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Editorial on the Research Topic 


Eutrophication, algal bloom, hypoxia and ocean acidification in large river estuaries


Estuaries are transitional regions of river freshwater to seawater, and biogeochemical parameters such as salinity, nutrients and biological parameters typically show strong gradients in the offshore direction. Estuaries occupy a small portion of the global ocean area (about 0.2%) but play an important role for marine fisheries and contribute disproportionately to the global carbon budget. Furthermore, estuaries are under multiple strong anthropogenic and climate change pressures, such as eutrophication, wetland degradation, and overfishing, and the ecosystems of many estuaries have dramatically changed, leading to hypoxia, harmful algal blooms, ocean acidification and changes in biodiversity.

In this Research Topic, papers were solicited on estuarine systems that exemplify the changes and the complexities of interactions that are occurring in response to anthropogenic and climate change influences. The ten papers on this Research Topic focus largely–but not exclusively–on Asian waters. Asian waters are among the most rapidly changing and progressively impacted by nutrient enrichment and climate change. One of the major themes of these papers is the coupling between physical and biological processes. The themes herein of physical-biological coupling and impacts on water quality changes were also developed in papers on the Chesapeake Bay and the Salish Sea. Modeling, time series analysis and advanced analytical techniques were all brought to bear in the analyses reported.

Wang et al. described how anthropogenic pressures from the Pearl River have been increasing, but how hypoxia of the receiving Hong Kong waters has remained comparatively rare. They showed, using 29 years of data, that wind events disrupt hypoxia formation and maintenance. However, over time, with changing climate, winds have become less strong, leading to an increased potential for hypoxia to become established in the future.

Han et al. also explored the theme of physical-biological coupling using a three-dimensional coupled physical-NPZD ecosystem model for the South China Sea and the effects of wind-driven downwelling. In this case, downwelling of nutrient rich waters is induced by widening coastal shelf typography. In particular, the downwelling transport resulted in marked phytoplankton blooms in the bottom-trapped waters, a phenomenon that moved algal blooms seaward and offshore.

Ma et al. also used time series data in examining hypoxia of the East China Sea and its relationship to El Niño. Although they found an insignificant linear trend, they did observe that in summers of El Niño, large river discharge and strong stratification enhances hypoxia off the Changjiang Estuary but El Niño is not a prerequisite for hypoxia to occur.

Combining observation and a numerical model, Meng et al. broadened the understanding on the response of hypoxia to a passing typhoon, in particular to the typhoon-induced advection. This study revealed that this typhoon did not completely destroy the stratification by local mixing, but the typhoon-induced oceanic advection increased transport of particulate matter, furthering potential for hypoxia.

Khangaonkar et al. examined the effect of a different event–the heat wave of 2015–on production in the Salish Sea, the inland estuary of the northwest Pacific comprised of Puget Sound and associated bays. They found that increased biological activity resulted from stronger estuarine exchange and higher nutrient loads, and was not due to direct temperature effects per se.

Shifting back to Chinese waters, this time the warm temperate Yellow River Delta, Liu et al. examined the community structure of the benthic diatom abundance and its relationship to environmental variables. Using DNA extracted from sediment samples and subsequent sequence analysis, they compared richness and diversity among seasons and found significantly higher diversity in spring and winter than in summer and fall. Seasonal fluctuations in nutrient inputs from the Yellow River as well as temperature were highly correlated with seasonal patterns of the benthic diatom assemblage.

Ok et al. aimed to develop a predictive model for phytoplankton blooms in regions of aquaculture cages for the coastal waters off Yeosu, South Korea. In this region, harmful algal blooms are frequent and have caused substantial economic harm to the aquaculture industry, Using experimental data collected over many months, they developed a series of best-fit equations using nutrient and chlorophyll a concentrations. This model allows them to predict–one week in advance–the magnitude and timing of blooms. Such a predictive capability can be helpful for aquaculturists to take preemptive actions such as moving their cages or harvesting their fish, thereby reducing economic losses.

Focusing on Chesapeake Bay, the largest estuary of the USA, the relationship between algal blooms of the dinoflagellate Prorocentrum minimum and ocean acidification were explored by Li et al. using a coupled carbonate chemistry- harmful algal bloom model. This model, one of the few efforts to couple 3D hydrodynamic carbonate chemistry and HAB models for a dynamic estuary, not only represented conditions of a recent year, but projected effects of increasing pCO2 for mid- and late-21st century. Overall, they found that ocean acidification may cause a modest amplification of such blooms in the future.

Two studies of this Research Topic applied stable isotopes to explore fate and transport of nitrogen in large estuaries of China. Tian et al., used dual stable isotopes of nitrate along with particulate isotopic composition to examine sources and rates of regenerated nitrogen in the Yellow Sea in spring and summer and found that the south part of the region is facing an increasing ecological risk due to nitrogen discharge from the Changjiang. A multiple isotope approach was also applied by Zhong et al. to understand the cycling and dynamic nature of dissolved organic nitrogen from the Changjiang Estuary to the coastal East China Sea.

In all, these papers have yielded new insights into complexity of physical, biogeochemical, and biological dynamics in large river estuaries heavily impacted by anthropogenic nutrient enrichment. The stresses on these systems are large and, as climate effects increase, will continue to grow. The findings of these efforts, and the approaches employed–from physical-biological coupled models to time series and advanced analytical and experimental tools–should be of interest to estuarine scientist and managers worldwide.
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Phytoplankton blooms can cause imbalances in marine ecosystems leading to great economic losses in diverse industries. Better understanding and prediction of blooms one week in advance would help to prevent massive losses, especially in areas where aquaculture cages are concentrated. This study has aimed to develop a method to predict the magnitude and timing of phytoplankton blooms using nutrient and chlorophyll-a concentrations. We explored variations in nutrient and chlorophyll-a concentrations in incubated seawater collected from the coastal waters off Yeosu, South Korea, seven times between May and August 2019. Using the data from a total of seven bottle incubations, four different linear regressions for the magnitude of bloom peaks and four linear regressions for the timing were analyzed. To predict the bloom magnitude, the chlorophyll-a peak or peak-to-initial ratio was analyzed against the initial concentrations of NO3 or the ratio of the initial NO3 to chlorophyll-a. To predict the timing, the chlorophyll-a peak timing or the growth rate against the natural log of NO3 or the natural log of the ratio of the initial NO3 to chlorophyll-a was analyzed. These regressions were all significantly correlated. From these regressions, we developed the best-fit equations to predict the magnitude and timing of the bloom peak. The results from these equations led to the predicted bloom magnitude and timing values showing significant correlations with those of natural seawater in other regions. Therefore, this method can be applied to predict bloom magnitude and timing one week in advance and give aquaculture farmers time to harvest fish in cages early or move the cages to safer regions.

Keywords: chlorophyll-a, coastal water, estuarine water, harmful algal bloom, marine ecosystem, nutrient, phytoplankton community, red tide


INTRODUCTION

Phytoplankton are a major component of marine ecosystems and contribute approximately half of the global primary productivity (Field et al., 1998), providing organic carbon and energy for higher trophic levels in food webs (Calbet and Landry, 2004; Steinberg and Landry, 2017; Armengol et al., 2019). Many phytoplankton species cause blooms or red tides, which are water discolorations due to blooms. Harmful algal blooms often cause human illness and fish kills (Anderson et al., 2002; Hallegraeff, 2003; Glibert et al., 2018b). Understanding and predicting the outbreak of phytoplankton blooms, especially harmful algal blooms, are important to minimize the damage they may cause.

In general, the abundance of a phytoplankton species or community is typically affected by nutrient conditions (Nagasoe et al., 2010; Gobler et al., 2012; Lee et al., 2019a), as well as physical and trophic conditions such as light availability and predation (Cole and Cloern, 1984; Cloern, 1987; Buskey et al., 1994; Litchman, 1998; Turner and Granéli, 2006). The generation times of many phytoplankton species are relatively short; some phytoplankton can divide three to four times per day, and thus, their abundance rapidly increases with photosynthesis-favorable conditions such as sunny days after heavy rains (Trainer et al., 1998; Wetz and Paerl, 2008; Baek et al., 2009; Meng et al., 2017). A phytoplankton bloom outbreak cannot be easily predicted if unexpected meteorological events, such as heavy rains, typhoons, and heatwaves, occur in a short period. A few short-term forecasts (< one week) that predict the outbreaks of harmful algal blooms in the United States have been maintained by the National Oceanic and Atmospheric Administration (NOAA; Wynne et al., 2018). If the magnitude and timing of phytoplankton bloom outbreaks can be predicted quickly for other regions and announced one week prior, aquaculture farmers can harvest fish early, move the fish cages to safer areas, and use developed techniques to mitigate algal blooms. Prior to the present study, models for predicting blooms had been established based on correlations between phytoplankton abundance and various environmental factors such as nutrient concentrations and water temperature in natural aquatic environments (e.g., Pinckney et al., 1997; Onderka, 2007; Feki-Sahnoun et al., 2017; Lin et al., 2018; Kahru et al., 2020; Mahmudi et al., 2020). However, these models may not provide sufficient time for aquaculture farmers to manage their cages at sea or aqua tanks on land. In general, blooms by particular phytoplankton species kill fish in aquaculture cages when the abundance of phytoplankton exceeds a certain critical concentration (Gobler et al., 2008; Gravinese et al., 2019). Thus, to minimize losses due to harmful blooms, a model for predicting the magnitude and timing of blooms one week in advance is needed.

Gamak Bay and Yeosuhae Bay, near Yeosu city, South Korea, are ideal regions for developing and testing methods to predict the magnitude and timing of potential phytoplankton bloom outbreaks. Freshwater from the large Seomjin River enters these bays and often causes large variations in the nutrients and chlorophyll-a concentrations (Lee M. et al., 2009; Lee Y.S. et al., 2009; Noh et al., 2010). Meanwhile, commercial fish and oyster aquaculture systems are concentrated in these bays (Lee M. et al., 2009). There have been many harmful algal blooms in these bays National Institute of Fisheries Science, Korea (2020)1 causing great financial losses in the aquaculture industry (Park et al., 2013).

In the present study, we quantified the concentrations of nutrients and chlorophyll-a (Chl-a), as well as the abundance of dominant plankton species, daily or every other day for 10 days after incubating seawater collected from Gamak Bay and Yeosuhae Bay, South Korea. During the study period, the nutrient conditions of sampled seawater varied greatly; nutrient levels were low during dry periods and before the passage of a typhoon, but high after typhoons and rainfall. We used the results of enclosure experiments and tested the correlations between pairs of different variables (e.g., the initial nutrient concentrations and the initial and peak concentrations of Chl-a and ratios) to propose equations in order to determine the magnitude (i.e., Chl-a peak) and the timing of phytoplankton bloom peaks. To validate these equations empirically, we compared the predicted values of magnitude and timing with the actual values from the monitoring sites from May to October annually from 2016 to 2019. The results of this work provided a basis for understanding bloom dynamics in coastal waters and contributed to being able to predict phytoplankton blooms in advance. This can help ensure that preemptive actions are taken to safeguard aquaculture operations.



MATERIALS AND METHODS


Sampling Site Description and Water Sampling

The two sampling sites, Station Gukdong and Station Gyedong, were located in the innermost areas of Gamak Bay and Yeosuhae Bay, South Korea, respectively (Figures 1A,B). These bays are located near the mouth of the Seomjin River, which is one of the largest rivers in Korea, from which freshwater runoff reaches the bays after heavy rainfall (Jeong et al., 2017). Twenty liters of seawater were collected below the water surface at St. Gukdong using a clean bucket, six times across May, July, and August 2019, and 20 L of seawater was gently collected below the surface at St. Gyedong, once in August 2019 (Table 1). The temperature, salinity, pH, and dissolved oxygen (DO) of the samples were measured using a YSI Professional Plus meter (YSI, Yellow Springs, OH, United States) immediately after collection. The seawater samples were gently filtered through a 100-μm Nitex mesh to minimize the effects of large detritus or solids in suspension on phytoplankton growth during the bottle incubation experiments (e.g., shading, flocculation, and nutrient adsorption) (Young and Barber, 1973; Sew and Todd, 2020). The collected seawater was then immediately transported to the laboratory and placed in culture chambers at the same temperature (±2°C) as the seawater temperature at collection. The amount of rainfall and the wind speed and path of Typhoon Danas during the sampling period were obtained from the Korea Meteorological Administration (2020)2 and the Korea Hydrographic and Oceanographic Agency (2021).3


[image: image]

FIGURE 1. (A) Locations of the study areas in the South Sea of Korea. (B) Stations for seawater sample collection in Gamak Bay (St. Gukdong) and Yeosuhae Bay (St. Gyedong) and the station for automated seawater quality monitoring data acquisition in Gwangyang Bay (St. Gwangyang). (C) Station for the automated seawater quality monitoring data acquisition in Masan Bay (St. Masan). The dotted line in panel (A) indicates the path of the Danas typhoon on July 20, 2019.



TABLE 1. Meteorological conditions when the seawater samples were collected from Station Gukdong and Station Gyedong in 2019 and their incubation conditions.

[image: Table 1]


Experimental Procedures

Seawater collected on each sampling date was gently mixed and evenly distributed into 2 L polystyrene bottles (JetBiofiltration Co., Ltd, Guangzhou, China). All bottles incubated under each condition were set up in triplicates and placed in temperature-controlled chambers set to the ambient water temperature (±2°C; Table 1). These bottles were capped loosely and then incubated for 10 days at 100 μmol photons m–2 s–1 under a 14 h:10 h light:dark cycle using light-emitting diodes (LEDs; FS-075MU, 6500K; Suram Inc., Suwon, South Korea). Based on the light intensity at which the maximum growth rates of many phytoplankton occurred and the effects of photoinhibition on phytoplankton growth were minimized, a light intensity of 100 μmol photons m–2 s–1 was used. This ensured that light was not a limiting factor in this study. For example, the light intensities at which the maximum growth rates were observed were >10 μmol photons m–2 s–1 for the dinoflagellate Paragymnodinium shiwhaense (Jeong et al., 2018), >58 μmol photons m–2 s–1 for the dinoflagellate Alexandrium pohangense (Lim et al., 2019), >70 μmol photons m–2 s–1 for the diatom Leptocylindrus danicus (Verity, 1982), >80 μmol photons m–2 s–1 for the diatoms Skeletonema costatum, Thalassiosira minima, and Thalassiosira eccentrica, and the dinoflagellates Protodinium simplex, Scrippsiella sweeneyae, and Prorocentrum micans (Chan, 1978), and >90 μmol photons m–2 s–1 for the dinoflagellate Margalefidinium polykrikoides (Kim et al., 2004). Moreover, the light intensities at which the negative growth rates of phytoplankton due to photoinhibition occurred were >123 μmol photons m–2 s–1 for the dinoflagellate Karenia brevis (Magaña and Villareal, 2006), >135 μmol photons m–2 s–1 for the dinoflagellate Tripos furca (Nordli, 1957), >247 μmol photons m–2 s–1 for the dinoflagellate Takayama helix (Ok et al., 2019), and >317 μmol photons m–2 s–1 for the diatoms Ditylum brightwellii and Thalassiosira sp. (Brand and Guillard, 1981). Daylength in the study area from May to August is approximately 13–14.5 h (Sunrise-Sunset, 2021).4 Thus, this light condition can simulate the natural environment in the study area.



Subsampling and Component Analyses

Subsampling was conducted daily in all experimental seawaters except for the one collected on May 16, 2019 (every two days) to quantify the Chl-a and nutrient concentrations and the planktonic protist abundance.

For Chl-a analysis, a 20 mL aliquot taken from each bottle was filtered through a GF/F filter (Whatman Inc., Clifton, NJ, United States), and the filtered membrane was placed in a 15 mL conical tube and stored below −20°C. Then, 10 mL of 90% acetone was added to the conical tube containing the sample. The conical tubes were sonicated for 10 min, wrapped in aluminum foil to avoid light, stored in a 4°C chamber overnight, and centrifuged, and then 5 mL of the supernatant was taken from each tube and measured using a 10-AU Turner fluorometer (Turner Designs, Sunnyvale, CA, United States). For nutrient analysis, a 20 mL aliquot of the filtrate samples was stored in polyethylene vials below −20°C. The concentrations of nitrate plus nitrite (hereafter nitrate or NO3), ammonium (NH4), phosphate (PO4), and silicate (SiO2) in the seawater samples were measured using a 4-channel nutrient auto-analyzer (QuAAtro, SEAL Analytical GmbH, Norderstadt, Germany; Bran+Luebbe Analyzing Technologies, 2004a, b, 2005; SEAL Analytical GmbH, 2005).

To quantify the abundance of dominant planktonic protists, a 10 mL aliquot was taken from each bottle and fixed with 5% acidic Lugol’s solution (Sournia, 1978). Each dominant taxon was enumerated by counting >200 or all cells for each species in a Sedgewick-Rafter chamber using an inverted microscope (BX53, Olympus, Japan) at a magnification of ×100–200.

To convert the abundance (cells mL–1) of dominant planktonic protists to biomass (ng C mL–1), the cellular carbon content of each taxon was obtained from the literature or estimated from its biovolume according to Menden-Deuer and Lessard (2000). The biovolume of each taxon was calculated using Hillebrand et al. (1999) after measuring the cell length and width, or diameter and height of ≥5 cells of the taxon.



Data Analysis and Equation Development

The concentrations of NO3, NH4, PO4, SiO2, and Chl-a were measured every sampling day and dissolved inorganic nitrogen (NO3+NH4; DIN) was calculated from these data. When Chl-a increased, the magnitude of the Chl-a peak (i.e., the maximum Chl-a) and the time elapsed until the Chl-a peak occurred (Daypeak) were determined. When Chl-a decreased, the initial Chl-a was regarded as the Chl-a peak. Using the data, the ratio of the initial NO3 to Chl-a [μM (μg L–1)–1] was calculated by dividing the initial NO3 by the initial Chl-a for each incubated seawater sample. This value was also calculated as a unitless ratio, multiplied by the molecular weight of N (=14 g mol–1) to convert μmol L–1 (=μM) to μg L–1. The growth rate (μ, day–1) of the phytoplankton community was calculated as follows:

[image: image]

When the Chl-a decreased, the growth rate was allocated to zero.

To develop equations for the magnitude of the Chl-a peak of the phytoplankton community, four different simple linear regressions were analyzed: the Chl-a peak versus the initial NO3; the Chl-a peak versus the ratio of the initial NO3 to Chl-a; the ratio of the peak-to-initial Chl-a versus the initial NO3; and the ratio of the peak-to-initial Chl-a versus the ratio of the initial NO3 to Chl-a. Furthermore, to develop an equation for Daypeak, four different simple linear regressions were also analyzed: Daypeak versus the natural log of the initial NO3; Daypeak versus the natural log of the ratio of the initial NO3 to Chl-a; the growth rate versus the natural log of the initial NO3; and the growth rate versus the natural log of the ratio of the initial NO3 to Chl-a. The growth rate was used as a variable because the growth rate equation itself includes time. Similar analyses were conducted using NH4, DIN, PO4 and SiO2, as well as the ratio of the initial NO3 to PO4 and the ratio of the initial NO3 to SiO2. To apply this method at a species level, the peak abundance of Skeletonema costatum of each seawater sample during bottle incubation was determined. The goals were to develop equations for predicting bloom outbreaks of each species and to assess the contribution of each bloom species of interest to the phytoplankton community. The cellular chlorophyll-a content of S. costatum was obtained from Hitchcock (1980). The estimated Chl-a peak and Daypeak of S. costatum were determined using the analyses described above.

Linear regression equations were established by fitting the data using DeltaGraph (SPSS Inc., Chicago, IL, United States). These equations were solved to deduce the Chl-a peak and Daypeak.



Comparison of the Predicted and Field Data

To test whether the bloom prediction equations obtained from the present study (in sections “Correlations Between the Variables Related to the Chl-a Peak” and “Correlations Between Variables Related to the Timing of Chl-a Peaks”) can be used to predict bloom outbreaks in the field, in situ time-series data of the automated seawater quality monitoring system in the South Sea of Korea (St. Gwangyang and St. Masan; Figure 1) were obtained from the Marine Environment Information System (2021).5 Data from May to October in 2016–2019 were used because the water temperatures during this period were similar to those of our incubation experiments using the seawaters collected from St. Gukdong and St. Gyedong. The values of NO3, Chl-a, salinity, and water temperature measured at five-minute intervals in a day were each averaged to obtain the mean value of the day (Supplementary Table 1). Based on these monitored data, the following steps were conducted (Supplementary Figure 1). First, the Chl-a peak was found when the Chl-a exceeded 5 μg L–1 with an increasing trend, assuming the criterion of a phytoplankton bloom as 200 ng C mL–1 and a carbon to Chl-a ratio of 40 (Peterson and Festa, 1984; Jeong et al., 2013). Second, Chl-a and NO3 levels, prior to reaching the Chl-a peak, were selected. Third, the time elapsed until the Chl-a peak occurred (Daypeak) was counted. Fourth, using the selected NO3 and Chl-a data and the equations developed in this study (in Sections “Correlations Between the Variables Related to the Chl-a Peak” and “Correlations Between Variables Related to the Timing of Chl-a Peaks”), the predicted values were calculated for each date and then compared with the actual Chl-a peak or Daypeak using linear regression analyses. Data were not used when the daily average salinity changed by >2 because it indicated seawater with different nutrient conditions introduced from the river or large streams.



Statistical Analysis

Pearson’s correlation was used to examine the relationships between variables (Pearson, 1895). All statistical analyses were performed using SPSS (version 25.0; IBM Corp., Armonk, NY, United States). The significance criterion was set at 0.05.



RESULTS


Physical and Chemical Properties of the Seawater Samples

During the study period in 2019, water temperature, precipitation, and salinity varied considerably whereas pH and dissolved oxygen (DO) did not (Figure 2): the water temperature ranged from 18.2°C on May 19 to 26.6°C on August 22 (Figure 2A); the precipitation summed for 7 days was 274.1 mm on July 22 and July 24 but <100 mm on the remaining dates (Figure 2B); the salinity was 24.36 and 29.10 on July 22 and July 24, respectively, but exceeded 29.9 on the remaining dates, with a maximum of 33.78 on May 16 (Figure 2C); the pH was 7.89 on July 22 but exceeded 7.90 on the remaining dates, with a maximum of 8.10 on August 22 (Figure 2D); and the DO was 5.01 mg L–1 on July 24 but exceeded 5.4 mg L–1 on the remaining dates with a maximum of 6.07 mg L–1 on May 16 (Figure 2E).
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FIGURE 2. Background environmental conditions of water samples from May 16 to August 22, 2019. (A) Temperature (T, °C), (B) amount of rainfall for 7 days [Rainfall7d, mm (7 d)− 1], (C) salinity, (D) pH, and (E) dissolved oxygen (DO, mg L− 1).


There was 65.8 mm of rainfall between May 17 and May 18, 274.1 mm between July 17 and July 21, and 31.9 mm between August 21 and 22. Typhoon Danas passed through Korea and affected the study area on July 20 (Figure 1A). The maximum wind speed during the passage of the typhoon in the study area was 21.3 m s–1.



Dominant Protist Species at the Beginning of Incubation

At the beginning of each bottle incubation experiment, the most dominant planktonic protist species based on carbon biomass in chronological order was the diatom Cylindrotheca closterium on May 16, the photosynthetic dinoflagellate T. furca on May 19, the tintinnid ciliate Tintinnopsis sp. on July 17 and July 22, the diatoms Pseudo-nitzschia pungens on July 24 and Chaetoceros curvisetus on August 20, and the photosynthetic ciliate Mesodinium rubrum on August 22 (Figures 3A–G).
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FIGURE 3. (A–G) Biomass of the five dominant planktonic protists at the beginning of the incubation of the seven different seawater samples collected from St. Gyedong (August 22) or St. Gukdong (the remaining dates) in 2019. To convert the unit from cell abundance to biomass, the cellular carbon content of each dominant species was obtained from Goldman (1993), Olenina et al. (2006), Yoo et al. (2010); Lee et al. (2014), Harrison et al. (2015), and Lim et al. (2019). The cellular carbon content of Alexandrium catenella was calculated from the equivalent spherical diameter in Kang et al. (2018). The cellular carbon contents of Chrysochromulina sp. (0.004 ng C cell− 1), Chaetoceros sp. (0.001 ng C cell− 1), Thalassiosira cf. minima (0.02 ng C cell− 1), Thalassiosira sp. (0.10 ng C cell− 1), Protoperidinium sp. (1.81 ng C cell− 1), Strobilidium sp. (1.00 ng C cell− 1), and Tintinnopsis sp. (3.78 ng C cell− 1) were calculated from the biovolume in this study.




Initial Nutrient and Chl-a Concentrations

The initial concentrations of NO3, NH4, and DIN of the experimental seawater ranged from 0.6 μM (August 20) to 39.7 μM (July 22), from 0.1 μM (July 17) to 10.2 μM (July 22), and from 1.5 μM (July 17) to 49.9 μM (July 22), respectively (Figures 4A–C). The initial PO4 concentrations ranged from 0.1 μM (July 24) to 1.1 μM (July 22; Figure 4D), while the initial SiO2 concentrations varied from 4.4 μM (August 20) to 93.4 μM (July 22; Figure 4E). The initial Chl-a concentrations ranged from 0.8 μg L–1 (May 19) to 24.5 μg L–1 (July 24; Figure 4F).
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FIGURE 4. Initial concentrations of nutrients (A–E; NO3, NH4, DIN, PO4, and SiO2; μM) and chlorophyll-a (F; Chl-a; μg L− 1) of each seawater collected from St. Gyedong (August 22) or St. Gukdong (the rest dates) in 2019. Vertical symbols represent treatment means ± 1 SE.




Variations in Nutrient and Chl-a During Incubation

Chl-a showed two different patterns as incubation time progressed (Figures 5A–G); first, it decreased in the seawater samples from May 16, July 17, and August 20 (Figures 5A–C); second, it increased to a peak, but then decreased later in the rest of the samples as NO3, NH4, DIN, PO4, or SiO2 became depleted (Figures 5D–G).
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FIGURE 5. Variations in the concentrations of chlorophyll-a (Chl-a) and nutrients. Chl-a (A–G), nitrate (NO3) (H–N), ammonium (NH4) (O–U), dissolved inorganic nitrogen (DIN) (V–AB), phosphate (PO4) (AC–AI), and silicate (SiO2) (AJ–AP) during incubation of seawaters. A blue arrow indicates the highest Chl-a in the seawater where any increase in Chl-a did not occur during incubation. A red arrow indicates the Chl-a peak in the seawater where increases in Chl-a occurred during incubation. The date in each box indicates the sampling date of the seawater collected from St. Gyedong (August 22) or St. Gukdong (the remaining dates) in 2019. Vertical symbols represent treatment means ± 1 SE.


Chlorophyll-a decreased during incubation when the initial NO3 concentrations were ≤2.4 μM (Figures 5A–C,H–J and Supplementary Figure 2A). In contrast, Chl-a increased when the initial NO3 concentrations were ≥3.5 μM (Figures 5D–G,K–N and Supplementary Figure 2B). Chl-a decreased when the initial NH4 concentrations were ≤1.0 μM, while Chl-a increased when the concentrations were ≥2.1 μM (Figures 5O–Q,R–U). Furthermore, Chl-a decreased when the initial DIN concentrations were ≤3 μM but increased when the concentrations were ≥6.4 μM (Figure 5V–X,Y–AB). Chl-a decreased during incubation when the initial PO4 concentrations were ≤0.3 μM (Figures 5A–C,AC–AE) with one exception: Chl-a increased when the initial PO4 concentration was 0.1 μM in the seawater on July 24 (Figures 5F,AH). Chl-a also decreased when the initial SiO2 concentrations were ≤24.5 μM (Figures 5A–C,AJ–AL) with one exception: Chl-a increased when the initial SiO2 concentration was 18.7 μM in the seawater of May 19 (Figures 5D,AM).



Correlations Between the Variables Related to the Chl-a Peak

The Chl-a peak of the phytoplankton community was in between 4.6 and 114 μg L–1 (Figures 6A,B). The ratio of the peak-to-initial Chl-a of the phytoplankton community varied from 1.0 to 61.4 (Figures 6C,D). The ratio of the initial NO3 to Chl-a of the phytoplankton community ranged from 0.1 to 24.2 μM (μg L–1)–1 (equivalent to 0.8–339 in a unitless ratio, respectively; Figures 6B,D).
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FIGURE 6. (A,B) Chl-a peak (μg L− 1) or (C,D) peak-to-initial Chl-a ratio of the phytoplankton community as a function of the initial NO3 (μM) or the ratio of initial NO3 to Chl-a [μM (μg L− 1)− 1]. The ratio of initial NO3 to Chl-a [μM (μg L− 1)− 1] in panels (B,D) can be described as a unitless ratio by multiplying it with 14. Data were obtained from the seven experiments incubating seawater samples collected from St. Gukdong and St. Gyedong in 2019.


To develop equations for the magnitude of the Chl-a peak using the initial NO3 or the ratio of the initial NO3 to Chl-a, four different linear regressions between two variables were analyzed (see section “Data Analysis and Equation Development”). The Chl-a peak of the phytoplankton community was significantly correlated with the initial NO3 concentration and the ratio of the initial NO3 to Chl-a (Figures 6A,B). The ratio of peak-to-initial Chl-a of the phytoplankton community was also significantly correlated with the initial NO3 and with the ratio of initial NO3 to Chl-a (Figures 6C,D). Equations (Eqs 1–4 in Table 2) for calculating the Chl-a peak of the phytoplankton community were obtained from linear regressions in Figure 6.


TABLE 2. Equations for calculating the peak chlorophyll-a concentration (Chl-a peak, μg L–1) of the phytoplankton community and the day elapsed until the Chl-a peak occurred (Daypeak; day).

[image: Table 2]These types of correlations were significant when NH4, DIN, PO4, and SiO2 were used (Supplementary Figures 3, 4). However, the Chl-a peak or the ratio of the peak-to-initial Chl-a of the phytoplankton community was not significantly correlated with the ratio of the initial NO3 to PO4 and the ratio of the initial NO3 to SiO2 (Supplementary Figure 5).



Correlations Between Variables Related to the Timing of Chl-a Peaks

In these incubation experiments, the elapsed day until the Chl-a peak of the phytoplankton community occurred (Daypeak) ranged from days 0 to 4, (Figures 7A,B). Furthermore, the growth rates of the phytoplankton community ranged from 0.0 to 1.4 day–1 (Figures 7C,D).
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FIGURE 7. (A,B) The elapsed day until peak chlorophyll-a occurred (Daypeak, day) or (C,D) growth rate of the phytoplankton community (day− 1) as a function of the natural log of the initial NO3 (Ln μM) or the natural log of the ratio of the initial NO3 to Chl-a [Ln μM (μg L− 1)− 1]. Data were obtained from the seven experiments incubating seawater collected from St. Gukdong and St. Gyedong in 2019.


To develop equations for determining Daypeak using the natural log of the initial NO3 or the natural log of the ratio of initial NO3 to Chl-a, four different linear regressions between two variables were analyzed (see section “Data Analysis and Equation Development”). Daypeak of the phytoplankton community was significantly correlated with the natural log of the initial NO3 and with the natural log of the ratio of the initial NO3 to Chl-a (Figures 7A,B). The growth rate of the phytoplankton community was also significantly correlated with the natural log of the initial NO3 and with the natural log of the ratio of the initial NO3 to Chl-a (Figures 7C,D). Equations (Eqs 5–8 in Table 2) for calculating Daypeak were obtained from the equations of linear regressions in Figure 7.

These types of correlations were significant when NH4, DIN, and SiO2 were used, however, this was not always the case when PO4 was used (Supplementary Figures 6, 7). Moreover, Daypeak or growth rate of the phytoplankton community was significantly correlated with the natural log of the ratio of initial NO3 to PO4 but not with the ratio of the initial NO3 to SiO2 (Supplementary Figure 8).



Comparison of the Predicted and Field Values of Chl-a Peak and Daypeak

The ranges of the daily average values of the water temperature, salinity, NO3, and Chl-a in St. Gwangyang and St. Masan at the selected dates in 2016–2019 were different from those of St. Gukdong and St. Gyedong (Table 3 and Supplementary Table 1). The daily average water temperature ranges at St. Gwangyang (17.9–31.2°C) and St. Masan (16.5–30.6°C) were greater than those at St. Gukdong and St. Gyedong (18.2–26.6°C). The maximum values of the daily average salinity at each station were slightly different, but the minimum values at St. Gwangyang (5.1) and St. Masan (19.1) were much lower than those at St. Gukdong and St. Gyedong (24.4). The ranges of the daily average NO3 concentration at St. Gukdong and St. Gyedong (0.6–39.7 μM) were much greater than those at St. Gwangyang (0.6–16.1 μM) and St. Masan (0.1–7.7 μM). However, the ranges of the daily average Chl-a concentration at St. Gwangyang (1.1–49.5 μg L–1) and St. Masan (0.3–36.8 μg L–1) were much wider than those at St. Gukdong and St. Gyedong (0.8–24.5 μg L–1).


TABLE 3. Comparisons of water temperature (T, °C), salinity, NO3 (μM), and initial chlorophyll-a (Chl-a, μg L–1) in the seawater samples used for the incubation experiments (St. Gukdong and St. Gyedong) and the data obtained from the monitoring sites (St. Gwangyang and St. Masan) in the selected periods between 2016 and 2019 in the South Sea of Korea.

[image: Table 3]Applying Eqs 1–3 from Table 2, the actual peak Chl-a value measured at St. Gwangyang or St. Masan and the combined actual Chl-a peak values from both stations were not always significantly correlated with the predicted peak Chl-a value (Figures 8A–I). By contrast, using Eq. 4, the predicted values of Chl-a peak showed significant correlations with the actual Chl-a peak (Figures 8J–L). The root mean square errors (RMSE) were 10.6, 9.2, and 11.6 μg L–1 for St. Gwangyang, St. Masan, and the combined data of the two stations, respectively. Thus, Eq. 4 was chosen as a best-fit equation to predict the Chl-a peak in the field.
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FIGURE 8. Comparison between the actual and predicted values of the Chl-a peak (μg L− 1) at St. Gwangyang (closed circle), St. Masan (open square), and both stations. The predicted Chl-a peak values calculated using concentrations of NO3 and Chl-a at each station and Eq. 1 (A–C), Eq. 2 (D–F), Eq. 3 (G–I), and Eq. 4 (J–L) in Table 2.


Based on Eqs 5, 7, and 8 from Table 2, the actual Daypeak data obtained from St. Gwangyang or St. Masan and the combined data of the two stations were not always significantly correlated with the predicted Daypeak (Figures 9A–C,G–L). On the other hand, with Eq. 6, the actual Daypeak data were significantly correlated with the predicted Daypeak (Figures 9D–F). The RMSE was all 1 day for St. Gwangyang, St. Masan, and the combined data of the two stations. Thus, Eq. 6 was selected as a best-fit equation to predict Daypeak in the field.
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FIGURE 9. Comparison between the actual and predicted values of the day elapsed until the Chl-a peak occurred (Daypeak) at St. Gwangyang (closed circle), St. Masan (open square), and both stations. The predicted Daypeak values calculated using concentrations of NO3 and Chl-a at each station and Eq. 5 (A–C), Eq. 6 (D–F), Eq. 7 (G–I), and Eq. 8 (J–L) in Table 2. Predicted Daypeak in panels (G–L) were calculated using the predicted Chl-a peak from Eq. 4.


These comparisons were also made on Eqs 9–16 for in situ NH4 data and Eqs 17–24 for in situ DIN data (Supplementary Tables 1–3). The actual peak Chl-a values measured at St. Gwangyang or St. Masan and the combined actual peak Chl-a values from both stations were significantly correlated with the predicted values calculated using Eq. 11, 19, and 20 (Supplementary Figures 9, 10). The predicted Daypeak values were significantly correlated with the actual values when Eqs. 13 or 14 and Eqs. 21 or 22 were used (Supplementary Figures 11, 12). Therefore, any type of nitrogen data (NO3, NH4, or DIN concentrations) can be implemented to predict Daypeak values at St. Gwangyang or St. Masan.



Correlations Between Variables Related to the Magnitude and Timing of Skeletonema costatum

The Chl-a peak estimated for Skeletonema costatum ranged from 0.02 to 12.2 μg L–1 (Supplementary Figure 13A,B). The ratio of the peak-to-initial Chl-a estimated for S. costatum showed a spectrum of 1.0–90.4 (Supplementary Figures 13C,D). The ratio of the initial NO3 to Chl-a estimated for S. costatum had values in the range 2.7–1225.6 μM (μg L–1)–1 (equivalent to 38 and 17,158, in a unitless ratio, respectively; Supplementary Figures 13B,D).

Among the four types of linear regression (see section “Data Analysis and Equation Development”), there were significant correlations between the Chl-a peak estimated for S. costatum against the initial NO3 concentration and the ratio of the latter to the Chl-a concentration estimated for S. costatum against the ratio of the peak-to-initial Chl-a concentration estimated for S. costatum (Supplementary Figures 13A–D). These two correlations were always significant when NH4, DIN, PO4, or SiO2 were used (Supplementary Table 4). However, the Chl-a peak or the ratio of the peak-to-initial Chl-a concentration estimated for S. costatum was not significantly correlated with the ratio of initial NO3 to PO4 concentrations nor the ratio of initial NO3 to SiO2 concentrations (Supplementary Table 4).

In these incubation experiments, it took 0–4 days to reach the Chl-a peak (Supplementary Figures 13E,F). The growth rates of S. costatum ranged from 0.0 to 2.3 day–1 (Supplementary Figures 13G,H). Four different linear regressions between two variables were all significant when NO3, NH4, and DIN were applied (Supplementary Table 5 and Figures 13E–H). However, when PO4 was used, there were no significant correlations (Supplementary Table 5). Moreover, Daypeak or the growth rate of S. costatum was not always significantly correlated with the natural log of the ratio of initial NO3 to PO4 or initial NO3 to SiO2 (Supplementary Table 5).



DISCUSSION

In this study, we successfully obtained equations to predict the magnitude and timing of peak phytoplankton blooms by following several critical steps: measuring daily fluctuations in the concentrations of nutrients and Chl-a in seawater enclosures; performing linear regression analyses between pairs of diverse variables described in section “Data Analysis and Equation Development.” The regression analyses led to the development of the eight equations for predicting the magnitude and timing of bloom peaks that are presented in this paper. Among these, Eq. 4 for magnitude and Eq. 6 for timing were significantly correlated with the observed actual data from St. Gwangyang and St. Masan. Thus, the magnitude and timing of bloom peaks can be easily identified a few days in advance. One week may be a critical time for aquafarmers to reduce economic losses due to red tides or harmful algal blooms. Moreover, NO3 and Chl-a in natural seawater samples can be evaluated in a few hours using a nutrient measuring instrument and a Chl-a sensor. Therefore, the method developed in this study is a quick way to predict the outbreaks of phytoplankton blooms.

The results of the present study showed that Chl-a decreased when the initial NO3 and NH4 concentrations were ≤2.4 and 1 μM (on May 16, July 17, and August 20), while it increased when the initial NO3 and NH4 concentrations were ≥3.5 and 2.1 μM (on the other dates), respectively. When NO3 concentration was ≤2.4 μM, the diatoms C. closterium (May 16) and C. curvisetus (August 20) most dominated the phytoplankton assemblages. The half-saturation constants of C. closterium and C. curvisetus for NO3 uptake are 0.4 and 0.6 μM, respectively (Anderson and Roels, 1981; Li et al., 2020). The half-saturation constant of C. closterium for NH4 uptake ranged from 0.1 to 0.3 μM, which was lower than the ambient NH4 concentration of 0.6 μM in the seawater where this diatom was dominant (May 16; Williams, 1964; Sunlu et al., 2006; Kingston, 2009). C. closterium and C. curvisetus were able to grow under these circumstances; however, the SiO2 concentrations on May 16 (5.1 μM) and August 22 (4.4 μM) were the lowest among the seawater samples collected during the study period. This meant that deficiencies in SiO2 concentration might be one of the reasons why these diatoms did not grow during incubation on those dates.

The dominant phototrophic protists in the seawaters used in this study, S. costatum, C. curvisetus, C. closterium, P. pungens, and T. furca, and the photosynthetic ciliate, M. rubrum, are commonly found in the seawater of many other regions (e.g., Tilstone et al., 1994; Marshall and Nesius, 1996; Zhang et al., 2015). Furthermore, they are known to often cause blooms in the study region and many other regions (e.g., Lips and Lips, 2017; Eom et al., 2021; Jeong et al., 2021). The naked ciliate Strobilidium spp. and the tintinnid ciliate Tintinnopsis spp. have also been reported to be common in the seawaters of many other regions (e.g., Dolan, 1991; Mironova et al., 2009). Thus, the results of the present study can be applied to other regions in which the dominant phototrophic and heterotrophic protists are similar to those of this study area. The method using the concentrations of nutrients and Chl-a, developed in this study, was able to predict the potential phytoplankton blooms even when microzooplankton such as Protoperidinium sp. and Tintinnopsis sp. were present in experimental seawaters. Moreover, although mesozooplankton might be removed through filtration of experimental seawaters, their grazing pressure on phytoplankton blooms has been reported to be low (Fiedler, 1982; Huntley, 1982; Stoecker and Sanders, 1985; Kim et al., 2013; Lee et al., 2017). Thus, grazing by mesozooplankton was not considered in this study.

The present study used a conversion factor of 14 to convert the unit from moles of nitrogen to gram because this factor has been most commonly used in previous studies (e.g., Baldock et al., 2004; Cosme et al., 2015). Some studies have empirically proved that 1 μM of nitrogen is equal to 1–2 μg L–1 of chlorophyll in Scottish coastal waters and San Francisco Bay Delta (Gowen et al., 1992; Glibert et al., 2014). Thus, 0.5–1 can also be used as a conversion factor to convert the unit depending on the region or the dominant phytoplankton species.

The reported growth rates of phytoplankton assemblages in temperate coastal waters showed a spectrum of 0.0–3.4 day–1 (Furnas, 1990 and references therein); the phytoplankton community growth rate in Loch Creran in Scotland (0.2–0.5 day–1), Celtic Sea (0.3–1.2 day–1), Southern California in US (0.3–1.3 day–1), Dabob Bay in US (0.0–0.9 day–1), and the east coast of the Izu Peninsula in Japan (0.9 day–1) were within the range of that of the present study (0.0–1.4 day–1). Moreover, the in situ growth rate of S. costatum in many other regions has been reported to have values between 1 and 4.1 day–1 (Furnas, 1990 and references therein); the in situ growth rates of this species in the Great Barrier Reef in Australia (2.2 day–1), Tampa Bay in US (1.0 day–1), and Trondhiem Fjord in Norway (1.0 day–1) were within the range of that in the present study (0.0–2.3 day–1). Thus, the method for predicting the timing of a bloom peak based on the growth rate can be used in regions where the growth rate of the phytoplankton community or S. costatum are similar.

In the present study, S. costatum was chosen as a representative species to determine Chl-a peaks and Daypeak at a species level. This species was present in all seawater samples collected during the study period. Furthermore, S. costatum is the most common red-tide diatom in the coastal waters of the countries that experience red tides (Jeong et al., 2021). Finally, S. costatum can inhibit the growth of the harmful dinoflagellate Margalefidinium polykrikoides, which has caused an annual economic loss of up to USD 60 million in Korea (Lim et al., 2014, 2015). Thus, if S. costatum blooms can be predicted accurately, the population dynamics of M. polykrikoides can also be determined. Taking this point into consideration, the initial nutrient-to-Chl-a ratio and the peak-to-initial Chl-a ratio of each species should be determined at the species level to develop methods for predicting blooms for each species. The range of the ratio of the initial NO3 to Chl-a estimated for S. costatum [2.7–1,226 μM (μg L–1)–1] was much wider than that of the total phytoplankton community [0.1–24.2 μM (μg L–1)–1]. This is because S. costatum was part of the phytoplankton community and diatoms such as S. costatum had lower concentrations of Chl-a than other types of phytoplankton (Hitchcock, 1982; Moal et al., 1987). Moreover, the range of peak-to-initial Chl-a ratio of S. costatum (1.0–90.4) was much wider than that of the phytoplankton community (1.0–61.4). This species grows faster than the other phytoplankton species that make up the phytoplankton community (Finenko and Krupatkina-Akinina, 1974).

The seawater samples for experiments collected from St. Gukdong and St. Gyedong had slightly different water temperature ranges than those at the validation sites (St. Gwangyang and St. Masan). However, the ranges of other environmental factors—such as salinity and Chl-a—were largely different between the sites for the experiments (St. Gukdong or St. Gyedong) and validation (St. Gwangyang or St. Masan). Moreover, interannual variations in diverse factors (e.g., salinity, temperature, mixing, or turbidity) were not considered in this study. Nevertheless, predictions of the magnitude and timing of the peaks of the blooms at the validation sites corresponded well with the actual measurements from May to October, for each year from 2016 to 2019. Thus, the method developed in this study can be used in other regions and periods having different ranges of environmental factors from those of the study sites.

Other types of nutrients (e.g., NH4, DIN, PO4, or SiO2) can also be used to predict peak bloom periods using the method described in this study, depending on the characteristics of the site of interest and the dominant bloom taxa. Some urbanized coastal and estuarine regions (e.g., Delaware Estuary, Neuse Estuary, San Fransico Estuary, Manila Bay, Scheldt Bay, Rhine Bay) or periods in a region, in particular, show high NH4 concentrations (Middelburg and Nieuwenhuize, 2000; Burkholder et al., 2006; Yoshiyama and Sharp, 2006; Chang et al., 2009; Parker et al., 2012a; Seeyave et al., 2013; Glibert et al., 2016). NH4 also contributes more to the growth of phytoplankton communities than NO3 in some regions (e.g., Dokai Bay, Santa Monica Bay, and Kaneohe Bay; Harvey and Caperon, 1976; Eppley et al., 1979; Tada et al., 2009), and many phytoplankton taxa that cause noxious blooms are associated with the reduced forms of nitrogen, including NH4 (Bates et al., 1993; Leong et al., 2004; Trainer et al., 2007; Seeyave et al., 2009; Killberg-Thoreson et al., 2014). In these cases, NH4 should be used as the main nutrient component to predict bloom peaks. The present study mainly used equations that were based on NO3 because DIN in seawater samples from the study area was dominated by NO3. Moreover, NO3 is a good indicator for predicting the magnitude and timing of algal bloom peaks for regions where diatoms are one of the most common species in regions like the sampling sites of this study because these species are preferentially NO3-users (Lomas and Glibert, 1999a, b, 2000; Kudela and Dugdale, 2000; Glibert et al., 2014, 2016).

Enclosure experiments have enabled the investigation of phytoplankton responses to environmental factors and the calculation of growth or nutrient uptake rates of phytoplankton, preventing physical mixing with surrounding waters (Pitcher et al., 1993; Kudela and Dugdale, 2000; Parker et al., 2012b; Lee et al., 2019b; Ferreira et al., 2020). However, results from the enclosure experiments are limited by differences in chemical (e.g., nutrients, dissolved gases), physical (e.g., wind-induced turbulence, light intensity), and biological variables (e.g., predators and prey) from nature, the so-called “bottle effects” (Veldhuis and Timmermans, 2007; Nogueira et al., 2014). The predicted Daypeak value may be lower than the actual Daypeak value because equations developed in this study may be affected by the absence of mixture or dilution in nature. Comparisons between the predicted and actual Daypeak values showed one-day differences at St. Gwangyang and St. Masan. Thus, a one-day time lag should be considered when using this equation (Eq. 6). Residence time is another important parameter for determining the timing of bloom outbreaks in nature, and it varies among regions (Delesalle and Sournia, 1992; De Sève, 1993; Phlips et al., 2012; Chen et al., 2013; Wan et al., 2013; Ralston et al., 2015; Glibert et al., 2018a). The residence time in Gamak Bay is approximately 11 days (Kim et al., 2016); this is greater than the highest Daypeak of 4 days obtained in the present study. Thus, residence time might not largely affect the equations derived from the results of the enclosure experiments in this study.

Models for predicting phytoplankton blooms have been developed using technological advances and knowledge accumulated over decades (McGillicuddy, 2010; Anderson et al., 2015; Franks, 2018; Zohdi and Abbaspour, 2019). However, there are still many challenges with this due to the complexity of the models involved and the difficulty of validating them; therefore, works combining laboratory and field studies are needed (Flynn and McGillicuddy, 2018). The present study combined laboratory and field work to improve the prediction of the magnitude and timing of phytoplankton blooms. Moreover, the main method used in this study was a simple linear regression analysis that has been successfully used to predict the magnitude of phytoplankton blooms in aquatic environments for decades (e.g., Blum et al., 2006; Phillips et al., 2008; Kahru et al., 2020). These simple models may help understand and interpret ecosystem dynamics, thereby demonstrating the relationship between two ecological variables (Glibert et al., 2010; Anderson et al., 2015). Thus, the equations developed in the present study only need two variables: the concentrations of Chl-a and the main nutrient source in a target region. This means that it can be used easily by those in the aquaculture industry to predict daily bloom peaks.

