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Abstract

:

The Baltic Sea faces prolonged eutrophication due to nutrient pollution, with the Nemunas River regulating nutrient input via the Curonian Lagoon. In this study, we aimed to assess the seasonal variations and changes over the past two decades in nutrient concentrations within the Curonian Lagoon–Baltic Sea transitional zone, and to identify the main factors affecting these trends. We observed slightly reduced nutrient levels in the lagoon and the Klaipėda Strait and increased nitrogen loadings in the Baltic Sea nearshore over time. Between 2007 and 2009, the average total nitrogen (TN) concentrations in the Klaipeda Strait and the Baltic Sea were 1.60 ± 0.25 and 0.54 ± 0.04 mg/L, respectively, while the average total phosphorus (TP) concentrations in the Klaipeda Strait and the Baltic Sea were 0.061 ± 0.04 and 0.03 ± 0.01 mg/L, respectively. Between 2018 and 2020, TN concentrations in the Strait and the Sea were 1.2 ± 0.36 and 0.65 ± 0.32 mg/L, respectively, while the average TP concentrations in the Klaipeda Strait and the Baltic Sea were 0.025 ± 0.002 and 0.021 ± 0.002 mg/L, respectively. The average annual amount of TN and TP entering the Curonian Lagoon from the sea was 2736 t and 162 t, respectively. Significantly higher nutrient influx to the Baltic Sea was recorded reaching 32,302 t for TN and 1278 t for TP. Nutrient concentrations correlated with water temperature, salinity, and dissolved oxygen, influenced by seasonal runoff patterns and climate change. Over time, there have been noticeable shifts in environmental conditions, including rising temperatures, decreasing oxygen levels, salinity changes, increased evaporation, and reduced precipitation.
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1. Introduction


Inorganic nitrogen (N) and phosphorus (P)-based compounds are nutrients that impact the degree of eutrophication in water bodies [1]. The excess of these nutrients can lead to flourishing of harmful algae, altered water turbidity, oxygen depletion, and alterations in biodiversity. Eutrophication caused by excessive nutrient inputs is a major environmental concern for the Baltic Sea that has persisted for an extended period [2,3,4,5]. Over the past century, the amount of nutrients entering the Baltic Sea from the land and the atmosphere has tripled: in recent years, it has risen to approximately 770 kt and 45 kt of nitrogen and phosphorus per year, respectively [6]. To address the problem of eutrophication, governments are taking measures by controlling the entry of nutrients into the marine environment. Investments in municipal and industrial wastewater treatment and management have led to improvements in the quality of inland waters [5,7]. In recent years, water protection policies have focused on addressing the impact of agriculture, which is currently a major source of nutrients in water bodies [8,9]. It was previously shown that the specific nutrient load from agricultural areas can be as much as 12 times higher for phosphorus and 6 times higher for nitrogen compared with forested areas [10]. In Lithuania, agriculture may be responsible for up to 75–90% of the total nitrogen (TN) and around 70% of the total phosphorus (TP) load in the Nemunas River Basin [11,12].



The long-term trends indicate that the inflow of nutrients from the river-drained areas, especially agricultural areas, is still high [13]. According to research data from 2011 to 2018, 1438 kt of nitrogen enters the Baltic Sea annually, the main source of this nutrient being rivers [5]. Achieving a good ecological status in the Baltic Sea remains challenging, as factors such as peatland destruction and climate change diminish the effectiveness of current measures [13]. Despite ongoing efforts, good environmental conditions for the Baltic Sea had not been achieved by 2021. Therefore, the countries around the Baltic Sea accepted an updated action plan for improving its environmental conditions by 2030 [14]. According to the Baltic Sea Action Plan (BSAP), Lithuania has committed to reduce its nitrogen and phosphorus inputs to the Baltic Sea by limiting its nutrient input to no more than 25,878 t of TN and no more than 703 t of TP per year [14]. Despite this, studies have shown that the actual pollution from Lithuania remains higher than the maximum allowed. From 1995 to 2019, the average annual loads of TN and TP to the central part of the Baltic Sea from Lithuania were 38,289 t and 1351 t, respectively (Environmental Protection Agency data). While Lithuania has achieved its target reduction for phosphorus loads, the reduction of nitrogen loads is still in progress [15,16].



The Nemunas River is one of the largest rivers that affects the influx of nutrients into the Baltic Sea. The Nemunas flows into the shallow (average depth 3.8 m) freshwater Curonian Lagoon, and a constant exchange of water masses between the sea and the lagoon occurs through the narrow Klaipėda Strait that serves as a transitional zone linking the two water bodies. The productivity of estuaries depends on the nutrient input from upstream and specific hydrometeorological conditions [3,17]. Coastal ecosystems are crucial for reducing nutrient loading due to their high productivity and biogeochemical activity [18,19]. Biogeochemical processes typically function to alter, capture, and remove nutrients originating from upstream rivers [19,20]. Therefore, variations in nutrient levels within the Curonian Lagoon reflect the interplay between hydrometeorological factors and biogeochemical processes occurring in the Nemunas River Basin. Human activities in the Klaipėda Strait, such as port maintenance, can also affect the water column of the basin [21]. Nutrients enter the coastal waters of the Baltic Sea through the entire transit zone of the Nemunas–Curonian Lagoon, reflecting the cumulative effect of biogeochemical and anthropogenic factors.



One of the key factors that influence the amount of biogenic materials transported between the Curonian Lagoon and the Baltic Sea is the variation in the water balance elements of the lagoon. Elements of the water balance in the Curonian Lagoon have been affected by both climate change and anthropogenic activities. The development of the Klaipėda State Seaport involved dredging of the Klaipėda Strait and reconstruction of the port quays. As a result, the permeability of the Klaipėda Strait has been altered, leading to changes in the flow structure and sediment transport in the northern part of the Lagoon as well as the Strait itself [22]. The Curonian Lagoon’s long-term water balance has been calculated previously, with the first calculations by E. Červinskas in 1956 [23] and the most recent by D. Jakimavičius et al. in 2010 for the period 1960–2007 [24]. This article extends these calculations up to 2020 to provide a more comprehensive picture of the water balance in the Lagoon. The obtained results will enable the assessment of biogenic transport in the Curonian Lagoon–Baltic Sea transit zone during recent decades. The aim of this research is to evaluate the seasonal characteristics of the concentration distribution of nutrients, specifically nitrogen and phosphorus, in the transitional zone of the Nemunas River–Curonian Lagoon–Baltic Sea. We also aimed to evaluate the changes in the amount of N and P entering the Baltic Sea through the Klaipėda Strait over the past two decades, based on the data obtained from the water balance measurements.




