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To determine the excess of dissolved dinitrogen gas (ΔN2 > 0 indicates the loss of bioavailable dissolved nitrogen) in the water column of the Baltic Proper, we measured N2/Ar ratios below the halocline at 19 stations during different seasons between 2017 and 2021. ΔN2 concentrations below the halocline ranged from 1.0 to 32.6 µmol L-1 for all seasons and sites. A significant spatial difference in ΔN2 (p = 0.0001) was observed, with the highest values found in the Gotland Deep. The seasonal changes in ΔN2 were statistically significant (p = 0.005) with the highest concentrations observed in winter. To our knowledge, this is the first study showing the variability of ΔN2 on a large scale in the Baltic Proper. Our findings suggest that the cumulative loss of bioavailable nitrogen via denitrification and anammox is an important mechanism in the Baltic Sea nitrogen cycle. The accumulated signal of N2 production is, however, not uniform across the Baltic Proper, exhibiting significant seasonal and spatial variabilities. This calls for future, investigations on a broad spatial scale and a seasonal resolution which focus on denitrification and anammox rates in the water column, by utilizing a consistent methodological approach. It is essential to ensure an accurate representation of the nitrogen loss, which in turn is important for managing eutrophication and maintaining a good environmental status in the Baltic Sea.
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1 Introduction

Denitrification and anammox (anaerobic ammonium oxidation) are the primary pathways responsible for the removal of bioavailable nitrogen (N) compounds, such as nitrate (NO3-), nitrite (NO2-), and ammonium (NH4+) from the marine environment. Denitrification is a microbial process that occurs under hypoxic/anoxic conditions, in which NO3- is sequentially reduced to dinitrogen gas (N2). Anammox is the anaerobic microbiological process in which NO2- and NH4+ are converted to N2 under anoxic conditions. Both processes result in a loss of bioavailable nitrogen and play a critical role in regulating nitrogen levels in marine ecosystems, particularly under stratified and oxygen-depleted conditions (Codispoti et al., 2001; Capone et al., 2008; Lam and Kuypers, 2011; Pajares and Ramos, 2019). Denitrification provides a critical ecosystem function in the Baltic Sea by removing bioavailable nitrogen thus mitigating eutrophication and maintaining ecosystem balance (Deutsch et al., 2010; Allin et al., 2017). A clear seasonal dependency on near-bottom water oxygen (O2) concentrations and increasing temperature, was identified to be the main factor controlling the overall recent increase in denitrification rates in Baltic Sea sediments (Aigars et al., 2015; Hellemann et al., 2020). The spatial distribution of sediment denitrification was correlated with the organic carbon content and the concentration of NO3- in the overlying bottom water (Asmala et al., 2017). Interestingly, it was also found that denitrification rates in the water column can exceed sedimentary denitrification rates, particularly in the hypoxic/anoxic deep layers of the Baltic Proper (Dalsgaard et al., 2013; Carstensen et al., 2014; Hellemann et al., 2020). In terms of nitrogen removal pathways in the Baltic Sea water column, denitrification plays a dominant role whereas the contribution from anammox is minimal (Hannig et al., 2007; Löffler et al., 2011; Dalsgaard et al., 2013; Bonaglia et al., 2016). For instance, Dalsgaard et al. (2013) showed that denitrification in the water column ranged from 132 to 547 kt N yr−1 for the entire Baltic Proper while in sediments equaled only 191 kt N yr−1. However, the spatial and seasonal variability of denitrification and anammox in the Baltic Sea water column remains understudied.