In summary, this study suggests the following method for predicting phytoplankton bloom dynamics. First, seawater from a target region should be incubated for ten days in a closed system; the concentrations of the main nutrients and Chl-a should be measured daily. Second, the linear regressions described in Figures 6, 7 should be used to analyze the data collected. Third, in situ Chl-a and nutrient concentrations have to be introduced into the linear regression equations to allow calculation of the predicted values for Chl-a peak and Daypeak. By demonstrating how this can be done, the present study could provide a basis for understanding phytoplankton bloom dynamics via the use of modeling to predict harmful algal blooms in various regions worldwide.
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Effects and impacts of the Northeast Pacific marine heatwave of 2014–2016 on the inner coastal estuarine waters of the Salish Sea were examined using a combination of monitoring data and an established three-dimensional hydrodynamic and biogeochemical model of the region. The anomalous high temperatures reached the U.S. Pacific Northwest continental shelf toward the end of 2014 and primarily entered the Salish Sea waters through an existing strong estuarine exchange. Elevated temperatures up to + 2.3°C were observed at the monitoring stations throughout 2015 and 2016 relative to 2013 before dissipating in 2017. The hydrodynamic and biogeochemical responses to this circulating high-temperature event were examined using the Salish Sea Model over a 5-year window from 2013 to 2017. Responses of conventional water-quality indicator variables, such as temperature and salinity, nutrients and phytoplankton, zooplankton, dissolved oxygen, and pH, were evaluated relative to a baseline without the marine heatwave forcing. The simulation results relative to 2014 show an increase in biological activity (+14%, and 6% Δ phytoplankton biomass, respectively) during the peak heatwave year 2015 and 2016 propagating toward higher zooplankton biomass (+14%, +18% Δ mesozooplankton biomass). However, sensitivity tests show that this increase was a direct result of higher freshwater and associated nutrient loads accompanied by stronger estuarine exchange with the Pacific Ocean rather than warming due to the heatwave. Strong vertical circulation and mixing provided mitigation with only ≈+0.6°C domain-wide annual average temperature increase within Salish Sea, and served as a physical buffer to keep waters cooler relative to the continental shelf during the marine heatwave.

Keywords: marine heatwave, Salish Sea, water quality impacts, temperature anomaly (blob), biogeochemical response, primary production, zooplankton


KEY POINTS


-A multi-year simulation of the Salish Sea successfully reproduced the warmer conditions, stronger circulation, and higher biological activity observed during Northeast Pacific marine heatwave.




-Sustained high temperatures may actually have increased stratification, lowered circulation, and reduced nutrients in the photic zone, and reduced diatom growth resulting in a slight lowering of algal growth relative to reference conditions.

-Sensitivity tests showed that increased biological activity observed during the heatwave was due to the dominant effect of stronger estuarine exchange, higher freshwater inflows, and higher nutrient loads, and counterintuitively not the warmer conditions as previously assumed.





INTRODUCTION

Anomalous high sea surface temperatures occupied a large region off the coast of North America during the winter of 2013. This mass of warm water, referred to as the “the blob,” was ≈3°C warmer than normal in February 2014 and expanded its spatial extent to reach the U.S. Pacific Northwest continental shelf toward the end of 2014 (Bond, 2014). The occurrence of this Northeast Pacific marine heatwave is attributed to decreased surface cooling and lower equatorward Ekman transport in the Gulf of Alaska due to a persistent atmospheric high-pressure ridge (Wang et al., 2014; Bond et al., 2015; Hartmann, 2015). The heatwave persisted over multiple years, from the end of 2014 to the end of 2016, before dissipating in 2017, but remains a concern for potential impacts to estuarine ecosystems and possible recurrences. Nearshore sea surface temperature anomalies along the Washington, Oregon, and California coasts reached a maximum of 6.2°C off Southern California and only abated seasonally during spring upwelling-favorable wind stress (Gentemann et al., 2017). This event has been linked to numerous incidences of complex ecological impacts over the continental shelf waters directly exposed to the heatwave (Kintisch, 2015). Whitney (2015) pointed out that just prior to the onset of the heatwave, the winter of 2013/2014 was accompanied by anomalous winds from the south that weakened nutrient transport in the eastern North Pacific, resulting in substantial decreases in phytoplankton biomass. This was followed by a coastwide bloom of the toxigenic diatom Pseudo-nitzschia in spring 2015 that resulted in the largest recorded outbreak of the neurotoxin, domoic acid, along the North American west coast. McCabe et al. (2016) demonstrated that this was caused by the anomalously warm ocean conditions. Similarly, Peterson et al. (2017) concluded that warm ocean conditions observed from late September 2014 through 2016 resulted in an overall drop in populations of copepods and potential collapse of the usual food chain up to forage fish (smalt, herring, and lance). Du and Peterson (2018) noted a shift in phytoplankton abundance and diversity from diatoms that favor lower temperatures to dinoflagellate that favor higher temperatures for optimal growth. More frequent and intense ocean warming events may have complex impacts on the food webs as concluded by Jones et al. (2018) based on an assessment of massive mortality of planktivorous seabirds following the heatwave.

As may be expected, the inner waters of coastal estuaries were also affected. This includes the Salish Sea, an inland fjord-like estuary comprised of the Puget Sound, the Strait of Juan de Fuca, and the Strait of Georgia basins in the U.S. and Canadian waters (see Figure 1). The Salish Sea is one of the world’s largest and most biologically rich inland seas that supports numerous species of mammals, birds, fish, and invertebrates, which in turn are vital to the regional economy, culture, and quality of life. There is continuing urgency to improve our understanding of the vulnerability or resilience of these coastal estuarine waterbodies to stressors such as anthropogenic nutrient and carbon pollution, sea-level rise, climate change, and now marine heatwaves.
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FIGURE 1. Oceanographic regions of the Salish Sea (Puget Sound, the Strait of Juan de Fuca, and the Strait of Georgia). Inset shows the entire model domain. Monitoring data stations include Ecology monthly monitoring sites (green) and Puget Sound zooplankton monitoring sites (red). Transects A, B, and C are locations where volume flux (exchange flow) calculations were conducted.


Impacts on Salish Sea temperatures were seen throughout 2015 and 2016 before mostly dissipating in 2017. During this period, depth-averaged temperature increases up to 1.5°C were seen at the Washington State Department of Ecology monthly monitoring stations relative to 2013. Unlike typical conditions in such fjord-like estuaries, where variations are largest in surface waters, these high temperatures influenced by the higher-than-normal temperature of incoming exchange flow affected the entire water column. The largest annual average increase in surface water temperature of 1.89°C was recorded at the Admiralty Inlet station, while the largest annual average increase in bottom water temperature of 1.98°C was seen in Hood Canal. A daily average sea surface temperature increase as high as +2.32°C, was seen in 2015 at the National Oceanic and Atmospheric Administration (NOAA) National Data Buoy Center Seattle station. The presence of warmer and lower density water in the Strait of Juan de Fuca likely lowered the density gradient in this exchange pathway. Consequently, density-driven exchange flow would also have been reduced to a certain extent and may have affected overall circulation. Occurrences of early blooms of Alexandrium spp. in Hood Canal in April, of 2015 followed by an increase in 2016, and numerous examples of increased bacterial growth effects such as Vibrio-contaminated oysters, and impacts on higher trophic levels including herring, seabirds (e.g., rhinoceros auklets), and some species of marine mammals, may have been due to these warmer conditions (Bond, 2021). However, understanding the biogeochemical and ecological response of the Salish Sea to this marine heatwave thus far has remained qualitative and somewhat inconclusive in terms of quantifying the causes, extent, severity, and magnitude of projected impacts to the nearshore estuarine ecosystems. This could be partly because ecological monitoring and modeling assessments that were conducted during the marine heatwave years had a different focus, and the results simply did not show a particularly anomalous hydrodynamic or biogeochemical response inside the Salish Sea domain. These include modeling of years 2015–2017 by Olson et al. (2020) who successfully reproduced key aspects of the nitrogen cycle in the Strait of Georgia, region of the Salish Sea including the seasonal cycle and regional differences and highlighted mechanisms through which tidal currents lead to nutrient supply to the surface layer. They acknowledged that 2015 and 2016 were somewhat anomalous years in the Strait of Georgia due to the influence of the incursion of warm water associated with the heatwave. Similarly, Moore-Maley and Allen (2021) analyzed a 5-year hindcast record (2015–2019) along with model-data validation to examine wind-driven upwelling effects on surface nutrient delivery in the Strait of Georgia. MacCready et al. (2021) conducted a 3-year hindcast (2017–2019) covering mostly a period post marine heatwave, focused on circulation mixing and residence times in the Salish Sea. A marine heatwave impact or signature was hard to detect from the data and analysis presented in the above assessments as the warmer water had already occupied the Salish Sea or that marine heatwave had already passed by the time simulations were initiated. But a study by Jarníková et al. (2021) to characterize physical drivers of productivity dynamics did span years 2013–2016, and noticed potential inhibition of water column mixing by higher thermal stratification of the system, in 2015 relative to prior years which they attributed to possible marine heatwave effects.

This potential for marine heatwave-related impacts is particularly important to address given region-wide concerns associated with climate change and the general understanding that an increase in extreme event frequency, including marine heatwaves, may be expected (Pearce and Feng, 2013; Bond et al., 2015; Chen et al., 2015; Di Lorenzo and Mantua, 2016; Hobday et al., 2016; Scannell et al., 2016). Although climate change is not considered to be a major cause of the heatwave, findings by Laufkötter et al. (2020) validate the concern that the frequency of marine heatwaves has increased nearly twentyfold due to anthropogenic climate change effects. Marine heatwaves, which typically occurred once in hundreds to thousands of years in preindustrial times, are projected to occur on a decadal to annual basis if the global average air temperature rises by 1.5–3.0°C. The elevated temperatures during this marine heatwave serve as a preview of the type of conditions and estuarine biogeochemical stress we may expect under future climate conditions. The sustained high temperatures experienced here during the marine heatwave are comparable to the projected average high temperatures (+2.53°C on the shelf and + 1.5°C in the Salish Sea; Khangaonkar et al., 2019) corresponding to the high-emissions future scenario (the Intergovernmental Panel on Climate Change’s representative concentration pathway scenario, RCP8.5). The conditions experienced provide an opportunity for indirect validation of projected future ecological impacts.

In this paper, supported by synoptic field data, we present an assessment of the effects of the marine heatwave on the Salish Sea as a whole, including impacts on density-driven fjord-like estuarine circulation, followed by conventional water-quality indicator variables and parameters of concern such as temperature (T) and salinity (S) [nearshore habitat], dissolved oxygen (DO) [hypoxia], pH [ocean acidification], and nutrients and phytoplankton biomass [eutrophication], and zooplankton biomass [food web].



MATERIALS AND METHODS

We used a modeling-based approach to isolate and distinguish the effects of the high-temperature pulse that propagated through the Salish Sea. A biophysical model of the Salish Sea was first validated over the 5-year marine heatwave window from 2013 to 2017. “Existing” conditions were compared with “reference” conditions—defined as existing conditions without the anomalous heatwave forcing. This companion “reference” simulation was created using climatological ocean boundary and average meteorological heat load from pre and post marine heatwave years.


The Salish Sea Model—Marine Heatwave Years 2013–2015

The Salish Sea Model (Khangaonkar et al., 2018) is a comprehensive biophysical model that uses the Finite Volume Community Ocean Model (FVCOM, Chen et al., 2003) framework to solve Reynolds-averaged Navier-Stokes equations for turbulent flows in coastal ocean environments. The model domain encompasses Vancouver Island completely, allowing tides to propagate into the Salish Sea around Vancouver Island through Johnstone Strait and the Strait of Juan de Fuca (Figure 1). The finite volume model grid consists of 16,012 nodes and 25,019 triangular elements. The vertical configuration of the model uses 10 sigma-stretched layers distributed using a power law function with an exponent P-Sigma of 1.5, which provides more layer density near the surface. The lateral resolution varies from cell size of 250 m near river mouths to 800 m in Puget Sound increasing to 3 km resolution in the straits and 12 km over the continental shelf. The hydrodynamic solutions are forced using ocean boundary tides and stratification (T, S) provided by the Hybrid Coordinate Ocean Model (HYCOM) and meteorological conditions from the University of Washington (UW) Weather Research Forecast model data. Tidal forcing at the open boundary is based on tidal constituents from the Eastern North Pacific (ENPAC) tidal database (Szpilka et al., 2018). The model includes a total of 99 wastewater discharges and stream flows from 161 watersheds developed by Ecology through a combination of monitoring data and multi-variate regression analysis (Mohamedali et al., 2011; Ahmed et al., 2019).

The biogeochemical component of the Salish Sea Model uses FVCOM-ICM developed originally by Kim and Khangaonkar (2012). It is based on the kinetics of CE-QUAL-ICM (Cerco and Cole, 1994, 1995) water-quality model that was further developed for use with FVCOM framework through external coupling. The baseline biogeochemical model includes 23 state variables: temperature, salinity, two species of phytoplankton (diatoms P1 and dinoflagellates P2), labile and refractory dissolved organic carbon (DOC) and particulate organic carbon (POC), NH4, nitrite + nitrate (NO2 + NO3), labile and refractory dissolved organic nitrogen and particulate organic nitrogen, PO4, labile and refractory dissolved organic phosphorous, DO, dissolved inorganic carbon (DIC), and total alkalinity (TA). The model was updated to include a sediment diagenesis module that allows directly coupled interaction between the water column and sediments through the processes of organic sediment settling, burial, remineralization, and carbonate chemistry with DIC, TA, pCO2, and pH (Bianucci et al., 2018). New constituents such as inorganic suspended solids, turbidity, zooplankton, and submerged aquatic vegetation were recently added (Khangaonkar et al., 2021). Ocean boundary values for most water-quality variables were set based on available climatological data from a combination of world ocean atlas and the Canadian Department of Fisheries and Oceans monitoring database except for DO, NO2 + NO3, TA, and DIC variables that were specified using regressions to salinity developed by the UW (personal communication from Ryan McCabe and Parker MacCready of UW).

A 5-year long simulation was set up spanning the marine heatwave window from 2013 to 2017. Model performance was validated through comparison to monthly monitoring data from 23 water-quality stations collected by Ecology and bi-weekly zooplankton data collected from 16 sites beginning in 2014 provided by the University of Washington (Figure 1). A notable model upgrade made as part of this assessment was the change in bed friction from uniform roughness factor (zo) to spatially varying with localized higher values near channel entrances and islands. This resulted in improved prediction of water surface elevation with relative root mean square error (RMSE) of ≈< 6% (0.27 m). This change to the hydrodynamic circulation and the need to ensure overall acceptable model performance required minor fine-tuning of some of the biogeochemical parameters. Specifically, maximum photosynthetic rates (PM1 and PM2) for diatom and dinoflagellates were increased from 250 to 300 g C g–1 Chl d–1 to provide a better match to observed primary production and ensure sufficient prey was available to match observed zooplankton biomass. The maximum prey consumption ration of microzooplankton was reduced from 0.83 to 0.55 g prey C g–1 zooplankton C d–1. Settling rates of particulate organic matter were increased from 5.0 to 7.5 m/d to ensure a desired match with observed DO levels in all years. Tables 1 and 2 list the major algal and zooplankton kinetic parameters including those updated through this effort.


TABLE 1. A list of major algal kinetics (diatoms and dinoflagellates) model parameters as part of the FVCOM-ICM model implementation for the Salish Sea Model.
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TABLE 2. A list of major zooplankton parameters (microzooplankton and mesozooplankton as part of the FVCOM-ICM model implementation for the Salish Sea Model.

[image: Table 2]
It is important to note the prior calibration effort attempts at explicit zooplankton simulation was based on a single year of data from 2014. The update here reflects a compromise that allows satisfactory model performance compliant with targets established by the local user community (RMSET < 1°C, RMSES < 1 psu, and RMSEDO < 1 mg/L) over the 5 years of continuous simulation. Table 3 provides skill assessment results (error statistics and skill scores) for key model constituents, tabulated by each year, prepared as part of the model validation demonstration. Figure 2 provides an example of multi-year time series comparison between model predictions and measured data at a representative station (Elliot Bay) from the Puget Sound Basin region of the Salish Sea.


TABLE 3. The Salish Sea Model overall error statistics and skill score for major constituents with calibration data spanning the Northeast Pacific marine heatwave period from 2013 to 2017.
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FIGURE 2. Salish Sea Model validation: a time series comparison of model predictions and observed data for T, nitrate (NO3 + NO2), phytoplankton biomass as chlorophyll a, zooplankton biomass, DO, and pH from the surface (outflow) and bottom (inflow) layers from a representative station (Elliot Bay) in the Central Puget Sound region of the Salish Sea from 2013 through 2017.


Typically, the algal bloom occurs around spring (late March) and reaches peak biomass in summer, followed by a decline in the fall, noticeable particularly in sub-basins such as Hood Canal, South Puget Sound, Bellingham Bay, and Skagit Bay. The recently added zooplankton module improves the ecosystem prediction capability by facilitating linkage of primary production externally to the food web models which often utilize zooplankton as the lowest trophic level at the start of their simulations. The zooplankton module in FVCOM-ICM simulates biomass variability of two aggregated zooplankton groups (i.e., micro and mesozooplankton) that consume produced phytoplankton and particulate organic matter. The effect of temperature on the growth rates of phytoplankton as well as zooplankton is incorporated through a factor f(T) that is defined by the equations that have the following form:
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where T = temperature (°C), Topt = optimal temperature for plankton production (°C), KTg1 = effect of temperature below Topt on production (°C –2), and KTg2 = effect of temperature above Topt on production (°C –2). These parameters (KTg1, KTg2, and Topt) are specified independently for each phytoplankton species and each zooplankton species (microzooplankton, and mesozooplankton). Through the model calibration process, optimum temperatures for phytoplanktom production in the model were set at 14 and 20°C for diatoms and dinoflagellates respectively. Optimum temperatures for zooplankton production in the model were set at 20°C for micro as well as meso zooplanktom.

Figure 3 shows a consolidated 4-year time series of mesozooplankton data from University of Washington from Puget Sound and San Juan Islands vicinity over the period 2014 to 2017 (Keister et al., 2017, 2019). The corresponding prediction of mesozooplankton biomass concentrations is plotted over the same period spanning the marine heatwave. The figure shows that the intra and interannual variability of mesozooplankton biomass in Puget Sound is reproduced reasonably well. The model predictions show a significant increase in zooplankton biomass for the year 2014 following 2013. Zooplankton data as well as model results show continued increase from 2015 to 2017 including the peak heatwave years. The shaded region in plot represents the 95th and 5th percentile range of predicted values that encompass the variation in observed zooplankton among various stations. Measurements of mesozooplankton show ≈21% average increase in biomass concentration over the period 2015–2017 compared to 2014 at the 16 measurement stations in Puget Sound that is reproduced reasonably well in the model results at an average increase of ≈20% at the same locations.
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FIGURE 3. Predicted time series of mesozooplankton biomass from 2014 to 2017 along with measured data from 16 monitoring stations in the Salish Sea. The dark blue line is the mean of predicted zooplankton values from model nodes corresponding to the station locations. The shaded region represents the 95th and 5th percentile range of predicted zooplankton at the station locations at each time step. A specific color of a data point is associated with a unique monitoring station.




Simulation of Reference Condition—Years 2013–2015 Minus Heatwave Forcing

The challenge of assessing impacts from extreme events such as the marine heatwave is in distinguishing anomalous heating from natural interannual and seasonal variability. Warming of estuarine waters is controlled by three major sources of heat: (a) heat flux from the exchange with open ocean waters; (b) atmospheric heat flux through the sea surface; and (c) heat flux from river and wastewater inflows. In coastal ocean modeling, in the absence of data, it is a common practice to use climatological average ocean boundary conditions based on historical monitoring data in place of real-time observations or global model-derived data. This practice is considered reasonable as interannual variations in ocean chemistry at deep ocean boundary waters are relatively small and seasonal variations in temperature and salinity profiles follow a consistent pattern year-to-year except during extreme events that are recorded as anomalies. This has also been the case with this Northeast Pacific marine heatwave of 2014–2016, where warming of ≈3°C over the continental shelf is often described as an anomalous increase relative to 1981–2010 climatological normal conditions. In the case of the Salish Sea Model, the open ocean boundary condition is derived from global HYCOM prediction interpolated to the continental shelf ocean boundary nodes. For this assessment, a climatological reference ocean state was derived from 10-year HYCOM model predictions averaged monthly over a period from 1999 to 2009. Figure 4 shows a vertical transect along the Salish Sea Model boundary, starting from the southernmost node near Waldport, Oregon, U.S. to the northern end at Calvert Island in British Columbia, Canada. Heatwave related perturbation at the ocean boundary is illustrated through temperature differences relative to reference conditions in March 2014 prior to the heatwave and during the peak impingement in March 2015 as an example.
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FIGURE 4. Temperature difference contour plot along the Salish Sea Model boundary at the continental shelf edge to highlight the incoming marine heatwave through the ocean boundary. Distance is measured along the ocean boundary from the southernmost boundary node near Waldport, Oregon, to the northern most at Calvert Island in British Columbia, Canada at the north of Vancouver Island. (A) Temperature difference along the ocean boundary in March 2014 prior to the marine heatwave impingement and (B) during peak marine heatwave impingement in March 2015. The difference is relative to climatological monthly average from 1999 to 2009 selected as the reference condition at the boundary.


The oceanic heat flux was accompanied and somewhat preceded by a sharp increase in net heat flux into the Salish Sea from atmospheric loading at the sea surface. Net surface heat flux is a summation of (a) shortwave solar radiation (downward-upward), (b) longwave solar radiation (downward-upward), (c) latent heat flux, and (d) sensible heat flux. In addition to meteorological conditions including air temperature and relative humidity, the overall magnitude is also dependent on sea surface temperature. The Salish Sea Model uses net heat flux input from the UW Weather Research and Forecasting (WRF) model (12 and 4 km versions) with albedo factors adjusted as part of temperature calibration. Figure 5 shows net heat flux values for the respective years. To isolate and remove the marine heatwave-induced increase in atmospheric heat flux, we focus on the change relative to ambient conditions immediately prior to and after the heatwave. An average annual net flux value of 45.2 W/m2 was computed using WRF net heat flux data from 2012–2013 and 2017–2018 to generate the reference value. Average atmospheric net heat flux during the marine heatwave years (2014–2016) was higher (+19%) relative to the reference value of 45.2 W/m2. The time series of hourly net heat flux values in each year were then scaled to the reference value. This provided an annual average net heat flux value of 45.2 W/m2 for each year of the 5-year period spanning the heatwave from 2013 to 2017 for use in the reference condition simulation while retaining scaled hourly temporal characteristics.
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FIGURE 5. Net heat flux input to the Salish Sea Model based on the UW WRF—12 km model with albedo factor calibration to Salish Sea temperature profile monthly monitoring data from 2013 to 2017. The reference level net heat flux of 45 W/m2 is the average of pre- and post-marine heatwave years 2013 and 2017.


Hydrological heat flux from river and wastewater flow is controlled by total inflow and inflow temperature. A summary of total annual average freshwater flow rates into the inner Salish Sea domain is shown in Figure 6. These do not include flows to the model domain along the Washington and Vancouver Island Pacific Ocean coastlines or the flows into the northern portion of Johnstone Strait that is considered outside of the Salish Sea basin. The freshwater flows during the period of interest 2013–2017 are unique in that Year 2013 was a particularly low-flow year followed by a continuous stretch of average-to-high flow years in 2014, 2015, 2016, and 2017. The high flow magnitudes are comparable to prior high flow years. Based on determination by Bond et al. (2015) that the effect of warmer temperatures on precipitation was negligible, we adopted the assumption that river flows during the marine heatwave were not altered significantly due its effects. Rather than eliminating the interannual variability associated with local weather, the flows and river temperatures for reference conditions were left unchanged.
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FIGURE 6. Summary of annual average inflows into the inner Salish Sea covering Georgia Basin, Puget Sound, and the northwest straits surrounding San Juan Islands and the Strait of Juan de Fuca. The shaded region represents the study period from 2013 to 2017, and the peak marine heatwave years 2015 and 2016 are indicated.





RESULTS

Propagation of the marine heatwave into the Salish Sea/Puget Sound region was examined using depth-time profile contour plots of temperature difference (ΔT) at selected stations starting from (1) the ocean boundary location directly across from Neah Bay at the mouth of the Strait of Juan de Fuca, to (2) Neah Bay, through (3) Port Townsend at Admiralty Inlet, to (4) Elliot Bay in the main basin of Puget Sound, and on to (5) Gordon Point at the southern end of Puget Sound as shown in Figure 7. The maximum ΔT (≈3–4°C) occurred during the first impingement of the marine heatwave relative to reference conditions was noted at the sea surface and over the continental shelf boundary. The ΔT reduced mostly to < 2°C as the heatwave propagated into the Salish Sea but increased in South Puget Sound in the range of 2–3°C. Results show that the marine heatwave peaked over the continental shelf and simultaneously reached the Salish Sea entrance at the mouth of the Strait of Juan de Fuca in mid-May 2014. Within a span of about 3 months by mid-September 2014, the heatwave had propagated and dispersed over the entire Salish Sea, reaching the innermost regions such as South Puget Sound.
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FIGURE 7. Depth-time profile contour plots of temperature difference (ΔT) at selected stations relative to reference condition normalized relative to the depth of the water colum (z/D): (1) ocean boundary directly across from Neah Bay at the mouth of Strait of Juan de Fuca, (2) Neah Bay, (3) Port Townsend, (4) Elliot Bay, and (5) Gordon Point.


Figure 7 panel (1) shows the presence of the warmer sea surface temperature over the continental shelf from 2014 through 2016. The effects of downwelling-induced mixing are noticeable, particularly during the winter months of 2015 and 2016, where the temperature anomaly is seen to extend throughout the water column. Figure 7 panels (2) and (3) show the warmer waters in the Strait of Juan de Fuca and Admiralty Inlet (Port Townsend), mixed over the entire water column, being transported into the Puget Sound region of Salish Sea [Figure 7 panel (4) Elliot Bay] and South Puget Sound [Figure 7 panel (5) Gordon Point]. This early heat transfer into the Salish Sea is attributed primarily to estuarine exchange flow, given minimal atmospheric heat flux during the winter months. The effect of the marine heatwave in the Salish Sea was compounded by atmospheric heating during the summer. Figure 7 panel (1) shows that by mid-2016, the marine heatwave had already dissipated from the continental shelf. However, the resident heat in the Salish Sea remained trapped until the end of 2016, before being flushed out and replaced by cooler waters in 2017. It is important to note that in the deeper waters and the innermost regions of the Salish Sea, the effects of the heatwave lingered almost up to 2018 (Psemp Marine Waters Workgroup, 2020). These results are consistent with findings by Jackson et al. (2018) that warm conditions (0.3–0.6°C warmer than the normal monthly average) persisted below the surface mixed layer through at least March 2018 in adjacent Canadian waters to the north.

Sustained warming of Salish Sea waters was due to the combined effect of higher atmospheric heat flux (+ 19% relative to reference 45.2 W/m2) and conveyance of warmer waters from the shelf via strong estuarine exchange flow into the Salish Sea. The magnitude of the estuarine flow is estimated in the range of 100–150 × 105 m3/s (Sutherland et al., 2011; Khangaonkar et al., 2017, 2018; Olson et al., 2020), MacCready et al., 2021). It is a function of mean water depth (∝H3) and depth-averaged density (salinity) gradient ([image: image]) as presented analytically by Hansen and Rattray (1965), Dyer (1973), and MacCready (2004), MacCready (2007) for partially mixed estuaries, by Rattray (1967) for fjords, and by Khangaonkar et al. (2011) for Salish Sea sub-basins. The possibility that warmer waters occupying the Strait of Juan de Fuca may have adversely impacted density gradients and therefore the strength of exchange flow was examined.

The definition of exchange flow used here is “tidally averaged volume flux” across the selected transect that enters the estuary below the depth of net zero motion. Selected transects include (A) Strait of Juan de Fuca (inflow to the Salish Sea), (B) Haro Strait (inflow to Georgia Basin), and (C) Admiralty Inlet (inflow to Puget Sound). Table 4 presents exchange flow magnitudes computed at these transects for existing conditions from 2013 to 2017 including the marine heatwave years. Also presented are exchange flow magnitudes for reference for the same period along with percent difference. Results as expected show that during the marine heatwave, likely due to the reduced density gradient from higher temperatures in the Strait of Juan de Fuca channel, the strength of the exchange flow was reduced relative to reference conditions. This reduction was small (<−1% change) and seen in the Strait of Juan de Fuca and Haro Strait transects. Exchange flow into Puget Sound showed a small increase (< 1% change). This leads to the conclusion that the circulation and exchange flows within the Salish Sea were not significantly affected by the marine heatwave and remained strong, resulting in efficient warming of the Salish Sea by transport of warmer continental shelf waters. What is striking though is the ≈ 8% increase in magnitude of exchange flow that occurred during the period 2015–2017 relative to 2013. This increase in exchange flow is attributed entirely to increase in salinity/density gradient from the ≈10% higher average freshwater inflow in years 2014–2017 relative to 2013 and 2014. Note that high freshwater loads in 2014 occurred late in the year and as shown in Table 4, did not influence 2014 exchange flows significantly but contributed to the 2015 higher values. By the same argument, Year 2013 exchange flows should have benefitted from the high flows in 2012. But a cold start of the simulation was performed using 2013 flows and as a result 2012 flow effects are not included and 2013 exchange flows are likely under predicted.


TABLE 4. Exchange flow magnitudes computed at transects (1) Strait of Juan de Fuca, (2) Haro Strait, and (3) Puget Sound for existing conditions from 2013 to 2017 including marine heatwave years and a comparison to reference conditions for the same period.
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Figure 8 shows plan view contour plots of depth-averaged temperature difference ΔT, for the months of January, April, July, and October, representing winter, spring, summer, and fall seasons. Temperature response within the Salish Sea is complex as temperatures are affected by river flows and strong circulation effects modulated by reflux and mixing between numerous sills. Those effects are included in existing and reference simulations and likely cancel out as the effects of the heatwave on circulation were shown to be small (≈<1% relative change in magnitude). Therefore, the difference plots isolate direct effects of warming during the heatwave and the effect is seen clearly from fall of 2014 through the fall of 2016. The year 2013 temperatures prior to the marine heatwave were a bit cooler relative to reference, and year 2014 ΔT plots show warmer temperatures from April of 2014. In the summer and fall of 2014, as the marine heatwave propagated into the Salish Sea, inner sub-basins such as South Puget Sound, Lynch Cove, Sinclair Inlet, and Bellingham Bay and selected nearshore regions of the Strait of Georgia showed more pronounced warming effects. This is likely due to a combination higher net heat flux during the heatwave distributed over shallower depths in selected sub-basins. This anomalous local heating is also noticeable in Figure 7 Gordon Point station located in South Puget Sound. The noticeable warm waters over the continental shelf in January of 2015 and 2016 highlight the persistence of anomalous warmer waters at the Strait of Juan de Fuca entrance to the Salish Sea during winter months.
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FIGURE 8. Temperature difference (ΔT) by season relative to reference conditions (without marine heatwave effects), depth-averaged contours with a focus on Salish Sea region for years 2013 to 2017.


The impact of the marine heatwave on water quality/biogeochemistry due to sustained higher temperatures in the entire Salish Sea during the marine heatwave are of interest. Given the range of seasonal variation in temperature and concentrations of water-quality constituents, the incremental effect of the marine heatwave is not immediately noticeable in the time series plot of temperature (Figure 2 top panel) from the Elliot Bay region and likely varied in magnitude site to site. Of most interest and concern is the potential exacerbation of algal blooms, hypoxia, and ocean acidification due to the marine heatwave, although major toxic blooms were largely confined to the open coasts. Figure 9 presents the difference between modeled existing and reference conditions in annual average levels of major biogeochemical constituents such as algal biomass, zooplankton biomass, DO, and pH presented in the form of depth-averaged, annual average contour plots. The top row provides an annual summary of the difference in elevated temperatures relative to the reference, showing higher average temperatures in 2015 and 2016. The second and third rows show the difference in algal and zooplankton biomass relative to the reference condition without the temperature increase. Contrary to expectations based on the observation data, despite sustained higher temperatures during the heatwave, the modeled effect on algal biomass and zooplankton biomass relative to reference conditions was small. Some of the shallow embayments and nearshore regions in Puget Sound and around Discovery Islands in the north of Georgia Basin, show an increase in algae and zooplankton biomass. But in most of the larger basins, the predicted change does not show a dramatic increase in biomass relative to reference conditions, but contrary to expectations, shows a small reduction (gradients toward blue shade). The effect of warmer waters on DO as seen in the model was therefore primarily due to lower saturation at higher temperatures from 2014 onward. Most Salish Sea regions show a drop in DO relative to reference conditions except selected locations of noticeably improved DO levels such as the Strait of Juan de Fuca, and surprisingly, Hood Canal, a region known for its annual formation of the hypoxic volume of water. Observations and model results show noticeably lower DO levels in 2015 and 2016 relative to 2013 and 2014 (interannual variation see Figure 10). But small improvement is noted during the marine heatwave relative to reference for the same years. The simulation results for pH also show a similar change relative to the reference conditions in most of the Salish Sea. Many of these regions showed a drop in pH from 2014 to 2016 but small improvement in pH levels is noted in the Strait of Juan de Fuca and Hood Canal relative to reference for the same years.
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FIGURE 9. Model biogeochemical response difference by year (algae and zooplankton biomass, DO, and pH) relative to reference conditions (without marine heatwave effects); depth-averaged contours with a focus on the Salish Sea. Years 2015 and 2016 represent the peak marine heatwave period.
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FIGURE 10. Time series of (A) algal (phytoplankton) biomass and (B) zooplankton biomass from the south Salish Sea region including Puget Sound, Strait of Juan de Fuca, and Georgia Strait south of the U.S.-Canada border. The blue line represents model results for the existing condition including the marine heatwave warming. The red line represents reference conditions without marine heatwave-related warming.




DISCUSSION

Although the difference plots shown indicate that changes in biological activity and biomass due to the heatwave warming effects alone were relatively small, data and model results clearly show that biomass increased in 2015, 2016, and 2017. As summarized by Ummenhofer and Meehl (2017), the reported impacts of this Pacific Northwest heatwave have included the largest algal bloom on record that negatively impacted shellfish along the western coast of North America (NOAA, 2016), indicating increased biological response in the ecosystem. Available years of monthly monitoring of algal biomass by Ecology from 21 of 23 stations in the Salish Sea that was used in model validation also showed increased biomass: average measured algal biomass concentrations were higher in 2014, 2015, and 2016 by 4, 14, and 19% respectively relative to pre-marine heatwave year 2013. The data show that in 2017, measured concentration of phytoplankton biomass dropped back down to 2013 levels. Similarly, zooplankton monitoring data shown in Figure 3 from Puget Sound available from 2014 onward showed that average biomass concentrations in 2015, 2016, and 2017 were higher by nearly 30, 10, and 21% relative to 2014, matching an increased abundance of food sources associated with phytoplankton and particulate organic carbon. A review of monthly monitoring DO data from 20 Ecology stations in the Salish Sea showed that depth averaged concentrations increased in 2014 but were on average lower during the marine heatwave years 2015, 2016 by 2–3% relative to 2013 before recovering in 2017. The DO response also qualitatively reflects deterioration due to a combination of increased algal biomass in 2015 and 2016 and lower saturation due to higher temperatures before recovering in 2017.

The concurrence of (1) warmer waters from the heatwave and higher atmospheric net heat flux and (2) evidence of increased phytoplankton and zooplankton biomass from monitoring programs in the Salish Sea led to the expectation/speculation that the two may be directly related. However, this expectation precludes the possibility that interannual variability in freshwater inflows, associated nutrient loads, and magnitude of exchange with the Pacific Ocean can also result in a similar response and may be a dominant contributor resulting in this observed increase in biological response. Past work in the Salish Sea in connection with nutrient pollution management has shown that the system is extremely sensitive to nutrient loads from rivers, wastewater discharges, and oceanic loads through exchange flow (Khangaonkar et al., 2018; Ahmed et al., 2019). Figure 10 shows simulated algal biomass in the photic zone (25 m) from the simulations conducted from 2013 through 2017. The annual algal growth and die-off pattern show similarities but also include subtle variations. For 2013, the total biomass (area under the curve) is larger than in 2014, but 2014 shows a higher peak. The peak drops off a bit in 2015 and 2016 before increasing in 2017. This pattern in Figure 10A appears to match the observed net freshwater inflow (and associated nutrient) loading to the system but is difficult to interpret in a stand-alone manner because a part of algal biomass is consumed by zooplankton. The transmitted effect is more visible in increasing zooplankton biomass in years 2014, 2015, and 2016 (Figure 10B).

The year 2014 was a higher-flow year immediately following 2013, which was a low-flow year. It is important to note that higher nutrient loads from 2014 also benefited 2015 algal growth as most of the 2014 high loads occurred during late fall and winter likely after the algal activity had ceased. The effect of sustained higher flow/nutrient loads in 2015, 2016, and 2017 is reflected in higher algal biomass in Figure 10A. This, in turn, results in higher zooplankton biomass, as shown in Figure 10B. The blue line in Figures 10A,B represents existing conditions with full marine heatwave effects included. The red line represents simulated reference conditions, cooler waters using climatological ocean boundary and reduced heating, and all other inputs remaining the same. Two features stand out in this result: (1) interannual variability and increased biological productivity have been reproduced in both simulations and appear to be dominated by nutrient loads and estuarine circulation/exchange and (2) heatwave effects in the Salish Sea appear to have caused a minor reduction in biological response from what may have otherwise occurred, in that the reference simulation biomass is a little higher (≈0–4% higher algal biomass in reference condition years 2014 to 2017) than the existing condition simulation with heatwave effects included. Relative to existing conditions, the zooplankton biomass in the reference simulation is also correspondingly lower (≈0–3% higher algal biomass in reference condition years 2014 to 2017).

Figure 11 presents time series plots of the volume of hypoxic water with DO < 2 mg/L, and volume of corrosive water with aragonite saturation state.
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FIGURE 11. Time series of (A) volume of hypoxic water (DO < 2 mg/L) and (B) acidic water (ΩA < 1) in the Salish Sea region including Puget Sound, Strait of Juan de Fuca, and Georgia Strait. The blue line represents model results for the existing conditions including the marine heatwave warming. The red line represents reference conditions without marine heatwave-related warming. The gray line represents the difference between existing and reference conditions showing the perturbation due to the heatwave.
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Figure 11A shows the time series of hypoxic volume in the Salish Sea for the existing and reference conditions without heatwave effects. Results show that the volume of hypoxic water increases steadily over the years 2013, 2014, and 2015 and maintains its high level through 2016 and 2017, consistent with the effects anticipated from increased primary production over these years. The peak of hypoxia in the Salish Sea occurs during the fall months of September and October at the culmination of the algal growth period and does not appear to be significantly affected by the heatwave perturbation. The relative impact of the heatwave on hypoxic volume is plotted as the difference between existing and reference conditions. The difference relative to the reference, plotted as a gray curve, indicates that the exposure to hypoxic water (volume-days) is generally reduced during 2015, 2016, and 2017 compared to conditions that might have occurred without the heatwave. This is also consistent with improved DO in Hood Canal presented in Figure 9 relative to conditions without the heatwave warming.

Figure 11B shows the time series of the volume of acidic water in the Salish Sea for the existing and reference conditions without heatwave effects. As shown in Figure 11B, peak acidic volume occurs during the winter months due to lower pH associated with freshwater inflows. Unlike DO, the time series of the volume of water with ΩA < 1 does not show a noticeable trend over the years 2013 to 2017. The predicted difference relative to reference, plotted as a gray curve, indicates that the exposure to corrosive water (volume-days) is likely reduced during the 2015, 2016, and 2017 heatwave compared to conditions without heatwave effects.

While the biogeochemical response with respect to heatwave perturbation was counter to our expectations, the behavior when examined in its entirety correlates quite well with the interannual variation in conventional key variables that the system is sensitive to. Figure 12 summarizes the Salish Sea conditions for key nutrient loads, exchange flow magnitudes, algal biomass, and zooplankton biomass for the years 2013 through 2017. Annual average nutrient loads, shown in Figure 12A, increased during 2014 to 2017 relative to pre-marine heatwave conditions of 2013, mirroring the increase in freshwater inflow (see Figure 6). Most of the 2014 freshwater inflow increase occurred late in the year, the effects of which carried over to 2015. The increased freshwater-induced salinity gradients resulted in higher exchange flows to the Salish Sea in 2015, 2016, and 2017, relative to 2013 and 2014 as shown in Figure 12B and Table 4. During this period, the Salish Sea experienced an increase in nutrient flux from land-based freshwater sources as well as from the Pacific Ocean. The higher loads and stronger tidal exchange resulted in the availability of more nutrients in the photic zone that led to higher primary productivity, which was transmitted to zooplankton through predation on algae, as shown in Figures 12C,D. Simulation results show a Salish Sea wide average increase in biological activity (+14%, and 6% Δ phytoplankton biomass, respectively) during the peak heatwave year 2015 and 2016 propagating toward higher zooplankton biomass (+14%, +18% Δ zooplankton biomass) relative to 2014. Biomass calculations are volume weighted average values computed over the entire Salish Sea domain for each year. Figures 12B–D show a comparison with simulated results without the effect of heatwave-related warming which once again demonstrate that the heatwave effect on algal growth was small relative to interannual variability in nutrient loads and estuarine processes.
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FIGURE 12. Comparison of modeled annual average (A) nutrient loads (estimated using observed flow based regressions), (B) magnitudes of estuarine exchange flow, (C) phytoplankton biomass, and (D) zooplankton biomass. For (B–D), existing conditions simulation with the marine heatwave are compared to the reference condition simulations without the anomalous warming.



Model Limitations

All models have errors and limitations that arise from a combination of simplifying complex hydrodynamic and biogeochemical processes in the mathematical formulation, errors in the solution scheme discretization, lack of adequate site-specific data, and temporal and spatial resolution in model inputs and forcing parameters. Understanding model limitations is essential to ensure that application results are not misused or applied beyond their intended performance design and the deliverables presented are correctly interpreted. Some of the limitations are associated with assumptions and simplifications made as part of application to this study and are listed below.


•Definition of Reference Conditions. Distinguishing marine heatwave effects from normal/reference conditions has been done using an arbitrary definition of reference scenario. Use of a combination of climatological average for the ocean boundary along with a pre/post heatwave average of atmospheric heating is an approximation for normal conditions. This smooths out interannual variability of oceanic and atmospheric heat fluxes in the reference conditions and is a limitation.

•Assumption that hydrology and freshwater inflows were not affected by the marine heatwave. This assumption allows us to retain interannual variability in loading and keep inflows the same between existing and reference conditions. However potential error in this simplification could affect key conclusion in this study with respect to marine heatwave impacts on exchange flow as well as freshwater and nutrient loading.

•Accuracy of global operational models during extremes and marine heatwave conditions. The inherent assumption that operational global (HYCOM) and regional (WRF) models used to specify ocean and atmospheric forcing have accurately captured the anomalous effects of the heatwave conditions is a limitation.

•Lag in the initiation of zooplankton growth. A lag between observed initiation of zooplankton growth and model prediction is noticeable in Figures 2 and 3. There could be many reasons for why the model response lags observed initiation of growth including (a) specification of optimum temperature for growth, (b) prey availability timing (c) nutrient availability in the photic zone, and (d) variations in the response of sub-domains affected by inter basin exchanges etc.

•Fixed biogeochemical model coefficients during the heatwave. The biogeochemical model reaction rates and constants were unchanged for existing as well as reference simulation is a gross simplification. Although temperature dependence of various parameters and reaction rates is included in the model formulation, the potential change in biogeochemical behavior with sustained elevated temperatures for 2 years is unaccounted for. This includes complex response such as a shift toward ecological species that favor higher temperature with potential to drive significant ecological changes especially during the warmest times of the year. Similarly, potential replacement by diatom species adapted to warmer waters or by other phytoplankton types was not considered.






CONCLUSION

The results of the 5-year simulation spanning the heatwave validated against monitoring data from the same period showed clearly that there was a notable increase in biological activity during the years 2015–2017 relative to pre-heatwave conditions of 2013. The data and simulation results relative to 2014 showed an increase in biological activity (+ 14%, and + 6% Δ phytoplankton biomass, respectively) during the peak heatwave year 2015 and 2016 propagating toward higher zooplankton biomass (+14%, +18% Δ mesozooplankton biomass). This was accompanied by lower DO levels and an increase in the volume of hypoxic water. This behavior was consistent with expectation that sustained warmer waters in the Salish Sea would result in higher biological activity. However, sensitivity test simulations of reference conditions without the heatwave perturbation showed that the warming with all other conditions unchanged would potentially have caused an opposite effect on algal growth in the Salish Sea that is dominated by diatoms which favor cooler temperatures. The increase in biological activity experienced by the Salish Sea was most likely due to year-to-year variation in key parameters that Salish Sea’s biogeochemistry is most sensitive to: (a) nutrient loads from land-based sources and (b) magnitude of the estuarine exchange with the Pacific Ocean and associated oceanic supply of nutrients. Both quantities are directly influenced by freshwater inflow to the Salish Sea. Freshwater during the marine heatwave went through a sharp change from a low-flow condition in 2013 to a sustained period of higher than average flows from 2014 to 2017. Based on these results, it appears this increase in hydrologic loads was the primary driver of increased biological activity during the passage of the 2014–2016 Northeast Pacific marine heatwave through the Salish Sea. However, we also acknowledge that the question whether this sustained multi-year higher-than-normal freshwater inflow to the Salish Sea, was influenced by the marine heatwave due to factors other than precipitation such as higher snow melt, remains unresolved.

Relative to reference conditions each year, the sensitivity tests show a small reduction in primary production during the heatwave. This result is contrary to expectation of higher biological activity at higher temperatures and must be treated with caution. But, several factors have contributed to this result. Stronger stratification during the marine heatwave likely reduced the diffusive flux of nutrients to the photic zone. While some sub-basins experienced higher temperature increases (≈2.0°C), the average temperature increase in the Salish Sea was only ≈0.6°C thanks to the mitigating benefit provided by strong circulation between the sills present in this fjord like estuary. As expected, there was a small reduction in the growth of diatoms at higher marine heatwave temperatures, but a corresponding increase in higher temperature favoring dinoflagellates was not realized due to stronger control exerted by light availability later in the summer.

We note that most literature and reported impacts from the heatwave were based on studies from coastal regions directly exposed to the heatwave over the continental shelf. The results are consistent with our prior finding (Khangaonkar et al., 2019, 2021) that strong physical circulation and reflux mixing processes within the Salish Sea attenuates temperature impacts from the continental shelf.
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Coastal downwelling is generally considered to have a limited biological effect compared with coastal upwelling. In this study, downslope transport of nearshore, nutrient-enriched waters during downwelling is found to induce distinct biological productivity in the water column over the northeastern South China Sea (NSCS). By conducting a process-driven study over a widened shelf with intensified downwelling in the NSCS, we investigated the biophysical processes associated with strong nutrient enrichment in the water column of downwelled waters. These processes and underlying mechanisms are largely unreported and remain unclear. Field measurements and a three-dimensional coupled physical-biological model incorporating nitrate (N), phytoplankton (P), zooplankton (Z), and detritus (D) were utilized to investigate distinct cross-shore nutrient transport over the uniquely widened NSCS shelf. We revealed that intensified downwelling circulation, dynamically induced by the widened shelf topography, enhanced chlorophyll a and biological productivity in a strip of well-mixed water over the inner shelf as well as in the downwelled water over the mid-shelf. Strong time lags and spatial differences existed among N, P, and Z because of the physical transport and the ensuing biogeochemical response. The intensified downslope transport of nutrient-rich coastal water formed distinct cross-shore wedge-shaped P, Z, and D structures, while N was rapidly consumed in the water column. This study illustrates the underlying coupled physical-biogeochemical processes associated with the observed biogeochemical response to wind-driven downwelling circulation over the variable shelf, which are commonly found in coastal oceans worldwide.

Keywords: nutrients, biological responses, northeastern South China Sea, downwelling circulation, numerical modeling


INTRODUCTION

Nutrient-rich waters over continental shelves are mainly provided by river input, coastal upwelling, and submarine groundwater discharge, and these waters have high biological productivity (Walsh, 1991; Jickells, 1998; Gan et al., 2010; Han et al., 2013). Nutrient distributions and the associated biogeochemical responses over the shelf are spatiotemporally variable and transported by wind-driven alongshore and cross-shore transport (Yanagi et al., 1994; Hung et al., 1999; Traykovski et al., 2000; Ma et al., 2006).

In contrast to the upslope upwelling motion, downwelling-induced downslope transport provides a conduit for offshore transport of sediment and larvae (Epifanio and Garvine, 2001; Corbett et al., 2004; Castelao et al., 2008). Coastal downwelling is less frequently studied than coastal upwelling (Allen and Newberger, 1996; Liu C. et al., 2010; Gan et al., 2013), and there are few biogeochemical studies on downwelling circulation in particular. Unlike upwelling, which supplies nutrient-rich subsurface waters to the euphotic zone and serves to stimulate biological productivity, downwelling generally carries nutrient-depleted surface water downward and is presumed to have little biological effect (Hanson et al., 2005; Guenther et al., 2008).

