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Regulation of Algal Bloom Hotspots Under Mega Estuarine Constructions in the Changjiang River Estuary
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Massive large-scale engineering projects have been built in river estuaries around the world, but their effects on environments in the surrounding coastal waters were less emphasized compared to those due to the watershed projects. In this study, we used the Changjiang River Estuary as an example to show that a significant consequence can be resulted in such a situation. Through analyzing the harmful algal bloom events data and the chlorophyll satellite data, we investigate the spatiotemporal variations of algal blooms in the estuary and its adjacent water. The results indicate that the location of algal bloom hotspot changed over the period of the estuarine constructions. Furthermore, using a well-validated numerical model, we explored the mechanisms responsible for such an ecosystem regime shift. It was found that after the estuarine constructions were built, the surface chlorophyll maximum was attenuated and part of it migrated landward north of the river mouth but was strengthened south of the river mouth and extended seaward. Alternations of the nutrient concentration distribution and turbidity distribution induced by river plume deviation are responsible for the redistribution of the high chlorophyll concentration area. By contrast, the direct impact of the Three Gorges Dam through changing the runoff and sediments flux, which has been highlighted in numerous studies, was less important than expected. Given the fact that Three Gorges Dam and mega estuarine constructions were built in a similar period, any observed regime shift of hydrodynamic and ecological status outside the estuary should be interpreted with particular caution.
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INTRODUCTION

The estuarine and coastal zone, which is a key area for human being inhabiting, is economically developed and densely populated. Various natural dynamic processes, including runoff, tide, wind, and shelf circulation, altogether transport nutrients and regulate the turbidity in the estuary, which is essential for algal growth, thereby controlling the aquatic ecosystem (Caffrey et al., 1998; Anderson et al., 2002; Gao and Song, 2005; Tang et al., 2006; Statham, 2012; Fan and Song, 2014; Liu et al., 2015; Wang et al., 2019a). In addition, poorly managed human activities have been recognized as another key driver to cause severe environmental issues, such as eutrophication, harmful algal blooms, hypoxia, and habitat fragmentation, among many others (May et al., 2003; Chen et al., 2017; Zhang et al., 2018; Boesch, 2019).

The human activities that affect the estuarine environment can be classified into two categories in terms of the locations they take place. The first is conducted in the river basin, such as dam constructions, river diversion, and industrial or agricultural wastewater drainage, which directly scales up or down the amount of terrestrial freshwater and other materials entering the estuary (Humborg et al., 1997; Jiao et al., 2007). The other one occurs in the estuary, such as sea-crossing bridges, tidal flat reclamation, and deep-water channel constructions, which directly regulate the spatial characteristics of the hydrodynamic environment in the estuary and adjacent waters (Luan et al., 2016; Wu et al., 2018). Numerous attention have been paid to how the river basin engineering projects affect the physical processes and ecosystem in the receiving coastal waters (e.g., Humborg et al., 1997; Pelletier et al., 2016; Bargu et al., 2019). By contrast, the impacts of estuarine engineering constructions were often considered to be at a local scale, with very few studies discussing its far-reaching consequence in the coastal water. Several exceptions are as follows: the port expansion in the Ems River Estuary, which aggravated the estuarine eutrophication (Van Maren et al., 2015); the land reclamation in the Johor Estuary, which caused the adjacent aquatic environmental degradation (Wang et al., 2019c); and the wetlands reclamation and dike construction in the San Francisco Bay estuary which reduced the habitats for fish and waterfowl (Nichols et al., 1986).

The estuary is the starting point of the buoyant river plume, which is often nutrient-rich and turbid. A series of classic works indicated that the extension pathway and horizontal/vertical structure of the river plume are sensitive to the hydrodynamics and the geometric characteristics in the estuary. For example, the width and depth of river mouth essentially determine whether a river plume is surface-advected (i.e., floating on the surface with a strong stratification) or bottom-trapped (i.e., propagating along the coast with a strong horizontal front) (Yankovsky and Chapman, 1997), and the initial adjustment of river plume inside the river mouth can enhance the plume extension to the down-shelf direction (i.e., in the sense of Kelvin wave direction, with land on the right side in the Northern Hemisphere) (Garvine, 2001).

Estuarine engineering is a vital factor that regulates the geometry of estuaries, and thus induces hydrodynamic adjustments. One extreme example occurs in the Changjiang River Estuary. The mega-sized shipping channel constructions and the massive land reclamation on the tidal flats (Figure 1) substantially change the hydrodynamic structures in the estuary, thus regulating the Changjiang River plume extension in the adjacent sea with a much larger area than the estuary itself (Wu et al., 2018). Previous studies also showed that these engineering constructions have a remarkable impact on saltwater intrusion (Wu et al., 2010; Zhu L. et al., 2016) and sediment transport (Ma et al., 2013). The regulated plume extension (and thus, the nutrient it carries) and water turbidity could change the growth condition for the phytoplankton. However, these potential consequences have not received sufficient attention in the past.
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FIGURE 1. (A) Map of the Changjiang River Estuary and its adjacent water. The arrows are the pathways of the Changjiang River plume. Dots denote the survey sites for the four cruises in 2016. The light gray lines represent the isobaths. Two solid black lines are the representative model output statistical sections discussed in the manuscript. (B) Zoom-in view map of the Changjiang River Estuary. The locations of the Deep Navigation Channel (DNC), the Eastern Hengsha Reclamation project (EHR), and four major outlets of Changjiang River Estuary are marked.


