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The Bohai Sea is a habitat for economically important fish in China, but its ecological environment has changed significantly, and it is necessary to further clarify the dynamics and the internal resupply channels of nutrients in the Bohai Sea. Based on four field observations in the Bohai Sea from May to December 2019, the nutrient dynamics were addressed. The concentration of dissolved inorganic nutrients was depleted throughout the water column in spring and in the euphotic zone in summer and accumulated in the bottom water in summer and in the water column in autumn and winter. Relative phosphorus limitation was present in Laizhou Bay and its surrounding area in all seasons, while relative silicon limitation was evident in spring and relative nitrogen limitation was significant in summer in most other study aeras. The results of end-member mixing model illustrated significant seasonal differences in the nutrient uptake ratios, which may be related to various factors such as different phytoplankton composition and phosphorus turnover rates. Turbulent entrainment was an important nutrient pathway for primary production in the euphotic zone of Central Bohai Sea during the stratification season, with an estimated average nutrient flux of 6.04 ± 9.63, 0.22 ± 0.19 and 6.97 ± 6.61 mmol·m-2·d-1 for DIN, DIP and DSi, respectively.
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1 Introduction

Dissolved inorganic nutrients including nitrate (NO3-), nitrite (NO2-), ammonium (NH4+), dissolved inorganic phosphorus (DIP) and dissolved silicate (DSi) are essential nutrients for the growth of phytoplankton (Tyrrell, 1999), which are the basis of the marine food web (Bristow et al., 2017). It has been indicated that dissolved organic nitrogen (DON) may also be an important nitrogen source for the growth of some bacteria or phytoplankton (Shi et al., 2015; Zhang et al., 2015), and dissolved organic phosphorus (DOP) can also be used as an alternative phosphorus source to meet the growth of phytoplankton when DIP concentration is particularly low (Zhang et al., 2019; Fitzsimons et al., 2020). However, due to the rapid population growth and strong anthropogenic activities (e.g. excessive fertilization, fossil fuel combustion, sewage discharge, and water conservancy projects), the global N and P cycles have surpassed the planetary boundaries (RockstrÖm et al., 2009; Steffen et al., 2015). Excessive nutrient inputs can lead to eutrophication in estuaries, bays and marginal seas near the densely populated and economically developed areas, such as the Baltic Sea, Chesapeake Bay, Seto Inland Sea, North Sea and Adriatic Sea (Riegman et al., 1992; Barmawidjaja et al., 1995; Kemp et al., 2005; Ichiro et al., 2006; Voss et al., 2011), thus, can result in the change of phytoplankton community structure (Yunev et al., 2007).

The Bohai Sea, a semi-enclosed marginal sea surrounded by the most densely populated and economically developed terrestrial catchments, is the habitat of economically important fish and the largest mariculture base in China. In the past few decades, the nutrient concentrations and stoichiometric nutrient ratios in the Bohai Sea have been changed significantly, with dissolved inorganic nitrogen (DIN) concentration and DIN/DIP ratio increasing, DIP concentration and DSi/DIN ratio decreasing, and DSi concentration and DSi/DIP ratio first decreasing and then trending upward until the end of 1980s (Liu et al., 2008; Ning et al., 2010; Wang et al., 2019a; Xin et al., 2019). The nutrient limitation for phytoplankton growth changed from nitrogen to phosphorus during the 1980s and 1990s, and then to phosphorus and silicon limitation in the 21st century (Zhang J. et al., 2004; Ning et al., 2010; Liu et al., 2011; Wang et al., 2019a; Xin et al., 2019). Changes in nutrient exacerbated various environmental problems, such as the emergence of succession of phytoplankton, harmful algal blooms, jellyfish blooms and seasonal hypoxia (Wang et al., 2009; Dong et al., 2010; Zhang et al., 2012; Song et al., 2016; Wu et al., 2017; Zhao H.D et al., 2017; Wang et al., 2018; Zhai et al., 2012; Zhai et al., 2019; Han et al., 2019; Luan et al., 2018; Song et al., 2020). Recent studies have also shown that chlorophyll a (Chl-a) concentrations in the Central Bohai Sea have changed from the previous two peaks in spring and autumn to one peak in spring-summer since 2002 (Ding et al., 2020), with a consistent spatial increase from 2000 to 2012 and then a decrease from 2012 to 2018 (Zhang et al., 2017; Zhai et al., 2021).

The rapid changes in the ecological environment of the Bohai Sea necessitate further clarification of the dynamics of nutrient, which are important for local food webs. In addition, there is a lack of studies on the coupling of phytoplankton with the seasonal variation of nutrients in the Bohai Sea. Furthermore, the concentration of Chl-a of Central Bohai Sea has the characteristic of persistently relative high value (Ding et al., 2020), implying a persistently high consumption of nutrients in the euphotic zone during the stratification season, which should be examined. Although results from a three-dimensional coastal shelf sea model - HAMSOM and the direct turbulence observations indicate strong turbulent mixing in winter and weak turbulent mixing in summer in the Bohai Sea (Zhao and Wei, 2001; Xu et al., 2020), the combined turbulent entrainment caused by tides and winds has still been shown to produce weak seawater exchange across the thermocline (Yang et al., 1991). Therefore, during the stratification period, the nutrient fluxes via weak turbulent entrainment from the bottom water into the euphotic zone in Central Bohai Sea, where it is less affected by riverine inputs, are worth investigating.

Based on the large observation data of spring, summer, autumn and winter in 2019, spatial and temporal variations of nutrient concentrations in the Bohai Sea were reported in this study, and the coupling of biological processes with the seasonal variations of nutrients was assessed via an end-member mixing model. Furthermore, the transport flux of nutrients to the upper ocean via turbulent entrainment during stratification season was estimated using a two-layer thermocline model described by Stigebrandt (1981) and compared with atmospheric input.