The northeastern South China Sea (NSCS) has a complex coastline and shelf topography that is characterized by a prominent eastward widened shelf (Figure 1) indicated by an abrupt offshore extension of the 50 m isobath east of 115°E. Gan et al. (2013) first reported the existence of intensified seaward cross-shelf transport over the NSCS widened shelf in winter, a robust phenomenon differing from other shelf systems with relatively uniform shelf topography (Hanson et al., 2005; Guenther et al., 2008). Gan et al. (2013) also identified the underlying physical mechanisms for the amplified downslope cross-isobath transport. During winter, a northeasterly monsoon drives the flow of the China Coastal Current (CCC) southwestward along the coast, supplying the NSCS shelf with water masses that contain nutrient-rich waters discharged from the Changjiang River (Chen, 2008; Han et al., 2013). Linking to the CCC, the downslope cross-shore transport can be associated with pronounced downslope biogeochemical fluxes (Liu S. et al., 2010) and stimulate various picoplankters (Pan et al., 2005) during downwelling circulation.
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FIGURE 1. (A) Map of the study area in the northeastern South China Sea (NSCS) and the adjacent East China Sea (ECS) and the Taiwan Strait (TWS). The schematic China Coastal Current (CCC) introduced by Han et al. (2013) is indicated by blue arrows. The Regional Ocean Modeling System (ROMS) model domain is indicated by red solid lines and biological forcing along the southern TWS boundary in winter (Naik and Chen, 2008) is marked by the red dashed line. (B) Bathymetry (in m) of the NSCS shelf. The dashed lines represent Transects 2 and 4 offshore of Shanwei and Shantou, respectively. Solid circles show the location of the field survey stations, with stations s202 and s402 shown in red. The shoreward convex isobath is at the head of the widened shelf, ∼0.5o southwest of Shanwei. Horizontal maps are zoomed in to clearly show the region of interest. The blue arrow again indicates the southward CCC.


So far, the time-dependent, three-dimensional responses of the ecosystem to cross-isobath nutrient transport and the associated biological responses in the downwelling circulation, which are quite different from those operating in upwelling circulation, have not been adequately studied. In a previous study, we showed that inter-shelf nutrient transport from the East China Sea (ECS) via the CCC contributes a major nutrient source to the NSCS shelf (Han et al., 2013). In this study, we further investigate nutrient cross-shore transport in the CCC and its potential biological responses in the downwelling circulation.

Combined with field measurements, coupled physical-biological modeling is an efficient approach in biophysical studies of the ocean. Modeling compensates for temporally and spatially limited measurements and facilitates the dynamic conceptual analysis of trophic associations with circulation (e.g., Spitz et al., 2005; Gan et al., 2010). Gan et al. (2010) used a coupled physical-biological model to simulate two high-chlorophyll centers that were enriched by nutrients from both intense upwelling over the NSCS shelf and summertime river plumes. They found that nutrient enrichment exhibited strong alongshore variability during upwelling. Nevertheless, very few studies over the NSCS shelf have used field observations or modeling to investigate coupled physical-biological effects of downwelling circulation, especially during winter, and there is a general lack of understanding of the underlying coupled physical-biogeochemical processes and dynamics of intensified downwelling systems such as in the NSCS.

In this study, based on our previous in situ observations (Han et al., 2013), we construct a three-dimensional, coupled physical-biological, nitrogen-based ecosystem model to investigate time-dependent, three-dimensional biological responses to the intensified coastal downwelling circulation over a unique widened shelf in the NSCS.



COUPLED PHYSICAL-BIOLOGICAL MODEL

The Regional Ocean Modeling System (ROMS; Shchepetkin and McWilliams, 2005) is adopted here to study the three-dimensional, time-dependent oceanographic flows governed by hydrostatic primitive equations. The Mellor-Yamada Level 2.5 turbulence closure sub-model, which constitutes a bulk-flux formulation for air–sea exchanges and the benthic boundary layer, is embedded within ROMS. The biological model embedded in ROMS is the nutrient, phytoplankton, zooplankton, and detritus (NPZD) ecosystem model (Fasham et al., 1990; Fennel et al., 2006; Hofmann, 2008), which includes variables such as nitrate (N), ammonium (A), chlorophyll a (Chl a), phytoplankton (P), zooplankton (Z), large detritus (LD), and small detritus (SD) (where D = LD + SD).

Our model domain extended from 15.99°N, 108.17°E in the southwest to around 25.81°N, 119.54°E in the northeast, with a central axis directed 23° anticlockwise from true east. We zoomed in the domain to overlay field survey stations (Figure 1A). The model domain had an average horizontal grid size of 3 km and 30 levels of stretched generalized terrain-following coordinates in the vertical.

The process-oriented simulation, with simplified but representative forcing implementations of the model, is widely adopted to provide an efficient means to isolate and identify complex oceanic processes such as the biogeochemical response to wind-driven downwelling circulation in this study. Thus, it was our advantage to force the model with spatially uniform northeasterly wind stress with a typical regional magnitude of 0.1 Pa and a wind speed of ∼10 m s–1. It was equally sensible, in this process-oriented simulation, to initialize the model with horizontally uniform biophysical profiles. The initial temperature and salinity were obtained from the mean winter values of the World Ocean Atlas (2001).1 Initial nitrate and Chla concentrations were obtained from field measurements, and initial profiles for other biogeochemical parameters were derived from a one-dimensional model after a 1-year run with a small background diffusivity and without phytoplankton sinking (Spitz et al., 2005). Since pelagic ecosystem studies in the NSCS are fairly limited, most of the biological parameters applied in the biological model were taken from ROMS (Fennel et al., 2006).

We used open boundary conditions (Gan and Allen, 2005; Gan et al., 2005) to accommodate forcing in the eastern boundary and obtained the biophysical forcing along the eastern boundary from winter field observations (Naik and Chen, 2008). An oblique horizontal radiation condition (Marchesiello et al., 2001) was applied along the southern boundary for velocity, temperature, salinity, and biological tracers. The winter discharge rate, salinity, and temperature of the Pearl River were set at 5,000 m3 s–1, 30.0, and 13.0°C, respectively, which are typical values for that river in winter. Under the prevailing northeasterly monsoon in the NSCS during winter, a substantial supply of nutrients is advected by the CCC into the NSCS from the eastern boundary. The dissolved inorganic nitrogen [DIN, nitrate + nitrite (NO3– + NO2–)] influx was estimated at 1,430 ± 1,024 mol s–1 by combining the field observations (see section “Spatial-Temporal Disparities of N, P, Z, and D”) of DIN with CCC volume transport, as reported in a previous study (Han et al., 2013).

The coupled physical-biological model has been successfully applied to the NSCS, and additional details regarding the configuration, implementation, and validation of the coupled physical-biogeochemical model in the NSCS are shown by Gan et al. (2009), Lu et al. (2010), and Gan et al. (2010). We ran the model for 60 days and used the daily averaged output for our analyses.

In the coupled physical-biological model, the seaward cross-isobath fluxes of water (My), nutrient (Ny), and detritus (Dy) were obtained as follows:
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and

[image: image]

where U is the cross-isobath velocity (>0 shoreward), h1 and h2 are the free surface and bottom of the integrated layers, respectively, and the subscript y refers to the direction normal to the isobath.

The evolving N, P, Z, and D in the ecosystem were defined by
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where V is the volume of the water mass, representing nearshore waters between the coast and the 30 m isobath from 114°E to 120°E, and the bottom waters within the bottom boundary layer between the 50 and 100 m isobaths from Shanwei to Shantou (Figure 1), where the temperature ranged from 20 to 21°C, respectively.



OBSERVATIONAL FEATURES

From December 2008 to January 2009, field observations encompassing both the ECS and the NSCS were conducted to examine the long-range southward transport of nutrients from the ECS to the NSCS carried by the northeasterly driven CCC in winter. The prevailing northeasterly wind speed was about 10–13 m s–1.2 Han et al. (2013) described the basic hydrology and nutrient characteristics of the CCC (alongshore current) based on fieldwork. The CCC water mass was characterized by a wide salinity range of 26.7–31.4 in the inner shelf of the ECS and 32.9–33.0 in the nearshore of the NSCS, and relatively narrow temperature ranges of 12.1–13.0°C and 17.5–17.9°C, respectively. Meanwhile, CCC nutrients were abundant with DIN concentrations of ∼35.0–8.0 μmol L–1.

In the NSCS shelf, downwelling circulation is generally characterized by the strong southwestward alongshore CCC in nearshore waters and downslope cross-isobath transport in the mid-shelf. Since the intensified downslope transport occurred between Shantou and Shanwei where the distinctly widened shelf is located (Gan et al., 2013), our study concentrated on Transects 2 and 4 (Figure 1B) to illustrate the biophysical characteristics over the NSCS shelf during downwelling.

Unique downslope transport over the NSCS is shown by the downward-tilted cold-water tongue along with the bottom boundary layer across both Transects 2 and 4 (Figures 2A, 3A). This distinct downslope transport is caused by the dynamics of the flow-widened shelf interaction (Gan et al., 2013). In the nearshore region of Transect 2 (Figure 2), the colder and fresher waters advected southward by the CCC also led to very high concentrations of DIN (8.0–7.8 μmol L–1), phosphate (PO43–; 0.54–0.51 μmol L–1), and silicate [Si(OH)4; 17.6–16.6 μmol L–1], while the concentration of Chl a was ∼1.0 mg m–3 (Figures 2C–F). Although observed at a different time (1 week later), the variables along Transect 4 (Figures 3C–F) exhibited similar downwelling features to those of Transect 2. These were associated with the alongshore transport of the CCC and with intensified downslope cross-shore transport over the widened shelf. Transect 4 had the concentration values of 2.6–0.4 μmol L–1, ∼0.15 μmol L–1, 6.4–3.1 μmol L–1, and 2.0–0.5 mg m–3 for DIN, PO43–, Si(OH)4, and Chl a, respectively (Figures 3C–F). Along Transect 4 (Figure 3B), the downslope salinity signals appeared less pronounced due to weak downwelling strength over the less steep shelf slope (Gan et al., 2013), in addition to the mixing with the ambient saline oceanic water (Han et al., 2013).
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FIGURE 2. Vertical distributions of (A) temperature (T) (°C), (B) salinity (S) (C) dissolved inorganic nitrogen (DIN) (NO3− + NO2−, μmol L–1), (D) phosphate (PO43–) (μmol L–1), (E) silicate (Si(OH)4) (μmol L–1), and (F) chlorophyll a (Chl a) (mg m–3) along Transect 2 in the NSCS shelf during winter 2008 [redrawn from Figure 5 by Han et al. (2013)].
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FIGURE 3. Vertical distributions of (A) T (°C), (B) S, (C) DIN (NO3− + NO2−, μmol L–1), (D) PO43– (μmol L–1), (E) Si(OH)4 (μmol L–1), and (F) Chl a (mg m–3) along Transect 4 in the NSCS shelf in winter 2008.


As shown in Figures 2, 3, the upper water column in stations 202 and 402 was vertically well mixed and seaward downslope transport occurred in bottom water. The vertical profiles of temperature, salinity, DIN, PO43–, Si(OH)4, NO2–, and Chl a concentrations at s202 and s402 along Transects 2 and 4 are shown in Figure 4. The DIN concentration in the surface layer at s202 (Figure 4B) was limited to 0.1 μmol L–1 but was quite high in the bottom layer, which reflects the nitrogen stratification caused by downwelling. A similar condition was shown by NO2– at s402 where the NO3– concentration at s402 (Figure 4D) was too low to be measured.
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FIGURE 4. Vertical profiles of T (°C), S, dissolved oxygen (DO, mg L–1) (A,C), DIN, PO43−, and Si(OH)4 (μmol L–1) and Chl a (mg m–3) (B,D) at stations s202 and s402 (see Figure 1) in the NSCS shelf, winter 2008. Chl a concentrations were determined using a Turner fluorometer fitted with a red-sensitive photomultiplier (Parsons et al., 1984). The irradiance (photosynthetically active radiation, PAR, in μmol photons m–2 s–1) at station s202 sampled at 12:40 (GTM + 8) in the afternoon is also shown in Figure 4C; PAR at station s402 is not shown as the sampling time was at 19:20 (GTM + 8) in the evening. The blue dashed line indicates the 27 m depth where the irradiance was 1% of surface PAR which could support about half of the light-saturated primary productivity (Xie et al., 2015). Values of T, S, DO, and PAR were determined using a conductivity-temperature-depth (CTD) recorder per meter throughout the whole water column. The DIN concentration in the surface layer at s202 (Figure 4B) was below the limit of 0.1 detections, but it was quite high in the bottom layer.


Reflecting the nature of downwelling circulation, the upper portion of the water column was well mixed, whereas the bottom was stratified. These characteristics are shown in the profiles of all variables at these two stations (Figure 4). In addition, we estimated that the vertical photosynthetically active radiation (PAR) gradient at s202, which was 106 μmol photons m–2 s–1 near the bottom of the water column (24 m depth) and 9% of surface irradiance (Figure 4A), supporting about half of light-saturated primary productivity (Xie et al., 2015). We do not show PAR at station s402 because sampling took place at 19:20 (GTM + 8). Clearly, the enhanced nutrient and Chl a concentrations with increasing depth at these two stations provide further evidence of the strong downslope nutrient and Chl a supply from nearshore waters.



RESULTS AND DISCUSSION


Characteristics of the Ecosystem Response

The spatiotemporal variability of the observed biogeochemical responses to the intensified downwelling circulation is illustrated by the model outputs. Figure 5 shows the development of the velocities and temperature in the surface layer from initial to mature downwelling stages on Days 10 and 40, respectively. The conditions in the bottom layer are shown in Figure 6. The general flow response to the northeasterly winds over the shelf was characterized by gradually enhanced downwelling circulation from Days 10 to 40, as the northeasterly wind spun up the downwelling circulation. Surface currents flowed mainly following the isobaths (Figure 5), and bottom currents tended to cross the isobaths, and transport waters downslope (Figure 6), particularly over the widened shelf near Transects 2 and 4. Within the downwelling circulation, the alongshore current from the ECS with lower temperatures of ∼18.0–20.0°C initially formed a long-range, narrow pathway along the coast and subsequently spread seaward across the isobaths at the bottom (Figures 5C,D, 6C,D) due to the widened shelf dynamics outlined by Gan et al. (2013). Our simulated downwelling circulation and temperature distributions agree well with the features revealed by field observations (Figures 2–4).
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FIGURE 5. Surface velocity vectors (m s–1) (A,B) and temperature (°C) (C,D) on Day 10 (left) and on Day 40 (right). The red, blue, and green lines mark the 30, 50, and 80 m isobaths (A,B), and the black, blue, and green lines indicate the 30, 50, and 80 m isobaths (C,D), respectively.
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FIGURE 6. Bottom velocity vectors (m s–1) (A,B) and temperature (°C) (C,D) on Day 10 (left) and on Day 40 (right). The red, blue, and green lines mark the 30, 50, and 80 m isobaths (A,B), and the black, blue, and green lines indicate the 30, 50, and 80 m isobaths (C,D), respectively.


The physical characteristics of downwelling circulation control the nutrient distribution/transport and shape of the distributions of biological variables in the NSCS shelf. In general, waters with high N concentrations from the Changjiang River were transported southward along the coast within the 30 m isobath (Figure 7). Phytoplankton (shown as chlorophyll) during the initial and mature stages correlated with the N distribution but extended further offshore (to the ∼50 m isobath). Because of the time lag between P and Z (Spitz et al., 2005; Gan et al., 2010) and the movement of the coastal current, relatively high Z and D concentrations correlated spatially with N and P concentrations, with the maximal P and D concentrations occurring farther downstream. These N, P, Z, and D distributions demonstrate that alongshore downwelling circulation is one of the major controllers of the biomass distribution in the NSCS shelf, as originally noted by Chen (2008) and Han et al. (2013).
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FIGURE 7. Surface (A) nitrate, NO3 (N, μmol L–1), (B) chlorophyll (Chl a, mg m–3), (C) zooplankton (Z, μmol L–1), and (D) detritus (D, μmol L–1) on Day 40.




Vertical Ecosystem Response

Figure 8 shows the physical and biological variables in the cross-shelf Transects 2 and 4 for Day 40 to illustrate the variable three-dimensional response of the ecosystem to downwelling circulation. In Transect 2, the southward downwelling alongshore current formed a cold and nutrient-rich water zone in the inner shelf, which was subsequently advected downslope in the oligotrophic surface. The downslope transport was stronger and reached about the 100 m isobath along Transect 2 near the head of the widened shelf where the strongest downwelling occurred (Gan et al., 2013; Figures 8A,C). Weaker downwelling was evidenced in Transect 4 due to the less steep shelf slope.
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FIGURE 8. Cross-shelf velocity (v, m s–1) (negative seaward) (A,B), T (°C) (C,D), NO3 (N, μmol L–1) (E,F), phytoplankton (P, μmol L–1) (G,H), Z (μmol L–1) (I,J), and D (μmol L–1) (K,L) along Transects 2 and 4 on Day 40.


The locations of high P along Transects 2 and 4 were consistent with the nutrient distributions. In addition to the phytoplankton bloom being advected southward by the intensified CCC along Transect 2, the downslope transport of high-nutrient waters resulted in a marked phytoplankton bloom in the bottom-trapped cold water. With increasing depth, however, the phytoplankton bloom tended to diminish due to decreased nutrient concentrations and irradiance limitation. Unlike Transect 2, the bloom in the bottom along Transect 4 was weaker due to the weaker cross-shore transport. These results resemble the observed chlorophyll concentrations shown in Figures 2, 3.

As the CCC not only transported nutrients and particles (Chen, 2008; Han et al., 2013) but also advected the phytoplankton biomass nearshore, we estimated that the southward CCC stimulated 33–74% of new production and 14–22% of primary production of the NSCS shelf at depths below 100 m (Han et al., 2013). In a parallel study at the same location, Meng et al. (2017) estimated that the total dissolved organic carbon (DOC) in downwelling cross-isobath transport was slightly higher than that advected by the CCC. Considering the necessary conditions of sufficient light irradiance and nutrients in the cross-shore current, we believe that downwelling may enhance chlorophyll and biological productivity due to stimulation by the downslope transport of nutrients.

In general, the Z and D distributions also followed the N and P distributions and were positively correlated with the intensity of downwelling circulation along both transects. This positive correlation reflects the combined effects of cross-shelf circulation and the responses to nutrients and P. In particular, D, representing detritus productivity in the downwelled wedge, indicates potential production in this region. Field observations also indicated the dominance of diatoms in the phytoplankton community (∼80% of total biomass, B. Q. Huang, unpublished data) and much higher biogenic silica (M. H. Dai, unpublished data) in the downwelling circulation. Intensified DOC export via downwelling was also found by Meng et al. (2017). In addition, picoplankters were abundant; Pan et al. (2005) reported growth of Synechococcus and Prochlorococcus in cold, fresh downwelling circulation.



Spatial-Temporal Disparities of N, P, Z, and D

Figure 9 shows the time series of the depth-integrated average physical and biological properties along the 20 m isobath. The general velocity response to northeasterly winds on the shelf was characterized by gradual enhancement of the alongshore current, which reached a quasi-steady state from Days 10 to 20 (Figure 9A).
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FIGURE 9. Time series of the alongshore depth-integrated average (A) v (m s–1; positive and negative values represent shoreward and seaward, respectively), (B) NO3 (N, μmol L–1), (C) P (μmol L–1), (D) Z (μmol L–1), and (E) D (μmol L–1) as a function of the longitudinal distance along the 20 m isobath. The dashed white lines indicate the days of major events as mentioned in the main text.


In general, N was abundant and increased progressively with time and from the western part toward the eastern part of the shelf, as the alongshore current advected nutrient-rich water upstream (Figures 9A,B). The N flux by the alongshore current was ∼1,312–2,310 mol s–1, which was comparable with a value of 1,430 ± 1,024 mol s–1 estimated by Han et al. (2013). A similar response occurred in P as productivity was stimulated by N (Figure 9C). This is in agreement with our in situ observed spatial nutrient and Chl a variability, which also resembled the features of satellite-derived chlorophyll a measurements reported by Han et al. (2013).

High Z concentrations appeared from Days 20 to 30 and reached a maximum in the west of 115°E (Figure 9D). The time lag between P and Z was of about 5 days, which was comparable with the 3- to 9-day lag reported for an upwelling ecosystem (Spitz et al., 2005; Gan et al., 2010). As a result of the high P and Z concentrations, downstream-advected D generally increased after Day 10 and was transported westward with a pattern comparable with that of Z (Figure 9E). The concomitant effects of the alongshore currents and the embedded food web dynamics play an important role in the transport of these variables. Similar spatial disparities in the biological response occurred in the cross-shore direction (Figure 8) because of the joint effects of surface cross-shore currents and food web dynamics. Physical and biological forcing characterized the biological responses in the alongshore downwelling circulation, in agreement with prior studies (Spitz et al., 2005; Baird et al., 2007; Gan et al., 2010).



Cross-Isobath Nutrient Transport

In the downwelling circulation, the alongshore current transports nutrient-rich coastal water downstream, and the cross-shore downslope transport delivers high N and D to deeper waters, which would be stored at greater depth and potentially support P utilization. We evaluated the respective seaward cross-isobath My, Ny, and Dy along the 30 and 50 m isobaths over 60 days (Figure 10).
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FIGURE 10. Time series of the depth-integrated volume flux (m2 s–1) (upper panel), nitrate flux (mmol m–1 s–1) (middle panel), and detritus flux (mmol m–1 s–1) (lower panel) across the (a–c) 30 m and (d–f) 50 m isobaths during downwelling. Positive and negative fluxes point shoreward and seaward, respectively. The black dashed lines indicate the Pearl River, Shanwei, and Shantou.


Within the first 2 days following the onset of northeasterly winds, the spatially variable cross-isobath My appeared over the inner and mid-shelves. Along the 30 m isobath, My, Ny, and Dy alternated between flowing seaward and shoreward (Figures 10a–c), which was primarily due to the response of the current to the concave/convex variations of the coastline (Gan et al., 2009). Along the 50 m isobath, the strongest seaward transport occurred over the widened shelf between Shantou and Shanwei (Gan et al., 2013).

Temporal evolution shows that both Ny and Dy first appeared over the eastern portion of the shelf near Taiwan Strait on Day 10 and reached the western portion of the shelf on Day 35. This indicates that nutrient transport and the associated enhanced biological productivity were advected by the alongshore transport.

These features resemble those captured by our observations (Figures 2–4). In contrast to upwelling conditions during summer (Gan et al., 2010), the transport of My, Ny, and Dy during winter reversed direction from the 30 m isobath to the 50 m isobath outside the Pearl River Estuary. Considering the role of downwelling in the sequestration/transport of material, and assuming that all the nutrients (a concentration of 1,430 ± 1,024 mol s–1) carried by the CCC from the ECS to the NSCS shelf (Han et al., 2013) were completely transported downward within the cross-shore downwelling circulation (Han et al., 2013), and based on a modeled Ny of ∼10 mmol m–1s–1 (Figure 10e), the length of the downwelling circulation over the NSCS shelf would be 40–245 km. Given that the cross-isobath seaward Ny along the 50 m isobath occurred from ∼115.5 to 116.8°E (Figure 10e), i.e., over 142.35 km, this finding matches our estimate.



Evolution of the Ecosystem

In addition to physical forcing, variation in nutrient concentrations and the evolution of the ecosystem are also controlled by the underlying biogeochemical processes within the downwelling circulation (Figure 11).
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FIGURE 11. Time series of the average N, P, Z, and D (A) in the nearshore waters and (B) in the bottom waters between the 50 and 100 m isobaths from Shanwei to Shantou.


Figure 11A shows the nutrient concentrations and the associated biological processes in alongshore coastal current waters. The time-dependent response was associated with high nutrient transport by the alongshore coastal current and subsequent phytoplankton growth when the volume of nutrient-rich waters became relatively stable after Day 35 (attaining 6.0–6.5 μmol L–1). Consequently, the biological variables appeared around Day 10 and increased markedly during the following 25 days. This increase occurred because the nutrient-rich waters advected by the CCC reached the NSCS shelf from the ECS through the Taiwan Strait (TWS) and stimulated phytoplankton growth via N uptake.

The P concentration peaked around Day 38 and stabilized thereafter. Similarly, after about Day 38, the increase in N slowed down in parallel with the uptake by P even though the upstream region supplied continuous N. As a result of the high P concentration and the relatively low Z grazing rate, Z increased monotonically and peaked at ∼0.09 μmol L–1 before it reached dynamic equilibrium after Day 45. This zooplankton biomass was consistent with field observations from the South China Sea (∼0.05 μmol L–1 for microzooplankton biomass in winter, Chen et al., 2013).

Detritus (D) includes the contributions from both P and Z. In this study, D reached a maximum on Day 38, which coincided with the time when P peaked. Our field observations indicated that large-sized P, such as diatoms (∼80%, B. Q., Huang, unpublished data), dominated the P community in the nearshore region, where biogenic silica reached concentrations as high as 16.0–44.0 mg L–1 (M. H., Dai, unpublished data). These findings suggest that the P biomass was the most important source of D in the alongshore coastal current water.

The averaged time series of the biological variables in downwelled bottom waters is shown in Figure 11B. Unlike the evolution of the biological response in nearshore waters, downwelled waters were highly variable over time. Before Day 10, the N concentration in the bottom layer was high and was not being taken up by P. This water mass was the initial bottom NSCS shelf water with relatively low irradiance. From Days 10 to 30, as the downslope transport developed, the warm (>22.0°C) NSCS surface water diverged offshore (Figures 5C,D) and was transported downslope, crossing the isobaths across the shelf (Figures 6C,D). This physical evolution of downslope transport produced a bottom water mass with a temperature >21°C and led to the blank record shown in Figure 11B from Days 10 to 30.

Around Day 30, due to the development of downwelling circulation, cold waters reached the nearshore region of Shantou and Shanwei and flowed downslope. Due to biological uptake (as high as ∼2.2 μmol L–1, Figure 11B) and dilution by nutrient-poor ambient seawater, the average N concentration in the downwelled waters decreased to ∼0.9 μmol L–1, a value comparable with the observed nutrient concentrations (Han et al., 2013). The P, Z, and D concentrations in the downwelled waters had high values on Day 30 because of the downslope transport.

From Days 30 to 40, P decreased rapidly to support relatively high Z and D levels. At the same time, Z and D concentrations decreased due to the mixing of downwelled water with ambient NSCS shelf water during downslope flow. Approximately from Days 40 to 50, P, Z, and D concentrations began to increase after N had peaked around Day 40, indicating that they mirrored N concentrations before Day 50 (Figure 11B). This finding demonstrated that the ecosystem in nutrient-depleted downwelled water responded very rapidly to the prevailing N concentration.

Thereafter, P, Z, and D concentrations decreased again and attained relative equilibrium by Day 55. This time-dependent P response may be associated with the N supply and the grazing pressure from Z. After Day 55, there was a balance between the P growth and Z grazing as the volume of the downwelling water became relatively stable.




CONCLUSION

Downwelling circulation has long been postulated to have a minimal biological effect. In this study, field observations and a validated three-dimensional coupled physical-NPZD ecosystem model were used to conduct a process-oriented investigation of biological responses to downwelling circulation characterized by a strong alongshore coastal current and intensified downslope cross-shore transport over the distinct widened NSCS shelf. By combining field observations with coupled physical-biological modeling, this study revealed the characteristics of the physically controlled biological responses in the downwelling circulation. The intensified wind-driven downwelling circulation and the nutrient, phytoplankton, zooplankton, and detritus responses over the widened NSCS shelf are schematically summarized in Figure 12.
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FIGURE 12. Schematic diagram showing the responses of nutrient transport and associated biological processes to the intensified downwelling-favorable wind over the widened NSCS shelf. N, P, Z, and D stand for nitrogen, phytoplankton, zooplankton, and detritus, respectively. (A–D) List the key biophysical processes.


Driven by an idealized, representative downwelling-favorable northeasterly wind, the model successfully simulated the observed characteristics of coastal downwelling circulation and the associated biogeochemical responses. Analysis of observations and successful model simulation of the observed ecosystem in the NSCS revealed nutrient enrichment by the alongshore coastal current and downslope nutrient transport. First, a strong, southwestward, nutrient-rich flux traveled along the coast from the ECS to the NSCS shelf through the TWS. Second, the developing coastal current crossed the steep mid-shelf at the head of the widened shelf and transported nutrient-rich waters downslope. Thus, highly productive regions formed within the coastal current water and in downwelled waters at the seafloor.

The ecosystem in the alongshore coastal current matured by about 38 days after the onset of the northeasterly winds, and the N concentration remained relatively stable due to the persistent southwestward nutrient supply originating upstream. The P, Z, and D concentrations in the alongshore coastal water were spatially correlated with the nutrient levels, but their maxima differed due to the time lag between the growth of P and Z. Nutrient-rich downwelled water formed a falling wedge along the sloping seafloor, but its nutrient concentration decreased drastically due to biological uptake. With increasingly efficient downwelling transport over the widened shelf, algal blooms in the downwelled water moved seaward (i.e., offshore).

The nutrient flux originating from the alongshore coastal current drove the biogeochemical responses in the cross-shore downwelled water. The related D flux and the spatiotemporal patterns of P, Z, and D concentrations were controlled by the nutrient flux that was, in turn, largely determined by the intensity of downwelling circulation. Before the ecosystem reached its equilibrium, P decreased rapidly due to high grazing pressure indicated by high Z and D concentrations. In addition, there was a mirror relationship among P, Z, D, and N. Thus, nutrient dynamics superimposed on the downslope water controlled the evolution of the ecosystem (as reflected by P, Z, and D).
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The Structure of the Seasonal Benthic Diatom Community and Its Relationship With Environmental Factors in the Yellow River Delta
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Benthic diatoms are the main primary producers and are sensitive to environmental changes in the estuarine ecosystem. Therefore, it is critical to evaluate the impact of environmental stress on the benthic diatom community in the estuarine ecosystem. In this study, the sediment samples from the five sampling sites were collected from the Yellow River Delta in the four seasons, and the abundance of benthic diatoms were determined using the high-throughput sequencing of 18S rRNA genes. The results showed that the motile guild taxa, such as Navicula, Nitzschia, and Amphora, was dominated in the benthic diatom the community throughout the sampling period. The structure of the benthic diatom community was significantly different among seasons (ANOSIM P < 0.01), especially between summer and winter. Redundancy analysis showed that water temperature and the concentrations of silicate, nitrate, ammonium, and pH value are the main driving factors shaping the seasonal assembly of the benthic diatom community. The results will improve knowledge about the benthic diatom community in the estuarine ecosystem and provide a theoretical foundation for estuary environmental management.
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INTRODUCTION

The estuary is the key transition zone between rivers and seas which is subject to strong continental-oceanic interactions (Sun et al., 2020; Deng et al., 2021). Estuarine zones are a complex and important ecosystem with a high biodiversity value, providing diversified ecological services, such as ecological habitat for many organisms, and maintaining ecological security in the coastal areas (Barbier et al., 2011; Frankenbach et al., 2020; Chi et al., 2021). Meanwhile, the estuary is a sensitive and vulnerable ecosystem and is affected easily by anthropogenic activity (e.g., ocean acidification, climate change, eutrophication) and natural stresses (e.g., temperature, salinity, nutrient loadings) which have been reported to influence the community structure and diversity of the coastal ecosystem (Hollister et al., 2010; Osland et al., 2014, 2016; Gabler et al., 2017; Kafouris et al., 2019). Accordingly, the analysis of the community structure and environmental drivers could not only improve the understanding of the estuary ecosystem but also provide for theoretical support about the ecological protection and restoration of the coastal ecosystem.

The diatom is photosynthetic, unicellular, eukaryotic microalgae that distributes in almost all aquatic environments (Maher et al., 2018; Merz et al., 2021). The benthic diatom is an important component of the estuarine ecosystem which plays indispensable roles in driving the biological pump, shaping the carbon cycle of the coastal environments, and providing energy to herbivores (Amin et al., 2012; Marques da Silva et al., 2017; Wang et al., 2019; Virta et al., 2020). The diatom responds quickly to environmental changes as a result of its short life cycle and has been widely regarded as the good bio-indicator tool (Potapova and Charles, 2007; Clark et al., 2020).

The Yellow River Delta is the youngest estuarine wetland in the warm temperate zone of China (Yang et al., 2016; Ma et al., 2019). Sediments have been depositing and oscillating because of the combined action of marine dynamics and the Yellow River runoff in the Yellow River Delta. Further, the intensive anthropogenic activities (e.g., aquaculture development, oil field mining) in this region have brought damage to the local organisms and destroyed their habitat (Xu et al., 2017; Zhao et al., 2017). Previous studies focused on the response of bacteria (He et al., 2020; Zou et al., 2020; Chi et al., 2021; Lee et al., 2021), archaea (Li et al., 2018) communities to environmental factors in the Yellow River Delta. In spite of the importance of benthic diatoms in the functioning of coastal ecosystems, little is known on environmental factors driving their structure and composition in the Yellow River Delta. Therefore, in this study, the concentrations of 11 environmental variables, and the seasonal benthic diatom abundance data were obtained using the high-throughput sequencing of 18S rRNA genes from five sampling sites in the Yellow River Delta. This study aimed to (1) investigate the structure of the seasonal benthic diatom community in the Yellow River Delta and (2) identify the main environmental variables driving the structure of the seasonal benthic diatom community. Our results provide insights for understanding the seasonal succession of benthic diatom in the Yellow River Delta.



MATERIALS AND METHODS


Sample Collection

The Yellow River Delta (N37°40′ –38°10′, E118°41′ –119°16′) is located in Dongying City, Shandong Province, China. The sample collections were taken from five sites along a 2.5 km transect in the Yellow River Delta (Figure 1). The sample collections were taken on 25 August 2019 (summer), 19 November 2019 (fall), 11 January 2020 (winter), and 10 April 2021 (spring, site B was not collected). At each site, surface sediment samples (upper 2 mm) were collected using the disposable sterilization plastic syringes with a diameter of 3.5 cm and were placed in sterile polyethylene bags. The collected samples were then put in a portable cooler, and immediately transported to the laboratory. Sediment samples were stored at –80°C until analysis. Pore water was filtered in a 0.22 μm filter membrane and then kept at –20°C until analysis.
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FIGURE 1. The geographical location of the sampling sites. A total of five sites were set up around the Yellow River Delta. The Yellow River flows in Shandong Province, China, and the red circle represents the study area (version ArcGIS 10.2).




Measurement of Sediment and Pore Water Physicochemical Parameters

A total of 11 environmental variables were obtained for each sampling site. Water temperature was acquired from the Dongying municipal bureau of marine development and fisheries. Salinity, and pH were in situ measured. The concentrations of nitrate, nitrite, ammonium, orthophosphate, silicate were measured with the standard colorimetric methods using a continuous flow analyzer (Auto-Analyzer 3, Seal Analytical Ltd., United Kingdom). The water content of sediment was measured as a percentage of weight loss by drying the sediment at 60°C for 48 h. The sediment grain size was performed using a Laser Diffraction Particle Size Analyzer (Cilas 940L). Chlorophyll a (Chl-a) was extracted from freeze-dried sediment samples in 15 ml of 90% acetone for 24 h. Acetone extracts were quantified using a Trilogy Fluorometer (Turner Designs, United States) to give Chl-a concentration in microgram per gram.



DNA Extraction and Sequencing

DNA from sediment samples was extracted using the E.Z.N.A.® Soil DNA Kit (D4015, Omega, Inc., United States) according to the manufacturer’s instructions. V8-V9 variable region of the 18S rRNA genes was amplified using the primer sets of V8f (5′-ATAACAGGTCTGTGATGCCCT-3′) (Bradley et al., 2016) and 1510r (5′-CCTTCYGCAGGTTCACCTAC-3′) (Amaral-Zettler et al., 2009). Nuclear-free water was used for blank. PCR amplification was performed in a total volume of 25 μL reaction mixture containing 25 ng of template DNA, 12.5 μL PCR Premix, 2.5 μL of each primer, and PCR-grade water to adjust the volume. PCR amplification was performed as follows: initial denaturation at 98°C for 30 s; 32 cycles of denaturation at 98°C for 10 s, annealing at 54°Cfor 30 s, and extension at 72°C for 45 s, and then final extension at 72°C for 10 min. The PCR products were purified by AMPure XT beads (Beckman Coulter Genomics, Danvers, MA, United States) and quantified by Qubit (Invitrogen, United States), and then sequencing was conducted using on an Illumina NovaSeq 6000 platform at LC-Bio Technologies (Hangzhou, P. R. China) Co., Ltd.



Sequences Analysis

Paired-end reads were assigned to samples based on their unique barcode and truncated by cutting off the barcode and primer sequence. Paired-end reads were merged using the FLASH program. Chimeric sequences were filtered using Vsearch software (v2.3.4) (Rognes et al., 2016). After dereplication using DADA2 (Divisive Amplicon Denoising Algorithm) (Callahan et al., 2016), the sequences of 18S rRNA genes were assigned to the same amplicon sequence variants (ASVs). To identify taxonomically ASVs, the representative ASV was annotated by database SILVA (release 132). All sequence analyses were conducted in QIIME2 (Bolyen et al., 2019) and its plugins (Caporaso et al., 2010).



Statistical Analysis

All statistical analyses and graphics were conducted with R 3.4.2. Alpha diversity index (Chao1 richness, Shannon diversity index) was calculated with the vegan package. Seasonal difference in Alpha diversity index was compared by the stats package using Kruskal-Wallis test. Principal co-ordinates analysis (PCoA) was performed to visualize the dissimilarity of the benthic diatom community based on the Bray-Curtis distance matrix among seasons. Analysis of similarity (ANOSIM) was conducted to test whether the benthic diatom community dissimilarities are significant among different seasons and sampling sites, with the Bray-Curtis distance. Linear discriminant analysis (LDA) effect size (LEfSe) (Segata et al., 2011) was conducted to identify high-dimensional biomarkers and explain benthic diatom taxa differences in the four seasons. The LEfSe biomarker detection was performed using the logarithmic LDA threshold >4 and the statistical parameters of P < 0.05. Spearman correlation coefficients method were used to identify the correlation between the seasonal difference of the benthic diatom genera (obtained by the LEfSe) as well as Alpha diversity index with the environmental factors. Redundancy discriminant analysis (RDA) was performed to determine the environmental variables associated with changes in the benthic diatom community structure using the vegan package.




RESULTS


Seasonal Variations of Environmental Factors

The seasonal variations of environmental factors are shown in Table 1. The pore water salinity ranged from 16.4 to 22.8 in the four seasons and had the highest value in spring. The sediment was alkaline throughout the sampling period, and pH value was the highest in spring. The nitrate and nitrite concentrations were the highest in spring and the lowest in winter. Sediment grain size remained similar among seasons. Silicate and Chl-a concentrations were the highest in summer.


TABLE 1. Sediments and pore water physical and chemical properties.
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Seasonal Variations in the Benthic Diatom Community

A total of 3,078,045 V8-V9 18S rRNA reads were obtained in our study. All sequencing reads were classified into 1,040 ASVs. Rarefaction curves ranged from 0.9854 to 0.9987 can represent the benthic diatom community reasonably. Across all samples, the classification of the benthic diatom ASVs results showed 4 classes, 18 orders, 31 families, 143 diatoms genera.

The richness and diversity of the benthic diatom community were compared among seasons (Figure 2). The Chao1 richness was higher significantly in spring (735 ± 130) and winter (536 ± 52) than in summer (239 ± 112), and fall (166 ± 27), indicating that fewer diatom species were observed in summer and fall than in spring and winter. Similarly, the Shannon diversity index was higher significantly in spring (4.86 ± 0.34) and winter (4.83 ± 0.25) than in summer (4.14 ± 0.47), and fall (3.80 ± 0.21), suggesting that a lower diatom diversity was observed in summer and fall.
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FIGURE 2. The Alpha diversity index of the Yellow River Delta benthic diatoms communities at different sampling seasons. (A) Chao1 richness. (B) Shannon diversity. ** indicates that p < 0.01, **** indicates that p < 0.0001.


PCoA analysis was employed to study the dissimilarities of the benthic diatom community in the Yellow River Delta among seasons (Figure 3). Samples from summer and winter separated from each other, which indicated that the structure of the benthic diatom community had changed greatly among seasons. Then, the ANOSIM results demonstrated that the structure of the benthic diatom community was significantly different among seasons (R = 0.54, P = 0.001) (Supplementary Figure 1A). However, there are no significant spatial variations in the benthic diatom community structure among different sites (R = –0.21, P = 0.999) (Supplementary Figure 1B).
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FIGURE 3. Principal co-ordinates analysis diagram of the Bray-Curtis distance between benthic the diatom community for all samples.


The composition of the benthic diatom community at the top 10 genera level in different sampling sites is shown in Figure 4. The top 10 genera accounted for 75.35∼84.90% throughout the sampling period. Benthic diatoms were classified into guilds (Passy, 2007; Rimet and Bouchez, 2012), and motile guild taxa (e.g., Navicula, Nitzschia, and Amphora) dominated all communities among seasons. Then the linear discriminant analysis effect size (LEfSe) was conducted to identify the significant difference of the benthic diatom taxa among seasons (Figure 5 and Supplementary Table 1). For example, the Navicula and Seminavis abundances are higher significantly in spring than in other seasons; six genera, namely, the Cylindrotheca, Nitzschia, Pseudogomphonema, Gyrosigm, Pleurosiga, and Cyclotella abundances were higher in summer; the Entomoneis, Halamphora, Craticula, and Surirella abundances are higher significantly in winter.
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FIGURE 4. Compositions of dominant benthic diatom in each site at the Genera level.
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FIGURE 5. LEfSe cladogram of benthic diatom community for different seasons. Benthic diatom taxa in all samples, assigned to the kingdom (innermost), phylum, class, order, family, and genera (outermost), are used to determine taxa most likely to explain differences for different seasons. Differentially abundant taxa are colored according to the slope regions in which they are most abundant; i.e., blue, green and red circles stand for biomarkers in spring, summer, and winter.




Relationships Between Benthic Diatom Taxa as Well as Diversity and Environmental Factors

The relationship between the benthic diatom diversity and environmental factors was evaluated in the Yellow River Delta among seasons (Figure 6). The Shannon diversity and Chao1 richness of the benthic diatom community were negatively correlated with the water temperature, the orthophosphate, silicate concentrations. The water temperature and silicate concentration were the main environmental factors affecting the dominant benthic diatom taxa (Figure 6). Water temperature and silicate concentration were positively correlated with Cyclotella, Cylindrotheca, Gyrosigma, Pleurosigma abundances, while were negatively correlated with Entomoneis, Halamphora, Surirella abundances. The Navicula and Pleurosigma were most closely correlated with the environmental factors. The Navicula abundance was positively correlated with salinity, nitrate concentration, pH value, but was negatively correlated with the water content of sediments and ammonium concentration. The Pleurosigma abundance was positively correlated with the orthophosphate, silicate concentrations, water temperature, and the water content of sediments. Additionally, the Pleurosigma abundance had a stronger positive correlation with silicate concentration (Figure 7).
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FIGURE 6. Heatmap of the correlation between the dominant benthic diatom taxa as well as diversity and environmental factors in the Yellow River Delta. Spearman correlation coefficient was displayed by the color of each cell in the heatmap. A significant correlation was confirmed if the p-value was less than 0.05 (*) or 0.01 (**).
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FIGURE 7. The relationship between the relative abundance of the Pleurosigma and silicate concentration. Values of Pearson correlation coefficient (r) and probability (P) are provided. Blue lines indicate ordinary least squares linear regression across all samples.


Redundancy analysis was used to analyze the change of the benthic diatom community structure associated with the environmental variables (Figure 8), which the first two axes explained up to 36.22% of RDA 1 and 19.70% of RDA 2 of the total variation in the benthic diatom community, indicating that environmental factors drove the difference of the benthic diatom community. Water temperature (R2 = 0.78, p = 0.001) apparently had the most significant effect on the benthic diatom community, and the most variances can be explained by the silicate concentration (R2 = 0.61, p = 0.001), pH value (R2 = 0.50, p = 0.005), the nitrate concentration (R2 = 0.44, p = 0.009), and the ammonium concentration (R2 = 0.43, p = 0.012).
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FIGURE 8. Results of redundancy analysis graph for the environmental variables associated with changes in the benthic diatom community structure in the Yellow River Delta.





DISCUSSION

Our observations obtained by a high-coverage taxonomic survey have provided the first description of the seasonal assembly of the benthic diatom community in the Yellow River Delta, then the response of the benthic diatom community to environmental factors was analyzed. Our results provide insights for further understanding the seasonal succession of biota in the Yellow River Delta.

The local benthic diatom taxa are the result of natural adaptation and are associated closely with the change of the local environment. First, the motile-guild taxa (e.g., Navicula, Nitzschia, and Amphora) were dominant in the Yellow River Delta (Figure 4), and the result is similar to other studies of the benthic diatom compositions in the estuary (Admiraal et al., 1984; Oh and Koh, 1995; Cibic et al., 2012; Yamamoto et al., 2017; An et al., 2020). Some researchers reported that the motile guild taxa can respond quickly to environmental change and choose suitable habitat (Berthon et al., 2011). Different from the Oregon and Washington estuaries, United States and the Westerschelde estuary, Netherlands, the Pleurosigma, Entomoneis are dominant genera in the Yellow River Delta (Forster et al., 2006; Sawai et al., 2016).

Second, the structure of the seasonal benthic diatom community was significantly different, especially in summer and winter (Figure 3). Previous studies showed that the nutrient supply carried by rivers was important for affecting diatom growth and distribution (Passy and Larson, 2011). Redundancy analysis revealed that water temperature and silicate concentration were the main factors that affected the structure of the benthic diatom community (Figure 8), and the main source of silicon in the delta was the weathering and transport of the Yellow River (Gong et al., 2015). Therefore, the seasonal fluctuations in nutrients input to the Yellow River Delta maybe play an important role in influencing the seasonal patterns of the benthic diatom assemblage.

Finally, the heterogeneity of the local environment, which was caused by the freshwater and seawater erosion in the different seasons, makes common species different remarkably in the local sites. The Cyclotella abundance was significantly higher in summer than in other seasons, but the abundance of Cyclotella at site E was 22.75% and at site A 0.39% in summer (Figure 4). The variations of the distribution of the most common taxa have been reported previously (Zong and Horton, 1999; Roe et al., 2009; Watcham et al., 2013). It was observed that the seasonal environment heterogeneity had a stronger effect on the benthic diatom assemblages in the Yellow River Delta, especially in summer.

The salinity is one of the most likely drivers of the benthic diatom community (Oppenheim, 1991; Underwood et al., 1998; Ulanova et al., 2009; Yamamoto et al., 2017), but it did not affect significantly the benthic diatom community in our study (Figure 8). For one thing, the salinity remained similar throughout the sampling seasons due to the mixing of seawater intrusion and the Yellow River fresh runoff in the Yellow River Delta. For another, we used the genera level (DNA barcoding can give more accurate information at the genera level) to analyze the relationship between the benthic diatom community and environment variables. The high taxa may cover up the sensitive species, in other words, the same diatom genera may have ecological niche differentiation for better environmental adaptation.

The molecular method used in this paper can establish a better correspondence with the morphological (unpublished) identification at the genus level. Nistal-García et al. (2021) found that molecular and morphological methods provided similar information when it comes to the underlying processes determining variation in diatom assemblages. This is also one of the reasons why the analysis in this paper was based on genus level. Further, molecular markers are good methods to identify several semi-cryptic or cryptic species which make it difficult to understand how diatom assemblages vary in response to environmental variables (Créach et al., 2006). DNA metabarcoding using high-throughput sequencing platforms, have been developed drastically in recent years, overcoming the biases related to morphological identification (Zimmermann et al., 2015; Apothéloz-Perret-Gentil et al., 2021). However, the completeness of the reference database is a key factor that strongly limits the taxonomy assignment of OTUs (Malviya et al., 2016; Weigand et al., 2019; Nistal-García et al., 2021). At present, various DNA barcoding studies have been successfully conducted, based on different maker genes, including rbcL (An et al., 2020), COI (Evans et al., 2007), ITS (Moniz and Kaczmarska, 2010), and 18S rDNA (Visco et al., 2015). Therefore, there is no unified standard primer and analysis process (such as sequencing depth, a threshold for assign taxonomy), so it is difficult to compare different research results. In the future, unified standard primer and analysis process will need. Meanwhile, we suggest that combining molecular and morphological approaches provide complementary information on each other, especially when completeness of the reference databases improves and bioinformatics biases are overcome.



