 μmol/kg) and TIC (from 2.0 μmol/kg to 1.2 μmol/kg) compared to the deeper water.





3.2. Comparison of Nutrient Concentrations in Different Arctic Media


The data collected in different environmental media are summarized in Figure 7 and Figure 8. They demonstrate the relative content of nutrients in the environmental media of a coastal system, i.e., seawater, river water, snow, sea ice, river ice, glacial ice, permafrost from an abrasive cliff, sea sediments near the glacier, and sea sediments in the outer fjord. For the seawater we saw concentrations in the surface layer in the outer fjord, in the surface layer near the glacier influenced by the glacial plume, in the river plume, and in the intermediate layer. We also observed seasonal variability of the nutrients in the surface layer of seawater.



As follows from Figure 7 and Figure 8, for phosphate, silicate, and nitrate the lowest concentrations were observed in the ice (glacial ice was the lowest)—0.03 µM, 1.3 µM, and 0.2 µM, respectively. The highest were in the sediments: 3.6 µM, 239 µM, and 17.1 µM. Concentrations in the material from abrasive cliff (permafrost) were smaller than those in the sediments and comparable to the concentrations in seawater. The hierarchy of concentrations for phosphate and silicate was similar, but for nitrate some differences could be noticed. First of all, the concentrations of nitrate in the surface water were higher in the hierarchy pyramid, suggesting the limitation by nitrogen in these waters. The second important difference was that the concentration of nitrate in marine sediments was significantly lower in the outer fjord than near the glacier—the opposite situation to phosphate and silicate. During the sampling, the color of the sediments in the outer fjord was black (indicating reduced conditions), and near the glacier red-yellow (indicating oxic conditions). We can hypothesize that the sediment in the outer fjord is enriched with organic matter compared with the sediment near the glacier that opened to exchange with the water column after the last Tunabreen glacier surge event in 2004 [41]. Mineralization of organic matter requires oxygen, and when oxygen is depleted, denitrification starts and nitrate is consumed [42,43]. That is why we observed very low concentrations of nitrate in the sediment in the outer fjord, and high concentrations of nitrate near the glacier where oxygen was not depleted, because of small concentrations of organic matter that did not accumulate here after the last glacier surge in 2004.





4. Discussion


4.1. Seasonality


When considering the reasons for the seasonal variability of the biogeochemical characteristics: in the fjord system, we can name the following key factors affecting the seasonal variability of the biogeochemical characteristics: formation and destruction of stratification, continental runoff, and aquatic biota activity. The first and main factor is the formation of density stratification in the summer and its destruction in winter, which affects the distributions of all hydrophysical, chemical, and biological properties. The stratification is generally due to seasonal warming of the surface layer and fresh water supply from melting glaciers, river runoff sustained by land-terminating glacial meltwater, and snow melt [26]. The deep and subsurface waters of the fjords are subject to the advection of Atlantic waters, which is largely driven by wind that enters the fjord from the shelf [27]. The second factor is coastal runoff. According to [27], two coastal runoff periods can be distinguished in June, with dominating discharge of the melting water from the snow, and in July with dominating glacial melt water. The third factor that affects the seasonality is the processes of production and destruction of organic matter—first of all, an intensive phytoplankton bloom typically occurring in Svalbard in May [27].



Investigation of the seasonal changes of biogeochemical regime in the High Arctic is connected with the logistical challenges of taking measurements; these studies, especially in the winter, are very scarce. Our observations represent the results of several 1–2-day expeditions performed in different seasons in the six-year interval from 2011 to 2017; of course, the problem of the comparability of data collected in the same month in different years arises. The changes we observed can be connected with seasonal variability and with the interannual variability connected with climate change, which has led to remarkable environmental changes in the Arctic.



As an example, the interannual variability of the thermohaline properties was studied by [44], who noted that the water temperature in the Templefjord depends on an influx of seawater from the open ocean. They found that, in 2010, the water temperature 10 km from the glacier varied from −1.8 °C to −1.1 °C, which is higher than the water temperature of −1.9 °C measured near Tunabreen. However, in 2011, the water temperature 10 km from the glacier varied from −1.86 °C to −1.82 °C and was almost the same as near Tunabreen. Heat fluxes from the water column, which can have its origin outside the fjord, can also significantly reduce the ice thickness 10 km from Tunabreen [44].



These interannual changes in hydrophysical properties could also affect the hydrochemical data discussed here. On top of changes in the circulation patterns responsible for the fjord water flushing, there might be changes in temperature, precipitation, and other factors. Nevertheless, the data we received allow to demonstrate that the seasonal signal dominates over the interannual changes, and we see that the data collected in the same months or season in different years are comparable to a greater degree than the data from different seasons in one year.



