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The Baltic Sea is known as the world’s largest marine system suffering from accelerating, man-made hypoxia. Notably, despite the nutrient load reduction policy adopted in the 1980s, the oxygen conditions of the Baltic Sea’s deep waters are still worsening. This study disentangles oxygen and hydrogen sulfide sources and sinks using the results from the 3-dimensional coupled MOM-ERGOM numerical model and investigates ventilation of the deep central Baltic Sea by the 29 biggest oxygen inflows from 1948 to 2018 utilizing the element tagging technic. Everywhere across the central Baltic Sea, except in the Bornholm Basin, a shift in oxygen consumption from sediments to water column and a significant positive trend in hydrogen sulfide content were observed. The most notable changes happened in the northern and western Gotland basins. Mineralization of organic matter, both in the water column and sediments, was identified as the primary driver of the observed changes. A significant negative trend in the lifetime of inflowing oxygen was found everywhere in the central Baltic Sea. It leads to the reduced efficiency of natural ventilation of the central Baltic Sea via the saltwater inflows, especially in the northern and western Gotland basins.
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1 Introduction

The phenomenon of hypoxia, usually defined as dissolved oxygen concentrations in seawater less than 2 ml/l (Conley et al., 2002) or 2 mg/l (Roman et al., 2019), has been capturing the attention of the marine researchers’ community for decades. Hypoxic conditions can provoke substantial changes to marine ecosystems altering the trophic webs and disrupting the fluxes of material and energy through the trophic levels (Ekau et al., 2010; Breitburg et al., 2018; Limburg and Casini, 2018). Life in permanent hypoxic zones or even more extreme anoxic zones (total absence of oxygen), so-called dead zones, is usually limited to anaerobic chemotrophic bacteria (Vaquer-Sunyer and Duarte, 2008; Hale et al., 2016). Thus, hypoxic conditions in the sea harm marine communities and, eventually, the human economy by changing the fish standing stocks (Pollock et al., 2007; Huang et al., 2010). Many marine systems are affected by hypoxia in the modern world. These include the Chesapeake Bay, the Northern Gulf of Mexico, and the Gulf of St. Lawrence in North America, the Black Sea, the Baltic Sea, and the East China Sea in Eurasia (Rabalais et al., 2007; Diaz and Rosenberg, 2008; Su et al., 2017; Breitburg et al., 2018; Fennel and Testa, 2019). Although local physical and biochemical conditions might vary depending on the specific marine system, one factor that might affect all of them is climate change. Meier et al. (2011) suggest a few critical mechanisms by which global warming affects hypoxia. Firstly, the solubility of gases decreases with increasing temperature. Whitney (2022) showed that this effect is accountable for significant negative trends in oxygen uptake capacity, especially in temperate latitudes in the Northern Hemisphere, where many marine systems prone to hypoxia are located. Belkin (2009) found accelerated warming of European and East Asian seas during 1982-2006. The second important mechanism, described by Meier et al. (2011); Yindong et al. (2021) (investigated freshwater lake case), Sanz-Lázaro et al. (2015), and Voss et al. (2013), is related to the processes happening within ecosystems, namely accelerated rates of internal nutrient cycling, which can stimulate mineralization and respiration of marine organisms. Those mechanisms reinforce hypoxia development under future climate projections. To detect and quantify these anticipated changes in the future, the current state of a hypoxic environment and its recent trends need to be assessed on a regional scale. In this paper, the oxygen dynamics and budgets of the Baltic Sea are studied in detail.

The Baltic Sea is a semi-enclosed sea located in Northern Europe (Figure 1). This aquatic system is widely known to suffer from severe hypoxic and anoxic conditions (Conley et al., 2009; Carstensen et al., 2014). It experiences the largest anthropogenically induced hypoxic area among all estuaries worldwide (Fennel and Testa, 2019). The Baltic Sea is connected with the North Sea via the shallow and narrow Danish straits, which limit the water exchange significantly and consequently increase the residence time (Leppäranta and Myrberg, 2009). This and an estuarian-like circulation, characterized by the permanent halocline, make the sea naturally prone to hypoxia. However, Hansson and Viktorsson (2020); Almroth-Rosell et al. (2021); Kõuts et al. (2021), and Krapf et al. (2022) found a significant increase in hypoxic area in the 20th century. Those changes are attributed to the elevated anthropogenic nutrient loads peaking in the second half of the 20th century (Savchuk, 2018; Capell et al., 2021). Since the peak of the nutrient loads to the Baltic Sea in the 1980s, the Baltic Sea countries have been reducing their nutrient emissions. In 2007, the Baltic Sea Action Plan (BSAP) was implemented by HELCOM (Baltic Marine Environment Protection Commission or Helsinki Commission) and adopted by Baltic Sea states to mitigate the Baltic Sea eutrophication. It was updated in 2021 (Jetoo, 2019; HELCOM, 2021). But despite the implemented nutrient reductions, it is still unknown yet how the marine system will respond (Neumann et al., 2002; Funkey et al., 2014; Meier et al., 2018a; Meier et al., 2019).




Figure 1 | Model domain and boxes at 70 meters depth (boxes’ upper boundary). The transect used for inflow detection is shown in the lower right panel. The locations of the study area and the area from the lower right panel are shown on the upper right panel (red and blue boxes, respectively).



A natural ventilation mechanism for the central part of the Baltic Sea is provided by sporadic inflows of saline water through the Danish straits, so-called Major Baltic Inflow events (MBIs) (Matthäus and Franck, 1992; Matthäus et al., 2008; Hansson and Andersson, 2015; Lehmann et al., 2022). They occur under specific meteorological conditions and transport saline, oxygen-rich water from the North Sea into the Baltic Sea (Lehmann and Post, 2015; Mohrholz, 2018). Due to the high density, North Sea water flows along the bottom slope and fills the deep Baltic Sea basins (Bornholm Basin, Eastern, Northern, and Western Gotland basins) (see Figure 1), where the oxygen content is usually low. Neumann et al. (2017) compared two inflow events in 2003 and 2014, the latter being one of the strongest MBIs in the history of the observations. They concluded that the less intense 2003 event supplied more oxygen to the central Baltic Sea than the stronger 2014 event due to the longer overall duration of the consecutive inflow events which made out the 2003 event. However, this paper did not consider the possibly different biochemical responses to those two inflows. Another source of uncertainty is related to the biochemical response to the inflow’s oxygen-rich water. The study by Meier et al. (2018b) showed that oxygen consumption in the water column and the sediments has increased during recent decades, which can exceed the oxygen supply and even contribute to elevated hypoxia and anoxia.