2. Materials and Methods


2.1. Study Area and Sampling


The area of this study includes the Lithuanian part of the Curonian Lagoon (CL), the Klaipėda Strait (KS), and the Baltic Sea nearshore (BS, Figure 1). The Curonian Lagoon is a shallow semi-enclosed freshwater lagoon separated from the Baltic Sea by the Curonian Spit [25]. The circulation of water in the Curonian Lagoon is primarily influenced by the discharge of the Nemunas River and the direction of the wind [26]. The movement of water from south to north occurs because of the Nemunas River’s flow and the differences in water levels between the lagoon and the sea, and this current extends from the Nemunas Delta to the Klaipėda Strait [27]. Approximately 22 km3 of fresh water enters the lagoon each year as river runoff [28]. Moreover, the Nemunas River transports around 342,000 metric t of particulate matter into the lagoon through its tributaries [29]. The southern and central parts of the Curonian Lagoon are freshwater (<0.5 psu), while the northern part is oligohaline with irregular salinity (from 0 to 8 psu) fluctuations [25]. The northern part of the Curonian Lagoon connects the lagoon with the Baltic Sea through the Klaipėda Strait, which is characterized by a large technogenic and anthropogenic load [29,30,31].



Field investigations were carried out during seasonal expeditions (4 surveys per year) in winter (February), spring (May), summer (August), and autumn (November) of 2007–2009 and 2018–2020. The water was collected from the surface (0–0.5 m) and near-bottom (0.5–1 m above the bottom) water layers. Three sites were situated in the northern part of the Curonian Lagoon (CL1–3), eight sites (KS1–8) in the Klaipėda Strait, and three sites (BS1–3) in the nearshore of the Baltic Sea (Figure 1). Locations of sampling sites were chosen so that samples from different environments with varying salinity and other properties (lagoon, strait, and sea) were provided. All the data provided in this study originate from our extensive, long-term observations; no other sources were used in this study.



To calculate water balance and amount of biogenic elements (TN and TP) in the Klaipeda Strait (KS1, KS2, KS3) and in the nearshore Baltic Sea (BS1–3), seasonal data from 2001 to 2020 were used. Three sites were situated in CL—Curonian Lagoon, KS—Klaipėda Strait, BS—Baltic Sea.



The following data were used for estimation of water balance in the Curonian Lagoon in the period 2001–2020: river runoff, water levels of the Curonian Lagoon, air temperature, precipitation amount, and duration of ice cover on the Curonian Lagoon. Daily data from 6 water gauging stations (WGSs: Šešupė at Kudirkos Naumiestis, Nemunas at Smalininkai, Jūra at Tauragė, Šešuvis at Skirgailai, Minija at Kartena, Akmenos–Danės at Kretinga) were used to calculate river inflow to the Curonian Lagoon. For the calculation of volume change, daily data of the water level at Nida were used. Monthly mean precipitation, air temperature, and duration of ice cover data from Nida and Klaipėda MS were used to calculate the precipitation amount that fell in the Curonian Lagoon and evaporation from the Curonian Lagoon.




2.2. Methodology for Calculation of the Curonian Lagoon Water Balance Elements


The water balance elements of the Curonian Lagoon (inflow from the Baltic Sea to the Curonian Lagoon and outflow from the Curonian Lagoon to the Baltic Sea) are necessary for the assessment of biogenic transport in the lagoon–sea transit zone. The water balance of the Curonian Lagoon analyzed in this work is described by the following equation [32]:


(QR + P − E) + (QS − QL) = ΔV



(1)




where QR is river inflow to the Curonian Lagoon, P is precipitation in the Curonian Lagoon, E is evaporation from the Curonian Lagoon, QS is inflow from the Baltic Sea to the Curonian Lagoon, QL is outflow from the Curonian Lagoon to the Baltic Sea, and ΔV is change in the volume of the Curonian Lagoon.



River inflow to the Curonian Lagoon was calculated by using the discharge of the Nemunas, Šešupė, Šešuvis, Jūra, Minija, and Akmena–Danė rivers. Discharge at the WGS, where measurements were taken, was recalculated for the river mouth (multiplying by appropriate coefficients obtained according to the catchment area ratio between WGS and river mouth).



Precipitation and evaporation were determined according to the data of Klaipėda and Nida meteorological stations (MS). Precipitation was estimated using the precipitation data from two MS and Thiessen polygon methods. Evaporation was calculated applying the Thornthwaite equation [33].



For the calculation of volume change, daily data of river inflow and mean water level of the lagoon at Nida were used. The water surface area of the lagoon was assessed according to the relation between water level and surface area. According to the daily data of volume variation and total river inflow, water exchange between the sea and the lagoon was calculated. These discharges were computed by deducting total river inflow from the volume change. Negative discharge means that water flows from the Curonian Lagoon to the Baltic Sea, and positive shows the opposite flow direction.



Two components of water balance (QL and QS) were used for calculation of nutrient amounts from the Curonian Lagoon to the Baltic Sea and from the sea to the lagoon.




2.3. Analysis of Water Samples


Water samples were collected, stored, and handled in accordance with the standards LST EN ISO 5667-3:2006 and LST EN ISO 5667-1:2007/AC:2007 [34,35].



An echo sounder was used for measuring the depth in the monitoring stations. Water samples were collected from the surface and subsurface layers using a Niskin bathometer. In field conditions, the salinity (S), dissolved oxygen concentration (O2), and water temperature (T) were measured using a Multi 340i multimeter by WTW. Standard hydrochemical methods were employed to measure other water parameters. Phosphate (P/PO43−) and TP in the water were determined using a spectrometric method with ammonium molybdate, following the guidelines of LST EN ISO 6878:2004 [36]. The organic phosphorus (OP) concentration was calculated from the difference between TP and inorganic phosphorus (P/PO43−) concentrations.



The concentration of ammonium (N/NH4+) in the water was determined using ion exchange chromatography, following the guidelines of LST EN ISO 14911:2000 [37]. Nitrites (N/NO2−) in the water were measured using a molecular absorption spectrometric method as specified in LAND 39-2000. Nitrates (N/NO3−) content in water was determined using a spectrometric method with sulfosalicylic acid, following the procedures outlined in ISO 7890-3:1988 [38]. TN in water was measured through oxidative mineralization using peroxodisulphate, in accordance with ISO 11905-1:1997 [39]. The organic nitrogen was calculated from the difference between TN and inorganic nitrogen (N/NH4+, N/NO3−; N/NO2−) concentrations. For spectrometric analysis, a GENESYS 10S UV-VIS spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) was used, whereas for chromatographic determination of the analytes, an ion chromatography system (ICS) DIONEX ICS 1000 (Thermo Fisher Scientific, Waltham, MA, USA) was used.




