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Sinking particles were studied by analyzing samples collected in a sediment trap at 180 m depth in the Gotland Basin, eastern Baltic Sea between 1999 and 2020. The aim of this study was to determine the temporal variability of the particle flux and its components and how their changes are linked to phytoplankton blooms. The variables studied included total particle flux, particulate organic carbon and nitrogen, biogenic silica, C:N ratio and the isotopic composition of organic carbon and nitrogen. The total particle flux and its components reached maximum values in 2003, 2012 and 2015. Long-term means over the 22-year period of the total particle flux and its components particulate organic carbon and nitrogen, biogenic silica were estimated at around 152, 22, 3 and 8 mg m−2 d−1, respectively. The C:N ratio and the isotopic composition of organic carbon and nitrogen showed high variability around their long-term means of 9, -25‰ and 4‰, respectively. The annual variability of the components of the flux particulate organic carbon (3–65 mg m−2 d−1), particulate organic nitrogen (0.4–9 mg m−2 d−1) and biogenic silica (1–24 mg m−2 d−1) exhibited the same general pattern as the total particle flux (11–450 mg m−2 d−1) over the study period. On the seasonal scale, sinking material in summer contributed roughly one-third (31%) to the total particle flux, followed by winter (27%), spring (24%) and autumn (19%). The highest particle flux occurred mostly in April, July and November, during and after the appearance of phytoplankton blooms in the Gotland Basin. The phytoplankton community changed from silicon-rich species to nitrogen-fixing cyanobacteria, indicating a shift in nitrogen sources from nitrate-based to N2-based over the year. The spring bloom, dominated by diatoms, was characterized by a lighter carbon and heavier nitrogen isotopic composition, while the summer bloom, mainly of diazotrophic cyanobacteria, was characterized in contrary by heavier carbon and lighter nitrogen isotopes. Although no trend was found in the data, the variability observed in the sinking material was related to the changes over time in the phytoplankton community in the Gotland Basin. The findings of this study provide new and valuable information for our understanding of the temporal variability of sinking material linked to the development of phytoplankton blooms and nutrient sources in the Gotland Basin, and underscore the importance of continued monitoring to understand the potential impacts of environmental changes on this fragile ecosystem.
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1 INTRODUCTION
Particle flux measurements provide important insights into the pelagic system and the productivity of surface waters. This is especially true for systems like the Baltic Sea, a brackish, shallow, semi-enclosed sea in northern Europe (Figure 1), which is affected by eutrophication (Fleming-Lehtinen et al., 2008), rapid warming (Belkin, 2009; HELCOM/Baltic Earth, 2021) and acidification (Havenhand, 2012). The Baltic Sea is strongly stratified relative to other continental shelf seas with a strong seasonal pycnocline at around 10–20 m depth (Gustafsson et al., 2004). The long residence time influenced by the limited water exchange with the North Sea and the long-term excessive nutrient loading (Schneider and Müller, 2018) have contributed to the reduced phosphorus binding capacity of the sediment under anoxic conditions (Lehtoranta et al., 2008). Eutrophication and excess deposition of particles in environments with slow water renewal, as in the Baltic Sea, may have adverse effects on ecosystem structure and functioning (e.g., hypoxia of near-bottom water and sediment) (Vahtera et al., 2007; Diaz and Rosenberg, 2008; Carstensen et al., 2014; Tamelander et al., 2017).
[image: Figure 1]FIGURE 1 | Position of moored sediment-trap in the Gotland Basin, Baltic Sea. Map produced with Web Ocean Data View (Schlitzer, 2023).
Stagnation periods frequently occur in the deep basins of the Baltic Sea as a result of both the limited water exchange with the North Sea and the permanent stratification (Carstensen et al., 2014). Changes in stagnation periods strongly affect nutrient conditions (Mohrholz et al., 2015). Phosphate remains fixed in the sediment under oxic conditions, otherwise phosphate and iron ions are released, changing the chemistry of the water column (e.g., increasing phosphate concentration in the water and decreasing the N:P ratio). Moreover, inorganic nitrogen compounds are present mainly as nitrate under oxic conditions. However, under anoxic conditions, nitrate is denitrified to molecular nitrogen gas (N2). Ammonium from the sediments or produced during mineralization cannot be oxidized under these conditions and is enriched. Enriched nutrients can be transported upwards by vertical mixing (Reissmann et al., 2009), reaching the euphotic surface layer and therefore determining to a large extent the intensity of phytoplankton blooms (Vahtera et al., 2007; Murray et al., 2019).
Deep water ventilation in the central Baltic basins can only take place by extreme inflow events - called Major Baltic Inflows (MBIs) - which transport large amounts of salt and oxygen into the deep basins of the Baltic Sea (Mohrholz, 2018). MBIs were recorded frequently in the last century, however since the mid-1970s their frequency and intensity have decreased (Mohrholz et al., 2015). A strong inflow event in January 1993 along with smaller inflows in winter 1993/1994 terminated the longest stagnation period ever recorded in the Baltic Sea (from the beginning of 1983 until the end of 1992). Subsequent MBIs occurred in 2003, 2011 and 2014. The strong inflow at the end of 2014 was even able to renew the bottom water in the eastern Gotland Basin (Mohrholz et al., 2015).