2 Material and methods


2.1 Oceanographic setting of the study area

The Bohai Sea is a typical semi-enclosed sea with an area of about 77, 000 km2 and an average water depth of 18 m. The Bohai Sea is divided into Laizhou Bay, Bohai Bay, Liaodong Bay and Central Bohai Sea, and is connected with the Yellow Sea through the narrow Bohai Strait (Figure 1). There is a shallow ridge in Central Bohai Sea, which is 5-10 m shallower than the surrounding waters. A total of 55 rivers flow into the Bohai Sea, with the Yellow River accounting for more than 75% of the total freshwater discharge (Liu et al., 2011). Influenced by the East Asian Monsoon system (Huang et al., 2012), the circulation presents seasonal variation (Figure 1), with basin scale cyclonic circulation in summer and cyclonic circulation in the southern Bohai Sea and anticyclonic circulation in the northern Bohai Sea in winter (Fang et al., 2000; Zhou et al., 2017). The residence time of water in the Bohai Sea is usually more than 1 year (Li et al., 2015; Lin et al., 2020), with poor water exchange capacity and limited self-purification capability. In general, the water exchange between the Bohai Sea and the Yellow Sea in summer and winter were represented by the outflow from the southern strait and the inflow from the northern strait into the Bohai Sea (Luo, 2020).




Figure 1 | Maps showing the geography zoning of the Bohai Sea (A), sampling stations (B), summer circulation (C) and winter circulation (D). The summer circulation and winter circulation are redrawn from Zhou et al. (2017) and Fang et al. (2000), respectively. The bold solid lines in sky blue (A) represents the Northeast-Southwest transect stations.





2.2 Sample collection

In this study, four field observations were conducted in May (spring), July to August (summer), October (autumn) and December (winter) 2019, respectively (Figure 1). The observation stations covered almost the entire Bohai Sea in spring, summer and autumn, while they were mainly concentrated in Central Bohai Sea in winter. Seawater samples of surface (2-3 m), intermediate (1/2 of the seawater depth) and bottom (2 m from the seabed) layers were collected with Niskin hydrophore fitted with a SBE 19 Plus conductivity–temperature–depth (CTD) recorder, which also was equipped with a fluorescent sensor. Seawater used for nutrient analysis were filtered with 0.45 μm polycarbonate membrane, both the filtrate and filters were then frozen at -20°C until they were later analyzed for nutrients and Chl-a in the laboratory (Parsons et al., 1984), respectively.



2.3 Nutrient analysis

Concentrations of NO2-, NO3-, DIP, and DSi were determined with a QuAAtro Continuous Flow Analytical System to measure with the colorimetric methods described by Grasshoff et al. (1999). The detection limits were 0.01 μmol·L-1 for NO3-, 0.01 μmol·L-1 for NO2-, 0.01 μmol·L-1 for DIP and 0.04 μmol·L-1 for DSi, respectively, with the precision< 2%. NH4+ was manually measured with a spectrophotometer by the sodium hypobromate oxidation method, and the detection limit was 0.03 μmol·L-1, with the precision< 3% (Holmes et al., 1999). DIN is the sum of NO3-, NO2- and NH4+. Total dissolved nitrogen (TDN) and total dissolved phosphorus (TDP) were measured using alkaline potassium persulfate oxidation method (Grasshoff et al., 1999). The detection limits of this method were 0.15 μmol·L-1 for TDN and 0.03 μmol·L-1 for TDP respectively, with the precision less than 5%. DON and DOP concentrations were defined as the respective differences between TDN and DIN, and between TDP and DIP, respectively (Liu et al., 2012).



2.4 Chl-a analysis

Concentrations of Chl-a were measured following the acetone extraction fluorometric determination method described by Parsons et al. (1984). Firstly, the fluorimeter needed to be calibrated using a known concentration of standard Chl-a and 90% acetone solution before measuring the particulates trapped by polycarbonate membrane filters. The fluorescence values of standard Chl-a before (R2) and after acidification (R1) with 5% (v/v) HCl were measured separately by Turner Designs Trilogy Laboratory fluorimeter, to obtain theacidification factor R (the ratio of R2 to R1). Then, the particulates trapped by polycarbonate membrane filters were transferred into a 15 ml polypropylene centrifuge tube. After that, 10 ml of 90% acetone solvent was added to extract it in the dark, at 4°C for 24 h. After the extraction, the tube was centrifugated, and the fluorescence of the clear supernatant solution was measured before and after acidification with 5% (v/v) HCl by fluorimeter following the standard procedure. The excitation wavelength and the emission wavelength were 436 nm and 670 nm, respectively, while the precision was 3.4%. The Chl-a concentration of the sample was calculated as:



where CChl-a is the Chl-a concentration (μg·L-1); R is the acidification factor; Rb is the fluorescence value of the sample before acidification; Ra is the fluorescence value of the sample after acidification; v is the volume of the acetone solvent (ml); V is the volume of the filtered sample (L).



2.5 Three end-member mixing model

In this study, a three end-member mixing model was used to differentiate the physically induced changes in nutrients from the biological activities (Han et al., 2012; Wang et al., 2014; Liu S. M.et al., 2017). The model was based on the mass balance equation of potential temperature (θ), salinity (S) and various water mass fractions:







where θ1, θ2, and θ3 are the potential temperature of the three end-members; S1, S2, and S3 are the salinity of the three end-members; θ and S are the potential temperature and salinity in the samples; f1, f2 and f3 are the fractions of each end-member at different samples. The definition of the three end-members for different seasons in this study are given in Section 4.2.1.

The conservative mixing nutrient concentration (Nmixing) can be defined as:



where N1, N2 and N3 are the nutrient concentrations of the three end-members.

The difference of nutrient concentration between Nmixing and field observation (Nmeasure) was represented by ΔN:



Positive “+” indicates the nutrient consumption, and negative “-” indicates the nutrient production. The uncertainties of nutrient deviation at stations caused by the uncertainty of three end-member parameters are estimated by error propagation formulas (Taylor, 1997).



2.6 Euphotic zone depth

Theoretically, assuming that the water column is homogenous, euphotic zone (Zeu) depth is related to the diffuse attenuation coefficient at 490 nm (Kd(490)) through the following empirical equation (Li et al., 2003):



where Kd(490) is the diffuse attenuation coefficient at 490 nm, derived from MODIS-Aqua (https://oceancolor.gsfc.nasa.gov/l3/order/).



2.7 Mixed layer depth

Based on a density-based criteria (Glover and Brewer, 1988; Kara et al., 2000; Zhao H. D. et al., 2017), the MLD is defined as the depth at which density (ρ) change by a given threshold value (ΔT=0.8°C), relative to the one at a reference depth of 1 m:



where ρMLD is the density for the MLD, SRef and TRef are the salinity and temperature at the reference depth, and P is the reference pressure.