CONCLUSION

In summary, this study used 18S rRNA gene-based high-throughput sequencing technology to analyze the structure of the benthic diatom community in the Yellow River Delta for the first time. The results show that the diversity of the benthic diatom community is higher significantly in spring and winter than in summer and fall. The dominant benthic diatom groups at the genera level are Navicula, Nitzschia, and Amphora. The structure of the benthic diatom community was significantly different among seasons. Redundancy analysis showed that water temperature and the concentrations of silicate, nitrate, ammonium, and pH value are the main factors driving the seasonal assembly of the benthic diatom community. Overall, this study reveals the composition of the benthic diatom community and its relationship with environmental factors, providing a certain theoretical sight for understanding microbial ecology and environmental protection in the Yellow River Delta.
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The Yellow Sea (YS) is an epicontinental sea framed by the densely populated mainland of China and the Korean peninsula. Human activities over the last decades resulted in heavily increasing discharge of reactive nitrogen into the YS, which created numerous ecological problems. To elucidate the role of central YS in the cycling of reactive nitrogen, specifically the Yellow Sea Cold Water Mass (YSCWM), we determined nutrient concentrations, dual stable isotopes of nitrate (δ15N-[image: image] and δ18O-[image: image]), and stable isotopes of particulate and sedimentary nitrogen in spring and summer, i.e., in biologically inactive and active periods. The nitrate concentration in spring was higher than that in summer in the northern part of the YSCWM, Nitrate increased in the southern part accompanied by a decrease in δ15N-[image: image] and δ18O-[image: image], which are indicative of nitrification that was a significant source of recycled nitrate in the south part of YSCWM. To quantify this regenerated nitrate, we use a mixing model with end members of preformed nitrate in spring and regenerated nitrate in summer, both with their distinct dual isotope values. The results suggest that only 35% nitrate was a residual of nitrate preformed in spring and 65% in summer in the southern branch of YSCWM was regenerated. The northern part of YSCWM has low concentrations of dissolved inorganic nitrogen, mainly because of denitrification in sediments. In contrast, the southern pool of YSCWM is a growing reservoir of regenerated terrestrial reactive nitrogen, the addition of which compensates the removal by co-occurring sediment denitrification. In consequence, the southern branch of YSCWM is facing a higher ecological risk than the northern branch, when excess reactive nitrogen discharge from Changjiang River continues at present levels or even increases.

Keywords: Yellow Sea Cold Water Mass, nitrate, nitrate dual isotopes, nitrification, N loss


INTRODUCTION

The small area of the coastal seas compared to the vast open ocean hosts around 20% of all marine primary production (Jahnke, 2010) and plays a key role in processing nutrients and contaminants that enter the ocean via continental runoff and rivers (Levin et al., 2015). River input and atmospheric deposition are the largest contributors and supply more than half of the reactive nitrogen (Nr) to the coastal sea areas (Voss et al., 2013). Anthropogenic activities have doubled or tripled Nr supply from natural processes at a global scale (Galloway et al., 2013), so that human activities on land are more and more impacting ecosystems in marginal seas (Levin et al., 2015). An example are the seas bordering mainland China. The contribution of Chinese major estuaries to global coastal seas has been estimated at 5.4 Tg N yr–1 (Gu et al., 2015), which is about 10% of the global river input for dissolved inorganic nitrogen (DIN) (Smith et al., 2003; Liu S. et al., 2009). The increased input of anthropogenic Nr in the last decade resulted in a shift from N-deficiency to P-deficiency in the coastal area of Yellow Sea (YS) and East China Sea (ECS) (Wei et al., 2015; Moon et al., 2021).

The YS with an area of about 3.8 × 105 km2 and an average depth of 44 m is a semi-closed marginal sea surrounded by mainland China and the Korean peninsula. It connects to the Bohai Sea in the northwest by the narrow Bohai Strait and with the ECS in the south. Changjiang River (Yangtze River), the largest river in China, discharges on average 9.25 × 1011 m3 of water per year into the ECS, of which about 20% is advected into the YS (Fan and Song, 2014; Liu et al., 2020). Changjiang Diluted Water (CDW) is a main nutrient source of YS in summertime, while Yellow Sea Warm Current water (YSWC), the sub-branch of the Kuroshio Current, in wintertime is another major source (Jin et al., 2013).

The concentrations of nitrate and DIN in the south YS have been continuously increasing from the 1980s (Li et al., 2015; Wei et al., 2015; Wang et al., 2020b). The most rapid increase of NO3– and DIN occurred after the mid-1990s (Wei et al., 2015) and the level of the annual NO3– concentration in 2012 was over 5 times that of 1984 (Li et al., 2015). A large upward spike in the N/P ratio was apparent in 2008, and the dissolved oxygen (DO) concentration decreased sharply in the same year (Li et al., 2015). The increase of N input has been held responsible for increasing incidences of harmful algae blooms and macroalgal blooms in recent years (Li et al., 2017b; Wang et al., 2018; Xiao et al., 2019).

The Yellow Sea Cold Water Mass (YSCWM) fills the central YS trough and forms due to the unique basin topography and the impact of both the seasonal evolution of the thermocline and the circulation system in the YS (Zhang S. et al., 2008). YSCWM forms by subsidence of winter cold water (Lee and Beardsley, 1999; Zhang S. et al., 2008), and water of YSCWM could not be distinguished from other ambient waters based on the oxygen isotope of seawater (Kang et al., 1994). It is isolated from the direct influence of major river inputs so that the internal remineralized nutrients would play important roles instead (Chen et al., 2012; Sun et al., 2013; Li et al., 2017a). A strong linkage of hypoxia and acidification with organic matter mineralization and stratification was observed in the YSCWM (Guo J. et al., 2020). This water mass is a significant pool of nutrients, supplying them to the south YS by vertical diffusion/upwelling processes (Su et al., 2013; Wei et al., 2016; Wang et al., 2020c). Loss of nitrate was reported in the YSCWM (Liu S. et al., 2003; Duan et al., 2016) which was due to benthic processes rather than to water column denitrification (Zhang et al., 2018).

Up to now, inputs of rivers (Liu S. et al., 2009; Jin et al., 2013; Fan and Song, 2014; Liu et al., 2018, 2020; Wang Y. et al., 2021), submarine ground water (SGD) (Liu J. A. et al., 2017), sewage (Yang et al., 2018), atmospheric deposition (Shi et al., 2012; Qi et al., 2013, 2020; Yang et al., 2018), and marine or on-land aquaculture (Li et al., 2015; Wang et al., 2020a) to the YS were quantified. Nutrient budgets (Liu S. et al., 2003; Liu S. M. et al., 2017), long-term variation of nutrients (Li et al., 2015; Wei et al., 2015; Yang et al., 2018; Wang J. et al., 2021; Zheng and Zhai, 2021), deoxygenation and acidification (Zhai, 2018; Guo J. et al., 2020; Xiong et al., 2020), harmful algal blooms (HABs) (Fu et al., 2012; He et al., 2013; Xiao et al., 2019; Wang J. et al., 2021) and green tides (Li et al., 2015, 2017b; Song et al., 2018) have drawn attention to the ecological consequences associated with growing anthropogenic input into the ecosystem in the YS.

However, the portions of regenerated nitrate in the YSCWM have not been quantified, and the dynamics of internal nitrogen cycling are not clear. The internal cycling generally includes the assimilation and remineralization (including ammonification and nitrification) of Nr (Sigman and Boyle, 2000; Brandes and Devol, 2002). In the euphotic layer, DIN is assimilated by phytoplankton, and the organic detritus is decomposed below the euphotic layer. During decomposition, ammonium is first released and subsequently transformed to nitrite and nitrate via nitrification. These biogeochemical processes can be traced by stable isotopes due to their unique fractionation effect (Altabet, 2006; Casciotti, 2016; Liu S. M. et al., 2017; Wang et al., 2017; Sigman and Fripiat, 2019; Wu et al., 2019). In our study, we measured the nutrients, dual stable isotopes of nitrate, and stable N-isotope composition of particulate and sedimentary nitrogen in two seasons in the YS. Results of the isotopic investigation quantify the shares of preformed and newly regenerated nitrate in the YSCWM. Seasonal comparison of DIN quantity and isotopic character in the northern and southern YSCWM furthermore give insights into how the regional and global nutrient sources affect the YSCWM in the central YS trough.



MATERIALS AND METHODS


Sample Collection

Research cruises were carried out by R/V Dongfanghong 2 in spring and summer 2018 with 42 sampling sites in April and 45 sites in August, respectively (Figure 1). Water samples were taken from several depths by 12 L Niskin bottles attached to a CTD rosette (911plus, Seabird, United States). The water samples for nutrient and isotope analysis were filtered using nucleopore polycarbonate filters (0.4 μm) with plastic Nalgene filtration units. The filtered water was collected in Falcon PE tubes (45 mL), frozen immediately (−20°C) and kept frozen until analyses in the home laboratory. For suspended particulate matter (SPM) and organic particle analysis, between 0.5 and 8 L of water were filtered through pre-weighed GF/F filters (0.7 μm, Φ = 47 mm, Sigma-Aldrich) which had been pre-combusted at 450°C for 4 h. The filters were subsequently dried on board at 45°C for 24 h. Surface sediments were taken with a box corer and surface samples were frozen at −20°C and were kept frozen until analysis in the home lab.
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FIGURE 1. Sampling stations of spring and summer cruises are marked by red circles and black triangles, respectively. Note that most of the stations were sampled on both expeditions. The southern and northeastern boundary of the Yellow Sea is marked by the black dashed line. Yellow Sea Warm Current (YSWC) and Changjiang Diluted Water (CDW) are important external waters in spring and summer, respectively. These currents are drawn according to their general positions and our data of 2018. Sampling stations clustering in the north Cold Water mass (nCW) and south Cold Water (sCW) stations are marked by blue dashed lines, nCW and sCW are water masses defined in this study, they both are part of the Yellow Sea Cold Water Mass (YSCWM). (base map sourced by Ocean Data View, Schlitzer, Reiner, Ocean Data View, https://odv.awi.de, 2021).




Measurements of Nutrients and Nitrate Isotopes

Nutrient concentrations were measured with an AutoAnalyzer 3 system (Seal Analytics) using standard colorimetric methods (Grasshoff et al., 2009). The relative error of duplicate sample measurements was below 1.5% for NOx and phosphate concentrations, below 0.3% for ammonium. The detection limit was <0.05 μmol L–1 for NOx, >0.01 μmol L–1 for [image: image], and >0.013 μmol L–1 for ammonium. The pooled standard deviation is 0.004 μmol L–1 for NOx, 0.006 μmol L–1 for [image: image], and 0.01 μmol L–1 for ammonium.

δ15N and δ18O of nitrate (δ15N = [(15N/14N)sample/ (15N/14N)standard−1] × 1000‰, δ18O = [(18O/ 16O)sample/(18O/16O)standard − 1] × 1000‰) were determined with the denitrifier method (Sigman et al., 2001; Casciotti et al., 2002). Only the samples with nitrate concentrations >1.7 μmol L–1 were analyzed and δ15N and δ18O were analyzed in one sample run. Water samples were injected into a suspension of the denitrifier Pseudomonas aureofaciens with injection volumes adjusted to yield 10 nmol N2O. The N2O gas was purged by helium into a GasBench 2 (Thermo Finnigan) for purification. Afterward the N2O gas was analyzed by a Delta V Advantage and a Delta V Plus mass spectrometer. Samples were measured in duplicate and the two international standards IAEA-N3 (δ15N-NO3– = +4.7‰, δ18O-NO3– = +25.6‰) and USGS-34 (δ15N-NO3– = −1.8‰, δ18O-NO3– = −27.9‰) and an internal potassium nitrate standard were measured in each batch. The data were corrected by applying a bracketing correction (Sigman et al., 2009) and the standard deviations of the international and in-house standards was found to be ≤0.2‰ for δ15N and ≤0.5‰ for δ18O. The standard deviations of duplicate samples were in the same range. Nitrite affects the results and was removed following the protocol of Granger and Sigman (2009) whenever [NO2–] exceeded 5% of the NOx pool. In all other cases, we report combined (nitrite + nitrate) values.



Measurements of Suspended Matters and Sediments

Loaded filters were weighed to calculate the amount of SPM per liter of water. Total carbon and nitrogen concentrations in SPM and sediment samples were measured by a Euro EA 3000 (Euro Vector SPA) Elemental Analyzer. Organic carbon was measured after acidifying samples for three times. The precision of total and organic carbon determination is 0.05%, that of nitrogen is 0.005%, and the standard deviations are less than 0.08 for total and organic carbon and 0.02 for nitrogen. Nitrogen isotope ratios were determined with a FlashEA 1112 coupled to a MAT 252 (Thermo Fisher Scientific) isotope ratio mass spectrometer. The precision of nitrogen isotope analyses is better than 0.2‰, and the standard deviation less than 0.03.



Measurements of Dissolved Oxygen

The dissolved oxygen (DO) samples were collected, fixed, and titrated on board following the Winkler procedure at an uncertainty level of <0.5% (Xiong et al., 2020). A small quantity of NaN3 was added during subsample fixation to remove possible interferences from nitrite (Wong, 2012). The DO saturation was calculated from field−measured DO concentration divided by the DO concentration at equilibrium with the atmosphere which was calculated from temperature, salinity and local air pressure, as per the Benson and Krause (1984) equation.



Apparent Oxygen Utilization-Based Nitrate Regeneration

A remineralization stoichiometry of 150 O2:1 [image: image]:16 [image: image] (Anderson, 1995) is used to estimate the regenerated nutrients (Rafter et al., 2013; Wu et al., 2019). The regenerated nitrate ([image: image]) can be calculated following Eq. 1 and Eq. 2, Apparent Oxygen Utilization (AOU) and [image: image] in these equations with subscript sp and sm stand for data of spring and summer, respectively. The seasonal variation of nitrate ([image: image]) is calculated by Eq. 3.
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RESULTS


Hydrological Conditions

In spring the water column in the YS was vertically well mixed with salinity and temperature both decreasing northwards. The Yellow Sea Warm Current (YSWM) entered from the outer shelf northwestward into the central YS trough, transporting relatively warm and saline water (T > 7.0°C, S > 32.5) and its northernmost tip reached 37°N (station B08) (Figures 1, 2A–D). The coastal water in the south YS (sYS) was characterized by relatively high temperatures and low salinities (T > 8.0°C, S < 32.5). In the north YS (nYS), temperatures decreased to around 4.0 to 6.0°C and salinities were in the range of 32.2 to 32.5. Sea water in the YS can thus be roughly considered as a mixture of nutrient depleted nYS water with nutrient abundant YSWC and sYS coastal water (Figure 3).


[image: image]

FIGURE 2. Patterns of temperature, salinity, nitrate and phosphate in spring. The left column (A,C,E,G) are surface layers while the right column (B,D,F,H) is the bottom layers [data of the Bohai Sea shown in this figure were sampled in the same campaigns with the Yellow Sea, more details are in Tian et al. (2020), 10.5194/bg-2020-471].
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FIGURE 3. Water masses in the Yellow Sea in spring (A) and summer (B), note that the ranges of axes for spring and summer are different. sYS, south Yellow Sea; nYS, north Yellow Sea; YSWC, Yellow Sea Warm Current; CDW, Changjiang Diluted Water; YSCWM, Yellow Sea Cold Water Mass. nCW, north Cold Water mass; sCW, south Cold Water mass. In summer, the YSCWM can be divided into nCW and sCW located in nYS and sYS, respectively, with nitrate in nCW being lower than in sCW.


In summer, the water column was stratified. The Yellow Sea Cold Water Mass (YSCWM; T < 10.0°C) was found beneath the thermocline in the deep trough of the central YS (Figure 4B). The YSCWM can be divided into the northern Cold Water (nCW, 32.0 < S < 32.5) and southern Cold Water (sCW, 32.5 < S < 33.0) (Figure 3). While the nCW is mostly derived from the spring nYS water, the sCW inherited the features of the YSWC water (Supplementary Figure 1). The upper layer of the YSCWM had relatively low salinities (31.0 < S < 32.0) and high temperatures (23.0°C < T < 30.0°C). Changjiang Diluted Water (CDW) in the southwest YS is characterized by low salinities and high temperatures (S < 30.0, T > 25.0) and appeared in the north and northeast of the Changjiang estuary.
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FIGURE 4. Patterns of temperature, salinity, nitrate and phosphate in summer. The left column (A,C,E,G) are surface layers while the right column (B,D,F,H) is the bottom layers [data of the Bohai Sea shown in this figure were sampled in the same campaigns with the Yellow Sea, more details are in Tian et al. (2020), 10.5194/bg-2020-471].




Nitrate and Phosphate Concentrations

The maxima of nitrate and phosphate in bottom waters ([[image: image]] > 6 μmol L–1, [[image: image]] > 0.4 μmol L–1) in spring match the tongue of YSWC (Figures 2D,F,H). Nitrate and phosphate were enriched ([[image: image]] > 6 μmol L–1, [[image: image]] > 0.4 μmol L–1) along the south most transect at 32° N. sYS coastal water found further north than 34° N near Jiangsu coast was relatively nutrient depleted ([[image: image]] < 4 μmol L–1, [[image: image]] < 0.1 μmol L–1), probably due to a lack of external replenishment of nutrients in spring. In nYS, nitrate and phosphate concentrations were high in the central area (stations B14 and B23) whereas they were depleted in the northern part (stations B16, B18, and B19) (Figures 2E–H).

In summer, nutrients were depleted of the upper layer of the YS, except for the CDW and in the coastal areas of Jiangsu province. CDW had nitrate concentrations > 14 μmol L–1 at phosphate concentrations of only around 0.2 μmol L–1 in the surface (stations H34 and H35), but nitrate decreased to 12 μmol L–1 and phosphate increased to 0.4 μmol L–1 in the bottom water. Nitrate and phosphate were enriched in the sCW ([NO3] > 6 μmol L–1 and [[image: image]] > 0.5 μmol L–1) but remarkably, nitrate was depleted in the nCW ([NO3] < 1.0 μmol L–1 and [[image: image]] > 0.2 μmol L–1) (Figures 4F,H).



Seasonal Variation of Dissolved Inorganic Nitrogen in the Central Yellow Sea Bottom Waters

We divide the YSCWM into nCW and sCW as described in Section “Hydrological Conditions” for a seasonal comparison of nutrient dynamics. Although YSCWM was not formed in spring, temperature and salinity was almost constant in the central YS basin during these two seasons (Supplementary Figure 1). This is in line with the origin of YSCWM that forms by subsidence of winter cold water (Lee and Beardsley, 1999; Zhang S. et al., 2008), and makes the following seasonal comparison feasible. The spring samples were grouped in the same way as summer samples, although the YSCWM had not formed yet in spring. Nitrate concentration of sCW increased from spring to summer, whereas nitrate of nCW decreased (Figure 5). Considering that the hydrological properties of nCW and sCW are quite similar, these differing seasonal alterations of nitrate (or DIN) concentrations are remarkable and suggest different modes of operation of these two basins with respect to reactive nitrogen recharge. Ammonium concentration of sCW were relatively low in both seasons (Figure 5) and accounted for 6 and 4% of DIN in spring and summer, respectively. In the nCW, on the other hand, ammonium accounted for 15–57% of DIN in spring and summer, respectively. Nitrite concentrations were low with average concentrations <0.30 μmol L–1 accounting for less than 6% of DIN (Figure 5 and Table 1) in both seasons. Phosphate average concentrations were almost uniform in the bottom waters in both seasons except slight increases in the sCW (Table 1). The phosphate concentration of sCW was significantly higher than that of the nCW (p < 0.05, ANOVA). The average values of DIN/P ratio were relatively high in the sCW (Table 1). In the nCW, our results are lower than the historical data in the two seasons but are in accord with the decreasing trend of DIN and nitrate from spring to summer. Likewise, in the sCW, our results are lower than the previous results, but consistent with the increasing tendency from spring to autumn (Table 2). The relatively low concentrations in the year of 2018 were probably affected by the annual nutrient fluctuation (Wei et al., 2015; Yang et al., 2018; Wang et al., 2020b).
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FIGURE 5. Box and whisker plots of DIN variations in different water masses in the central Yellow Sea bottom water. [[image: image]] and [[image: image]] are marked by horizontal and vertical stripes, respectively. DINs concentrations of spring and summer are in orange and blue, respectively. The crosses and numbers represent the average values of each compound, averages of nitrite were not marked due to space restriction. The lines in the boxes are the medians, the upper and lower boxes denote the corresponding quartiles, whiskers denote the maxima and minima.



TABLE 1. Important parameters in central bottom waters in the Yellow Sea.
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TABLE 2. Comparison of DIN and nitrate concentration (μmol L–1) in the nCW and sCW areas.
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The variable and water-mass specific patterns of N/P suggest different mechanisms of N-cycling for the two branches of the deep water mass. N* is a tracer that reflects the combined effects of denitrification and nitrogen fixation, atmospheric deposition and river inflow on the ratio of N to P (Gruber and Sarmiento, 1997). The simplest expression of [image: image] (Deutsch and Weber, 2012) represents the excess of [[image: image]] over 16[[image: image]], the most commonly used stoichiometric ratio of these two essential nutrients for phytoplankton assimilation. This tracer was first used in studies of the open ocean where nitrate is predominant, whereas nitrite and ammonium have to be accounted for as well in our study area (Zheng and Zhai, 2021), so that here [image: image]. N* decreased from spring to summer in the nCW and sCW from −1.4 ± 0.3 to −2.5 ± 1.1 and from −1.6 ± 0.5 to −2.7 ± 0.7, respectively. The decrease in N* suggests that DIN is lost in both nCW and sCW between the spring and summer sampling campaigns by mechanisms different from phytoplankton assimilation.

Nutrient distribution was affected by vertical mixing in spring and by stratification of the water column in summer. Water column integration for nutrients can help us to compare the seasonal variations of inventories by eliminating the effect of stratification. In our study, nCW and sCW areas are 7.9 × 103 km2 and 37.5 × 103 km2, respectively, in the proportions of 2 and 10% of the whole YS. Water column integration for total DIN, nitrate, ammonium and phosphate were carried out for every individual station, following interpolation by a gridding method (by ArcGIS). The amount of DIN, nitrate, ammonium and phosphate are shown in Table 1. DIN, nitrate and phosphate decreased by 52, 69, and 82%, respectively, in summer in the nCW and ammonium increased by 69%, reflecting loss of DIN and phosphate to biomass and sediment from spring to summer, and their partial recycling. In the sCW, DIN, nitrate and phosphate in summer decreased by 5, 11, and 18%, respectively, whereas ammonium increased by 137%. These estimates indicate that although DIN is lost in the whole water column, this loss was compensated by production of DIN in the sCW. Less relative loss of nitrate in sCW than in the nCW points to nutrient replenishment from external sources (see Section “Sources of Excess Nitrogen in the Southern Part of Central Yellow Sea Bottom Water”).



Isotopic Composition of Nitrate and Particulate Nitrogen

The δ15N of nitrate (δ15N-[image: image]) in spring was on average 8.3‰ ± 2.2‰ and ranged from 3.6 to 14.2‰, and the corresponding δ18O of nitrate (δ18O-[image: image]) averaged 12.3‰ ± 3.5‰ and ranged from 7.1 to 20.6‰. High values of δ15N-[image: image] and δ18O-[image: image] (δ15N-[image: image] > 10.0‰, δ18O-[image: image] > 15.0‰) were observed in the surface layer of the YSWC, but δ15N-[image: image] and δ18O-[image: image]were relatively low (δ15N-[image: image] = 7.0–8.5‰, δ18O-[image: image] = 9.0‰) in bottom water. Southern coastal water had the lowest δ15N-[image: image] values (δ15N-[image: image] < 7.5‰). In summer, δ15N-[image: image] was on average 7.9‰ ± 3.3‰ (range of 1.1–18.1‰) and δ18O-[image: image] was on average 8.7‰ ± 4.7‰ (range of 2.2–22.8‰). Low values of δ15N-[image: image] and δ18O-[image: image] characterized the sCW (δ15N-[image: image] = 5.7 ± 0.2‰, δ18O-[image: image] = 4.8 ± 0.9‰), whereas coastal water masses typically had high values (Table 1).

N % of SPM in spring was on average 1.15% ± 1.03% and YSWC surface water and nYS surface water had the highest N % (N % > 2.0%), whereas suspended particulate matter in southern coastal water had the lowest N-concentrations (N % < 0.5%). N % of SPM in summer was on average 0.40% ± 0.21% with N % in surface layer higher than those in the bottom layer. In summer the CDW area had highest values (N % > 0.8%). The N % of bottom waters in summer were lower than in spring, indicating stronger decomposition of organic particles, resuspension is less likely the major reason because the weaker water mixing in summer. Average N % of sCW (N % = 0.16% ± 0.03%) was significantly lower than nCW (p < 0.05) (Table 1), probably indicating strong remineralization of particles in the sCW.

δ15N of particulate nitrogen (δ15N-PN) in spring was on average 4.3‰ ± 1.8‰. YSWC water had the lowest values (δ15N-PN < 3.0‰) whereas nYS had the highest values (δ15N-PN > 5.0‰). In the sea surface, incomplete phytoplankton assimilation results in increased δ15N in the residual nitrate pool, and produces organic particles with relatively low δ15N (Sigman and Boyle, 2000; DiFiore et al., 2009). Studies in the YS and ECS proposed an isotope fractionation factor of approximately 5‰ during phytoplankton assimilation (Umezawa et al., 2013; Liu S. M. et al., 2017; Wu et al., 2019; Liu et al., 2020). The corresponding high N %, high values of nitrate dual isotopes and low δ15N-PN suggest phytoplankton assimilation of nitrate and its conversion to biomass in the surface of YSWC. In summer, δ15N-PN was on average 4.7‰ ± 1.5‰, but the range of values of δ15N-PN in the surface was quite wide due to co-occurrence of diverse processes, such as phytoplankton assimilation and nitrification. Assimilation and nitrification were both revealed by nitrate isotopes in this area (Liu S. M. et al., 2017; Wu et al., 2019), which is the likely reason for the wide range of δ15N. The values converged to between 4 and 6‰ with increasing water depth and at >40 m water depth approached the δ15N of nitrate and sediment (Table 1).



Characteristics of Sediments

The sediment under different water masses are characterized by similar water content, nitrogen content (N %), organic carbon content (Corg %) and δ15N (δ15N-sed) of sediment under nCW and sCW. There are no statistically significant differences between other groups of sediments due to low sample numbers, but the distribution (Supplementary Figure 2) and average values suggest that the sediment under coastal water masses had relative low water content, N %, Corg %, and δ15N-sed, whereas they had relatively high C/N ratio.




DISCUSSION

The inter-seasonal variations of nitrate and ammonium are different for the two branches of deep water in the Yellow Sea (nCW and sCW), although DIN and nitrate loss occurred in both water masses. Nitrate concentration decreased in the nCW in summer, whereas it increased in the sCW. In contrast, ammonium concentrations increased in the nCW, but decreased in the sCW. In the following, we aim to explain and quantify DIN and nitrate loss in the central YS bottom water and shed light on different seasonal dynamics of nitrate and ammonium cycling in nCW and sCW. The key processes, namely denitrification and nitrification, are discussed and the proportion of regenerated nitrate in summer is quantified by an isotope mass balance approach in the sCW. The excess nitrate in sCW compared to the nCW is analyzed as well to elucidate its sources.


Nitrate Loss in Central Yellow Sea Bottom Water

The decrease of DIN in the water columns of both nCW and sCW areas from spring to summer (Table 1) requires an N loss process such as denitrification or sedimentation of organic matter and associated reactive N.

The YSCWM with its two offshore water masses considered here (nCW and sCW) is isolated from any euphotic assimilation by summer stratification. As these cold water masses are located below the thermocline there is no air-sea exchange of oxygen, and DO is continuously consumed once the thermocline is formed. Thus, Apparent Oxygen Utilization (AOU) represents the net change due to respiration (Xiong et al., 2020). In the YS, approximately 90% of the organic carbon derived from primary productivity is decomposed in the water column (Song et al., 2016; Zheng and Zhai, 2021) and the positive AOU values in summer indeed suggest that respiration is the dominant process. The [image: image] expected in nCW and sCW from AOU is higher than the actually measured [image: image] between summer and spring sampling (Table 3), implying that regenerated nitrate was removed from the water masses.


TABLE 3. Comparison of regenerated [image: image] and observed nitrate [image: image] in nCW and sCW.
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A likely reason for nitrate loss in both the nCW and sCW is denitrification. Water column denitrification can be ruled out, because the lowest value of DO in nCW and sCW was 218.3 μmol L–1 (station HS1, at 73 m) in summer, which is much too high to allow denitrification in the water column that can only proceed when DO is below 5 μmol L–1 (Altabet, 2006). In addition, the dual isotope values of residual nitrate in that case must show the fractionation effect that enriches 15N and 18O during water column denitrification (Wankel et al., 2006), which is not observed in our data. Instead, the dual nitrate isotope ratios were lower in summer than in spring (Table 1).

Sedimentary denitrification is a strong candidate for the observed nitrate loss in the nCW and sCW. Continental shelf sediment are reported to account for >50% of global nitrate and DIN loss (Bohlen et al., 2012), and sediment denitrification normally is associated with little or no isotope fractionation due to the limitation of nitrate supply to the reactive sediment zones (Brandes and Devol, 1997; Lehmann et al., 2004; Devol, 2015). In the sediments of YS, nitrate is transported from the sediments to the overlying water at most sampling stations, whereas transport into the sediments was observed in the YSCWM area (Liu S. M. et al., 2017; Wu et al., 2019).

In the sediment of the YS, denitrification is a dominant process compared with anammox as evident by abundance of corresponding genes (Gao et al., 2017; Zhang et al., 2018; Cai et al., 2019). For instance, denitrification removes 54–98% N in the BHS and nYS (Zhang et al., 2018). In the surface sediment of the YS, richness and diversity of denitrifiers in mud deposition zones of YS (i.e., in the area of sCW in our study) were lower than the ones in the Yangtze Estuary (Zheng et al., 2015), and higher than the ones in the surface sediment of the South China Sea (Katsuyama et al., 2008; Li M. et al., 2013; Gao et al., 2017).

High concentration of organic matter facilitates the enrichment of denitrifiers (Hill and Cardaci, 2004) and other heterotrophic bacteria (Ren et al., 2020). In the YS, the mud sedimentation area (under nCW and sCW) has relatively high organic carbon content (Corg%). Previous studies revealed that Corg% is positively correlated with the abundance of the functional genes of denitrification (Gao et al., 2017; Zhang et al., 2018), implying that N loss in nCW and sCW is prominently driven by microorganisms.

In the nYS, the abundance of denitrifiers was higher in summer than in spring and autumn, and denitrification flux in summer was about 2 times higher than those in spring and autumn (Chen et al., 2011). All this is in accord with significant N loss to denitrification during summer in the nCW. In the sYS, the bacterial production in summer was on average 3 times that of spring, and the YSCW area had the highest bacterial production (Zhao et al., 2010), probably associated with the N loss in CWs in summer.

The assimilation of nitrate by benthic foraminifera and subsequent intercellular denitrification has been proposed as one reason for N loss in the sCW in summer (Xu et al., 2017; Wu et al., 2019). The distribution of benthic foraminifera was correlated to the median grain size of the sediment and it was abundant in the mud area in the central YS trough (Sun et al., 2009). Sediment denitrification is thus the most plausible reason for the observed nitrate loss in the sCW. The conversion of ammonia and nitrite to N2 by the anammox process cannot be excluded based on our data in hand, but denitrification likely is predominant (Zhang et al., 2018).

Another possible reason of nitrate loss is nitrate vertical diffusion. Upwelling at the boundaries of the YSCWM (Wei et al., 2016) and vertical diffusion can both supply nutrients from deep water to the euphotic layer (Su et al., 2013). Vertical diffusion from the near bottom water in summer has been estimated to supply 4,945 μmol m–2 d–1 of DIN and 236 μmol m–2 d–1 of P to the thermocline in the sCW (Su et al., 2013). Although the upwelling is generally not considered as a cause for changes in the stoichiometry of nutrients, the N:P ratio of the diffusion flux of 21 implies that DIN is consumed more than P.

In summary, the nutrients were regenerated from sinking organic matter or sediments in summer in both the nCW and sCW. However, nitrate concentrations in summer were much lower than the AOU-based estimate of regenerated [image: image] in both nCW and sCW. Denitrification is the main factor resulting in nitrate loss in the nCW and sCW, and stronger N depletion in the nCW compared to the sCW was observed.



Quantification of Regenerated Nitrate in sCW

The regenerated nitrate is an important source of YSCWM in summer, the proportion can be estimate by its distinctive δ18O value. δ15N of newly nitrified nitrate bears the signal of the particulate nitrogen (PN) source and the fractionation effect nitrate cycling to PN and back to nitrate. Differing from this, δ18O-[image: image] is a good tracer of nitrification because δ18O of newly nitrified nitrate bears the signal of ambient water and dissolved oxygen without contribution of preformed nitrate, regardless of its origin from particulate or dissolved organic nitrogen. For quantification of the portions of preformed and regenerated nitrate in summer, a simple mixing model can be set up between newly nitrified and preformed nitrate with distinctive δ18O values of each source. The portion of preformed nitrate in spring and newly nitrified nitrate in summer can be calculated following Eq. (4) and Eq. (5). The calculations below are only based on the sCW due to the fact that nitrate dual isotopes in the nCW were near the detection limit.
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where [image: image] and [image: image] denote the concentrations of the residual portion of the preformed nitrate in spring and of the residual portion of regenerated nitrate in summer, respectively. [image: image] denotes the nitrate concentration of sCW. δ18Ontr denotes the delta-value of newly nitrified nitrate. If δ18Ontr is given, [image: image] and [image: image] can be quantified.

The values of δ18Ontr was not documented for the YS before, but its range can be constrained: (1) The average value of δ18O-H2O of YS is −0.7 ± 0.3‰ (n = 9) (Schmidt et al., 1999), this must be the lower limit of δ18O-H2O for newly nitrified nitrate. (2) Assuming that 5/6 of oxygen atoms are from water (Mayer et al., 2001) and the remaining 1/6 has a δ18O-O2 of 23.5‰ (Kroopnick and Craig, 1972) the δ18Ontr can be expected to be 3.3 ± 0.2‰. (3) In the open ocean, δ18Ontr is around 1.1‰ higher than in the ambient water (Sigman et al., 2009). Assuming the same systematic difference would result in δ18Ontr of 0.4‰ in the YS. In summary, the δ18Ontr is theoretically in the range of −0.7 to 3.3‰ in the YS.

To further constrain the value of δ18Ontr, an iterative mixing simulation is employed based on our observed data. This mixing model can be simplified by several assumptions: (1) Reaction rates of nitrification and denitrification in sCW are stable during the study period. (2) Nitrate concentration in sCW is the function of time (in days). As our spring and summer cruises were in April and August, the whole simulation period is about 120 days. (3) Nitrification, mixing and removal of nitrate proceed simultaneously. Because decomposition of organic particulate nitrogen in the water column accounted for around 90% of total nitrogen loss, the predominant nitrate flux should be directed from water to the sediment so that water column nitrification probably supplies nitrate for sediment denitrification. Ammonium assimilation in the sCW is not implemented in the simulation due to the fact that most of it occurs in the euphotic layer. Thus, the mixing model can be simplified, as nitrate is a mixture of preformed and newly nitrified nitrate, which afterward is removed by denitrification or diffusion (Eq. 6 and Eq. 7). δ18Oloss in Eq. 7 can be calculated by Eq. 8 to Eq. 10.
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where n denotes the number of steps (=days) of the simulation (in d, 1 ≤ n ≤ 120). [image: image] and 18On denote the nitrate concentration and δ18O in sCW of day n, respectively. When the simulation starts (i.e., n = 1), [image: image] and 18On values are equivalent to the corresponding observed values of spring. When the simulation ends (i.e., n = 120), [image: image] and 18On values are equivalent to the corresponding observed values of summer. [image: image] denotes the reaction rate of nitrification ([image: image] = [image: image]/120 μmol L–1 d–1), [image: image] denotes the reaction rate of denitrification and nitrate diffusion together (μmol L–1 d–1, [image: image],[image: image] μmol L–1 d–1).

The result of the mixing model is shown in Figure 6. 18Ontr is 0.9‰ and in good agreement with our initial assumption. Combining this value with Eq. 4 and Eq. 5 suggests that nitrate in summer in the sCW consists of 35% preformed and 65% regenerated nitrate. Furthermore, the δ15N of regenerated nitrate (15Nr) is 3.3‰ that was calculated following Eq. 11. Different from the result of 18Ontr, the value of 3.3‰ for 15Nr reflects not only the δ15N of regenerated nitrate, but also the potential fractionation effects on N cycling.
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FIGURE 6. Simulation results of the mixing model for the sCW: δ18O-[image: image] decreases along with simulation time when δ18Ontr is set to 0.9‰ (A). Schematic diagram of the mixing model, in which the sCW nitrate pool consists of 35% preformed and 65% regenerated nitrate in summer (B).


Overall, regenerated nitrate had a δ15Nr of 3.3‰ and an δ18Ontr of 0.9‰ and contributed 65% to the nitrate pool of sCW. Because nitrate is depleted in the upper layer in summer, 10.3 × 106 mol nitrate of the sCW water column (Table 1) can be considered as the inventory of the sCW. This means that 3.6 × 106 mol nitrate were performed in spring and 6.7 × 106 mol nitrate was regenerated.

In the sCW, lower N % and higher AOU than those of nCW suggest that the decomposition of particulate nitrogen was stronger. The low levels of ammonium and accumulation of nitrate imply that nitrification converting ammonium to nitrate is a major process in the sCW. To our knowledge, there has not been research on nitrification in the YS water column. On the other hand the distribution of two ammonia-oxidizing microorganisms was positively correlated with δ15N-sed in sediment of the southern YS (Yu et al., 2016), which is consistent with the relatively high δ15N-sed of the nCW and sCW. We interpret this as evidence for a fundamental role of microbiological nitrification in the nCW and sCW.

We introduce the molar ratio of nitrate/DIN ([[image: image]]/[DIN]) for simply representing the degree of nitrification. As nitrification proceeds, ammonium is converted to nitrate, resulting in increased [[image: image]]/[DIN] ratios approaching unity. The [[image: image]]/[DIN] in nCW and sCW was 0.35 ± 0.20 and 0.94 ± 0.24, respectively; it was significantly higher in the sCW (p < 0.05) indicating stronger nitrification. δ15N-[image: image] in bottom layer of the whole sYS has a negative linear relationship with [[image: image]]/[DIN] (R2 = 0.80, Figure 7) and converged to 5.7‰ in sCW.
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FIGURE 7. [[image: image]]/[DIN] vs. δ15N-[image: image] and [[image: image]]/[DIN] vs. δ15N-PN sampled from sYS. With proceeding nitrification, the values of δ15N-[image: image], δ15N-PN and δ15N-sed are converging. δ15N-sedi marked by a black cross is the average value for sediment of the sCW.


According to our discussion above, remineralization of PN was the major original source of nitrate in the bottom waters. δ15N-PN versus [[image: image]]/[DIN] of sYS bottom layer presented a weak positive linear relationship (R2 = 0.19, Figure 7). The likely reason for the weak correlation is that the relationship between δ15N-PN and [[image: image]]/[DIN] is indirect and combines PN ammonification and ammonium nitrification. In consequence it is only reliable when [[image: image]]/[DIN] is close to 1 due to decreasing importance of intermediate products (ammonium and nitrite). Setting [[image: image]]/[DIN] = 1 results in similar values of δ15N-PN = 5.1‰ and δ15N-[image: image] = 5.0‰, indicating that nitrification forces δ15N-PN and δ15N-[image: image] to become similar. This finding in the sYS bottom water is in agreement with results in the ocean interior, where nitrate regeneration by nitrification dictates δ15N-[image: image] to be similar to δ15N-PN (Sigman et al., 2009; Buchwald et al., 2012; Casciotti, 2016). The same is evident in the values of δ15N-[image: image] in the sYs of 5.0‰ in autumn before winter mixing (Wu et al., 2019). Besides, sediment nitrogen isotope under the sCW was also close to isotope values of particles and nitrate (δ15N-sed = 5.2‰), these similar delta-values imply that the fractionation of δ15N of PN, nitrate and sediment nitrogen was almost in equilibrium. Further data like phytoplankton abundance, Chl a and dissolved organic nitrogen will be helpful for constructing the internal nitrogen cycling in the area.



Influences of Atmospheric Deposition

Atmospheric deposition is probably responsible for much of the increase of nitrate concentrations in the YS and in the northwest Pacific Ocean in recent decades (Kim et al., 2011; Moon et al., 2021). This input contributed more than 2 times the nitrate flux of rivers to the YS (Liu S. M. et al., 2017). Sporadic events like dust storms accompanied by precipitation have been observed to stimulate phytoplankton blooms in the YS (Shi et al., 2012). It has been estimated that atmospheric nitrogen approximately supported 17–37% of the annual new production in the YS (Chung et al., 1998). The flux of atmospheric deposition of nitrate was around 23.4 × 109 mol year–1 which contributed 47% of external sources (atmospheric depositions and riverine influx) (Han et al., 2013). Other estimates quantify the share of nitrate atmospheric deposition among external inputs (atmospheric deposition, river input, and water exchange) to 71% (appr. 25.4 × 109 mol year–1) (Zhang et al., 2007; Liu S. M. et al., 2017), which was more than 2 times the nitrate flux of rivers to the YS (Liu S. M. et al., 2017).

The ratios of N:P of atmospheric deposition in the YS was 119 to 832 (Zhang et al., 2007), which is much higher than that in the sea water. Besides, during the last two decades, atmospheric deposition accounted for 71% of the increase of N excess in the YS (Zheng and Zhai, 2021). However, the atmospheric deposition would not reach the CWs before they are assimilated in the euphotic layer.

There are no directly measured data of nitrate isotopes in atmospheric deposition in the YS. δ15N-[image: image]of precipitation in northern China and the Japan Sea ranged from −2.5 to +0.9‰ (Zhang Y. et al., 2008; Chang et al., 2019; Kim et al., 2019; Li et al., 2019), whereas δ15N-[image: image] values of PM2.5 (fine particulate matter suspended in the air) ranged from 3.5 to 17.8‰ in northern China (Zong et al., 2017; Fan et al., 2019; Zhang et al., 2019; Song et al., 2020). The ratio of wet to dry nitrogen deposition is close to 1:1 in China on land (Yu et al., 2019) and 1.9:1 in the eastern YS (Kim et al., 2010). Taking the δ15N value of 8.2‰ reported from in Bohai Strait for dry deposition (Zong et al., 2017), and the δ15N value of 2.35‰ for precipitation (Chang et al., 2019) results in an estimate for the δ15N-[image: image] of nitrate deposited from the atmosphere of 1.3–2.9‰. These values are slightly lower but similar to the 3.3‰ of δ15Nr, implying that atmospheric deposition is an important external nitrate source to the sCW from the perspective of nitrate isotopes. Likewise, if we take the δ18O-[image: image] of 65.0 ± 5.8‰ for dry deposition (Zong et al., 2017) and 57.80 ± 4.23‰ for precipitation (Chang et al., 2019) then the δ18O-[image: image] for total deposition is 60.3–61.4‰. δ18O of newly nitrified nitrate, however, only bears the signal of ambient water and dissolved oxygen, so that the high δ18O is not suitable for tracing the atmospheric deposition to δ18O-[image: image] in the bottom water. Nevertheless, the high δ18O of atmospheric deposition may enhance the δ18O in the upper layer and may subsequently change the δ18O in the whole water column if vertical mixing is more intense, like in spring.

Most of the studies considered the difference of the atmospheric deposition between the nYS and sYS as not significant (Zhang et al., 2007, 2010; Shi et al., 2012; Han et al., 2013; Qi et al., 2013). We surmise that atmospheric deposition is an important external nitrate source to the YS, but less likely to be the reason for the higher nitrate concentration in the sCW.



Sources of Excess Nitrogen in the Southern Part of Central Yellow Sea Bottom Water

In spring, nitrate concentrations in the sCW were higher than those in the nCW. The reason is the strong impact of the YSWC, the sub-branch of Kuroshio Current, on the sCW area, reflected in higher concentrations in the south and low nutrient concentrations near 36° N before reaching the nYS in spring (Figure 2). The δ15N-[image: image] in the water column correspondingly increased northward due to the fractionation effect during nitrate assimilation when YSWC flows northward (Umezawa et al., 2013; Liu S. M. et al., 2017). Specifically, δ15N-[image: image] of Kuroshio Current to the east of Taiwan, the upstream of the Kuroshio Current, was in the range of 4.9–6.7‰ (Wang et al., 2016), while δ15N-[image: image] and δ18O-[image: image] of the Kuroshio Subsurface water downstream (200 m < depth < 300 m) was 5.5–6.0‰ and 3.5–4.0‰, respectively (Umezawa et al., 2013). Before reaching sYS, the Kuroshio invasion water (200 m < depth < 400 m) has δ15N-[image: image] and δ18O-[image: image] of 5.5 ± 2.0‰ and 3.4 ± 0.5‰, respectively (Liu et al., 2020). These data indicate that the δ15N-[image: image] of the Kuroshio Current before mixing with the continental water mass in the YS is almost stable in the range from 5 to 6‰. δ15N-[image: image] of sCW and nCW had higher values of 8.6 ± 2.2 and 9.6 ± 1.5‰, respectively.

In summer 2018, Changjiang River discharged 8.0 × 1011 m3 of fresh water into the YS and ECS (MWR, 2019) and approximately 14–28% of the waters from Changjiang enter the southern YS during summer by the northward transported CDW which dominated surface circulation (Liu S. et al., 2003; Fan and Song, 2014). Historical nitrate concentration in the Changjiang Estuary was 20.5 μmol L–1 in the 1960s (Zhou et al., 2008), but reached 66.1–84.1 μmol L–1 in recent decades (Liu X. et al., 2009; Li et al., 2010; Yu et al., 2015; Wang et al., 2016; Zhong et al., 2020). During the longer period of 1900–2010, the Changjiang River N input to the YS and ECS increased from 337 to 5,896 Gg N year–1 (i.e., 0.3 and 5.9 Tg N year–1) according to a recent model simulation (Liu et al., 2018). The area of highest nutrient concentrations emerged in the south or southwestern part of the southern YS during the 1980s–2012 (Li et al., 2017b). The supply of CDW is suggested to lead to major oxygen consumption and even hypoxia, inducing up to 70% of the total DO consumption of the Changjiang River estuary (Zhou et al., 2021). Besides, it also partially accounts for the magnitude of macroalgal blooms in the southern YS in recent years (Li et al., 2017b). DIN/P ratios of CDW in the range of 48.3–106.4 (in the salinity range from 24.8 to 28.4) during our survey were much higher than those of sCW. Formation of the thermocline prevents CDW from being a direct nutrient source to the bottom water. In the northeastward CDW frontal area, nitrate concentration increased with water depth, whereas nitrate isotope values and N % of particles decreased. This indicated a CDW-sourced nitrate supply to the sCW by the production and subsequent decomposition of sinking particles and nitrate regeneration.

δ15N-[image: image] in the Changjiang and its estuary have δ15N values in range of 2.0–6.6‰ (Liu X. et al., 2009; Chen et al., 2013; Yu et al., 2015; Wang et al., 2016; Liu et al., 2020; Zhong et al., 2020). Taking 5.8 ± 2.0‰ as the end member of the Changjiang River (Liu et al., 2020) the calculated value above from the mixing model of regenerated nitrate of δ15Nr3.3‰ is lower. Two possible reasons should account for this difference: (1) during decomposition of PN CDW there is a fractionation effect, and (2) there are other external sources with lower δ15N-[image: image] values.

In the nCW the river influence on the N-pool was low. Yalu River has an annual average water discharge of 3.20 × 108 m3 (Li et al., 2017a) which is about 89% of river input from the Liaodong Peninsula (Chen et al., 2012). It was restricted to the coastal area northwest of the nYS (Duan et al., 2016; Yang et al., 2018). Although 70–80% of this input occurs during the flood season (July and August) (Li et al., 2017a), resulting in a negative correlation between DIN and salinity in coastal area of nYS (Duan et al., 2016), there was no low salinity water during our survey, so that the influence of rivers to central nYS must have been quite limited. The difference of river impact on nYS and sYS in summer is the reason for higher nitrate concentration in sCW.

In addition, the organic carbon content, nitrogen content and δ15N of sediments in central areas of both the nYS and sYS are very similar (Table 1), sediments in both nYS and sYS are mostly clayey silt (Qiao et al., 2017). This implies that reflux from sediment probably did not account for the different nitrate concentration in nCW and sCW, specifically as 90% of organic particles are decomposed in the water column.

Overall, the higher nitrate concentration in the sCW compared to the nCW is due to the stronger inflow of nitrate via YSWC to the sYS in spring, and more river input via the Changjiang River in summer (Figure 8). Atmospheric deposition is an important source of the YS, but it is not the reason for higher nitrate concentrations in the sCW. The δ15N value of newly regenerated nitrate to the sCW of 3.3‰ combines the isotope fingerprints of nitrate from Changjiang River and atmospheric deposition.


[image: image]

FIGURE 8. Different nitrate budgets in the nCW and sCW. In both water masses, nitrate consists of the preformed nitrate and regenerated nitrate. The sCW is impacted by the inflow of Yellow Sea Warm Current (YSWC) in spring, the input from atmospheric deposition and inflow of the Changjiang River in summer, while nitrate is lost mainly to benthic denitrification. The nCW is impacted by the input of nitrate by atmospheric deposition only and nitrate loss mainly to benthic denitrification, the prevalence of which makes the area filled by nCW a net sink for nitrate in summer. Proportions for regenerated and preformed nitrate are estimated by the isotopic mixing only for the sCW because of a lack of isotope values in the nCW. [[image: image]], δ15N and δ18O are labeled by different subscript, “sp,” “sm” denotes the corresponding average values observed in spring and summer, respectively, “r/ntr” and “loss” denotes regeneration and loss, respectively, “ntr_res” and “sp_res” denotes the residual portion of the preformed nitrate in spring and of the residual portion of regenerated nitrate in summer, respectively.


