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The Haihe River system is a major conduit of land-based pollution into the Bohai Sea in North China, This study presented the first-ever observation of hypoxia in the Haihe River estuary, providing valuable insights into the complex interplay between physical and biochemical factors influencing hypoxia in estuarine systems. The research found seasonal variations in DO distribution in the estuaries of the Haihe and Yongdingxin Rivers. Hypoxia emerged in summer at the bottom of the Haihe River estuary and dissipated in autumn, with the minimum DO concentration of 1.85 mg/L recorded at the bottom of the HH-2 station. Within the hypoxic zone, the average DO concentration was 4.02 mg/L, and the average of DO saturation was less than 0.4. This study also identified the primary drivers of summer hypoxia as a combination of physical and biochemical factors, with water stratification due to hydrodynamic factors limiting exchange and reoxygenation between different water layers. In addition, the decomposition of organic matter in the bottom consumed a significant amount of dissolved oxygen.The significantly higher DO concentration and saturation in autumn compared to summer suggested the possible existence of seasonal hypoxia in the Haihe estuary. This study of hypoxia in the Haihe River estuary contribute to a better understanding of the factors that influence seasonal hypoxia. The findings have important implications for the management and remediation of hypoxia in the Haihe estuary and other estuarine systems.
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Introduction

Dissolved oxygen (DO) is a crucial water quality parameter that profoundly affects the survival and reproductive of aquatic organisms.Various studies have defined hypoxia as DO concentrations below 3 mg/L, with anoxia defined by concentrations below 2 mg/L (Dai et al., 2006; Chen et al., 2007). In recent years, hypoxia has become increasingly prevalent in aquatic ecosystems worldwide due to the accelerated pace of urbanization and industrialization (Rabalais et al., 2010; Conley et al., 2011; Breitburg et al., 2018).

The concentration of DO in water is influenced by various factors such as temperature, salinity, water exchange capacity, organic matter types and concentrations, and plankton abundance. Hypoxia not only affects the growth and reproduction of primary producers but also has further impacts on higher trophic-level organisms, causing a decline in fish abundance and biodiversity in aquatic ecosystems, as well as affecting the growth of benthic organisms (Diaz and Rosenberg, 2008; Levin et al., 2009). Because of these ecological hazards, hypoxia is recognized as a major global environmental problem.

Previous research had indicated that hypoxia occurred in coastal waters as a result of the stratification process of water (Stanley and Nixon, 1992; Rabalais et al., 2010; Murphy et al., 2011). This process led to the depletion of DO in the bottom layer of the water, making its recovery difficult due to the presence of stratification. Moreover, the input of eutrophic water accelerated the consumption of oxygen in both water and sediment (Morse and Rowe, 1999), exacerbating the hypoxic conditions. The increasingly severe hypoxia in coastal waters has prompted many scientists to investigate the mechanisms behind this phenomenon.

Coastal hypoxia has received widespread attention from researchers, and many reports of hypoxia have been documented in the Yangtze River Estuary, Pearl River Estuary, and Gulf of Mexico. In the Yangtze River Estuary, various water masses with large differences in properties existed due to the confluence of diluted freshwater, the northward Taiwan Warm Current, and the nearshore Kuroshio branch (Zhang et al., 2007; Yang et al., 2013; Luo et al., 2018). These different water masses had different distribution depths, resulting in the existence of stratification in the Yangtze River Estuary. The input of organic matter from primary productivity growth in the spring exacerbated the process of oxygen consumption (Wang et al., 2017), and the difficulty of reoxygenation caused by stratification led to the phenomenon of hypoxia. In the Pearl River estuary, the large amount of freshwater input in summer was distributed in the surface water (Yan et al., 2015), causing both density stratification and a large amount of external organic matter. In the process of organic matter decomposition, DO in the water was also significantly consumed (Cole et al., 1987), leading to the formation of hypoxic areas. The Gulf of Mexico is one of the most severe areas of coastal hypoxia worldwide and is a typical seasonal hypoxic zone. Hypoxia generally began to form in late spring and early summer, reached its peak in summer, and gradually disappeared in autumn. The reasons for eutrophication and hypoxia in the coastal zone here were due to the Mississippi River and Atchafalaya River’s dissolved organic carbon (POC) flux into the Gulf of Mexico, reaching up to 3.1 Tg (Dagg et al., 2007). The continuous influx of freshwater and a large amount of organic matter not only met the conditions for stratification but also provided sufficient organic matter for sediment oxygen consumption in the bottom water (Mccarthy et al., 2013). Although there are differences in the reasons for stratification and organic matter sources in these regions, they still conform to the widely accepted “stratification-eutrophication-hypoxia formation” route.