Various methods have been applied to measure bioavailable N loss through denitrification and anammox in marine environments. Common techniques include the acetylene inhibition method (Knowles, 1990; She et al., 2019), the 15N isotope pairing method (Nielsen, 1992; Risgaard-Petersen et al., 2005; Robertson et al., 2019), and high-resolution isotopomer analysis (Farías et al., 2009). The 15N isotope pairing method, widely used for quantifying dinitrogen gas production was introduced by Nielsen (1992). To address challenges in its application such as distinguishing between the coupling of nitrification with denitrification, direct denitrification pathways, and the coexistence of denitrification and anammox this method has been further refined and developed by Risgaard-Petersen et al. (2005) and Robertson et al. (2019). Microsensor measurements also offer a continuous, non-invasive approach to monitor nitrogen cycling in sediments. These sensors can detect nitrous oxide (N2O) accumulation, providing real-time estimates of sedimentary denitrification rates (Risgaard-Petersen et al., 2005; Palacin-Lizarbe et al., 2018). While metabolic inhibitors such as acetylene or methanol are often used to selectively suppress microbial processes like denitrification and anammox, their application may inadvertently affect microbial activity (Jensen et al., 2007; She et al., 2019). Overall all these methods require analytical tools for measuring the produced N2 such as isotope ratio mass spectrometers (IRMS), gas chromatograph-mass spectrometers (GC-MS), or membrane inlet mass spectrometers (MIMS). However, IRMS and GC-MS often involve sample manipulation, such as adding labeled standards or creating a headspace in vials, to measure gaseous nitrogen isotopes. In contrast, the N2/Ar ratio method (Kana et al., 1994; Inglett et al., 2013) offers a simpler, time-efficient alternative to measure dinitrogen gas (N2) distribution. It eliminates the need for pre-analysis sample preparation and directly determines oceanic N2 concentrations, which is the end product of both denitrification and anammox. However, this method requires careful consideration of all processes influencing N2 distribution in the water column.

In short, the distribution of N2 in the ocean is controlled by (i) a complex interplay of physical factors such as wind, temperature, and salinity that affect its gas exchange with the atmosphere, and (ii) microbiological processes, such as N2 fixation, denitrification and anammox, which are influenced by the availability of organic matter, nitrogenous nutrients (NO3-, NO2-, and NH4+), and O2. To distinguish between physical and microbial processes (such as denitrification and anammox), the distribution of N2 concentrations can be compared with the distribution of an inert gas, such as Ar, that is only affected by physical processes (Kana et al., 1994; Schmale et al., 2019). The applicability of the N2/Ar ratios to estimate bioavailable nitrogen loss via denitrification and anammox is particularly promising for stratified water bodies such as the Baltic Sea, where hypoxic and anoxic deep waters are separated from the surface water layer with permanent halocline, which is influenced by gas exchange with the atmosphere (Devol et al., 2006; Chang et al., 2010, 2012; Löffler et al., 2011; Hamme and Emerson, 2013; Shigemitsu et al., 2016; Seltzer et al., 2023). Therefore, usage of the N2/Ar method below halocline enables the investigation of spatial and seasonal excess N2 (cumulative effect) rather than the direct calculation of rates of specific microbial processes. Despite this limitation of not providing direct process rates, the N2/Ar method remains a valuable tool for assessing the marine inorganic nitrogen loss in stratified water bodies. In this study, we focus on the net accumulation of N2 in the layers below the halocline and bottom waters. This approach is appropriate, as these layers provide the environmental conditions and substrate availability necessary for nitrogen loss processes to occur. To this end, this study aimed (i) to quantify the cumulative effect of bioavailable N loss via denitrification and anammox expressed as excess dinitrogen gas (N2) in the Baltic Proper and (ii) to decipher the seasonal and spatial variability of excess N2.