To clarify whether and how the estuarine constructions change the characteristics of algal blooms in the vicinity of the large river estuary and to further demonstrate its contribution compared with the upstream constructions, here in this study, we investigated this question using the Changjiang River Estuary as an example. A multi-method investigation was carried out with numerical modeling, field data, and satellite remote sensing data. Details of the study area, data, model configuration, and validation were described in section “Materials and Methods.” In section “Results,” the interannual variation of harmful algal bloom events, the spatiotemporal distribution of algal bloom probability, which is derived from remote sensing chlorophyll, and the model results before and after the estuarine constructions were shown. The influences of human activities on the phytoplankton distribution were analyzed in detail in section “Discussion,” including a comparison with the influence of the upstream project. Finally, conclusions were drawn in section “Summary”.



MATERIALS AND METHODS


Study Area

This study focused on the vicinity of the Changjiang River Estuary, that is, the inner shelf of the East China Sea (Figure 1). The Changjiang River is the largest river in China and ranks the fifth in the world in terms of freshwater discharge with a huge amount of freshwater (900km3/year; Yang et al., 2015), sediments (1.52×108tons/year; The Changjiang Water Resources Commission [CWRC] of The Ministry of Water Resources, 2016), and nutrients (nitrate of 1.15×1011mol/year, phosphate of 1.05×109mol/year; Gao et al., 2012). Due to the discharge of huge amounts of terrestrial materials by the Changjiang River, its estuary features a maximum turbidity zone around the river mouth and suffers from frequent harmful algal bloom and hypoxia events (Li and Zhang, 1998; Li et al., 2002; Chai et al., 2006; Wu et al., 2012; Zhu J. et al., 2016). It is reported that aquatic disasters have become systematically serious since 2000, as evidenced by nutrient characteristics and ratios (Chai et al., 2009), acceleration of eutrophication (Wang et al., 2021), and frequently occurred jellyfish blooms (Xian et al., 2005). One perspective is the increased frequency of harmful algal bloom. The main causative species is dinoflagellate during April to June and, in particular, the Prorocentrum donghaiense Lu and Karenia mikimotoi in recent decades (Tang et al., 2006; Zhou et al., 2017).

The Changjiang River is significantly regulated by upstream river dams and mega-sized estuarine engineering constructions. Among them, the Three Gorges Dam (TGD), the Deepwater Navigation Channel (DNC), and the Eastern Hengsha Reclamation (EHR) are representative. The upstream river dam, TGD, was closed in 2003. During a similar period, estuarine engineering was constructed. The DNC project was built in three phases. In the first phase (1998–2002), two 30-km-long dikes and 10 strips of groins were built on both flanks of the North Passage. In the second phase (2002–2005), the two guide dikes were lengthened to ∼50 km and nine additional strips of groins were constructed. The most important part of DNC project had been finished in phases one and two. In the third phase (2006–2010), the dikes were further elevated to 1.9 m above mean sea level. The EHR project also began to implement in this period, and now the large shallow tidal flat has become emerged land (Figure 1). In this study, we call all these engineering constructions as mega estuarine constructions (MEC).



Harmful Algal Bloom Event Data

Harmful algal bloom event data were collected in the spring season (April to June) from 2000 to 2010 in the vicinity of the Changjiang River Estuary to reveal interannual variations of phytoplankton distribution. The data sources were from Liang (2012) and Bulletin of China Marine Disasters (The Ministry of Natural Resources of the People’s Republic of China, 2010). Key information on each harmful algal bloom event such as location, size, and occurrence period were recorded and displayed in Figure 4.



Satellite Remote Sensing Data

Chlorophyll is often used as a first-order proxy for phytoplankton biomass, and its concentration can be an effective description of biomass intensity for routine monitoring purposes (Morel, 1988). In this study, we collected surface chlorophyll concentration from Sea-viewing Wide Field-of-view Sensor (SeaWiFS) daily products during 1998–2010, and the Moderate Resolution Imaging Spectroradiometer (MODIS-Aqua) Level-3 standard mapped daily products from 2011 to 2016. The dataset from SeaWiFS has a spatial resolution of 9 km and that from MODIS-Aqua of 4 km. The accurate retrieval of remote sensing chlorophyll data in high turbid water is still under challenge (Shen et al., 2010, 2019; Le et al., 2013; Cui et al., 2020; Polikarpov et al., 2021). To reduce the disturbance signal of turbidity nearshore, a method of algal bloom occurrence probability was used. He et al. (2013) suggested that a credible threshold (e.g., 10 mg/m3) is suitable for identifying algal blooms that can avoid false algal bloom signals caused by water turbidity.

The SeaWiFS product covered the period from August 1997 to December 2010. Due to the time-span limitation of the dataset, we shifted the remote sensing data source from SeaWiFS to MODIS-Aqua after 2010. The chlorophyll data was chosen during the period from May to June since 1998 when the algal bloom was dominated by dinoflagellate. Furthermore, to reduce the impact of cloud cover and invalid data, the monthly averaged chlorophyll concentration was calculated from the daily data. A threshold was set for each image to quantify the chlorophyll data availability retrieved by satellite. If the proportion of available data in the study area (121–125°E, 28–32.5°N) was greater than 50%, then it was used to calculate the long-term mean. This method was consistent with that used in Chen et al. (2017). To ensure data consistency, we compared the SeaWiFS and MODIS data in the overlapped period of 2006–2010, and the results were qualitatively similar (not shown).