Since the 1980s, the surface temperature in the Bohai Sea has gradually increased, the thickness of the upper mixed layer has become thinner, the thermocline has become shallower, and the bottom water temperature difference has increased, leading to the gradual enhancement of water stratification (Liang et al., 2004). In summer, the DO in the bottom water has decreased year by year. In early September 2015, the Bohai Sea experienced the historically lowest DO concentration (66 μmol/L), close to the hypoxic threshold (Chen et al., 2022). Studies have shown that the hypoxic areas in the Bohai Sea are mainly distributed in the narrow and deep water areas to the west of the shallow water in the central bank of the Bohai Sea, forming two hypoxic centers, the south (offshore of the Yellow River mouth) and the north (near Qinhuangdao) (Wei et al., 2019). The weak stratification structure and anti-cyclonic eddy in the central shallow bank of the Bohai Sea weakened the connectivity between the hypoxic zones in the south and north, while the tidal front provided the dynamic conditions for the expansion of hypoxic zones in low-lying areas (Liu et al., 2019). Isotopic methods have indicated that the formation of hypoxia in the Bohai Sea was mainly caused by the oxygen consumption of organic matter produced by phytoplankton in the upper ocean (Chen et al., 2022). In addition, the mineralization of accumulated organic matter in sediments in summer was also an important reason for the formation of bottom hypoxia and acidification environment.

In this study, through water quality monitoring of the Haihe River and Yongdingxin River estuary section in the summer and autumn of 2020, we found for the first time that hypoxia also existed in the Haihe River estuary area of the Bohai Bay. The Haihe River estuary is a weakly tidal and bidirectional estuary. When the tide gate is open, it is jointly affected by tide and flood. When the tide gate is closed, it is mainly influenced by tides. The Yongdingxin River, Jiyun Canal, and Chaobai River converge and flow into the Bohai Bay from the Yongdingxin River estuary. This estuary is mainly affected by tides (Li, 2016). The two estuaries are located in the northwest of the Bohai Bay, with weak circulation and poor water exchange capacity (Rabalais et al., 2002). Studies have shown that under multiple environmental pressures, this sea area has become one of the most prominent marine areas of coastal environmental problems in the Bohai Bay, and it is also a key area for the Chinese government to strengthen governance in the “14th Five-Year Plan”. Therefore, this study will explore the causes and mechanisms of hypoxia by analyzing and comparing the distribution characteristics of dissolved oxygen in different river estuaries in the Bohai Bay, providing scientific basis and reference value for improving the ecological environment of river estuary areas.





Materials and methods




Cruise and sample collection

The “R/V Jinhan 04700” vessel conducted two cruises in the summer from July 23 to August 3, and in the autumn from October 23 to November 6, 2020, to investigate the Bohai Bay area. Fourteen sampling stations were set up in the Haihe River estuary section (HH section) and Yongdingxin River estuary section (JYC section), with five stations in each of the two river channels and the rest in the adjacent sea areas near the two river mouths (Figure 1).




Figure 1 | Location map of sampling stations at the HH section and JYC section in the Bohai Bay, China.



At each investigate station, multi-channel samplers (CTD, SBE-19 plusV2; Sea-bird Electronics, USA) were used to collect seawater samples from different water layers based on pre-set sampling depths. Prioritizing DO, Alkalinity (Alk), N2O, and other gas samples, the outflow rate was controlled during sampling to prevent bubble formation. Samples for DO measurements were immediately treated with MnCl2 and KI-NaOH reagents to fix the DO, and were then shaken and left in the dark for two hours. Water samples for pH determination were allowed to rest for a period of time after collection to minimize the effect of temperature differences on the measurements. All samples were collected in appropriate containers for subsequent analysis.