2 Materials and methods



2.1 Study area

The Baltic Sea with an area of 415,000 km2 (including the Kattegat) is the second-largest brackish water body in the world (Szymczycha et al., 2019). The Baltic Sea catchment area is four times greater than the sea itself. The shallow and narrow connection with the North Sea through the Danish Straits results in only sporadic inflows of saline and oxygen-rich water, which, in combination with the pronounced riverine discharge, causes strong vertical salinity gradients and density stratification (HELCOM, 2018a). The salinity-induced stratification in the water column is commonly described as a three-layer structure that consists of an upper layer (brackish, well-mixed, and oxygenated), a transitional middle layer (halocline, strong salinity gradient), and a deep layer (higher salinity and often occurring O2 deficits). The depth of the halocline is controlled by wind-induced mixing, advection, and volume of saline waters, which appear to change little over time (Dargahi et al., 2017; Liblik and Lips, 2019). The presence of a permanent halocline hampers vertical mixing in the water column, and thus also ventilation of the deep water layers. Inflows from the North Sea, the so-called Major Baltic Inflows (MBI), are the main source of O2 to the bottom layers and simultaneously the main cause of anoxic/hypoxic conditions in the stratified Baltic Sea. However, O2 supplied with MBIs is quickly consumed in the course of respiration and ultimately MBIs are responsible for enhancing stratification and limiting ventilation (Rak et al., 2020; Kuliński et al., 2022). Rak et al. (2020) estimated that 9 months after the MBI in 2014, anaerobic conditions reoccurred in the deep layer of the Bornholm Basin, and the amount of O2 pushed into the deep Gulf of Gdańsk layer was not sufficient to eliminate anoxia in the near-bottom layer. The results of numerous studies published so far indicate that the extent of hypoxic and anoxic areas has increased significantly in the central part of the Baltic Sea during the recent decades (Kuliński et al., 2022; Meier et al., 2022). This is directly related to high nutrient loads, primarily nitrogen and phosphorus-containing compounds, originating from agricultural runoff, wastewater discharge, and atmospheric deposition and resulting in eutrophication of the ecosystem (Gustafsson et al., 2012; Andersen et al., 2017). This, along with enhanced remobilizing phosphorus from anoxic sediments, in turn, fuels the growth of phytoplankton. Subsequent remineralization of sedimentary organic matter causes O2 depletion which can lead to the increase of hypoxic or anoxic zones, particularly in the deeper basins of the Baltic Proper with their limited water exchange (Kuliński et al., 2022). Recent assessments, such as those using the HELCOM Eutrophication Assessment Tool (HEAT 3.0), indicate ongoing eutrophication despite some improvements (HELCOM, 2018b; Murray et al., 2019).




2.2 Sampling strategy

Seawater samples were collected from 19 stations in the Baltic Proper (Figure 1) during multiple cruises aboard R/V Oceania in May 2017, March 2018, May 2019, September 2020, and January, April, and September/October 2021. Sampling sites were selected to cover diverse locations such as Gotland Deep (~249 m; characterized by strong stratification and anoxia), Gdańsk Deep (~118 m; influenced by coastal processes and variable oxygenation), and Bornholm Deep (~95 m; with better oxygenation due to North Sea inflows) (Szymczycha et al., 2019). In addition, samples were collected in different periods capturing seasonal shifts in substrates of denitrification and annamox substrate as well as oxygen availability.




Figure 1 | Location of the study sites in the Baltic Sea.



At each station, the water column was divided into four distinct layers based on salinity (S) and temperature (T) profiles: A – surface water; B – halocline; C – below halocline; and D – bottom water (up to 5 m above the seafloor/overlying bottom water) (Figure 2). Sampling primarily targeted layers C and D, which are isolated from atmospheric influence, to assess excess N2. This design enabled detailed insights into spatial and seasonal variability of processes in stratified zones.




Figure 2 | Vertical distribution of measured parameters: (A) salinity (S), (B) temperature (T), and (C) dissolved oxygen (O2) concentrations  in the water column of the study area. Yellow dots represent the surface water layer (A); blue dots indicate the halocline layer (B); red dots signify below halocline layer (C); black dots designate bottom water layer (up to 5 m above the seafloor) (D).






2.3 N2/Ar ratios, nutrients, auxiliary parameter measurements, and statistical analyses

Temperature (T), salinity (S), and dissolved oxygen (O2) concentration were measured in situ using a Sea-Bird Scientific SBE 911 Plus profiler. Water samples to determine the N2/Ar ratio were collected from Niskin bottles immediately after retrieving the CTD/Rosette sampler on the deck. They were carefully sampled via Viton™ tubing in Exetainers® vials (12 mL gastight borosilicate glass vials; Labco, UK) which were left to overflow with at least three times their volume. Then, they were immediately capped avoiding bubbles or any headspace. For each depth, samples were collected in triplicates. Subsequently, biological activity was stopped by injecting 0.1 mL of a saturated aqueous HgCl2 solution with a precise syringe and a needle through the chlorobutyl septum and having another needle to balance the excess volume. The samples were stored upside down in the refrigerator at 4 °C until later analyses that were performed within 3 months after sampling.