As follows from Figure 2, Figure 3, Figure 4, Figure 5 and Figure 6, the seasonal variability of the biogeochemical parameters is well pronounced in the surface layer. In Figure 9 (and Table A6 and Table A7), we summarize data from different expeditions and show the variability of the concentrations of biogeochemical parameters in Templefjord through the year. We also show typical time periods of phytoplankton bloom, freshet, and glacial melting in relation to the dates of our studies. The variability at stations close to the glacier (T1, T4, T5, TS1, TM1, TM2, TM3, TJ1, TJ2, and TF4; see Figure 1) and stations in the outer fjord (T7, TS2, TM4, TM5, TJ3, and TG1) is given separately.



The measured concentrations of characteristics collected in the same season are close to each other, suggesting that the seasonal variability dominates over interannual changes.



To summarize, there are increases in the concentrations of dissolved oxygen and pH values in the summer compared with the winter, and a decrease in nutrients, phosphate, and nitrate in the summer compared with the winter that can be connected with the seasonality of the processes of synthesis and decay of organic matter. The maximum O2 and pH and minimum nutrients were observed in June, while in September O2 and pH values were lower and nutrient values slightly increased (Figure 9).



The seasonal variability in the quantity and quality of organic carbon and nutrients in Isfjorden [27] was explained by an intensive phytoplankton bloom in May, spring freshet in June, and glacial meltwater in August. The same factors could also influence the changes in the marine surface waters seen in the current study.



In general, registered concentrations of inorganic nitrogen and phosphorus species in this study are close to other observations from Svalbard (Kongsfjorden), i.e., 6–11 µM for nitrogen and 0.8 µM for phosphorus [45,46].



Nutrient concentrations measured in the river water were close to those described in [27], while observations of DOC concentration in the Murdochelva were much lower—19.2 µM compared with the cited paper. According to [27], the concentration of DOC in rivers in June ranged from 670 to 1410 µM in the majority, with minimum values for Adventelva (40 µM). However, they observed higher values in Adventelva in May (980 µM). It can be assumed that the concentration of DOC in the Murdochelva was also higher in May, before our observations. The difference in the surface layer in our study and in [27] was not as high—196 µM and 91.6 µM, respectively.




4.2. Near Glacier vs. Outer Fjord


The data summarized in Figure 9 also show the difference in biogeochemical characteristics in the near-glacial region and the outer fjord in different seasons of the year, as per data collected on different expeditions from February to September.



The seasonal variability of temperature pointed to small differences near the glacier and in the outer fjord, but the variability of salinity differed significantly. There were similar values observed in February, but from March to September the near-glacier salinity was lower at about 5 psu, with a maximum difference of 15 psu detected in June. This graph clearly shows the freshening of the near-glacial waters.



In February, there was practically no difference in the concentrations of all the investigated biogeochemical parameters, which generally coincides with the studies performed in Templefjord in April 2013 [25]. A single exception is the high concentration of silicate measured near the glacier (Figure 3), which indicates the presence of glacial water discharge in winter even when there are no significant salinity minima. These sudden increases in SiO2 concentrations could be marked out in different seasons at different depths (St. TS1 in Figure 5 in September; TF4 in Figure A9 in June). The high concentrations of SiO2 detected in some samples are associated with glacial meltwater from contact with silica-rich bedrock [25]. The patchy distribution of SiO2 can be explained by the nonuniformity of the glacial plume in the vicinity of the glacier. An upwelling of subglacial discharge is a known feature of the tidal fjords in Svalbard and Greenland [47,48], which could explain the observed increases in silicate at different depths near the glacier. In some cases, we observed a correlated enrichment of these samples with phosphate.



Our observations on the changes of the ice color and chemical composition under the ice near the glacier in March 2014 (St. TM3, Figure 3) indicate the development of the winter bloom in the ice and water fed by the subglacial discharge, which can be an important factor of the fjord’s biogeochemistry in different regions [49].



In all the other seasons, from March to September, the water masses affected by the glacier could be clearly detected by a decrease in the concentrations of Alk and TIC. Concentrations of phosphate and nitrate showed no clear difference between the glacier-affected and fjord outlet waters during the photosynthetic period, but one can see an increase in their concentrations near the glacier in September, after the main bloom.



Dissolved oxygen (392.4 µM) and pH (8.46) maxima near the glacier in the June 2017 expedition were connected with photosynthesis intensification due to the nitrate increase near the glacier, which illustrates the influence of the glacial plume on the productivity of the fjord waters [50]. Evidently, nitrate is a limiting nutrient in these waters; the N:P ratio is less that the classical Redfield N:P = 16 throughout the year and drops to less than 2.5 in June and September (Figure 9 and Figure 10). The N:P ratio near the glacier is generally higher due to the relative nitrate increase there.