The remote sensing chlorophyll has a considerable error in its absolute value although numerous efforts have been made (Hu, 2009; Son and Kim, 2018). Hence, its long-term mean might be biased. As the focus of this study is the effect of the MEC on algal blooms, and also since the previous study (Wu et al., 2018) showed that its hydrodynamic consequence is to regulate the river plume transport pathway, we calculated the occurrence probability of high concentration of chlorophyll based on the remote sensing data. The probability of algal bloom occurrence was calculated as follows:
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where Ai represents each pixel of the study area, P(A) is the probability of algal bloom occurrence, N is the number of valid chlorophyll data image at that pixel, and p(Ai) is defined as follows:
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The threshold of chlorophyll was set to 10 mg/m3 in this study. Such a threshold can reduce the interference of turbid water bodies (e.g., He et al., 2013).

In addition, the instantaneous Geo-stationary Ocean Color Imager (GOCI) data on May 12 and July 26 of 2016 were collected to validate the numerical model. The GOCI-L1B images were processed using the GOCI data processing system, and chlorophyll concentration was inverted using the Yellow Sea Large Marine Ecosystem Ocean Color Project (YOC) algorithm (Tassan, 1994; Siswanto et al., 2011).



Numerical Model

A hydrodynamics-sediments-ecosystem-coupled numerical model was used in this study. The hydrodynamic module was developed and explained in detail in previous studies (Wu et al., 2011, 2018). The model domain covered the entire East China Sea, Yellow Sea, Bohai Sea, and part of the northwestern Pacific Ocean. To better characterize the hydrological environment of the Changjiang River Estuary under the large-scale estuarine projects, we locally refined the model grid in the estuary with a resolution <500 m in the DNC area and 1–2 km in the near-field river plume area. The model was driven by realistic physical forcings to explore phytoplankton distribution characteristics in the Changjiang River Estuary before and after the MEC, including the hourly monitoring Changjiang River discharge at Datong Hydrological Station (∼630 km upstream of the river mouth), six hourly wind data, and other atmospheric parameters from the European Centre for Medium-Range Weather Forecasts (ERA-interim reanalysis products).

The ecosystem module used a vertical one-dimensional N2P2ZD model which was derived from the Flexible Biological Module in Finite-Volume Coastal Ocean Model (Chen et al., 2006) by Lin (2011). The state variables had two kinds of nutrients [dissolved inorganic nitrogen (DIN) and phosphate], two phytoplankton species (dinoflagellate and diatom), one zooplankton species, and one kind of detritus (Wang et al., 2019a). The settings of the upstream nutrient flux boundary used the data reported by Gao et al. (2012). Moreover, the initial and open boundary conditions for nutrients were derived from the climatological monthly World Ocean Atlas. For a complete set of biological equations, the readers are referred to Wang et al. (2019a).

The model includes a sediments transport module, with details described in Luo et al. (2017). The simulated suspended sediments concentration was used to calculate the light limitation for phytoplankton growth. Previous studies proved that the model has the capability of sediment simulation (Luo et al., 2017; Wang et al., 2019a). The settings of the upstream suspended sediment flux boundary used the data reported by Yang et al. (2015). The initial and open boundary conditions for suspended sediment were set to zero. The hydrodynamic model coupled with the sediment module was initiated in January 2014. After 1-year spin-up of the hydrodynamic model, the ecosystem model started to run. The model ended in December 2016. Hourly model output was used to analyze phytoplankton dynamics in 2016.

To assess the impact of MEC on ecological dynamic processes of the Changjiang River Estuary and its adjacent water, four experiments (Exps.) were configured (Table 1). In the control experiment (Exp. 1), the estuarine constructions were treated as land grid, and the river discharge used the realistic data in 2014–2016. In Exp. 2, the estuarine constructions (including the DNC and the EHR) were removed, i.e., the associated model grids were considered as water regions with natural water depth before the constructions. It should be noted that these engineering projects were built continuously since 1998, and we were unable to know their actual status in each year during this period. Hence, this experiment should be considered as a “natural” status, although for the purpose of comparison, we keep other conditions unchanged. Exps. 3 and 4 were designed to compare the relative influences of estuarine and upstream constructions. In Exp. 3, we changed the upstream freshwater discharge influenced by the TGD from Exp. 1. To do this, we added the runoff influence of the TGD to the realistic runoff in 2014–2016 according to the method of Wu et al. (2018). Details will be shown in section “Effect of the Three Gorges Dam-Induced Freshwater and Sediment Flux Variations.” In Exp. 4, we further changed the upstream sediment flux influenced by TGD according to Yang et al. (2015) to estimate the effects of upper sediment flux changes on the turbidity, hence, the phytoplankton growth in the estuary and its adjacent water. Detailed settings of these experiments were shown in Table 1.


TABLE 1. Numerical experiments settings.