2.8 Calculation of the nutrient flux transported via the turbulent entrainment in summer

The entrainment velocity ( We1 ) from the lower mixed layer to the upper mixed layer during the stratification season can be calculated using a two-layer thermocline model described by Stigebrandt (1981):



where mw is a constant; g is the acceleration of gravity; a is the coefficient of thermal expansion; T1 and h1, T2 and h2 are the temperature and the depth of the upper and lower mixed layer, respectively; Qin is the net mean heat flow into the sea through the air-sea interface;   is the average density of seawater; Cp is the specific heat at constant pressure of seawater; u*w is the friction velocity in the upper layer and can be calculated from the wind speed by the well-known relationship   (where ρa is the density of air; Cdw is the appropriate drag coefficient; W is the sea surface wind speed). Part parameter values refer to (Yang et al., 1991; Wei et al., 2002) as follows: mw=1.2, g = 9.8 m·s-2, a= 3×10-4 °C-1,   =1.021×103 kg·m3, Cp= 3930 J·kg-1·°C-1, ρa =1.18 kg·m-3, Cdw=1.6×10-3. The W is 4.9 m·s-1 (Zhang et al., 2011), while Qin is 193.5 w·m-2 in summer (Ren et al., 1990).

Therefore, the vertical nutrient flux transported by turbulent entrainment. (Ft) can be estimated as follows:

 

where Cdeep are the nutrient concentrations in the deep water.




3 Results


3.1 Hydrodynamic environment variations

Salinity varied from 25.01 to 32.57 in spring, from 26.30 to 32.39 in summer, from 25.56 to 32.30 in autumn and from 29.26 to 32.37 in winter, showing low values in Laizhou Bay and high values in Liaodong Bay in all seasons (Figures 2–5). Salinity was vertically homogenous in spring, autumn and winter, while the sea surface salinity (average: 30.43 ± 1.86) was slightly lower than the sea bottom salinity (average: 31.37 ± 0.99) in summer, which was associated with the increased freshwater discharge.




Figure 2 | Distribution of salinity (psu), temperature (°C), DIN concentration (μmol·L-1), DON concentration (μmol·L-1), DIP concentration (μmol·L-1), DOP concentration (μmol·L-1), DSi concentration (μmol·L-1) and Chl-a concentration (μg·L-1) at surface layer (A1-A8) and Northeast-Southwest transect (B1-B8) in spring.






Figure 3 | Distribution of salinity (psu), temperature (°C), DIN concentration (μmol·L-1), DON concentration (μmol·L-1), DIP concentration (μmol·L-1), DOP concentration (μmol·L-1), DSi concentration (μmol·L-1) and Chl-a concentration (μg·L-1) at surface layer (A1-A8) and Northeast-Southwest transect (B1-B8) in summer.






Figure 4 | Distribution of salinity (psu), temperature (°C), DIN concentration (μmol·L-1), DON concentration (μmol·L-1), DIP concentration (μmol·L-1), DOP concentration (μmol·L-1), DSi concentration (μmol·L-1) and Chl-a concentration (μg·L-1) at surface layer (A1-A8) and Northeast-Southwest transect (B1-B8) in autumn.






Figure 5 | Distribution of salinity (psu), temperature (°C), DIN concentration (μmol·L-1), DON concentration (μmol·L-1), DIP concentration (μmol·L-1), DOP concentration (μmol·L-1), DSi concentration (μmol·L-1) and Chl-a concentration (μg·L-1) at surface layer (A1-A8) and Northeast-Southwest transect (B1-B8) in winter.



The seasonal variation of seawater temperature was consistent with the meteorological characteristics of the Bohai Sea, i.e., temperatures gradually increased from spring (7.51°C to 15.51°C) to summer (17.16°C to 29.53°C), and then decreased in autumn (16.13°C to 19.90°C) and winter (6.94°C to 10.14°C) (Figures 2–5). Seawater temperature was vertically homogenous in spring, autumn and winter. However, low temperature water less than 20°C was found in bottom water in summer, showing temperature-driven seasonal water stratification (Zhou et al., 2009; Zhao H. D, et al., 2017). Notably, the stratification in the shallow ridge of Central Bohai Sea was relatively weak and a well-mixed warm water column was presented (Figure 3). This phenomenon has been reported in several previous studies and was suggested to be associated with the presence of mesoscale anticyclonic eddy in this area in summer (Lin et al., 2006; Zhou et al., 2017; Wei et al., 2019).

Based on the distribution characteristics of potential temperature, salinity and the geographical location of sampling stations in the Bohai Sea from spring to winter, we simply distinguished the water masses, i.e. the Yellow River Diluted Water (YRDW), Bohai Sea Coastal Water (BSCW), Bohai Sea Water Mass (BSWM) and Yellow Sea Water Mass (YSWM) (Figure 6). It should be noted that the YSWM was subdivided into Surface-YSWM and Bottom-YSWM in summer due to the influence of stratification.




Figure 6 | The potential temperature (θ) vs. salinity scheme in the Bohai Sea in spring (A), summer (B), autumn (C) and winter (D), with the color of solid dots representing DIN concentration. End-members are marked with different colored squares.



The MLD in summer had the similar distribution characteristics with temperature, with the MLD less than 4 m in most areas, but penetrating to the seafloor in nearshore areas and central ridge (Figure 7). In the rest seasons, the MLD at almost all stations penetrated to the seafloor due to the well vertical mixing of seawater (not shown).




Figure 7 | The depth of MLD in summer.



In general, the depth of Zeu in the inshore (< 12 m) was lower than that in Central Bohai Sea (12-20 m) (Figure 8). The depth of Zeu in the Yellow River Estuary was slightly shallower in summer than in other seasons due to the increase of river discharge, but the depth of Zeu in Central Bohai Sea and southern Liaodong Bay was deeper in summer than that in other seasons. In addition, there were no significant seasonal differences in the depth of Zeu in spring, autumn and winter.




Figure 8 | The depth of Zeu distribution in spring (A), summer (B), autumn (C) and winter (D).





3.2 Nutrients from spring to winter in 2019

The distribution of nutrient concentrations (DIN, DIP, DON, DOP and DSi) at surface layer and Northeast-Southwest transect for each season were shown in Figures 2–5. The surface and transect distributions of NO3-, NO2- and NH4+ concentrations were placed in Supplementary Figure 1 and Supplementary Figure 2, respectively. The nutrient concentrations and structures in different regions were shown in Supplementary Table 1.