The Gotland Basin is the major basin of the Baltic Proper, with a maximum depth of 249 m. It is characterized by a permanent halocline at 60–80 m depth, which functions as a barrier between anoxic bottom waters and the surface near layer (Schneider et al., 2000; Klais et al., 2011). Diatom-dominated blooms occur in spring and autumn, while cyanobacteria blooms are more common in summer. These blooms connect the surface with the seafloor, as phytoplankton dominate primary production and are the major source of organic matter exported to the bottom. The estimated annual export of particulate organic carbon varies between 18 and 60 gCm−2year−1 over the entire Baltic Sea (Tamelander et al., 2017), considering only the central Baltic Sea, the annual export is around 50 gCm−2year−1 according to a study between 1998 and 2000 (Gustafsson et al., 2013). The sinking material increases during and after the phytoplankton bloom, i.e., when primary production is at its highest (Leipe et al., 2008; Schneider et al., 2017). However, the sinking material varies more strongly in summer than in spring (Tamelander et al., 2017), probably due to the greater sensitivity of cyanobacteria to environmental changes than diatom-dominated spring blooms (Beltran-Perez and Waniek, 2022).
Climate projections indicate that phytoplankton biomass in the Baltic Sea is likely to increase in the future due to higher nutrient loading (Meier et al., 2011) and an increase in wind stress, as well as continued loss of seasonal sea ice (Christensen et al., 2015), which may increase resuspension in coastal areas. In fact, resuspended particles represent about 50% of the material deposited on the seafloor in a coastal area of the Baltic Sea, as measured by sediment traps (Blomqvist and Larsson, 1994). Model simulations have also confirmed that resuspension events are likely to become more frequent and severe in the future (Eilola et al., 2013). As a result, sinking material may settle again locally or be transported offshore contributing to deposition in deeper areas as well (Almroth-Rosell et al., 2011). The freshwater runoff is projected to increase by 15%–22% due to higher precipitation in the Baltic Sea (Meier et al., 2012), however, in the open Baltic Sea waters the influence of terrestrial sources is minimal (Tamelander et al., 2017).
Previous studies of organic matter export in the Baltic Sea have indicated its spatial and temporal variability in relation to primary production (Elmgren, 1984), phytoplankton dynamics (Heiskanen and Kononen, 1994; Tamelander and Heiskanen, 2004), pelagic food web structure (Smetacek et al., 1984) and hydrodynamic forcing (Blomqvist and Heiskanen, 2001; Tamelander and Heiskanen, 2004). However, the temporal changes of the particle flux have not been comprehensively addressed so far in the Gotland Basin. Understanding the changes to which the particle flux is exposed in a permanently stratified basin with regular phytoplankton blooms, low water renewal and anoxic conditions at the bottom provide insights into the factors that dominate the particle flux, its components and impacts on ecosystems increasingly affected by climate change. Therefore, the aim of this study is to determine the temporal variability of the particle flux and its components as well as its relationship with phytoplankton blooms and environmental changes using sediment trap data collected at ca. 180 m depth between 1999 and 2020 in the Gotland Basin, eastern Baltic Sea (Figure 1).
2 MATERIAL AND METHODS
2.1 Sediment trap and sample analyses
The particle flux was measured in sediment trap samples from ca. 180 m depth at mooring station TF271 (57°18.3N, 20°0.46E) in the Gotland Basin between 1999 and 2020. The instrument used was a funnel-shaped automated Kiel sediment trap (type S/MT 234, KUM, Germany) with aperture of 0.5 m2 and a revolver holding twenty-one collecting cups of 400 mm (Kremling et al., 1996). The sampling intervals were 7–10 days. Collecting cups were filled with formalin (4%) as fixative to retard microbial activity. After recovery, the samples were sieved through a 400-µm gauze to remove large organisms and stored separately in formalin (4%). The samples were split into subsets using a 4-fold sample-splitter for bulk analyses. To determine the total particle flux, a representative volume of the sample was filtered onto a pre-weighed membrane filter (0.45 µm pore size), dried in an oven at 60°C and weighed to calculate the particle flux.
Samples were filtered on precombusted glass fiber filters (GF/F, 500°C, 2 h) for analysis of particulate organic carbon (POC) and nitrogen (PON) according to the procedure described by Nieuwenhuize et al. (1994). The POC was determined after the filters were treated with concentrated HCl for 24 h to remove inorganic carbon. A second filter was prepared for PON analysis. After drying at 60°C, POC, PON and stable carbon and nitrogen isotopes were measured using an elemental analyzer (Thermo Scientific) connected to a Delta isotope ratio mass spectrometer (Thermo Scientific) via a Conflow interface (Thermo Fisher Scientific, US). Acetanilide (manufactured by Merck) was used as the calibration material for C and N analysis. The analytical precision of the measurement was [image: image]0.2‰ for both stable isotope ratios δ13C and δ15N (Nieuwenhuize et al., 1994). Isotope values were expressed in parts per thousand (‰) relative to Vienna Pee Dee Belemnite (VPDB) and atmospheric nitrogen for carbon (δ13C) and nitrogen (δ15N), respectively, using the conventional δ-notation (Mariotti, 1983). Finally, particulate biogenic silica (PSi) was analyzed using photometric detection after filtration on cellulose acetate filters and digestion using a wet alkaline extraction, following the procedures described by Bodungen et al. (1991).
2.2 Additional data
Chlorophyll a concentration (Chla) was downloaded from the SHARKweb database provided by the Swedish Meteorological and Hydrological Institute (SMHI). Discrete measurements of Chla at the surface of the Gotland Basin were used to calculate monthly mean values between January 1999 and December 2020. The partial pressure of carbon dioxide (pCO2) was estimated from in-situ observations and provided by the Copernicus Marine Service through the Global Ocean Surface Carbon product. Monthly pCO2 data were used from 15 January 1999 to 15 December 2020 with a spatial resolution of 1° × 1°. The pCO2 data were interpolated to the deployment area of the sediment trap for the analysis.