2.4. Statistical Analysis


Relationships between the various parameters were analyzed using Statistica 8.0 software (StatSoft, Inc., Tulsa, OK, USA). Principal component analysis (PCA) was employed to identify factors that connect the variables of nutrients and the analyzed water indicators (temperature T, salinity S, dissolved oxygen O2) in the Baltic Sea and the Curonian Lagoon including the Klaipeda Strait. Data from 2018 to 2020 were used for PCA analysis. The PCA technique enabled exploration of relationships and patterns within the data, highlighting the key components that contribute to the overall variability of the water characteristics. Before the PCA, raw data were mean-centered and scaled. PCA was performed using Varimax rotation as a preferable transformation technique, and three PCs with eigenvalues >1 were selected.





3. Results and Discussion


3.1. Changes of the Water Balance Component of the Curonian Lagoon in the Period of 2001–2020


The water circulation patterns in the Curonian Lagoon, particularly in its northern part at the Klaipėda Strait, are affected by the difference in water levels between the Curonian Lagoon and the Baltic Sea. The intensity of circulation is determined by the permeability of the strait, which increases progressively with each deepening of the Klaipėda port water area [24,40,41,42,43]. When the water level in the lagoon surpasses that of the Baltic Sea, water flows from the lagoon towards the sea. Long-term water level observations indicated that approximately 18% of the time, the water of the Baltic Sea flows into the Curonian Lagoon [44].



The water balance of the Curonian Lagoon was calculated using the methodology presented above. Water balance incomes consist of rivers inflow (QR), inflow from the sea (QS), and precipitation (P), while water balance losses consist of outflow from the lagoon (QL) and evaporation (E) (Figure 2).



As presented in Figure 2, evaporation and precipitation make up a very small part of the water balance. In the period 2001–2020, the average annual evaporation and precipitation were 1.095 km3/year and 1.387 km3/year, respectively. River inflow was calculated at daily intervals. The average annual river inflow was 20.848 km3 and it varied from 13.422 km3 (2020) to 32.434 km3 (2017). The average runoff from the Curonian Lagoon to the Baltic Sea in this period was 26.383 km3/year and varied from 20.651 km3 (2003) to 38.268 km3 (2007). The average inflow from the Baltic Sea to the Curonian Lagoon was 5.748 km3/year and varied from 3.276 km3 to 12.967 km3 in individual years. Annual evaporation increased but precipitation slightly decreased in the investigated period.




3.2. Characteristics of the Curonian Lagoon–Baltic Sea Transitional Zone in the Past Decade: Salinity, Water Temperature, and Dissolved Oxygen


Estuaries are known to experience high salinity fluctuations, which are linked to flocculation and sedimentation processes in the water column [1]. Alterations in physicochemical parameters, such as temperature and salinity, affect marine populations and their abundance, which in turn have an impact on the nutrient consumption and loadings in the water [3,45].



The average water column temperature in the study area was found to be higher in 2018–2020 than in the previous period 2007–2009 (Table 1). In Lithuania, the average multi-year air temperature from 1981 to 2010 was 6.9 °C. Including the most recent decade (1991–2020), the average temperature has already risen to 7.4 °C. According to the Lithuanian Hydrometeorological Service, 2020 was the warmest year in the country’s history of meteorological observations, with an average annual air temperature of 9.2 °C.



Such a rise in temperature is related to the increased production which in turn affects concentration of dissolved oxygen. Significantly lower concentrations of dissolved oxygen were recorded in the whole study area between 2018 and 2020 compared with the measurements conducted in 2007–2009 (Table 1). Numerous studies have already demonstrated that dissolved oxygen concentration in hypertrophic systems depends highly on production and respiration rates. Elevated nutrient availability stimulates the growth of phytoplankton and aquatic plants, enhancing their primary productivity. This, in turn, can lead to an increase in dissolved oxygen (DO) concentration through the process of photosynthesis. However, the heightened production of organic matter also results in the proliferation of heterotrophs, which consume oxygen during respiration, consequently reducing DO levels. Consequently, in such biologically active systems, the primary drivers of the oxygen regime are photosynthesis and respiration (Harper, 1992). This is primarily because the rates of change in DO caused by photosynthesis and respiration significantly outweigh the processes of oxygen exchange across the atmosphere–water interface and the dispersion of oxygen within the water column [46].



Climatic factors can also affect the concentrations of biogenic substances and their loads in water bodies [17,47,48,49]. The level of dissolved oxygen in the Baltic Sea could also have been affected by changes in salinity [50] and biogenic oxidation processes that have impact on the biogeochemical cycle of nitrogen and phosphorus and their concentrations in the water column [51,52]. The Baltic Sea is a semi-enclosed body of water with limited exchange of water with the North Sea through narrow straits. Such limited exchange affects the water circulation and nutrient dynamics in the Baltic Sea, which exacerbates the ecological changes in the Baltic Sea, including nutrient imbalances and oxygen depletion [2,53].



The t-test for dependent samples was employed to determine whether there were statistically significant differences (p < 0.05 and p < 0.01) between the means of selected indicator measurements during two distinct periods, namely 2007–2009 and 2018–2020. The comparison of O2, T, and D measurements was conducted separately in the Klaipėda Strait (KS) and in the Baltic Sea (BS).



In the Klaipėda Strait (KS), the means of all three indicators, i.e., O2, T, and D, during different periods (2007–2009 and 2018–2020) differed significantly (p < 0.01; respective means are marked with two asterisks). Meanwhile, in the Baltic Sea, significant (p < 0.05; marked with one asterisk) differences in the means were found for dissolved oxygen in the surface water layer, temperature in the bottom layer, and dissolved oxygen and temperature in the water column (p < 0.01). Changes in the average salinity in the Baltic Sea were insignificant (p > 0.05).



The salinity values recorded in the Klaipeda Strait and Curonian Lagoon during the period 2018–2020 were higher compared with the previous periods analyzed—2007–2009 (Table 1) and 1986–2005 (average value of 2.5 psu recorded in the Klaipeda Strait, and 1.2 psu in the lagoon [28]). The rise in salinity levels observed in the strait and lagoon can be attributed to the enhanced permeability of the strait, as well to an upsurge in seawater movement [24,40,41,42]. In the autumn of 2019 and 2020, a significant inflow of seawater was observed in the whole Curonian Lagoon, with salinity values reaching up to 6.3 psu.