[image: Table 1]


Model Validation

The numerical model used in this study has been extensively validated for hydrodynamics (e.g., Wu et al., 2011; Wu and Wu, 2018), sediments (Luo et al., 2017), and ecological variables (Wang et al., 2019a). Here in this study, we showed more validations on ecological variables. The model results were first compared with the remote sensing data derived from GOCI on May 12 and July 26 of 2016 (Figure 2). High chlorophyll concentration areas can be found with a couple of hotspots situating northeast to the river mouth and around the Zhoushan Islands (Figures 2A,C), which exhibited representative chlorophyll distribution characteristics as previous studies described (e.g., Chen et al., 2003; Tang et al., 2006; Zhou et al., 2008; Wang and Wu, 2009; Wang et al., 2019b). Model results well captured this pattern (Figures 2B,D).
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FIGURE 2. Comparative snapshots of satellite-derived and modeled chlorophyll concentration images. (A) Geo-stationary Ocean Color Imager (GOCI) snapshot on May 12, 2016; (B) modeled chlorophyll concentration on May 12, 2016; (C) GOCI snapshot on July 26, 2016; and (D) modeled chlorophyll concentration on July 26, 2016. The white areas in the satellite-derived images indicate invalid data due to cloud shading.


The data collected onboard of the R/V Runjiang in March and July (twice) in 2016 and of the R/V Zhehaike I in May in 2016 (details in Table 2) were used for further validation. The former three cruises were supported by the National Natural Science Foundation of China, and the latter was conducted by the State Key Laboratory of Estuarine and Coastal Research, East China Normal University. To better quantify the simulated results, the following scatter diagram showed the observed and simulated data in March, May, and July of 2016 with some calculated metrics (Figure 3), including the correlation coefficient (CC), skill score (SS), and root mean square error (RMES). The SS (Murphy, 1988) was defined as:

[image: image]

where Xm is the modeled result, Xo is the observed data, [image: image] is the mean of observed data, and N is the number of samples.


TABLE 2. Research cruise survey information.
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FIGURE 3. Point-to-point comparison between modeled and observed nutrients and chlorophyll concentration. (A) Surface DIN, (B) surface phosphate, (C) surface chlorophyll concentration, (D) bottom DIN, (E) bottom phosphate, and (F) bottom chlorophyll. CC is the correlation coefficient, RMSE is the root mean square error, and SS is the skill score.


The CC of DIN and surface phosphate were above 0.89 and SS was above 0.93, which implied that the nutrients simulation was in good agreement with the observed data (Figure 3). In addition, the modeled bottom phosphate concentration was relatively smaller than the observed data. The reason might be that phosphorus released from deposition (Meng et al., 2014) was not considered in the model simulation. The releasing phosphate flux is difficult to estimate in the model due to complicated environmental factors in the bottom layer. The simulated surface chlorophyll concentration was a bit high (Figure 3C). Overestimated model results of chlorophyll could be found in the offshore water (as seen in Figure 2). Riverine abundant nutrients were depleted and the phytoplankton growth condition became worse in the pelagic offshore water. Hence, the contribution of phytoplankton growth rate on biomass declined, and more other uncertain biological cycling processes took effect, which gave rise to more difficulty in biological parameterization. Given this complexity, an accurate simulation on phytoplankton growth remains a challenge. Nevertheless, the location of low chlorophyll concentration around the river mouth as well as the locations and patterns of surface chlorophyll maximum outside the river mouth were all well captured by the model, which was consistent with the remote sensing data (Figure 2). As our focus was on the location where algal bloom occurs, the model is suitable for the present study.




RESULTS


Long-Term Trend of Observed Algal Bloom Distribution

Two sets of observed data, i.e., harmful algal bloom events data and satellite derived chlorophyll, were used to analyze the long-term trend of algal bloom distribution. The harmful algal bloom event data from 2000 to 2010 in the spring season (April to June) showed that algae is likely to bloom along isobaths east and south of the Changjiang River mouth (Figure 4). The frequency is increased for the long-term trend, especially in the region between 30°N and 32°N out of the Changjiang River mouth. Despite of strong randomness and variations, a landward shift trend can be observed with more events occurring in the region between 31°N and 32°N and a seaward shift trend appeared with more events and longer duration in the region between 30°N and 31°N.

The satellite-derived chlorophyll data from SeaWiFS and MODIS-aqua were also analyzed to get the long-term trend. A chlorophyll concentration threshold of 10 mg/m3 was adopted to calculate the probability of algal bloom in the spring season (from May to June). The result indicated that algae were likely to bloom out of the Changjiang River Estuary along the coast (Figure 5). The seaward boundary of high probability was located around 123°E out of the Changjiang River mouth and tended to cling to the coast gradually toward the south. The patchy distribution of high probability (Figure 5), especially in the area adjacent the DNC, was in accordance with previous studies on the algal bloom distribution in this area (Zhou et al., 2008; Wang and Wu, 2009; Shen et al., 2011, 2019).
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FIGURE 4. Interannual variations of harmful algal bloom events during 2000 to 2010.
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FIGURE 5. The probability of algal bloom occurrence (the threshold of chlorophyll adopted 10 mg/m3) based on satellite-derived chlorophyll concentration during (A) 1998–2002, (B) 2003–2006, (C) 2007–2010, and (D) 2011-2016.


