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Abstract

:

Particulate organic carbon (POC) plays an important role in the global carbon cycle. The POC in the Changjiang Estuary and adjacent coastal region of the East China Sea (ECS) is dominated by riverine input and marine production and is significantly influenced by the three gorges project (TGP). A coupled physical-biogeochemical model was used to evaluate TGP’s impact on POC. The results demonstrate that TGP regulates the area influenced by diluted water and POC through direct river and sediment discharge and affects the ecosystem. From the early to later TGP construction periods, the surface region with high-POC concentration (>40 μmol L−1) decreases by 20.5% in area and 11.5% in concentration. Meanwhile, POC in the whole water column decreases from 19.5 to 17.8 μmol L−1. By contrast, the concentrations of chlorophyll-a (Chl-a) and related nutrients increase. A three end-member mixing model based on quasi-conservative temperature and salinity is used to quantify relative contributions of different water sources to POC in our research area. We also estimate the biological POC production by the difference between the physical-biogeochemical model predicted POC and three end-member model mixing POC. The result demonstrate that under the regulation of TGP in the later period, the decrease of sediment load increases water transparency, which favors photosynthesis and oceanic biological produced POC. In addition, over 70% of the areas have C/Chl-a > 200 and high C/N ratios, which are circumstantial evidences that organic detritus and terrestrial input sources still dominate in the Changjiang Estuary and adjacent coastal ECS but are influenced by TGP’s regulation.
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1. Introduction


The particulate organic carbon (POC), although a small proportion of the total carbon [1,2], is an important component of the “biological pump,” which results in the capture and storage of carbon that sinks into the deep ocean [3,4,5,6]. Organic carbon in the ocean mainly originates form terrestrial systems (transport via rivers) and oceanic production. It has been reported that ~0.4 Gt (1 Gt = 109 t) POC from the terrestrial ecosystem are discharged into oceans via rivers each year [7]. Biological productivity of phytoplankton is another important source of POC. Therefore, POC concentration can be closely correlated with the chlorophyll-a (Chl-a) concentration. For example, the C/Chl-a ratio is often used to analyze the biological activity, which is high in the coastal ocean [8], especially in shallow waters [9]. Upwelling transports nutrients from the sediment to the euphotic layer as supply for the POC production [10]. In the coastal region, POC is dominated by riverine input [11,12]. The effect of typhoon-induced upwelling on the POC in the East China Sea (ECS) has been investigated in several studies. The results showed that POC usually increases a few days after typhoon passage [13,14] due to sediment resuspension and the growth of phytoplankton [15,16].



As one of the greatest water conservancy projects in the world, the three gorges project (TGP) has a great influence on the coastal region of the ECS, especially on the region around the Changjiang Estuary [17,18], which connects the biggest river of mainland China with the ECS. Therefore, it is important to study the ecosystem of the Changjiang Estuary by analyzing the POC under the influence of TGP. Liu [19] reported that TGP influences the POC in the ECS in the early TGP period by affecting the nonliving part and the POC concentration gradually decreases from Changjiang Estuary to the outer shelf. Chen [20] suggested that TGP reduces the outflow of the Changjiang River and therefore influences the nutrient supply and decreases the POC in the middle TGP period. By studying the POC concentration and phytoplankton community structure in the ECS before and after TGP water storage, Jiao [21] found that TGP significantly changed the microbial community structure in the ECS. In addition, TGP significantly affects sediment discharge into ECS. The closure of TGP caused not only a dramatic drop in the sediment discharge [17,22,23], but also the erosion of the Changjiang River Delta [24]. It also regulates the seasonal variation of the sediment supply [25,26].



The research on POC has been developing, from simply investigating its distribution and concentration to the flux research, component analysis, and so on. Numerical modeling is one of an advanced method that helps scientists to understand the biogeochemical response from the river to the ocean, overcoming the spatial and temporal resolution limitations of field observations. For example, Chen and Wang [27] built a simple box model to estimate the carbon and nutrient flux from the Changjiang River to the ECS; an biogeochemical model was designed to discuss the largest hypoxia ever recorded off the Changjiang Estuary [28]; and a coupled physical-ecological carbon cycle model was developed by Luo et al. [29] to study the sink and source of carbon dioxide air-sea interaction.