2.3 Data analysis
A total of 740 sediment trap samples were collected at intervals of 7–10 days according to total exposition time and season between 15 May 1999 and 14 November 2020. Sampling periods of more than 10 days with no measurements were identified and excluded from the analysis (Table 1). These gaps were caused by malfunctioning of the trap, its loss or available ship time for mooring turnover. A moving median over a 10 days window was used to fill gaps of less than 10 days. Monthly, seasonal and annual means of total particle flux, particulate organic carbon and nitrogen, biogenic silica, molar C:N ratio, isotopic composition of organic carbon and nitrogen were calculated based on the sediment trap data at each interval. Monthly, seasonal and annual means of chlorophyll a and partial pressure of carbon dioxide were estimated from water column measurements in the Gotland Basin. The long-term, inter-annual and seasonal variability were estimated as the arithmetic average of values in the same month, year and season between 1999 and 2020, respectively. For the seasonal variability, sinking particles were grouped into spring (1 March to 31 May), summer (1 June to 31 August), autumn (1 September to 30 November) and winter (1 December to 28 February) using the pelagic seasons in the eastern Baltic Sea. The annual cycle was estimated as monthly means between 1999 and 2020. Mean δ15N and δ13C values were estimated based on a weighted mean over the sampling interval (i) (Equation 1; Voss et al., 2005). Single values outside the standard deviation of the mean were considered as outliers and were not used in further calculations and interpretations. The relationship and interplay of sinking material with primary production were explored by calculating linear correlations between the total particle flux and its components (POC, PON, PSi), isotopic composition, chlorophyll a and partial pressure of carbon dioxide. Correlations were considered significant at a p-value of less than or equal to 0.05. All calculations and analyses were performed in MATLAB (version R2018b).
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TABLE 1 | Sediment trap sampling periods of more than 10 days with no measurements due to trap malfunction, loss or available ship time for mooring turnover.
[image: Table 1]3 RESULTS
3.1 Long-term variability
The total particle flux and its components were measured for a total of 22 years, from 1999 to 2020, in the Gotland Basin. Monthly means of the total particle flux showed differences in the magnitude and timing of sinking particles (Figure 2A). The absolute maximum of the total particle flux during the entire observation period occurred in July 2003 reaching up to 1907 mg m−2 d−1, whereas the long-term mean was 152 mg m−2 d−1. Elevated particle flux was also occasionally observed in other years. The monthly particle flux was mainly above the long-term mean in 2000–2008, 2012 and between 2015 and 2017, with maxima once or twice a year usually observed in March (2000, 2001, 2003, 2004, 2007), April (2002, 2005), July (2003, 2004, 2007) and December (2004, 2008). In 2008, a peak occurred only at the end of the year. However, it was not possible to follow this maximum because measurements were missing between the end of 2008 and the first half of 2009. Furthermore, in February 2006, January 2012, June 2015 and November 2017, a high particle flux was observed with values of 481, 1,245, 1,354 and 503 mg m−2 d−1, respectively. The total particle flux in 2016 was above the average over the entire year with maximum values in January, March, June and November of 705, 744, 517 and 566 mg m−2 d−1, respectively. Elevated values of the total particle flux were also observed in 1999, 2009–2011, 2013–2014 and 2018–2020, but the total particle flux in 1999 was only measured from May onwards. The lowest monthly values were observed in May 2001, May 2005, May 2007, August 2013 and June 2014. Overall, the long-term variability of the total particle flux followed the periods of high primary production in the eastern Baltic Sea, usually driven by diatom blooms in spring and autumn and cyanobacteria blooms in summer, as shown in Supplementary Figure S1 and also reported by Wasmund et al. (2000); Kudryavtseva et al. (2011). The total particle flux decreased after October, as the primary production at the end of the year was generally lower than during the previous months.
[image: Figure 2]FIGURE 2 | Monthly mean of (A) total particle flux, (B) particulate organic carbon, (C) particulate organic nitrogen, (D) biogenic silica, (E) C:N ratio, stable isotope ratios (F)13C:12C and (G)15N:14N. The red dashed line indicates the long-term mean over the 22-year period.
A high monthly POC component of the flux was observed in August 2003, November 2011, January 2012 and June 2015 with values above 100 up to a maximum of 225 mg m−2 d−1 reached in 2015 (Figure 2B). The long-term mean of POC over the study period was 22 mg m−2 d−1. Monthly POC values above the long-term mean were observed in February 2007, March 2001, April (2003, 2005, 2013), May (2006, 2010, 2011), July (2004, 2007), September 2019, November (2017, 2020) and December 2015. In addition, the POC component of the flux remained above the long-term mean throughout 2016 with elevated values in June, September and November. The POC contributed about 31% to the total particle flux (Supplementary Figure S2A). The monthly PON component of the flux had high values in August 2003, November 2011, January 2012 and June 2015 of 24, 21, 28, 23 mg m−2 d−1, respectively (Figure 2C). The long-term mean of PON was around 3 mg m−2 d−1. Monthly PON values exceeded the long-term mean in February 2007, March 2001, April (2002, 2003, 2005, 2013), July (2004, 2007), September 2019, November (2017, 2020) and December (2004, 2015). The PON remained above the long-term mean in 2016 with maximum values of 13, 14 and 18 mg m−2 d−1 in June, September and November, respectively. The PON contributed around 5% to the total particle flux (Supplementary Figure S2B). The long-term mean of PSi over the observation period was 8 mg m−2 d−1 contributing around 8% to the total particle flux (Figure 2D and Supplementary Figure S2C). The absolute maximum of the PSi component of the flux occurred in January 2012 reaching 149 mg m−2 d−1. High PSi values above the long-term mean were observed in January 2010, February (2005, 2007, 2013), March (2000), April (2002, 2003, 2005, 2013), May (2006, 2010), June (2008, 2015), August 2003, November (2007, 2010, 2011) and December 2004. Overall, the monthly POC, PON and PSi components of the total particle flux (Figures 2B–D) followed a similar pattern in most years with elevated values occurring around the same time period. The most striking difference appeared in the PSi component of the flux, which pronounced maxima were missing since 2016 to the end of the time series. However, no clear trend could be derived for the PSi component of the total particle flux, other components (POC and PON) or the total particle flux itself due to the high variability observed in the data over time.