The algal bloom probability increased for the long-term trend in the Changjiang River Estuary region. The probability of algal bloom was rarely larger than 30% from 1998 to 2002. However, after 2002, some patches occurred east of the Changjiang River mouth and Zhoushan Islands where the probabilities were larger than 30%. The high probability area became even larger after 2006. Besides the temporal variation, the probability of algal bloom also had a spatial variation. The probability of algal bloom occurrence in the east and northeast of the Changjiang River mouth had been increased and moved landward especially after 2006 (Figures 5B,C). Meanwhile, in the direction of North Passage extension, a frequent algal bloom area was gradually formed after 2006 (Figures 5B–D). In the far field of the Changjiang River Estuary, including east and southeast of the Zhoushan Island and the Jiangsu coastal water, the region of high probability emerged alternatively.

The long-term variation of satellite-derived chlorophyll showed a significant trend as described above. To characterize the spatiotemporal variation and to identify the influence of human activities, numerical experiments were further conducted.



Horizontal Variations Under the Influence of Mega Estuarine Constructions

Two sets of numerical experiments were conducted to explore the effect of MEC on variations of the phytoplankton spatial distribution and the hydrological and ecological environmental characteristics.

The tidal-averaged results in May 2016 were plotted to analyze their differences. Both model results with and without the MEC demonstrated that the surface chlorophyll maximum is distributed like a long-curved belt with a couple of hotspots some distance from the river mouth (Figures 6A,B). However, some subtle differences could be found. It indicated that after the MEC, the surface chlorophyll maximum was attenuated, part of which migrated landward north of the river mouth around 31.5°N. By contrast, south of the river mouth, the surface chlorophyll maximum was strengthened, and some of that extended seaward around 30.5°N (Figure 6C). In addition, in the far field of the Changjiang River Estuary, the shape of surface chlorophyll maximum was also slightly adjusted in response to the near-field variation after the MEC was built. These horizontal variation characteristics under the influence of MEC were similar to the long-term trend of satellite-derived chlorophyll data (Figure 5).
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FIGURE 6. Modeled tide-averaged surface (A) chlorophyll concentration (Chl) before the mega estuarine constructions (MEC), (B) chlorophyll concentration after the MEC, and (C) difference of chlorophyll concentration [(B) minus (A)]; salinity with residual current overlaid (D) before the MEC, (E) after the MEC, and (F) their difference [(E) minus (D)]; suspended sediment concentration (SSC) (G) before the MEC, (H) after the MEC, and (I) their difference [(H) minus (G)].


To explore the mechanism responsible for chlorophyll distribution variations, more numerical results were analyzed. Salinity manifests the extension of the Changjiang River plume. The numerical results showed that after the MEC, the surface salinity increased northeast to the river mouth and decreased southeast from the Hangzhou Bay to the Zhoushan Island adjacent waters. The variation of salinity distribution indicated that the northeastward extension of the Changjiang River plume was weakened, whereas its southward extension was strengthened (Figures 6D–F).

On the other hand, based on the results of numerical experiments, high suspended sediment concentration appeared inside the estuary and around the river mouth area. Remarkable variations of suspended sediment concentration could also be found adjacent to the DNC (Figures 6G–I). After the MEC, more suspended sediments were pushed out of the South Passage, whereas the suspended sediment concentration in the North Passage and the North Channel decreased. Notably, the sharp variation of suspended sediment occurred landward of the surface chlorophyll maximum (Figure 6).

The results of nutrient variations were also examined. The Changjiang River exported abundant nutrients (including DIN and phosphate) to the sea, which caused sharp gradient of nutrients in the estuarine area (Figure 7). The terrigenous nutrients led to a large N/P ratio outside the estuary (Figure 7), which could form a phosphate limiting condition due to phytoplankton consumption. Under the influence of MEC, the surface DIN and phosphate concentration distribution both indicated that the nutrient concentration decreased northeast of the river mouth and increased southeast from the Hangzhou Bay to the Zhoushan Island (Figure 7). The results were similar to salinity distribution, which could be referred to the influence of deflection of plume extension. However, under the consumption of phytoplankton in the shelf, the nutrient variations, especially the N/P ratio variations, were highly correlated with the variations of chlorophyll concentration (Figures 6C, 7I) in the surface chlorophyll maximum region.
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FIGURE 7. Modeled tidal-averaged surface dissolved inorganic nitrogen concentration (DIN) (A) before the MEC, (B) after the MEC, and (C) their difference [(B) minus (A)]; phosphate concentration (D) before the MEC, (E) after the MEC, and (F) their difference [(E) minus (D)]. N/P ratio (G) before the MEC, (H) after the MEC, and (I) their difference [(H) minus (G)].