3.2.1 Nutrients in spring

During the spring cruise, the average nutrient concentrations were 4.97 ± 6.13 μmol·L-1 for NO3-, 0.09 ± 0.09 μmol·L-1 for NO2-, 1.21 ± 0.78 μmol·L-1 for NH4+, 6.28 ± 6.43 μmol·L-1 for DIN, 22.78 ± 7.22 μmol·L-1 for DON, 0.14 ± 0.06 μmol·L-1 for DIP, 0.58 ± 0.30 μmol·L-1 for DOP and 1.38 ± 1.28 μmol·L-1 for DSi. The nutrient concentrations were vertically uniform due to vertically well-mixed seawater. In terms of regional distribution, the concentrations of NO3- (0.00-29.75 μmol·L-1), NO2- (0.00-0.41 μmol·L-1), NH4+ (0.04-4.89 μmol·L-1), DIN (0.08-31.74 μmol·L-1) and DSi (0.16-7.57 μmol·L-1) decreased from the coastal areas to Central Bohai Sea. The DON concentrations were higher in northern Liaodong Bay and Bohai Bay (> 30 μmol·L-1) than in other areas. High values of DIP concentrations (> 0.2 μmol·L-1) were observed in Bohai Bay and the areas near Bohai Strait, while the lowest values (< 0.1 μmol·L-1) were found in Laizhou Bay. The DOP concentrations decreased from the northeast (0.78 ± 0.16 μmol·L-1) to the southwest (ca. 0.2 μmol·L-1). The DIN/DIP ratios and DSi/DIP ratios varied from 0.7 to 340 and 1.2 to 80.9, respectively, gradually decreasing from the three bays to Central Bohai Sea. On the contrary, DSi/DIN ratios varied from 0.1 to 2.0 and increased from the three bays to Central Bohai Sea. For nitrogen compounds, NO3- contributed to 1–96% (average: 57%) of DIN, then followed by NH4+, which contributed to 3–95% (average: 41%) of DIN. NO2- occupied the smallest proportion, which was just 0–19% (average: 2%) of DIN. With respect to the composition of TDN, DON was the main form of TDN, accounting for 30-100% (average: 81%) in the whole study area. For phosphorus compounds, DIP and DOP represented 10-65% (average: 23%) and 35–90% (average: 77%) of TDP, respectively.



3.2.2 Nutrients in summer

In summer cruise, the average concentrations of nutrients were 1.46 ± 2.45 μmol·L-1 for NO3-, 0.89 ± 1.02 μmol·L-1 for NO2-, 2.70 ± 2.68 μmol·L-1 for NH4+, 5.06 ± 4.94 μmol·L-1 for DIN, 14.26 ± 6.83 μmol·L-1 for DON, 0.26 ± 0.03 μmol·L-1 for DIP, 0.27 ± 0.10 μmol·L-1 for DOP and 7.61 ± 3.50 μmol·L-1 for DSi. The concentrations of all inorganic nutrients were higher at bottom layer than those at surface layer except in the Yellow River Estuary. The concentration of NO3- was very low (< 1 μmol·L-1) at surface layer in Liaodong Bay and most of Central Bohai Sea. The concentrations of NO3- (0.00-16.93 μmol·L-1), NH4+ (0.12-12.67 μmol·L-1), DIN (0.17-19.88 μmol·L-1) and DON (0.90-47.15 μmol·L-1) increased from the northeast to the southwest, with the highest values observed in Laizhou Bay. The DSi concentrations in Laizhou Bay (9.97 ± 3.13 μmol·L-1) and Central Bohai Sea (8.12 ± 3.58 μmol·L-1) were relatively higher than that in Bohai Bay (4.79 ± 1.93 μmol·L-1) and Liaodong Bay (5.62 ± 2.06 μmol·L-1). The DIP concentrations varied from 0.17 to 0.37 μmol·L-1 in the whole study area without obvious geographical characteristics, while the DOP concentrations decreased from the northeast (0.32 ± 0.06 μmol·L-1) to the southwest (0.22 ± 0.13 μmol·L-1). The DIN/DIP ratios ranged from 0.8 to 76.7, showing a gradually decreasing distribution from southwest to northeast. The DSi/DIN ratios ranged from 0.4 to 42.0 and increased from the three bays to Central Bohai Sea. The DSi/DIP ratios varied from 2.8 to 68.4, with relatively higher values observed in Laizhou Bay and Central Bohai Sea. Consistent with the stratification of seawater, the respective compositions of DIN and TDN were different in the vertical direction. NH4+, NO3- and NO2- at surface layer accounted for ca. 48%, ca. 43% and ca. 9% of DIN, respectively. However, NH4+, NO3- and NO2- at bottom layer accounted for ca. 59%, ca. 20% and ca. 21% of DIN, respectively. With respect to the composition of TDN, DON accounted for ca. 81% of TDN at surface layer and ca. 69% at bottom layer, respectively. For phosphorus compounds, DIP and DOP shared the close contribution proportions, representing ca. 51% and ca. 49% of TDP, respectively.