The ecosystem of the YS has responded to this excess nitrogen in the past decades. Red tides have been observed 36 times covering areas of up to 1,460 km2 in 2018 (MEE, 2019). A positive relationship was reported between the mean HAB frequency and DIN concentration in the coastal areas of China (Xiao et al., 2019). The most eutrophic seawaters are found in the large estuaries, including the Changjiang River (Wang Y. et al., 2021), and correspondingly, the HABs occurred most frequently in coastal water (Fu et al., 2012), especially in the Zhejiang and Guangdong coastal area where Changjiang River and Pearl River discharge into the sea (He et al., 2013; Xiao et al., 2019). Because the imbalance of nutrients induced by excess N, HAB occurrence in the coastal area of China may increase in the future (Wang J. et al., 2021). On the other side, reduced ammonium loads from rivers led to a decrease of HAB frequency on a decadal scale in the Laizhou Bay, Bohai Sea (Jiang et al., 2018).

Green tides in the YS have been reported since 2007 (Xia et al., 2009; Liu et al., 2013), covering areas of 18,237 km2 in the YS in 2018 (MEE, 2019). These green tides generally appeared in the Jiangsu coast and drift northwards (Song et al., 2018). Because the occurrence of green tides has a positive correlation with DIN concentration (Liu et al., 2013; Li et al., 2017b), the central YS is less affected than the coastal area so far. Although the impact of human perturbations on the YS was mainly concentrated in the coastal areas in the sYS, the nYS and the central part of sYS will face a higher risk of eutrophication if nitrogen input continuously increases.




CONCLUSION

Based on analyses of nutrient concentrations and nitrate isotope composition in water, particulate matter and sediments in spring and summer, we distinguish differences in nitrogen cycling in two prominent sub-thermocline water masses in the Yellow Sea. Although the hydrographic conditions were quite similar in the northern part (nCW) and southern part (sCW) of the YSCWM, nitrate concentrations of nCW were much lower than those in the sCW in both spring and summer. In spring, nitrate concentrations of nCW were lower than in sCW due to weakening northward transport of YSWC that is expressed as a nutrient gradient between the nYS and the sYS. In summer, the influx of nitrate with Changjiang Diluted Water (CDW), its assimilation into biomass and subsequent nitrification enhanced the nitrate in sCW, but the central area of nYS was hardly impacted by terrestrial influx. DIN pool decreased by 52 and 5% in nCW and sCW, respectively, sediment denitrification and vertical diffusion accounted for DIN loss in the central YS bottom water. However, substantial nitrification in sCW was revealed by dual nitrate isotopes, resulted in DIN in sCW increased in summer opposite to the nCW, A simple mixing model based on δ18O-[image: image] suggested that nitrate of sCW in summer is the mixture of nitrate preformed in spring and regenerated nitrate in summer, co-occurring with DIN loss. Preformed and regenerated nitrate was estimated to amount to 35 and 65% of the total nitrate in the sCW, respectively. Sedimentary denitrification proceeded beneath both water masses gradually reduced the pool of DIN in nCW, whereas higher rates of nitrate regeneration than of denitrification increased the sub-thermocline nitrate pool in sCW. These diverging trends suggest that the sYS is more sensitive to deoxygenation than the nYS. Although the bottom water is still oxic in the south-central YS, the ecological risk of continued and rising excess nitrogen from Changjiang River should not be ignored.
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Dissolved organic nitrogen (DON) is an important component of the marine nitrogen (N) inventory and plays an essential role in N cycling in global estuaries and marginal seas. Understanding DON cycling is important but challenging. Global estuaries and marginal seas are experiencing significant anthropogenic impacts and have intensive physical/biochemical gradients. Therefore, high-quality DON concentration and N-isotope (δ15N–DON) data are very difficult to obtain. To enrich this knowledge, we take the Changjiang Estuary and the adjacent East China Sea shelf seas as a representative example and analyzed multiple isotopes and the concentrations of nitrate ( ), particulate nitrogen (PN), and DON. N isotopes combined with optimum multiparameter analysis proved to be very informative. This integrated analysis discriminates active DON production and consumption from a seemingly conservative distribution pattern of DON. The study area was divided into DON production zones 1 and 2 (P-zone 1 and 2) and DON consumption zones 1 and 2 (C-zone 1 and 2). For P-zone 1, the PN-originated DON elevated the δ15N–DON, while in P-zone 2, the DON excreted by phytoplankton was characterized by low δ15N and lowered δ15N–DON. DON consumption occurred in the   depleted surface waters (C-zone 1) as well as the shelf middle and bottom waters (C-zone 2). This study discovers and consolidates the active and dynamical zoning of DON cycling from the estuary to the offshore marginal sea and establishes a useful means that is of valuable reference to DON cycling studies in global estuaries and marginal seas.




Keywords: dissolved organic nitrogen, N-isotopes, marginal sea, Changjiang Estuary, OMP analysis, nutrient biogeochemistry



1 Introduction

Dissolved organic nitrogen (DON) is often the dominant form of fixed N in global oceans (Berman and Bronk, 2003; Jani and Toor, 2018; Lim et al., 2019). DON has been recognized as a potential N source for primary production, i.e., bacteria and phytoplankton, in the marine environment (Bronk et al., 2007; Sipler and Bronk, 2015). Thus, DON dynamics is one of the key building blocks for a comprehensive understanding of the nutrient biogeochemical cycle. The role of DON in N cycling has been investigated in terms of its production and consumption. Accumulated datasets of DON concentration and its isotope (δ15N–DON) have suggested that DON significantly affects nutrient biogeochemical cycling in most tropical and subtropical surface waters (Letscher et al., 2013; Knapp et al., 2018; Zhang et al., 2020). However, for estuaries and marginal seas, there are a few limited studies on DON bioavailability and its contribution to local N cycling. There are only rare reports on DON cycling based on δ15N–DON, especially where the dissolved inorganic nitrogen (DIN) overwhelms DON in concentration. It becomes particularly challenging to study DON cycling when intensive physical gradients, vigorous biological activities, and significant anthropogenic activities co-exist and join to impact DON cycling in estuaries and marginal seas. What is the major cycling process of DON and how does DON cycling affect the N cycling and nutrient biogeochemistry in estuaries and marginal seas? A substantial amount of terrestrial-derived DON input into estuaries and marginal seas is transported into the open ocean by offshore currents. What is the fate of terrestrial-derived DON from estuaries to marginal seas? The answers to the above-mentioned questions would provide valuable clues to understanding the land–ocean interactions under the current global climate conditions. Therefore, we specifically highlight DON biogeochemical cycling in estuaries and marginal seas and present a case study of the Changjiang Estuary and the adjacent East China Sea shelf areas (CEECS).

The Changjiang Estuary is a well-known, large, river-dominated estuary that is affected by one of the most developed areas in China. The conveyed nutrients, marked by various N species, have significantly increased with the industrialization and urbanization in the river basin (Dai et al., 2011; Liu et al., 2018; Zhang et al., 2021). These anthropogenic loadings are driving the CEECS N budget beyond its natural resilience boundaries (Moon et al., 2021). The excess N could stimulate the growth of phytoplankton and increase the production of phytoplanktonic organic matter, which could further exacerbate local water hypoxia through organic matter degradation and the associated oxygen consumption (Wang et al., 2016). Thus, N cycling in the CEECS has attracted increasing attention in recent years. Published studies have focused mainly on the N cycling reflected by nitrate ( ), particulate nitrogen (PN), and their isotopes (Liu et al., 2009; Umezawa et al., 2014; Gao et al., 2020). Neither the quantity nor the quality of DON concentration and δ15N–DON is adequate to elucidate the DON sources, sinks, and cycling in the CEECS (Zhang et al., 2003; Zhang et al., 2015; Liu et al., 2016; Kwon et al., 2018). Recent findings suggest that DON appears to be conservative in the CEECS, given its small variances in concentration. Such a DON distribution pattern seems to suggest that physical mixing processes are the major driver rather than biochemical processes (Kwon et al., 2018; Kim et al., 2020). Besides this, the high DIN concentration and comparatively low DON concentration in the CEECS create difficulties in acquiring the DON concentration and δ15N–DON (Knapp et al., 2005). As a result, DON cycling in the CEECS has not been clearly recognized or explained yet.

It is difficult to reveal DON cycling in the complicated surroundings of CEECS only through the DON concentration dataset. The multiple-isotope approach developed in recent years provides a useful means of studying marine N cycling processes in the CEECS—for example, in a previous study, we have identified the   sources and traced its transformation processes as well for evaluating the relative importance of each process in the CEECS by the compositions of dual isotopes of   (Zhong et al., 2020). The changes in isotopic signals can reflect the transformation processes between different forms of N, i.e., assimilation, nitrification, and remineralization (Liu et al., 2020). In this study, we presented the DON concentration and multiple N-isotope datasets (detailed description in Supplementary Information Text S1) and described the spatial variation patterns of different forms of N in the CEECS under the joint impacts of physical and biochemical processes. Then, the isotopic fractionation factors of DON production and consumption were estimated. We aim to disentangle the field coupling of DIN, DON, and PN and further clarify the impacts of DIN and PN on the biogeochemical cycling of DON. Finally, a conceptual diagram of DON cycling in the estuary and marginal sea was constructed. This study will serve as a valuable reference for studying DON cycling in global estuaries and shelf marginal seas that are characterized by rigorous physical gradients and biological processes.



2 Materials and Methods


2.1 Sampling

Samples were collected from the CEECS during a cruise abroad the R/V Science III from July 10 to 20, 2018 (Figure 1). The temperature, salinity, and depth were measured by CTD (Seabird 911 Plus, USA). Seawater samples were collected in 12-L Niskin bottles attached to the CTD rosette, and the sampling depths were set as the surface (3 to 4 m deep), middle (about 50% depth), and bottom (3–5 m above the seabed) layers. Upon retrieval, the dissolved oxygen was analyzed using the Winkler titration method (with a precision of 5 × 10−3 mg/L). Samples for nutrients, total dissolved nitrogen (TDN), and stable N (and O for  ) isotope analysis were filtered immediately through 0.2-μm polycarbonate filters (Ф = 47 mm, Millipore, USA) on a Nalgene filter and then were stored in acid‐cleaned and sample‐rinsed high‐density polyethylene bottles (125 ml, Thermo Co., USA). The filters for suspended particulate matter (SPM), particulate organic carbon (POC), particulate nitrogen (PN), and the corresponding δ13C (relative to V-PDB) and δ15N (relative to air N2) measurements were filtered through pre-combusted (500°C for 5 h) and pre-weighed 0.7-μm GF/F filters (Φ = 25 mm, Whatman, UK). After filtration, the filters were dried on board at 45°C for 24 h. All the samples were stored at −20°C until further analysis was carried out in the laboratory.




Figure 1 | A map of the study areas showing the sampling stations.





2.2 Chemical Analysis


2.2.1 Dissolved Nutrient Analysis

The concentrations of seawater phosphate, dissolved silicate, nitrate ( ), and nitrite ( ) were measured using the spectrophotometry method (Hansen and Koroleff, 2007) on a flow injection analyzer (QuAAtro, Seal Analytical, Germany). The detection limits were 0.04, 0.09, 0.02, and 0.005 μmol/L, respectively. Ammonium ( ) was measured immediately upon the retrieval of water samples following a procedure described by Holmes et al. (1999). However,   in about 30% of samples was below the detection limit of the method (<0.006 μmol/L). Given our inability to determine the δ15N of the low-concentration   in our samples (averaging 0.20 ± 0.33 μmol/L), we did not subtract the concentration or the δ15N of   from DON and δ15N of DON. Thus, the DON concentration here was defined as the difference between TDN and  . The concentration of   was quantified using the chemiluminescence method (Braman and Hendrix, 1989) using a  . analyzer (200 EU, Teledyne, USA); the analytical precision is better than ± 0.1 μmol/L. The TDN was first converted into   using the persulfate oxidation method (Hansen and Koroleff, 2007). Briefly, 1 ml of persulfate oxidizing reagent (POR, 1.5 g NaOH + 3 g H3BO3 + 5 g K2S2O8 in 100 ml low-DON Milli-Q water) was added to 10 ml of seawater sample in a precleaned and precombusted (500°C for 5 h) 15-ml quartz tube with a Teflon-lined cap. The screw caps were closed tightly, followed by autoclaving for 30 min. After digestion, the sample was quantified using the chemiluminescence method. The DON concentration was calculated by subtracting the concentrations of   and the N-blank of POR.



2.2.2 Stable Isotope Analysis

The ,  and δ15N-TDN were determined using the denitrifier method (Sigman et al., 2001; Weigand et al., 2016) on an isotope ratio mass spectrometer (PreCon-IRMS, IsoPrime, UK) coupled with a nitrous oxide extraction system. Three reference materials, IAEA-NO-3 , USGS-34, and USGS-35 , were used for calibration. For data quality assurance, an internal standard of hadal water from the Mariana Trench (8,000 m in depth, , and   was analyzed with each batch of samples. Replicate measurements were performed. The analytical precision was ± 0.2‰ or better for δ15N and ± 0.5‰ or better for δ18O. Since both  and  were reduced to N2O by the “denitrifier method,” we analyzed the samples for  and  by using sulfamic acid to remove  prior to  conversion to N2O (Granger and Sigman, 2009). To evaluate the oxidation efficiency and quantify the isotope deviation caused by the POR-associated N blank, the reference material IAEA-600 (δ15N = 1.0‰) and the POR were autoclaved and measured with each batch of δ15N-TDN samples. The δ15N–DON was calculated from the isotopic mass balance equation (Eqs. 1 and 2).



where the TDN concentration was calculated by subtracting the N-blank concentration of POR.





2.2.3 SPM Analysis

The SPM was determined as the weight difference between the dried filters and their counterparts before filtration. The C and N content and the corresponding δ13C (relative to V-PDB) and δ15N (relative to air N2) were measured at the University of California Davis Stable Isotope Facility. The mean standard deviation for reference material replicates was ± 0.06‰ for δ13C and ± 0.08‰ for δ15N.




2.3 Data Analyses


2.3.1 Optimum Multiparameter Analysis

Optimum multiparameter (OMP) analysis, described by Tomczak and Large (1989), is a water mass inverse model based on linear mixing that is used to find the relative abundances of different source water types (SWT). It finds a solution that best reproduces the observed data and minimizes the residuals in a non-negative least square sense. The OMP was constructed based on two main physically realistic constraints: (i) the study area can be fully represented by the combination of predefined SWT and (ii) the contribution of SWT must be non-negative and add up to 100%. The OMP can be summarized in a matrix form as follows:



where G is the matrix with the property values of SWT, X is the vector of proportional contribution of each SWT to be solved, d is the vector of the observed data, and R is the residual vector.

For the analysis, two conservative (temperature and salinity) and four semi-conservative (oxygen, phosphate, nitrate, and silicate) properties were used to define SWT (Poole and Tomczak, 1999; Budillon et al., 2003; de Carvalho Ferreira and Kerr, 2017). However, as the water masses evolve, the concentrations of these parameters are modified by biogeochemical processes, such as assimilation, remineralization, and respiration processes in the CEECS. The impact of biogeochemical processes can no longer be disregarded and have to be included in the analysis. The extended OMP analysis was applied to minimize these effects by adding the Redfield ratio item supplied by OMP files (a detailed description is available in Supplementary Information Text S2). The SWT parameter values (a detailed description is available in Supplementary Information Text S3 and Supplementary Information Text S4) used are summarized in Table 1.


Table 1 | Source water type (SWT) definitions for the Taiwan Warm Current (TWC), Kuroshio Surface Water (KSW), Changjiang Diluted Water (CDW), Yellow Sea Mixed Water (YSMW), Kuroshio Bottom Branch Current North of Taiwan (KBBCNT), and parameter weights used in the optimum multiparameter analysis for this study.



Sensitivity tests were performed to test the impact of uncertainties on the results. First, we simply changed the weights. The weights were from literature (de Carvalho Ferreira and Kerr, 2017; Zhou et al., 2018), experience, OMP files, and calculation (a detailed description is available in Supplementary Information Text S2). The best results were obtained by using the calculated weights (Table 1), which not only effectively represent the varieties in the formation region but also hold the minor mass balance residuals. All mass balance residuals were lower than 8%, only four residuals were higher than 5%, and 74% of the residuals were lower than 1% (Supplementary Figure S2). According to the mass balance residuals, the results of the OMP analysis were reliable (Tomczak and Large, 1989). Furthermore, we analyzed the same dataset by adding and subtracting the standard deviation based on the observed variability (Table 1) from the properties of the SWT (matrix G) to assess the robustness of the solution. Most of the standard deviations of the solutions were <10%. Thus, the uncertainties in the OMP runs were considered acceptable (Gasparin et al., 2014; Zhou et al., 2018).



2.3.2 Expected DON Concentration Dominated by Physical Mixing Processes

Based on the relative abundances of different SWT, the expected DON concentration and δ15N–DON affected only by the physical mixing can be calculated as follows:





We further calculated the deviation of observed values from calculated values. The deviation is defined in terms of Error-DON.



2.3.3 Steady-State Model

The steady-state model is frequently used to interpret the N isotope data from the ocean (Sigman et al., 2009).

For the reactant N pool:



For the product N pool:



where f is the fraction of the reactant remaining.





3 Results


3.1 Hydrographic Characteristics

The distributions of temperature and salinity are shown in Figure 2. The seawater temperature, ranging from 18.3 to 28.8°C with an average of 23.3 ± 2.9°C for the entire water column, showed significant variations from surface to bottom. The salinity varied from 20.7 to 34.6, with an average of 32.1 ± 2.9, showing an increasing trend from surface to bottom. In general, the distributions of seawater temperature and salinity demonstrated that the areas of coastal low-salinity water (<31) became much larger at the surface than in the bottom layer and that cold and salty seawater (>34) moved northward on the East China Sea shelf areas at the bottom. A cold and salty belt (>34) along the south study area was observed in the middle layer, indicating an upwelling of the northward-moving subsurface waters (Figures 2B, E). Based on this investigation and previous studies (Mao, 1964; Su and Weng, 1994; Chen, 2009; Yang et al., 2011), five major water masses were identified in the CEECS (Supplementary Figure S1): (i) the high-temperature (23–29°C) and high-salinity (33.2–34.2) Taiwan Warm Current (TWC), (ii) the low-temperature (18–21°C) and salty (>34.3) Kuroshio Bottom Branch Current North of Taiwan (KBBCNT), (iii) the high-temperature (23–29°C) and high-salinity (S >34.2) but nutrient-depleted Kuroshio Surface Water (KSW), (iv) the relatively low-temperature (<23°C) Yellow Sea Mixed Water (YSMW), and (v) the low-salinity (<31) Changjiang Diluted Water (CDW) in coastal areas. Shelf Mixed Water (SMW) was recognized in the study area during the cruise period. To specify the expansion form of CDW, the isohaline of 26 (Hou et al., 2021) was defined as the core area of CDW, and the isohaline of 31 was defined as the boundary of CDW.




Figure 2 | Horizontal temperature (A–C) and salinity (D–F) distributions for surface, middle, and bottom water in the study area.





3.2   Concentration,  , and 

In the core area of CDW, the   was rich (16.4–63.8 μmol/L) and relatively uniform in vertical distribution (Figures 3A–C). Both   and   were relatively light (Figures 3D–I). In the flow direction of CDW, the   concentration decreased rapidly and became heavier in   and  . Along with the offshore increase of salinity >31, the   concentration was comparatively lower in the surface layer than in the bottom layer and decreased to exhausted in surface water (Figure 3A). Thus, no credible  , data were obtained. In the bottom layer, the KBBCNT had relatively homogeneous   values of 5.5 ± 0.44 and 2.5 ± 0.29‰, respectively (Figures 3F, I).




Figure 3 | Horizontal   (A–C), (D–F), and (G–I) distributions at the surface, middle, and bottom water in the study area.





3.3 DON Concentration and δ15N–DON

In the study area,   accounted for 52 ± 27% of TDN and DON accounted for 45 ± 26%. Therefore, DON was equally important as   in local N cycling. The DON concentration ranged from 3.6 to 9.2 μmol/L in the study area. It was 6.8 ± 1.3 μmol/L at the surface, 5.3 ± 0.86 μmol/L at the middle, and 5.2 ± 0.91 μmol/L at the bottom (Figures 4A–C). The δ15N–DON was varied from −1.4 to 7.4‰, with an average of 3.7 ± 1.6‰. Generally, the high DON concentration corresponded to a lower δ15N–DON and vice versa.




Figure 4 | Horizontal dissolved organic nitrogen (DON) (A–C) and δ15N–DON (D–F) distributions from the surface, middle, and bottom water in the study area.





3.4 PN Concentration and δ15N–PN

The concentration of PN averaged 7.2 ± 8.3 μmol/L. In the core area of CDW, the PN concentration exceeded 20 μmol/L but decreased to 5 μmol/L at ~50 m isobath. In the offshore stations, the PN concentration was low and decreased toward the southeast with a small gradient (Figures 5A–C). In general, the δ15N–PN increased from coastal areas to offshore (Figures 5D–F). The δ15N–PN in the surface layer had a comparatively broader range (−0.99 to 7.6‰, 4.0 ± 2.2‰) than in the middle (0.1 to 5.9‰, 3.9 ± 1.4‰) and bottom layers (0.39 to 6.1‰, 3.0 ± 1.3 ‰).




Figure 5 | Horizontal particulate nitrogen (PN) (A–C) and δ15N–PN (D–F) distributions from the surface, middle, and bottom water in the study area.






4 Discussion


4.1 Influences of Water Masses Mixing on DON Spatial Distribution


4.1.1 Water Masses Mixing in the CEECS

The OMP analysis was used to determine the relative contribution of the core water masses in the CEECS (Supplementary Figure S3). CDW flowed in the east, southeast, and especially northeast directions in the surface layer, which is consistent with previous studies (Liu et al., 2021). In the surface water of the northern study area (transect A1–A4), there is a weak bidirectional northwestward extrusion of CDW over Subei Shoal. From there, the contribution of CDW gradually decreases with increasing distance from the coastal area. YSMW and KSW are present as high contributions in the northern nearshore area and offshore area, respectively. In the southern study area, KSW contributes more than 50% of the total water in the entire surface layer. The remaining contribution comes mainly from TWC and CDW in the nearshore area. The bottom water in the study region is a mixture of TWC, KBBCNT, and YSMW. KBBCNT contributes the most. YSMW is confined to the northern part of the study area.



4.1.2 Zoning of DON Turnover

The difference between measured values and calculated values (Eq. 4) based on OMP results was defined as Error-DON. When the measured values are equal to the calculated values, it means that the physical mixing of the water masses is the dominant factor controlling the spatial distribution of DON. A positive Error-DON corresponds to the net production of DON, and a negative Error-DON corresponds to the net consumption. To identify the DON dynamics in different water masses, Error-DON versus measured DON was plotted (Figure 6A). We found that both net production and net consumption of DON occurred in every water mass. In the study area, the Error-DON averaged 10.7 ± 8.6% for DON net production and −9.0 ± 7.0% for net consumption. Interestingly, in all the sampling sites (n = 138), there were equal numbers of DON net production (n = 69) and consumption sites (n = 69). This result could explain why there is a misleading impression that DON exhibited a conservative behavior in general over the CEECS (from the river mouth to the offshore area up to 800 km; Kwon et al., 2018). In actuality, we captured the non-conservative behavior (active biochemical cycling) of DON via the OMP analysis.




Figure 6 | (A) Scatter plots showing the difference (in percentage) between the observed and calculated values of dissolved organic nitrogen (DON) vs. the observed DON concentration. Different colors are used to distinguish stations where Yellow Sea Mixed Water, Changjiang Diluted Water, Taiwan Warm Current, Kuroshio Surface Water, or Kuroshio Bottom Branch Current North of Taiwan dominate by more than 50%. (B) The distributions of DON net production (diamond) and consumption (dot) site zones are noted. (C) Correlation between δ15N–DON and the fraction of the remaining  (marked as f).



The positive Error-DON values were distributed mainly in the southern coastal areas and northern part of the study area (see the diamonds in Figure 6B). In these DON net production sites, the relationship between δ15N–DON and DON concentration was categorized into two patterns. In the   rich euphotic layer (9.1 ± 9.2 μmol/L, P-zone 1), the DON correlated negatively with δ15N–DON (R2 = 0.57, p ≤ 0.001, n = 29, Figure 7A), while in the coastal middle and bottom waters where the SPM was high (64.0 ± 90.1 mg/L, P-zone 2), the DON correlated positively with δ15N–DON (R2 = 0.29, p ≤ 0.001, n = 37, Figure 7B). The two patterns indicated that there were two different mechanisms of DON production in the two zones. In P-zone 1, the δ15N of the produced DON decreased the δ15N–DON in the water column. Conversely, the δ15N of the produced DON elevated the δ15N–DON in the water column in P-zone 2. A detailed explanation is provided in Section 4.2.




Figure 7 | (A) Relationship between δ15N-dissolved organic nitrogen (DON) and 1-F in C zone 1. (B) Relationship between δ15N-DON and 1-F in C zone 2. The variable “F” is the fraction of the DON remaining.



The negative Error-DON values were concentrated mainly in the southern part of the study area and part of the northern bottom layer (see dots in Figure 6B). Based on the distribution of net consumption sites and the apparent oxygen utilization (AOU), we classified the net consumption sites into two zones: (i) C-zone 1, where the AOU values were negative (AOU = −0.12 ± 0.68 mg/L, n = 17), and (i) C-zone 2, where the AOU values were positive (AOU = 3.17 ± 0.69 mg/L, n = 36). A negative correlation was observed between the AOU and DON concentration (R2 = 0.28, p = 0.001, n = 36, Supplementary Figure S5A). With the assistance of multiple N-isotopic signatures, we determined the most plausible turnover processes for DON in each zone.




4.2 Net DON Production in CEECS


4.2.1 DON Production in   Rich P-Zone 1

DON can be released through the autochthonous biological process of extracellular exudate production by phytoplankton (Bronk, 2002). The surface photosynthetic sources for DON in the Eastern Tropical South Pacific euphotic zone (Knapp et al., 2018) and the South China Sea surface waters (Zhang et al., 2020) were suggested through a positive correlation between the DON stock and chlorophyll-a at these sites. Unfortunately, we lack chlorophyll-a data. However, the   dual-isotope variation pattern in P-zone 1 is capable of characterizing the phytoplankton activity. In P-zone 1, the observed   concentrations (9.1 ± 9.2 μmol/L) were lower than the expected values (15.7 ± 10.7 μmol/L), while both   and   were heavier than the expected isotope ratios   and   In other words,   was partially consumed accompanied by the enrichment of   and   in P-zone 1. This suggests the dominance of   assimilation by phytoplankton (Zhong et al., 2020). The co-variation of   dual isotopes fits a 1:1 line (R2 = 0.96, p ≤ 0.001, n = 29, Supplementary Figure S6A), as also expected for   assimilation by phytoplankton (Granger et al., 2004). A positive correlation between   consumption and DON concentration (R2 = 0.58, p ≤ 0.001, n = 29, Supplementary Figure S6B) suggested the net DON production at these sites as well. In   rich surface waters like P-zone 1, phytoplankton preferentially consume 14N relative to 15N (Sigman and Fripiat, 2019). The isotope effect for   assimilation produces photosynthetic biomass (which, in turn, produces DON) with a relatively low δ15N (Knapp et al., 2018). Thus, the phytoplankton-sourced DON may hold a relatively low δ15N value in P-zone 1.

The isotope effect is a key parameter that associates   assimilation to the 15N/14N of   and DON. Given the fact that   (the reactant) can be continuously replenished by nitrification (Zhong et al., 2020), a steady-state model (Eq. 7, applied to the product N pool) is more appropriate to estimate the isotope effect (15ϵphy) during DON production in P-zone 1. The slope of the linear regression between the δ15N–DON and the fraction of   remaining in the water column after   assimilation yielded an estimate for 15ϵphy of 2.6 ± 0.6‰ (Figure 6C). The δ15Ninitial (y-intercept) was 3.8 ± 0.4‰, which was consistent with the average value (3.8 ± 1.0‰) of the expected δ15N values (theoretical value under physical mixing; Eq. 5) for DON in P-zone 1. This result validated the application of the steady-state model, and the addition of phytoplankton-sourced δ15N–DON decreased the δ15N–DON in the water column.



4.2.2 DON Production in High-SPM P-Zone 2

Approximately 87% of the annual particulate load from Changjiang River is discharged in summer (Zhu et al., 2011). The P-zone 2 is a high-SPM (64.0 ± 90.1 mg/L) region. High SPM reduces light penetration in the water column and suppresses the photosynthesis process and primary production (He et al., 2017). From the perspective of  , the   (average of 6.6 ± 0.9‰) exhibited a homogeneous behavior in P-zone 2, suggesting that it was unlikely to be an occurrence of intensive phytoplankton assimilation. Thus, the phytoplankton-sourced autochthonous DON was not the dominating source of DON in P-zone 2, even though nutrients were rich in this area. PN and DON are the two main organic N species in the water column. In CEECS, PN was significantly controlled by SPM transport (R2 = 0.98, p ≤ 0.001, n = 40, Supplementary Figure S7). SPM (PN) transport and estuarine physical mixing are two independent processes (Gao et al., 2020). More than half of the fine‐grained particles are temporarily deposited near the estuary in P-zone 2 (Chen et al., 2017). Thus, there are possibilities that PN and DON pools interacted during transportation in P-zone 2. An inter-transformation between the two most important organic N pools may have occurred (Gebhardt et al., 2005) and altered the distribution and variation of DON observed in this area.

PN produces DON mainly through cell lysis, exudation, and particle solubilization (Bronk and Steinberg, 2008). These processes are more likely to occur with the rupture of the C–C bond but are much less likely to occur with the rupture of the C–N bond. Thus, the process of producing DON from PN would not cause a significant isotope fractionation, and the produced δ15N–DON should be similar to the δ15N of PN from which DON is derived (Knapp et al., 2011). The δ15N–PN ranged from 0.7 to 7.1‰, with an average of 3.2 ± 1.8 ‰. This was slightly higher than that of δ15N–DON (0.1 to 5.5‰, average 2.9 ± 1.6 ‰) in P-zone 2. The mean values of the δ15N–PN and δ15N-DON in P-zone 2 showed a statistically significant difference (ANOVA, p < 0.01). This difference explains why the DON in P-zone 2 correlates positively with δ15N–DON (R2 = 0.29, p ≤ 0.001, n = 40, Supplementary Figure S4B). The addition of PN-sourced DON elevated the δ15N–DON in the water column.




4.3 Net Consumption of DON


4.3.1 DON Consumption in  Depleted C-Zone 1

DON is known as a potential source of N-nutrient for phytoplankton (Knapp et al., 2018). Hu et al. (2012) demonstrated the ability of Prorocentrum donghaiense, which frequently occurs in CEECS, to assimilate DON. Moreover, Zhang et al. (2015) suggested that DON is bioavailable during the diatom to dinoflagellate bloom succession. Thus, in C-zone 1 where   is completely consumed, DON may play an important role in fueling phytoplankton growth. The bio-active N released from DON in C-zone 1 likely occurs with isotope fractionation when hydrolysis reactions break common C–N bonds (Knapp et al., 2011). Since DON can be continuously supplied by water mixing in the horizontal direction, a steady-state model (Eq. 6 applied to the reactant N pool) would fit the continuous DON supply and removal. The isotope effect (15ϵass-DON) during DON consumption in C-zone 1 was estimated to be 3.7 ± 1.2‰ (Figure 7A), which is in accordance with the isotope effect (3–10‰) of the conversion of amide to amine and amine to ammonia (O′Leary and Kluetz, 1972; Macko et al., 1986; Silfer et al., 1992). The result was slightly lower than the isotope effect of 4.9 ± 0.4‰ during DON consumption in the upper layers of South China Sea (Zhang et al., 2020) and 5.5 ± 1.2‰ in the upper 50 m of Eastern Tropical South Pacific (Knapp et al., 2018). This could result from the residence time of DON that determines the extent of DON consumption. Previous studies suggested that the residence time ranged from days to months in C-zone 1 (Gu et al., 2012; Tan et al., 2018; Wang et al., 2018). In other words, DON has a shorter residence time in this area than in the upper layers of South China Sea (∼3 years; Liu and Gan, 2017) or the upper ocean of Eastern Tropical South Pacific (months to years; Knapp et al., 2011). Hopkinson et al. (2002) showed that the average half-lives of very labile and labile DON are 12 and 113 days, respectively. We infer that the labile DON is not completely consumed due to the short residence time in C-zone 1. Therefore, the isotope fractionation of labile DON consumption in C-zone 1 is weaker than that of refractory DON consumption.



4.3.2 DON Consumption in  Regenerated C-Zone 2

In C-zone 2, the enrichment ratio of 18O and 15N from the potential   sources deviated from the slope of 1.0, spreading over the range from 1.0 to 2.0 (Supplementary Figure S8A, Granger et al., 2004). This suggests that continuous nitrification occurred in this area (Umezawa et al., 2014; Wang et al., 2016). The negative correlation between the AOU and DON concentrations (R2 = 0.28, p = 0.001, n = 36, Supplementary Figure S5A) and the significantly positive correlation between AOU and  concentrations (R2 = 0.64, p < 0.001, n = 36, Supplementary Figure S5B) suggest the aerobic microbial degradation of DON to be associated with  regeneration and a coupling between the consumption of DON pools and the production of  in C-zone 2. The DON remineralization and nitrification elevate the NO3− concentration (Liu et al., 2020).

We use the steady-state model (Eq. 6 applied to the reactant N pool) to estimate the isotope effect during DON consumption. The slope of the linear regression yielded an estimate for 15ϵntr-DON of 5.6 ± 2.6‰ (Figure 7B). The 15ϵntr-DON was consistent with the isotope effect of 5.5 ± 1.2‰ for the DON degradation estimated from data for the upper 50 m of Eastern Tropical South Pacific, where the residence time was many months to years (Knapp et al., 2018). In C-zone 2, KBBCNT makes the highest contribution (>50%, Supplementary Figure S3). The shelf water exchange with Kuroshio Current is 1–2.3 years [summarized in Chen (1996)], which indicates that DON in C-zone 2 undergoes a longer period of degradation than in C-zone 1. As a result, DON degrades more thoroughly, and the remaining DON is more refractory. The δ15Ninitial (y-intercept) was 4.2 ± 0.3‰, which is slightly lower than the average value (4.7 ± 0.2‰) of the expected δ15N values (theoretical value derived from physical mixing; Eq. 5) for DON in C-zone 2. The 0.5‰ difference may result from DON originating from “fresh” PN in C-zone 2. The isotope δ13C is a useful proxy to discriminate the sources of POC. In C-zone 2, δ13C averaged −21.9 ± 1.1‰, suggesting that marine phytoplankton was the predominant origin of POC (−22 to −18‰; Middelburg and Nieuwenhuize, 1998). The linear relationship between POC and PN (R2 = 0.91, p ≤ 0.001, n = 36, Supplementary Figure S8B) suggests that PN was strongly associated with POC. The C/N molar ratio between POC and PN was 5.5 ± 0.3, which is lower than the Redfield ratio of 6.6 (Redfield, 1960), suggesting that the PN was “fresh” (Liu et al., 2019). The solubilization of PN is an important source of DON (Benner and Amon, 2015). The δ15N–PN ranged from 0.6 to 6.1‰, with an average of 3.3 ± 1.6 ‰, which was lighter than that of δ15N–DON (3.0 to 6.7‰, averaged 4.7 ± 0.9 ‰) in the C-zone 2. The mean values of δ15N–PN and δ15N-DON in the C-zone 2 showed a statistically significant difference (ANOVA, p < 0.01). As mentioned in Section 4.2.2, the δ15N of DON produced was similar to the δ15N–PN. Thus, the addition of DON from PN would decrease the expected δ15N–DON in C-zone 2. Therefore, we suggested that the expected δ15N–DON had already been substantially modified by DON originating from “fresh” PN. In this section, we estimated the isotope effect during DON consumption and clarified the confounding coupling of , DON, and PN in the N cycling in C-zone 2.



4.3.3 Ongoing Challenges at the Remaining Sites

The remaining sites not included in these four zones are concentrated in coastal surface waters (n = 17, Figure 6B, gray dots), where the Error-DON was relatively low (−3.3 ± 3.5%). Substantial challenges still exist for studying DON cycling in this zone. On the one hand, it is still uncertain whether this deviation is caused by biological processes or uncertainties for calculation. On the other hand, both the  and PN concentrations were high in this zone, and the variation caused by DON consumption was relatively small. Understanding of the particularly complex and overlapping interactions between , PN, and DON remains elusive. Further studies are required to investigate this issue.




4.4 Conceptual View of DON Cycling in the CEECS

DON is a dominant dynamic component in N cycling, significantly contributing to the hypoxia and eutrophication burden in CEECS. The biochemical cycling of DON, such as mineralization and nitrification, is often accompanied by oxygen consumption and  regeneration (Liu et al., 2020). The  produced by DON mineralization participates in the next cycle of photosynthesis in Redfield stoichiometry. In this manner, DON mineralization plays an important role in stimulating carbon fixation. Nitrification is often accompanied by the side-production of nitrous oxide, a very powerful greenhouse gas (Yang et al., 2020). To summarize, DON cycling is closely associated with local nutrient biogeochemistry, primary productivity, and ecosystem health. A clear model of the DON cycling processes in estuaries and marginal seas is urgently needed in current marine science.

We integrated the above-mentioned results to construct the first diagram of DON cycling in the CEECS (Figure 8). The riverine terrestrial-derived DON input into the coastal zone undergoes substantial modifications by shelf-offshore autochthonous biological processes and degradation processes. In the CE coastal areas (P-zone 2), an area of high SPM provides the ideal location for the inter-transformation between DON and PN. The δ15N–PN is higher than δ15N–DON in this area. The DON of the PN source mixes with the local DON inventory and results in an elevation of the δ15N-DON in the water column. In DON P-zone 1, phytoplankton-originating DON has a low δ15N and offsets the δ15N-DON in the water column. In the  depleted surface seawater (C-zone 1), DON serves as a potential N source for phytoplankton assimilation or heterotrophic microbial processes. In KBBCNT (C-zone 2), continuous DON mineralization and nitrification not only replenish the  pool but also consume oxygen. This oxygen consumption in the water column probably contributes to coastal hypoxia. In C-zone 1 or C-zone 2, incomplete DON consumption (N released from DON) elevates the δ15N of residual DON relative to the original δ15N. The isotope effect was estimated to be 3.7 ± 1.2‰ and 5.6 ± 2.6‰. Based on these results, we suggest that the longer the residence time is, the more completely the DON degrades and the stronger is the isotope effect. This DON cycling diagram (Figure 8) not only fits the CEECS but also is appropriate to be used to describe DON cycling in many other estuarine and marginal marine systems, even though the relative intensities of DON cycling processes may vary.




Figure 8 | Diagram of dissolved organic nitrogen production and consumption in the Changjiang Estuary and the adjacent East China Sea shelf areas with a description of the reaction pathways. The dotted arrow represents the consumption process, and the solid arrow represents the production process.






5 Conclusions

This study proved that DON is an active component in N cycling in estuaries and global marginal seas. Intensive physical processes are among the major drivers controlling the distribution of DON, but the active biotic processes as well play an important role, as revealed and evidenced by the results of the OMP analysis combined with information on the δ15N of DON and other associated N species. There exists dynamic zoning in DON production and consumption in the direction from the estuary to the offshore marginal sea. The combination of OMP analysis and multiple N isotopic proxies has proven to be a useful means of studying DON cycling and may help to improve understanding of the complicated DON dynamics in perturbed estuaries and adjacent marginal seas on a global scale.
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Enrichment of nutrients is believed to lead to coastal hypoxia which have become a seasonal phenomenon over large river estuarine areas such as the Mississippi River-Northern Gulf of Mexico and Changjiang-East China Sea. A similar nutrient enrichment process exists in the Pearl River. However, hypoxia occurs only as episodic events over a relatively small area. We hypothesize that frequent wind events play the interruptive mechanism in preventing the seasonal formation of bottom hypoxia. We used 29 years’ time series data of dissolved oxygen (DO) and winds in the Hong Kong coastal waters to test the hypothesis. Our results show that bottom DO at 3 stations in southern waters of Hong Kong occasionally drops below the hypoxic level (2 mg/L), lasting only for less than one month in summer. Episodic hypoxia events appear to occur more frequently in recent years, but bottom DO does not show a significantly decreasing trend. The wind speed of 6 m/s appears to be a threshold, above which a wind event could destroy water column stratification and interrupt the formation of low-oxygen (DO <3 mg/L) water mass. The wind events above the threshold occur 14.3 times in June, 14.2 times in July and 10.0 times in August during 1990-2018. This explains why episodic events of hypoxia hardly occur in June and July, and only occasionally in August. The frequency of such the above-threshold events appears to show a decreasing trend during 1990-2018, which coincides with an increasing occurrences of episodic hypoxia events in recent years.
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Introduction

Hypoxic environments are natural existence throughout geological time and distributed in many coastal ecosystems around the world (Diaz and Rosenberg, 2008). During the past half-century, however, the duration, intensity and extent of coastal hypoxia have been exacerbated by the increased nutrients input associated with human activities (Breitburg et al., 2018; Du et al., 2018). Typical examples of large dead zones in coastal zones around the world include Baltic Sea, northern Gulf of Mexico, northwestern shelf of the Black Sea and Changjiang-East China Sea (Bianchi et al., 2010; Capet et al., 2013; Väli et al., 2013; Zhu et al., 2016).

The Pearl River is the second largest river in China and the 13th largest in the world. The annual average river discharge is 10,524 m3s-1 with 20% occurring during the dry season and 80% during the wet season (Yin et al., 2004). The Pearl River estuary flows into the northern part of the South China Sea. Hong Kong is part of its eastern shores (Figure 1). This estuary has undergone intensive anthropogenic perturbations, such as domestic sewage, industry wastewater discharge, fertilizer usage and runoff. The total industrial and domestic wastewater discharge in Guangdong Province gradually increased from ~2.5 (1990) to ~9.4 (2016) billion tons (http://www.gdep.gov.cn), resulting in high N level and P limitation in the estuarine plume. (Yin et al., 2001, Yin et al., 2002). The region is subjected to the East Asian Monsoons with southwesterly wind dominates in summer and enables more eastward-directed plume propagation to affect the southern water of Hong Kong, resulting in two-layer circulation and intense stratification in the water column. The Pearl River estuarine coastal waters are very dynamic driven by factors such as river discharge, oceanic waters, coastal currents and monsoons (Yin et al., 2004).




Figure 1 | Map of the Pearl River estuary and Hong Kong waters showing the selected EPD water quality monitoring stations (SM17, SM18 and SM 19) and wind observation station in Waglan Island.



In recent years, the loading of anthropogenic nutrients has been increasing in the Pearl River (Hu and Li, 2009; Su et al., 2017), which is comparable to Mississippi and Yangtze where hypoxia has become a seasonal phenomenon (Rabalais et al., 1998; Li et al., 2002; Rabalais et al., 2002; Rabalais et al., 2010; Zhu et al., 2011; Wang et al., 2016). The increase in nutrients in the coastal waters is usually assumed to result in hypoxia in the estuary and coastal waters. However, over the coastal scale of the Pearl River estuarine influenced waters in the South China Sea, hypoxia has only occurred as episodic events over small areas (Yin et al., 2004; Xu et al., 2010; Li et al., 2019). Recent investigations reported a new occurrence of hypoxia in the coastal waters south of Macau (Ye et al., 2013; Su et al., 2017; Lu et al., 2018; Qian et al., 2018), but the spatial scale is only a small part of the Pearl River estuarine plume which influences the large part of the Northern South China Sea.

Water column stratification and decomposition/oxygen consumption of organic matter in the bottom water are two critical factors that lead to hypoxia, and both favorable conditions must occur simultaneously for hypoxia to develop and persist (Diaz, 2001). Since previous studies have shown lack of nutrient limitation to phytoplankton (Yin, 2003, EPD report 2017, http://www.epd.gov.hk/epd/english/environmentinhk/water/marine_quality/mwq_report.html), which indicate that lack of hypoxia is due to higher oxygen supplying rate by physical processes rather than due to shortage of organic matter. An event of episodic hypoxia in the Pearl River coastal waters was related to the wind mixing, short residence time and shallow (<15m) water depth (Zhou et al., 2012; Ye et al., 2013; Qian et al., 2018). In addition to the buoyancy flux induced by freshwater discharge, local wind forcing plays a regulating role in the stratification stability. Fisher et al. (2018) found that during periods of active wind-wave forcing, a three-layer turbulent response was detected by using numerical model and observational data, in which the wave transport layer transitioned to a surface log layer, which then merged with the tidal, bottom boundary layer in the Chesapeake Bay. Also, the estuarine stratification decreases with increasing magnitude of Wedderburn numbers for both down-estuary and up-estuary winds (Li and Li, 2011). Previous studies found that wind-driven vertical mixing accelerates the ventilation of water column and increases oxygen replenishment in the bottom layer in the Pearl River estuarine coastal waters (Zhou et al., 2012; Wang et al., 2015) and other regions (Wilson et al., 2008; Scully, 2010; Li and Li, 2011; Scully, 2013; Fisher et al., 2018). For example, bottom DO in hypoxic zone was observed to increase rapidly after the passage of a typhoon (Ni et al., 2016; Su et al., 2017). However, the mixing effect of typhoons is relatively short-lived in coastal ecosystems and the enhanced freshwater discharge, which can largely confine and dissipate the momentum input by winds within the plume water and prevent wind energy from penetrating to the subsurface water, will reduce the vertical mixing and re-establish stratification in only a few days (Zhou et al., 2012), to facilitate the re-formation of hypoxia (Su et al., 2017). Therefore, frequent strong wind events are the major force to interrupt the stratification and prevent the formation of hypoxia. Whether strong wind events relieve the tendency of hypoxia on a longer time scale depends partly on the frequency of wind events. Numerical modeling studies have illustrated the effects of wind stress/speed variations on coastal hypoxia (Chen et al., 2015; Wei et al., 2016; Lu et al., 2018). However, the role of frequency of wind events on the formation and maintenance of hypoxia is rarely studied, partly due to lack of long time series data. In order to explain the lack of seasonal phenomenon of hypoxia over the coastal scale in the Pearl River estuarine waters, we hypothesize that frequent wind events interrupt the formation of bottom hypoxia and prevent hypoxia from becoming a persistent seasonal phenomenon in the Pearl River estuarine coast. We used 29 years (1990-2018) time series data of dissolved oxygen and winds in Hong Kong to test the hypothesis. The approach is to examine the temporal trend of dissolved oxygen and frequency of wind speeds and to determine a threshold of wind speeds above which a wind event is strong enough to interrupt the formation of hypoxia.



Materials and Methods

The time series data of DO and other water quality variables at three stations SM17, SM18 and SM19 during 1990-2018 are obtained from the Environmental Protection Department (EPD) which has maintained a comprehensive marine water quality monitoring program since 1986 at 86 stations (Figure 1). The marine monitoring vessel “Dr. Catherine Lam” is equipped with a CTD profiler and a computer-controlled rosette water sampler to measure salinity, temperature and dissolved oxygen in situ and collect water samples for nutrients for later analysis in the laboratory. The surface DO is collected at 1m below the water surface and the bottom DO is collected at 1m above the seabed The water samples were analyzed in the EPD’s laboratory (EPD Report, 2017). This valuable dataset of salinity, temperature, chlorophyll a and DIN has been used in several publications over the last ten years (Yin et al., 2004; Xu et al., 2010; Lui and Chen, 2011; Lui and Chen, 2012; Qian et al., 2018).The three stations SM17, SM18 and SM19 are located in the southern waters of Hong Kong in coastal area of the Northern South China Sea. These stations are open to winds and least affected by tides with depths being 12 m, 21 m and 24 m, respectively (Figure 1). They are visited monthly for sampling. The monthly measurement would be enough to test the hypothesis because a hypoxic event, which can neither occur at the same location every year or last for 2 months, nor occur at 2 stations at the same time, will be considered as an episodic and local event, rather than a seasonal and coastal scale phenomenon. These stations are heavily influenced by the Pearl River estuarine plume during summer. Station SM18 is located in the southern end of Lamma Channel, the north end of which receives the sewage effluents from the outfalls of the Chemically Enhanced Primary Treatment (CEPT) of Stonecutter’s Island Works.