The winter seasons of 2018–2020 were characterized by the lowest salinity values. The water salinity in the Curonian Lagoon averaged less than 0.5 psu in this period, whereas in the Klaipėda Strait, salinity values reached 0.9 psu and 1.9 psu in the surface and bottom layer, respectively. Similarly, the coastal waters of the Baltic Sea (BS) showed the lowest salinity in the winter season, with an average of 5.7 psu at the surface and 6.7 psu at the bottom. In May, which is when our spring measurements were taken, the amount of continental runoff had significantly decreased. As a result, the average salinity values in both the strait and lagoon were already high, especially near the bottom (4.0 and 1.9 psu at the surface and 6.0 and 2.0 psu at the bottom, respectively). The salinity in the coastal waters of the Baltic Sea reached 6.6 psu at the surface and 6.9 psu at the bottom.



The dynamics of salinity in the Klaipėda Strait are largely influenced by the specific hydrometeorological factors at each sampling location, with seasonal changes still playing a significant role, although their impact has been reduced due to global warming and, as a consequence, reduced seasonal differences. Typically, higher salinity values are observed during the cold season, while the spring flood is expected to dilute the water in both the lagoon and the strait, leading to a decrease in salinity. The opposite trends observed in our study could be associated with the effects of the climate. While the majority of freshwater runoff, resulting in a regular decrease in water salinity, still typically occurs in spring (March–April), river runoff may also increase in other seasons. Elevated temperatures during the cold period lead to a shift in precipitation from snow to rain. This causes precipitation to reach rivers at a faster rate, resulting in earlier river floods [24]. An increased inflow from the rivers could be responsible for the decreased salinity in the study area. The Lithuanian Hydrometeorological Service has reported positive temperature anomalies of 3.6–5 °C during February 2019–2020, coinciding with the period of our study. Moreover, irregular seasonal fluctuations in sediment pollution levels were previously observed in the Klaipeda Strait [30]. According to Zemlys et al. (2013), strong winds blowing from the north and northwest might cause barotropic inflow, resulting in an intrusion of the salty water into the Curonian Lagoon [43].




3.3. Spatial and Temporal Variations in Nutrient Concentrations


It has already been observed that the loads originating from rivers can exhibit significant short-term variability, which in turn affects the levels of both dissolved and particulate substances [54]. However, in this research, our focus was on examining the average concentrations over each period, rather than delving into short-term fluctuations, with the aim of providing a more accurate representation of long-term trends.



The t-test for dependent samples was employed to determine whether there were statistically significant differences (p < 0.01 and p < 0.05) between the means of selected indicator measurements during two distinct periods, namely 2007–2009 and 2018–2020. Comparisons of N/NH4+, N/NO2−, N/NO3−, TN, P/PO43−, and TP measurements were conducted separately in the Klaipėda Strait (KS) and in the Baltic Sea (BS).



In the Klaipėda Strait (KS), the means of all indicators N/NH4+, N/NO2−, N/NO3−, TN, P/PO43−, and TP differed significantly (p < 0.01, respective means are marked with two asterisks). Meanwhile, in the Baltic Sea, significant differences in the means were found for N/NH4+, N/NO2−, N/NO3−, TN (p < 0.05, marked with one asterisk), and TP (p < 0.01, marked with two asterisks). Changes in the average concentrations of P/PO43− in the Baltic Sea were insignificant (p > 0.05).



Notable decreases in the average concentrations of TN, N/NO3−, N/NO2−, TP, and PO43− were recorded in recent years (2018–2020, Table 2). This trend was obvious in both the Curonian Lagoon and the Klaipėda Strait. Similarly, the Warnow estuary in the southern Baltic Sea was characterized by decreasing concentrations of TP over the period 2000–2018 [55]. Along the coast of the Baltic Sea, the average concentrations of phosphorus-based compounds were lower, while nitrogen concentrations showed a slight increase (Table 2). It is worth noting that concentrations of ammonium ions slightly increased in both the lagoon and in the Baltic Sea (Table 2). In the Klaipėda Strait, the percentage of ammonium ions in the total amount of TN doubled, while along the seacoast, it increased by 1.2 times. The latest HELCOM documents indicate that ammonium emissions to the Baltic Sea have either remained at similar levels or even increased in certain areas [14]. It is important to highlight that even though the nitrite concentration is relatively low, a slight increase was observed over the past three years along the Baltic Sea coastline when compared with earlier research findings (Table 3). This increase could be attributed to natural nutrient biogeocycles, yet we cannot discount the possibility of pollution and eutrophication contributing to this trend [56].



In many EU countries, ammonia emissions are increasing mainly due to the use of mineral and natural fertilizers associated with livestock farming [57]. This highlights the urgent need for more effective mitigation measures in agriculture [14,58].



Our findings are in agreement with a long-term study conducted from 2011 to 2018 in the Baltic Sea that reported relatively high TN concentrations in the water column (0.59 ± 0.48 mg/L, [5]). Substantially higher levels of TN and TP were found in the western Baltic region, particularly in the Greifswalder Lagoon and Rugen Lagoon, where TN averaged between 10 and 16 mgN/l and TP ranged from 0.17 to 0.09 mgP/L [59]. Relatively high TN concentrations were also reported in the Vistula (2 mgN/L) and Oder (3 mgN/L) rivers, which drain the territory of Poland. Such elevated nitrogen levels were linked to the well-developed agriculture in the country [60]. The estimated average nitrate values within the transit zone of the Curonian Lagoon–Baltic Sea ranged from 0.14 to 0.72 mgN/L. These figures exhibit a noteworthy similarity to those observed in the western Baltic lagoons, specifically the Greifswalder Lagoon and Rugen Lagoon chain, during the period 2010–2016, where N/NO3− concentrations were recorded at 0.95 and 0.32 mg/L, respectively [59]. However, it is important to note that the Curonian Lagoon–Baltic Sea values are notably lower compared with Mecklenburg Bay (2.4 mgN/L) and the Warnow River (3.95 mgN/L) [59]. Notably higher nitrate levels were also recorded in catchment in north-western England, where values reached 9.6 mgN/L [61].



It was previously noted that P loadings in Lithuanian waters might be reduced; however, reducing N loadings is hardly possible. The reason is relatively high levels of N present in groundwater and soil [16,62].



Furthermore, the reduction of nutrient concentrations in the water body is affected by various factors, including the incorporation of dissolved substances into primary production, their sedimentation and accumulation in bottom sediments (sediment burial), removal by filter feeders, and release into the atmosphere [63,64,65]. It is worth noting that the Curonian Lagoon exhibits autotrophic characteristics due to high rates of primary production. These characteristics, such as the low N:P ratio, high summer temperatures, and calm weather conditions, induce the growth of N2-fixing cyanobacteria, thereby limiting the lagoon’s ability to accumulate nutrients and act as a sink [16].