In the coastal region, POC from terrestrial input and biological self-production dynamically changes during different seasons [30]. In addition, satellite data revealed that the surface POC decreases, while Chl-a increases during long-term variation [31]. However, the response of POC to different TGP periods and a quantitative estimate of POC sources are still unexplored. This motivates further research into investigation of 1) why Chl-a and POC variations present opposite trends in the coastal region, 2) whether these opposite trends are related to TGP’s regulation of water and sediment discharge, and 3) how the terrestrial input and ocean-produced POC change during different periods.



In this study, we used a 3D-coupled physical-biogeochemical model, that is, the Carbon, Silicate, Nitrogen Ecosystem Model (CoSiNE) [32], coupled with the Regional Ocean Modeling System (ROMS), to investigate the impact of TGP on POC and other biochemical variables through regulating the water flux and sediment discharge. In addition, a three end-member mixing model was built to assess the potential POC sources and variation. As a case study, our method can be applied in exploring ecosystems in other similar coastal areas around the world that are influenced by dams from upstream rivers, for example, along the Pacific coast of Mexico, the major rivers of Santiago River and Fuerte River were dammed and affected the estuaries’ ecosystem [33]. The model configuration is described in Section 2. The model results and discussion, including the long-term POC variation, spatial distribution, and comparison of related variables are provided in Section 3. A brief summary is given in Section 4.




2. Model and Data


2.1. Physical Model


The physical simulation is performed by ROMS [34,35], which is a free-surface, terrain-following, primitive equations ocean model that has been widely used for coastal oceans [36,37,38,39]. Following Zhou et al.’s approach [40], the computational domain in this study ranges from 23.5° N to 41° N and 117.5° E to 132° E, covering the Bohai, Yellow, and East China seas and parts of the northeastern Pacific and Japan seas (Figure 1). The model has a 1/24° horizontal resolution, with ~3.5 km in the north and ~4.2 km in the south. It has 30 terrain-following vertical layers in a s-coordinate system, with a 1500 m cutoff to reduce the spin-up time. The model’s external time step is 92 s.



The model has three open boundaries, that is, the eastern, southern, and northeastern boundaries (Figure 1). The M2 tidal ellipses and elevation parameters from the TPXO7 model [41] are applied to the open boundaries. Seven major rivers, including the Changjiang, Huanghe, Liaohe, Yalvjiang, Hanjiang, Qiantangjiang, and Minjiang rivers, are included in the model as point sources with monthly averaged discharge provided at the river mouths. The monthly averaged water flux for Changjiang diluted water (CDW) was obtained from data at the Datong Station [42], while the data for other rivers were taken from Chang and Isobe [43] and Zhou et al. [40]. Other physical settings are as follows: the surface wind stress was calculated using the equation of Large and Pond [44]; the radiations and surface freshwater were derived from national centers for environmental prediction (NCEP) reanalysis data [45], while the heat flux was calculated from the prescribed shortwave/longwave radiations; and the air-sea momentum flux was obtained from the blended sea winds dataset, which provides 0.25° × 0.25° gridded ocean vector winds [46]. Data interpolation has been processed to uniform the different spatial and temporal resolutions.




2.2. Ecosystem Model


The Carbon, Silicate, and Nitrogen Ecosystem (CoSiNE) model [32,47] consists of 13 variables, including nitrate, phosphate, silicate, ammonium, carbon dioxide, oxygen, alkalinity, two phytoplankton groups, two zooplanktons, and two detritus pools (Figure 2). The variable P1 stands for small phytoplankton (diameter <5 μm), whose biomass is regulated by micro-grazers (Z1) and production is highly remineralized [48,49]. The variable P2 represents diatoms (diameter >5 μm), which usually has a higher biomass and grows fast under optimal nutrient conditions [50]. The variable Z2 represents mesozooplankton that grazes on diatoms and preys on Z1 [51]. Fecal pellets produced by Z1 and Z2 flow into two detritus pools and balance the nutrient supply. A portion of the detritus-nitrogen (DN) and detritus–silicon (DSi) escapes the system through sinking, while other portions are recycled by remineralization or dissolution.



The CoSiNE is a nitrogen-based model. To link carbon with nitrogen, a C/N molar ratio of 7.3 [52] is used, that combines the consumption and remineralization of assimilated nutrients based on nitrogen changes in the water column with Redfield stoichiometric ratios [53]. The POC part is the combination of the state variables S2, Z1, Z2, DN, and DSi with the advection, diffusion, and vertical mixing controlled by the physical model. Detailed descriptions and parametric settings are available in Xiu and Chai [54] and Zhou et al. [28]. The riverine input of the POC setting refers to Ludwig et al. [55]:


   POC %  = − 0.16 log   (  C  T s s   )  3  + 2.83 log   (  C  T s s   )  2  − 13.6 log  (   C  T s s    )  + 20.3  



(1)






   C  P O C   =  C  T s s   ×  POC %   



(2)




where CTss represents the sediment concentration in the river, which was obtained from the River sediment bulletin of China [56], and CPOC is the riverine POC input. The ecosystem model was initialized from the temperature, salinity, nutrients, and open boundary conditions from the Pacific-CoSiNE model [57].