DOC, measured in March 2014 and June 2017, showed similar values near the glacier and in the outer fjord, while in June 2015, DOC near the glacier was 1.3 times higher (133.3 µM vs. 100 µM). This DOC increase near the glacier could be connected with the autochthonous organic matter that remained after the relatively more intensive bloom near the glacier.



In June, water near the glacial was characterized by very low Alk (1710 μmol/kg in 2014 and 1956 ± 346 μmol/kg in 2017) (Figure 9); this value was, however, even higher than that found by [25] in the Templefjord alkalinity in April and May 2012 (1142 μmol/kg), and in September (526 μmol/kg). On the contrary, we found silicate concentrations (15.3 ± 8.2 µM in June and 47 µM in September) much higher than those found by Fransson et al. [25] (less than 9 µM). This can be explained by the patchy nature of the silicate distribution near the glacier, which is potentially connected with the complex structure of the glacial plume.



In September, the nutrients and carbonate system parameters showed a clear spatial change along the surface waters of the fjord, demonstrating the influence of glacial waters (Figure 5 and Figure 9). The surface layer Alk decreased from the glacier to the central fjord, from 1756 μmol/kg (TS1) to 1988 μmol/kg (Appendix A.1.4, Figure A8), while TIC increased from 1635 μmol/kg to 1828 μmol/kg and and HCO3 from 1531 μmol/kg to 1700 μmol/kg. The PO4, NOX, and SiO2 concentrations decreased from the inner to the outer part of the fjord, from 1.03 µM to 0.26 µM, from 1.29 µM to 0.43 µM, and from 46.93 µM to 12.82 µM, respectively. pCO2 and Ωar increased from 195 to 230 μatm and from 1.40 to 1.77 from the glacier to the outer part of the fjord. Below 10 m, the distributions of the properties became practically uniform.



In Figure 10, we show the differences in the ratios of selected parameters to salinity in samples collected near the glacier (in blue) and in the outer fjord (in red). These two groups combine as surface water with seasonally decreasing salinity and intermediate water with high salinity throughout the year. As is demonstrated, there is a very good correlation between a conservative parameter Alk and salinity near the glacier as well as in the outer fjord waters. This corresponds to the connection between alkalinity and freshwater fraction in the Kongesfjorden described in [40]. However, for pCO2 and Ωar, the correlation with salinity is poor, which is explained by the influence of organic matter production and destruction processes, which change through the year. It can be noted that, near the glacier, there were observed maximum values of pCO2 and minimum values of Ωar. In the plots for PO4 and SiO2, high concentrations near the glacier were found in low and high salinity, which can be explained by the detectability of the glacial origin water in the surface and in the deep. Phosphate and silicate were poorly correlated with salinity, while a better correlation was shown for NOX; the ranges of its changes were similar near the glacier and in the outer fjord.



In our studies, we did not detect a glacial plume as a water mass with a specific thermochaline and chemical properties, but we clearly see its influence, first of all in sporadic increases of phosphate and silicate concentrations. These sporadic increases can be clearly seen in the plots of SiO2:PO4 and SiO2:NOX (Figure 10). Generally, this supports the finding of [49] that the glacial plume fuels productivity near the glacier. In all our observations, the NOX:PO4 ratio was less than 16, again indicating nitrate limitation, including near the glacier.



The total surface runoff from the Svalbard glaciers due to the melting of snow and ice is estimated at roughly 25 ± 5 km3yr−1 [51]. The greater part of this volume will come from glacial freshwater runoff as the frontal ablation decreases before the sea ice return in midwinter [52]. This surface water mass, which originated from the Svalbard glaciers’ runoff, should have biogeochemical characteristics differing from those in the outer fjord and the open sea, as shown and discussed here.




4.3. River Plume


During our studies, we had only one sample illustrating the influence of a river plume on distributions at a station in the center of the fjord (Figure 6). This plume can be detected not only by a decreased value of salinity and alkalinity (1351 μmol/kg), as is common, but also by very high concentrations of silicate (59.5 µM), close to those observed in rivers (47.5–57.5 µM).



The concentrations measured during the expedition in the river Murdochelva (St. R) were 0.19 µM for PO4, 5.07 µM for NOX, 45.92 µM for SiO2, and 19.15 µM for DOC. Such a high concentration of nutrients in water of glacier origin could occur in a case of leaching of salt from the bedrocks, forming Spitzbergen mountains and shores [25]. This effect was experimentally demonstrated at the Novaya Zemlya in 2013 [53]. Meanwhile, the content of DOC in the riverine water during the observation period was low in comparison with the typical values for Svalbard rivers [27].