The monthly C:N ratio showed a large variability (Figure 2E). Its long-term mean over the 22 year-period was 9. The C:N ratio was at its minimum in May 2001 and December 2017 with values close to 5. The maximum values were observed in January/February 2000, July 2004 and March/May 2019, in all of them with values around 15. There are some years in which the monthly C:N ratio was mostly below the long-term mean throughout the year as in 2007, 2008, 2013 and 2017, but in 2004 and 2019 it was the opposite. The stable isotope composition of organic carbon in the total particle flux varied on monthly basis between −32‰ and −19‰, with a long-term mean over the studied period of −25‰ (Figure 2F). Sinking material with slightly heavier δ13C values (around −23‰) was usually collected between June and September e.g., in 2002, 2004, 2006, 2008, 2010, 2011 and 2020, while sinking material with relatively light δ13C values (around −26‰) sank between January and March in 2000, 2001, 2002, 2019. The isotope composition of organic carbon in the total particle flux was above the long-term mean throughout the year in 2004, 2008 and 2011, and below for the entire year between 2013 and 2015. The nitrogen isotope composition of the total particle flux varied on monthly basis from −5‰ to 12‰, with a long-term mean over the 22-year period of 4‰ (Figure 2G). The nitrogen isotope composition reached minimum values of −5, −4, −3 and −2‰ in May 2001, July 2001, November 2008 and December 2008, respectively. The monthly nitrogen isotopic composition mostly fluctuated around 4‰, but in 2001 and 2003 the δ15N became lighter for the whole year. Since 2014, the monthly nitrogen isotopic composition has increased slightly, reaching isotopically heavy values (above 10‰) in November 2014, April 2016, January 2017 and February 2018. In general, the particle flux and its components showed large variability with values that stood out during certain periods without a recognizable pattern, indicating the need for further analysis at other time scales.
3.2 Inter-annual variability
The annual total particle flux showed significant inter-annual variability over the 22-year study period with three distinct periods of above-average flux. The first period occurred in 2003 with a moderate particle flux in March followed by the highest recorded particle flux of the entire time series in July of that year (Figure 2A; Figure 3A). The second period occurred 9 years later, driven by the elevated particle flux observed in January 2012. The last period took place 3 years later with above-average particle flux in June 2015 and throughout 2016. The annual total particle flux varied widely, ranging from 11 to 450 mg m−2 d−1, with the lowest and highest values observed in 2014 and 2003, respectively.
[image: Figure 3]FIGURE 3 | Annual mean of (A) total particle flux, (B) particulate organic carbon, (C) particulate organic nitrogen, (D) biogenic silica, (E) C:N ratio, stable isotope ratios (F)13C:12C and (G)15N:14N. The shaded area corresponds to the standard deviation. The red dashed line indicates the long-term mean over the 22-year period.
The annual POC and PON components of the flux showed similar periods of above-average flux as those observed in the annual total particle flux (Figures 3B,C). In years with high total particle flux such as 2003, 2012, 2015 and 2016, the annual POC component of the flux reached maximum values ranging from 35 to 65 mg m−2 d−1 (Figure 3B). The lowest annual POC value was observed in 2014 with a value of 3 mg m−2 d−1. The maximum annual PON value was observed in 2016, followed by the annual PON component of the flux in 2015, 2003 and 2012 with values of 9, 8, 6 and 5 mg m−2 d−1, respectively (Figure 3C). The minimum annual PON value occurred in 2014 (around 0.4 mg m−2 d−1), as was also previously observed for the total particle flux and the POC component of the flux. The annual PSi component of the flux fluctuated between 1 and 24 mg m−2 d−1 (Figure 3D). The absolute maximum of the annual PSi component of the flux was observed in 2012 reaching a value of 24 mg m−2 d−1. Maximum annual PSi values were also observed in 2015 and 2003 with values around 15 mg m−2 d−1. However, since 2016, the annual PSi component of the flux has decreased and remained at minimum values well below the average.
The annual C:N ratio fluctuated between 7 and 11 throughout the 22 year-period (Figure 3E). The maximum annual C:N ratios were observed in 2000, 2004, 2009 and 2019 close to 11, while the minimum annual values were found in 2007 and 2017 around 7. For the δ13C, a single annual maximum of −23‰ was identified in 2018, whereas annual minimum values of −29‰ were observed in 2014 and 2015 (Figure 3F). Minimum annual δ15N values of 2‰ were observed in 2001 and 2008 (Figure 3G). A single δ15N annual maximum of 6‰ was observed in 2014. An increase in δ15N annual values above the long-term mean (4‰) was observed from 2014 to 2018.