Vertical Variations Under the Influence of Mega Estuarine Constructions

The model results demonstrated that different variations of plume extension and chlorophyll distributions in response to the MEC could be found in the northern and southern areas off the Changjiang River Estuary, respectively. Hence, two sections were selected to further illustrate the vertical profiles. Sec1 and Sec2 were along the northeastward and southeastward extending direction of the Changjiang River plume, respectively (for location, see Figure 1A). The chlorophyll concentration, salinity, suspended sediment concentration, nutrients concentration, and euphotic depth were displayed on both sections (Figures 8, 9). The euphotic depth is the layer in the water column where the sea surface light intensity attenuates to 1% (Strickland, 1958; Ralph et al., 2007). In the estuary region, the euphotic depth is mainly influenced by the suspended sediments.
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FIGURE 8. Modeled tidal-averaged (A) chlorophyll concentration, (B) dissolved inorganic nitrogen concentration, (C) salinity, (D) phosphate, (E)suspended sediment concentration, and (F) N/P ratio in Sec1 after the MEC. The solid lines indicate the contour after the MEC and the dashed lines indicate the contour before the MEC, respectively. Euphotic depth was also marked in (A) with red lines.
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FIGURE 9. Modeled tidal-averaged (A) chlorophyll concentration, (B) dissolved inorganic nitrogen concentration, (C) salinity, (D) phosphate, (E) suspended sediment concentration, and (F) N/P ratio in Sec2 after the MEC. The solid lines indicate the contour after the MEC and the dashed lines indicate the contour before the MEC, respectively. Euphotic depth was also marked in (A) with red lines.


Northeast to the Changjiang River Estuary, along the Sec1, the intensity of chlorophyll maximum decreased and a landward moving trend of high chlorophyll maximum emerged with a distance of ∼ 5 km after the MEC (Figure 8A). Similar landward moving trends of low salinity and high suspended sediment concentration were found (Figures 8C,E). The euphotic depth near the river mouth deepened (Figure 8A). Hence, after the MEC, the northeastern Changjiang River plume extension was weakened and light conditions for phytoplankton growth improved. The DIN and phosphate concentration inside the river mouth also decreased after the MEC due to the weakened river plume extension (Figures 8B,D). However, in the shelf region, the nutrients varied complicatedly due to superimposed biological cycling (Figures 8B,D).

By contrast, along Sec2, the 5 mg/m3 contour of chlorophyll concentration moved landward, and the 10mg/m3 contour moved seaward after the MEC (Figure 9A). A seaward moving trend of low salinity and high suspended sediment concentration occurred (Figures 9C,E). The euphotic depth near the river mouth shoaled (Figure 9A). Previous study indicated that the southward Changjiang River plume extension was strengthened under the effect of MEC (Wu et al., 2018). Along Sec2, the DIN and phosphate concentration inside the river mouth also increased after the MEC due to the strengthened river plume extension (Figures 9B,D). The increasing trend could be found in the DIN concentration in the shelf region, while the phosphate concentration decreased (Figures 9B,D). The nutrient variation corresponded to the chlorophyll and plume variations based on the phosphate limiting condition in this area. The specific mechanism will be explored and discussed in the next section.




DISCUSSION


Effect of the Mega Estuarine Constructions-Induced Nutrient Distribution Variation

The numerical results indicated that, after the MEC, the intensity of surface chlorophyll maximum was weakened and the hotspot moved landward northeast of the Changjiang River Estuary, whereas it migrated seaward south of the river mouth. The high chlorophyll concentration patches in the far field of the river plume were also modulated under the influence of MEC (Figures 6, 8, 9). The variation of chlorophyll distribution largely matched the long-term spatial variation trend of satellite-derived algal bloom probability (Figure 5), which indicated the influence of MEC on the variation of phytoplankton distribution. The underlying mechanisms were discussed as follows.

The numerical results of surface salinity indicated that, after the MEC, the river plume extension to the northeast was weakened, while that to the south was strengthened. Wu et al. (2018) suggested that the construction of these mega constructions block the lateral tide-induced residual transport among three estuarine outlets, and thus regulate the water diversion ratio between the North Channel and the South Channel. This modulation consequently strengthens the southward plume extension but weakens the northeastward one. The Changjiang River load is the dominant nutrient source in the estuarine area, especially in the river mouth region. Many studies have focused on the response of variation of riverine nutritional load on the phytoplankton species and abundance (Zhou et al., 2017; Ge et al., 2020; Xu et al., 2020). We believe that the modulation of plume structure could also induce the regulation of nutrient distribution, thus ultimately resulting in the variation of phytoplankton distribution.

The simulated results of nutrients revealed that under the modulation of plume extension, the DIN and phosphate concentration decreased northeast of the river mouth and increased south of the river mouth after the MEC. The adjustment of nutrient supplement caused the corresponding variant condition of phytoplankton growth and led to the variation of chlorophyll concentration. However, due to the consumption of phytoplankton and the potential phosphate limiting condition (Huang et al., 2007; Yang et al., 2013), the nutrient concentration further varied in the shelf region. The DIN concentration decreased and the phosphate concentration increased in the northeast, whereas the DIN concentration increased and the phosphate concentration decreased in the south. The sustenance of phytoplankton biomass relied on the biological recycling in the shelf region (Wang et al., 2019a). Hence, the far-field modulation of chlorophyll maximum alternatively occurred under this effect.