The concentrations of N2 and Ar were measured using the membrane inlet mass spectrometry technique (MIMS). The MIMS instrument consists of a Pfeiffer Vacuum model 422 quadrupole mass spectrometer (QMA 400 analyzer with cross-beam ion source) with a flow-through silicone capillary membrane inlet (Bay Instruments, Easton, Maryland). The precision was determined as ± 0.5 % for N2 and Ar and ± 0.05 % for N2/Ar. The detection limits for N2 and Ar were calculated as 3 multiplied by the standard deviation of 5 replicate measurements and equaled 6.5 µmol L-1 and 0.015 µmol L-1, respectively.

Anomalies in N2 concentrations, expressed as ΔN2, were calculated as the difference between the measured N2/Ar ratio and the N2/Ar ratio in seawater that would be in equilibrium with the atmosphere, as shown in Equation 1:



where (N2/Ar)mes and (N2/Ar)sat are the measured ratios and the equilibrium ratios, respectively. The latter corresponds to the equilibrium state between the seawater at a given temperature and salinity and the atmosphere (Schmale et al., 2019). The equation used for the estimation of equilibrium concentrations of N2 and Ar was presented by Hamme and Emerson (2004).

The N2/Ar background ratio (denoted as (N2/Ar)sat) was assumed to be identical to N2/Ar saturation at the in situ temperature and salinity. The fundamentals of this approach are outlined in Schmidt et al. (2008) and also applied by Löffler et al. (2011). According to Schmidt et al. (2008), deep-water concentrations of N2 may, under the influence of physical factors, deviate from the saturation state at the time of their last contact with the atmosphere by ± 3.8 μmol L−1, which corresponds to ± 0.6 %.

We assumed that excessive N2 is either produced in situ in the water column or can result from diffusion from sediments, in the latter case affecting mostly N2 concentrations in the overlying bottom water – layer D. Another factor that impacts N2 is the mixing of water masses. Different water masses having different N2/Ar ratios depending on the prevailing in situ denitrification and anammox rates.

Samples collected across all seasons (Figure 1) were utilized to examine the overall spatial variability of ΔN2. Additionally, we conducted statistical analysis, especially for the samples collected in September/October 2021 to exclude the impact of seasonality. Furthermore, the seasonal variability of ΔN2 was investigated for all sites collectively and separately for the Gulf of Gdańsk, to exclude the impact of spatial variability.

Seawater samples for nutrients were filtered (cellulose acetate filters with a pore size of 0.45 μm), collected into polyethylene bottles, and stored at -20 °C for further analysis. Nutrient concentrations were determined using a SEAL AA500 AutoAnalyzer (Seal Analytical) applying standard photometric methods (Grasshoff et al., 1983). Quality control consisted of repeated measurements of two different CRMs (QC3179, Sigma Aldrich, and HAMIL-20.2, Environment Canada). The recovery of NO2- + NO3−, NH4+, and PO43− measurements was 98.8 %, 98.8 %, and 99.0 %, respectively, while the precision (relative standard deviations/coefficient of variation) was ± 0.7 %, ± 0.6 % and ± 0.5 %, respectively. Method detection limits (LOD) were determined as 0.33 µmol L-1 for NO2- + NO3−, 0.27 µmol L-1 for NH4+, and 0.1 µmol L-1 for PO43-. To facilitate statistical analysis and to prevent artificial censure, values below the limit of detection (LOD) were substituted for half of the LOD. Half the LOD for PO43-, NH4+, NO2- + NO3+, was 0.05, 0.14 and 0.17 µmol L-1, respectively. The dependency of possible factors that influence the change in ΔN2 concentrations in layers C and D were examined and the results below the detection limit were not included (Supplementary Figure S1).