A volume of seawater was filtered using a Whatman GF/F filter membrane under 15 kPa pressure with a vacuum pump. The filtered membrane is used to determine chlorophyll a (Chl a) concentration, which should be wrapped in aluminum foil before being stored at -20 °C. The filtrate should be transferred to PE plastic bottles and frozen for nutrient concentration measurement. For COD determination, no filtration is required, and samples should be directly transferred to PE plastic bottles with added mercuric chloride (HgCl2) and stored in cold storage. It is necessary to pre-treat containers for sample storage by burning aluminum foil paper at 450 °C and soaking PE plastic bottles in acid solution, and then rinsing them with Milli-Q water.





Sample analyses

Water quality multi-parameter (RBR, Ottawa, Canada) was deployed to obtain parameters such as temperature, salinity, depth, pH, and DO. These parameters were recorded in the operation record file. pH and DO were manually measured on site. The pH samples were measured using a pre-calibrated ( ± 0.001) S210-K pH meter (S210-K, Mettler Toledo Technologies, Zurich, Switzerland). DO samples were titrated by the Winkler iodometric method. Three sets of parallel samples were set up for pH value and DO concentration measurement.

Nutrient samples were thawed at room temperature in the laboratory and measured using the nutrient auto-analyzer (AA3, Seal, Germany). Nitrate (NO3-N), ammonium (NH4-N), nitrite (NO2-N), phosphate (PO4-P), and silicate (SiO3-Si) were measured using the cadmium-copper reduction, sodium hypobromite, diazotization, phosphomolybdate blue, and silicomolybdate blue methods, respectively (Hansen and Koroleff, 1999).

Chl a samples were extracted in 90% acetone under dark and -20°C conditions for 24 hours. The supernatant was taken and measured using the Trilogy laboratory fluorometer (Trilogy, Turner Designs Ltd, USA). A standard working curve was plotted based on the calibrated Chl a standard concentration and fluorescence intensity, and the concentration of seawater Chl a was quantitatively calculated.

COD samples were measured using the alkaline KMnO4 method to determine COD concentration (Dhanjai et al., 2019).

Alkalinity samples were measured using the Gran titration method (Gran, 1952) with a T5 automatic potentiometric titrator (T5, Mettler Toledo Technologies, Zurich, Switzerland) equipped with a DGi111-SC pH probe, the accuracy was 0.001.





Data analyses

Calculation and correction of dissolved oxygen saturation concentration (DOs) were performed according to the formula developed by Garcia and Gordon (1992) and the relevant guidelines provided by the United States Geological Survey (USGS). The DOs were then used to calculate the apparent oxygen consumption (AOU) and the dissolved oxygen saturation (σ).

The dissolved oxygen saturation (σ) in seawater represents the percentage of the measured DO concentration to the saturated DO concentration. The formula used for its calculation is as follows:

 

Apparent oxygen utilization (AOU) is the difference between the saturation concentration and the measured concentration of DO, is often used to describe biological oxygen consumption processes. The formula for calculating AOU is as follows:

 

The eutrophication index (E) is often used to describe the nutritional status of seawater, and its calculation formula is:

 

In this formulation, E stands for the eutrophication index; CCOD refers to the measured value of chemical oxygen consumption (mg/L); CDIN and CDIP represent the measured values of inorganic nitrogen and inorganic phosphorus, respectively. The higher the E, the higher the degree of eutrophication.

The stratification coefficient, N, is commonly used to describe the stratification state of water.

 

In Equation 4, Δρ represents the density difference between different water layers, and Δz represents the change in depth. The magnitude of N reflects the stability of water stratification, with larger values indicating greater stability.

The concentration of CO2 in water was calculated by determining the total alkalinity (Alk). The CO2SYS_V2.1 script, compiled using VB language (Brookhaven National Laboratory, New York City, NY, USA) was used for the calculation.