It is important to note that there has been no significant decrease in TN concentration in the Baltic Sea, despite enormous efforts to reduce external inputs from surface waters. The inflow of nutrients from sedimentary sources (internal sources) also plays a significant role in the eutrophication of the Baltic Sea [66,67,68,69].




3.4. Seasonal Changes in N and P Concentrations and Distribution over the Course of Three Years (2018–2020)


Usually, the highest concentrations of TN are observed during the cold period when the low ambient temperature would limit production. The dominant form of nitrogen in the water column is mineral nitrogen (N/NH4+; N/NO3−; N/NO2−), primarily nitrates (N/NO3−). During the period 2018–2020, the average nitrate concentrations in the winter season were 1.62 mg/L, 1.55 mg/L, and 0.47 mg/L in CL, KS, and BS, respectively. The maximum N/NO3− value, reaching 2.97 mg/L, was recorded in the CS. In a previous study, even higher N/NO3− concentrations (up to 8.6 mg/L) were found [15].



In natural aquatic environments, nitrate is permanently reduced to dinitrogen by denitrifying bacteria via biological denitrification [70]. With the warming weather, nitrate consumption increases due to more intense production, following the typical pattern observed in natural waters [71,72,73]. Consequently, the concentration of N/NO3− reaches its minimum values (Figure 3). During this period, organic nitrogen plays a significant role as the main component of TN [74,75]. During the summer season, the proportion of organic nitrogen in the Curonian Lagoon reached 83%, 70% in the Klaipėda Strait, and 76% in the Baltic Sea nearshore. It has been demonstrated that organic nitrogen constitutes 85–90% of the reactive nitrogen that enters the Curonian Lagoon from the Nemunas River during spring–summer [15]. The highest average values of ammonium ions (0.22 mg/L in CL, 0.31 mg/L in KS) were recorded during summer. Similar trends were previously observed in the southern part of the Curonian Lagoon in July [73].



Different trends were observed along the coast of the Baltic Sea, where the highest concentrations of ammonia ions (up to 0.20 mg/L) were observed in autumn. Similar findings were reported in seasonal studies of the North Sea, where the highest concentrations of ammonium ions corresponded to the phytoplankton bloom in autumn [71]. The relatively warmer marine environment during autumn promotes the blooming of biota and the continuous remineralization of organic matter into ammonium [76]. In our research period from 2018 to 2020, the average autumn water temperature on the seacoast (11.2 °C) was one degree higher than in the lagoon (10.2). In natural waters, ammonium ions are typically oxidized to nitrites and nitrates through the nitrification process under aerobic conditions (presence of oxygen). However, in warmer weather, nitrification processes can slow down or even stop, leading to the accumulation of ammonium ions in the water, resulting in increased pollution [51].



As the weather cooled, TN concentrations decreased, and the composition of TN components changed in autumn across all studied water areas: organic nitrogen decreased, while the content of mineral nitrogen increased again (Figure 3).



The concentration of nitrites (N/NO2−) in water bodies remained very low throughout all seasons due to their inherent instability in water. During the period of 2018–2020, N/NO2− often fell below the detection limits and accounted for only 0–3% of TN content (Figure 3). The highest concentrations of nitrites were typically observed during the colder periods of winter and autumn, following the end of the growing season when organic matter decomposition is more prominent.



The seasonal patterns of total P concentrations exhibit similarities to the distribution of TN along the Baltic Sea coast and in the strait, while a slightly different pattern was observed in the lagoon (Figure 3). The highest TP values in the sea and in the strait were recorded during winter. In contrast, relatively small seasonal fluctuations in TP concentrations were recorded in the lagoon, even though notable changes occurred in the inorganic and organic phosphorus components. Throughout all the seasons, except for spring, the percentage of organic phosphorus in the TP content was the highest in CL compared with the other studied water areas. This highlights the high influence of organic phosphorus in the lagoon environment.



The variations in phosphorus content may be attributed to the Curonian Lagoon’s role as a nutrient filter [16]: the lagoon effectively retains inorganic P while allowing for less retention of inorganic N. Prior research demonstrated that, under specific conditions, especially in the initial days of flowering, there is a notable increase in P regeneration from the sediments in the lagoon [77]. In fact, during summer, this regeneration can surpass the input from the Nemunas River, potentially making the lagoon a net source of P to the Baltic Sea [15].




3.5. Relationship between Nutrient Loadings and Water Characteristics


In this study, principal component analysis (PCA) was applied to reveal the interrelations between various parameters (TN; N/NH4+; N/NO3− N/NO2, TP, P/PO43− concentrations, water temperature, salinity, and dissolved oxygen). The results are presented in Figure 4.



In the case of the Curonian Lagoon, three factors (F1, F2, F3) were obtained; their total variances were 28, 25 and 14%, respectively. For further interpretation of the results, only values higher than 0.7 were considered.



The first principal component (F1, Figure 4a) stands out with the highest loadings of phosphates, nitrates, nitrites, and dissolved oxygen. This factor also exhibited the highest negative loading of water temperature. This component could be related to the seasonal environmental and climatic changes: the concentration of dissolved oxygen increases with the lower temperature while the bio-productivity decreases and mineral compounds of nitrogen and phosphorus tend to accumulate in water.



Factor 2 (F2) exhibits the highest loadings of TN and nitrates, along with a significant negative loading of salinity. This factor could be associated with the flow dynamics, including the outflow of fresh water from the Nemunas River and the influx of salty seawater into the Curonian Lagoon. Such flow patterns have recently become more regular due to the warming climate and anthropogenic factors [42]. The presence of salty water alters the solubility and distribution of various compounds in both water and sediments [78,79]. Moreover, changes in salinity within lagoons and estuaries have a significant impact on local populations [80].



The third factor (F3) is characterized by a negative loading of nutrients, particularly TP, along with a relatively significant positive loading of dissolved oxygen and ammonium ions. F3 could be associated with natural biogeochemical processes, such as nitrification and denitrification. The transformations and cycle of nutrients between the bottom sediments and water in the Curonian Lagoon have been extensively investigated in previous studies [81,82]. The process of nitrification takes place solely under aerobic conditions. In aquatic environments, nitrogen-fixing bacteria, primarily cyanobacteria, convert atmospheric nitrogen into ammonium forms. If the oxidation of ammonium to nitrites and nitrates by nitrifying bacteria is disrupted, an increase in ammonium ions is likely to occur. Furthermore, phosphorus plays a crucial role as one of the primary biogenic substances that determine the productivity of a water body. Labile phosphorus-based compounds undergo a faster transition from organic to mineral forms compared with other biogenic substances like carbon and nitrogen [83].