Statistical analyses were performed using STATISTICA software. To test for seasonal and spatial differences in ΔN2 Kruskal-Wallis test was used. For data visualization, MATLAB was used. All data presented in this article are available online at the IOPAN GEONETWORK database: https://doi.org/10.48457/iopan-2024-253 (Szymczycha et al., 2024).





3 Results and discussion

The measured values of salinity, temperature, and dissolved oxygen were consistent with the previously published studies in the Baltic Proper (Figure 2; Lehmann et al., 2022). In layers C and D, salinity ranged from 9.1 to 17.1 while temperature was in the range from 5.2 to 9.1 °C. The vertical profiles of O2 confirmed that oxygen depletion (hypoxic conditions) prevails and is even close to zero below the water depth of 100 – 120 m in layers C and D, depending on the year and season of sampling.

NO2- + NO3−, NH4+ and PO43- concentrations from the cruises in 2020 and 2021 are presented in Figures 3A–C. Overall, NO2- + NO3− concentrations ranged from 0.17 to 11.84 µmol L-1 and exhibited varied patterns with the increasing water depth. PO43- ranged from 0.05 to 6.27 µmol L-1 while NH4+ ranged from 0. 14 to 40.49 µmol L-1, both parameters increased with water depth. NO2- + NO3− concentrations in layers C and D ranged from 0.17 to 11.84 µmol L-1 with the highest concentrations observed in the Bornholm Deep during autumn. NH4+ concentrations in layers C and D ranged from 0.14 to 38.86 µmol L-1 with the highest concentrations measured in autumn in the Gotland Deep. PO43- -similarly to NH4+ showed the highest concentrations in layers C and D ranging from 0.05 to 6.27 µmol L-1.




Figure 3 | The vertical distribution of (A) nitrite + nitrate (NO2- + NO3-) concentrations, (B) ammonium (NH4+) concentrations, (C) phosphate (PO43-) concentrations, (D) calculated ΔN2 concentrations, (E) measured N2/Ar ratios and saturated N2/Ar  ratios. Yellow dots represent the surface water layer (A); blue dots indicate the halocline layer (B); red dots signify below halocline layer (C); black dots designate bottom water layer (up to 5 m above the seafloor) (D). The grey-shaded area represents N2/Ar ratios in equilibrium with air.



Results of (N2/Ar)mes and (N2/Ar)sat are presented in Figure 3E. The colored dots represent the measured N2/Ar ratios and the gray shaded area indicates the saturated N2/Ar ratios. (N2/Ar)mes and (N2/Ar)sat in all layers varied from 36.5 to 39.1 µmol L-1 and from 36.9 to 37.8 µmol L-1, respectively (Figure 3E). In layer A, (N2/Ar)mes and (N2/Ar)sat ranged from 36.5 to 37.8 µmol L-1 and from 36.9 to 37.9 µmol L-1, respectively. Starting from layer B, (N2/Ar)mes increased with depths while (N2/Ar)sat was relatively constant. In layers C and D, (N2/Ar)mes ranged from 37.2 to 39.1 µmol L-1 while (N2/Ar)sat varied from 37.1 to 37.4 µmol L-1.

ΔN2 close to zero indicates that the seawater is in equilibrium with the atmosphere, hence this reflects the absence of significant physical or biological processes. This was observed in layers A and B (surface and halocline layers) in ~ 21 % of the samples in the Baltic Proper (Figure 3D). Undersaturation of ΔN2 (i.e. negative ΔN2) indicates N2 depletion related to the occurrence of N2 fixation by cyanobacteria (Schmale et al., 2019) and was observed in layers A and B (in ~20 % of the total number of samples) as this layers are prone to cyanobacterial blooms. Schmale et al. (2019), who used N2/Ar measurements to examine a cyanobacterial bloom in the Baltic Proper in the summer of 2015, reported values similar to ours.

The oversaturation of N2 (i.e. positive ΔN2) can be attributed to two factors: 1) a physical process such as air-sea gas exchange of N2 (Hamme and Emerson, 2013 and Schmale et al., 2019) and 2) biological processes such as denitrification and anammox (Löffler et al., 2011). The first factor can affect ΔN2 distributions in the surface layers (up to the halocline) where wind-induced breaking waves cause the injection of air beneath the water, where high pressure causes its dissolution. In fact, 69 % of the samples collected in layers A and B had positive ΔN2 ranging from 1.5 to 20.0 µmol L-1 (Figure 3D).