Another mechanism controlling hypoxic area development in the Baltic Sea is the halocline depth and strength. This mechanism, which affects hypoxia via modulation of the vertical oxygen supply across the pycnocline, is controlled by small and mesoscale processes (Elken et al., 2006; Kuzmina et al., 2008; Conley et al., 2009; Väli et al., 2013). Increasing halocline strength (the salt gradient between upper and lower layers) limits the vertical exchange with the upper layer, which alleviates hypoxia. Strengthening of the halocline is known to accompany the Major Baltic Inflows (MBIs), potentially limiting their aeration effectiveness (Conley et al., 2002).

This study aims to address the oxygenation mechanisms of the central Baltic Sea by MBIs and its uncertainties with the help of a numerical model. This is done by investigating the 29 most significant oxygen inflows from 1948 to 2018 and their influence on oxygen and hydrogen sulfide sources and sinks in the deep water and sediments. Another goal is to disentangle oxygen and hydrogen sulfide sources and sinks in the central Baltic Sea to sort them for their contribution to the total oxygen variability on the interannual timescale, and to study their long-term trends.




2 Materials and methods



2.1 Model description

This study utilized a coupled hydrodynamical/biogeochemical 3-dimensional regional ocean model. A regional three nautical miles Baltic Sea setup of the Modular Ocean Model (MOM) (Pacanowski and Griffies, 2000; Griffies, 2004) served as a hydrodynamical model. This model uses a finite-difference method to solve the full set of primitive equations to calculate the motion of the water and the transport of heat and salt. K-profile parameterization (KPP, Large et al., 1994) was used as a turbulence closure scheme. The western open boundary was placed in the Skagerrak, enabling exchange with the North Sea. Model depths in the Baltic Sea setup, used in this study, were limited to 264 meters due to computational reasons related to the vertical grid representation. Hence, the Landsort Deep region was artificially shallowed. Potential uncertainties this approach entails are discussed in the Section 4. Biogeochemical cycles were simulated by the ERGOM model (Radtke et al., 2019; Neumann et al., 2021; Neumann et al., 2022). This model simulates the dynamics of the main nutrient elements, namely carbon (C), nitrogen (N), and phosphorus (P). Nitrogen and phosphorus are characterized by their organic and inorganic forms. ERGOM separates the phytoplankton community into three separate groups: large phytoplankton (lpp), small phytoplankton (spp), and cyanobacteria (cya). The zooplankton state variable (zoo) implements the grazing pressure on phytoplankton. There is a separate state variable representing detritus. Carbon is contained in these state variables in the fixed Redfield ratio and is additionally represented as particulate and dissolved organic carbon (DOC and POC), where the C:N:P ratio might be non-Redfield (Neumann et al., 2022), and dissolved inorganic carbon (DIC). ERGOM includes the closed O2 and H2S cycles, which can be briefly described as follows: oxygen is produced via the photosynthesis carried out by the phytoplankton and utilized in mineralization of organic matter and nitrification both in the sediments and in the water column. Hydrogen sulfide is represented as a separate state variable. It is produced under anoxic conditions via sulfate reduction and can be oxidized to sulfur, and subsequently to sulfate, either by oxygen or nitrates. The detailed description of all model equations can be found in Neumann et al. (2022). The model was forced by CoastDat2 meteorological forcing (Geyer, 2014) and time-dependent river runoff. The model setup used in this study has already been applied to the Baltic Sea and demonstrated a good performance in the study area (e.g. Neumann et al., 2017). The study’s time frame spanned the period from 1948 to 2018 (71 years). Two series of model results were produced. The first one was averaged monthly and the second one – daily. Monthly mean data were used in the budget analysis (Section 3.2) and daily mean – in the inflows’ ventilation analysis (Section 3.3).




2.2 Budget approach

Both physical and biochemical processes contribute to O2 budget in a particular volume in the sea. Physical terms of the oxygen budget include lateral and vertical advection and diffusion of oxygen into and out of the volume. Biochemical terms include mineralization of organic matter, photosynthesis, respiration of marine organisms, oxidation of reduced material (elemental sulfur, hydrogen sulfide, and ammonium), and denitrification. If the oxygen budget is positive, oxygen concentration increases within the considered volume, e.g., a selected box of a sub-domain, and vice versa. The same reasoning is applicable to H2S.

To perform the budget analysis, the central Baltic Sea was split into four boxes (see Figure 1). In the vertical, each box spans from 70 meters depth to the bottom. These boxes represent four different basins, namely the Bornholm Basin (BB) – the shallowest among all selected sub-basins with only the upper boundary active; the eastern Gotland Basin (eGB), which has two lateral boundaries: the Slupsk Furrow in the West, and the northern Gotland Basin in the North; and correspondingly the northern (nGB) and western (wGB) Gotland basins with two and one lateral boundaries, respectively. The fifth box, for which the analysis was conducted, represents the whole central Baltic Sea (the total area depicted in Figure 1) comprising all four boxes and the small Slupsk Furrow, westerly adjacent to the eGB. Mass conservation was checked for all boxes, both for oxygen and hydrogen sulfide. The errors are a few orders of magnitude less than all budget terms (see Supplementary Figures 1 and 2), which suggests that the coupled MOM-ERGOM model obeys the mass conservation law and can be utilized for this type of analysis.




2.3 Validation against the observations

The model setup was thoroughly validated against the observational and reanalysis datasets. Observational data are combined data sampled from the ICES (International Council of the Exploration of the Sea) web archive (ICES, 2023) and the IOW (Leibniz Institute for Baltic Sea Research Warnemuende) observational database (IOW, 2023). As another, continuous dataset for validation, the Copernicus regional Baltic Sea reanalysis (BALTICSEA_REANALYSIS_BIO_003_012) was chosen (Copernicus, 2023a). This product is based on the coupled NEMO/SCOBI model system (Almroth-Rosell et al., 2014; Hordoir et al., 2019) and includes data assimilation of oxygen concentration and nutrients observations (O2, P, N). It has two nautical miles horizontal resolution and 56 depth levels. Temperature and salinity fields were taken from the Copernicus regional physical reanalysis for the Baltic Sea (BALTICSEA_REANALYSIS_PHY_003_011) (Copernicus, 2023b). This reanalysis product is identical to the biological reanalysis. For simplification, later in the text and the figures, all fields from those products will be presented under the “Copernicus” label.