The figures and tables in this paper were generated using the software Ocean Data View (ODV 5.4.6) and Origin PRO 2021. The data were analyzed using SPSS 27.






Results




Distributions of temperature and salinity in the HH and JYC section

Temperature and salinity are important parameters for reflecting the properties of seawater, and both can affect water stratification through the presence of thermoclines and haloclines. Figure 2 illustrated the temperature and salinity distribution in two estuaries during different seasons. During the survey periods in July (summer) and October (autumn) 2020, the water temperature in the study area ranged between 14.77 °C and 28.92 °C. The water temperature in the two estuarine sections differed considerably between summer and autumn due to seasonal warming, with summer temperature being significantly higher than those in autumn (p<0.01). The temperature distribution characteristics of the two estuarine sections were generally consistent in summer survey, with high inshore water temperature, low distant shore water temperatures, high surface water temperature, and low bottom water temperature (Figure 2A, E). However, in autumn, the temperature distribution was opposite to that of summer (Figure 2B, F), with the highest temperature appearing at the bottom of the eastern station and the lowest temperature at the surface of the western station. Furthermore, the water temperature in the vertical direction of the HH section changed significantly during summer, with an average rate of change of 0.18 °C/m, while in autumn, the vertical change rate of water temperature was 0.01 °C/m. However, in both summer and autumn, the difference of water temperature in the vertical direction in the JYC section was not as significant as that in the HH section (p<0.01).




Figure 2 | Temperature and salinity distributions of HH Section (A–D) and JYC Section (E–H) in summer and autumn.



The salinity distribution of the HH and JYC sections was generally similar. Both sections exhibit a west-to-east gradient of increasing salinity during the summer and autumn. Salinity increased with distance from the shore, gradually increasing from the surface to the bottom. During the autumn survey, the discharge of floodwaters in the upper reaches of the HH section resulted in a large input of freshwater, leading to a low-salinity area in the upper reaches of the HH section and causing a wider range of salinity distribution in autumn (6.63 to 31.44). Although the salinity distribution range of the JYC section is larger in autumn, the effect of freshwater runoff on salinity was weaker than that of the HH section.





Distributions of pH and DO in the HH and JYC section

Figure 3 illustrated the pH, DO and DO saturation distributions in two estuaries during different seasons. In summer, the pH values of the HH section ranged from 7.74 to 8.19, and gradually decrease with depth. The lowest pH value was observed at the bottom of station HH-2 (7.73). In autumn, the pH of the middle water layer was lower, and the average pH of the bottom layer (8.30) and the surface layer (8.39) were both higher than that of the middle layer (8.26). The vertical distribution characteristics of pH were significantly different from those observed in summer (p<0.01). In the JYC section, the pH distribution characteristics differed in different seasons, with lower values observed in the upper reaches and higher values in the lower reaches. However, the pH did not vary significantly with depth, ranging from 7.84 to 8.16 in summer, with a negligible change in the vertical direction (ΔpH≈0.005/m). Under the influence of tides, the pH value of the surface water at the confluence of the river and the ocean was higher, while the pH value of the bottom water was lower in autumn. The observation results of the stations located in the upper reaches of the estuary showed that the pH distribution in the surface layer was consistent with that in the bottom layer.




Figure 3 | Distributions of pH, DO concentration and dissolved oxygen saturation σ in the HH Section (A, E, I, B, F, J) and JYC Section (C, G, K, D, H, L) in summer and autumn.



Based on the analysis of the collected samples during the voyage and the calculation of the saturated DO concentration, significant temporal and spatial differences were observed in the distribution of DO concentration in the HH section. In summer, the DO content in the HH section was low, ranging from 1.84 to 8.00 mg/L, with a wide range of hypoxia areas in the bottom water. The average DO content in the bottom layer was 4.02 mg/L, and the minimum DO value appeared at the bottom of HH-2 station, with an oxygen saturation of 0.27, indicating hypoxic conditions. In autumn, the DO content in the HH section was higher than that in summer, ranging from 7.35 to 10.89 mg/L, with more than half of the stations being supersaturated with DO. The concentration of DO in all stations was higher than the hypoxia critical value. In autumn, the water in the HH section mixes more evenly in the vertical direction, and the distribution of DO in the surface and bottom layers was relatively consistent. The change rate of DO in the vertical direction was significantly different between the two seasons compared with the distribution in summer (p<0.01).