The stratification of the Baltic Sea water acts as a barrier that hampers the mixing of water and the ventilation of the deep water layers (Liblik and Lips, 2019). But also, one cannot exclude the fact that the exchange of gases through the halocline is also a possible mechanism that drives the N2 to the surface water from layers C and D (below the halocline) (Figure 3D). However, it is still not well characterized. In layers C and D, due to the absence of direct influence of the air-sea gas exchange, excess N2 can be attributed to biological production. Therefore the calculated excess ΔN2 at different sites from the Baltic Sea water, N2 can be produced in situ due to denitrification and anammox in the water column; can diffuse from sediments (due to benthic denitrification and anammox); and can be affected by lateral transport of below halocline waters. In general, layers C and D were characterized by positive ΔN2 values that exhibited significant variability, ranging from 1.0 to 32.6 µmol L-¹ and 3.0 to 26.6 µmol L-¹, respectively, with average values of approximately 14.0 µmol L-¹. However, both layers showed high standard deviations. At individual stations, trends in ΔN2 within these layers varied. For instance, at the Gdańsk Deep (P1 station) during winter, average ΔN2 in layer C was 15.0 ± 9.0 µmol L-1, and a clear increasing trend with depth was observed. Conditions during winter may favor stagnation in the deeper layers, making differences in ΔN2 with depth more pronounced. Thus, during spring and autumn this trend observed at station P1 was less noticeable. In contrast, during spring at the Gotland Deep (BY15 station), an opposite trend was noted, with ΔN2 decreasing with depth in layer C. At some stations in the Gotland and Bornholm Deeps during autumn, ΔN2 increased within layer C up to a certain depth, then declined in layer D. The lowest variability was observed at BY11 (Gotland Deep) during autumn. Here, six depths were sampled in layer C (88–170 m) and one depth in layer D (195 m). The ΔN2 values averaged 18.95 µmol L-¹ with a remarkably low standard deviation of 0.51 µmol L-¹, suggesting more homogenous conditions. These observations highlight the dynamic and location-specific nature of ΔN2 in deeper layers of the Baltic Sea. The observed differences between stations (e.g., riverine influence at P1 station compared to open-sea stratification at BY15 station) and seasons likely arise from a combination of factors, including oxygen and substrates availability, water stratification, and localized microbial processes.