The evaluation was performed for several model variables (temperature, salinity, PO43-, NO3-, NH4+, O2 (dissolved oxygen), and H2S (dissolved hydrogen sulfide). Hypoxic area and volume, as the key indicators of redox conditions, were also validated against the Copernicus data. Only the climatological (1993-2018) oxygen profiles are shown in the paper (Figure 2). More validation results are presented in Supplementary Figures 5-17.




Figure 2 | Climatological mean oxygen profiles (averaged from 1948 to 2018) for all sub-basins studied [Bornholm Basin (A), eastern Gotland Basin (B), northern Gotland Basin (C), and western Gotland Basin (D)]. Colored translucent and black hatched areas for model data and observations, respectively, show the variability (+- 2 s.d.).






2.4 Statistical methods used for sources and sinks processing

For the model data postprocessing, a few statistical methods were utilized. A simple linear regression model was applied to calculate the trends. Trend significance was checked by testing the statistical hypothesis about the equality of the trend slope coefficient to zero with α=0.05 employing the Wald test (Wald, 1943; Murtagh and Legendre, 2014). The linear regression framework has been adopted to rank the processes by the explained proportion of oxygen variance. Starting from a simple linear regression to the process that explains most of the variance, we then use a series of multilinear regressions, every time adding a single next process that increases the explained variance most. Relative contributions were calculated by comparing the two determination coefficients (R2) of neighboring fits.

A hierarchical agglomerative cluster analysis technique (Ward’s method) was chosen to classify the identified oxygen and saltwater inflows according to the import of oxygen/salt into the Baltic Sea (Ward, 1963). A distance matrix was computed using the Euclidean distance measure (Dokmanic et al., 2015) to get a classification based on the differences in the mean value. The cluster analysis aims to maximize the variance between the different clusters and minimize the variance within a single cluster. In agglomerative algorithms, all data points are attributed to the distinctive clusters at the first iteration, so the number of clusters equals the number of data points. In the next step, the closest clusters are merged, forming a bigger cluster. In the end, there is only one cluster encompassing all data points. The algorithm produces a diagram, so-called dendrogram, showing at which distance the specific clusters were merged. Dendrograms for total oxygen and salt transported into the Baltic Sea by inflows are shown in Supplementary Figures 18 and 19.




2.5 Inflows detection algorithm

Daily model total oxygen/salt transport across the vertical transect in the Arkona Basin (Arkona transect) (see Figure 1) was analyzed to detect the inflow events. The resulting time series was preprocessed with a 5-day running mean to remove the high-frequency variability. In the filtered time series, consecutive positive transport values for more than 5 days were considered to be an inflow event (Mohrholz, 2018). Supplementary Figure 20 shows the identified inflows for the year 1948. The statistics for oxygen and salinity inflows were collected from 1948 to 2018. They include the inflow’s start date, end date, duration, and the total amount of salt/oxygen transported during the event. Tables containing the 10 largest inflow events for oxygen and salt can be found in Supplementary Tables 3, 4. The hierarchical clusterization algorithm (described in the previous subsection) was applied to the total transport per inflow time series to classify the inflows by their strength. The oxygen transport time-series was split into four classes, while the salt transport time series was divided into two classes only (see Supplementary Figures 18, 19). Figure 3 demonstrates the main properties of identified O2 inflows clustered into four distinct clusters. The number of inflows per class varies significantly. There are 29 strong inflows, 147 moderate, 313 small, and 306 very small. Moderate and small inflows usually carry the most oxygen in years without strong inflows. In a year with strong inflows, these can constitute up to around 50% of the total oxygen transport by the inflows. Strong oxygen inflows are distributed unevenly on the time axis. There are periods with enhanced transport (the 1950s, 1972-1976, 1993-1994, and the 2010s) and periods with no transport (the 1960s, 1977-1992, 1999-2005). Overall, no trend was found, neither in the oxygen transport by the inflows, nor in the salt transport (for the salt inflows, see Supplementary Figure 21). Later we will only focus on the 29 strong oxygen inflow events. Although they might not constitute the largest oxygen source in a particular year, they all are accompanied by large salt inflows (according to the provided classification). This choice is essential because only inflows that reach the remote central Baltic Sea basins (eGB, nGB, and possibly wGB) shall be studied. To analyze all 29 strong inflows separately, the tagging method was applied following Ménesguen et al. (2006). That method allows having a separate tracer variable for oxygen brought to the Baltic Sea by a specific inflow event. The results are discussed in Section 3.3.




Figure 3 | Total oxygen transport through the Arkona transect per year by each inflow class (A). Distribution of total oxygen transport per inflow sorted in descending order (B). Colors indicate inflow classes. The following classes were defined: strong inflows (carry more than 1.8 Mt O2), moderate inflows (carry from 1.8 Mt O2 to 1 Mt O2), small inflows (carry from 1 Mt O2 to 0.5 Mt O2), and very small inflows (carry less than 0.5 Mt O2). Mt stands for 109 kg.







3 Results



3.1 Validation summary

Validation showed that the coupled MOM/ERGOM model was able to reproduce the mean state and temporal variability of all investigated variables within each selected sub-basin (BB, eGB, nGB, and wGB). In Figure 2, model oxygen profiles are predominantly located within two standard deviations from Copernicus and observations. Validation also highlights some sources of uncertainty in the model estimates. Model overestimates hypoxic conditions in the whole Gotland Basin (especially in the wGB and nGB). At the same time, it underestimates hypoxia in the Bornholm Basin (see Supplementary Figure 5). This pattern can be seen in Figure 2 as well. Starting at 50 meters depth, the model oxygen profile in the BB positively deviates from both Copernicus reanalysis and observations. It also shows a weaker oxycline. Both in the wGB and nGB, model oxygen profiles demonstrate a stronger oxycline and an absence of variability below a certain depth (see Supplementary Figures 12, 14). The mechanisms that likely cause these oxygen misrepresentations are deviations in the halocline depth and strength in the MOM model (Supplementary Figure 17). Since there are no other significant deviations caused by ERGOM, the model results can be trusted, but the uncertainties should be considered.