We demonstrate here that the river plume brought water with higher nutrient content compared with the nutrient background values in the surface seawater. It is known that, in other regions of the world, river plumes affect the biological productivity of coastal zones [54,55,56], and one can suppose that the growth of phytoplankton should be accelerated in local regions affected by small river plumes in Arctic conditions. From one point of view, these plumes bring water with high nutrient content that should accelerate productivity, but from another these turbid freshwater plumes can also shade available light, stratify the water column, and inhibit nutrient-rich deep water renewal [56]. There are other studies on the small river plumes in the Arctic [57], but we still need to expand our observations to understand their influence on the coastal biogeochemical regime.




4.4. Future Projections


The Arctic Ocean and the Svalbard archipelago are facing rapid changes due to global warming. One expects that the intrusion of warm and saline Atlantic water [24,58] will facilitate the melting of Svalbard glaciers [52]. In turn, runoff from glaciers and rivers will lead to estuarine circulation in the fjord [56]. Climate-change-driven increases in freshwater discharge should lead to increased suspended sediment loads, and the mobilization and transport of terrestrial carbon and nutrients from thawing and greening watersheds [27]. In this study, we show the difference in chemical regime near the discharge sources compared with marine parts of the fjord. In the last decades, there have been processes documented such as glacier mass loss, permafrost warming, increases in freshwater runoff, and changes in precipitation patterns [59,60,61]. Experiments on the influence of thawing permafrost on coastal seawater chemical properties also demonstrated the effect of nutrient inputs, ocean acidification, heavy metals, and pollutants [19]. The Arctic Ocean is surrounded by permafrost, which is being degraded at an increasing rate [15]. All these processes, intensifying under conditions of warming, could lead to significant consequences for all marine polar ecosystems.



Since these processes are expected to continue during this century, they will have consequences for the future biogeochemical regime and ecosystems in the coastal zones. Our studies demonstrate an enrichment with nutrients of the water originated or affected by the coastal discharge and glacial melting, which indicates potentially higher biological productivity there. Increasing temperature will lead to a longer melting period and therefore a larger volume of coastal water with higher productivity. Another negative consequence is increased oxygen depletion: in the coastal regions, oxygen will be consumed for oxidation of the increased amount of organic matter connected with higher biological productivity, and of the organic matter created by the permafrost thawing, as we showed with the permafrost melting experiment [61]. As we observe here, glacial water is characterized by smaller values of total inorganic carbon and alkalinity. The aragonite saturation value near the glacier was low (<1.5) in both winter and summer; with the glacier melting intensification, the saturation may drop below 1, with negative consequences for the ecosystem [19].





5. Conclusions


The seasonal variability of the biogeochemical characteristics of the water column in fjord systems is determined by the formation and destruction of stratification, continental runoff, and aquatic biota activity, and differs in the near-glacier region and the outer fjord.



The influence of the glacier can be detected from late winter (March) in terms of salinity, alkalinity, and silicate, with especially high concentrations (>40 μM), observed as local maxima at different depths and locations, potentially reflecting the patchy structure of the glacial plume formed by the upwelling of subglacial discharge.



Near-glacier regions can have potentially higher biological productivity due to the supply of nutrients from coastal and subglacial discharge water and the faster restoration of nutrients after the summer blooms (September) in the area. As follows from the Redfield ratio, nitrogen is the limiting element for photosynthesis, and nitrate values are low in the outer fjord and near the glacier.



River plumes can be detected at a distance of 1.5–2 km from the river mouth by the low alkalinity and high concentration of silicate.



Silicate appears to be the best parameter for detecting river water and glacial melt water. This is connected with high concentrations of this element in the bedrock.



The nutrients measured in the Arctic environmental media were minimal in the glacial region and in river and sea ice, with medium concentrations at the sea surface, deep seawater, and river water, and maximum concentrations in the bottom sediments.



These results are based on short arrays of observations, and we must highlight the necessity for new studies with a finer spatial resolution (first of all near the glacier) and more frequent sampling. More dedicated data are needed to better understand the ongoing processes and possible changes that could occur in the Arctic environment.
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Appendix A


Appendix A.1. Vertical Distributions of the Studied Parameters at the Sampled Stations


Appendix A.1.1. Winter expedition, February 2011
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Figure A1. Vertical distribution of physical and chemical parameters at station T4 (19 February 2011). 






Figure A1. Vertical distribution of physical and chemical parameters at station T4 (19 February 2011).
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Figure A2. Vertical distribution of physical and chemical parameters at station T5 (19 February 2011). 






Figure A2. Vertical distribution of physical and chemical parameters at station T5 (19 February 2011).
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Appendix A.1.2. Winter expedition, March 2014




[image: Geosciences 12 00044 g0a3 550] 





Figure A3. Vertical distribution of physical and chemical parameters at station TM1 (17 March 2014). 