Effect of the Mega Estuarine Constructions-Induced Suspended Sediment Concentration Variation

The numerical results of suspended sediments indicated that the suspended sediment concentration decreased northeast of the river mouth and increased south of the river mouth after the MEC. The changed suspended sediment concentration regulated the turbidity distribution, which has a significant influence on the phytoplankton growth in the estuarine area (Kromkamp and Peene, 1995; Horemans et al., 2020). Zhu et al. (2009) demonstrated that high turbidity restrained the phytoplankton growth at the Changjiang River mouth, and a good correlation between turbidity and phytoplankton biomass can be established through seasonal field observations adjacent to the Changjiang River Estuary. Wang et al. (2019a) argued that the turbidity front could be the inner boundary of the surface phytoplankton maximum region under the plume regulating mechanisms. These are reasons we believe that the suspended sediment redistribution induced by the constructions of mega projects could adjust the light condition of phytoplankton growth.

The dynamic mechanisms of why the suspended sediments concentration distribution was changed were beyond the focus of this study; hence, readers are referred to previous studies (e.g., Zhu L. et al., 2016; Xie et al., 2017; Teng et al., 2021). Basically, it is a consequence of the change of currents. Our simulated results of euphotic depth exhibited the variations at the river mouth under the MEC. The euphotic depth deepened northeast of the river mouth and shoaled south of the river mouth. In addition, the corresponding chlorophyll variation was also coupled with the variation of light condition (Figures 8A, 9A). However, it is notable that the numerical results of suspended sediment variations occurred mainly at the river mouth. Therefore, the modulation of plume structure and adjustment of nutrient condition should play a more important role in the variation of chlorophyll concentration on the shelf.

Besides the alternation of the growth environment of phytoplankton, the regulation of hydrodynamics could also induce the redistribution of phytoplankton. One representative hydrodynamic feature is the front. Previous studies suggested that algal blooms are prone to emerge in the front region (Franks, 1992; Tang et al., 2003). Phytoplankton blooms are often associated with fronts not only because of the optimal growth environment but also since hydrodynamics transport phytoplankton horizontally and aggregates phytoplankton in the front region (Tang et al., 2006; Wang et al., 2019b; Li et al., 2021). After the MEC, the plume structure was modulated, and the front region should also be dislocated. The simulated results showed that the front of the river plume migrated landward in the northeastward extension and moved seaward in the southward extension. It could also be one reason for the modulation of chlorophyll distribution.



Effect of the Three Gorges Dam-Induced Freshwater and Sediment Flux Variations

The well-known TGD was closed in 2003, hence, it is reasonable to infer that this huge riverine project could also influence the dynamics and environment in the estuary. In fact, previous studies often attributed many observed phenomena around the estuary to the influence of TGD (Chen et al., 2012). The MEC was constructed in a similar period as the TGD, hence, it is questionable to simply draw a conclusion that the observed changes must be a result of the TGD.

To clarify their relative significance, extra numerical experiments were conducted regarding the effect of the TGD. The first one was configured by altering the river discharge (Exp. 3 in Table 1), while the second one was set up by altering both the water discharge and sediment discharge (Exp. 4 in Table 1). The TGD-induced river runoff change was quantified with the method of Wu et al. (2018). The runoff difference was calculated by subtracting the monthly discharge in the period before the TGD construction (1950–2002) from the monthly river discharge since then (2003–2016) (Figure 10). Then, this difference was added to the realistic runoff in 2016. It was noted that after the completion of the TGD, the monthly discharge change increased from December to March (most notably in March, with an increase of ∼3,000 m3/s), whereas, it decreased from April to November. It was reported that after the TGD, the sediment flux was reduced from ∼4.1×108tons/year to ∼1.2 × 108tons/year (Yang et al., 2015). The TGD-induced sediment flux change was considered in Exp. 4. The upstream sediment flux in Exp. 4 is three times of that in Exp. 3.
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FIGURE 10. Monthly Changjiang River discharges in 1950–2002 (before the TGD period, blue pillars) and in 2003–2015 (after TGD period, red pillars), respectively, and the yellow dots indicate the difference (red pillars minus blue pillars).


The results of numerical experiments revealed that the surface chlorophyll maximum also migrated landward under the effect of TGD (Figures 11A–C), which was similar to the consequence of the MEC (Figure 6C). However, their differences were that the chlorophyll maximum on the southward plume branch also migrated landward after the TGD. On the other hand, the chlorophyll maximum area expanded landward both in the northeast and south parts of the estuary after the TGD (Figure 11C). Nevertheless, it should be emphasized that the TGD-induced variation was weaker than that due to the MEC (Figures 6C, 11C). The surface salinity slightly increased and suspended sediment concentration decreased in the Changjiang River Estuary and its adjacent water after the TGD if only considering the change of runoff (Figures 11D–I). Even considering the change of sediment flux caused by the TGD (Exp. 4), the chlorophyll concentration in the Changjiang River Estuary was still only slightly affected (Figure 12). The chlorophyll differences with Exp. 4 minus Exp. 3 were 2 orders of magnitude less than the differences with Exp. 1 minus Exp. 3.
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FIGURE 11. Changes of chlorophyll concentration (A–C), salinity (D–F), and suspended sediment concentration (G–I) under the TGD-induced discharge change. The left column (A,D,G) are results with discharge subtracting the TGD influence (i.e., Exp. 3), the middle column (B,E,H) are results with realistic discharge (i.e., Exp. 1), and the right column are their difference (Exp. 1 minus Exp. 3).
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FIGURE 12. Changes of chlorophyll concentration (A–C) and suspended sediment concentration (D–F) under the TGD-induced sediments flux change. The left column (A,D) are results with pre-TGD sediments flux (i.e., Exp. 4), the middle column (B,E) are results with post-TGD sediments flux (i.e. Exp. 3), and the right column are their difference (Exp. 4 minus Exp. 3).