3.2 Processes governing O2 and H2S dynamics in the central Baltic Sea

Understanding oxygen and hydrogen sulfide dynamics requires knowledge of the main processes governing their variability. In this Section, all processes contributing to the O2 and H2S budgets were analyzed in terms of average values and their temporal variability for each sub-basin.



3.2.1 The biggest O2 and H2S sources and sinks

First, we analyzed the time-averaged contributions to the oxygen and hydrogen sulfide budgets for each sub-basin. The processes were grouped into physical fluxes, water column processes, and sedimentary processes (see Supplementary Tables 1, 2).

For the oxygen budget, vertical advection dominates in the physical processes group in the BB, eGB, and wGB. In the nGB, lateral advection across the southern boundary brings the most oxygen into the domain. The other advection terms comparably contribute to oxygen supply to the eGB and wGB. However, this is less true for the nGB sub-basin, where both vertical and western advection terms are at least one order of magnitude less than the advective transport from the south. This pattern in oxygen advection indicates the importance of oxygen inflows for deep sea ventilation and separates sub-basins in terms of oxygen supply. BB and eGB are relatively close to the Danish straits and therefore receive more oxygen via the inflows. Conversely, wGB is a remote sub-basin with limited oxygen supply. Among the water column processes, nitrification was found to be the largest oxygen sink in all sub-basins except wGB, where oxidation of elemental sulfur turned out to be the biggest sink of oxygen. However, in the wGB, oxygen consumption by water column nitrification cannot be neglected. Elemental sulfur oxidation is one of the largest water column oxygen consumption terms in the eGB and nGB. Oxygen supply by photosynthesis and consumption by living organisms’ respiration is negligible in the whole study area. Oxygen consumption in the sediments is dominated by detritus mineralization, which is the biggest oxygen sink everywhere except wGB, where oxidation of elemental sulfur in the water column exceeds it. The contributions change over time, though. The biggest oxygen sink in the wGB changes from nitrification to sulfur mineralization. This, together with a decreased oxygen consumption in the sediments, could indicate a deterioration of oxygen conditions, where redoxcline movement to shallower depths facilitates the accumulation of reduced material in the sediments.

Sources and sinks of hydrogen sulfide differ from those of oxygen, their hierarchy is also different. Advection of hydrogen sulfide across the upper boundary out of the basin dominates among the advective and diffusive fluxes in the remote sub-basins (the nGB and wGB). In the eGB, the biggest advection term is the transport across the northern boundary, which brings H2S out of the domain towards the more remote basins, activating a positive feedback mechanism further worsening the oxygen conditions there. The water column serves mainly as a sink of hydrogen sulfide. Both H2S sink terms (oxidation by O2 and NO3-) contribute significantly to the hydrogen sulfide removal, having the same order of magnitude. Oxidation by O2 dominates in the BB and wGB, and oxidation by NO3-, - in the eGB and nGB. The biggest H2S production term in the water column is the mineralization of detritus. In the sediments, mineralization of detritus is also the biggest source of H2S across all sub-basins. Numbers are presented in Supplementary Tables 5-10.




3.2.2 Contribution of the different processes to the O2 and H2S variability

To study the dynamic aspect of O2 and H2S sources and sinks in the sub-basins, regression analysis (for the method description, see Section 2) was performed for both aggregated process categories (Figure 4) and individual processes (Supplementary Figures 22, 23). There are significant differences in oxygen and hydrogen sulfide dynamics. More than half of the oxygen’s variance is explained by physical processes. In contrast, hydrogen sulfide dynamics is governed by the water column processes, which explain 45% to 87% of its variability. The remaining groups do not have the same contributions from sub-basin to sub-basin. For oxygen, there is a slight increase in the explained variance by the water column processes in the remote sub-basins. At the same time, 17% of the variability in the wGB is explained by sedimentary consumption, which is the second largest fraction after 22% in BB. Analysis of the more specific processes’ contribution to the oxygen and hydrogen sulfide dynamics reinforces the conclusions about advection-driven oxygen dynamics. In all sub-basins, advective terms explain the largest fraction of variability. Coupled nitrification-denitrification processes in oxic sediments significantly contribute to the oxygen variability in the BB and eGB. However, in the nGB and wGB, those processes are not included in the list of significant processes, giving their place to nitrification in the water column. In the nGB, the only considerable process related to the oxygen consumption in the sediments is mineralization of the particulate organic matter (POM) (including both detritus mineralization and mineralization of non-Redfield particulate organic carbon (POC)). In the wGB, no critical processes related to sedimentary consumption are detected.




Figure 4 | Fraction of interannual O2 (left panel) and H2S (right panel) variability (in %) explained by the certain group of processes, namely physical fluxes, which includes advection, diffusion, and other physical processes, water column, which includes all processes from O2 or H2S budgets situated in the water column, and sediments, which includes all processes situated in the sediments. The numbers are presented inside the pie-charts. Different sub-basins are marked by areas with different colors. The lower right pie-charts represents the whole central Baltic Sea. See Supplementary Tables 1 and 2 for more information about processes in each category.



Analysis of terms contributing to hydrogen sulfide dynamics featured some notable patterns. Oxidation, either by O2 or NO3-, explains the significant fraction of H2S variability everywhere in the central Baltic Sea. Among the sedimentary processes, the mineralization of detritus is the universal significant term in all sub-basins. This clearly distinguishes water column and sediments, making former the sink of H2S and latter - the source. Both lateral and vertical advection terms play an important role in the hydrogen sulfide dynamics only in the two remote basins. This again stresses their vulnerable position as H2S producers and, in addition, sinks of hydrogen sulfide from the neighboring basins.