In the examination of the coastal water column in the Baltic Sea, the PCA analysis also produced three factors (Figure 4b) that accounted for variances of 30%, 24%, and 17%, respectively. The first factor (F1) exhibited notable positive loadings for phosphates, nitrates, TP, and dissolved oxygen, as well as negative loadings for temperature. Just like in the case of Curonian Lagoon, F1 indicates the influence of seasonal environmental changes.



F2 was loaded with TN and N/NO3−. Significant loadings of nitrites and ammonium ions were also observed. This factor corresponds to ongoing natural biogeochemical processes, specifically the nitrogen and phosphorus cycles in nature, which are intricately linked to the dissolved oxygen levels in the water column [66]. Due to the distinct physical characteristics (such as depth, waves, and water mass) of lagoons and marine water bodies, biogeochemical processes within the different water masses do not occur simultaneously. Instead, there is a certain time delay, with processes initiating earlier in lagoons during spring and extending longer in the marine environment during autumn. As a result, phenomena like water blooming, biomass growth, and related changes in nitrogen and phosphorus concentrations occur earlier in lagoons compared with the open sea.



Water salinity exhibited the highest positive loading in F3, while TN, TP, and ammonia showed negative loadings. It is noteworthy that biogenic substances carried by the currents of the Curonian Lagoon and passing through the Klaipėda Strait play a significant role in influencing the concentrations of these substances along the seacoast.




3.6. Nutrient Transport Flows between the Curonian Lagoon and the Baltic Sea Based on Curonian Lagoon Water Balance Data


We utilized the water balance data of the Curonian Lagoon, considering both the inflow from the lagoon to the Baltic Sea and the inflow from the sea to the lagoon, along with the seasonal values of TN and TP. Based on this information, we conducted an estimation of the nutrient quantities (t) passing through the Klaipėda Strait into the Baltic Sea and vice versa during the period 2001–2020.



Nutrient loadings and their exchange between the Curonian Lagoon and the Baltic Sea strongly depend on the water balance elements (outflow from the Curonian Lagoon to the Baltic Sea and inflow from the Baltic Sea to the Curonian Lagoon). Therefore, it is very important to choose the most appropriate methods for calculating water balance elements. The water exchange between the sea and the lagoon can be evaluated in three ways: (1) by direct measurements [23]; (2) by mathematical modeling [28,84]; and (3) by the water balance method [85]. The first method is rarely used in practice as it is very time-consuming and complicated due to the navigation of ships in the strait. Mathematical modelling using hydrodynamic equations may not accurately describe the water exchange between the sea and the lagoon. Therefore, we used a water balance method to estimate the water exchange between the sea and the lagoon on a daily time step, using hydrometeorological observation data. The Curonian Lagoon water balance for the period 2001–2020 reflects the impact of recent climate change and anthropogenic activities (the development of Klaipėda Seaport including dredging of the fairway and the construction of berths) on nutrient loadings and their exchange between the Curonian Lagoon and the Baltic Sea.



The average concentrations of TN and TP present at the sea gate in the Klaipėda Strait (Table 3) and the water inflow into the sea are two parameters that determine the quantity of nutrients entering the Baltic Sea. Conversely, the calculated seasonal TN and TP concentrations (refer to Table 3) and seawater inflow along the Baltic Sea coast impact the amount of nutrients that enter the Curonian Lagoon through the strait. The nutrient content TN was calculated by multiplying the TN concentration by the seawater inflow or outflow. These calculations were performed on a monthly basis, and the annual nutrient load was determined by summing up the monthly values.



Figure 5 and Figure 6 illustrate the quantities of nutrients entering the Baltic Sea from 2001 to 2020. The average annual amount of TN entering the Baltic Sea was 32,302 t, with a maximum of 44,625 t recorded in 2007 and a minimum of 23,046 t in 2014 (Figure 5a). Relative errors of the monthly discharge of the water inflow into the sea were evaluated using data for the period 2001–2020. The error for monthly discharge into the sea is set at 2.9%. Therefore, the annual amount of TN entering the Baltic Sea may vary between 31,365 t and 33,239 t.



The annual amount of TN varied by almost twofold over the studied period, indicating significant fluctuations in nutrient loads. These variations depend on the inflow to the Baltic Sea and the seasonal concentration of TN. A strong correlation (0.90) was observed between the annual amount of TN and the values of the annual inflow (Figure 5a). However, the TN content is influenced not only by the annual inflow but also by the seasonal distribution of runoff. The concentration of TN exhibits substantial variations across different seasons. For instance, the average concentration in winter is 2.32 mg/L, while in summer it is 0.90 mg/L (Table 3). Hence, a higher inflow during the winter and spring months results in the transportation of a greater quantity of TN to the Baltic Sea. In 2007, the highest discharge of water was recorded, reaching 38.3 km3, and the winter season runoff accounted for 28% of the total annual runoff. This exceptional combination of increased runoff and high concentration of TN led to a substantial nutrient load being transported to the sea, totaling 44,625 t. This highlights the significant impact of both the quantity of water inflow and the concentration of nutrients on the overall nutrient load in the Baltic Sea during that particular year.



Some nitrogen could also be transported from the Baltic Sea to the Curonian Lagoon with the currents in the Klaipėda Strait (Figure 5b). From 2001 to 2020, the average annual amount of TN entering the Curonian Lagoon was estimated at 2736 t, with a maximum of 6245 t occurring in 2007, and a minimum of 1599 t in 2010. Relative error of the monthly discharge of seawater inflow into the lagoon is set at 6.6%. Therefore, the annual TN amount entering the lagoon quantity may vary between 2555 t and 2916 t. A remarkably high correlation coefficient (0.99) indicates a strong relationship between the inflow to the Klaipėda Strait and the total amount of nitrogen entering the lagoon from the sea (Figure 5b). The seasonal concentrations of TN along the Baltic Sea coast exhibit minimal variation (Table 3). Hence, the flux of nutrients from the sea to the lagoon is primarily influenced by the rates of seawater runoff.



During the period from 2001 to 2020, the amount of TN carried from the Curonian Lagoon to the Baltic Sea was approximately 12 times higher than the amount of TN that entered the lagoon from the Baltic Sea. This significant difference in nutrient transport can be attributed to the flow dynamics and water exchange between the two bodies of water. Water flows from the sea to the lagoon for an average of only 75 days per year. Based on water balance data from 2001 to 2020, the average annual inflow from the lagoon to the sea was 26.4 km3, while the inflow from the sea to the lagoon was significantly lower (5.7 km3). Moreover, higher seasonal concentration of N (approx. 2.5 times higher) in the Klaipėda Strait compared with the Baltic coast contributed to the greater flow of nutrients towards the sea. These findings highlight the predominant role of the Curonian Lagoon as a source of TN to the Baltic Sea ecosystem.