The model initialized with a climatology run was derived from multiyear observations [40] and ran for 10 years to reach an equilibrium state. Temperature, salinity, and currents from the December of the last year were extracted as the initial conditions for the running in our research area, from January 1990 to December 2008. The seasonal averages (Spring: March to May; Summer: June to August; Autumn: September to November; Winter: December to February) from 1994 were extracted for analysis. Our research area is a 5° × 5° region (28°–33° N, 120°–125° E), which ranges from the Changjiang Estuary to the 50 m isobaths of the ECS.




2.3. Model Validation


Reanalysis data from the Japan Coastal Ocean Predictability Experiment (JCOPE) and satellite data from the Moderate Resolution Imaging Spectroradiometer (MODIS) were used to evaluate the model results. The JOCPE data has assembled all available data obtained from satellites, ARGO floats, and ships in an ocean forecast system. This reanalysis data have horizontal high resolution of 1/12°, validated and applied in many researches with great performance [58,59]. Data of regional-averaged (in our research area) and monthly-averaged sea surface salinity (SSS) and sea surface temperature (SST) from the JOCPE data and our model results are compared (Figure 3a,b). In the whole TGP period from 1994 to 2008, our model results capture anomalies in some specific years and match well with the reanalysis data, e.g., the interannual variabilities of SSS with low SSS in summer of 1998, which is due to El Niño, 1999, 2002, and 2003, and high SSS in 2000 and 2001. Although reanalysis data values are slightly larger, our model results are consistent with the reanalysis data in the seasonal and interannual variabilities of SSS and SST.



The MODIS Level-3 POC with a horizontal resolution of 4 km from 2002 to 2008 was obtained from National Aeronautics and Space Administration (NASA) and then reprocessed to derive the seasonal mean. We compared the model results with satellite data at the same time and same location and carried out correlation analysis. The correlation coefficient is 0.79 with RMSE reaching 6.8, demonstrating a strong correlation between our model results and the satellite data (Figure 3c). In spring and autumn, the surface POC concentrations are relatively higher and more scattered than in summer and winter, which is consistent with the vertical profile results. In situ data from references and cruises were chosen to evaluate the vertical structures of the modeled POC [60,61,62,63,64,65]. The model captures vertical POC structures, including the POC increase from surface to subsurface (~10 m below the surface) and decrease from subsurface to the deep (~20 m below the surface). In addition, the model captures the seasonal change of the vertical structure with much smaller vertical variation in winter than the other seasons, and largest in summer. Overall, the results reasonably reflect the POC variability in an appropriate range.





3. Results and Discussion


3.1. River and Sediment Discharge


The model results can be divided into three parts according to TGP construction periods: 1) ES-TGP (1994–1997): early period, from the beginning of the three gorges dam construction to the damming of the Changjiang River; 2) MS-TGP (1998–2003): middle period, from the filling of TGP reservoir to the beginning of the power generation; and 3) LS-TGP (2004–2008): late period, from the time of water level raising and full power generation to the end of the construction. The river input and sediment discharge are greatly influenced by different periods of TGP (Figure 4). During the whole TGP period, the average water flux is 28.93 × 103 m3 s−1 and the average sediment discharge is 2.54 Gt a−1. In the ES-TGP, i.e., the preparatory period [66,67], the river flux, and sediment discharge are not affected by the construction of TGP, with the water discharge of 29.80 × 103 m3 s−1, 3% higher than the average value, and sediment discharge of 3.16 Gt a−1, 19.6% higher than the average value. During the MS-TGP, river discharge significantly increases, reaching 31.07 × 103 m3 s−1, almost 7.5% higher than the whole TGP average. The sediment discharge is 3.04 Gt a‒1 in this period, 16.4% above the average. This is due to the catastrophic flood caused by a strong El Niño climatic anomaly during that time [68].