3.2.3 Temporal variability of O2 and H2S sources and sinks

A linear trend analysis has been conducted to detect shifts in oxygen and hydrogen sulfide budget terms (Figures 5, 6). No significant change in oxygen supply by the physical fluxes was found anywhere except in the BB (Figure 5A). That trend might be attributed to internal changes within the basin, e.g., stratification or unidentified small inflows. Trends in the oxygen consumption in the water column and sediments are not identical from region to region. In the BB, both water column and sedimentary consumption exhibit a significant negative trend (i.e., an increase in their magnitude, since consumption is counted negative). Other sub-basins show the common pattern of temporal variability in the water column and sedimentary oxygen consumption. It is a significant negative trend in water column consumption [found in the eGB (Figure 5B) and nGB (Figure 5C)], and a significant positive trend in the sedimentary consumption [found in the nGB and wGB (Figure 5D)], which represents a shift in oxygen consumption from sediments to the water column. The most pronounced example of that pattern is the nGB, where initially consumption in the sediments dominated over consumption in the water column but, starting from the 1980s, the latter exceeds the former, highlighting the shift of oxygen consumption from the sediments to the water column. No significant trend in the water column consumption was observed in the wGB, but there is a significant, positive trend in the sedimentary consumption. This could indicate that the worsening of oxygen conditions across the remote basins in the central Baltic Sea is started in the 1970s and is still happening. It is especially visible in the wGB, where the absence of a negative trend in the water column consumption indicates elevated import of reduced material, including H2S.




Figure 5 | Linear trends of groups of processes governing oxygen dynamics in the sub-basins, namely the Bornholm Basin (A), the eastern Gotland Basin (B), the northern Gotland Basin (C), the western Gotland Basin (D), and the whole central Baltic Sea (E). The groups of processes are identical to those in Figure 4. Trend lines are only shown if they are significant (p<0.05). Mt/a stands for 109 kg per year. See Supplementary Table 1 for more information about processes in each category.






Figure 6 | As Figure 5 but for hydrogen sulfide. The order of subplots is the same as in Figure 5: (A) - the Bornholm Basin, (B) - the eastern Gotland Basin, (C) - the northern Gotland Basin, (D) - the western Gotland Basin, and (E) - the whole central Baltic Sea. Kt/a stands for 106 kg per year. See Supplementary Table 2 for more information about processes in each category.



Trends of the H2S production/consumption exhibit some spatial variability. In the BB diagram (Figure 6A), the curve, indicating H2S consumption in the water column, is mirrored by the H2S sedimentary production curve without any significant linear trend. This pattern reflects the fact that there is no long-term accumulation of hydrogen sulfide happening in the BB. All H2S produced here is oxidized within a short time. H2S terms across the different regions of the Gotland Basin exhibit the significant linear trends in water column consumption and sedimentary production with the opposite signs. No significant trend in physical fluxes was found in the eGB (Figure 6B), whereas in both nGB (Figure 6C) and wGB (Figure 6D), a significant negative trend in physical processes was observed, meaning the export of H2S out of the sub-basin. The magnitude of the trend in physical fluxes follows the difference between magnitudes of the water column H2S consumption and sedimentary H2S production trends. See Supplementary Tables 11, 12 for information about the trends of individual processes.





3.3 Ventilation by inflows

As shown in the previous section, advection governs the oxygen dynamics in the deep basins of the central Baltic Sea. The sole mechanism of oxygen advection into the deep waters is the Baltic Sea inflows, transporting oxygen and salt from the North Sea through the shallow and narrow Danish straits. In this section, the dynamics of oxygen inflows have been rigorously assessed. Despite the constant exchange between the Baltic Sea and the North Sea via small and medium-sized inflows, the biggest inflows are of primary importance for the ventilation of the deepest parts of the central Baltic Sea. We utilized the approach proposed by Ménesguen et al. (2006) to tag the oxygen that enters the Baltic Sea with the 29 biggest inflows that happened from 1948 to 2018 and were identified in advance (see Figure 3 and Section 2.5 for more details). The tagging was activated in total 29 times (each time when inflow water arrives at the Arkona transect depicted in Figure 1). We tagged all dissolved oxygen below 70 meters depth west of the Arkona transect. The tagging was stopped at the end of the inflow event (this means no new tagged oxygen is generated, however, the old one remains). This approach allowed us to track oxygen brought to the Baltic Sea by a specific inflow event. The tagged oxygen is modeled as an additional active biogeochemical tracer, which participates in its own set of reactions and undergoes separate advection and mixing. In total, 29 additional tracers were added to the model, each one representing a certain inflow event. The described tagging approach was also employed in Neumann (2007); Radtke et al. (2012), and Neumann et al. (2017).



3.3.1 Temporal trends in inflows’ ventilation

To study the temporal patterns of the ventilation by saltwater inflows, analysis of the regional inflowed oxygen content and inflows’ lifetime was conducted. (Figure 7A) revealed no presence of a significant trend in the inflows’ strength, this statement is supported by Figure 3. At the same time, a clear negative trend is visible in the inflows’ lifetimes across all sub-basins (Figure 7, right panels). All linear trends explain more than 30% of the variability, with the lowest numbers in the BB and the highest in the wGB. This sub-basin also demonstrates the steepest trend across all four sub-basins. The inflow-derived oxygen content in the wGB (Figure 8H), which is generally very limited in the wGB, also shows a rapid decline. The inflows after 1965-66 brought almost no oxygen. Even the largest inflows, which happened in 1993-94 and 2014-15, brought nearly no oxygen to the wGB. The nGB exhibits, in general, the same behavior as the wGB. The largest inflows, which took place in the 1990s and the 2000s, brought less oxygen to the sub-basin than inflows from the 1960s. This might be attributed to the elevated oxygen consumption in the nGB and in other sub-basins. In the BB and eGB, no significant decrease in the inflow-derived oxygen content was found. In the BB, the large fraction of oxygen is usually originating from the inflows. In the eGB, this number drops two times. The most considerable amount of oxygen was brought to the BB and eGB during the 1993-94 inflows. Considering the results presented in Figure 7, it can be concluded that currently all four sub-basins are less well oxygenated by saltwater inflows than 70 years ago. This is especially visible in the remote nGB and wGB, where the total content of inflowing O2 dramatically dropped compared to the first half of the 20th century. Assuming no significant trend in the inflows’ strength (amount of O2 transported across the Arkona transect), the only reason for those changes is accelerated oxygen consumption provoked by the overall deoxygenation of the central Baltic Sea.