Some previous studies suggested that the decrease of watershed sediment flux induced by TGD has caused a decline of suspended sediment concentration in the Changjiang River Estuary (Hu et al., 2009; Li et al., 2012; Yang et al., 2015). However, some others demonstrated that there is still a deposition tendency in the delta area though the numerous watershed constructions have been built (Dai et al., 2014; Zhu L. et al., 2016). The long and short-term influences of TGD and other riverine constructions on the estuary are uncertain with controversy and is beyond the focus of this study. Here in this study, we only simplify the influence of TGD on the variations of the freshwater amount and watershed sediment flux. The subsequent transformation of bed sediment load is out of consideration. The long-term influence of TGD on the sediment variation in the estuary and the further influence on the ecosystem still need more exploration.

Nevertheless, our model results demonstrated that even the load of runoff and sediment flux changed significantly after the TGD, their influence on the plume diversion and suspended sediments concentration might not be seen immediately. Hence, the influence on the spatial phytoplankton variation could be less significant than expected.



Limitations

Based on the long-term trend of satellite-derived chlorophyll data and numerical modeling, we discussed the potential effects of engineering constructions. However, in such a complex circumstance, the mechanisms controlling the phytoplankton distribution and its interannual variation are far more complex.

The growth and distribution of phytoplankton in the estuaries are mainly affected by ecological and hydrodynamic factors such as nutrient, temperature, turbidity, and current. The variation of the estuarine ecological environment and hydrodynamics is determined by riverine and oceanic processes and sources, which are complicatedly influenced by climatic variation and anthropogenic factors. For riverine factors, previous studies have demonstrated that the variation of nutrient load and component has regulated the phytoplankton species and biomass in the Changjiang River Estuary (Tang et al., 2006; Zhou et al., 2019; Xu et al., 2020). The nitrogen and phosphorous concentrations and their ratio (N/P) in the persistent riverine load increased for a few decades, but silicon level remained constant (Jiang et al., 2014), which caused an alternation of dominant phytoplankton species from diatom to dinoflagellate and a significant biomass increase trend that is sustained in the East China Sea (Zhou et al., 2017; Ge et al., 2020). Regarding oceanic factors, for instance, Yang et al. (2013) suggested that the nutrient supplement induced by Kuroshio subsurface water intrusion partially influences the phytoplankton uptake and the distribution of primary production adjacent to the Changjiang River Estuary. Jiang et al. (2014) suggested that the variations of the summer phytoplankton community are highly related to the spatiotemporal variability in physiochemical properties that are controlled by the Taiwan Warm Current, which is the continuation of the Kuroshio intrusion on the shelf. It is reported that the intensity of the Kuroshio intrusion is also influenced by El Niño-Southern Oscillation and Pacific Decadal Oscillation (Qiu and Lukas, 1996; Wu, 2013), which has obvious interannual characteristics. The resultant interannual variation of sea surface temperature should also result in the response of phytoplankton growth (He et al., 2013).

Nevertheless, although this work can not completely answer the question of a long-term trend of phytoplankton variation in the Changjiang River Estuary, it highlighted the important influence of the MEC, which has been largely overlooked previously. The scale of estuarine projects will further expand in the foreseeable future. Hence, the result of this study reminds us to be very cautious about their potential consequences. More estuaries around the world are constructed with large-scale projects, and our study could provide a reference for other estuaries that also have mega constructions.




SUMMARY

Through analyzing the harmful algal bloom events data from bulletins during 2000–2010 and the spatiotemporal probability of algal blooms derived from chlorophyll remote sensing data from 1998 to 2016, we investigated the long-term trend of algal bloom distribution in the Changjiang River Estuary and its adjacent water. The results showed that the frequency of algal blooms east and northeast of the Changjiang River mouth had been increased and the high-value region moved landward gradually after 2003. Then, by using the model simulation, we explored the mechanisms of this variation before and after the MEC.

After the MEC, the river plume extensions were deflected, which is one main reason for the regulation of environmental elements distribution and high chlorophyll concentration area. Northeast to the river mouth, the terrigenous nutrients export declined, the suspended sediment concentration decreased, and, consequently, the high chlorophyll concentration area moved landward after the MEC due to the weakening of northward river plume extension. In contrast, the southward river plume extension was enhanced, carrying more riverine nutrients to the vicinity of the Zhoushan Islands, thus the corresponding algal bloom hotspots moved seaward.

The impact of the TGD on the phytoplankton distribution outside the Changjiang River Estuary was also discussed through numerical experiments. The variations of the freshwater amount and sediment discharge due to TGD constructions were considered in the experiments. The results indicated that the river plume extension in the algal blooming season weakened, suspended sediment concentration decreased, and the high chlorophyll area integrally moved landward after the TGD, but these effects were less significant than that induced by the MEC.

Given the interaction of the above identified and unidentified processes, the phytoplankton distribution and its interannual variation in the estuarine area could be far more complex. Here in this study, we highlighted the influence of MEC on phytoplankton distribution, which could provide a new aspect on the long-term regulation of algal bloom in the coastal and estuarine area.
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