3.2.3 Nutrients in autumn

In autumn, the average nutrient concentrations were 6.11 ± 6.08 μmol·L-1 for NO3-, 1.31 ± 1.05 μmol·L-1 for NO2-, 2.00 ± 1.39 μmol·L-1 for NH4+, 9.42 ± 6.83 μmol·L-1 for DIN, 18.69 ± 7.42 μmol·L-1 for DON, 0.41 ± 0.07 μmol·L-1 for DIP, 0.48 ± 0.42 μmol·L-1 for DOP and 7.38 ± 3.52 μmol·L-1 for DSi. Nutrients were homogeneously mixed in the vertical direction. In terms of regional distribution, the concentrations of NO3- (0.58-30.18 μmol·L-1) and DIN (1.46-37.73 μmol·L-1) gradual decreased from the three bays to Central Bohai Sea, with the highest values appeared in Laizhou Bay. The high values of NO2- (> 2 μmol·L-1) and NH4+ (> 3 μmol·L-1) concentrations were observed in Laizhou Bay, Central Bohai Sea and northern Liaodong Bay. The DSi concentration in Laizhou Bay (10.24 ± 5.07 μmol·L-1) was much higher, while the lowest value was found in northern Liaodong Bay and northwestern Central Bohai Sea (< 5 μmol·L-1). The concentrations of DIP (0.24-0.61 μmol·L-1), DOP (0.01-1.59 μmol·L-1) and DON (2.76-37.81 μmol·L-1) decreased from northeast to southwest, with the low values appeared in Bohai Bay and Laizhou Bay. The DIN/DIP ratios and DSi/DIP ratios varied from 4.0 to 126.9 and 3.8 to 94.6, respectively, with a gradual decrease from the three bays to Central Bohai Sea. DSi/DIN ratios ranged from 0.1 to 1.9, increasing from the three bays to Central Bohai Sea. The predominant component of DIN was NO3-, accounting for 14-97% (average: 58%), while NH4+ was the secondary dominant component, accounting for 0–75% (average: 25%). NO2- occupied the smallest proportion, which was just 0–41% (average: 17%) of DIN. DON accounted for 7–95% (average: 67%) of TDN in the whole study area. For phosphorus compounds, DIP and DOP represented 21-93% (average: 57%) and 3-79% (average: 43%) of TDP, respectively.



3.2.4 Nutrients in winter

In winter cruise, the average nutrient concentrations in Central Bohai Sea were 8.85 ± 3.93 μmol·L-1 for NO3-, 0.23 ± 0.37 μmol·L-1 for NO2-, 0.31 ± 0.39 μmol·L-1 for NH4+, 9.39 ± 3.77 μmol·L-1 for DIN, 13.70 ± 3.62 μmol·L-1 for DON, 0.42 ± 0.10 μmol·L-1 for DIP, 0.32 ± 0.13 μmol·L-1 for DOP and 10.68 ± 2.33 μmol·L-1 for DSi. The concentrations of all inorganic nutrients were vertically homogenous. In terms of regional distribution, the concentrations of NO3- (4.58-21.32 μmol·L-1) and DIN (4.89-21.52 μmol·L-1) generally decreased from southwest to northeast. The concentrations of NO2- (0.00-1.62 μmol·L-1) and NH4+ (0.05-1.79 μmol·L-1) existed higher values in the northwestern Central Bohai Sea and relatively lower values in other regions. The concentrations of DIP generally increased from southwest (~0.3 μmol·L-1) to northeast (~0.5 μmol·L-1). Higher DSi concentrations (> 10 μmol·L-1) were observed in all areas except near the Bohai Strait and Bohai Bay. Higher values of DON (> 15 μmol·L-1) were observed in southern Central Bohai Sea and northwestern Central Bohai Sea, with relatively lower values in other areas. The relatively higher values of DOP concentration were observed in southern Central Bohai Sea. The DIN/DIP ratios and DSi/DIP ratios ranged from 11.2 to 87.8 and 11.6 to 57.0, respectively, decreasing gradually from southwest to northeast. DIN/DSi ratios ranged from 0.6 to 1.9, showing a gradually increasing distribution from southwest to northeast. For nitrogen compounds, NO3- contributed to 57–99% (average: 94%) of DIN, while NH4+ and NO2- shared the similar proportions (average: 3%). In TDN, DON accounted for ca. 60% and DIN accounted for ca. 40% in the whole study area. For phosphorus compounds, DIP and DOP represented ca. 57% and ca. 43% of TDP, respectively.




3.3 Seasonal variation of Chl-a

Seasonally, the Chl-a concentration was highest in summer, followed by spring, autumn and winter during the investigation periods (Figures 2–5). In spring, the concentration of Chl-a ranged from 0.29 to 7.50 (average: 1.58 ± 1.16) μg·L-1, with high value located in Central Bohai Sea and Laizhou Bay and relatively low values in other regions. In summer, the concentration of Chl-a ranged from 0.18 to 30.53 (average: 3.02 ± 4.12) μg·L-1, with much higher concentration at surface layer than that at bottom layer. In autumn, the concentration of Chl-a varied from 0.34 to 6.47 (average: 0.99 ± 0.80) μg·L-1, with high values observed in Laizhou Bay, Bohai Bay and northwestern Central Bohai Sea compared to other regions. In winter, the concentration of Chl-a varied from 0.16 to 1.02 (average: 0.60 ± 0.15) μg·L-1 in Central Bohai Sea, with relatively high values at station near the Bohai Strait and relatively low values in other areas.




4 Discussion


4.1 Nutrient regime

High DIN and DSi concentrations in Laizhou Bay and other coastal waters in all seasons were considered to be related to the riverine input (Liu et al., 2009; Liu et al., 2012; Liu, 2015; Wang et al., 2019a; Xin et al., 2019; Wu et al., 2021), wastewater discharge (Wang et al., 2019a), submarine groundwater discharges (Liu J. et al., 2017; Wang et al., 2020) and mariculture effluent (Cui et al., 2005; Wang et al., 2019b). The relationship between nutrients and salinity was statistically analyzed. DIN and DSi concentrations were negatively correlated with salinity (0.385 ≤ r ≤ 0.918, p< 0.01, 71 ≤ n ≤ 144). It should be noted that there are fewer stations in winter, so it showed that there was no relationship between DSi concentration and salinity, but for the data with salinity less than 31, the negative correlation was significant (r=0.778, p < 0.01, n=12). Positive correlation between DIP and salinity (0.210 ≤ r ≤ 0.712, p < 0.05) at least suggest that the terrestrial inputs were not the main source of phosphorus. The low DIP concentration in Laizhou Bay was mainly ascribed to the dilution of low DIP concentration of the YRDW itself and the adsorption of DIP by the abundant suspended particulate matter in the river (Pan et al., 2013; Wu et al., 2021).