Figure 7 | Ranking of inflows based on the total amount of oxygen transported across the Arkona transect during the inflow event panel (A). Number 29 stands for the inflow that transported the most oxygen, and number 1 for one that transported the least oxygen. The total yearly content of oxygen transported by saltwater inflows to different sub-basins is depicted in panels (B, D, F, H). Different inflows are shown as different colors in the histogram. Bar heights represent the inflow’s O2 content in a certain sub-basin. The color bar shows the colors of inflows in chronological order (the earliest inflow is pink, the next one is brown, etc.). Panels (C, E, G, I) show the lifetime of inflow oxygen for each sub-basin (dots). Lifetime is defined as the time when inflow oxygen reaches a certain fraction of its maximal value. Three fractions are shown: 5% of inflow O2 is consumed (95% remaining) - green dots, 50% of inflow O2 is consumed (50% remaining) - orange dots, 95% of inflow O2 is consumed (5% remaining) - blue dots. Linear trends, demonstrating the decay of inflowing O2 lifetime, are shown for each scatter plot. Determination coefficients (R2) for each linear trend are presented in the upper-left part of the panels. Their colors indicate the trends they belong to. Panels (B, C) stand for Bornholm Basin, (D, E) – for eastern Gotland Basin, (F, G) – for the northern Gotland Basin, H and I – for the western Gotland Basin. Mt corresponds to 109 kg.






Figure 8 | Temporally integrated oxygen consumption (negative values) panels (A, C, E, G) and hydrogen sulfide consumption (negative values) and production (positive values) panels (B, D, F, H) by a specific term during saltwater inflows for each sub-basin (spatially integrated within the sub-basin). Integration was carried out for the total daily consumption or production by a certain budget term. For each sub-basin integration started when a certain inflow reached that sub-basin and stopped when either all O2 transported by the inflow is consumed or the water of the new inflow reached the sub-basin. Processes should be read according to the following rule: the first part of the name shows the domain (w – water column and s -sediments), second and third parts – the type of process. For example, S_min_det should be read as detritus mineralization in the sediments. Respiration by phytoplankton and zooplankton as well as photosynthesis were excluded from the analysis due to their pronounced seasonality and their unimportance for the oxygen budget (see Section 3.1). X-axis shows the years when the inflows begin and therefore is not equally spaced but sticks to the chronological order. Black lines denote stagnation periods. Panels (A, B) stand for the Bornholm Basin, (C, D) – for the eastern Gotland Basin, (E, F) – for the northern Gotland Basin, (G, H) – for the western Gotland Basin. Mt corresponds to 109 kg. Kt corresponds to 106 kg. See Supplementary Tables 1, 2 for the definition of the names of processes.






3.3.2 Changes in ventilation pattern

It has been shown that there is a significant decline in inflowing oxygen lifetime in the deep waters (below 70 m) across the central Baltic Sea, especially the nGB and wGB. However, we did not yet investigate which processes contributed most to the enhanced inflowing oxygen consumption and whether the pattern of inflowed O2 consumption is changing with time. To answer that question, temporally integrated oxygen consumption and hydrogen sulfide production/consumption per process (or per group of processes) was calculated for each of the inflows (for more details, see Figure 9). The integration for a specific inflow is stopped when (a) another inflow event occurs or (b) the oxygenation by the inflow has ended. From the analysis of Figure 9, it can be noted that mineralization of detritus is the process consuming most oxygen in all sub-basins. However, in the remote nGB and wGB, water column processes play a larger role, namely the oxidation of sulfur and H2S (the sum of two processes, namely, oxidation of H2S to elemental S and oxidation of elemental S to SO42-) and nitrification. It fits the conclusions about shifting the main oxygen sink from sediments to the water column demonstrated in the previous sections.




Figure 9 | Results of the EOF analysis for oxygen consumption during inflow events. Panel (A) demonstrates the fraction of variance explained by the EOFs. The first two EOFs (which explain more than 95% of the variance) are marked by red color. Only those two EOFs were considered. Panel (B) shows timeseries of the first two EOFs. Note that the x-axis in panel A is not equidistant (see caption of Figure 8). The first EOF exhibits a stationary pattern, whereas the second demonstrates some non-stationarity. Panel (C) shows the EOF loadings, which indicate how a certain EOF is connected to a certain process. Positive values (red) indicate a direct relationship between EOF and a process, negative (blue) - a reverse relationship. It is visible that the first EOF shows reverse relationships with all processes, but the second shows both types of relationship. Processes are read the same way as in Figure 8, but with the ending indicating a certain sub-basin. The processes in the matrix are sorted in the following way: the Bornholm Basin, the eastern Gotland Basin, the northern Gotland Basin, and the western Gotland Basin. Black vertical lines denote the boundaries between sub-basins. See Supplementary Table 1 for the definition of the names of processes.



For the hydrogen sulfide budget, the most important source during the inflow events is the mineralization of detritus in the sediments. Sinks of H2S are oxidation by O2 and NO3-, which similarly contribute to the H2S consumption. No time-dependent pattern of H2S consumption and production is observed in the wGB. In the nGB and eGB, the slight increase in both production and consumption of H2S starting from the 1970s is visible.

To identify and understand the dominating patterns in the O2 and H2S dynamics during the inflow events, EOF analysis (Hannachi et al., 2007) was conducted for these spatiotemporal matrices. The results (see Figure 8) suggest that there are two EOFs describing more than 95% of the variance in O2 data. The first EOF explains approximately 90% of the variability, and the second explains about 5% (Figure 8A). Loadings of the first EOF demonstrate no spatial dependency, having the same sign across all sub-basins. The first spatial pattern thus describes a default reaction of all basins to an inflow that brings oxygen, while the first EOF varies with the amount of oxygen input and is positively correlated with the duration of the inflow effect (Figure 8C). The first EOF might be attributed to the inflow’s strength and duration because those patterns are spatially independent and should affect especially eGB since it is the first deep basin on the way of the inflowing water. The second EOF shows more sophisticated dynamics. It changes in the sign during the 1970s indicating the shift in contributing processes (Figure 8B). Loadings of the second EOF show opposite patterns between the sub-basins, which indicates the spatial non-uniformness of the pattern behind the second EOF. What the second EOF reveals is a change in the oxygen-consuming processes between the two periods before and after the 1970s. This change in the processes is opposite between the basins. A strong inflow in the later period differs from a strong inflow in the earlier period by a larger value of the second EOF. That means that the corresponding loads (lower panel of Figure 8) directly show the change in the reaction of the basins to an oxygen input. Since all processes in the figure are consuming oxygen, the negative values (shown in blue) mean an amplification. Oxygen consumption for the mineralization of sedimentary detritus is shifted spatially. It is enhanced in the eastern Gotland Basin and reduced in the northern and western Gotland Basin. An increase in all subbasins is seen for the consumption related to sulfur oxidation (w_min_sul), but it is most pronounced in the nGB.