3.3 Seasonal variability
Monthly means of the total particle flux and its components were grouped by season. The contribution of each component by season was calculated as a percentage of the total seasonal signals (Table 2). The summer season had the largest contribution to the total particle flux with about one-third (31%) of the sinking material, followed by winter (27%), spring (24%) and autumn (19%). The seasonal particle flux was between 118 and 193 mg m−2 d−1. The seasonal variability of POC and PON followed a similar pattern, with higher POC and PON values in summer and autumn than in winter and spring. Seasonal means of POC and PON reached the highest values during summer, reflecting the contribution of the summer bloom to the seasonal particle flux. The POC contribution to the seasonal particle flux ranged between 16 and 30 mg m−2 d−1, whereas the PON component of the flux fluctuated between 2 and 4 mg m−2 d−1. The minimum and maximum of the seasonal PSi were between 6 and 11 mg m−2 d−1, with the maximum PSi values occurring in winter (December, January and February) and spring (March, April and May). The C:N ratio fluctuated between 8 and 9.5, with the highest value in winter and the lowest in summer. The seasonal PSi and C:N ratio showed an opposite pattern to the seasonal contributions of POC and PON in terms of the occurrence of maxima and minima, indicating the species succession from diatoms to cyanobacteria in the Gotland Basin (see Table 2). The seasonal mean of δ13C varied slightly between seasons with values between −26‰ and −25‰, whereas the seasonal mean of δ15N reached higher values in winter and spring rather than in summer and autumn. The maximum and minimum seasonal δ15N values were observed in spring (4.5‰) and autumn (3.2‰), respectively.
TABLE 2 | Seasonal means of total particle flux, POC, PON, PSi, C:N, δ13C and δ15N from sediment traps moored at 180 m depth in the Gotland Basin between 1999 and 2020. The seasons were divided into spring (March-May), summer (June-August), autumn (September-November) and winter (December-February) (Supplementary Figure S4). Values in parentheses correspond to the percentage of the variable with respect to its total value over all seasons.
[image: Table 2]3.4 Annual cycle
The annual cycle of the total particle flux revealed three discernible periods with high values in April, July and November, reaching up to 97 mg m−2 d−1 in the Gotland Basin (Figure 4A). From December to March, there was a low particle flux with high variability. The annual cycle of the POC component of the flux reached maximum values in November (25 mg m−2 d−1), followed by April and July with values of 16 and 9 mg m−2 d−1, respectively (Figure 4B). The minimum POC in the flux (below 3 mg m−2 d−1) was mostly observed between January and March. Maximum PON values of 2.1, 1.1 and 2.6 mg m−2 d−1 occurred in April, July and November, respectively, with large variability observed throughout the year (Figure 4C). The POC and PON components of the flux showed similar patterns to the total particle flux (Figures 4A–C), coinciding the maximum values during the same months. The PSi in the flux had two maxima, the first one in April (4 mg m−2 d−1) and the second one in November (6 mg m−2 d−1) (Figure 4D). The PSi component of the flux was characterized by low values and variability in the remaining months, especially between June and September, with minimum PSi values occurring in July. The C:N ratio showed a bimodal cycle with values fluctuating between 7 and 9. The highest C:N ratios were observed above the molar Redfield ratio (106:16) between November and February, while the lowest C:N ratios occurred in July, August and September (Figure 4E). The changes in the annual cycle of the total particle flux and POC marked the contribution of phytoplankton blooms to the sinking material in the Gotland Basin, while PON, PSi and C:N ratio reflected the species succession from silica-rich species like diatoms to species able to fix nitrogen from the atmosphere such as cyanobacteria and vice versa (as in autumn), with the corresponding effects on the nutrient pool (Figure 4E and Supplementary Figure S3). Nitrate concentration showed high values prior to the onset of spring (March-April), summer (June) and autumn (October) blooms in the Gotland Basin with the additional contribution of nitrogen fixed by cyanobacteria observed in August (Supplementary Figure S3A). Phosphate showed a similar behavior with higher pre-bloom phosphate concentrations in April, June and September (Supplementary Figure S3B). Thus, periods of nutrient depletion and availability in the water column are driven by the development of blooms and species succession throughout the annual cycle.
[image: Figure 4]FIGURE 4 | Annual cycle based on monthly means of (A) total particle flux, (B) particulate organic carbon, (C) particulate organic nitrogen, (D) biogenic silica and (E) C:N ratio from sediment traps moored at 180 m depth in the Gotland Basin between 1999 and 2020. The central red line in each box represents the median over 22 years. The bottom and top edges in each box indicate the 25th and 75th percentiles, respectively. The whiskers extend to the most extreme data points.
3.5 Changes in the isotopic composition of organic carbon and nitrogen at 180 m depth
The relationship between δ13C and δ15N reflected the primary production cycle in the Gotland Basin (Figure 5). In January and February, both δ13C and δ15N remained uniform, likely related to low primary production resulting from the limited light and low temperature during winter. In March, primary production started as shown by the light δ13C (CO2 uptake) and heavy δ15N values (nutrient consumption). During April and June, δ15N values were similar reflecting the nitrate-δ15N value as the nitrogen pool was fully consumed, but primary production continued with slightly heavier δ13C values during this period. The gradual change to heavier δ13C and lighter δ15N values between June and August indicated the occurrence of the cyanobacteria bloom characterized by high nitrogen fixation and CO2 uptake rates, the latter dominated initially more by the increase in temperature than by primary production (Montoya et al., 2002; Schneider et al., 2017). From September onwards, δ15N started to return to heavier values and δ13C to lighter values as a result of the change in the phytoplankton community from cyanobacteria to diatoms and the transport of deeper CO2-enriched water to the surface (Schneider et al., 2017).