Figure A3. Vertical distribution of physical and chemical parameters at station TM1 (17 March 2014).
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Figure A4. Vertical distribution of physical and chemical parameters at station TM2 (17 March 2014). 






Figure A4. Vertical distribution of physical and chemical parameters at station TM2 (17 March 2014).
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Figure A5. Vertical distribution of physical and chemical parameters at station TM4 (19 March 2014). 






Figure A5. Vertical distribution of physical and chemical parameters at station TM4 (19 March 2014).
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Figure A6. Vertical distribution of physical and chemical parameters at station TM5 (19 March 2014). 






Figure A6. Vertical distribution of physical and chemical parameters at station TM5 (19 March 2014).
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Appendix A.1.3. Summer expedition, June 2015
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Figure A7. Vertical distribution of physical and chemical parameters at station TJ2 (17 June 2015). 






Figure A7. Vertical distribution of physical and chemical parameters at station TJ2 (17 June 2015).
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Appendix A.1.4. Summer expedition, September 2011
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Figure A8. Vertical distribution of physical and chemical parameters at station TS2 (06 September 2011). 






Figure A8. Vertical distribution of physical and chemical parameters at station TS2 (06 September 2011).
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Figure A9. Vertical distribution of physical and chemical parameters at station TF4 (14 June 2017). 






Figure A9. Vertical distribution of physical and chemical parameters at station TF4 (14 June 2017).
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In the ice cores of station TM1, the nutrient concentration was 2–3 times lower than in the surface layer under the ice (A 1). The alkalinity was 4–5 times lower and DOC was a little lower in the ice core as well. In the ice core of station TM-2, all values were approximately half less than in the ice core on TM-1. It seems that brine flows faster through the ice away from the glacier.
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Table A1. Data on the vertical structure of the ice cores on sites TM-1 and TM-2.






Table A1. Data on the vertical structure of the ice cores on sites TM-1 and TM-2.


















	Site

#
	Layer

cm
	Temp. °C
	Alk µM
	PO4

µM
	Si

µM
	NO3 + NO2

µM
	DIC

µM
	DOC

µM
	Hg Total ng/L
	MeHg ng/L





	TM-1
	
	
	
	
	
	
	
	
	
	



	
	0–18
	−3.23
	503.7
	0.26
	12.5
	2.2
	383.33
	59.17
	0.8
	0.01



	
	18–36
	−1.67
	374.1
	0.23
	9.7
	1.5
	286.67
	65
	
	



	
	36–52
	−1.24
	378.9
	0.26
	12.2
	1.6
	280
	60.83
	
	



	TM-2
	
	
	
	
	
	
	
	
	
	



	
	0–10
	−3.85
	259.1
	0.13
	4.4
	0.8
	154.17
	31.67
	0.7
	0.01



	
	10–20
	−2.11
	338.5
	0.16
	4.6
	1.2
	234.17
	100
	
	



	
	20–30
	−1.96
	407.9
	0.23
	6.9
	1.6
	316.67
	108.33
	
	








During the summer expedition in 2017, bottom sediments were collected in Templefjord in front of the river, near the glacier, and in the river. In Adventifjord, samples of bottom sediments and permafrost were also collected near Longyearbean.



In general, the grain size composition was silty in bottom sediment samples with a lower particle size and sandy in permafrost and river sediments (A2, 3).
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Table A2. Grain size composition of bottom sediments in Templefjord in front of the river (TG-1) near the glacier (TF-4), in permafrost (TG-8), and in riverine sediments (R) (June 2017).






Table A2. Grain size composition of bottom sediments in Templefjord in front of the river (TG-1) near the glacier (TF-4), in permafrost (TG-8), and in riverine sediments (R) (June 2017).





	
Station

	
Grain Size Composition %

	
Shepard Class




	
Psephite

	
Sand

	
Silt

	
Clay






	
TG-1

	
0

	
29.54

	
30.53

	
39.94

	
Sand/silt/clay




	
TF-4

	
0

	
1.85

	
56.94

	
41.21

	
Clayey silt




	
TG-8

	
82.15

	
17.84

	
0

	
0.00

	
Sandy psephite




	
R

	
64.69

	
24.79

	
9.40

	
1.12

	
Sandy psephite
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Figure A10. The distribution of grain size composition of bottom sediments in Templefjord in front of the river (TG-1), near the glacier (TF-4), in permafrost (TG-8), and in riverine sediments (R) (June 2017). 






Figure A10. The distribution of grain size composition of bottom sediments in Templefjord in front of the river (TG-1), near the glacier (TF-4), in permafrost (TG-8), and in riverine sediments (R) (June 2017).
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Table A3. Data on nutrient content in the pore water of bottom sediments in Templefjord in front of the river (TG-1) near the glacier (TF-4), in permafrost (TG-8), and in Longyearbean harbor (H) (June 2017).