The EOFs for the H2S budget (Supplementary Figure 27) show approximately the same pattern, a positive but fluctuating EOF1 and an EOF2 that is slightly increasing. So, we can interpret the spatial pattern of the second EOF in the same way, as a change in the reaction of the Baltic Sea to inflowing oxygen. The production of H2S in the sediments shifts from the remote wGB to the nGB and the eGB located upstream of the inflow plume. Also, its consumption by oxidation is shifted upstream, but to a lesser extent, which means that the downstream transport of H2S increases.

The EOF analysis thus essentially confirms the previous findings showing that just these two patterns, (a) a constant spatial signal that varies with the amount of imported oxygen and (b) the change in processes explain more than 95% of the variance. The spatial redistribution described by the second EOF can almost completely explain the spatiotemporal variability seen in the model, with the first EOF explaining the overwhelming part of the variability. So, it could be stated that inflows’ duration and strength govern the oxygen consumption with some little variability explained by the shifted consumption due to the overall deoxygenation.






4 Discussion

The Baltic Sea is experiencing deteriorating oxygen conditions in the deep waters despite the adopted nutrient loads reduction policy (Carstensen and Conley, 2019; HELCOM, 2021; Krapf et al., 2022). The reason for that might be related to the slow system response to the changing forcing (Gustafsson et al., 2012) and the “vicious circle” of eutrophication (Vahtera et al., 2007). This research indicates, based on a model experiment, significant deterioration of oxygen conditions across the central Baltic Sea, which includes significant negative long-term trends of oxygen concentration and positive long-term trends of the concentration of the reduced material (ammonium and hydrogen sulfide). This is clearly shown in Figure 10 (right panels). Rolff et al. (2022) studied the oxygen debt (the amount of oxygen required to oxidize all reduced material) and its dynamics based on observational data. They found a significant contribution by NH4+ to the oxygen debt, as well as the oxygen debt’s increase, especially in the remote basins. Our results are well-aligned with the results by Rolff et al. (2022). As was shown, the mineralization of detritus in the sediments acts as the biggest oxygen sink across all sub-basins. Ammonium is produced as a product of detritus mineralization. Since detritus mineralization is increasing, so is ammonium release. This process explains positive trends in NH4+ in the deep waters of the central Baltic Sea and accelerates further oxygen consumption (which is supported by the high oxygen consumption by nitrification observed in the model).




Figure 10 | Linear trends of some important variables actively participating in oxygen and hydrogen sulfide dynamics. Left panels depict detritus concentration and concentration of living organisms (phytoplankton and zooplankton) integrated over the whole water column and all sub-basins: the Bornholm Basin (A, B), the eastern Gotland Basin (C, D), the northern Gotland Basin (E, F), the western Gotland Basin (G, H), and the whole central Baltic Sea (I, J). All variables are represented by nitrogen in organic matter (N in OM). Right panels show the dynamics of oxygen, hydrogen sulfide, and ammonium. Only significant linear trends (p<0.05) are shown.



The observed trends in oxygen consumption in the model were attributed to the worsening of oxygen conditions across the central Baltic Sea and uplifting of the redoxcline. The bacterial communities living in the suboxic and sulfidic waters are quite different (Hannig et al., 2006; Anderson et al., 2012). Discussed changes in the central Baltic Sea, especially in the Gotland Basin, should be visible in the long-term observational data related to the bacterial communities. A trend analysis in bacterial abundances, like Hoppe et al. (2013) did for the near-coastal site of Boknis Eck, could be used to verify (or falsify) the modelled trends.

The reason behind elevated trends in phytoplankton and detritus concentrations is not completely clear. The hypothesis about an extended vicious circle proposed by Meier et al. (2018b) is credible. However, we propose an additional positive feedback mechanism: NH4 emerging after detritus mineralization might be advected to the upper layer and thereafter might accelerate further phytoplankton growth. Meier et al. (2018b) conducted a model experiment studying oxygen sinks from 1850 to 2015. They found a shift toward the water column oxygen consumption. Our study supports this result. In addition, our method allowed the detailed analysis of various sub-basins. It was shown that the most notable change happened in the nGB, where initially, the sediments consumed more oxygen, but today, the water column took the role of the dominant oxygen sink. The same pattern, but not as pronounced, was observed in the eGB and wGB. Meier et al. (2018b) also observed drastically increased water column respiration by phytoplankton and higher trophic levels as well as nitrification, making them the dominant oxygen sinks during the last decade of their simulation. In our study, an increase in phytoplankton and zooplankton biomasses was also found (see Figure 10, left panels) as well as the increasing nitrification. However, no significant role of biota respiration was found. The possible source of disagreement might be related to different process formulations in the different models (RCO-SCOBI and MOM-ERGOM), specifically the zooplankton respiration, which can be used as a closure term representing the effect of higher trophic levels that are not represented in the model.

The 29 biggest oxygen inflows from 1948 to 2018 were studied separately, using the element marking approach proposed by Ménesguen et al. (2006). Most oxygen was brought to the deep central Baltic Sea during the 1993-1994 inflow events. Although, in accordance with Mohrholz (2018), no trend in the inflow activity was found, and the change of ventilation pattern related to the oxic state of the deep waters shows little variability, significant negative trends of inflow oxygen lifetime were observed everywhere, especially in the nGB and wGB. Therefore, the strongest inflow 2014-2015 did not ventilate deep waters so well not only due to the shorter duration compared to the 1993-1994 event, but also because of more elevated reducing conditions, especially in the nGB and wGB.