The water flux slightly decreased in the LS-TGP, with an average of 25.68 × 103 m3 s−1, that is, 11.25% below average. The sediment discharge reached 1.43 Gt a‒1 with a change rate of −55% compared with the ES-TGP. The main reasons for the dramatic change are the decrease in the water storage and sediment in the reservoir; the extent of decline is even larger when compared with historical data [17,25,69]. In addition, TGP reservoir increased water levels to 175 m, resulting in the impoundment of the reservoir reaching 39.3 billion m3 and the impoundment and discharge of the dam seasonally [70,71], which is the principle factor controlling the seasonal variation of water flux in Changjiang Estuary and adjacent coastal ECS. Our model results analysis is based on the tremendous differences in the riverine water flux and sediment discharge from the CDW under TGP regulation.




3.2. Seasonal Distribution


To examine the impact of the river flux and sediment discharge on the seasonal variability of the coastal water mass, the seasonally averaged surface salinity distribution in the Changjiang Estuary and adjacent ECS during different TGP periods is shown in Figure 5. Because the dam regulates river flux seasonally, from the ES-TGP to LS-TGP, the 30 psu isohaline retreats from 122.5° N to 122° N in summer and autumn (wet season) and moves forward from 121.5° N to 122° N in winter and spring (dry season), which indicates the notable shrinking of the area influenced by diluted water in the wet season and expansion in the dry season. The area with low-salinity (<30 psu) water decreases by 14.7% in the wet season, while it increases by 6.5% in the dry season.



Figure 6 shows the horizontal distribution of the POC area. According to our simulation, the maximum POC concentration appears around the high turbidity area, around 122° E close to the Changjiang Estuary, especially in summer in the ES-TGP period. The interaction of saline and diluted water and wind- and wave-induced entrainment cause intensive sediment resuspension in shallow waters [72,73,74], and the intensive resuspension generates high-POC area (POC concentration >40 μmol L−1) in the estuary and adjacent coastal ECS.



The POC pattern in the research area also shows strong seasonal variations, with the highest average concentration of 27.7 μmol L−1 in summer in the MS-TGP and lowest of 13.7 μmol L−1 in winter in the LS-TGP (Figure 6). At approximately 30.5° N and 122° E in the Changjiang Estuary, the high-POC area reaches a maximum in summer, followed by spring and autumn, and a minimum in winter. The seasonal variability of POC is driven by a combination of several factors, including turbidity, daylength, water temperature, and CDW freshwater and sediment discharge.



Even though the enormous CDW tongue can even reach Jeju Island [75], the POC concentration rapidly decreases from the coastal area to the open ocean. That is because the sediment resuspension in the open ocean is constrained by the water depth and water column stratification, which also limits the nutrient supply required for phytoplankton production [76,77]. The weak sediment resuspension and nutrient limitations, hence reduced POC from biological productivity, together causing the minimum POC value in the offshore region close to the continental shelf of the ECS.



In spring, the light availability to phytoplankton increases because of the reduction in mixing-induced turbidity and increase in daylength. The water temperature increases and large CDW discharge brings more nutrients to the study region. All these conditions favor phytoplankton biomass and lead to an increase in the oceanic POC production. In contrast, the POC concentration is relatively lower in autumn and winter (Figure 6), which is due to different mechanisms. The low concentration in autumn is due to the depletion of nutrients by summer bloom and the gradually suppressed CDW discharge. In winter, it is attributed to the (a) low oceanic POC production caused by intense turbidity blocks photosynthesis; (b) reduction in riverine nutrients, sediment, and POC input; and c) oligotrophic open sea water invasion.



Besides the seasonal fluctuation, our model results show the change of POC during different TGP states, with the average POC during the LS-TGP smaller than during the ES- and MS-TGP, obviously. In the long term, the impoundment of TGP decreases the suspended matter from the Changjiang River to the Changjiang Estuary and its adjacent coastal area, and thus the POC concentration along the coast decreases [17,23]; In the ES-TGP, the high-POC area around the Changjiang Estuary is ~7468 km2 in spring, with an average concentration of 67.2 μmol L−1. In the LS-TGP, this region shrinks to 5936 km2, with an average concentration of 59.6 μmol L−1, reflecting a 20.5% decrease in area and 11.5% decrease in concentration. The 40 μmol L−1 POC isoline moves approximately half a degree in longitude landward than ES-TGP, which is consistent with previous research [78,79].