Table A3. Data on nutrient content in the pore water of bottom sediments in Templefjord in front of the river (TG-1) near the glacier (TF-4), in permafrost (TG-8), and in Longyearbean harbor (H) (June 2017).
















	Sample_ID
	Depth
	NH4 (µM)
	P-PO4 (µM)
	NO2 + NO3 (µM)
	DOC (µM)
	Si (µM)
	TIC, µM
	Alk, µM





	TG-1
	80
	139
	3.55
	1.43
	8318.07
	199.36
	
	



	TF-4
	51
	0
	1.29
	17.13
	5703.58
	238.52
	
	



	TG-8
	0
	172
	22.60
	46.40
	899.25
	142.40
	10.8
	1.5



	H
	
	111
	4.84
	5.00
	8301.42
	206.48
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Table A4. Data on nutrient content in seawater ice (TGSI), snow (TGSN), freshwater ice (TGFI), and glacier ice (TGGI) in Templefjord (June 2017).






Table A4. Data on nutrient content in seawater ice (TGSI), snow (TGSN), freshwater ice (TGFI), and glacier ice (TGGI) in Templefjord (June 2017).





	Sample_ID
	Matrix
	pH In Situ
	P-PO4 (µM)
	NO2 + NO3 (µM)
	DOC (µM)
	Si (µM)





	TGSI
	Seawater ice
	6.54
	0.45
	2.00
	8.33
	3.56



	TGSN
	Snow
	8.12
	0.19
	0.29
	17.49
	8.19



	TGFI
	Fresh water ice
	8.12
	0.10
	0.21
	10.82
	2.85



	TGGI
	Glacier ice
	7.53
	0.03
	0.21
	18.32
	1.28
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Table A5. Data on carbon content in the bottom sediments in Templefjord in front of the river (TG-1) near the glacier (TF-4), in permafrost (TG-8), and in riverine sediments (R) (June 2017).






Table A5. Data on carbon content in the bottom sediments in Templefjord in front of the river (TG-1) near the glacier (TF-4), in permafrost (TG-8), and in riverine sediments (R) (June 2017).





	
Parameter

	
Total Carbon (TC) %

	
Total Inorganic Carbon (TIC) %

	
Total Organic Carbon (TOC) %






	
Samples

	

	

	




	
TG-1

	
12.06.2017

	
4.42

	
3.49

	
0.93




	
TF-4

	
14.06.2017

	
5.27

	
5.03

	
0.24




	
TG-8

	
14.06.2017

	
0.53

	
0.08

	
0.45




	
R

	
12.06.2017

	
8.76

	
9.20

	
<0.1
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Table A6. Seasonal and interannual changes of nutrients in the surface layer, not affected by the river plume in the near-glacier region and the outer fjord.






Table A6. Seasonal and interannual changes of nutrients in the surface layer, not affected by the river plume in the near-glacier region and the outer fjord.





	
Parameters/Expeditions

	
19 February 2011

	
17–19 March 2014

	
11–17 June 2017

	
17–18 June 2015

	
6 September 2011






	
O2

	
glacier

	
353.1 ± 3.7

	
359.3 ± 27.8

	
392.4

	
357.4 ± 28.4

	
366.2




	
outer fjord

	
350.3

	
331.7 ± 4.8

	
393.2

	
369.2

	
333.6




	
pH

	
glacier

	
7.75 ± 0.01

	
8.18 ± 0.02

	
8.46

	
8.39 ± 0.02

	
8.33




	
outer fjord

	
7.76

	
8.2 ± 0.01

	
8.37

	
8.5

	
8.3




	
Alk

	
glacier

	
2352 ± 5

	
2353 ± 17

	
1475

	
1956 ± 346

	
1757




	
outer fjord

	
2345

	
2384 ± 7

	
2238

	
2225

	
1988




	
PO4

	
glacier

	
0.49 ± 0.07

	
0.83 ± 0.04

	
0.16

	
0.18 ± 0.02

	
1.03




	
outer fjord

	
0.55

	
0.84 ± 0.0

	
0.26

	
0.16

	
0.26




	
NO3

	
glacier

	
6.76 ± 0.49

	
9.24 ± 0.11

	
1.21

	
0.82 ± 0.45

	
1.29




	
outer fjord

	
7.29

	
9.43 ± 0.1

	
0.14

	
0.14

	
0.43




	
Si

	
glacier

	
10.23 ± 3.12

	
15.31 ± 8.24

	
18.87

	
4.04 ± 1.97

	
46.93




	
outer fjord

	
6.04

	
10.52 ± 0.13

	
3.1

	
2.64

	
12.82




	
TIC

	
glacier

	
2156 ± 10

	
2223 ± 22

	
1387

	
1763 ± 312

	
1592




	
outer fjord

	
2166.67

	
2247 ± 12

	
2026

	
2010

	
1799




	
DOC

	
glacier

	

	
60.0 ± 11.2

	
75.8

	
133.3 ± 47.1

	




	
outer fjord

	

	
60.4 ± 0.6

	
80.8

	
100.0

	




	
Ωar

	
glacier

	
1.31 ± 0.02

	
1.52 ± 0.06

	

	
1.8 ± 0.48

	
1.4




	
outer fjord

	
1.35

	
1.61 ± 0.03

	

	
2.81

	
1.77
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Table A7. Seasonal and interannual changes of nutrients in the bottom layer in the near glacier region and the outer fjord.