[image: Figure 5]FIGURE 5 | Relationship between δ13C and δ15N on an annual basis. The circles connected by a blue solid line correspond to monthly means of carbon and nitrogen stable isotopes over the period 1999 to 2020. The blue solid line shows the annual cycle of changes in both δ13C and δ15N. The bars represent the standard deviation with respect to the variable on the axis.
4 DISCUSSION
Primary production in the surface layer is reflected in the seasonality of the particle flux (Antia et al., 2001; Leipe et al., 2008). Diatoms dominate the export of organic particles in spring and autumn, whereas cyanobacteria do this in summer (Schneider et al., 2017). The total particle flux and its components showed a large variability in the long-term and inter-annual time scale as previously observed (Figures 2, 3). The main particle flux events were observed in 2003, 2012 and 2015, which coincided with the periods of Major Baltic Inflow events (MBIs) in the Baltic Sea (Mohrholz et al., 2015). The transport of large amounts of saline water into the Baltic Sea has an influence on the environmental conditions below the permanent halocline and therefore on the exported particles (Voss et al., 1997). A MBI occurred in January 2003, ending the stagnation period that had started in 1995. A moderate inflow event took place in 2011, followed by one of the strongest MBIs ever observed in December 2014. The MBIs are the sole source of deep water renewal and ventilation in the central Baltic basins, transporting water rich in oxygen, nutrients and salinity. The inflow pushes the anoxic water partly also across sills into the northern basins. Hence, phosphate-rich water is advected into shallower depths and leads to stronger cyanobacteria blooms after the inflow, which may contribute to the high particle flux observed with sediment traps in 2003, 2012 and 2015. The effects of the MBI in December 2014 were mainly observed in the Gotland Basin in June 2015, with the drastic increase in the total particle flux and its components in this year. In 2016, the inflow’s effects were still noticed with above average flux throughout the year.
According to Struck et al. (2004), lateral advection is the main source of particulate matter in the Gotland Basin. They compared the annual accumulation rates of organic carbon, nitrogen and phosphorus at 241-m depth with the vertical particle flux between summer of 1996 and 1997. Schneider et al. (2000) supports these results, suggesting that an additional source of carbon, e.g., via advection, is necessary to balance the carbon budget in the Gotland Basin. This might imply that the high particle flux observed in 2003, 2012 and 2015 in the Gotland Basin may have been generated by advection processes likely fueled by MBIs. However, Cisternas-Novoa et al. (2019) associate the high transfer efficiency of POC to aggregates of particulate organic matter and manganese oxide-like (MnOx-like) particles formed after the inflow of oxygen-rich water into the Gotland Basin in 2015. Thereby, aggregates containing MnOx-like particles and organic matter may reach the sediments more quickly changing the biogeochemistry of the water column, the composition and vertical flux of particulate material. Further research is needed to confirm these hypotheses since they are beyond the scope of this study.
The seasonal and annual cycle of the particle flux in the Gotland Basin is led by primary production, which is reflected in the chlorophyll a concentration. Chlorophyll a, which serves as a proxy for primary production, exhibited a similar annual cycle to that of the particle flux and its components. The highest concentrations of chlorophyll a were observed in April and July with values of 6 and 4 μg L−1, respectively (Figure 6A). These elevated values in chlorophyll a coincided with the occurrence of spring and summer blooms as well as high particle flux in the Gotland Basin (Supplementary Figure S1). The slow decline in chlorophyll a concentration after the summer bloom may be related to the occurrence of the diatom bloom in autumn (Wasmund and Uhlig, 2003), as shown by the increase in total particle flux, POC, PON and PSi in November. Chlorophyll a concentration was low with little variability between December and February, likely associated to light limitations and deep mixing during this period of the year. Sinking material produced by the spring and autumn blooms was enriched in PSi, indicating the presence of diatoms in the sinking particles. This observation was confirmed by the moderate chlorophyll a concentration and high POC and PSi in April and November (Figures 4B–D), as well as by microscopic analyses (Schneider et al., 2017).
[image: Figure 6]FIGURE 6 | Annual cycle based on monthly means of (A) chlorophyll a and (B) partial pressure of carbon dioxide derived from water column measurements, stable isotope ratios (C)13C:12C and (D)15N:14N from sediment traps moored at 180 m depth in the Gotland Basin between 1999 and 2020. The central red line in each box represents the median over 22 years. The bottom and top edges in each box indicate the 25th and 75th percentiles, respectively. The whiskers extend to the most extreme data points.