The model uncertainties, presented in Section 2, are likely related to the overestimation of halocline strength, which in turn is related to the overestimated salt transport from the North Sea due to the model resolution. The biggest misrepresentation was observed in the Gulf of Finland and the Bothnian Sea, both of them were excluded from the analysis. However, their effect on the closest nGB was not quantified. Considering the circulation of the deep water in the Baltic Sea, the transport is mainly directed towards the Gulf of Finland and the Bothnian Sea (Elken and Matthäus, 2008). The reversed transport is mainly carried out in the upper layer, so the overestimation of the Gulf of Finland’s and the Bothnian Sea’s hypoxia should not affect the nGB significantly. Another possible uncertainty, related to the artificially shallowed Landsort Deep, is negligible due to the very small affected area (0.19 km2, which corresponds to roughly 1% of the total wGB area, which is 17.62 km2). Deepening the Landsort Deep won’t change the composition of the processes either since even the shallowed Landsort Deep is constantly anoxic in our model. The more considerable uncertainties are related to representation of the biological community by ERGOM. In ERGOM, the full spectrum of phytoplankton species is divided into three functional groups. This assumption does not represent the changing Baltic Sea phytoplankton community (Olli et al., 2011). However, Wasmund et al. (2011) and Suikkanen et al. (2007) found long-term trends in some phytoplankton species based on observational data, proving at least the tendency of increasing phytoplankton concentrations in ERGOM. In addition, in other model studies the increase in phytoplankton biomass, primarily related to the availability of nutrients, is shown (Hieronymus et al., 2018). Also, the absence of refractory detritus in the ERGOM model may lead to exaggeration of the detritus mineralization, which might possibly contribute to the results. In addition to the refractory matter that is completely preserved, organic matter in the sediments can be remineralized at very different rates depending on its composition, which will strongly influence the time scales on which the sedimentary carbon pool influences the oxygen budgets. What is also missing in the model is a representation of iron and manganese, which take part in the redox cycle (Henkel et al., 2019; Schulz-Vogt et al., 2019). In reality, oxidation of H2S or organic matter may happen implicitly, by reducing iron or manganese oxides and later on oxidizing the reduced metals again by oxygen. Uncertainty is introduced here since these metals also have sources (e.g. from riverine input) and sinks (e.g. for iron in the form of pyrite).

All the discussed uncertainties make it very difficult to build a robust comparison between modeled processes and the actual ones. Here, we only present qualitative estimates. Hietanen et al. (2012) studied nitrogen-related processes situated at the oxic-anoxic interface in the Baltic proper. They found an increased rate of nitrification at the oxic-anoxic interface, which was also in general observed in our model results. Schneider and Otto (2019) calculated mineralization rates in the deep layer. Although we could not directly compare our results, we also observed some similar patterns, e.g., acceleration after the inflow. However, we were able to validate the vertical oxygen transport in the eGB with the observational data from Holtermann et al. (2022). According to their measurements, the mean annual vertical oxygen flux in the eGB equals to 2.39-3.97 Mt O2 year-1. Our results suggest a mean flux of 3.75 Mt O2 year-1, which aligns with their results. However, this comparison might be misleading due to the different definition of the eGB’s areas, different depths (our fluxes are calculated across the 70 meters depth layer, not across the pycnocline), and different study periods.

The obtained results shed light on long-term dynamics of processes related to the O2 and H2S budgets in the central Baltic Sea, which is not possible to capture via the observations due to irregular measurement campaigns and the complexity of the data postprocessing. Although model (Eilola et al., 2011; Meier et al., 2018b; Savchuk, 2018) and observational (Schneider et al., 2002; Gustafsson and Stigebrandt, 2007; Schneider et al., 2010; Schneider and Otto, 2019) studies, as well as studies related to the inflows’ propagation (Liblik et al., 2018), have already been conducted, this study covers wide spatial and temporal scales and decomposes O2 and H2S budget terms based on their contribution to their variability. The results suggested that a better trophic state for the future Baltic Sea is still beyond the grasp.




5 Conclusions

The employed analysis allowed us to sort the processes, contributing to the O2 and H2S budgets, according to their importance for the overall dynamics of those elements. It was found that the inter-annual oxygen dynamics is mainly governed by advection in all sub-basins, whereas hydrogen sulfide is mainly driven by local production and consumption. Mineralization of detritus in the sediments and nitrification are found to be the biggest oxygen sinks. These processes are coupled with each other because ammonium is the result of the oxidation of detritus, so the oxygen debt generated by detritus is resolved in two steps: mineralization of detritus itself and nitrification later. Mineralization of detritus is also the biggest producer of hydrogen sulfide in the sediments in the whole central Baltic Sea. The water column acts as the sink of H2S, where the oxidation both by NO3 and O2 contribute equally to the H2S consumption.

Analysis of the linear trends in the three categories of processes contributing to the O2 and H2S budgets (water column processes, physical fluxes, and sedimentary processes) revealed different regional dynamics. Amplified oxygen consumption in the water column and the sediment was observed in the Bornholm Basin with the latter dominating. A different pattern was observed in the three Gotland basins that showed a shift to dominating water column consumption. The overall transition from sedimentary to water column oxygen consumption was connected to the shortage of oxygen in the sediments which resulted in the upward movement of the redoxcline. An amplified upward spread of H2S in the wGB and nGB was found as a result of its deposition there.

We found a dramatic decrease in the content of O2 from inflows in the nGB and wGB that started in the second half of the 20th century. As no significant trend in inflow strength was found, the decreased lifetime is attributed to the amplified oxygen consumption, which was also observed.

Two significant EOFs of oxygen consumption after inflows per sub-basin were identified with the first EOF explaining more than 90% of the variability and the second explaining approximately 5%. The first EOF showed no spatial dependence and was attributed to the inflow duration and strength. The second EOF describes the response to the deoxygenation of the central Baltic Sea. It leads to the shift of the inflowing O2 consumption from the mineralization of detritus to the oxidation of H2S and elemental sulfur in the nGB and wGB. However, since the overwhelming fraction of variability is explained by the first EOF, we conclude that the duration and strength of inflows are the key parameters determining ventilation regardless of the trophic state of the sea.
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