Significant seasonal changes in nutrients were observed in the Bohai Sea. In winter, the inorganic nutrients in Central Bohai Sea were almost the most abundant throughout the year, which provided a good material basis for the phytoplankton growth in the coming spring. With the coming of early spring, the temperatures and solar radiation begin to increase and the wind stresses diminish, which provides the optimal environmental conditions for phytoplankton growth. Compared with the concentrations of nutrients in winter, the inorganic nutrients in Central Bohai Sea in spring decreased significantly, while organic nutrients increased. This indicated that phytoplankton assimilation was enhanced from winter to spring, corresponding to higher Chl-a concentrations in Central Bohai Sea in spring. In particular, DSi concentration and DSi/DIN ratio in Central Bohai Sea decreased sharply from 10.68 ± 2.33 μmol·L-1 and 1.3 ± 0.4 in winter to 0.85 ± 0.60 μmol·L-1 and 0.4 ± 0.3 in spring, respectively, which should be the result of DSi uptake by siliceous organisms. This speculation was also supported by the phytoplankton population results in spring, with the dominant species being mainly Paralia sulcate and Coscinodiscus sp. (Yang et al., 2016). Significant relative silicon limitation was present in most areas due to the high nutrient consumption (Figure 9). While significant relative phosphorus limitation was present in Laizhou Bay and its surrounding area in all seasons (Figure 9), which is in agreement with the previous in-situ incubation experiments (Turner et al., 1990; Zou et al., 2001; Zhang J. et al., 2004). In the presence of relative silicon limitation, the average abundance of non-siliceous organism accounted for ~49% of the total phytoplankton abundance in Central Bohai Sea (Zhang, 2016a).




Figure 9 | Log (DSi/DIP) vs. log (DIN/DIP) in spring (A), summer (B), autumn (C) and winter (D). The red dashed line indicates DIN/DIP=16, DSi/DIP=16, and DSi/DIN=1. The rectangular area in the top right represents P Relative Potential Limitation (RPL) area; the lower trapezoidal area represents Si RPL area; and the left trapezoid represents N RPL area.



From spring to summer, there were still high DIN and DSi concentrations in Laizhou Bay. However, DIN concentrations at surface layer were still very low (< 1 μmol·L-1) in most of the other study areas. While high concentrations of regenerated nitrogen at bottom layer mainly originatedfrom mineralization of organic matter in the sediment (Liu et al., 2011), which corresponded to consumption dissolved oxygen at bottom layer driven by it (Zhao H. D. et al., 2017; Song et al., 2020). Interestingly, the average DIP concentration increased slightly from 0.14 ± 0.06 μmol·L-1 in spring to 0.26 ± 0.03 μmol·L-1 in summer, with DIP being in excess relative to DIN in most of the study area. The average DSi concentration in the whole study area increased significantly from 1.38 ± 1.28 μmol·L-1 in spring to 7.61 ± 3.50 μmol·L-1 in summer, which may be related to the fact that siliceous organisms are not adapted to high light and low nutrient environment (see discussion in Section 4.2.2). The nutrient ratios in the most study area was characterized by very higher DSi/DIN ratio, lower DIN/DIP ratio and slightly higher DSi/DIP ratio compared to typical Redfield ratios, implying a significant relative nitrogen limitation in the most study area in summer (Figure 9). However, some stations in Central Bohai Sea still featured high Chl-a concentrations under relative nitrogen limitation, suggesting that there are other pathways that may have supported primary production (see discussion in Section 4.3).

From summer to autumn, and then to winter, inorganic nutrient concentrations increased significantly throughout the water column. The nutrient ratios in the study areas were close to the canonical Redfield ratio and in agreement with previous reports (Zheng et al., 2020), with an absence of significant relative nutrient limitation (Figure 9). However, under the condition of sufficient ambient nutrients, the Chl-a concentrations in autumn and winter were still lower than that in other two seasons. Similar to the seasonal variation of Chl-a concentration, the average phytoplankton abundance in the water samples was significantly lower in autumn (5.25 × 103 cells·L-1) and winter (2.17 × 103 cells·L-1) than in summer (14.6 × 103 cells·L-1) (Hou et al., 2021; Wang et al., 2022), although the Shannon-Wiener index was higher in autumn (2.37) than in other seasons (1.64-1.71) (Hou et al., 2021; Wang et al., 2022). The depth of euphotic zone seemed not to be an influencing factor, as it did not vary significantly seasonally. We suggest that the resistance time of phytoplankton in euphotic zone may be an important factor. Shorter sunshine duration and higher frequency and stronger strength of winds in autumn and winter (Li et al., 2016; Ren et al., 2017) probably reduce the resistance time of phytoplankton in the euphotic zone, thus reduce the biomass (Fu et al., 2016). Also, colder temperatures may be an important factor limiting phytoplankton growth in winter (Sun et al., 2001).



4.2 Nutrient uptake derived from the three end-member mixing model


4.2.1 Selection of end-members and model validation

As mentioned above, biological processes will affect the nutrient dynamics in the Bohai Sea. In this study, a three end-member mixing model was used to analyze the biological activity of the four seasons. In spring and autumn, YRDW, BSWM and YSWM were used as the three end-members. In summer, YRDW, Surface-YSWM and Bottom-YSWM were used as the three end-members. In winter, observations were only carried out in Central Bohai Sea, and three water masses (i.e. BSCW, BSWM and YSWM) were detected. All end-members in each season were marked with different colored squares in Figure 6, and their values were taken from the measured data in this study and can be found in Table 1. The end-member values of YRDW in spring, summer and autumn or BSCW in winter were obtained by single sample or averaging samples from the low salinity stations. The end-member values of BSWM in spring and autumn or Surface-YSWM in summer were obtained by averaging samples or single sample from the high temperature and high salinity stations, and the end-member values of BSWM in winter was obtained by the averaging samples from the low temperature and high salinity stations. The end-member values of YSWM in spring and autumn or Bottom-YSWM in summer were obtained by averaging samples or single sample from the low temperature and high salinity stations, and the end-member values of YSWM in winter was obtained by averaging samples from the high temperature and high salinity stations. Based on the model, the fraction of each end-member contributing to the samples (Figure 10) was calculated to predict conservative mixing values of nutrients.


Table 1 | Summary of the end-member values and their average uncertainties (ε) used in three end-member.






Figure 10 | Three end-member composite fractions at surface layer in spring (A1, A2, A3), summer (B1, B2, B3), autumn (C1, C2, C3) and winter (D1, D2, D3).