To identify possible factors influencing ΔN2 we examined the dependence of temperature, salinity, O2, and NO2- + NO3-, NH4+, and PO43- with ΔN2 in layers C and D (Supplementary Figure S1). Temperature influences the decomposition rate of organic matter by affecting microbial activity and regulating substrate availability for nitrogen cycling processes. We did not observe a significant correlation with temperature (p = 0.1185; R2 = 0.0192), most likely because the variability of temperature below the halocline is negligible (Lehmann et al., 2022). The observed correlation may result from coupled interrelated processes that are temperature-dependent, making it challenging to isolate the effect of temperature alone. We also did not observe any significant correlation (p = 0.8107; R2 = 0.0005) with salinity. The results of various reports suggest that salinity has no influence on denitrification rates (Nowicki, 1994; Fear et al., 2005) or may have a negative impact, as high salinity negatively influences microbial diversity and productivity (Seo et al., 2008; Belkin et al., 2015). With decreasing O2 a significant increase of ΔN2 was observed (p = 0.0000; R2 = 0.2840, Supplementary Figure S1). This is caused by the fact that denitrification requires very low O2 concentrations (below 6 µmol L-1) and extends to anoxic conditions. Some of our measurements showed that concentrations of O2 > 6 µmol L-1 were associated with positive ΔN2, suggesting diffusion of N2 from sediments and/or influence of different water masses. The intrusion of oxygenated water masses could dilute the denitrification signal. Nitrate is, next to O2 concentrations, the major factor controlling denitrification, and denitrification rates increase with NO3− concentration (Moseman-Valtierra et al., 2011; Pajares and Ramos, 2019; Li et al., 2021). Denitrification is a stepwise reduction of NO3− via NO2− to N2, while during anaerobic ammonium oxidation, the anammox bacteria oxidize NH4+ to N2 using NO2− as the electron acceptor. Hence, both N-removal pathways require different substrates. In our study, we observed a significant correlation between NO2- + NO3- and ΔN2 (p = 0.00003; R2 = 0.1879). The availability of variable NO2- + NO3- enhances the microbial activity thereby increasing the rate of N2 production in the layers below the halocline. The observed variability in NO2- + NO3- concentration across the layers and seasons with the enhanced ΔN2 suggests the differences in organic matter availability and microbial processes. We did not observe a significant correlation with NH4+ (p = 0.4660; R2 = 0.0064), suggesting that the net effect of processes other than anammox is stronger, (e.g. ammonification, dissimilatory nitrate reduction to ammonium). We noted a positive correlation between PO43- and ΔN2 (p = 0.0024; R2 = 0.1059) concentrations. The PO43- concentrations increased as O2 concentration decreased. This is presumably due to the O2 deficiency, which causes a reduction in the retention capacity of PO43- in anoxic sediments and therefore an enhanced release of PO43- into the water column under low O2/anoxic conditions (Meier et al., 2019). Moreover, the addition of phosphorus can increase the efficiency of denitrification as it induces the growth of bacteria and improves their ability to reduce bioavailable nitrogen (Kim et al., 2015; Fan et al., 2018). From the obtained results, we suggest that oxygen is the most dominant factor, followed by NO2- + NO3-, both of which influence ΔN2 in the Baltic Sea water column.

Significant spatial variability in ΔN2 concentrations was observed when analyzing all samples (from layers C and D) from all cruises (p = 0.0001), and when focusing exclusively on samples from the September/October 2021 cruise (p = 0.00008). The highest ΔN2 concentrations were recorded in the eastern Gotland Basin (Figure 4A) at stations BY9, BY10, BY11, BY15, and BY15a, as well as in the Bornholm Deep (e.g. IDEAL station). Dinitrogen excess values measured previously in Gotland Deep below 150 m ranged from 0 to 41 µmol L-¹ (Löffler et al., 2011) and were in line with the values calculated in our study. In contrast, lower ΔN2 concentrations were observed in the southern Baltic Sea sites (Figures 4A, B). Such spatial variation might be attributed to local environmental factors, including nitrate concentration, salinity, temperature, and the depth of oxygen penetration, all of which can influence ΔN2 concentrations. The Gotland Basin, the largest basin of the Baltic Sea, has no direct connections to neighboring basins below a depth of 150 m and is largely insulated from lateral disturbances (Löffler et al., 2011). This insulation can lead to the accumulation of N2 produced through nitrogen removal processes, resulting in relatively high ΔN2 values at sites such as station BY15 (maximum depth ~240 m) and station BY11 (maximum depth ~200 m). The oxygen concentrations in the deep-water layers below halocline (layers C and D) in Gotland Basin ranged from 0.7 to 7.7 µmol L-1, conditions which favor denitrification. Furthermore, the measured high concentrations of ammonium and relatively elevated nitrite levels (Figures 3A, B) in the Gotland Basin indicate the availability of substrates necessary for anammox, another important nitrogen removal process. The observed spatial variability in ΔN2 may be also the net accumulative effect of N2 production over time (from different seasons).




Figure 4 | Excess dinitrogen gas (∆N2) concentration measured in the halocline layer (C) and bottom water (D): in stations sampled: (A) between 2017 and 2021, (B) in autumn 2021, (C) between 2017 and 2021, and (D) in 2020 and 2021 at the Gdańsk Deep.