Table A7. Seasonal and interannual changes of nutrients in the bottom layer in the near glacier region and the outer fjord.





	
Parameters/Expeditions

	
19 February 2011

	
17–19 March 2014

	
11–17 June 2017

	
17–18 June 2015

	
6 September 2011






	
O2

	
glacier

	
347.8 ± 3.4

	
348.1 ± 9.0

	
323.05

	
328.2 ± 6.1

	
320.8




	
outer fjord

	
354.7

	
302.8 ± 62.9

	
360.2 ± 36.8

	
341.6

	
327.0




	
pH

	
glacier

	
7.74 ± 0.01

	
8.21 ± 0.04

	
8.24

	
8.21 ± 0.07

	
8.24




	
outer fjord

	
7.76

	
8.21 ± 0.0

	
8.32 ± 0.11

	
8.34

	
8.22




	
Alk

	
glacier

	
2344 ± 16

	
2374. ± 8.

	
2323

	
2361 ± 42

	
2279.




	
outer fjord

	
2343

	
2369. ± 0.9

	
2302. ± 22.7

	
2356.1

	
2279.9




	
PO4

	
glacier

	
0.53 ± 0.02

	
1.1 ± 0.58

	
0.84

	
0.94 ± 0.14

	
0.55




	
outer fjord

	
0.52

	
0.94 ± 0.0

	
0.5 ± 0.27

	
0.52

	
0.48




	
NO3

	
glacier

	
7.0 ± 0.07

	
9.37 ± 0.37

	
7.49

	
6.36 ± 4.14

	
1.14




	
outer fjord

	
6.86

	
9.61 ± 0.05

	
2.19 ± 2.94

	
4.14

	
1.0




	
Si

	
glacier

	
6.35 ± 1.16

	
20.92 ± 21.05

	
8.9

	
14.34 ± 7.0

	
23.96




	
outer fjord

	
5.96

	
12.34 ± 0.18

	
3.99 ± 2.77

	
5.46

	
21.5




	
TIC

	
glacier

	
2156 ± 13

	
2246 ± 1.8

	
2203.

	
2216 ± 34

	
2144




	
outer fjord

	
2175

	
2252 ± 2

	
1809 ± 500.

	
2211

	
2123




	
DOC

	
glacier

	

	
58.8 ± 7.3

	
74.1

	
101.3 ± 33.6

	




	
outer fjord

	

	
62.5

	
53.3 ± 46.3

	
108.3

	




	
Ωar

	
glacier

	
1.3 ± 0.04

	
1.5 ± 0.34

	

	
1.58 ± 0.21

	
2.1




	
outer fjord

	
1.34

	
1.66 ± 0.0

	

	
2.06

	
1.91
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Table A8. The list of stations, locations, studied parameters and environmental media in different expeditions performed in this study.






Table A8. The list of stations, locations, studied parameters and environmental media in different expeditions performed in this study.





	
Date

	
St.№

	
Latitude

	
Longitude

	
Parameters

	

	
Media




	
T and S

	
Nutrients

	
Carbonate System

	
Trace Metals

	
Seawater

	
River Water

	
Sea ice Cores

	
Drifting Sea ice

	
River Ice

	
Glacial Ice

	
Snow

	
Sea sediments

	
River Bed sediments

	
Abrasive Cliff






	
19 February 2011

	
T4

	
78.45325

	
17.34700

	
X

	
X

	
X

	

	
X

	

	

	

	

	

	

	

	

	




	
19 February 2011

	
T5

	
78.44022

	
17.40878

	
X

	
X

	
X

	

	
X

	

	

	

	

	

	

	

	

	




	
19 February 2011

	
T1

	
78.44415

	
17.36887

	
X

	
X

	
X

	

	
X

	

	

	

	

	

	

	

	

	




	
19 February 2011

	
T7

	
78.39082

	
16.87540

	
X

	
X

	
X

	

	
X

	

	

	

	

	

	

	

	

	




	
06 September 2011

	
TS1

	
78.44392

	
17.36030

	
X

	
X

	
X

	

	
X

	

	