Similar to the HH section, the JYC section also exhibited a distribution pattern of low DO concentration near the shore and high DO concentration far from the shore in both seasons. In summer, the DO concentration in the JYC section ranged between 6.14 and 8.77 mg/L, which was relatively uniform and generally higher than the defined value for low-oxygen water. In autumn, DO concentrations ranged from 6.62 to 10.86 mg/L. The DO concentration increased significantly from the estuary to offshore.





Distributions of eutrophication and Chl a in the HH and JYC section

Sources of oxygen-depleting organic matter in water include both freshwater inputs and local production. Figure 4 illustrateed the degree of eutrophication and distribution of Chl a in the two estuaries during the summer and autumn seasons. Influent water from the upper reaches of the two rivers consistently exhibited high trophic states (EHH-1 = 186.95, EJYC-1 = 57.49). Eutrophic water inputs from runoff were continuously diluted by oligotrophic seawater, resulting in a gradual decrease in eutrophication indices in the horizontal direction. Due to variations in water mixing, the eutrophication indices of the estuary sections exhibit different vertical distributions during different seasons. Overall, eutrophication tended to be more homogeneous in the surface and bottom layers during autumn, while eutrophication was mostly confined to the surface layer during summer.




Figure 4 | Eutrophication index (E) and Chl a concentration distributions of HH Section (A–D) and JYC Section (E–H) in summer and autumn.



Inconsistencies were observed between the distribution of Chl a and eutrophic water. During summer, Chl a in the HH section was mainly distributed in the surface water of HH-1~HH-3 stations located in the upper reaches of the estuary section, with an average concentration of 25.7 μg/L. At the bottom of the upstream sampling sites, the concentration of Chl a was low, only 1.40 μg/L. In the upper reaches The distribution of Chl a was consistent with the eutrophication water, while the Chl a concentration in the bottom water of the lower reaches was up to 10 μg/L, despite the low degree of eutrophication. In autumn, two areas of high Chl a concentration were observed in the HH section, namely, HH-1 station (84.89 μg/L) located in the upper estuary and HH-5 station (80.83 μg/L) in the Bohai Bay. In the upper part of the JYC section, the eutrophication index was higher but the concentration of Chl a was lower, while the lower part of the JYC section showed high levels of both Chl a and eutrophication index. The distribution of Chl a in autumn was essentially inconsistent with that of highly eutrophic water. Except for HH-1 and JYC-1 stations in the upper reaches of these two sections, which were greatly affected by runoff input, the area of high Chl a values in the two estuarine sections did not coincide with the severe eutrophication water in general.






Discussion




Mechanism of hypoxia formation in HH section

Research has demonstrated that water stratification is a prerequisite for the formation of hypoxia (Diaz and Rosenberg, 2008). In this process, we found temperature to be the dominant factor, with solar irradiation as the main contributor to the temperature increase in summer. The variation in temperature, particularly during the summer months, significantly contributes to the DO stratification of water. Due to the HH section’s deeper depth, the temperature increase was not uniform between the surface and bottom water when heated by solar irradiation, resulting in a large temperature difference between them and the formation of density difference. The runoff input of low-salinity surface water also contributed to the density difference, thus promoted the formation of stratification. However, compared to temperature, salinity is not the main cause of stratification. The linear correlation graph between salinity and dissolved oxygen concentration (Figure 5B) shows that there was no significant salinity difference accompanying the change in dissolved oxygen concentration in the upstream and downstream sections of the Haihe Estuary in summer. By calculating the stratification coefficient N, we found that the HH-2 and HH-3 stations belong to the slow mixed type, indicating that there was some degree of stratification during summer investigation. Additionally, Figure 5A indicated a positive correlation between temperature and DO concentration in the HH section during summer. The stratified structure in the HH section made it difficult to reoxygenate the bottom cold water after DO depletion (Murphy et al., 2011), while the surface water, with high temperatures and frequent exchange of water and air, results in high DO concentrations. This not only explained the positive correlation between DO and temperature but also suggested that temperature was the primary factor causing delamination in the HH section.