Figure 6a illustrates the quantities of TP entering the Baltic Sea from 2001 to 2020. The average annual amount of TP entering the Baltic Sea is 1278 t, with a maximum of 1808 t recorded in 2017 and a minimum of 968 t in 2014. After estimating the relative error in monthly discharge, the annual amount of TP entering the Baltic Sea may vary between 1241 t and 1315 t.



A significant positive correlation (0.98) was observed between the annual amount of TP and the values of the annual inflow to the sea (Figure 6a). In contrast to TN, TP content does not vary significantly across the seasons. Hence, the annual inflow is the main parameter affecting the TP content in the Baltic Sea.



The average annual amount of TP entering the Curonian Lagoon from the Baltic Sea was estimated at 162 t, with a maximum of 425 t in 2007 and a minimum of 97 t in 2010. After estimating the relative error in monthly discharge, the annual amount of TP entering the lagoon may vary between 397 t and 453 t. A high correlation coefficient (0.98) indicates a strong relationship between the inflow to the Klaipėda Strait and the total amount of P entering the lagoon from the sea (Figure 6b). The magnitude of TP transported from the sea to the lagoon is closely tied to the volume of seawater runoff, given that the P concentrations exhibit minimal variations during the winter, spring, summer, and autumn seasons.



Between 2001 and 2020, almost eight times more TP was transported from the Curonian Lagoon to the Baltic Sea compared with the reverse flow from the sea to the lagoon. The primary factor contributing to this difference was the variance in annual water inflow from and to the sea, which amounted to 26.4 km3/year and 5.7 km3/year, respectively.



When comparing the nutrient balance calculations with the data obtained for the Nemunas River Basin between 2012–2016—TN (44,208 ± 12,677 t/year) and TP (1547 ± 266 t/year) [62]—the most recent data indicate lower nutrient inputs into the Baltic Sea via the Klaipėda Seaport gate. It is important to acknowledge that differences exist between the analyzed periods and the calculation methods employed.



Comparing the TN quantities discharged into the sea, as calculated through the water balance method, with the data published by the Environmental Protection Agency for the period 1995–2019, we observed that the water balance method yielded lower estimates for nutrient flow into the Baltic Sea (32,302 t compared with 38,289 t). The amount of TN transported to the Baltic Sea, as determined in this study, closely aligns with the target value for TN set for Lithuania by HELCOM ([14], 25,827 t). To refine the calculation of nutrient flow as outlined in the article, we suggest focusing on clarifying the TN influx into both the sea and the Curonian Lagoon.



The quantities of TP entering the Baltic Sea were consistently calculated using both data from Environmental Protection Agency (EPA) and water balance methods, with estimates of 1351 t and 1278 t of TP per year, respectively.





4. Conclusions


The climate warming trend in the Baltic Sea–Curonian Lagoon transit zone had notable effects during 2018–2020, impacting temperature, salinity, and dissolved oxygen levels. This in turn had effects on the loadings of the nutrients in the transition zone. In recent years (2018–2020), the Klaipėda Strait has shown decreased average concentrations of nutrients (except ammonium) compared with the previous period (2007–2009). Along the Baltic Sea nearshore, phosphorus levels have decreased while the levels of nitrogen, ammonium, and nitrites have slightly increased.



In the colder months, the transit zone exhibited the highest concentrations of TN, with nitrates being the predominant form. Conversely, during the warmer season, organic nitrogen is prevalent, constituting 70–83% of the TN content. In the summer, both the Klaipėda Strait and the Curonian Lagoon contained the highest proportions of ammonium, accounting for 15% and 28% of the TN content, respectively. The highest ammonium levels (38% of TN content) in the Baltic Sea were recorded in autumn.



Between 2001 and 2020, the average annual amount of TN entering the Curonian Lagoon from the sea was 2736 t, contrasting with a notably higher influx from the lagoon to the sea, which reached 32,302 t. The annual average TP load into the Baltic Sea reached 1278 t, whereas the average annual TP input from the Baltic Sea into the Curonian Lagoon was estimated at 162 t.



The study highlights the effects of climate change, nutrient dynamics, and the importance of ongoing monitoring for the Baltic Sea–Curonian Lagoon transit zone. It emphasizes the need for adaptive management, collaboration among scientists and policymakers, and further studies to comprehend eutrophication’s influence on marine ecosystems.



Future studies focusing on more comprehensive ecological assessments to evaluate the impact of changing nutrient levels and environmental conditions on the health and biodiversity of the marine ecosystem are essential. For instance, multi-factor analysis and development of predictive models simulating future scenarios based on different climate change and nutrient management strategies would add valuable information to the topic.
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Figure 1. Study area and sampling stations. 
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Figure 2. Changes in the water balance components of the Curonian Lagoon in the period of 2001–2020. Here, QR—river inflow, QS—inflow from the sea, P—precipitation, QL—outflow from the lagoon; E—evaporation. 






Figure 2. Changes in the water balance components of the Curonian Lagoon in the period of 2001–2020. Here, QR—river inflow, QS—inflow from the sea, P—precipitation, QL—outflow from the lagoon; E—evaporation.



[image: Water 15 04096 g002]







[image: Water 15 04096 g003] 





Figure 3. Seasonal distribution of nitrogen and phosphorus—based compounds in the Klaipėda Strait (KS), Curonian Lagoon (CL), and the Baltic Sea nearshore (BS) in 2018—2020. 
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Figure 4. Principal component analysis of nitrogen (TN; N/NH4+; N/NO3− N/NO2) and phosphorus (TP and P/PO43−) concentrations and water parameters (T—temperature, S—salinity, and O2—dissolved oxygen) in the water of the Curonian Lagoon (a) and the Baltic Sea (b). 
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Figure 5. The average annual TN amount (t) and the annual inflow (km3) entering (a) the Baltic Sea and (b) the Curonian Lagoon. Here, TN—total nitrogen; QL—outflow from the Curonian Lagoon to the Baltic Sea; Qs—inflow from the Baltic Sea to the Curonian Lagoon. 
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Figure 6. The average annual TP amount (t) and the annual inflow (km3) entering (a) the Baltic Sea and (b) the Curonian Lagoon. Here, TP—total phosphorus; QL—outflow from the Curonian Lagoon to the Baltic Sea; Qs—inflow from the Baltic Sea to the Curonian Lagoon. 