	

	

	

	

	

	

	




	
06 September 2011

	
TS2

	
78.42430

	
17.18807

	
X

	
X

	
X

	

	
X

	

	

	

	

	

	

	

	

	




	
17/03/2014

	
TM1

	
78.44622

	
17.37732

	
X

	
X

	
X

	

	
X

	

	
X

	

	

	

	

	

	

	




	
17 March 2014

	
TM2

	
78.42933

	
17.28628

	
X

	
X

	
X

	

	
X

	

	
X

	

	

	

	

	

	

	




	
18 March 2014

	
TM3

	
78.43598

	
17.33338

	
X

	
X

	
X

	

	
X

	

	
X

	

	

	

	

	

	

	




	
19 March 2014

	
TM4

	
78.37632

	
16.84408

	
X

	
X

	
X

	

	
X

	

	
X

	

	

	

	

	

	

	




	
19 March 2014

	
TM5

	
78.37537

	
16.78647

	
X

	
X

	
X

	

	
X

	

	

	

	

	

	

	

	

	




	
17 June 2015

	
TJ1

	
78.43347

	
17.23838

	
X

	
X

	
X

	
X

	
X

	

	

	

	

	

	

	

	

	




	
17 June 2015

	
TJ2

	
78.43752

	
17.17472

	
X

	
X

	
X

	
X

	
X

	

	

	

	

	

	

	

	

	




	
17 June 2015

	
TJ3

	
78.40668

	
17.08752

	
X

	
X

	
X

	
X

	
X
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Figure 1. Positions of the stations sampled in the expeditions in February 2011 (T1, T4, T5, T7), September 2011 (TS1, TS2), March 2014 (TM1, TM2, TM3, TM4, TM5), June 2015 (TJ1, TJ2, TJ3), and June 2017 (TG1). The stations in the fjord mouth (TM4 and TM5) were taken in the winter from a boat when it was impossible to sample in the central part of the fjord due to ice conditions. The dotted lines indicate the winter positions of the solid ice boundaries in 2017 and 2011. 
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Figure 2. Vertical distribution of the temperature, T, salinity, S, pH, pH, dissolved oxygen, O2, phosphate, PO4, nitrate, NOx, silicate, SiO2, dissolved organic carbon, DOC, total alkalinity, Alk, total inorganic carbon, TIC, carbonate, CO3, partial pressure of CO2, pCO2, and aragonite saturation (Arag. Sat.) at the station near the glacier T1 (dotted line) near the outlet T7 (solid line), sampled on 19 February 2011. 
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Figure 3. Vertical distribution of physical and chemical parameters at stations TM3, near the glacier (dotted line), and TM5, in the fjord outlet (solid line), sampled on 19 March 2014. 
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Figure 4. Vertical distribution of physical and chemical parameters at stations TJ1 near the glacier (dotted line) and TJ3 in the middle of the fjord (solid line), sampled on 17 June 2015. 
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Figure 5. Vertical distribution of physical and chemical parameters at stations TS1 near the glacier (dotted line) and TS2 in the fjord outlet (solid line), sampled on 06 September 2011. 
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Figure 6. Vertical distribution of physical and chemical parameters at station TG1 (12 June 2017). 
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Figure 7. Content of phosphate (A), silicate (B), and nitrate (C) in the following environmental media: seawater, bottom sediment, river water, sea ice, river ice, glacier ice, snow, and abrasive cliff (permafrost). For the seawater, we saw concentrations in the surface layer in the outer fjord, in the surface layer near the glacier influenced by the glacial plume, in the river plume, and in the intermediate layer. Concentrations or ranges of concentrations are given in µM. Circles show relative change of concentrations; the dashed circle corresponds to the winter (only in the surface water). 
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Figure 8. Hierarchical change of concentrations of phosphate, nitrate, and silicate in the following environmental media: seawater, bottom sediments, river water, sea ice, river ice, glacier ice, and snow. 
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Figure 9. Seasonal variability of concentrations of biogeochemical parameters in the surface layer near the glacier (blue dots and blue line) and in outer Templefjord (orange dots and orange line) detected from February to September (horizontal scale) on expeditions in 2011–2017 (dots correspond to sampling time). Thick colored vertical lines show the typical periods of the spring bloom (green), freshet (pink), and glacial melt (blue). Thin vertical lines outline standard errors. 
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Figure 10. Distributions of Alk (A), pCO2 (B), Ωar (C), PO4 (D), SiO2 (E), NOX (F), NOX:PO4 (G), SiO2:PO4 (H), and SiO2:NOX (I) versus Salinity(S) for the outer fjord (in red) and near the glacier (in blue). Fit linear lines, correlation coefficients R, and P-values are shown in red for the outer fjord and in blue for the near-glacier region. 
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