The daily averaged wind speeds and prevailing wind directions at Waglan Island (N 22°10′56″, E 114°18′12″, Figure 1) are obtained from the Hong Kong Observatory (HKO), and are assumed to represent the overall wind field over southern waters of Hong Kong including station SM17, SM18 and SM19. Southwesterly winds are dominant in June, July and August due to the Southwest Monsoon while easterly winds induced by typhoons occurred occasionally. Wind speeds above 6m/s occur less frequently in August which makes the water column in August most vulnerable to episodic events of hypoxia. However, the transition stage of monsoon and the frequent typhoons coming from the open sea generates dominated easterly winds in September (Figure 2). In general, wind direction, which is dominated by southwesterly monsoon winds during June, July and August, enable more eastward-directed plume propagation to the southern water of Hong Kong, which can enhance the water stratification and weaken the upwelling, favoring in the formation of hypoxia. Easterly winds due to the typhoons and transition stage of monsoon push the river plume westward away from Hong Kong waters and enhance the vertical mixing, preventing the formation of hypoxia (Kuang et al., 2011). However, wind speed is much more important in regulating the hypoxia formation as wind directions share the similar pattern from June to August in our study area. Also, a model study demonstrated that the hypoxic zone is much more sensitive to changes in the wind speed than the wind direction in the PRE (Wei et al., 2016). The summer period in our study includes June, July, August and September. Wind frequency is the number of days in each wind speed group (that is 1-2m/s, 2-3m/s and so on) for each month. The period of 29 years (from1990 to 2018) is divided into six groups with 5 years per group to illustrate the variations in wind speeds and the frequency of wind events in the long term.




Figure 2 | Wind rose plots in (A) June, (B) July, (C) August and (D) September from 1990 to 2018.





Results


Time Series of DO at Surface and Bottom

The time series of DO during 1990-2018 at SM17, SM18 and SM19 showed that both the surface and bottom DO fluctuated, usually being high in winter and low in summer (Figure 3). In summer, the bottom DO was all low in June, July and August, and drops to the hypoxic levels occasionally in August. Hypoxic DO occurred more frequently at SM18 than SM17 and SM19, with 2, 4 and 2 times at SM17, SM18 and SM19, respectively, during 29 years. A hypoxic event has never lasted over 2 months in a year at one station and it does not usually occur at the 3 stations in the same month with the exception in August 2011 when the bottom DO was 0.4 mg/L and 0.9 mg/L at SM18 and SM19, respectively. These indicate that hypoxic events are episodic and have not developed a seasonal phenomenon over a coastal scale covering the 3 stations. Though there seems a declining trend in the annual minimum DO concentration, the bottom DO does not show any clear decreasing trend with seasonal variability included over the past decades as the linear regression over time (the red dashed line) is not significant (Figure 3). The P-value of SM17, SM18 and SM 19 were 0.6918, 0.7022 and 0.2598, respectively.




Figure 3 | The time series of surface and bottom DO during 1990-2018 at SM17, SM18 and SM19 (the red dashed line indicates that the linear regression is not significant).





The Relationships Between Bottom DO, Stratification and Winds

In summer, the water column is usually stratified in estuarine and coastal areas due to river outflow and surface heating. In this study, we use the differences in sigma density between surface and bottom layers (△σ) to describe the strength of water column stratification. We use the differences in DO between surface and bottom layers (△DO) and Apparent Oxygen Utilization (AOU) to indicate DO consumption due to decomposition of organic matter in the bottom water mass. The correlation analysis (Table 1) shows that bottom DO is correlated to △σ at the 3 stations with correlation coefficient, r, being ~0.70 at p <0.01. The correlation coefficient r between △DO and △σ is all significant at 3 Stns, reaching 0.8 at SM19. Similarly, AOU is significantly correlated to △σ as AOU increases with △σ increasing. These relationships indicate that the strength of water column stratification plays a regulating role in the DO variability.


Table 1 | The Correlation Coefficient, r, between bottom DO, AOU, △DO and △σ.



Since it takes some time for DO to be consumed to a low level from the surface DO, daily wind speeds of 7 days before the sampling versus bottom DO value are presented in summer during 1990-2018 at SM17, SM18 and SM19 (Figure 4) to inspect visually the wind effect on the low bottom DO. Generally, bottom DO is seen to decrease during a period of low wind speeds and is elevated obviously after each episodic high wind period. For example, the bottom DO increased, reaching 7.8 mg/L and 6.8 mg/L in June 1990 at SM17 and SM18, respectively, after the daily averaged wind speed blew for 7 days at 14.9, 15.2, 11.5, 8.2, 6.8, 3.8 and 9.6 m/s. When an event of hypoxia occurs, it is usually after a period of low winds. For example, bottom DO was 0.4 mg/L and 0.9 mg/L in August 2011 at SM18 and SM19, respectively, after the daily averaged wind speed blew for 7 days at 4.0, 3.8, 4.4, 3.4, 5.7, 4.5 and 3.6 m/s. This reflects the close connection between bottom DO and wind speed. It is worth noting that low wind speed event is a necessary condition for the occurrence of hypoxia, but not a sufficient condition. That is to say, when hypoxia occurs, there must be low wind speed event, while when low wind speed event occurs, hypoxia may not occur. The correlation analysis of bottom DO, AOU, △DO, △σ vs. wind speeds for 1-7 preceding days before a low DO event (Table 2) shows that correlation is better between these DO related parameters and 5-7 days averaged wind speed before sampling than 1-3 days averaged wind speed before sampling, which is related to the water depth and the water column stratification at stations. We choose V7 (7 days averaged wind speed before sampling) to represent the preceding wind speed. Bottom DO is positively correlated to wind speeds while AOU, △DO and △σ are negatively and significantly correlated to wind speeds. The differences in correlation coefficient across stations and variables are resulted from different hydrodynamics and organic matter conditions.




Figure 4 | (A) Wind speed prior to the DO sampling and bottom DO during 1990-2004 in summer at SM17, SM18 and SM19 (the red dashed line denotes the level of DO=2 mg/L). (B) Wind speed prior to the DO sampling and bottom DO during 2005-2018 in summer at SM17, SM18 and SM19 (the red dashed line denotes the level of DO=2 mg/L).




Table 2 | The Correlation Coefficient r, between bottom DO, AOU, △DO, △σ and wind speed in summer.



The time series of V7 for DO in summer at SM17, SM18 and SM19 (Figure 5) does not show any decreasing trend during 1990-2018. The relationship between bottom DO, △σ and V7 during 1990-2018 at three stations (Figure 6) shows that when the wind speed is higher than 8 m/s, △σ is almost close to 0 and bottom DO is usually 5-6 mg/L. The frequency of wind speed V7 vs bottom DO during 1990-2018 in summer at SM17, SM18 and SM19 (Table 3A) shows that occurrences of bottom DO <3 mg/L is 0 when the averaged wind speed in preceding 7 days is >8 m/s.




Figure 5 | Time series of averaged wind speed 7 days before sampling (V7) during 1990-2018 in summer at SM17, SM18 and SM19. There is no significant trend by linear regression.






Figure 6 | The relationship between bottom DO, △σ and wind speed V7 in summer during 1990-2018 at SM17, SM18 and SM19.




Table 3 (A) | The Frequency (%) of bottom DO at different V7 Wind Speeds during 1990-2018 in summer.



However, when wind speed is between 5 and 7 m/s, the bottom DO drops to the hypoxic level occasionally. Since hypoxic events (DO <2 mg/L) occurred rarely in the Pearl River estuarine coastal waters, we take 3 mg/L as the indicator or an event of low-oxygen water mass formation. The frequency of the low-oxygen events varies at different wind speeds, being 9.4%, 4.9%, 1.7% and 0 of bottom DO in summer of 29 years for >5, >6, >7 and >8 m/s in wind speed, respectively. We consider an event with a probability <5% as a small-probability event. When wind speed is >6 m/s, the water column can be largely mixed and the probability of bottom hypoxic events have a <5% chance to occur. Therefore, wind speeds >6 m/s are strong enough to interrupt the water column stratification. The accumulative frequency of the △σ-descending group vs the ascending wind speed V7 groups during 1990-2018 in summer (Table 3B) shows that occurrences of △σ >15 and the other 3 groups decrease when the wind speed increases. For example, occurrences of △σ >15 is 0% at SM19 and <5% at SM17 and SM18 when the averaged wind speed in preceding 7 days is >6 m/s.


Table 3 (B) | The Accumulative Frequency (%) of △σ at different V7 Wind Speeds during 1990-2018 in summer. Group ≥5 m/s includes the other 3 groups, group ≥6 m/s includes the other 2 groups and so on.





The Frequency of Wind Events

Winds >6 m/s are found to be a wind event that is strong enough to mix the water column (Figure 6). Wind events were very frequent over southern waters of Hong Kong (Figure 4). The frequency vs. wind speeds in June, July, August and September during 1990-2018 shows that wind speeds are usually between 2 m/s and 9 m/s and wind speeds <2 m/s or >9 m/s occur rarely (Figure 7). In June and July, wind speeds are mostly 4-7 m/s and are reduced to 2-5 m/s in August. In September, strong wind speeds occur more frequently than August. The accumulative frequency of wind speeds >6 m/s is 14.3, 14.2, 10.0 and 13.0 days per month in June, July, August and September, respectively. Compared to other months, the wind condition is much weaker in August. This means that August is most vulnerable to episodic events of hypoxia.




Figure 7 | The frequency of grouped wind speeds during 1990-2018 in summer (left panel) and accumulative frequency of grouped wind speeds (accumulated from the largest wind speed group to the smallest one) (right panel).



The monthly averages of wind speeds for July and August decrease significantly during 29 years (Figure 8). Decrease can also be seen in June and September, but is not statically significant with the p-value of 0.0851 and 0.1412. It is more apparent that there appears to be a decrease in wind speeds >6 m/s and an increase in wind speeds ≤6 m/s in August based on 5 years grouping of wind speeds during 1990-2018 while no major changes in June, July and September (Figure 9). This suggests that the strong wind events occur less frequently in August than other months during the last 10 years (Figure 7). Among the five groups, the frequency of wind speeds >6 m/s appears to show a decreasing trend, especially in June, July and August. For example, in August, the frequency of wind speeds >6 m/s is 12.6, 12.4, 8.4, 10.6, 7 and 9 days per month during 1990-1994, 1995-1999, 2000-2004, 2005-2009, 2010-2014 and 2015-2018, respectively. In the long period of time, this decreasing trend means that low winds may be more frequent, which potentially results in an increase in the frequency of hypoxia in summer.




Figure 8 | The monthly averages of wind speeds for June, July, August and September, respectively, over 29 years (the red and blue solid lines denote the significant regression).






Figure 9 | The monthly averaged frequency of wind speeds >6 m/s based on 5-year grouping in summer during 1990-2018 at Waglan Island.






Discussion

There is a lack of a significantly decreasing trend in DO in the southern water of Hong Kong during 1990-2018 with occasional drops below the hypoxic level a few times in summer. Nutrients in the southern waters are non-limiting (EPD Report, 2017). However, the drop has not lasted for two consecutive months at one station and has not happened at 2 stations in the same month. This demonstrates that the temporal scale of hypoxia occurring in southern waters of Hong Kong are episodic, not a seasonal phenomenon and the spatial scale is small, not even covering the two stations within 12 km. Yin et al. (2004) proposed the concept of ecosystem buffering capacity against hypoxia, which are determined by a number of drivers and processes (Yin and Harrison, 2007; Harrison et al., 2008; Yin and Harrison, 2008; Ho et al., 2008; Yin et al., 2010). Wind events of typhoons have been reported to mix the water column and subsequently increase bottom DO (Paerl et al., 1998; Paerl et al., 2001; Yin and Harrison, 2007; Zhou et al., 2012; Zhou et al., 2014; Ni et al., 2016). This study gives evidence to testify the hypothesis that frequent strong winds interrupt the stratification and slow down the formation of hypoxia.


The Formation of Low DO Water Mass

It is the residence time of the bottom layer and DO consumption rate that determine the formation of hypoxia in the bottom. The former depends on the physical processes of water advection, vertical mixing, and air-sea exchange and the latter photosynthesis, chemolithotrophic production, and respiration in the water column and sediment oxygen demand (Paerl, 2006; Chen et al., 2015). When the supply of oxygen is cut off to bottom waters, usually due to stratification of the water column, and consumption of DO through respiration exceeds resupply during a sufficiently long period of time, DO will decrease, reaching the level of hypoxia if organic matter is sufficient (Diaz, 2001). In many estuarine and coastal systems, excess nutrients lead to increased primary production, adding new organic matter to the coastal waters. Generally, a coastal water body receiving a large freshwater input with basic features of low physical energy (tidal, currents, or wind) is prone to hypoxia (Diaz, 2001).



The Interruptive Role of Wind Events on Hypoxia Formation

Many studies have demonstrated that physical processes such as estuarine circulation, tide and wind determine the residence time of bottom water and play a crucial role in the establishment, maintenance and termination of hypoxia (Simpson and Bowers, 1981; Simpson et al., 1990; Yin and Harrison, 2007; Rabouille et al., 2008; Wang et al., 2012). Whether an estuary is stratified or mixed depends on the transformation between kinetic energy and potential energy induced by these physical factors (Simpson and Bowers, 1981; Simpson et al., 1990). The freshwater from the river flows above the seawater, and hence exerts a buoyancy/stratifying influence in the estuary. A study found that although freshwater induced mixing may enhance the mixing in the upper layer of water column, but the whole water body is still stratified in the PRE (Kuang et al., 2011). The tides affect the water column in two ways: tidal straining and tidal stirring (Simpson et al., 2005). Winds can affect the turbulent mixing in several ways, including (1) direct mixing due to shear imposed at the surface by the wind stress, (2) generation of waves and wave breaking, and (3) modification of the plume velocity profile, and shear, through coastal set-up and/or straining of isopycnals (Li et al., 2007; Wilson et al., 2008; Wang et al., 2015; Pan and Gu, 2016). As tidal ranges are <2 m in Hong Kong and the tide-induced mixing is mainly confined in the bottom layer and can hardly reach the surface plume layer (Chen et al., 2016), which means tide cannot break down the stratification or ventilate the bottom water to increases oxygen replenishment. Therefore, winds may play the most important role in interrupting the hypoxia formation. In general, the intensity of hypoxia was inversely related to wind stress. Chen et al. (2015) pointed that wind speed and direction are the most important among the physical factors influencing oxygen dynamics in the Yangtze Estuary. A 10% increase in wind speed reduced the areal extent of hypoxia by 46.66%, and a 10% reduction increased the hypoxic area by 67.28% (Chen et al., 2015). In the Pearl River Estuary, the DO concentration and volume of the hypoxic zone changed dramatically at 50% of the standard wind stress forcing of 0.025 Pa in summer and quickly reached a non-hypoxic state when wind forcing approached 200% (Lu et al., 2018). In the Mississippi River-Northern Gulf of Mexico, the size of the ‘dead zone’ was found to be strongly correlated with high river discharges and strong stratification (Justić et al., 1996). The Baltic Sea with persistent stratification is prone to the occurrences of hypoxia (Conley et al., 2002; Diaz and Rosenberg, 2008; Lehmann et al., 2014). Weak tidal forcing and deep topography which lead to the formation of a stable pycnocline also result in seasonal hypoxia in the Chesapeake Bay. The formation of seasonal hypoxia in these large coastal systems are much related to the persistent intense stratification and the lack of wind events is a favorable condition for the formation of hypoxia when organic matter supply is sufficient. Our results show that the occurrences of hypoxia are usually after a long period of low winds (Figure 4). The wind speed of 6 m/s can be considered as the threshold of a wind event, above which the stratified water column can be mixed to interrupt the formation of the bottom hypoxia in coastal waters south of Hong Kong. A numerical model simulation study demonstrated that the water column is almost homogeneously mixed and the development of hypoxia in the bottom water is interrupted when the wind speed increased to 8m/s (Wei et al., 2016).The examination of the monthly frequency of such wind events (>6 m/s) reveals that wind events >6 m/s occur every two or three days on average during June, July and September, which appears to be frequent enough to raise the bottom DO in southern waters of Hong Kong. The wind speed is the lowest in August, which explains why most hypoxic events at SM17, SM18 and SM19 occurred in August (Figure 3). The formation process of hypoxia is interrupted, reset and starts over again after such a wind event. The consumption of bottom DO to the hypoxic level will take some time as the development of phytoplankton blooms and the bacteria degradation of dissolved organic matter require a period of time, saying 7 days at least to consume DO to a hypoxia condition, based on Table 2. Previous study found that in the bottled estuarine surface waters, phytoplankton took 3-4 days to reach the maximum during the incubation. Similarly, it took 3-4 days to consume DO from 5-7 mg/L to 2 mg/L during the dark closed incubation (Yin et al., 2000; Yin and Harrison, 2008). However, in the bottled bottom water, DO consumption to 2 mg/L took longer time with ~ 5 days (J. Yao unpubl). Considering that the real condition in the field is more dynamic than bottled water, the bottom DO consumption will take longer time (>5 days) in situ situation. Observation found that Hypoxia was completely destroyed by the typhoon passage but was quickly restored 8~12 days later in the PRE (Zhao et al., 2021). Each time when the bottom hypoxia is going to be developed, strong winds slow down its formation. A stronger episodic wind event will interrupt its formation completely. The low-oxygen reoccurrence is determined by the recovery of vertical stratification after strong wind events (Su et al., 2017) as blooms in a mixed water column did not develop hypoxia in the spring when stratification was weak at station SM18 (Qian et al., 2018). The resuming processes may not be a simple recovery. As estuarine coastal water are profoundly influenced by the complex interaction processes among three water masses: brackish plume water, offshore surface water and upwelled subsurface water, which influences phytoplankton growth and its organic matter sinking to the bottom water. In addition, the consumption of DO may also be variable. Apparently, each wind event supplies oxygen to bottom layer, which resets the bottom to a higher initial DO value for consumption and hence, leads to longer formation time for the next hypoxia event to occur. This explains why seasonal and coastal scale hypoxic events have rarely occurred in Hong Kong waters despite of the large nutrient inputs.

Due to the southwest monsoon, the Pearl River estuarine freshwater flows across the southern waters of Hong Kong. SM17 is most affected by the river outflow meanwhile the shallow depth of 12 m makes wind mixing more effective at SM17. SM18 is located in the southern end of Lamma Channel. In the northern end of it, the sewage effluent outfalls of the biggest sewage treatment plant (Stonecutter’s CEPT Plant) in Hong Kong are laid in the bottom. Part of the treated effluent flows through the Lamma Channel to the southern waters. Thus, SM18 is most influenced by the sewage effluent with proper depth of 21m, and hypoxia occurred most frequently at SM18. SM19 appears to be least influenced by the estuarine plume and sewage effluent, and by a wind event due to its deepest depth (24 m). This explains low occurrences of hypoxia at SM19 at wind speeds >5 m/s (Table 3A).



Ecosystem Buffering Capacity

Cloern (2001) pointed out that some coastal ecosystems can accommodate an excess nutrient enrichment without showing apparent eutrophication symptoms. Yin et al. (2010) proposed that it is the ecosystem buffering that makes the Pearl River estuary “robust” to N enrichment. It is determined by physical driving forces such as monsoons, river outflow, tidal cycles and rainfall, and some of them become dominant over different temporal and spatial scales, which induce circulation, stratification and turbulent mixing. As a result, the fields of light, salinity, temperature and nutrients vary, thus influencing algal growth and DO consumption. When anthropogenic nutrients enter coastal waters, there would be a series of physical and biological processes before nutrient enrichment causes any ecological impacts. If the ecosystem buffering capacity is large enough, the input may not lead to major symptoms of eutrophication. One is the long-term increase in chlorophyll-a (chl-a) in coastal regions due to accelerated phytoplankton growth in response to elevated concentrations of nutrients. The other is hypoxia due to the increased production or input of organic matter (i.e., phytoplankton, benthic microalgae and macro-algae, and sea grass biomass) in coastal waters. Inversely, algae bloom and hypoxia may occur.

Lacking of a seasonal hypoxia over the coastal scale in the Pearl River estuarine influenced waters suggests that the ecosystem buffering capacity plays a regulating role in controlling the production and accumulation of algal blooms and DO consumption and potential occurrence of hypoxia (Lee et al., 2006; Harrison et al., 2008). In addition to these physical controls on hypoxia, the lower PO4 concentrations relative to nitrogen (N:P~100:1), may limit the phytoplankton biomass production through P limitation, and hence the amount of organic matter sinking to depth (Yin et al., 2004). It will have more impact as the total phosphorus input in Guangdong Province gradually decreased from ~21400 (2011) to ~7400 (2018) tons. Zooplankton grazing pressure could also be an influencing factor in limiting the phytoplankton biomass via the top down control in HK waters in summer (Ho et al., 2008). Strong solar radiation can reach the shallow bottom layer of HK waters (although it might still be limiting) and support some growth of phytoplankton at depth that can release and partially replenish DO (Ho et al., 2008). In summary, hypoxia might therefore develop only when bottom DO consumption exceeds the buffering capacity maintained by all these physical and biochemical factors above.

The frequency of wind events (>6 m/s) appears to show a decreasing trend in summer in the long term, which may be well related to global climate change. Climate change is likely contributing to the increase in dead zones, by influencing factors such as winds, precipitation and temperature (Altieri and Gedan, 2015). For example, changes in the direction and strength of seasonal wind patterns can modify hypoxic conditions by affecting circulation patterns that determine nutrient delivery and water column stratification (Conley et al., 2007; Altieri and Gedan, 2015). Changes in rainfall patterns can increase discharges of freshwater and nutrients to coastal ecosystems (Diaz and Rosenberg, 2008). Recently, global warming is predicted to enhance stratification, decrease oxygen solubility and accelerate respiration, thus exacerbating the oxygen depletion in nutrient-enriched coastal systems (Breitburg et al., 2018). In the Chesapeake Bay, sea level rise and larger winter-spring runoff led to stronger stratification and large reductions in the vertical oxygen supply to the bottom water. The hypoxic and anoxic volumes would increase by 10-30% between the late 20th and mid-21st century (Ni et al., 2019). In the Gulf of Mexico, a 20% increase of the Mississippi River discharge, which may occur under some climate change scenarios, would produce an increase in the frequency of hypoxia by 37% (Justić et al., 2003). In the Baltic Sea, the impacts of warming and eustatic sea level rise were comparatively smaller than changing river-borne nutrient loads and atmospheric deposition, but still important (Meier et al., 2019). When it comes to the PRE, The weakening of the East Asia Summer Monsoon, induced by a reduced thermal contrast due to a greater increase of sea surface air temperature than the land, has been observed over the Northern South China Sea (Chang et al., 2000; Lei et al., 2011). If the weak wind condition or the tendency of decreasing wind speeds continues in the future, the occurrence of hypoxia in this system may become more frequent, and likely develops into large areas of seasonal hypoxia. This may contribute to a relatively large hypoxic zone in the south water of Macau reported recently (Su et al., 2017; Lu et al., 2018; Qian et al., 2018). This raises an alarming signal and an urgent need to fully understand the influence of climate change and how multiple factors interact to drive the dead zone dynamics.




Conclusions

Due to population growth and economic development in last 60 years, riverine nutrients have increased dramatically, which leads to increased organic matter production in estuarine and coastal waters. However, not all estuaries or coastal waters show eutrophication symptoms such as red tides or hypoxia (Cloern, 2001). Nutrients in the Pearl River have been steadily increasing in the last 4 decades, but hypoxic water mass has not developed into a seasonal phenomenon in a large scale over the plume influenced waters in the Northern South China Sea. Our study testified the hypothesis that frequent strong wind events destroy the water column stratification and interrupt the formation of hypoxia. The wind speed >6 m/s can be considered to be the threshold of an interruptive wind event in Hong Kong waters. Our finding demonstrates the role winds play in the ecosystem buffering capacity against enrichment of nutrients. The finding is significant because climate change may have resulted in the decreasing trend in the frequency of wind speeds >6 m/s in the recent years, which is an alarming signal for more occurrences of hypoxic events in the region. The water quality management needs to keep long-term monitoring and develop strategies for controlling and regulating the input of nutrients in coastal waters to the level that is below the threshold for triggering the hypoxia in the downstream of the estuary.
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Details of the development of coastal hypoxia in response to the passage of Typhoon Bavi (2020) in the East China Sea were reconstructed by numerical modeling using a three-dimensional coupled physical–biogeochemical model. The model was validated via repeated surveys along a transect across a submerged river valley off the Changjiang Estuary before and after the passage of Typhoon Bavi. Before Bavi’s arrival, survey data indicated that the coastal hypoxia had formed off the Changjiang Estuary. However, the hypoxia was not eliminated but instead migrated and aggravated along the observed transect after the typhoon passage. This phenomenon cannot be attributed to the typhoon-induced mixing. Simulation results reveal that the observed development and spatial migration of hypoxia was mainly controlled by typhoon-induced oceanic advection. Results show that Bavi stimulated a regional quasi-barotropic cyclonic loop circulation and coastal downwelling reversing general summer circulation patterns. The onshore transport of the warmer shelf water and subsequent downwelling resulted in a warming of coastal water. The southward coastal current and downwelling induced by the typhoon also led to a migration of the hypoxic zone. Meanwhile, a massive transport of resuspended planktonic detritus from the steep inner shelf and the shallow Changjiang bank toward the submerged river valley occurred. This study reveals that the typhoon-driven currents can play an important role in the development of hypoxia and redistribution of deposited organic matter in coastal shelf seas, which may have both short- and long-term effects on the regional marine biogeochemical environment.




Keywords: hypoxia, tropical cyclone/typhoon, East China Sea, coastal ocean warming, particulate organic matter, physical–biogeochemical model



Introduction

A tropical cyclone (TC), referred to as a “typhoon” when occurring in the northwestern Pacific Ocean with a maximum wind speed of at least 32.7 m·s−1, exerts significant impact on the ocean through the input of freshwater and exchange of momentum and heat over several hundreds of kilometers around its center (Price, 1981; Morey et al., 2006; Mei et al., 2015). Recovery of the upper ocean in response to passage of a TC may take several days to weeks (Hazelworth, 1968; Price et al., 1986; Hart et al., 2007; Wang et al., 2016; Zhang et al., 2021). The violent synoptic disturbance brought by TCs may also cause dramatic changes in the marine environment (Chai et al., 2021; Zhang et al., 2021). Recently, an increase in the frequency of TCs passing coastal seas has been revealed by Wang and Toumi (2021) as a global pattern. This indicates an increasing impact of TCs on coastal ecosystems.

Widespread coastal hypoxia, conventionally defined as occurring when the dissolved oxygen (DO) concentration falls below 2–3 mg·L−1, degrades the biodiversity and the resilience of marine ecosystems (Wu, 2002; Diaz and Rosenberg, 2008; Vaquer-Sunyer and Duarte, 2008; Breitburg et al., 2018; Fennel and Testa, 2019). Coastal hypoxia is sensitive to mixing and advection (Ni et al., 2016; Zhou et al., 2017; Zhang W. et al., 2019; Zhou et al., 2020). The response of coastal hypoxia to TCs is associated with the interaction of the local biogeochemical environment and the extreme weather conditions produced by a TC, which may lead to severe ecological hazards (Stauffer et al., 2012). Coastal hypoxia also mediates the mean CO2 air–sea flux (Li et al., 2019; Yu et al., 2020). In order to understand the impact of TCs on the long-term CO2 air–sea flux, it is important to distinguish the responses of hypoxic and non-hypoxic zones to the impact of TCs (Li et al., 2019).

In the open upper ocean, a TC can deepen the mixed layer, drive non-axisymmetrical surface Ekman cyclonic divergence flow, and shed near-inertial wakes and internal waves (Zhang et al., 2021). A TC will cool the sea surface primarily via enhancing vertical mixing, which is also attributed to TC-induced upwelling and air–sea heat exchange; meanwhile, a TC will warm the subsurface water due to mixing, which is also modulated by near-inertial pumping (Zhang H. et al., 2016; Zhang H. et al., 2019). During the recovery period, high-chlorophyll patches are frequently observed along TC tracks at the sea surface (Pan et al., 2017), which can be up to 30-fold more concentrated when compared to conditions before the passage of a TC (Lin et al., 2003), although the underlying mechanisms are still not clear (Chai et al., 2021).

The confined lateral boundaries and shallow depth of coastal waters make the hydrodynamic response to the passage of a TC more complicated than that in the open ocean (Halliwell et al., 2011; Glenn et al., 2016; Seroka et al., 2016). One distinct phenomenon is that passage of a TC may result in an increase in the coastal sea surface temperature (SST) when its periphery sweeps the coast (Sun et al., 2014; Seroka et al., 2016; Seroka et al., 2017; Zhang Z. et al., 2019; Jin et al., 2020; Wang and Zhang, 2021). The increase in coastal SST is caused by the advection driven by a TC, which transports the warmer shelf water towards the coast to overlay the cooler coastal water. Similar phenomena also occur in late summer and autumn in other regions subject to storms when surface water temperatures are higher at mid-shelf than along coasts (Zhang W. et al., 2016). Zhang Z. et al. (2019) even found that the increase in coastal SST in turn contributed to the rapid intensification of a TC before landfall. The onshore water transport further induced coastal downwelling episodically in an upwelling prevailing season (Zhang Z. et al., 2019). To date, the nature of the hypoxia response in association with TC-induced coastal ocean warming remains unknown.

Several observational endeavors, including the cruise in this study, found that a coastal hypoxic zone still persisted despite of the passage of a TC (Su et al., 2017; Wang et al., 2017; Guo et al., 2019; Zhao et al., 2021). The time series data obtained from moorings further revealed the relief and the subsequential reoccurrence of hypoxia off the Changjiang Estuary in response to the passage of the TC (Ni et al., 2016). Ni et al. (2016) suggested that although the strong winds from the TC would relieve the hypoxic conditions through mixing, the mixing would also support a subsequent phytoplankton bloom and result in re-establishment of hypoxia. Wang et al. (2017) suggested that apart from the strong mixing, the elevated river discharge caused by TC-induced heavy rainfall would also contribute to the nutrients needed by the subsequent phytoplankton bloom to re-establish hypoxia. Zhao et al. (2021) found that although the local respiration rate was the major driver of hypoxia after passage of the TC, the invasion of subsurface water from the outer-shelf with low-oxygen content also contributed an additional 8.6 ± 1.7% of the depletion of DO in the hypoxic zone off the Pearl River Estuary. Guo et al. (2019) found that although a TC eye passed through the core hypoxic zone, the stratification at the submerged river valley off the Changjiang Estuary was not completely eliminated and the residual hypoxic water persisted there. The case studies have suggested quite complex and various coupled physical–biogeochemical responses in terms of hypoxia to a passing TC.

The East China Sea (ECS) is located on a wide continental shelf and enclosed by the northwestern Pacific Ocean, which is often exposed to typhoons. On average, ~5 typhoons cross the ECS mostly in the summer and autumn (Li et al., 2019). Seasonal hypoxic zones have been often found off the Changjiang Estuary and in the submerged river valley, which are distributed from 28°N to 33°N (Figure 1A) (Li et al., 2002; Wei et al., 2007; Zhou et al., 2010; Zhu et al., 2011; Wang et al., 2012; Zhang W. et al., 2019; Chi et al., 2020; Zhou et al., 2020). Therefore, the ECS is an ideal region for studying the responses of coastal hypoxia to typhoons passing in various scenarios. This study focused on a scenario that the passing typhoon is incapable to completely destroy the stratification at the hypoxic zone owing to insufficient wind speed or impacting duration. In that scenario, both the hypoxic water mass and particulate organic matter may be migrated by the typhoon-induced oceanic advection, which appends new knowledge to the diversity in the typhoon–hypoxia interaction.




Figure 1 | (A) The occurrence frequency for hypoxia off the Changjiang Estuary retrieved from 20 ship-borne surveys from 1988 to 2015 based on 3.0 mg·L−1 contours of dissolved oxygen (DO) concentration. Cruise information and hypoxia extents can be referred to Zhou et al. (2020). The isobaths are shown by gray contours with 10-m intervals from 20 to 60 m. The location of “Datong hydrologic station” is indicated by a yellow pentagram. (B) The wind field vectors over the ECS at 12:00, August 25, 2020 were derived from the cross-calibrated multi-platform (CCMP) ocean vector wind analysis product and are denoted by black vectors where the color indicates speed. The typhoon track (red line) was derived from the western north Pacific Tropical Cyclone database created by the China Meteorological Administration (Ying et al., 2014; Lu et al., 2021). Typhoon strength is classified by the maximum wind speed near the center of the circulation denoted by dots in different colors with the strength marked every 6 h (format: time–date). TD, tropical depression; TS, tropical storm; STS, severe tropical storm; TY, typhoon; STY, severe typhoon; SuperTY, super typhoon. The sampling stations before and after the typhoon passage are denoted by green upward-pointing triangles and purple downward-pointing triangles, respectively. The red rectangle highlights the transect analyzed in this study. The isobaths are shown using white contours at 10-m intervals from 20 to 60 m. A zoomed-in map appears below the legend.





Materials and Methods


Ship-Borne Survey

A ship-borne survey was conducted off the Changjiang Estuary for hypoxia from August 17 to 30, 2020. Prior to that cruise, Tropical Storm Jangmi (Enteng) passed the ECS with a lifetime from August 6 to 11. During the cruise, Typhoon Bavi (Figure 1B) passed the ECS. Bavi developed initially in the northwestern Pacific Ocean, skirted the Island of Taiwan, and finally entered the ECS heading to the northeast. It then went north on August 24. During its passage over the ECS, its eye was mostly off the 40-m isobath. Bavi had gradually intensified over the ECS and became a typhoon on August 24. It crossed the latitude where the submerged river valley is located on the 25th and reached its peak intensity on the 26th. Bavi left the ECS from the north boundary on the 26th. This typhoon stayed ~200 km from the west coast of mainland China during its passage over the ECS (Figure 1B). Many typhoons have followed similar paths while passing over the ECS (Sun et al., 2015). The cruise was then divided into two legs, which were conducted from the 17th to 22nd before the typhoon passage and from the 28th to 30th after the typhoon passage, respectively. The first leg took in situ measurements at nine stations along the 31°N transect as shown in Figure 1B. The second leg revisited the 31°N transect with measurements taken at five stations (Figure 1B). An SBE911 plus CTD with SBE-43 DO and FLNTURTD-6001 sensors was used to collect temperature, salinity, DO, chlorophyll-a (Chla), and turbidity profiles.



Remote Sensing Datasets

Two Optimally Interpolated (OI) SST products involving multi-platform remote sensing data and other available observational data were employed for model validation. One product was obtained from the US National Oceanic and Atmospheric Administration (NOAA) with a resolution of 1/4° (Reynolds et al., 2007) (available at https://psl.noaa.gov/dat/gridded/data.noaa.oisst.v2.highres.html). The other, with a resolution of 9 km, was produced by the Remote Sensing Systems (REMSS), which was sponsored by US National Oceanographic Partnership Program and the US National Aeronautics and Space Administration Earth Science Physical Oceanography Program (Wentz et al., 2000) (available at www.remss.com).



Model Description

A coupled physical–biogeochemical model was applied. The physical module was based on a customized Regional Ocean Modeling Systems (ROMS) model particularly tuned for the ECS (Shchepetkin and McWilliams, 2005; Haidvogel et al., 2008; Zhou et al., 2015; Zhou et al., 2017). The biogeochemical module was based on the carbon, silicate, and nitrogen ecosystem (CoSiNE) model (Chai et al., 2002; Xiu and Chai, 2014). The coupled ROMS-CoSiNE model (hereafter BYESbio24) was capable of simulating the seasonal, and synoptic, variation of the hypoxic zone in the ECS (Zhou et al., 2017; Zhou et al., 2020; Tian et al., 2022).

The curvilinear grid of the BYESbio24 model covered 117.5−132.0°E and 23.5−41.0°N with a homogeneous 1/24° horizontal resolution. The s-coordinate terrain-following vertical grid had 30 levels. For spin-up, a flow field was initiated from a climatological January mean based on observations spanning from 1958 to 1987 (Chen, 1992) and driven by climatological Comprehensive Ocean–Atmosphere Data Set (COADS, available at http://iridl.ldeo.columbia.edu/SOURCES/) with forcings for three annual cycles. The climatological run output was then used as the initial field for a continuous realistic run from 1998 to 2020. The daily-averaged outputs in 2020 were analyzed in this study. The detailed setup is listed by Zhou et al. (2015). Furthermore, the lateral and surface forcings in the present study were updated along with newly released products. The tidal constituents including major diurnal and semi-diurnal components were derived from the Oregon State University TPXO9-atlas (Egbert and Erofeeva, 2002). The 6-hourly wind field was obtained from the cross-calibrated multi-platform (CCMP, available at www.remss.com) ocean vector wind analysis product (Atlas et al., 2011; Wentz et al., 2015; Mears et al., 2019). Figure 1B shows that the typhoon eye location from the CCMP dataset was consistent with that from the western north Pacific TC database created by the China Meteorological Administration (Ying et al., 2014; Lu et al., 2021). Any wind speed that was larger than 25 m·s−1 was reassigned as 25 m·s−1, and this was then converted to the sea surface stress via the formula by Large and Pond (1981) because the wind-induced stress ceases to increase or perhaps decreases slightly with TC-scale winds (Powell et al., 2003). The surface heat and freshwater fluxes were obtained from the European Centre for Medium-Range Weather Forecasts ERA5 product (Hersbach, 2019; Hersbach et al., 2020) (available at https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels?tab=overview). The temperature, salinity, velocity, and sea level elevation at open boundaries were nudged to the daily-mean HYbrid Coordinate Ocean Model (available at https://www.hycom.org) hindcast outputs (George and Halliwell, 1998; Bleck, 2002; Kelly et al., 2007). The CoSiNE model consisted of 13 state variables: nitrate, phosphate, silicate, ammonium, diatoms, picophytoplankton, microzooplankton, mesozooplankton, nitrogen-based detritus organic matter (hereafter detritus), biogenic silica detritus, DO, total CO2, and total alkalinity. The model framework was elaborated by Chai et al. (2002) and Xiu and Chai (2014). The customized CoSiNE model, particularly for the ECS and Changjiang Estuary, was provided by Zhou et al. (2017). The runoff and nutrient concentrations at Datong hydrological station in the lower reach of the Changjiang River (Figure 1A) were from the Changjiang Maritime Safety Administration (available at https://cj.msa.gov.cn/ ) and measurements by the research team in the Second Institute of Oceanography, Ministry of Natural Resources, respectively. For other setups, parameterization schemes, parameters, and validations, one can refer to Zhou et al. (2017), Zhou et al. (2020). The ROMS and CoSiNE modules were coupled online, i.e., all the 13 state variables were driven by the real-time hydrodynamics.




Results


Model Validation and Limitations

In order to validate the modeled SST, the simulated daily-mean SSTs averaged over the ECS for the entire year were compared with the two OI SST products (Figure 2). The high correlation coefficients between the model outputs and the observational products suggest good performance of the model in simulating the daily variation in temperature. The heterogeneous SST change after Bavi’s passage was also well reproduced by the model (Figure 3). The model (Figure 3A) and the two OI SST products (Figures 3B, C) all exhibit sea surface cooling to the east of approximately 123°E and sea surface warming approximately to the west of 123°E in response to Bavi’s passage. Note that the model estimated milder cooling than that found by the OI SST products, while the sea surface warming in the model was stronger. The daily-mean model outputs were further compared with survey data for profiles in terms of temperature, salinity, Chla, and DO in Figures 4A–D. The model outputs agreed relatively well with both of the measurements during Legs 1 and 2 taking into the dramatic variations induced by the passing typhoon. Figures 4A–D also indicate some substantial discrepancies between the observed and simulated parameters. Looking into the individual profiles, the model overestimated the temperature of a bottom water mass, which was with an observed temperature of ~19°C found during Leg 1, to the east of 123.5°E (Figure 4A). This suggests that the model probably underestimated the stratification where the Taiwan warm current (TWC) prevails before the passage of Bavi. The model overestimated the salinity of the Changjiang diluted water (CDW) particularly within the observed range of 25–30 PSU during Leg 1 (Figure 4B). This suggests that the model probably underestimated the mixing near the Changjiang Estuary. The model generally overestimated the DO concentration in bottom water when the observed DO concentration was <8 mg·L−1 (Figure 4D). This is probably because the sediment oxygen consumption was not taken into account by the model (Meng et al., 2022).




Figure 2 | Averaged daily mean sea surface temperature (SST) within 121–127°E and 27–32°N from the numerical model (in this figure: Model), US National Oceanic and Atmospheric Administration (NOAA) Optimally Interpolated (OI) SST product (in this figure: NOAA), and the Remote Sensing Systems  OI SST product (in this figure: REMSS) over time. The Pearson correlation coefficients between the model outputs and the observational products, r, are shown.






Figure 3 | Sea surface temperature (SST) difference (ΔSST) found by subtracting daily mean SST on August 22, 2020 from that on August 28, 2020 derived from the (BYESbio24 model; (A), US National Oceanic and Atmospheric Administration (NOAA) Optimally Interpolated (OI) SST product (B), and Remote Sensing Systems (REMSS) OI SST product (C).






Figure 4 | Point to point comparisons between the survey data and the daily-mean model outputs. Measured (A) temperature, (B) salinity, (C) chlorophyll-a (Chla), and (D) dissolved oxygen (DO) data at 1-m-depth intervals were retrieved from stations conducted during Leg 1 (blue) and Leg 2 (orange). The darker patch in Panels (A, B, D) indicates the higher point density. The number of samples (N), coefficient of determination (R2), root-mean-square error (RMSE), and bias are exhibited in the figure. The coefficient of determination and root-mean-square error in Panel (C) were calculated in logarithmic space, which are denoted by   and RMSElog, respectively.



Repeated survey at the 31°N transect revealed complex three-dimensional variations in both hydrographical and ecological environments in response to Bavi’s passage (Figures 5A–C). The survey also revealed that surface cooling occurred to the east of 123°E, while surface warming occurred to the west of 123°E, which is consistent with the findings of the OI SST products (Figures 3B, C). However, subsurface warming occurred beneath the cooled surface layer based on the survey data. Correspondingly, both the coastal water to the west of 123°E and the subsurface water to the east of 123°E were diluted, while the offshore surface water to the east of 123°E was condensed as inferred from the variation in salinity field (Figure 5B). The variation in DO was more complicated and exhibited a sandwich-like vertical structure particularly to the east of 123°E; that is, in response to the passage of Bavi, DO concentration declined, increased, and declined again from the surface to the subsurface, and at the bottom, respectively. In Figures 5D–F, the daily-mean state variables on the 22nd were subtracted from those on the 28th to represent the simulated coastal ocean response to the passage of Bavi. Figure 5D shows that the model reproduced the turnover from sea surface warming to sea surface cooling quite well at approximately 123°E, and the internal warming that occurred to the east of 123°E. Nevertheless, the simulated cooled surface layer depth was thicker than that of the observational result. Figure 5E shows that the model also reproduced the near-shore freshening response and the offshore condensed response in surface water. However, the turnover location derived from the model occurred more offshore than that based on observational data. In addition, the freshening process in the bottom water beneath the condensed layer was also reproduced by the model. The model qualitatively reproduced the sandwich-like vertical variation in DO concentration (Figure 5F). Nevertheless, both the reduction in DO concentration in the surface layer and increment of the DO concentration in the subsurface layer derived from the model were milder than the observations, while the simulated subsurface water mass with an increased DO concentration was located closer to shore than the observed location. Note that the observed extent in the reduction in DO in the bottom water agreed well with the simulated results.




Figure 5 | Differences in (A) temperature, (B) salinity, and (C) dissolved oxygen (DO) found by subtracting the profiles at the repeated sample stations (indicated by small black dots) conducted during Leg 1 from those during Leg 2 in the survey at the 31°N transect. Differences in (D) temperature, (E) salinity, and (F) dissolved oxygen (DO) at the 31°N transect derived from the model obtained by subtracting daily mean model output on August 22, 2020 from that on August 28, 2020. Zero contour lines are plotted by thin black solid lines throughout the figure.



The model errors are within reasonable ranges that do not alter the conclusive results. The root-mean-square error (RMSE) for temperature compared to the ship-borne survey data is within ~2°C (Figure 4A), which is smaller than the coastal variation in temperature (~5°C) before and after the passage of Bavi (Figures 5A, D). When compared with the ship-borne survey data, the RMSE for salinity is within ~4 PSU (Figure 4B). Note that the survey stations are few in number and very close to the coast. However, it is still smaller than the variation in coastal salinity (~10 PSU) before and after the passage of Bavi (Figures 5B, E). The RMSE for DO is within ~2 mg·L−1 (Figure 4D), half less than the coastal DO variation (~5 mg·L−1) before and after Bavi’s passage (Figures 5C, F). Nevertheless, further improvement is needed in the modeling to better resolve the multi-scale air–sea interaction processes under the circumstance of severe disturbance by a tropical cyclone. For example, wind-induced shear stress on the ocean surface ceases to increase along with an increase in wind speed once a threshold is met and even slightly decreases afterwards (Powell et al., 2003). Our model assumes that such a threshold in wind speed is 25 m·s−1, as most empirical parameterizations do, but does not consider a subsequent decrease of shear stress when wind speed exceeds this value. This might result in an overestimation of wind shear stress on the semicircle side of Bavi where winds were strongest due to a superimposition of the TC’s translation and rotational speeds and the background atmospheric system (Figure 1B). Furthermore, the present model does not include waves. Waves not only play an important role in modulating the air–sea momentum transfer (Huang and Qiao, 2021) but also drive a transfer of momentum to the deeper coastal water through breaking on the surface (Bruneau et al., 2018). In the ECS, a significant impact of waves on the bottom shear stress, which is comparable to the tide-induced bottom shear stress, is mostly confined within the shallower inner-shelf with <20-m depth (Luo et al., 2017). The present simulation results are of larger uncertainty in areas shallower than 20-m depth (underestimation of particle resuspension and turbulent mixing and associated biogeochemical processes). The modeling of air–sea gas exchange also involves remarkable uncertainties particularly during a typhoon passing over a hypoxic zone (Li et al., 2019). Although the scheme of Keeling et al. (1998), which was used in the model to calculate the air–sea flux of oxygen, has been demonstrated to well reproduce the seasonal variations in the oxygen flux, its applicability to extreme wind events is limited (Prytherch et al., 2010). Nevertheless, because the wind speed in the study area (between 122°E and 125°E) was generally below 20 m·s−1 (Figure 1B), the uncertainty in the estimate of the air–sea air exchange flux should lie within an acceptable range so that it does not alter the general distribution pattern of DO.



Currents Before, During, and After the Typhoon Passage

The passage of Bavi drove violent change in the regional circulation system (sequences in Figures 6A–D and Figures 7A–D). The daily-mean outputs on the 22nd and 28th were taken to represent the states before and after Bavi’s passage, and the daily mean outputs on the 25th and 26th were taken to illustrate the rapid change that occurred during Bavi’s passage. Before Bavi’s passage (Figure 6A), the surface currents in the shallow region (depth ≤ 50 m) were mild and heterogeneous when compared with the currents on the outer shelf (depth > 50 m). The outflow from the Changjiang River meandered on the shelf driving the CDW towards the northeast (Figure 6A). The strong barotropic northeastward TWC prevails off the 50-m isobath on the shelf (Figure 7A). A minor portion of the inshore branch of the TWC guided northward flushing into the submerged river valley following the topography (Figure 7A). During Bavi’s passage through the ECS on August 25, a regional cyclonic loop current centered at ~124.5°E and ~30.0°N was stimulated (Figure 6B); it did not significantly attenuate until reaching the ocean bottom (Figure 7B). As Bavi moved further to the north on August 26, the shrinking cyclonic loop current centered at ~124.0°E and ~31.0°N was still found in the surface layer (Figure 6C), while the extent of the cyclonic loop current at the bottom was larger than that in the surface layer (Figure 7C). Shortly after Bavi’s passage, the suppressed TWC (Figures 7B, C) quickly recovered (Figure 7D), while the southward coastal current remained in place due to the bottom trap effect (Zhang et al., 2018).




Figure 6 | Vectors for daily-mean surface currents superimposed by colors for zonal velocity on August (A) 22, (B) 25, (C) 26, and (D) 28, 2020. Yellow lines indicate isobaths.






Figure 7 | Vectors for daily mean barotropic currents superimposed by colors for meridional velocity on August (A) 22, (B) 25, (C) 26, and (D) 28, 2020. Yellow lines indicate isobaths.



Figures 8A–L further reveal the three-dimensional flow fields in response to the passage of Bavi. Figure 8A can be interpreted as showing that, before the passage of Bavi, the CDW moved offshore from the shallow inner shelf, but the inshore branch of the TWC at the bottom layer clung to the steep slope around 123°E and was oriented inshore following the topography. As the typhoon eye crossed 31°N from the 25th to 26th, strong onshore surface flow at the 31°N transect was initially found (Figure 8B), followed by intensification of the coastal relaxation offshore flow at the bottom (Figure 8C). After Bavi had passed, a relatively strong subsurface offshore flow still persisted across the steep slope (Figure 8D). In the meridional direction, the inshore branch of the TWC pushed the northward flow at the bottom before Bavi had passed (Figure 8E). Since the typhoon eye track was all the way to the east of the steep slope, strong southward flow was driven by Bavi down to the bottom (Figures 8F, G). The southward flow along the steep slope remained after Bavi’s passage (Figure 8H). A coastal upwelling was found before the passage of Bavi that was centered on the steep slope where the depth was approximately 40 m (Figure 8I). On the 25th, the coastal upwelling remained and intensified (Figure 8I). Nevertheless, as shown in Figures 8I, J, the vertical flow field seemed to be contaminated by the near-inertial wakes shed by a preceding Tropical Storm Jangmi spanning from August 6 to 11 along a similar track as that of Bavi. On August 26, a strong downwelling was found across the steep slope (Figure 8K). On August 28, the near-inertial oscillation again was obvious, which should be attributed to Bavi, while an upwelling across the steep slope had formed, which was next to a downwelling branch (Figure 8L).