Seasonal production was mainly dominated by carbon over-consumption, with a minor shift to nitrogen over-consumption in summer as observed in Figure 4E (Körtzinger et al., 2001). Thus, the C:N ratio allowed to identify three stages in the nutrient pool cycle where nitrate deficiency leads to a less nitrogen-rich organic matter (Körtzinger et al., 2001). First, a high concentration of inorganic nutrients was observed in March after winter-time mixing, followed by their consumption by the spring bloom in April (Spilling et al., 2019). Second, the contribution of isotopically light atmospheric nitrogen by cyanobacteria to the nutrient pool was observed in July. Lastly, there was a recharge of the nutrient pool due to remineralization and re-supply of nutrients by e.g., wind induced mixing in November. There is a correlation between the sinking material, its isotopic composition and nutrients. The total particle flux correlated positively and significantly with its components POC, PON and PSi. Therefore, a higher/lower total particle flux leads to a higher/lower POC, PON and PSi (see Table 3). The POC in the flux is most strongly correlated with PON and PSi because nitrogen and silicate are essential elements used by diatoms and other planktonic species for growth and cell wall formation, which also explains the strong correlation observed between PON and PSi. Chlorophyll a showed a positive and significant correlation with PON, indicating its relationship with the summer bloom containing mainly diazotrophic cyanobacteria. The negative but significant relationship between chlorophyll a and δ15N confirmed that the summer bloom formed by cyanobacteria species like Nodularia spumigena and Aphanizomenon flos-aquae contributes light δ15N values to the Gotland Basin, as also indicated by Struck et al. (2000) using sediment cores from the southern and central Baltic Sea. Overall, the total particle flux and its components POC, PON and PSi were weakly correlated with δ13C and δ15N. Comparing the mean annual nitrogen isotope composition estimated by Struck et al. (2004) (3.7‰) and by Korth et al. (2014) (3.6‰ ± 1‰) with the long-term mean over the 22-year period from this study (4‰), it seems that the source of nitrogen in the sediment traps remains unchanged. This implies, first, that most of the nitrogen comes from the surface particle flux (i.e., pelagic origin) rather than from nitrogen-enriched coastal waters, as suggested by Struck et al. (2004); Voss et al. (2005). Second, the depleted nitrogen signal is spreading through all marine organisms (from bacteria to fish) (Voss et al., 2005; Wannicke et al., 2013; Lesutiene et al., 2014; Karlson et al., 2015).
TABLE 3 | Pearson correlation coefficients of monthly mean total particle flux, POC, PON, PSi, δ13C, δ15N from sediment traps moored at 180 m depth, and chlorophyll a and partial pressure of carbon dioxide derived from water column measurements in the Gotland Basin between 1999 and 2020. Correlations that are statistically significant are shown in bold (p-value [image: image] 0.05).
[image: Table 3]Changes in the isotopic composition of organic matter are driven by internal and external factors. Internal factors include cell size, growth, membrane permeability and enzymatic pathways for carbon uptake (Khim et al., 2018, and references therein), while external factors comprise the isotopic signature of dissolved inorganic carbon (DIC) and/or degradation routes of organic particles (Altabet, 1988; Altabet and Francois, 1994). Carbon isotopes indicate the content of dissolved CO2 in the water column [CO2(aq)], as the dissolved CO2 is the main source of carbon for most of phytoplankton species (Rau, 1994). Therefore, patterns of δ13C may be attributed to the seasonal changes in CO2(aq) as has also been observed in other ecosystems (Lehmann et al., 2004). The partial pressure of carbon dioxide showed a bimodal behavior with minimum values close to 20 Pa between May and August and maximum values around 50 Pa between November and January (Figure 6B). CO2(aq) concentration in surface water is inversely related to δ13C values in marine plankton because the carbon isotopic values reflect the increase in δ13C-DIC (Lehmann et al., 2004) in response to CO2 reduction by phytoplankton uptake (Figures 6B,C). There was no correlation found between pCO2 and δ13C and δ15N. However, pCO2 had a moderate to strong correlation with the total particle flux, PSi and chlorophyll a, implying that more phytoplankton production results in more CO2 uptake and therefore higher δ13C-CO2(aq) in surface water and higher particle flux (see Table 3). The low δ13C values observed during spring (Figure 6C) may be related to cold, CO2-rich surface water due to the temperature-dependent fractionation between bicarbonate and dissolved CO2. δ13C values during summer and autumn suggest low CO2-levels due to ongoing production, which was confirmed by direct measurements of CO2 in the surface waters of the Gotland Sea (Thomas, 1997). δ13C and δ15N followed an opposite pattern (Figures 6C,D). While the δ13C is at its minimum in March, the δ15N is at its maximum, and vice versa in August.
δ15N-PON at 180 m water depth reflects the pattern of pelagic production, as there is a shift from higher to lower δ15N values between spring, summer and autumn (Leipe et al., 2008). δ15N increased in February and March as a result of fractionation during nitrate uptake (Altabet, 1988). This may theoretically result in a fractionation of up to 12‰ - depending on the species - as described by Montoya and Mccarthy (1995). However, the euphotic zone is an open system in which such a fraction is not expressed, and therefore the fractionation is much lower as such reflected in the sinking organic matter (Voss et al., 1996). Thus, the high δ15N values in spring during the high production period may be related to the residual nitrate produced during nutrient utilization by phytoplankton (Altabet and Francois, 1994). In summer, decreasing δ15N values in organic matter indicated nitrogen fixation, as nitrate contains more δ15N than elemental nitrogen used by cyanobacteria (Leipe et al., 2008). Thereby, the variation in δ15N values seems seasonal reflecting the transition from spring to summer driven by the species succession. During the transition from summer to autumn (August/September), the δ15N reached its minimum value just after the maximum in cyanobacteria (Figure 6D). During late autumn and winter, degradation processes of organic matter and the resupply of nitrate to the surface waters re-establish a δ15N value of nitrate that is around 3.7‰ and nicely reflect the δ15N of the spring bloom sinking to the bottom. Additional factors that may contribute to changes in δ15N include nitrogen contributions from terrestrial sources, phytoplankton growth and/or degradation, lateral transport of particles and particle residence times (Khim et al., 2018, and references therein). The δ15N values in sinking material are mostly impacted by the signatures of nitrate reflected in phytoplankton and by nitrogen fixation.