Figure 6. The average annual TP amount (t) and the annual inflow (km3) entering (a) the Baltic Sea and (b) the Curonian Lagoon. Here, TP—total phosphorus; QL—outflow from the Curonian Lagoon to the Baltic Sea; Qs—inflow from the Baltic Sea to the Curonian Lagoon.
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Table 1. Average changes in salinity psu, temperature, and oxygen concentration in the study area during the periods 2007–2009 and 2018–2020 1.
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Area

	
Water Layer

	
S, psu

	

	
T, °C

	

	
O2, mg/L

	




	

	

	
2007–2009

(n = 312)

	
2018–2020

(n = 388)

	
2007–2009

(n = 312)

	
2018–2020

(n = 388)

	
2007–2009

(n = 312)

	
2018–2020

(n = 388)






	
CL

	
Surface

	
-

	
1.54 ± 0.78

(n = 38)

	
-

	
11.87 ± 1.44

(n = 38)

	
-

	
8.64 ± 2.05

(n = 38)




	
KS

	
Surface

	
1.0 ± 0.40 **

(n = 84)

	
3.32 ± 0.52 **

(n = 84)

	
9.62 ± 0.86 **

(n = 84)

	
11.49 ± 1.59 **

(n = 84)

	
9.19 ± 0.69 **

(n = 84)

	
8.44 ± 1.63 **

(n = 84)




	
BS

	
Surface

	
6.41 ± 0.05

(n = 72)

	
6.40 ± 0.50

(n = 72)

	
10.65 ± 0.16

(n = 72)

	
11.74 ± 2.53

(n = 72)

	
9.92 ± 0.22 *

(n = 72)

	
9.06 ± 2.32 *

(n = 72)




	
CL

	
Near-bottom

	
-

	
1.74 ± 1.0

(n = 38)

	
-

	
11.54 ± 1.87

(n = 38)

	
-

	
8.26 ± 2.14

(n = 38)




	
KS

	
Near-bottom

	
2.81 ± 0.67 **

(n = 84)

	
4.59 ± 0.75 **

(n = 84)

	
9.03 ± 0.69 **

(n = 84)

	
10.86 ± 2.19 **

(n = 84)

	
9.06 ± 1.14 **

(n = 84)

	
8.4 ± 2.07 **

(n = 84)




	
BS

	
Near-bottom

	
7.02 ± 0.01

(n = 72)

	
7.06 ± 0.29

(n = 72)

	
9.07 ± 0.21 *

(n = 72)

	
10.56 ± 3.48 *

(n = 72)

	
9.31 ± 0.49

(n = 72)

	
8.57 ± 2.12

(n = 72)




	
CL

	
Water column

	
-

	
1.64 ± 0.89

(n = 76)

	
-

	
11.71 ± 1.65

(n = 76)

	
-

	
8.45 ± 2.10

(n = 76)




	
KS

	
Water column

	
1.9 ± 0.54 **

(n = 168)

	
3.96 ± 0.63 **

(n = 168)

	
9.32 ± 0.76 **

(n = 168)

	
11.17 ± 1.89 **

(n = 168)

	
9.13 ± 0.91 **

(n = 168)

	
8.4 ± 1.85 **

(n = 168)




	
BS

	
Water column

	
6.71 ± 0.02

(n = 144)

	
6.7 ± 0.36

(n = 144)

	
9.86 ± 0.11 **

(n = 144)

	
11.15 ± 3.00 **

(n = 144)

	
9.61 ± 0.35 **

(n = 144)

	
8.81 ± 2.22 **

(n = 144)








Note(s): 1 Here, * p > 0.05; ** p > 0.01; S—salinity; T—temperature; O2—oxygen concentration; CL—Curonian Lagoon; KS—Klaipėda Strait, BS—Baltic Sea nearshore; n—the number of samples.













 





Table 2. Average concentrations of biogenic elements in the study area during 2007–2009 and 2018–2020 1.
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Area

	
N/NH4+,

mg/L

	
N/NO2−,

mg/L

	
N/NO3−,

mg/L

	
TN,

mg/L

	
P/PO43−,

mg/L

	
TP,

mg/L




	
2007–2009






	
CL

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
KS (n = 168)

	
0.11 ± 0.09 **

	
0.013 ± 0.01 **

	
0.718 ± 0.27 **

	
1.60 ± 0.25 **

	
0.020 ± 0.001 **

	
0.061 ± 0.04 **




	
BS (n = 144)

	
0.11 ± 0.03 *

	
0.004 ± 0.002 *

	
0.20 ± 0.08 *

	
0.54 ± 0.04 *

	
0.013 ± 0.007

	
0.03 ± 0.01 **




	
2018–2020




	

	
N/NH4+,

mg/L

	
N/NO2−,

mg/L

	
N/NO3−,

mg/L

	
TN,

mg/L

	
P/PO43−,

mg/L

	
TP,

mg/L




	
CL (n = 56)

	
0.12 ± 0.06

	
0.008 ± 0.06

	
0.60 ± 0.14

	
1.38 ± 0.22

	
0.009 ± 0.002

	
0.026 ± 0.002




	
KS (n = 168)

	
0.17 ± 0.06 **

	
0.008 ± 0.06 **

	
0.55 ± 0.19 **

	
1.2 ± 0.36 **

	
0.01 ± 0.002 **

	
0.025 ± 0.002 **




	
BS (n = 144)

	
0.15 ± 0.01 *

	
0.010 ± 0.01 *

	
0.14 ± 0.06 *

	
0.65 ± 0.32 *

	
0.011 ± 0.004

	
0.021 ± 0.002 **








Note(s): 1 Here, * p > 0.05; ** p > 0.01.













 





Table 3. Average seasonal concentrations of TN and TP, mg/L, during 2001–2020 in the Klaipėda Strait and the nearshore of the Baltic Sea.
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Winter

	
Spring

	
Summer

	
Autumn




	
TN, mg/L






	
KS

	
2.09 ± 0.83

	
1.39 ± 0.99

	
0.90 ± 0.36

	
0.81 ± 0.29




	
BS

	
0.63 ± 0.28

	
0.54 ± 0.18

	
0.53 ± 0.25

	
0.46 ± 0.23




	
TP, mg/L




	
KS

	
0.051 ± 0.003

	
0.051 ± 0.072

	
0.047 ± 0.041

	
0.064 ± 0.069




	
BS

	
0.026 ± 0.010

	
0.027 ± 0.020

	
0.038 ± 0.0170

	
0.028 ± 0.008
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