4.2.2 Nutrient uptake in the euphotic zone from spring to winter

The deviations of nutrient concentrations in the euphotic zone derived from the three end-member mixing model for the four seasons were shown in Figure 11. Positive deviations of ΔDIN, ΔDIP and ΔDSi were observed mainly in Central Bohai Sea in spring, most of the surface stations in summer, and nearshore regions in autumn and winter, corresponding to the higher Chl-a concentrations in these regions relative to other regions during the same period (Figures 2–5). Negative values of ΔDIN were observed in Bohai Bay from spring to autumn, but Chl-a concentrations in these areas were actually not low in summer and autumn, indicating external nutrient supplementation. One reason for this may be submarine groundwater discharge, which accounts for 80.8% of all DIN sources in the western Bohai Bay (Wang et al., 2020). Another reason may be associated with the high level of N-containing wastewater discharged by sewage discharge along Bohai Bay, which has exceeded 1500 × 106 tons per year (Liu et al., 2019). Significant negative ΔDIN values were also observed in Laizhou Bay in spring and summer, suggesting that there are other pathways of nutrient addition besides the Yellow River. This may be related to the submarine groundwater discharge, which is considered to derive significantly higher nutrient fluxes than the Yellow River (Zhang et al., 2016b). The apparent negative deviation of ΔDSi above the central shallow ridge in summer was caused by the dissolution of biogenic silica facilitated by the well vertical mixing of warm water in the region under the influence of mesoscale anticyclonic eddies (Loucaides et al., 2012; Liu et al., 2016; Wei et al., 2019). In addition, negative deviations in nutrients were observed at some stations in Central Bohai Sea in autumn and winter. Higher frequency and stronger strength of winds in the Bohai Sea during winter (Li et al., 2016) can cause significant sediment resuspension, thus contributing to higher local mineralization and nitrification rates (Ståhlberg et al., 2006; Xia et al., 2009; Niemistö et al., 2018).




Figure 11 | Nutrients deviation derived from the end-member mixing model at surface layer in spring (A1, A2, A3), summer (B1, B2, B3), autumn (C1, C2, C3) and winter (D1, D2, D3).



Nutrients uptake ratios were estimated from model-derived assimilation of nutrients in euphotic zone, showing large seasonal differences (Figure 12). The average ΔDSi/ΔDIN uptake ratios were ca. 0.2 for spring, ca. 0.5 for summer, 0.8 for autumn and 1.1 for winter. The seasonal differences of ΔDSi/ΔDIN ratios were attributed to the difference of phytoplankton dominant species in different seasons. Studies have shown that diatoms prefer environments with low light and nutrient rich, while most dinoflagellates are heterotrophic or mixed trophic species, enabling them to adapt to waters with high light and low nutrient levels (Sun and Guo, 2011). As mentioned above, nutrients in autumn and winter were more abundant than those in late spring and summer in the Bohai Sea. Phytoplankton statistics results from the same cruise in autumn and winter showed a predominance of diatoms in terms of abundance, but high values of dinoflagellates (Alexandrium sp.) were also observed in autumn (Wang et al., 2022). The dominant diatoms in winter were Paralia sulcate, Nitzschia sp. and Coscinodiscus sp., which were usually characterized by highly silicification or relatively high Si/N ratio (Brzezinski, 1985; Mcquoid and Nordberg, 2003), with cells of Nitzschia sp. and Coscinodiscus sp. having Si/N ratios as high as 1.04-1.86 and 2.17, respectively (Brzezinski, 1985). Therefore, the average ΔDSi/ΔDIN ratio assimilated by phytoplankton was slightly higher than the canonical Redfield ratio in winter. While due to the influence of dinoflagellates, the average ΔDSi/ΔDIN ratio in autumn was slightly lower than the canonical Redfield ratio. A significant decrease in nutrient concentrations in spring was observed after siliceous organism bloom. The water bodies were in the presence of significant relatively Si limitation at the time of sampling. Correspondingly, the dominance of diatoms in the surface water of the Bohai Sea decreases significantly, and the average abundance of non-siliceous organisms such as cryptophytes, prasinophytes and dinoflagellates can account for ~49% of the total phytoplankton abundance (Zhang, 2016a). In summer, DIN and DIP concentrations remained significantly low, when the proportion of dinoflagellates increased to 52.7% and the proportion of diatoms decreased further to 46.4% (Hou et al., 2021). The abundance of these non-siliceous organisms well explained the low ΔDSi/ΔDIN ratio in spring and summer. Luan et al. (2018) summarized the long-term changes in phytoplankton communities in the Bohai Sea over the past 50 years and showed that the average dominance of diatoms was higher in winter than in autumn and significantly higher than in spring and summer, which was almost consistent with the seasonal differences in the ΔDSi/ΔDIN ratios in this study.




Figure 12 | Relationship between ΔDSi vs. ΔDIN (A) and ΔDIN vs. ΔDIP (B) in euphotic zone.



The average ΔDIN/ΔDIP uptake ratios were ca. 25.9 for spring, ca. 64.1 for summer, ca. 27.1 for autumn and ca. 12.4 for winter (Figure 12), which were within the range of phytoplankton uptake ratios (3-160) obtained from the in-situ incubation experiments in the Bohai Sea (Zou et al., 2001). Differences in ΔDIN/ΔDIP may be related to the fact that phytoplankton do not take up nutrients according to the canonical Redfield ratio (Klausmeier et al., 2004; Arrigo, 2005). Global patterns of marine plankton and organic matter elemental stoichiometry showed that plankton assemblages had different N/P ratios (Martiny et al., 2013). The average N/P ratio of phytoplankton community dominated by diatoms was ca. 13, comparable to the ΔDIN/ΔDIP ratio in our results in winter, where the absolutely dominant phytoplankton were diatoms (Yang et al., 2016; Wang et al., 2022). Studies have shown that the optimum N/P ratio for growth uptake of cryptophytes is higher than 16 (Schöllhorn and Granéli, 1997), which may explain the higher ΔDIN/ΔDIP ratio in spring. Lipsewers et al. (2020) investigated the effect of changes in dominance patterns on the stoichiometric ratio of phytoplankton in the Baltic Sea by applying community ordination (non-metric multidimensional scaling and generalized additive models). The results showed that the N/P ratios of phytoplankton ranged from 9 to 38 and increased with phytoplankton diversity. This may be a reasonable explanation for the higher ΔDIN/ΔDIP ratio in autumn, as Shannon-Wiener index in autumn has been shown to be the highest in all seasons in the Bohai Sea (Yang et al., 2016; Hou et al., 2021; Wang et al., 2022). The anomalously high ΔDIN/ΔDIP ratios for summer are explained in two aspects: Firstly, a stoichiometrically explicit model of phytoplankton physiology and resource competition showed that under the nitrogen limitation, the optimal strategy for phytoplankton produces a structural DIN/DIP ratio of 37.4 (Klausmeier et al., 2004), responding to the presence of significant relative nitrogen limitation in the Bohai Sea in summer in this study. Secondly, the rapid turnover cycle of phosphorus in the local environment may be another important reason for the low value of ΔDIP concentration and high ΔDIN/ΔDIP ratio in summer. The result from the 33P/32P ratios in dissolved and particulate matter in the East China Sea indicated a very short turnover rates of dissolved phosphorus (3–4 days) (Zhang Y. et al., 2004). This is significantly shorter than the turnover rates (22-232 days) for nitrogen (Middelburg and Nieuwenhuize, 2000). Therefore, it is possible that the phosphorus in the local environment has experienced more times of absorption and remineralization than nitrogen in a short time. However, the limitations of the end-member mixing model cannot reflect these cycling processes.