Analyses of sediment traps from the Gotland Basin by Wasmund et al. (1998) and Cisternas-Novoa et al. (2019) reveled that the POC consisted of recently produced biogenic material. Therefore, the high POC flux observed in spring, summer and autumn may be related to the new production from the surface layer. Groetsch et al. (2016) and Beltran-Perez and Waniek (2022) confirmed based on in-situ observations and modeling results the occurrence of phytoplankton blooms during these periods of the year. The averaged climatology of phytoplankton biomass revealed explicit seasonality with spring blooms mostly composed of diatoms from March to April and summer blooms of cyanobacteria during June and August. An autumn diatom bloom also occurred, but of lesser magnitude compared to the spring and summer blooms. Additionally, Kahru et al. (2016) reported the spatial variability of primary production in terms of estimated chlorophyll a concentration using satellite images in the Baltic Sea. It was observed that the high summer POC in the flux corresponded to seasonal peaks in the estimated chlorophyll a concentration, indicating the seasonal presence of cyanobacteria blooms. The apparent increase in particle flux matches a general increasing trend in net sediment accumulation rates of carbon and nitrogen over the past 50 years in the Baltic Sea (Leipe et al., 2008). Based on sediment cores from the southern and central Baltic Sea, Struck et al. (2000) reported a clear shift to higher organic carbon concentrations and δ13C values over the last 30 years in the Gotland Basin. Although high productivity in the Gotland Basin has been observed in the last decades, the tendency to heavier δ13C values was not observed on either the long-term or inter-annual time scales analyzed in this study.
According to Leipe et al. (2008), the annual carbon flux between 1995 and 2003 was dominated by diazotrophic cyanobacteria in the Gotland Basin, which made up to two-thirds of the yearly flux. Nowadays, the export of carbon to the sea floor is still dominated by cyanobacteria, but its contribution to the total flux is close to one-third (Table 2). Several studies have reported earlier and longer cyanobacteria blooms in the Baltic Sea (Kahru and Elmgren, 2014; Kahru et al., 2016; Beltran-Perez and Waniek, 2022), which may partly explain the reduction observed in this study. However, there is still no consensus about the increase or decrease of cyanobacteria blooms in the coming years, their future remains uncertain considering the continuous changes in the environment (Wasmund and Uhlig, 2003; Meier et al., 2019). Given the decrease in PSi flux since 2016, there appears to be a shift from diatoms to dinoflagellates as the dominant bloom species. However, since both species may co-occur and therefore contribute to the particle flux, it is not possible to determine from the available sediment trap data whether the sinking material originates from diatoms or dinoflagellates to confirm this hypothesis. Using data on phytoplankton abundance and biomass (1979–1999) and chlorophyll a (1979–2000) from surface samples, Wasmund and Uhlig (2003) found a decrease in diatoms during spring blooms in the Gotland Sea and an upward trend in dinoflagellate abundance in all seasons in the Baltic Proper. Similarly; Klais et al. (2011) reported that the proportion of dinoflagellates relative to diatoms increased between 1995 and 2004, especially in the Gulf of Bothnia (from 0.1 to 0.4) and the Gulf of Finland (from 0.4 to 0.6). Shifts in the dominant bloom forming species have significant effects on the functioning of the Baltic Sea ecosystem. Changes in the food web may be expected as the efficiency of energy transfer to higher trophic levels might be reduced due to the timing of food availability (match-mismatch hypothesis, Smith and Hollibaugh, 1993; Winder and Schindler, 2004). A shift in phytoplankton may also inhibit the survival of zooplankton and fish, affecting the recruitment of larvae, as larval spawning continues to match the original timing of the bloom prior to changes (Cole, 2014; Gittings et al., 2018). Therefore, shifts in the phytoplankton community along with current environmental changes may have potentially large impacts on the Baltic Sea. Overall, the long-term sediment trap data used in this study allowed us to identify changes in sinking particles that would not otherwise be possible, given the difficulty of modeling and predicting the behavior of sinking particles with such high variability over time.
5 CONCLUSION
Sinking particles provide the major connection between processes in the upper part of the water column and sediments. In spite of the high temporal variability in the particle flux and its components, three distinct periods driven by primary production at the surface were identified in the Gotland Basin. Sinking material in spring and autumn is derived from the diatom bloom. The large particle export from the surface in summer is driven by the growth of nitrogen fixing cyanobacteria, mainly of the species Aphanizomenon and Nodularia, which take up and store phosphate for use when it is already depleted from the water column. The contribution of isotopically light atmospheric nitrogen by diazotrophic cyanobacteria to the sinking material is evidenced by the changes in the δ15N values in summer, reflecting as well the succession between diatom and cyanobacteria species in the annual cycle. The succession in the phytoplankton community and the occurrence of phytoplankton blooms are important factors determining the seasonal pattern of sinking material in the Gotland Basin. Unusual high particle flux from surface blooms occurred in 2003, 2012 and 2015, showing the capability of sediment traps to reflect changes in primary production that would otherwise be difficult to observe due to the patchiness of these events. There are some indications that MBIs lead to increased particle flux after their occurrence. However, a comprehensive analysis of the effects of MBIs throughout the water column is still needed.
The Baltic Sea has undergone significant changes, the reduction in carbon exported to the sediment in summer compared to past decades is a sign of these changes. Sinking particles may be influenced by factors not directly related to the surface, such as mixing or advection processes within the water column. In addition, the complete pathway of nutrient sources is unknown, as a low δ15N signal in the sinking material may be related to multiple processes such as nitrogen fixation, N-release or ammonium uptake. Therefore, while the findings of this study provide valuable insights into the carbon exported at different seasons and years linked to the development of phytoplankton blooms in the Gotland Basin, they should be interpreted in the context of the broader changes that are occurring in the Baltic Sea. Furthermore, given the temporal variability exhibited by the particle flux and its components, this study demonstrates the importance of continued monitoring of the Baltic Sea and the challenges of modeling and making future predictions in such a highly variable system.
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