Figure 8 | The modeled daily-mean zonal velocity (u; positive eastward) at the 31°N transect on August 22 (A), 25 (B), 26 (C), and 28 (D), 2020. The modeled daily-mean meridional velocity (v; positive northward) at the 31°N transect on August 22 (E), 25 (F), 26 (G), and 28 (H), 2020. The modeled daily-mean vertical velocity (w; positive upward) at the 31°N transect on August 22 (I), 25 (J), 26 (K), and 28 (L), 2020.





Dissolved Oxygen Before, During, and After the Typhoon Passage

The modeled bottom DO distributions before (Figure 9A), during (Figures 9B, C), and after (Figure 9D) the passage of Bavi revealed an astonishing fact. The hypoxic zone did not disappear; instead, it extended southward and eastward in response to the typhoon passage.




Figure 9 | The modeled bottom DO concentration distributions on August (A) 22, (B) 25, (C) 26, and (D) 28, 2020. Yellow and white contour lines indicate DO concentrations of 2 and 3 mg·L−1, respectively.



The high and low DO concentrations in the surface and bottom layers, respectively, at the 31°N transect before the passage of Bavi suggest that high levels of primary production occur in the surface layer and decomposition of excessive organic matter occurs in the bottom layer (Figure 10A). On August 25 (Figure 10B), the DO concentration in the surface layer declined relative to that on the 22nd (Figure 10A), suggesting that the release of oversaturated oxygen caused by enhanced mixing occurred during Bavi’s passage. The hypoxic zone (DO < 3 mg·L−1) on the 25th (Figure 10B) enlarged relative to that on the 22nd (Figure 10A). The zone also moved upward, which may be associated with the upwelling on the steep slope (Figure 8J). On August 26 (Figure 10C), the hypoxic zone extended further offshore and moved downward, which may be associated with the downwelling on the steep slope shown in Figures 8C, K. Shortly after Bavi passed, the hypoxic zone split and shrank when compared with that on the 26th (Figures 10C, D). However, the zone was still distributed in a wider longitudinal extent than that before Bavi’s passage (Figures 10A, D). Comparing to the measured DO concentration at the 31°N transect before and after the passage of Bavi (Figures 10E, F), the model underestimated the hypoxia condition in bottom water. As mentioned, this may have been caused by the underestimation of stratification by the model and the lack of a sediment oxygen consumption module. The aggravation of hypoxia at the submerged river valley can be told from the observation (Figures 10E, F). That variation, which occurred in such a short time, can be only explained by the water mass movement as revealed by the model.




Figure 10 | The modeled daily-mean DO concentrations at the 31°N transect on August 22 (A), 25 (B), 26 (C), and 28 (D), 2020. Measured DO at the 31°N transect during Leg 1 (E) and Leg 2 (F), respectively. The white contour line is for 3 mg·L−1.





Detritus Before, During, and After the Typhoon Passage

A hotspot for the accumulation of detritus before the passage of Bavi was found on the steep slope to the west of 123°E (Figure 11A), which was consistent to a recent study targeting the distribution of hypoxia (Wei et al., 2021). During Bavi’s passage, the variation in the distribution of detritus (Figures 11B, C) was weaker than that of DO (Figures 10B, C). Comparing the distributions before and after the passage of Bavi, the amount of detritus on the steep slope decreased, while a remarkable amount of detritus accumulated at the submerged river valley to the east of 123°E (Figure 11D).




Figure 11 | The modeled daily-mean detritus concentrations at the 31°N transect on August (A) 22, (B) 25, (C) 26, and (D) 28, 2020.



Although the turbidity can be regulated by both the suspended particulate matter and the dissolved matter, field measurements have found a close correlation between turbidity and the suspended particulate matter concentration in the bottom water on the ECS shelf (Hoshika et al., 2003). The particulate organic carbon content and particulate organic nitrogen content of the particulate matter in those bottom water samples were found to be relatively steady (Hoshika et al., 2003). Therefore, it can be argued that the measured turbidity before and after the passage of Bavi (Figures 12A, B) qualitatively reflected the variation in detritus organic matter concentration in the bottom water. Figure 12C exhibits a substantial decrease in turbidity in the bottom layer on the steep slope after the passage of Bavi. It suggests the reduction in detritus organic matter there, which is consistent with the simulated result.




Figure 12 | Measured turbidity at the 31°N transect during Leg 1 (A) and Leg 2 (B), respectively. (C) Difference in turbidity found by subtracting the profiles at the repeated sample stations (indicated by small black dots) conducted during Leg 1 from those during Leg 2 in the survey at the 31°N transect. Zero contour lines are plotted by thin black solid lines.





Cross-Isobath Transports of DO and Detritus

The governing equations for DO and detritus concentrations can be written in a uniform form as Eq. (1):



where the x- and y-axes point horizontally eastwards and northwards, respectively, while the z-axis points vertically upwards; C stands for DO or detritus; velocity components in the x, y, and z coordinates are denoted by u, v and w, respectively; ws is the additional sinking velocity that is 0 m·s−1 for DO but 1.736 × 10 m·s−1 for detritus; kh and kv are the horizontal and vertical diffusivities, respectively; S is the source/sink term that resulted from the biogeochemical processes; and F is composed of the extrinsic fluxes through the boundaries. In order to diagnostically examine the transport of substances during the typhoon’s passage, the sequential daily-mean xadv, yadv, vadv, hdiff, vdiff, and bio terms marked in Eq. (1) at the 31°N transect were calculated. Positive xadv and yadv terms indicate effluxes from the control volume in terms of a specific substance due to zonal advection and meridional advection, respectively. A positive vadv term indicates efflux due to vertical convection. Positive hdiff and vdiff terms indicate influxes due to horizontal mixing and vertical mixing, respectively. The positive bio term indicates the increment of a specific substance within the control volume through intrinsic biogeochemical processes. Figures 13A–P show xadv, yadv, vdiff, and bio terms for DO on the days before, during, and after Bavi’s passage. The distribution of the vadv term is not explicitly displayed. The hdiff term was minor throughout, and it was neglected in the analyses. Two regions enclosed by rectangles in Figures 13A–P were particularly focused on, in order to understand why the DO concentration in Region I increased after Bavi’s passage, but the DO concentration in Region II decreased. Region I is located on the steep slope where exceptionally high detritus concentration (Figure 11A) and low DO concentration (Figure 10A) were found before Bavi’s passing. It is also a typical situation in summer related to hypoxia (Wei et al., 2021). Region II is located on the submerged river valley floor. Lower amounts of detritus (Figure 11A) and higher DO concentrations (Figure 10A) were observed in Region II than those in Region I before the passage of Bavi. However, an increase in detritus concentration (Figure 11D) and a decrease in DO concentration (Figure 10D) were found in Region II after Bavi’s passage. The variations in the DO and detritus budgets in Regions I and II during passage of the typhoon manifest the underlying mechanisms for the seaward/offshore migration of the hypoxic water and particulate organic matter. The diagnostic terms within Regions I and II were averaged and are shown versus dates spanning from August 22 to 28 in Figures 13Q, R, respectively.




Figure 13 | The diagnostic terms for xadv, yadv, vdiff, and bio in terms of dissolved oxygen (DO) at the 31°N transect on August 22 (A–D), 25 (E–H), 26 (I–L), and 28 (M–P), 2020. Regions I and II are marked by dashed rectangles in (A–P). (Q, R) are time series of diagnostic terms in terms of DO averaged in Regions I and II, respectively.



In Region I, the DO concentration slightly decreased until August 26, but it abruptly increased from the 26th to 27th; it then decreased slightly by the 28th (Figure 13Q). The zonal transport, xadv, and the meridional transport, yadv, dominated the DO variation particularly during the typhoon’s passage. Before Bavi passed, the prevailing bottom onshore current (Figure 8A) conveyed low-DO water (Figure 10A) into Region I, while the northward current (Figure 8E) conveyed relatively high-DO water (Figure 9A) into Region I (Figure 13Q). However, along with the reversing of both the zonal and meridional currents (Figures 8C, G), the coastal high-DO water (Figure 10B) and the hypoxic water in the north (Figure 9B) were transported into Region I (Figure 13Q). The oxygen depletion by biogeochemical processes was steady during Bavi’s passage, suggesting that the local organic matter was abundant and able to sustain bacterial respiration (Figure 13Q). The contributions of vertical diffusion and advection to the DO budget in Region I were slightly elevated but not prominent (Figure 13Q).

In Region II, the DO concentration continuously decreased during the study period, and the interruption caused by the passage of Bavi was not obvious (Figure 13R). Compared to Region I, both the hydrodynamics and biogeochemical processes were much weaker in Region II before Bavi’s passage (Figure 13R). The zonal transport removed DO from Region II during the passage of Bavi, but the meridional transport together with the vertical transport compensated for the lost DO for Region II (Figure 13R). The almost constant biogeochemical oxygen consumption rate that occurred despite of the typhoon’s passage suggests that organic matter was abundant there during the study period. Therefore, another question arises: what are the supplement pathways for the accumulation of organic matter in Region II?

Similar to the diagnostic analysis for DO, xadv, yadv, vdiff, and bio terms for detritus on the days before, during, and after the passage of Bavi are shown in Figures 14A–P. The diagnostic terms within Regions I and II were averaged and plotted in sequence in Figures 14Q, R, respectively. Before the passage of Bavi, the detritus concentration in Region I was much higher than that in Region II. However, after Bavi’s passage, the detritus concentration in Region I was comparable to that in Region II. It is of interest to investigate the processes that redistributed detritus within the submerged river valley. In both Regions I (Figure 14Q) and Region II (Figure 14R), the vdiff and bio terms were predominant and appeared to be opposite, i.e., they were large and varied in an opposite way. Looking into Figures 14I–P, the vertical peak value of vdiff normally occurred in subsurface layer above the submerged river valley, and the pattern of bio term coincide with that of vdiff. These findings suggest that the respiration in the water column consumed a major portion of freshly deposited planktonic detritus. However, the lateral/cross-isobath transports during the typhoon’s passage played a significant role in redistributing the detritus. In Region I, the zonal transport nearly ceased to replenish the detritus during the passage of Bavi, while the meridional transport changed dramatically between the removal and supplement status for the detritus (Figure 14Q). In Region II, zonal transport removed the detritus during Bavi’s passage, while meridional transport replenished the detritus (Figure 14R). As a result, the accumulated detritus on the steep slope before Bavi’s passage was diluted, and additional detritus was evenly found in the submerged river valley (Figures 11A, D).




Figure 14 | The diagnostic terms for xadv, yadv, vdiff, and bio in terms of detritus at the 31°N transect on August 22 (A–D), 25 (E–H), 26 (I–L), and 28 (M–P), 2020. Regions I and II are marked by dashed rectangles in Panels (A–P). Panels (Q, R) are time series of diagnostic terms in terms of detritus averaged in Regions I and II, respectively.






Discussion


Reversal of Hydrographic Regime by the Typhoon and Consequence in Biogeochemistry

As pointed out previously, a change in coastal ocean temperature in response to a typhoon/TC passage has been found in many cases due to far-field advection rather than local mixing (Sun et al., 2014; Seroka et al., 2016; Seroka et al., 2017; Zhang Z. et al., 2019; Jin et al., 2020; Wang and Zhang, 2021). This was also confirmed in the passage of Bavi. A warming of coastal waters induced by onshore transport of shelf water was accompanied by violent synoptic variation in the three-dimensional current system, which further exerted profound impact on the marine biogeochemical environment.

In normal summer conditions, the decomposition of oceanic phytoplankton-produced organic matter in a strongly stratified hydrographic environment facilitates the formation and persistence of the seasonal hypoxia off the Changjiang Estuary (Zhou et al., 2010; Wang et al., 2017; Zhou et al., 2017; Zhang W. et al., 2019; Liblik et al., 2020; Zhang et al., 2020; Zhou et al., 2020). However, a lateral transport of sinking detritus by energetic subsurface currents often results in a spatial shift between the location of algal blooms in surface waters and the near-bottom hypoxic zones (Zhou et al., 2020). An offshore advection of CDW together with the TWC carries a large amount of detritus northward to the submerged river valley, making the area one of the hotspots for hypoxia (Zhang et al., 2020). The fresh and warm CDW plume is directed offshore but with a high variability in its dimension (Zhou et al., 2009). A persistent upwelling in boreal summer centred on the steep slope along the ~40-m isobath was predominantly driven by a secondary circulation across the tidal front (Lü et al., 2006). Bottom cold water will upwell to the surface to form a cold core, which is 3°C–4°C cooler than the surrounding coastal water, located to the west of 123°E (Lü et al., 2006). Based on the understanding of these circulation patterns, Wei et al. (2021) proposed three major physical mechanisms for the formation and development of hypoxia off the Changjiang Estuary: (1) organic detritus is concentrated by flow convergence on the offshore side of the bottom front located on the steep slope where the core of the hypoxic zone is formed; (2) coastal upwelling brings the hypoxic water upward; and (3) the CDW plume drives a seaward expansion of oxygen-deficient water.

The aim of the process-oriented study is to understand the key dynamic process transmitting the impact of the passing typhoon to the biogeochemical parameters. It is crucial to statistically estimate the overall impact of the passage of typhoons on regional biogeochemical budgets over a long period. By linking the impact of passage of typhoons and the high concentrations of carbon dioxide in hypoxic bottom waters with the vertical mixing process, Li et al. (2019) found hypoxic bottom waters to be a carbon source to atmosphere. However, in this study, the coastal warming, the internal freshening, the aggravation of bottom hypoxia, and the decrease in bottom turbidity after the typhoon passage found by the repeated surveys cannot be completely explained by the vertical mixing process. Based on the good reproduction of the variations in the state variables by the model, it is revealed that the phenomena mentioned above at the transect were probably due to the variation in the three-dimensional circulation system.

During the passage of Bavi, the common circulation patterns in summer were interrupted or even reversed reflecting in a shoreward transport of warmer water from the mid-shelf and subsequent downwelling. This advection rather than mixing played an important role in driving the variation of hypoxia and carbon transport. The originally north-eastward spreading CDW plume was turned southward by the cyclonic loop current generated by the typhoon (Figures 6B, C). The influence of the cyclonic loop current reached down to the bottom, and the bottom water masses were also transported southward (Figures 7B, C). The pre-typhoon upwelling was reversed to downwelling (Figure 8K), which led to an internal warming and freshening of seawater to the east of 123°E (Figures 5A, B). As a consequence, the hypoxic zone was spatially shifted, and organic detritus was massively resuspended and redistributed.



The Impact of Bavi’s Passage on Migration of Hypoxic Water and Redistribution of Particulate Organic Matter

The impact of Bavi’s passage on migration of the hypoxic water and redistribution of particulate organic matter is summarized as follows, which may be found in other coastal waters subject to both hypoxia and TCs. During the typhoon passage, the cyclonic wind field (Figure 15) stimulated a regional cyclonic loop current in the ECS and a coastal downwelling occurred, which is contrary to the general circulation pattern in summer. The onshore transport of warmer water resulted in coastal warming (Figure 15). Both southward and offshore/seaward bottom currents intruded into the submerged river valley across isobaths. Before the typhoon passed, the water masses with low DO concentration and high planktonic detritus organic matter were distributed at the shallow Changjiang bank to the north of the submerged river valley and on the steep slope to the west of the submerged river valley. Due to the transport of hypoxic water by the currents driven by the typhoon (Figure 15), the hypoxic zone at the submerged valley migrated offshore/seaward. By the typhoon-driven currents, the particulate organic matter was also transported to the deeper sea floor (Figure 15). The synoptic transport of detritus suggests a significant pathway for cross-isobath transport of particulate organic matter, and the subsequential decomposition may further affect the evolution of hypoxia long after the typhoon’s passage.




Figure 15 | Schematic diagram for the coastal ocean warming induced by the passage of Bavi and the impact of the typhoon’s passage on migration of hypoxic water and redistribution of particulate organic matter: (A) the typhoon wind field; (B) variation in the sea surface temperature (SST) before and after the typhoon passage; (C) distribution of planktonic detritus organic matter before the typhoon’s passage; and (D) the dissolved oxygen (DO) concentration before the typhoon’s passage, bathymetry, and currents.






Conclusions

The process-oriented study on the development of coastal hypoxia off the Changjiang Estuary in response to the passage of a typhoon in close proximity to the coast via repeated surveys and the three-dimensional physical–biogeochemical model revealed the following findings:

	1. The typhoon-induced physical process that largely changed the coastal environment can be advection more than mixing as suggested in this year. A phenomenon indicating the predominant role of advection is the coastal ocean warming. During the passage of Bavi, a regional quasi-barotropic cyclonic loop current in the opposite direction of the general coastal currents in summer was generated. A strong shoreward transport of shelf surface water and the subsequent coastal downwelling resulted in a warming of the coastal water.

	2. The observed offshore migration of the hypoxic zone along a transect through the submerged river valley after Bavi’s passage was a result of the cross-isobath intrusion of bottom hypoxic water from the north and west.

	3. The cross-isobath intrusion of bottom water also transported particulate organic matter from the inner shelf and the shallow Changjiang bank towards the submerged river valley, suggesting both short- and long-term effects on the regional marine biogeochemical environment induced by the passage of Bavi.



However, the impact of typhoon passages through the ECS on the seasonal variation in the hypoxic zone and their impact on the long-term sequestration of carbon remain unclear. More efforts will be needed to address these questions.
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Temporal variation of summer hypoxia, along a repeated hydrographic section from the Changjiang River mouth to Cheju Island, is investigated using cruise data during 1997–2014. The climatological mean of dissolved oxygen (DO) presents a “dual-core structure” below the oxycline, associated with two hypoxic centers near the river mouth and offshore of the Changjiang Bank, respectively. The DO value is highly variable from year to year, with dramatic interannual variation but an insignificant linear trend during 1997–2014. Composite analysis indicates that the interannual variation of DO and associated hypoxia events are strongly affected by the El Niño–Southern Oscillation (ENSO) cycle. In the El Niño decaying summer, large river discharge and relatively strong stratification, combined with calm climatic and hydrographic conditions, enhance DO depletion off the Changjiang Estuary. It is likely that El Niño is not a prerequisite for hypoxia occurrences. However, El Niño did enhance bottom hypoxia probability off the Changjiang Estuary during 1997–2014.
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1 Introduction

Seasonal bottom hypoxia is a common occurrence in many types of coastal areas (fjords, basins, and shelf regions) worldwide (e.g., Diaz, 2001; Middelburg and Levin, 2009), and can greatly damage marine life and aquatic ecosystems (Diaz and Rosenberg, 2008; Ning et al., 2011). Bottom hypoxic conditions may reduce marine benthic biodiversity (Diaz and Rosenberg, 1995), render coastal ecosystems less resilient (Baird et al., 2004), alter nutrient biogeochemical cycles (Testa and Kemp, 2012; Wright et al., 2012), and enhance coastal acidification (Cai et al., 2011). There is a rapid increase in the frequency, extent, intensity, and duration of coastal hypoxia around the world. A recent survey revealed that the number of coastal sites reporting hypoxia has increased by 5.5% per year during the 1970s (Vaquer-Sunyer and Duarte, 2008). Until 2019, coastal hypoxia sites were estimated at around 700 worldwide (Diaz et al., 2019), which is usually attributed to anthropogenic nutrient loading and ocean warming (Diaz and Rosenberg, 2008; Breitburg et al., 2018; Fennel and Testa, 2019).

The Changjiang Estuary, along with the adjacent East China Sea (ECS), is one of the most significant seasonal hypoxic zones in the world. Hypoxia in this area was first reported in the late 1950s (Office of Integrated Oceanographic Survey of China, 1961); and it has received increased attention due to its extended spatial coverage and related ecological disasters in the past two decades (Li et al., 2002; Chen et al., 2007; Wei et al., 2007). Previous studies showed that hypoxia often forms in late-spring, intensifies during mid-summer or early-autumn, and decays in mid-autumn; and it is mostly centered around (123°E, 31°N) (Wang, 2009; Zhou et al., 2010; Wang et al., 2012). In the meantime, it was found that the hypoxic zone off the Changjiang Estuary shows large spatial–temporal variation and is thought to be modulated by complex physical–biogeochemical processes (Zhou et al., 2009; 2020; Zhu et al., 2011). The physical factors associated with hypoxia include bottom water residence time (Rabouille et al., 2008), bottom topography (Wang, 2009), stratification (Zhou et al., 2010; Zhu et al., 2016), typhoon activity (Ni et al., 2016), and coastal upwelling (Wei et al., 2017). Besides, anthropogenic-driven eutrophication (Zhu et al., 2011; Wang et al., 2016) and Kuroshio-intruded low dissolved oxygen (DO) water (Qian et al., 2017; Tian et al., 2022) should not be ignored.

Based on the cruise observations during 1998–2015, summer hypoxia events frequently happened off the Changjiang Estuary, with 12 hypoxia events over the 18 years (Figure 1 and Table S1). Despite area differences in cruise plans, statistical results indicate that the coastal hypoxia center is situated near (122.5°E, 31.5°N), which agrees with previous work, such as Wang (2009). The hypoxia area is highly affected by coastal topography and seasonal currents off the Changjiang Estuary. As shown in Figure 1, the western edge of the coastal hypoxic area is along the surface-suspended sediment front near the Changjiang River mouth (Li et al., 2021, and the eastern edge is along the 40-m isobath in the Changjiang Bank.




Figure 1 | Topography (thin contour), reported hypoxia areas (1998–2015; shading, see details in Table S1), and schematic of the summer circulation (thick solid lines) off the Changjiang Estuary. The black triangles indicate sampling stations along Section C-C during 1997–2014. The dashed black curve indicates the surface suspended sediment front near the Changjiang River mouth (redrawn according to Li et al., 2021). The solid black box indicates the area used for the domain average for the climatic and hydrographic factors listed in Table 2. The arrows indicate the CDW, Changjiang Diluted Water; YSCC, Yellow Sea Coastal Current; TWC, Taiwan Warm Current.



There are two consensus on the summer hypoxia off the Changjiang Estuary. First, large-scale hypoxia occurred frequently during the last two decades due to enhanced input of organic matter from the surface phytoplankton blooms (Chen et al., 2020; Wang et al., 2021). Second, seasonal hypoxia is sporadic and patchy with large interannual variations in extent, severity, and duration under distinct climatic and hydrographic conditions (Zhou et al., 2010; Zhang et al., 2018; Zhang et al., 2020). Compared with other well-known hypoxia areas worldwide, such as the Gulf of Mexico (Turner and Rabalais, 1994), the Chesapeake Bay (Hagy et al., 2004), the Baltic Sea (Carstensen et al., 2014), and the northern Adriatic Sea (Alvisi and Cozzi, 2016), studies on interannual DO variation associated with bottom hypoxia off the Changjiang Estuary are limited (Chen et al., 2020; Zhang et al., 2020; Wang et al., 2021). Some reports showed the deoxygenation process happened in typical transects after the 1950s off the Changjiang Estuary (such as 32°E; Ning et al., 2011). However, based on historical extensive observations, the hypoxia extent and DO minimum value are highly dynamic and episodic, with no significant trends after 1998 (Chen et al., 2020). A systematic study about the interannual variation of hypoxia off the Changjiang Estuary has not been possible due to a lack of continuous and repeated observations.

The El Niño–Southern Oscillation (ENSO), the strongest interannual air–sea signal in low latitudes, can impact hydrographical conditions in the ECS through modification of monsoon and precipitation (Zhou and Yu, 2005), sea surface temperature (SST) (Park et al., 2011), Changjiang Diluted Water (CDW) dispersion (Siswanto et al., 2018), and chlorophyll-a distribution (He et al., 2013; Park et al., 2015). As a result, ENSO is likely to have an indirect effect on the hypoxia in the ECS. Until now, several studies have discussed the response of hypoxic conditions to the ENSO cycle (Chen et al., 2017; Wang et al., 2021). Chen et al. (2017) suggested that ECS coastal Chlorophyll-a and the occurrence of hypoxic conditions in August co-vary weakly with ENSO. Wang et al. (2021) highlighted that the warm phase of ENSO (El Niño) can provide favorable hydrographic conditions for coastal hypoxia off the Changjiang Estuary. However, these studies lacked specific and direct analysis between hypoxia intensity and the ENSO cycle.

This study examines the hydrographic data along a repeated section from the Changjiang Estuary to Cheju Island (hereinafter Section C-C) and focuses on the interannual variations of DO and associated coastal hypoxia. Section C-C is unique for monitoring coastal hypoxia because it crosses the statistical hypoxia center in the literature and spans the hypoxia extent from the river mouth to the offshore region (Figure 1). We mainly discuss two questions in this paper. First, based on repeated hydrographic observations, we evaluate whether the coastal hypoxia has become quite severe off the Changjiang Estuary. Second, we investigate the interannual variations of DO and discuss the ENSO effect on climatic and hydrographic features and the occurrence of summer hypoxia.



2 Data and Methods


2.1 Cruise Data

Section C-C is located in the northeast of the Changjiang Estuary. As shown in Figure 1, the summer hydrographic features on the western side of the section are strongly influenced by the northeastward extension of the CDW and northward intrusion of the TWC (Zou et al., 2001; Wei et al., 2015). The central shore is the main exchange area of the YSCC from the Yellow Sea to the ECS (Liu et al., 2021). The east side of the section is at the southern edge of the Yellow Sea Cold Water and near the ECS cold eddy (Hu, 1994; Wei et al., 2013). The bottom topography of the study region includes the shallow Changjiang Estuary (station S1), the wide-range Changjiang Bank (stations S2–S5), and the sharp ECS continental slope (stations S6–S7).

The repeated hydrographic data along Section C-C are observed by the Ningbo Marine Environment Monitoring Center, Ministry of Natural Resources (MNR) (Figure 1). The hydrographic data, namely, temperature, salinity, and DO, were collected semi-annually before 2009 and seasonally after 2010. The stations span an area from 122.5°E to 125.5°E with an interval of ~55 km. The temperature and salinity are measured using a Sea Bird model 911 conductivity–temperature depth (CTD) recorder, and DO is measured on board the vessels immediately after collection using a conventional Winkler titration method (Grasshoff et al., 1999). Water samples are collected at the surface; at depths of 5, 10, 15, 20, 25, 30, 50, and 75 m; and at the bottom (3 m above the sediment) using Niskin bottles. Summer hydrographic data collected from 1997 to 2014 were used in this study. Additionally, apparent oxygen usage (AOU = [O2]eq − [O2], where [O2]eq is the DO solubility at equilibrium with the atmosphere, and [O2] is the in situ DO concentration) is obtained. According to the DO threshold definition in most previous studies, hypoxia status occurs when the DO value is less than 2 mg/L and low-DO status occurs when the DO value is less than 3 mg/L (Diaz, 2001; Zhu et al., 2011).

The repeated hydrographic data along Section C-C used in this study is part of the sectional hydrographic monitoring project in the Chinese marginal seas. Details about the cruise information can be found in Table S2. The data were quality controlled by the Ningbo Marine Environment Monitoring Center and are widely used in the ECS data assimilation (Zhao et al., 2015).



2.2 Climatic Data

To quantitatively describe the climatic and hydrographic conditions for hypoxia occurrence off the Changjiang Estuary, we use an ensemble of remote sensing and in-situ observed products, namely, SST, sea-surface wind, and land-based precipitation.

The NOAA 1/4° daily Optimum Interpolation Sea Surface Temperature (or daily OISST) is an analysis constructed by combining observations from different platforms (satellites, ships, and buoys) on a regular global grid (Huang et al., 2021). The monthly mean land-based precipitation is from the Climatic Research Unit (CRU) TS data (version 4). The spatial resolution is 0.5° by 0.5°, and the temporal range is from 1997 to 2014 (Harris et al., 2020). The cross-calibrated multiplatform (CCMP) wind product that covers the global ocean at 1/4° resolution from 1997 to 2014 (Atlas et al., 2011) is used here to illustrate the wind variation. The dataset combines all available satellite surface wind observations with conventional ship and buoy data via an enhanced variational analysis method.

These three climatic data have been widely applied to the ECS to detect seasonal and interannual signals such as marine hot waves (Yan et al., 2020), total rainfall accumulation (Zhou et al., 2008), and the summer monsoon (Sun and Yan, 2012).



2.3 ENSO Index

The Oceanic Niño Index (ONI), which is the de-facto standard for identifying El Niño and La Niña events in the tropical Pacific, is used in this paper. It is the 3-month running mean SST anomaly for the Niño 3.4 region (i.e., 120°–170°W, 5°N–5°S). Events are defined as consecutive overlapping 3-month periods at or above the +0.5°C anomaly for warm (El Niño) events and at or below the −0.5°C anomaly for cold (La Niña) events. During the period of 1997–2014, there were five El Niño events (97/98, 02/03, 04/05, 06/07, and 09/10) and eight La Niña events (98/99, 99/00, 00/01, 05/06, 07/08, 08/09, 10/11, and 11/12).



2.4 Statistical Methods

The correlation analysis is used to evaluate the ENSO effect on coastal hypoxia and related hydrographic and climatic conditions off the Changjiang Estuary. The correlation is significant at a 95% confidence level if not specified.

The linear trend of hydrographic and chemical parameters (such as temperature, salinity, and DO) during the period is calculated based on the least squares formula (Wilks, 1995). A linear trend is significant when it passes the Student’s t-test at a 95% confidence level.




3 Results


3.1 Hydrographic Features Along Section C-C

The climatological mean fields of temperature (T), salinity (S), and seawater density are shown in Figures 2A–C. The warm and low-salinity CDW (S <30, Su et al., 1996) is extended eastward from the river mouth to 125.5°E, with a mean water mass thickness of 10 m. The CDW breaks off at station S3 in association with the northeastward-southeastward diversion of the CDW offshore spreading. The thermocline beneath the CDW slopes downward to the east from 10 to 20 m along Section C-C. Two key water masses, the TWC and ECS cold eddy, occupy the bottom layer. The downwelling process can be detected near 123.5°E, which sinks the cold and DO-rich surface water into the subsurface layer. The pattern of density distribution is similar to that of salinity distribution, indicating the important role of salinity in the density pattern off the Changjiang Estuary (Zhu et al., 2016).




Figure 2 | Climatology mean and linear trend of hydrological parameters along Section C-C in summer. The dots indicate significant trend at 95% level, triangles mark the sampling stations, and open circles indicate insignificant trend. (A) Temperature with units °C and °C/year. (B) Salinity. (C) Density with units kg/m3 and kg/m3/year. (D) DO with units mg/L and mg/L/year. (E) AOU with units mg/L and mg/L/year. (F) DO solubility with units mg/L and mg/L/year.



Figures 2D–F show the climatological mean and linear trend of DO, AOU, and DO solubility along Section C-C. The distributions of DO and AOU are extremely similar. DO concentrations are relatively high in the upper ocean, forming a relatively strong oxycline over the benthic low-DO zone. The most notable characteristic is the presence of two low-DO zones (<4 mg/L), at 122.5°–123°E and 124°–124.5°E, respectively. Generally speaking, AOU is relatively high (>3.5 mg/L) in these two low-DO zones. A notable sinking of high-DO waters associated with the downwelling process is observed near 123.5°E in the central shoal of the section, which separates the bottom low-DO water into two components: the inner area nearshore and the outer area in the offshore Changjiang Bank region. In contrast to DO and AOU, the DO solubility presents a similar pattern as that of seawater density, with an amplitude range of 6.7–8.5 mg/L.

The presence of dual-core low-DO zones is related to two hypoxia zones that frequently happen off the Changjiang Estuary. Statistically, there were three typical patterns of the hypoxic zones during 1997–2014. The nearshore core pattern, offshore core pattern, and dual-core pattern account for 33, 23, and 44%, respectively (see Table S3). These nearshore and offshore hypoxia zones can also be found in the statistical results of other studies (Wang, 2009; Wei et al., 2017). There are two possible dynamic mechanisms for the dual-core pattern of low-DO benthic water: First, the regional current system contains a large anticyclonic circulation and several cyclonic eddies across the Changjiang Bank. So, fresh water and nutrients are carried northeast first and southeast afterward, along with the CDW extension (Xuan et al., 2012). The terrestrial nutrient supply is less at station S3, compared with nearby stations. Second, the regional anticyclonic circulation and downwelling processes, can weaken local stratification (Zou et al., 2001; Wei et al., 2013) and are unfavorable for bottom hypoxia.



3.2 Temporal Variations of DO and Summer Hypoxia

Figure 3 shows the time series of DO at two low-oxygen cores. Generally speaking, the DO is highly dynamic with an insignificant linear trend for the whole water column. Compared with the offshore region, the nearshore DO presents a larger interannual variation, indicating the influence of complex coastal processes such as terrestrial nutrient loading and tidal modulation (Zhu et al., 2017). For the bottom layer, the DO time series between nearshore and offshore cores is similar to the correlation coefficient of 0.70 (p <0.01). Five hypoxia events are found in the nearshore region, which happened in August of 1998, 2003, 2007, 2010, and 2014, respectively. One hypoxia happened offshore in August 1998.




Figure 3 | Time series (black curve with dots) and linear trend (gray line) of surface (DOS), bottom (DOB), and water column averaged (DOAV) DO values for “dual-structure” low-oxygen areas. The blue dashed line indicates the hypoxia threshold (DO = 2 mg/L). Left panels are averaged values at stations S1 and S2, and right panels are, at stations S3, S4, and S5. Corresponding data of DOS, DOB, and DOAV are listed in Table S4.



The linear trends of bottom DO present different patterns for dual low-DO cores, with a slightly decreasing trend for nearshore cores and an insignificant trend for offshore cores (Figures 2, 3). Despite the insignificant increasing trend of the offshore surface DO, our results are in good agreement with that which occurred along the 32°N section presented by Ning et al. (2011). It means that the hypoxia events off the Changjiang Estuary do indeed became quite severe. For the nearshore core (122.5°–123.5°E), the stratification (simply represented by Δσ, bottom density minus surface density) decreased during 1997–2014 and was unfavorable for hypoxia occurrence. Meanwhile, the DO saturation increased slightly for bottom water because of bottom cooling for coastal water during 1997–2014. So, the decreasing trend of bottom DO during 1997–2014 was due to larger AOU rather than to DO saturation or stratification variation.

Figure 4 illustrates the low-oxygen and hypoxia extents observed at Section C-C based on several indices: DO minimum and longitude range of low-oxygen/hypoxia extent. Results show that DO minimum is anti-correlated with the low-oxygen/hypoxia area, with correlation coefficients of −0.64 (n = 12) and −0.67 (n = 6), respectively. Similar to DO value, these indices present no significant trends during 1997–2014. Ning et al. (2011) reported that the hypoxia area along 32°N had an eastward spreading trend during 1975–1995. We also calculate the linear trend of the eastern boundary longitude of the hypoxic area along Section C-C, but no significant trend was observed during 1997–2014 (figure not shown).




Figure 4 | The width of low-oxygen and hypoxia areas (units: km) and DO minimum (units: mg/L; in black) along Section C-C during 1997–2014. Red star denotes the DO minimum digitized by the previous observations in literatures (see Table S1 for details).





3.3 ENSO Effect on DO Interannual Variation

To describe the ENSO effect on DO variation, we categorize the bottom DO status by using different ENSO phases. As shown in Table 1, the bottom hypoxia occurred in six years during 1997–2014, four of which happened in El Niño decaying summers and none happened in La Niña decaying summers. For the whole 18-year record, the low-oxygen and hypoxia probabilities are 33 and 56%, respectively. These probabilities increase to 80 and 100% for El Niño decaying summers, and decrease to 0 and 25% for La Niña decaying summers.


Table 1 | DO status (hypoxia, low DO, or no hypoxia) along Section C-C in association with ENSO events during 1997–2014.



Figure 5 shows the correlation coefficient between DO and ONI along Section C-C. Results show that the subsurface DO value within the longitude range of 122.5°E to 124.5°E is negatively correlated with the ONI value, which is significant at a 95% confidence level. The correlation coefficient presents two local maxima (<−0.6) in deep water, which generally matches the “dual-cores” structure of low-DO areas along Section C-C.




Figure 5 | Correlation between DO value along Section C-C in August and ONI in January during 1997–2014. Red dashed line indicates the 95% confidence level.



Figure 6 shows the composite distributions of anomalies (differences to the climatological mean) of hypoxia-associated hydrographic parameters (DO, temperature, and salinity) along Section C-C during different ENSO phases. In El Niño decaying summers, a negative DO anomaly is present in the subsurface layer at stations S1-S5, with a minimum of −1.6 mg/L in the bottom layer of station S3. The DO anomaly is relatively smaller at stations S6 and S7, indicating a weaker ENSO influence in the open seas near Cheju Island. The contrary is seen in the La Niña years. A positive DO anomaly occurs in the bottom layer at stations S1–S4, meaning lower coastal hypoxia probability for La Niña years.




Figure 6 | Composite analysis of (A, B) DO, (C, D) temperature, and (E, F) salinity along Section C-C. Left and right panels indicate the El Niño and La Niña events, respectively. Triangles mark the sampling stations.



The temperature and salinity anomaly fields present similar patterns to those of the DO anomaly field. In El Niño decaying summers, fresher and warmer CDW water and saline and cooler subsurface TWC water are combined to produce much stronger vertical stratification, which is favorable for bottom hypoxia development. The situation in the La Niña years is the opposite. However, the anomalies for all three parameters are relatively smaller compared to those in El Niño years.

For the following summer of El Niño years, anomalously anticyclonic circulation occurs to the east of the Philippine Islands due to changes in the strength and location of the western North Pacific subtropical high. It has been found to be a key factor in generating variability in precipitation in southern China (Zhou and Yu, 2005; Xie et al., 2009). The difference in the composited wind field between the El Niño years and La Niña years confirms that the anticyclonic anomaly of moisture transport is enhanced in the El Niño decaying summer, indicating that the southwesterly moisture transport from the South China Sea increases precipitation in southern China (Figure 7). As described in Park et al. (2015), the July inland precipitation in China is a primary contributor to freshening in the Yellow Sea and ECS through increasing Changjiang River discharge during El Niño decaying August. Meanwhile, the surface wind anomaly is northward-northeastward over the ECS continental shelf during July–August (Figures 7, 8) and promotes the Kuroshio intrusion across the ECS shelf via the Ekman effect (Tan and Cai, 2018), which also contributes to the enhanced oceanic nutrient and hypoxia development off the Changjiang Estuary. The contrary appears in the La Niña years.




Figure 7 | (A) Composite difference of land-based precipitation (color) in July for five El Niño years (1998, 2003, 2005, 2007, and 2010) and the climatology mean. Red arrows denote composite difference of surface wind between El Niño years and climatology mean. Stippling indicates that the differences are statistically significant at the 95% level. The region bounded by a thick blue dashed line denotes the Changjiang river catchment. (B) is the same as (A), but for eight La Niña years (1999, 2000, 2001, 2006, 2008, 2009, 2011, and 2012).






Figure 8 | Composite differences of (A) SST (color) and surface wind (vector), (C) SST standard deviation, and (E) wind speed (Wspd) standard deviation in August for five El Niño years (1998, 2003, 2005, 2007, and 2010) and climatology mean. Stippling indicates that the differences are statistically significant at the 95% level. (B, D, F) are the same as (A, C, E), but for eight La Niña years (1999, 2000, 2001, 2006, 2008, 2009, 2011, and 2012).



Figure 8 shows the composite differences between the mean and standard deviation of the SST and wind fields between El Niño and La Niña decaying August. The atmospheric and hydrographic conditions are rather calmer during El Niño decaying August. The standard deviations of both SST and wind speed present negative anomalies in hypoxia areas, providing favorable conditions for maintaining the stratification and sustaining oxygen decomposition. Besides, the differences in mean of SST and wind between El Niño and La Niña decaying August is relatively small, with the mean value of 0.6°C and 0.1 m/s for hypoxia area (Table 2), indicating the standard deviations for both SST and wind speed, rather than their mean values, contribute to coastal hypoxia off the Changjiang Estuary during El Niño decaying August.


Table 2 | Indices for summer hypoxia and its associated multiple climate and oceanic factors along Section C-C during 1997–2014.



In the ECS, the stratification is often disrupted by strong winds, such as during a typhoon (Chen et al., 2014; Ni et al., 2016). The modeling study confirmed that typhoon activities temporarily broke down pycnocline, and eventually terminated the hypoxia in 2006 (Zhou et al., 2017). However, according to the western Pacific typhoon records from the Joint Typhoon Warning Center (JTWC), little typhoon activity occurred in the whole ECS during El Niño decaying summers (Figure 9). Li and Zhou (2012) showed that during the transition period from El Niño to La Niña, typhoon activity across the marginal seas of China is less frequently associated with changes in the relative vorticity of air and vertical wind shear. Our findings corroborate their findings. The typhoon-absent climatic condition in El Niño decaying summers helps provide the negative standard deviation (STD) anomalies of SST and wind fields in the ECS (Figures 8C, E), which benefit stratification maintenance and sustain oxygen decomposition.




Figure 9 | Composite typhoon tracks and center wind speeds (m/s) during (A) El Niño decaying summers (June–August) and (B) La Niña decaying summers (June–August). Black box approximately indicates the influence area of typhoons on hypoxia events.






4. Discussion


4.1 Comparison With Previous Hypoxia Observations

It is difficult to directly compare the areal extent and severity of hypoxia events between previous studies and our observations due to different sampling stations and cruise periods used. The following comparison of DO minimum and hypoxia probability is based on statistics.

(a) Oxygen minimum

The time evolution of DO minimum shows consistency between our observations and previous studies to a certain extent, with the root-mean-square (RMS) residual of 1.09 mg/L (Figure 4). Relatively large differences mainly occur in the following years: 1999, 2003, 2006, 2008, 2010, and 2014.

(1) No hypoxia was detected along Section C-C; however, it was reported in previous studies regarding 1999, 2006, and 2008. A possible reason is that our sampling stations and cruise period are not appropriate for the hypoxia, meaning the inter-seasonal variation of DO is also important and significant.

(2) Hypoxia was detected along Section C-C; however, no hypoxia was reported in previous studies regarding 2003, 2010, and 2014. In 2003, the sampling area focused on the outer ECS shelf but did not cover the Section C-C. In 2010, the sampling period of Liu et al. (2012) was September when hypoxia had probably weakened. In 2014, the sample stations were too sparse (Zhou et al., 2020).

(b) Hypoxia probability

The hypoxia occurrence probability is more than 67% in the literature (Table S1). However, the probability is only 33% along Section C-C. Note that oceanographers usually conduct their field investigations for hypoxia detection, so the hypoxia status is probably overestimated in the literature. For example, there were no hypoxia reported in the summers of 2000 and 2001. Maybe there were field investigations but no hypoxia was found in those years, just as our results show in Table 1. Another reason for the lower hypoxia occurrence in our study is that the hypoxia does not always extend northward enough to be detected along Section C-C. In this sense, the hypoxia/low-DO probability is probably underestimated in this study.



4.2 ENSO Effect on Coastal Hypoxia off the Changjiang Estuary

From the global perspective, the influence of ENSO on coastal ecological systems is significant in two different types of hydrodynamic systems: wind-induced upwelling areas (such as the eastern Indian Ocean in Gregg, 2001, and the California coast in Nam et al., 2011) and river-dominating estuarine areas (such as the Congo River and Amazon River; Signorini et al., 1999). The hypoxia area off the Changjiang Estuary belongs to the latter. As mentioned above, during most of El Niño decaying summers, the anomalous atmospheric circulation in the western Pacific transports moisture southwesterly and enhances the inland precipitation in southern China (Zhou and Yu, 2005). Park et al. (2015) reported that the Changjiang River discharge in El Niño decaying July is ~0.006 Sv greater than that for La Niña. Our result also confirms the Changjiang River discharge difference is ~0.01 Sv between different ENSO phases (Table 2). The greater amount of fresh water supply in July is responsible for the greater extent of CDW spread in August. Compared with the climatological mean, the CDW range extends eastward ~90 km in El Niño decaying August and shrinks westward ~20 km in La Niña decaying August. Considering costal hypoxia is sensitive to the CDW inter-seasonal variation (Zhang et al., 2018), the larger CDW range can help sustain the vertical stratification and oxygen depletion off the Changjiang Estuary. Besides the terrestrial fresh water supply, another important ENSO effect on coastal hypoxia is providing calmer climatic and hydrographic conditions. Statistical results indicate the typhoon frequency decreases by 50% during El Niño decaying summer, and the standard deviations for wind and SST decrease by 15 and 28%, respectively (Table 2). The calm wind and SST fields also help provide favorable conditions for hypoxia development.

In the past three decades, there have been two very strong El Niño events, which happened in 1997/98 and 2015/16, respectively. It is not coincidental that two severe coastal hypoxic events occurred in the summers of 1998 and 2016. Although the hypoxia in the summer of 1998 was not significant in the literature, with a smaller extent (600 km) and a relatively higher DO minimum (~1.44 mg/L) (Wang and Wang, 2007). The hypoxic event was quite severe as observed along Section C-C. Actually, hypoxia is the severest event in the repeated sectional observations during 1997–2014 (Figure 3). The hypoxia water ranged from the river mouth to 124.5°E, and the DO minimum was ~0.51 mg/L. Besides, severe hypoxia (close to anoxia) occurred in summer 2016 off the Changjiang Estuary (Chen et al., 2020; Wang et al., 2021). According to the hypoxic area and DO minimum, the hypoxia is rather severer in summer 2016 than in summer 1998, although its peak ONI is smaller than that of 1998. There were two possible reasons. First, the interannual variation of coastal hypoxia is largely influenced by its inter-seasonal variation (Zhang et al., 2020). The hypoxic area calculated from DO at discrete locations often contains possible errors because hypoxia has short-term variation (Zhang et al., 2018). So the comparison between two severe hypoxia has uncertainties. Second, after the construction of the Three Gorges Dam, the coastal sediment has decreased and the light availability has increased off the Changjiang Estuary. So the current hydrographic condition is much favorable for phytoplankton bloom and subsequent benthic hypoxia. Although the river discharge in summer 1998 was much larger than that in summer 2016, both riverine nitrate and phosphate concentrations in summer 1998 were 30–40% lower than the current levels (see Figure 2 in Wang et al., 2018).

Although the composite differences of DO and associated hydrographic and climatic features are significant between El Niño and La Niña years, the linear regression between the hypoxia severity index and ONI is not strong, especially for non-El Niño years. As shown in Figure 10, the low-oxygen/hypoxia areas tend to be much wider and the DO value tends to be much lower in El Niño decaying August. For normal and La Niña years, the scatter points are distributed rather discretely. These asymmetric ENSO effects on coastal hypoxia off the Changjiang Estuary are also reflected in the magnitude of composite anomalies of hydrographic factors along Section C-C (such as temperature and salinity; Figure 6).




Figure 10 | (A) Scatter plot of DO minimum along Section C-C during 1997–2014 and associated ONI in January. (B) Same as (A), but for the width of low-oxygen area (black dots) and hypoxia area (blue dots).



In summary, the ENSO signal is not the prerequisite for the coastal hypoxia off the Changjiang Estuary. However, the physical and chemical parameters associated with El Niño provide favorable conditions for hypoxia occurrence and indeed increased the hypoxia probability during the past two decades. In particular, the two severe hypoxia events, with large hypoxic zones and an unprecedentedly low DO value, occurred during very strong El Niño events (1997/98 and 2015/16). It is notable that the hypoxia was controlled by regional multiple factors from anthropogenic activities and natural processes. The ENSO, the remote low-latitude impact factor, provides important regional impact for the ECS coastal ecosystem.



4.3 Global Warming Impact on Summer Hypoxia off the Changjiang Estuary

Regional warming along with large riverine inflow is likely to prolong stratification, reduce vertical mixing, and eventually exacerbate bottom hypoxia in many estuaries, such as the Chesapeake Bay (Boesch, 2008), the Baltic Sea (Bendtsen and Hansen, 2013), and the Gulf of Mexico (Justic et al., 2005). However, at most stations and depths, the seawater temperature in August decreased slightly along Section C-C during 1997–2014 (Figure 2A). This result is in agreement with previous satellite observations (Kim et al., 2018). As a result of the cooling trend, the DO saturation has increased, especially for the waters at depth.

Although the ECS warming trend has not been significant during the past two decades, synoptic extreme SST events (marine heat waves) occur frequently and strongly impact the ECS hydrology (Park et al., 2015; Cai et al., 2017). Based on satellite records, Yan et al. (2020) reported three marine heat waves occurred in the summers of 2004, 2006, and 2016. However, no hypoxia event occurred in 2004 and the hypoxia event was not severe in 2006 along Section C-C (Figure 4), indicating large uncertainties in the relationship between coastal hypoxia and extreme ECS warming. The relationship between marine hot waves and 2016 hypoxia will be discussed in a separate paper.