4.3 Nutrient transport through turbulent entrainment in summer

As we discussed above, high Chl-a concentrations were a feature of the euphotic zone in summer, and the high primary production will rapidly assimilate nutrients in euphotic zone. Nutrient transport from the relatively nutrient-rich deep water across the thermocline to the euphotic zone is considered to be an important way for maintaining the continuous growth of phytoplankton in Central Bohai Sea during the stratification season. Based on equation (9), the entrainment velocity (We1) from the lower mixed layer to the upper mixed layer ranged from 1.0×10-6 m·s-1 to 48×10-6 m·s-1, with an average of 10×10-6 m·s-1. In this study, the concentrations of DIN, DIP and DSi in bottom water at the stratification station were 0.28-16.75 (average: 6.18 ± 4.19) μmol·L-1, 0.17-0.37 (average: 0.28 ± 0.04) μmol·L-1 and 3.69-16.20 (average: 8.27 ± 2.92) μmol·L-1, respectively. Therefore, the fluxes of nutrients entering the upper water through turbulent entrainment were estimated to be 0.14-52.59 (average: 6.04 ± 9.63) mmol·m-2·d-1 for DIN, 0.03-0.90 (average: 0.22 ± 0.19) mmol·m-2·d-1 for DIP and 0.49-26.26 (average: 6.97 ± 6.61) mmol·m-2·d-1 for DSi, respectively. Plots of the relationship between nutrient fluxes via turbulent entrainment and Chl-a concentrations at surface layer were shown in Supplementary Figure 3. The results showed nutrient fluxes had a good positive correlation with Chl-a concentration (p< 0.01).

Compared to nearshore areas, Central Bohai Sea was relatively less affected by riverine inputs, while atmospheric deposition was generally considered to be another important nutrient source for Central Bohai Sea (Shou et al., 2018; Zheng et al., 2020). Based on the average dry deposition rate and nutrients in atmospheric aerosols from August to September 2017 (Qi et al., 2020), the average dry deposition flux of inorganic nitrogen (the sum of NO3- and NH4+) and phosphorus in the Bohai Sea in summer were estimated to be 0.63 mmol·m-2·d-1 for nitrogen and 0.0005 mmol·m-2·d-1 for phosphorus, respectively. Wet deposition in the Bohai Sea was estimated as 54–68% of total deposition (Liu et al., 2003; Zhang et al., 2008; Zhao Y. et al., 2017). Therefore, the total dry and wet deposition flux of nutrients was estimated to be 1.36-1.96 mmol·m-2·d-1 for nitrogen and 0.001-0.0015 mmol·m-2·d-1 for phosphorus, respectively. Data for silicon from atmospheric deposition in summer were scarce, but the average flux of silicon was ca. 0.007 mmol·m-2·d-1 as estimated by Zhang J. et al. (2004). Thus, the average nitrogen flux from atmospheric deposition was of the same order of magnitude as the average nitrogen flux through turbulent entrainment, with the latter higher than the former. However, the average phosphorus or silicon flux from atmospheric deposition was 3 or 4 orders of magnitude lower than the average phosphorus or silicon flux through turbulent entrainment, respectively. Overall, compared to atmospheric deposition, nutrients via turbulent entrainment were more important for sustaining phytoplankton growth in euphotic zone during the stratification period from our study, especially for phosphorus and silicon.

Based on Redfield ratios (C:N = 106:16), the primary production via turbulent entrainment and atmospheric deposition of nitrogen in Central Bohai Sea in summer was estimated to be 560.21 ± 893.18 mg C·m-2·d-1 and 126.14-181.79 mg C·m-2·d-1, respectively. While the primary production in the entire Bohai Sea in August was estimated to be ~1600 mg C·m-2·d-1 (Tan et al., 2011), so the primary production in Central Bohai Sea in summer was estimated to be ~1280 mg C·m-2·d-1 based on the fact that the average Chl-a concentration in Central Bohai Sea was 80% of that in the entire study area in this study. Thus, nitrogen via turbulent entrainment and atmospheric deposition can contribute ~44% and 10%-14% of the primary productivity, respectively.




5 Conclusion

The concentration of dissolved inorganic nutrients was mainly characterized by depletion throughout the water column in spring and in the euphotic zone in summer, and conversely by accumulation in the bottom water in summer, and in the water column in autumn and winter. The dominant component of DIN was NH4+ in summer and NO3- in other seasons, while DON was the main form of TDN in all seasons. Compared to the average percentage of DIP in TDP,the average percentage of DOP in TDP was significantly higher in spring and comparable in otherseasons. The nutrient limitation for phytoplankton growth showed seasonal and regional variations, with relative phosphorus limitation in Laizhou Bay and the Yellow River Estuary in all seasons, relative silicon limitation in the most area in spring and relative nitrogen limitation in most offshore area in summer. Our results suggest that nutrient uptake rates varied between seasons and do not exactly follow the canonical Redfield ratio under the influence of the different phytoplankton composition and phosphorus turnover rate. Turbulent entrainment is an important nutrient source pathway for the euphotic zone of Central Bohai Sea in summer. The average nitrogen fluxes from turbulent entrainment were in the same order of magnitude as that from atmospheric deposition, but the average phosphorus or silicon fluxes from the former are 3 or 4 orders of magnitude higher than the latter, respectively.
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