Figure 5 | Linear relationship between DO concentration and other parameters (A, temperature; B, salinity; C, eutrophication index; D, chlorophyll a) in the HH section and JYC section in two seasons.



In comparison to the HH section, the water depth in the JYC section was relatively shallower (Hmax< 9 m). Due to exposure to solar radiation, there was a more uniform temperature distribution in the water column with a smaller temperature gradient from the surface to the bottom (ΔT< 1°C). These conditions were not conducive to the formation of a stratified structure. Additionally, the topography of the JYC section’s riverbed played a role in the difficulty of forming a stratified structure. As shown in the sectional diagram, the bed of the JYC section gradually descends through a step-like drop and increases in-depth uniformly, while the bed of the HH section had a large drop at station HH-2 and a large uplift at station HH-4, forming a “basin” on the riverbed. This topography, similar to a valley and a “V”-shaped trough, prolongs the water’s stagnation time and limits its composition exchange with the surrounding water (Rowe and Chapman, 2002; Bianchi et al., 2010), further restricting the reoxygenation process in the bottom water. Most of the low-oxygen regions found during the summer survey in this study were located in depressions in this riverbed. It is evident that the stable stratified structure formed in the HH section during summer hinders the reoxygenation of the underlying water, which was consistent with existing research conclusions (Conley et al., 2011; Rabalais et al., 2014).

The depletion of oxygen due to microbial decomposition of organic matter is the primary cause of hypoxia. The eutrophication index (E) is an indicator of the nutritional status of a body of water. The presence of dissolved inorganic and organic matter can both contribute to the increase of the eutrophication index, which is closely related to the DO concentration.

Linear analysis revealed instances where the correlation between DO concentration and the eutrophication index did not reach statistical significance. Nevertheless, a negative correlation was observed overall (Figure 5C). This finding suggests that, despite the existence of certain data points not conforming to statistical significance, the overarching trend highlights eutrophication as a significant promoter of hypoxia formation (Diaz, 2001). This reflects the intricate interactions within ecological systems and the role various factors play in influencing DO concentrations.

By analyzing the components of the eutrophication index formula, it was found that the concentrations of nutrients (DIN, DIP) were significantly negatively correlated with DO concentration in different seasons (Summer: r HH-DIP=-0.44, r HH-DIN=-0.50, r JYC-DIP=-0.60, r JYC-DIN=-0.78, Autumn: r HH-DIP=-0.59, r HH-DIN=-0.64, r JYC-DIP=-0.77, r JYC-DIN=-0.80). However, the correlation coefficient between COD and DO showed considerable variability across different seasons.(Summer: r HH-COD=0.12, r JYC-COD=-0.66, Autumn: r HH-COD=0.63, r JYC-COD=-0.023). This suggests that DIN and DIP had a greater impact on the eutrophication index, as microorganisms decompose organic matter to produce DIN and DIP at the bottom of the section. It is noteworthy that there was no significant difference between the two river sections in autumn (p>0.05). Additionally, during summer, the effect of the eutrophication index on the DO concentration in the JYC section was less pronounced than in the HH section. This may be because the stations in the JYC section mainly collected surface samples, and the DO concentration was significantly affected by sea-air exchange (Diaz, 2001).

Chl a is an important indicator of phytoplankton biomass and a major source of DO content. At the upstream end of the JYC section, the JYC-1 station was an exception. Despite displaying Chl a concentrations similar to other stations, this station experienced markedly elevated levels of eutrophication due to upstream influences. This was reflected in an initial correlation coefficient of -0.12 between DO and Chl a concentrations at the JYC section prior to data exclusion. This unusual correlation indicated an overlying impact of organic matter decomposition on DO concentrations at this station, resulting in lower DO levels even with comparable Chl a concentrations. In light of this finding, we made the decision to exclude data from the JYC-1 station in our analysis. After this adjustment, a positive correlation between Chl a and DO concentration emerged in the JYC section as well, aligning with the correlations seen in both river sections during both seasons (rHH=0.77, rJYC=0.86 in summer; rHH=0.45, rJYC=0.43 in autumn). In summer, the correlation between Chl a and DO concentration in the HH section was significantly higher compared to other seasons. This suggested that the reoxygenation process in stable stratified water was more reliant on photosynthesis in summer, while the replenishment pathway of DO through sea-air exchange was hindered by stratification. In autumn, the correlation between Chl a and DO concentrations showed no significant difference in the HH section and JYC section (p>0.05), suggesting a similar contribution of sea-air exchange and photosynthesis to the DO sources in both river sections.