The significant differences in ΔN2 were also observed seasonally in all samples (from layers C and D) collected from 2017 to 2021 (p = 0.005, Figure 4C), and for samples collected only at P1 in 2020 and 2021 (p = 0.0155, Figure 4D), with the highest ΔN2 concentrations observed in winter. Similar results were reported by Schneider et al. (2010) who observed the highest denitrification rates in winter in the Gotland Basin. The Baltic Sea exhibits significant seasonal variability in nutrient distribution, with the highest concentrations observed in winter (e.g., Kuss et al., 2020; Savchuk, 2018). This pattern is primarily driven by higher temperatures and increased light availability during spring, summer, and autumn, which stimulate primary production and deplete nutrient levels. Since nitrate is a key substrate for denitrification, it is likely that the highest denitrification rates and consequently the highest concentrations of N2 occur during winter, when nutrient concentrations are at their peak. Bonaglia et al. (2017) also observed seasonal differences in denitrification rates (between June and August) most likely due to variations in organic matter export from the surface layer.

The N2/Ar ratio method is a simple and efficient method to measure the cumulative dinitrogen gas accumulation without the need for prior sample preparation for analysis. This method is well-suited for stratified systems like the Baltic Sea. However, it provides a cumulative assessment of nitrogen loss processes, rather than direct rate measurements of specific microbial processes, such as dissimilatory nitrate reduction. Despite these limitations, the N2/Ar method remains a valuable tool for investigating spatial and seasonal changes in bioavailable nitrogen loss in the Baltic Sea. Thanks to this method, we were able to demonstrate for the first time the seasonal variability of dissolved dinitrogen gas excess on such a large scale in the Baltic Proper, providing new insights into the dynamics of nitrogen cycling in this region. Most studies related to the estimation of marine inorganic nitrogen loss are limited to subareas of the Baltic Sea and do not contain spatial and seasonal observations. Our measurements indicate that the cumulative effect of denitrification and anammox on the water column is not uniform across the Baltic Proper, exhibiting significant spatial and seasonal variabilities. Therefore, we recognize the need for spatial and seasonal investigations that focus on denitrification and anammox rates in the water column, utilizing a consistent methodological approach.




4 Conclusions, uncertainties and future challenges

We investigated the cumulative effect of bioavailable N loss via denitrification and anammox accumulated in the water column of the Baltic Sea using the N2/Ar method. While the rates of denitrification and anammox were not directly measured, the N2/Ar ratio was used as a tracer to estimate the nitrogen loss through these processes. Thus, the calculated excess of dinitrogen gas reflects the cumulative effect of both nitrogen removal processes. It is important to emphasize that denitrification and anammox have already been extensively studied in the Baltic Sea. However, the use of several different methods hampers the comparison of obtained process rates and limits the overall understanding of the N cycle. Applying the same measurement method for estimating excess dinitrogen gas allowed, for the first time, to provide comparable data on the spatial and seasonal distribution of accumulated effects of these processes in the Baltic Sea ecosystem. This study shows that this accumulated signal expressed as ΔN2 (excess N2) is large and varies significantly spatially and seasonally. Hence, extrapolating the results from one station to larger areas or time intervals will be associated with considerable uncertainties. Nevertheless, the identified distribution of ΔN2 constitutes already a unique dataset to be used for validating biogeochemical models aiming at resolving the nitrogen cycle in the Baltic Sea on a large scale.

While nutrient availability plays a crucial role in regulating denitrification and anammox rates, and consequently, the production of excessive N2, the lack of comprehensive nutrient measurements (due to their initiation only in September 2020 in this study) prevented us from providing a detailed analysis of the relationship between ΔN2 and nutrient concentrations. This limitation was further compounded by inconsistent data collection across the various study sites, leading us to exclude this aspect of the analysis to avoid potential misinterpretation of the results.

In conclusions, the obtained results highlight the need for further research to attribute the observed effects to individual processes (denitrification and anammox) and to quantify their rates which could be complemented by direct measurements of denitrification and anammox in the water column. Moreover, denitrification is expected to influence climate change by affecting the oceanic nitrogen inventory, emissions of N2O, and ultimately alteration of oceanic CO2 sequestration (Falkowski, 1997; Altabet, 2007). Therefore, it is crucial to understand how ongoing environmental and climate changes will influence oceanic nitrogen and carbon inventories on a wide range of temporal and spatial scales.
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