Figure 11 shows the monthly mean and standard deviation of SST in the hypoxia area in August. The monthly mean SST was warmer in 2004, 2006, 2007, 2008, 2010, and 2013, and much cooler in 2009, 2011, and 2014. The SST interannual variation does not coincide with the occurrence of coastal hypoxia along Section C-C. However, the year-to-year variation of the standard deviation of SST is much more similar to the occurrence of hypoxia events. As mentioned in the ENSO Effect on DO Interannual Variation section, a low standard deviation value means that the SST field is relatively calm, providing a favorable condition for bottom hypoxia development. The correlation between SST standard derivation and ONI is −0.55 and significant at the 95% level.




Figure 11 | (A) Mean and maximum of SST for the hypoxia area (122°–124°E, 31°–33°N) from 1997 to 2014, with units of °C. Gray shaded areas indicate hypoxia events. (B) Same as (A), but for the standard deviation of SST.






5 Conclusions

The Changjiang Estuary and its adjacent ECS are sensitive to climate change. Based on repeated in situ observations over an 18-year period, we investigated the temporal variation of DO concentration and associated hypoxia/low-DO events off the Changjiang Estuary. The bottom DO presents a “dual-core” structure, which is associated with two hypoxic areas near the Changjiang river mouth and Changjiang Bank, respectively. During 1997–2014, the DO was highly variable year to year, and did not present significant trend at 95% confidence level. Only slightly decreasing trend was found in the nearshore region, which was associated with increasing AOU instead of the variation of DO solubility or stratification.

Although El Niño is not a prerequisite for hypoxia events (e.g., the hypoxia of 2013 and 2014 occurred in normal years), El Niño did enhance the dissolved oxygen depletion and bottom hypoxia probability off the Changjiang Estuary during 1997–2014. The El Niño events had a significant impact on physical processes in the ECS, which were conducive to hypoxia occurrence. Specifically, a large river runoff strengthened stratification and calmed climatic and hydrographic conditions. In the following summer of most El Niño events, storm-driven inputs of fresh water from elevated river discharge, the ensuing high ocean temperature in the upper layer, and wind-driven subsurface saline water intrusion jointly produced strong stratification and reduced ventilation. These factors were physically responsible for the formation of the hypoxia at the bottom. Additionally, the calm wind and SST also played important roles for the maintenance of stratification and the accumulation of DO deficit.

In this study, we demonstrated that natural processes can also cause and contribute to severe hypoxia in the ECS coastal waters, in addition to anthropogenic activities that have been well studied. More buoys should be deployed to monitor the inter-seasonal variability of bottom hypoxia under different environmental factors. Moreover, other important physical–biochemical processes, such as residual current speed and oceanic nutrient supply in the hypoxic area, should also be considered in further studies.
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Eutrophic estuaries have suffered from a proliferation of harmful algal blooms (HABs) and acceleration of ocean acidification (OA) over the past few decades. Despite laboratory experiments indicating pH effects on algal growth, little is understood about how acidification affects HABs in estuaries that typically feature strong horizontal and vertical gradients in pH and other carbonate chemistry parameters. Here, coupled hydrodynamic–carbonate chemistry–HAB models were developed to gain a better understanding of OA effects on a high biomass HAB in a eutrophic estuary and to project how the global anthropogenic CO2 increase might affect these HABs in the future climate. Prorocentrum minimum in Chesapeake bay, USA, one of the most common HAB species in estuarine waters, was used as an example for studying the OA effects on HABs. Laboratory data on P. minimum grown under different pH conditions were applied in the development of an empirical formula relating growth rate to pH. Hindcast simulation using the coupled hydrodynamic-carbonate chemistry–HAB models showed that the P. minimum blooms were enhanced in the upper bay where pH was low. On the other hand, pH effects on P. minimum growth in the mid and lower bay with higher pH were minimal, but model simulations show surface seaward estuarine flow exported the higher biomass in the upper bay downstream. Future model projections with higher atmospheric pCO2 show that the bay-wide averaged P. minimum concentration during the bloom periods increases by 2.9% in 2050 and 6.2% in 2100 as pH decreases and 0.2 or 0.4, respectively. Overall the model results suggest OA will cause a moderate amplification of P. minimum blooms in Chesapeake bay. The coupled modeling framework developed here can be applied to study the effects of OA on other HAB species in estuarine and coastal environments.
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Introduction

The frequency, duration, and intensity of harmful algal blooms (HABs) have increased due to eutrophication as well as global climate change in recent decades (Glibert and Burford, 2017; Glibert, 2020). Climate change is impacting HABs in complex ways, from warming of waters, to changing precipitation patterns and changing stratification (Paerl and Huisman, 2008; Wells et al., 2015; Glibert, 2020). Ocean acidification (OA), a consequence of oceanic uptake of excess atmospheric CO2, could also contribute to the global expansion of HABs, but its effects on HABs are not as well understood as other climate change factors.

CO2 enrichment is expected to relieve the energy requirements of photosynthesis, especially of those primary producers that rely on carbon concentrating mechanisms (CCMs) to overcome inorganic C limitation. CCMs increase the concentration of CO2 at the site of Rubisco, the primary carboxylating enzyme in photosynthesis. In particular, those species having Form II Rubisco, which has a lower affinity for CO2 than form I, would be expected to benefit when CO2 is enriched (Tortell, 2000; Rost et al., 2003; Giordano et al., 2005; Raven and Beardall, 2014). Many bloom-forming dinoflagellates fall into this category and rising CO2 could stimulate the growth of these species. In addition to impacting C fixation, decreasing pH also could influence algal growth by affecting nutrient uptake. Lowered pH could affect nutrient acquisition by altering the cellular transmembrane potential, enzyme activity (Beardall and Raven, 2004; Giordano et al., 2005), or chemical speciation of dissolved nutrients (Shi et al., 2010). Despite the varied effects of increasing CO2 on dinoflagellates and their complex physiological responses, limited previous studies suggested that OA could stimulate the growth of many HAB species (e.g. Beardall et al., 2009; O'Neil et al., 2012; Wells et al., 2015; Glibert, 2020).

During the past half-century, levels of atmospheric and surface water CO2 concentrations have increased by more than 25%, lowering pH in the ocean by about 0.1 unit (Doney et al., 2012; Takahashi et al., 2014; Bates et al., 2014; Doney et al., 2020). Surface water pH of the ocean is expected to decrease further by 0.3 – 0.4 unit by the end of the 21st century (Feely et al., 2004; Feely et al., 2009; Jiang et al., 2019; IPCC, 2021). Compared with the open ocean, coastal and large estuaries are experiencing an accelerated pace of acidification, as organic matter respiration contributes to dissolved inorganic C production, in addition to CO2 uptake from the atmosphere (Cai et al., 2011; Cai et al., 2017; Cai et al., 2021). Therefore, eutrophication exerts a dual effect on estuaries and coastal oceans, not only stimulating HABs but also exacerbating OA. Chesapeake bay, the largest estuary in the U.S., which suffers from both OA and HABs, provides an excellent system to investigate the impacts of OA on HAB abundance and distribution.

Recent observations in Chesapeake bay found pH and surface pCO2 to have large spatial gradients and strong temporal variabilities (Brodeur et al., 2019; Huang et al., 2019; Shadwick et al., 2019; Chen et al., 2020; Friedman et al., 2020). The pH range is large, with a minimum value of 7.1 in the upper bay and the bottom waters of the mid bay and a maximum value as high as 8.5 in the surface waters of the mid and lower bay (Brodeur et al., 2019). pCO2 also displays a strong along-channel gradient from the estuary’s head to mouth, resulting in outgassing in the upper bay, uptake of atmospheric CO2 in the mid bay, and near-equilibrium conditions in the lower bay (Cai et al., 2017; Chen et al., 2020; Friedman et al., 2020). Observations from a moored sensor showed high frequency fluctuations of pH and pCO2, driven by a wide array of physical and biological processes (Shadwick et al., 2019).

Modeling studies and retrospective data analysis have shown significant but complex long-term pH trends in Chesapeake bay over the past three decades (Shen et al., 2020; Da et al., 2021). In the upper bay, where pH in near-surface waters has historically been low, there has been a long-term increase (basification), influenced by freshwater input and increasing alkalinity in the Susquehanna River (Kaushal et al., 2013). In contrast, in the lower bay, which historically had a higher pH, there has been a decrease in pH and acidification due to oceanic influence. Due to the counter-balance between OA and river alkalinization (Shen et al., 2020), pH in the autotrophic mid-bay has shown no significant long term trends but displays strong short-term fluctuations likely associated with phytoplankton photosynthesis. Also, seasonally, calcium carbonate dissolution is an important buffering mechanism for pH changes in late summer in the mid-bay, leading to higher pH values in August than in June, despite persistent hypoxic conditions during the summer (Su et al., 2020; Su et al., 2021). How these long term pH trends and seasonal variations affect seasonal development of HABs and how the increasing atmospheric pCO2 in a warming climate influence HABs are largely unknown but are of critical importance for managing coastal resources.

Prorocentrum minimum, a species of increasing global concern (Heil et al., 2005; Glibert et al., 2008; Glibert et al., 2012), is one of the major bloom-forming harmful dinoflagellates of Chesapeake bay. Blooms of P. minimum can lead to hypoxic events, death of finfish and shellfish, and submerged aquatic vegetation losses (Tango et al., 2005). Such blooms are restricted to certain ranges of temperature and salinity, and occur most frequently in April and May (Tango et al., 2005; Li et al., 2015). Bloom events of this species have increased from ~13 per year in the 1990s to > 20 per year in the early 2000s in Chesapeake bay (Li et al., 2015). However, the effects of pH on P. minimum growth have been seldom investigated although there were some laboratory experimental studies. Under high pH, growth of P. minimum is greatly reduced, while its growth rate increases moderately as pH decreases (Hansen, 2002). Fu et al. (2008) found CO2 enrichment could increase the growth rate of P. minimum by increasing its maximum light-saturated C fixation rate. Later experiments found extremely low pH (< 7) could also limit growth of dinoflagellates, but P. minimum was able to survive under such conditions (Berge et al., 2010). These laboratories studies were conducted with P. minimum under fixed values of pH or CO2 concentration. It remains unclear how P. minimum is affected by varying pH level in situ in an estuarine environment as it is transported in the estuary and its position varies seasonally (Tyler and Seliger, 1978; Zhang et al., 2021; Li et al., 2021). A mechanistic model that integrates hydrodynamics, carbonate chemistry and harmful algae physiology is needed to address such questions.

Few plankton models have explicitly incorporated the effects of pH or pCO2 and have been mainly used to interpret results obtained from controlled laboratory experiments (e.g. Schippers et al., 2004; Flynn et al., 2015; Almomani, 2019). In this study we developed a new integrated modeling system to investigate the effects of OA on P. minimum blooms in vivo, by coupling 3D hydrodynamic, carbonate chemistry and HAB models. The model results provide a first glimpse into the effects of OA on HABs in a dynamic and variable present and future estuarine environment. The modeling system is based on widely used ocean models and can be readily applied to other estuaries and coastal oceans.



Methods

The integrated modeling system consists of four submodels: a hydrodynamic model based on the Regional Ocean Modeling System (ROMS) (Shchepetkin and McWilliams, 2005; Haidvogel et al., 2008); a biogeochemical model based on the Row Column Aesop (RCA) structure (Di Toro, 2001; Isleib et al., 2007; Testa et al., 2014); a carbonate chemistry (CC) model based on Shen et al. (2019a); and a HAB model based on a mechanistic model developed by Zhang et al. (2021). This integrated modeling system is termed ROMS-RCA-CC-Prorocentrum (Figure 1).




Figure 1 | A conceptual diagram of the ROMS-RCA-CC-Prorocentrum coupled model: ROMS is the hydrodynamic model, RCA is the biogeochemical model, CC is the carbonate chemistry model, and HAB is the model for P. minimum.




Hydrodynamic Model (ROMS)

The ROMS hydrodynamic model was configured for Chesapeake bay and its adjacent shelf (Figure 2), consisting of 80 × 120 grid points in the horizontal direction and 20 evenly distributed vertical sigma levels in the vertical direction (Li et al., 2005). An orthogonal curvilinear coordinate system was used to follow the general orientation of the deep channel and the coastlines of the main stem of the bay. Coastal boundaries were specified as a finite-discretized grid via land/sea masking.




Figure 2 | (A) The bathymetry of Chesapeake bay. The open circles mark the location of five sites along the main stem. (B) The horizontal curvilinear coordinate system for ROMS-RCA model, every third grid line is plotted in both along- and cross-bay directions. The black dashed line marks the location of the along-channel section used in later analysis.



ROMS is forced by freshwater discharge at river heads, water levels at the open boundary, and heat and momentum flux across the sea surface. The freshwater input was prescribed for the eight major tributaries of Chesapeake bay, based on measurements at US Geological Survey gaging stations (USGS). The offshore boundary water level consists of tidal and non-tidal components. The tidal component was provided by global tidal model TPXO7 (TOPEX/POSEIDON) (Egbert and Erofeeva, 2002), and the non-tidal component was extracted from daily sea level measured at Duck, North Carolina, by the National Oceanic and Atmospheric Administration (NOAA). The air-sea heat flux and momentum flux were computed by using the North America Regional Reanalysis (NARR) data. The vertical eddy viscosity and diffusivity were parameterized using the k-kl turbulence closure scheme with the background value of 1 × 10-6 m2 s-1, and the horizontal eddy viscosity and diffusivity were set to be constant (1 m2 s-1). The ROMS model was initialized using climatological temperature and salinity conditions and run for a spin-up period of 2 years to get the initial condition for year 2006. A detailed description of the model configuration can be found in Li et al. (2005). This hydrodynamic model was previously validated against water level measurements at tidal gauge stations (Zhong and Li, 2006; Zhong et al., 2008), salinity and temperature time series at monitoring stations (Li et al., 2005; Ni et al., 2020), salinity distributions collected during hydrographic surveys, and current measurements (Li et al., 2005; Xie and Li, 2018; Xie and Li, 2019), including the year of 2006 (Ni et al., 2020).



Biogeochemical Model (RCA)

The RCA biogeochemical model includes a water-column component (Isleib et al., 2007) and a sediment diagenesis component (Di Toro, 2001), coupled to the ROMS hydrodynamic model in an offline mode. RCA simulates pools of organic and inorganic nutrients, two phytoplankton groups (one representing winter-spring diatoms and one representing summer dinoflagellates), and dissolved oxygen concentrations (Testa et al., 2014). The RCA biogeochemical model is forced by loads of dissolved and particulate materials from the eight major rivers. Riverine constituent concentrations for phytoplankton, silica, particulate and dissolved organic C, phosphorus (P), and nitrogen (N), and inorganic nutrients   were obtained or derived from Chesapeake bay Program biweekly monitoring data as described in Testa et al. (2014). The ocean boundary concentrations were acquired from the World Ocean Atlas 2013 and Filippino et al. (2011). Atmospheric deposition of nutrients was much smaller than the riverine nutrient loading and thus not considered, following the previous studies (Ni et al., 2020; Li et al., 2020b; Zhang et al., 2021). The initial conditions of RCA were based on Chesapeake bay Program monitoring data in December 2005. The RCA model has been validated against biogeochemical data at a number of stations in Chesapeake bay (including  ,  ,  , chlorophyll-a, dissolved oxygen, and organic C, N and P), integrated metrics of hypoxic volume, rates of water-column primary production and respiration, and nutrient fluxes across the sediment-water surface (Brady et al., 2013; Testa et al., 2013; Testa et al., 2014; Li et al., 2016; Testa et al., 2017; Ni et al., 2020).



Carbonate chemistry Model (CC)

The CC model simulates Dissolved Inorganic Carbon (DIC), Total Alkalinity (TA), and mineral calcium carbonate (aragonite CaCO3) and has previously been coupled to ROMS-RCA for Chesapeake bay (Shen et al., 2019a; Shen et al., 2019b; Shen et al., 2020). DIC is consumed by phytoplankton growth/photosynthesis and calcium carbonate precipitation. The sources of DIC include air-sea CO2 flux, phytoplankton respiration, oxidation of organic matter, calcium carbonate dissolution, sulfate reduction, and sediment water fluxes. Calcium carbonate dissolution and precipitation are the primary source/sinks for TA, but the contributions of several other biogeochemical processes (e.g., nitrification and sulfate reduction) to TA are also modeled. Other carbonate chemistry parameters such as pH and pCO2 are calculated from the CC model outputs using the CO2SYS program (Lewis and Wallace, 1998). A detailed description of the CC model and its coupling to RCA is described in Shen et al. (2019a). The CC model is forced by the atmospheric CO2, the riverine loads and offshore concentration of TA and DIC. Time series of TA measurements in riverine inputs were obtained from the USGS stations in the Susquehanna and Potomac Rivers (Raymond et al., 2000). The riverine DIC concentrations were calculated through CO2SYS with the available TA and pH (Shen et al., 2020). Carbonate chemistry data for the other smaller tributaries were estimated using empirical relationships as functions of freshwater discharge (Shen et al., 2019a). TA at the ocean boundary was directly estimated with the empirical equation based upon salinity at the ocean boundary (Cai et al., 2010). DIC at the offshore boundary was calculated with the available TA, fCO2 from SOCAT (Bakker et al., 2016), salinity and temperature using CO2SYS. The atmosphere pCO2 was set to be 400 ppm in 2006, a year chosen for historical validation, according to the observation from NOAA-ESRL (https://www.esrl.noaa.gov/gmd/ccgg/trends; Li et al., 2020a). Initial conditions for DIC and TA were calculated from the two-end member mixing model. The CC model has been validated against extensive surveys of DIC, TA and pH collected during ten cruises in 2016 (Shen et al., 2019a) and long term (1985-2015) measurements of pH at a number of monitoring stations (Shen et al., 2019b; Shen et al., 2020).



P. minimum Model (HAB) Incorporating pH Effects

The P. minimum model is a mechanistic HAB model that has previously been embedded within RCA for Chesapeake bay (Zhang et al., 2021). A rhomboid strategy was used: that is, P. minimum is modeled individually while the two other plankton populations (winter diatoms and summer dinoflagellates) are represented by the aggregate functional classes. The model parameters for P. minimum are given in Zhang et al. (2021) and the parameters for the winter-spring diatoms and summer dinoflagellates can be found in Testa et al. (2014).

For the P. minimum model, the growth rate depends on temperature, light and nutrient concentrations, while the mortality terms include both grazing and respiration, and the model parameters have been calibrated according to published physiological experiments on P. minimum and numerical sensitivity-analysis experiments. The equation for P. minimum biomass is given by

 

where proro is the biomass of P. minimum measured by carbon (in unit of mgC L-1), G is the growth rate, Rres is the respiration rate, and Rgz is the grazing rate. To include the effects of pH on P. minimum growth, G is calculated as



where GT is the specific growth rate depending on temperature, Gpar represents the effects of light availability, GN represents the effects of nutrient limitation on growth, and GpH represents the effects of pH on growth. The formulae for GT, Gpar and GN can be found in Zhang et al. (2021). In Eq. (2) GT and GpH were assumed to be independent of each other, but some previous laboratory experiments showed that elevated CO2 alone led to a higher growth rate but elevated CO2 in concert with temperature increase had no significant effect on P. minimum growth (Fu et al., 2008). Equation (2) can be readily modified to consider nonlinear interactions between higher CO2 and warming when more experimental data are available.

GpH was estimated by fitting an empirical relation to previously published experimental data on P. minimum culture grown under different pH conditions (Hansen, 2002; Berge et al., 2010; Figure 3). In those experiments, P. minimum growth rates were obtained in a laboratory setting under a range of pH conditions while other parameters such as temperature and salinity were held at fixed values. To capture the sole effect of pH on the growth rate, GpH was normalized by the respective mean value in each laboratory experiment such that P. minimum growth is enhanced by OA when GpH > 1 but suppressed by it when GpH < 1. pH values in Hansen’s (2002) experiments ranged from 7 – 10, far beyond the pH range observed in Chesapeake bay, but only experimental data in the pH range of 7.2 – 8.5 are shown in Figure 3. GpH increased by about 10% as pH decreased from 8.5 to 7.2, representing a modest enhancement of growth rate.




Figure 3 | Normalized growth rate of P. minimum (GpH) as a function of pH. Blue open circles represent data from Berge et al. (2010) and red open circles represent data from Hansen (2002). Both growth rates were normalized by the corresponding mean growth rate under pH ranging from 7 to 8.5 which is a typical range of Chesapeake bay water pH. Solid black line is the fitted curve which was used in the model considering pH effects.



The boundary conditions for P. minimum at the river heads and continental shelf were set to 0. The initial condition of P. minimum for the entire estuary were interpolated using the distribution reported in the estuary-wide surveys reported in Tyler and Seliger (1978). Model sensitivity-analysis experiments in Zhang et al. (2021) showed that the prediction of P. minimum blooms is insensitive to the initial condition as long as a small seed population exists at the beginning of the year.



Numerical Runs

The new coupled models were first used to conduct a hindcast simulation for the year 2006. The results were used to compare with the simulations by the original ROMS-RCA-Prorocentrum model which did not consider pH effects (Zhang et al., 2021).

To project the future effects of OA on P. minimum blooms, two climate projection runs were conducted by increasing the atmospheric pCO2 to 550 ppm for the mid-21st century and 800 ppm for the late-21st century (IPCC, 2021) and using the corresponding DIC at the oceanic boundary to drive the CC model. The oceanic boundary DIC was calculated by assuming that the pCO2 difference between the atmosphere and the ocean surface is the same as year 2006. The initial DIC conditions for two projection runs were calculated from the two-end member mixing model with the new oceanic end DIC. Other boundary and initial conditions as well as hydrodynamic forcings were assumed to be unchanged.




Results


Temporal and Spatial Patterns in pH Effects on P. minimum Bloom

To show the effects of OA on P. minimum blooms, the time series of the daily surface pH, GpH and P. minimum biomass concentration at four stations along the Chesapeake bay mainstem (their locations marked in Figure 2A) are presented for the year of 2006 and the model runs with or without considering pH effects are compared.

At the upper bay station CB3.1, surface pH increased from ~7.5 to ~7.9 from winter to early spring (Figure 4A). It then decreased from the middle of April and reached a minimum (~7.0) in August, before recovering to higher values during the fall. Since pH at the upper bay station was relatively low, GpH > 1 all year, yielding ~5% amplification in the modeled growth rate (Figure 4B). Accordingly, the P. minimum concentrations in the model run incorporating pH effects were moderately higher than those without considering pH effects (Figure 4C). The peak concentration in May reached 1.18 × 106 cells L-1 in the model run with pH effects, as compared to 1.13 × 106 cells L-1 in the model run without pH effects. This represented a 5-10% increase in the biomass during the primary May bloom (Figure 4D), although larger increases (up to 20%) were seen in the fall season during which a smaller bloom developed. At station CB3.3C further downstream, the Seasonal variation of surface pH was similar to station CB3.1 except pH increased dramatically to 8.5 in June (Figure 4E). Though the surface pH was about 0.15 larger, GpH was still above 1 during the bloom period (Figure 4F). The peak concentration increased by 0.05 × 106 cells L-1 (Figure 4G), representing a 3-5% increase in the bloom size (Figure 4H). The model-predicted P. minimum cell density is in good agreement with the observed cell density at CB 3.3C as well as at the stations in the mid-bay (CB 4.3C) and lower-bay (CB 5.2) where the monitoring data were available (Figures 4G, K, O).




Figure 4 | Time series of daily surface pH  (A, E, I, M), GpH (B, F, J, N), P. minimum cell concentration (C, G, K, O), and ratio of P. minimum concentration under pH effects to that without pH effects (D, H, L, P) in year 2006 at 4 mainstem stations marked in Figure 2A. Red solid lines represent the model results considering pH effects and blue dashed lines represent the model results without pH effects. Green dots represent the observed monthly mean P. minimum concentration.



At the mid bay station CB4.3C, surface pH generally increased from 7.9 to 8.2 between January and July (Figure 4I). It then dropped and reached the minimum (~ 7.5) in August and subsequently increased from September to December. The corresponding GpH was slightly >1 during most of the time from January to May and then decreased to <1 in June and July (Figure 4J). GpH increased to >1 in August and then decreased to slightly <1 again from September to December. Thus, surface P. minimum concentrations considering pH effects were also slightly higher than those without pH effects (Figure 4K), with the peak concentration during the spring bloom increasing by <5% (Figure 4L). At the lower bay station CB5.2, surface pH averaged around 8 and showed a weaker seasonal variation (Figure 4M). GpH was slightly less than 1 all year except in August when pH reached the minimum (Figure 4N). There was virtually no difference in the cell density between the two model runs except in the late fall (Figures 4O, P). It was surprising to see higher P. minimum concentration at CB4.3C (4.2% increase) and CB5.2 (3.0% increase) during late fall when pH was high and GpH < 1 (Figures 4J, N). On the other hand, P. minimum concentrations at the upper bay station CB3.1 remained elevated due to consistently low pH (Figure 4D). Seaward estuarine outflow could advect the higher biomass downstream, raising the cell density in the mid and lower bay even though the local growth rate was lower.

Focusing on the primary spring bloom period, monthly averaged surface pH in April increased from 7.7 in the upper bay to 8.0 in the mid bay while values were slightly lower, 7.9, in the lower bay (Figure 5A). GpH was > 1 in the upper bay and < 1 in the mid-bay (Figure 5B). In the lower bay, GpH was almost equal 1. Consequently P. minimum concentrations were moderately higher in the model run considering the pH effects (Figures 5C, D). In May, surface pH values in the mid bay and lower bay were similar to April, while the minimum surface pH in the upper bay declined to ~ 7.5 (Figure 5E). GpH increased by 5% in the upper bay while dipping slight less than 1 in the mid-bay where pH remained above 8 (Figure 5F). The P. minimum bloom in May was mostly confined to the mid and upper bay, covering the mainstem between 38 and 39.2°N, as well as the Potomac River (Figure 5G). P. minimum concentrations increased everywhere in the bay, with the largest increase in the area between 38.7 and 39.3 °N (Figure 5H). The maximum increase in the cell density was 7 × 104 cells L-1 in the upper bay.




Figure 5 | Horizontal distribution of monthly-mean surface pH (A, E), GpH (B, F), P. minimum cell concentration (C, G) and the concentration difference between model with pH and without pH (D, H) in April and May when large blooms occurred in year 2006.



Along-channel distributions of pH, GpH, and cell concentrations provide further information on the pH effects on the cell distributions (Figure 6). pH showed an along-channel gradient but also a vertical gradient, with the top-to-bottom difference reaching ~0.8 in the mid-bay (Figures 6A, E). GpH of the bottom water was >1 due to lower pH (Figures 6B, F). In April, P. minimum concentrations were highest in the bottom waters of the lower bay as cells were advected landward by the estuarine return flow (Figure 6C). Since P. minimum growth was severely limited by light availability in the bottom waters, P. minimum concentrations did not increase despite the lower pH values (Figure 6D). In May, the bloom developed in the surface waters of the mid bay and upper bay (Figure 6G). Low pH in the upper bay enhanced GpH (Figure 6F) and amplified the bloom size (Figure 6H). Although GpH < 1 in the surface waters of the mid-bay, seaward advection of higher biomass from the upper bay compensated for the lower growth rate such that the P. minimum concentration in the mid-bay did not decrease (Figure 6H).




Figure 6 | Along-channel distribution of monthly-mean pH (A, E), GpH (B, F), P. minimum cell concentration (C, G) and the concentration difference between model with pH and without pH (D, H) in April and May in year 2006.





Projections for Effects of Future Acidification on P. minimum Bloom

To explore the impact of OA on P. minimum blooms in the future climate, the time series of the daily surface pH, pH decline, GpH and P. minimum concentrations were compared for the years 2006, mid-21st century 2050 and late-21st century 2100 at the three stations (Figure 7). At the upper bay station CB3.1, pH is projected to decrease by ~0.1 in 2050 and ~0.2 in 2100 (Figures 7A, B). Correspondingly, GpH time series shift upwards by ~0.007 in 2050 and ~0.015 in 2100 (Figure 7C). The averaged P. minimum concentrations in April and May increased 2.7% by 2050 and 5.5% by 2100 (Figure 7D). At the mid-bay station CB4.3C, pH shows a larger reduction, decreasing by ~0.15 in 2050 and ~0.3 in 2100 (Figures 7E, F). GpH shifts upwards and remains > 1 all year in 2100 (Figure 7G). The average bloom size from April to June increases 2.0% in 2050 and 5.0% in 2100 (Figure 7H). pH reduction at the lower bay station CB5.2 is as large as that at CB4.3C (Figures 7I, J). In the mid- and late-21st century, GpH is projected to stay above 1 during most of the year (Figure 7K). P. minimum concentrations during the spring blooms would increase 2.7% in 2050 and 5.3% in 2100 (Figure 7L). The time series of the concentration ratio between future scenarios and year 2006 show the same trend at the three stations. During the spring blooms, the percentage increase in P. minimum concentrations reaches a maximum in April, as pH decline is relatively larger (Figures 7B, F, G). It should also be noted that though the percentage increase in P. minimum concentrations during late fall is very large, the fall blooms are much smaller than the spring blooms.




Figure 7 | Time series of daily surface pH (A, E, I), pH decline (B, F, J), GpH (C, G, K), and ratio of P. minimum concentration in mid-21st century and late-21st century to that in year 2006 (D, H, L) at 3 mainstem stations marked in Figure 2A..



Surface distributions of monthly averaged pH, GpH, and P. minimum concentrations in May are altered in the future scenario relative to the year 2006 (Figure 8). In 2050, monthly averaged surface pH in May ranges from 7.4 to 7.9, with an averaged decrease of ~ 0.1 as compared with year 2006 (Figure 8A). The area where GpH is >1 would cover the whole bay (Figure 8B). Thus, P. minimum concentrations increase almost everywhere in the bay (Figure 8D). In 2100, monthly averaged surface pH in May decreases to 7.3 – 7.7 (Figure 8E). With such low pH, GpH is even larger, reaching 1.05 in most area of the bay (Figure 8F). This results in even larger increases in P. minimum concentrations (Figure 8H).




Figure 8 | Horizontal distribution of monthly-mean surface pH (A, E), GpH (B, F), P. minimum cell concentration (C, G), and the concentration difference between model results of future projection and year 2006 (D, H) in May.



Five stations were chosen to further illustrate the effects of OA on the peak bloom size of P. minimum (Figure 9). At the upper bay station CB3.1, the peak concentration increases 1.47% in the mid-21st century and 2.86% in the late-21st century as compared with the year 2006. Stations CB3.3C, CB4.1C, and CB4.3C are located in a region (38.5 – 39 °N) where the P. minimum blooms typically occur (Figure 5G). The peak P. minimum concentration at these three stations is projected to increase by 1.51%, 0.87%, 2.42% in 2050 and by 2.59%, 2.68%, 4.37% in 2100, respectively. At the station CB5.2 at the lower bay, the peak P. minimum concentration increases by 2.04% in 2050 and 3.73% in 2100.




Figure 9 | Comparison between peak P. minimum cell concentration during the spring bloom in May of year 2006, mid-21st century, and late-21st century at 5 mainstem stations marked in Figure 2A.






Discussion and Conclusion

Coupled hydrodynamic-carbonate chemistry–HAB models were developed to investigate the effects of OA on P. minimum blooms in Chesapeake bay. To our knowledge, this was the first attempt to couple 3D carbonate chemistry and HAB models for an estuarine region, representing a preliminary but an important step towards modeling and understanding the OA-HAB interactions in a changing climate. The model results showed a moderate effect of pH on P. minimum blooms but estuarine circulation transported P. minimum cells across large pH gradients in the estuary and produced unexpected changes in the bloom size across different parts of the estuary. For example, the estuarine outflow exported higher biomass in the low-pH upper bay to the mid- and lower bay where high pH suppresses P. minimum growth. The climate projections suggested 2.9% or 6.2% increase in the bay-averaged P. minimum concentration in 2050 or 2100 when the atmospheric pCO2 increases to 550 or 800 ppm and pH in Chesapeake bay decreases by 0.2 or 0.4. This modest increase is consistent with laboratory results (Fu et al., 2008; Berge et al., 2010). It is possible some phytoplankton species like P. minimum are resistant to climate change in terms of OA as large pH fluctuations in space and time under the current climate make them capable of tolerating OA effects. Other species may show a stronger response. A recent meta-analysis of ~3000 studies on HABs globally reveals that the effects of elevated CO2 on HAB growth rates varies both across and within species, but led to a significant overall increase in growth rate by 20% (Brandenburg et al., 2019). Our choice of P. minimum for this modeling study was driven by the availability of an existing mechanistic HAB model for Chesapeake bay. It is quite possible that a larger OA effect may be found for other HAB species and the modeling approach developed here can be readily extended to other HAB species in other estuaries or coastal oceans. The coupled carbonate chemistry and HAB models could also be extended to incorporate other effects of rising CO2 on the HAB species as described below.

This modeling study focussed exclusively on the pH effects. However, previous studies suggested the potential effects of C limitation on algal growth under changing CO2 conditions (e.g. Schippers et al., 2004; Almomani, 2019). In Chesapeake bay DIC ranges between 1000 and 2000 μM L-1 under the current climate (Brodeur et al., 2019) and is expected to increase by 100-400 μM L-1 in the 21st century. Hence C limitation is not expected to be a major factor in P. minimum growth. Nevertheless, laboratory experiments showed that growth of species such as P. minimum may be affected by pH changes even when DIC limitation was minor (Hansen et al., 2007). The physiological responses of dinoflagellates to pH and CO2 changes are likely complicated and future models need to take these processes into consideration. For example, elevated CO2 could affect cellular quotas of C, N and P and the uptake rate of nutrients (Xia and Gao, 2005; Fu et al., 2007; Finkel et al., 2010). An increase of C:N or C:P could make the algae more prone to N-limitation or P-limitation, although elevated CO2 did not significantly affect the elemental ratios of P. minimum (Fu et al., 2008).

The parameterization GpH used in the HAB model (Eq. 2) was based on the laboratory experiments in which pH in the culture was altered through acid/base additions. Two approaches have been used to manipulate pH and the carbonate system in studies involving phytoplankton and responses to lowered pH and OA. One is based on acid/base additions and the other is CO2 bubbling. The main difference lies in their different effects on the carbonate speciation, the total pool of inorganic C (TCO2), and alkalinity of seawater medium (Berge et al., 2010). CO2 bubbling leads to an increase in TCO2 while alkalinity is kept constant and pH decreases. This reflects the changes related to ocean acidification due to increased atmospheric CO2. In the HCl addition method, TCO2 is kept stable while total alkalinity and pH decrease. There are heated discussions on which technique is most suitable for studying OA effects (Hurd et al., 2009; Schulz et al., 2009; Shi et al., 2009). The pros and cons of each technique make it more difficult to evaluate effects in estuarine and coastal environments where there are multiple sources of inorganic C (e.g. riverine inputs, oceanic import, uptake from the atmosphere, respiration of organic matter). Future modeling development for studying OA-HAB interaction requires a close integration between the experimental and modeling approaches.

To investigate the influence of future acidification on P. minimum blooms, two scenario runs were conducted under the elevated pCO2 conditions projected for the mid- and late-21st century conditions. However, these model runs did not consider all climate-change impacts on Chesapeake bay such as warming, sea level rise and altered river flows (Ni et al., 2019). In their laboratory experiments, Fu et al. (2008) found raising CO2 alone increased the growth rate of P. minimum but higher CO2 and warming in combination did not produce significant change on P. minimum growth. A future modeling study needs to consider these combined effects (e.g., Glibert, 2020). Previous projections of P. minimum in Chesapeake bay, based on a habitat model, showed that P. minimum biomass may shift upstream due to salinity changes caused by sea level rise and changes in the river flow (Li et al., 2020b). As the biomass in the upper bay increases, the low-pH water there may lead to a larger increase in P. minimum concentration and the estuarine outflow may transport these cells downstream. Furthermore, reduced pH could increase the toxicity of some harmful algae (Sun et al., 2011; Tatters et al., 2012). While the toxicity of P. minimum in Chesapeake bay has not been documented, and the toxicity of this species is a topic of debate (Heil et al., 2005), the harm to estuarine ecology could be much larger under elevated pCO2 for related toxic HAB taxa.

It is also worth noting that this model does not consider the complexity of mixotrophic nutrition of P. minimum and how that may change under altered CO2 conditions. Indeed, for this first effort of coupling the carbon chemistry model with the HAB model, a species that does not have strong dependence on mixotrophy was purposely chosen. A three-dimensional mixotrophic model for a different HAB taxon of Chesapeake bay, Karlodinium veneficum, has recently been developed (Li et al., 2022), and the aim is to couple this complex HAB model to the ROMS-RCA-CC model in the future.
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+ 0.627]
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These equations were obtained from the equations in Figures 6, 7. Eqgs. 3 and
4 were solved for the Chl-a peak value from each linear regression equation in
Figures 6C,D. Eqgs. 7 and 8 were also solved for Daypeax value from each linear
regression equation in Figures 7C,D.
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SWT? Salinity Temperature (°C) Dissolved oxygen (umol/L) Phosphate (umol/L) Nitrate (umol/L) Dissolved silicate (umol/L)
TWC 33.20 + 0.12 245+18 1496 £23 0.6 +0.01 6.7+0.8 142+1.0

Ksw 32.60 + 0.56 274+15 216.8 £ 3.7 0.1 +0.04 04+02 26+0.1

Ccbw 21.00 + 0.12 250+ 1.1 1859+ 1.0 1.3+0.01 60.4 +0.02 56.4 £ 0.3

YSMW 32.20 + 0.49 2833+1.2 149.0 £ 3.1 0.2 +0.06 86+1.2 11.1+15
KBBCNT 35.15 + 0.06 180x14 168.7 £ 0.2 0.9+0.08 88+1.3 18617

Weight 15.86 15.86 0.56 1.04 1.54 1.26

“Considering that the determined relative contribution of core water masses is to explore the regulation of physical process on the spatial distribution of dissolved organic nitrogen, using

the extremum of each water mass is unreasonable. The parameters of SWT were obtained from the end-member of water masses in the study area.
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Water masses  [NO31, [NO3 1, [NO3 1, A[NO3]
wmol L~1 wmol L1 wmol L1 wmol L1

nCwW 241 4+1.68 0.81 & 0.61 238+1.31 —-1.86+1.20
sCW 549 4+ 224 758 £227 6.83 +£1.22 1.83 + 1.66
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nCW area

2007 Apri-May

2018 March-April

2006

2006 July-August

2011 July

2018 July-August

2011 October

sCW area

2007 March

2007 April

2011 March—April

2014 Apri-May

2017 April

2018 March-April

2006 July-August

2015 August-September
2017 August-September
2018 July-August

2007 October-November
2019 November

2014 November

2007 January-February
2016 January

Season

Spring
Spring
Summer
Summer
Summer
Summer
Autumn

Spring
Spring
Spring
Spring
Spring
Spring
Summer
Summer
Summer
Summer
Autumn
Autumn
Autumn
Winter
Winter

DIN

>6
3.083 +£1.89
6.57
6
>4.5
221 +£0.98
12

>8
7.5-10
<10
6.10 £2.23
>10
7-10
>10
8.01 £2.25
>16
10.8 £3.02
7.5-12
>8
2.5-6

INO;1

2.414+1.58

=5
0.81 + 0.61
10

85+05

6.7

5494224

758227

9.99:4:2:8
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Parameters
nCW sCW
Spring Summer Spring Summer
Water column
NO; L1
[NHi] meoI = 2.41+1.58 0.81 + 0.61 549 +2.24 7.58 £2.27
[Noi] meoI - 0.47 £0.12 1.27 £0.77 0.34 £0.24 0.34 +0.11
[Pong]umo Y 0.16+0.18 0.13+0.08 0.27 £0.15 0.09 + 0.08
mol L=
[D”\;; n |O|_ ; 0.28 +£0.10 0.30 + 0.06 0.48 +£0.16 0.67 +0.16
mol L
pumol 3.08+1.89 2.214+0.98 6.10 +£2.23 8.01 £2.25
DIN/P 10.2 4 2.1
! g : 75+3.0 126 +0.8 11.8 & 1.1
—1.4+03 —25+ 1.1 —1.6+05 —27407
DIN] mol 6 ' '
{Nol o | 1.38x106 0.67 x 108 12.6 x 108 12.0 x 108
m
[NHi}mol 1.09x106 0.34 x 108 11.6 x 108 10.3 x 108
[Pogi oI 0.17 x 106 0.29 x 108 0.62 x 108 1.46 x 108
515N4 ] m? 0.44 x 10 0.08 x 108 1.05 x 108 0.86 x 108
N -Noi Yoo 96+1.5 No data 86+22 57402
3180-NO3 %o 13.4+ 1.4 No data 121 +£4.0
319N-PN % Y
o 3.7+14 56+0.7 No data 5.2@
N%-SPM 9 :
. ;. tA: 0.88 + 0.46 0.40 £ 0.12 0.76 + 0.71 0.16 + 0.03
edimen
Water content % 48.4 + 3.6 535+7.2
N % 0.10 + 0.02 0.11 +£0.03
Corg % 07402 0.8+0.3
. ; :
315N-sed %o 53+0.2 52402
CN ' '
6.7+1.0 72405

@Only one valid data point.
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Exchange volume flux magnitude—inflow to Salish Sea, in 1000 m3/s

Transect Strait of Juan de Fuca (1) Haro Strait (2) Admiralty Inlet (3)

Year Existing Reference A% Existing Reference A% Existing Reference A%
2013 133 130 1.56% 64 63 1.77% 16 15,423 0.66%
2014 131 132 —0.97% 61 62 —0.78% 16 16,131 0.27%
2015 141 142 —0.40% 70 70 —0.69% 15 15,405 0.01%
2016 141 142 —1.01% 69 70 —-1.13% 17 16,683 0.22%
2017 143 142 1.25% (2 71 1.26% 17 16,536 1.07%

A = (Existing-Reference).
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Symbol Value Unit Basis Literature range Parameter description

Algae parameters (inputs/algae.dat)

PM;y 300 gCg~'Chld-1 a 200-350 Maximum photosynthetic rate of diatom

PM, 300 gCg~'Chld! a 200-350 Maximum photosynthetic rate of dinoflagellates

BM1 0.11 d=1 a 0.01-0.1 Basal metabolic rate of diatom

BMy 0.11 a1 a 0.01-0.1 Basal metabolic rate of dinoflagellates

BPR 05 d-! a 0.05-1.0 Background predation/mortality rate of diatom in addition to
consumption by zooplankton

BPR2 0.5 a1 a 0.05-1.0 Background predation/mortality rate of dinoflagellates in addition
to consumption by zooplankton

ANC1 0.175 gNg'C b Nitrogen-to-carbon ratio for diatoms

CCHLA 37 gCg'chl b 30-143 Carbon-to-chlorophyll ratio for diatoms

KHN1 0.06 gNm=3 a 0.003-0.923 Half-saturation conc. for nitrogen uptake by diatoms

KHP1 0.02 gPm3 a 0.001-0.163 Half-saturation conc. for phosphorus uptake by diatoms

ALPHMN?1 12 gCg ' Chl(Em=2)~1 a Initial slope of P vs. | curve for algal group diatom

TMP1 14 °C a 10-18 Optimal temperature for growth of diatom

ANC2 0175 gNg'C b Nitrogen-to-carbon ratio for dinoflagellates

CCHL2 50 gCg'cChl b 30-143 Carbon-to-chlorophyll ratio for dinoflagellates

KHN2 0.06 gNm~3 a 0.005-0.589 Half-saturation conc. for nitrogen uptake by dinoflagellates

KHP2 0.02 gPm3 a 0.0003-0.195 Half-saturation conc. for phosphorus uptake by dinoflagellates

ALPHMN2 12 gCg'Chl(Em2)~1 a Initial slope of P vs. | curve for algal group 2 dinoflagellate

TMP2 20 °C a 1525 Optimal temperature for growth of dinoflagellates

Settling rates

WSS 1.0 md-! a, c Inorganic solids settling rate

WSLAB 75 md~! a Labile particulate organic solids settling rate

WSREF 75 md! a Refractory particulate organic matter settling rate

WS+ 0.4 md-1 a, d 0-30. Settling velocity of diatom

WS, 0.2 md-! a, d 0-30. Settling velocity of dinoflagellates

Sediment deposition rates

WSSet 0.95 md-! a Net deposition rate of inorganic suspended solids

WSLpet 0.7 md-! a Net deposition rate of labile particulate organic solids

WSRpet 0.7 md-! a Net deposition rate of refractory particulate organic solids

WS1pet 0.2 md-! d Net deposition rate of diatoms

WSy et 0.075 md-! d Net deposition rate of dinoflagellates

Basis for parameter values.
a, adjusted through model calibration using literature-based value as the starting point; b, literature-based value; ¢, field measurement; d, best professional judgment.
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Symbol Value Unit Literature range Basis Parameter description

Microzooplankton parameters

BMZs, Ref 0.06 d=1 0.186-0.254 a Basal metabolism of microzooplankton at reference temperature
RMAXsz Q.85 gprey C g~ zooplankton C d~' 0.8-225 a Maximum prey consumption ration of microzooplankton

KhcZs, 0.05 gCm~3 b Prey density at which grazing by microzooplankton is halved

Esr 0.30 - 0.3-0.7 a, d Assimilation efficiency of microzooplankton

Rfsz 0.01 - 0.07-0.5 a, d Fraction of microzooplankton assimilated prey lost to respiration
PRZs, 0.0 a1 0-2 D Predation by trophic levels higher than mesozooplankton

TMsz 20.0 °C 25 D Optimal temperature for microzooplankton grazing

KTBGs; 0.0693 g1 0.069 b Effect of temperature on microzooplankton basal metabolism
KTGg, 1 0.0035 sgH2 0.0035 b Effect of sub-optimal temperature on microzooplankton grazing
KTGs,2 0.025 o2 0.025 b Effect of super-optimal temperature on microzooplankton grazing
Mesozooplankton parameters

BMZ,, Ref 0.060 d-! 0.186-0.254 a, d Basal metabolism of mesozooplankton at reference temperature
RMAX;, 1.75 gprey C g*1 zooplankton C d~' 0.8-1.75 a, d Maximum prey consumption ration of mesozooplankton

KhcZ, 0.175 gC m—3 a Prey density at which grazing by mesozooplankton is halved

Ep 0.30 - 0.3-0.7 a Assimilation efficiency of mesozooplankton

PRz, 1.0 m3g-1Cd! 0-2.0 d Predation by higher trophic levels

Rf;, 0.01 - 0.07-0.5 a, d Fraction of assimilated prey lost to respiration

TM 20.0 °C 25 d Optimal temperature for mesozooplankton grazing

KTBG); 0.0693 °oC—1 0.069 b Effect of temperature on mesozooplankton basal metabolism
KTGj1 0.004 o2 0.008 a Effect of sub-optimal temperature mesozooplankton on grazing
KTGj1 0.008 °Cc—? 0.03 a Effect of super-optimal temperature on mesozooplankton grazing
KTPR; 0.0693 =1 0.069 b Effect of temperature on predation on mesozooplankton by higher

trophic levels

Basis for parameter values.

a, adjusted through model calibration using literature-based value as the starting point; b, literature-based value; ¢, field measurement; d, best professional judgment.





OPS/images/fmars-08-787604/fmars-08-787604-t003.jpg
Average

Y2013 Y2014 Y2015 Y2016 Y2017 2013-2017
ME RMSE WSS ME RMSE WSS ME RMSE WSS ME RMSE WSS ME RMSE WSS ME RMSE
T —-0.12 066 096 0.20 074 096 -0147 070 095 -0.07r 066 095 0.02 0.76 095 -0.03 0.71
0
S 0.12 090 082 -004 092 086 0.09 0.89 087 0.08 0.84 089 0.12 0.85 0.89 0.07 0.88
(ppt)
DO 0.16 1.00 092 0.06 095 092 0.19 1.0 0.91 0.07 0.91 093 -0.09 1.04 091 0.08 0.98
(mg/L)
Nitrate 0.30 719 088 0.15 6.55 090 2.04 698 090 222 596  0.91 2.46 6.33 069 143 6.62
NOz + NO,
(n mol/L)
Chlorophyll a 0.22 354 072 064 449 070 0.16 3.61 0.71 0.156 414 058 0.28 328 071 029 3.84
(hg/L)
Mesozooplankton? NA NA 0.013 0.030 0.553 0.006 0.026 0.640 0.004 0.033 0.625 0.003 0.031 0.663 0.006 0.030
(mg/L)
Ammonium NA NA NA  0.58 144  0.64 0.50 148 063 0.71 168 0.71 0.93 172  0.77 0.68 1.58
NHg4
(n mol/L)
Phosphate —-0.09 052 082 -024 064 069 -013 063 074 -005 048 081 -026 052 082 -0.15 0.56
POy
(v mol/L)
pH 0.25 0.34 064 0.03 016 0.71 0.12 023 068 -0.08 026 0.61 NA NA NA 0.08 0.26

ME, Mean error (bias); RMSE, Root-mean-square error, WSS, Willmott (1982) Skill Score.
aFrror statistics for meso zooplankton were computed based on a subset of zooplankton data from central Puget Sound used in model calibration.
The bold values are average of the ME and RMSE for parameters over a 5 year period.
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