The coupling relationship between low oxygen and pH in the river estuary

The mechanism of water acidification may be due to the mixing of low pH water from terrestrial sources with seawater or the result of biological oxygen consumption. Our study found a strong correlation between pH and DO concentration (Figure 6A), consistent with previous research (Wang et al., 2017). As mentioned earlier, the distribution of acidification zones and hypoxic zones was similar. The higher water temperature in summer accelerated respiratory and decomposition reactions, and CO2 produced by cellular metabolism further promoted the acidification process (Cai et al., 2020). Due to the presence of stratification, material exchange between surface and bottom water was limited, and CO2 in bottom water cannot be diluted in time, which exacerbated water acidification (Cai et al., 2011). To further quantify the relationship between pH and DO, we calculated the CO2 concentration and redundant CO2 concentration (ΔCO2) in water. It is worth noting that the CO2 content in hypoxic water was mainly derived from two pathways: microbial decomposition of organic matter and denitrification. By measuring the N2O concentration in water (average value of 37.44 nmol/L), the corresponding CO2 content produced is much lower than that due to AOU. Therefore, we neglected the CO2 content produced by denitrification and only calculated the CO2 production from organic matter decomposition based on the (Redfield, 1963) equation for oxygen consumption.




Figure 6 | Correlations between DO and pH (A), DO and CO2 (B), ΔCO2 and pH (D) in HH and JYC sections, respectively, and cross-sectional distribution of ΔCO2 (C) in HH section during summer.



	

Under ideal conditions, the ratio of O2 consumption to CO2 release is expected to be 138:106. The AOU was utilized to compute the theoretical concentration of CO2 release (CO2-T). The current concentration of CO2 in the water (CO2-S) was calculated based on the total alkalinity Alk and pH (Dickson and Millero, 1987), and the difference between the two values resulted in the redundant CO2 concentration (ΔCO2). Comparison of the theoretical CO2 concentration with the concentration of free CO2 in the carbonate equilibrium system calculated by AOU revealed that the CO2 produced by the decomposition of organic matter in the upper reaches of the HH section in summer far exceeded the free CO2 in the carbonate system. The concentration distribution of this portion of redundant CO2 corresponded to the region of low pH (Figure 6C) and showed a significant negative correlation (Figure 6D), suggesting that the decrease in pH was closely linked to the accumulation of carbon dioxide generated by the decomposition process of organic matter.






Conclusion

In the summer of 2020, during the investigation of the Bohai Bay, hypoxia was discovered for the first time in the Haihe estuary. We found that the seasonal hypoxia appeared in summer and disappeared in autumn. A hypoxic zone was observed in the bottom layer between stations HH-2 and HH-4, and the minimum DO concentration (1.85 mg/L) was appeared at the bottom of station HH-2. The occurrence of hypoxia followed the route of “stratification-eutrophication-hypoxia formation”. Temperature, riverbed topography, and freshwater input promoted the formation of stratification, which consumed DO in the bottom water through the decomposition of organic matter. Stratification also hindered the reoxygenation of the bottom water and caused the accumulation of carbon dioxide, resulted in the formation of hypoxic and acidified zones. The limitations of existing data made it difficult to determine the origin of organic matter in the hypoxic zone and the contribution of sediment oxygen consumption to hypoxia formation. Future research will address these limitations. With a better understanding of the mechanism of hypoxia formation, controlling hypoxia in estuaries will become a crucial step in optimizing the ecological environment of marine systems.
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