3.3. POC and Related Variables


In addition to the large terrigenous POC input, environmental factors, especially Chl-a, play an important role in the biological self-production of POC in the ocean. Nitrate (NO3) and phosphate (PO4) serve as essential nutrients for the POC production during phytoplankton photosynthesis [80] and are also impacted by terrigenous runoff. In this study, we aim to determine if the POC and related biochemical variables in the whole water column have similar variations with the surface ocean during the three periods. The water column data, including NO3, PO4, Chl-a, and POC, based on the model results, are shown in Figure 7.



Figure 7 shows slow but steady increases in the NO3, PO4, and Chl-a during the three TGP periods. From the ES-TGP to LS-TGP, the average NO3 concentration increases from 19.2 to 20.3 μmol L−1, and PO4 from 0.81 to 0.92 μmol L−1. The PO4 increasing rate is larger than that of NO3. The Chl-a also grows in this region, with an average value increasing from 1.40 to 1.86 μmol L−1 in the whole water column. In contrast, the POC trends are inconsistent during different periods. In the ES-TGP, POC slightly increases, with an average value reaching 19.5 μmol L−1. In the MS-TGP, it is similar to the value of the ES-TGP (19.9 μmol L−1). In the LS-TGP, it dramatically decreases, with an average value of 17.8 μmol L−1.



TGP has a stronger impact on the POC than on Chl-a, NO3, and PO4. The rapid drop of POC in the LS-TGP is highly consistent with the period of TGP impoundment. Previous studies indicated that ~60% silt in the mainstream is trapped in the reservoir region and ~665 million m3 sediment accumulates during the LS-TGP [25,81], resulting in the decrease of suspended sediment in the Changjiang River. As a result, the sediment concentration decreased from 0.54 g L−1 in 1960s to 0.28 g L−1 in 2008 in the Changjiang Estuary [82,83] and the multi-year average particle size decreased from 0.027 to 0.013 mm [84]. The weakened water flux and sediment discharge caused by TGP affect the hydrodynamic and microbial activities in the study region. Together with intensifying human activities, this influences the long-term seasonal variability of the nutrient load in the Changjiang Estuary and adjacent coastal ECS. For example, in the wet season with a weakened seasonal fluctuation caused by TGP regulation, the PO4 range increases from 0.70–1.07 μmol L−1 in the ES-TGP and from 0.79–1.12 μmol L−1 in the LS-TGP. The model results demonstrate that the river and sediment discharges affect the POC and related biochemical variables.




3.4. Three End-Member Mixing Model


In the section above, we qualitatively discussed the influences of the Changjiang water flux and sediment discharge on the POC and related biochemical variables. To quantify the effects, a three end-member mixing model based on quasi-conservative temperature and salinity was built for the research area. Previous studies demonstrated that the potential temperature stays conservative and the influence of surface heating is negligible compared with the mixing effect [85,86], and the model has been validated and performed well in our research area [87,88]. The model is governed by the equations [87,89]:


  t 1 × f 1 + t 2 × f 2 + t 3 × f 3 = T  



(3)






  s 1 × f 1 + s 2 × f 2 + s 3 × f 3 = S  



(4)






  f 1 + f 2 + f 3 = 1  



(5)




where T and S represent the potential temperature and salinity from ROMS, respectively; f1, f2, and f3 represent the fractions of diluted water (DW), offshore surface water (OSW), and offshore bottom water (OBW), respectively; t1, t2, and t3 represent the corresponding temperatures; and s1, s2, and s3 are the corresponding salinities of each end-member (Table 1).



We calculated the mixing fractions of DW, OSW, and OBW recorded at more than 36,000 data points in the research area. Because of the large number of data points, an arithmetic mean temperature and POC within a salinity of ±0.1 in each end-member were adopted to maintain the accuracy. Figure 8 shows the three end-member mixing diagram of the chosen stations with the mixing “envelope” defined by the binary mixing between pairs of end-members. According to Figure 8, in spring, DW, OSW, and OBW are characterized by a low temperature and low salinity, high temperature and middle salinity, and middle temperature and high salinity, respectively. Therefore, DW, OSW, and OBW might be the Changjiang diluted water, Subei alongshore current, and Kuroshio subsurface water, respectively [90,91].



Based on available studies, the water mass in the research area is dominated by DW, OSW, and OBW [92,93,94]. The mixing fractions of DW, OSW, and OBW from the three end-member model are listed in Table 2. Seasonal variations are particularly pronounced during different TGP periods. In spring, OBW dominates in the research area, especially in the ES-TGP, which occupies more than 50% of the water mass in the whole water column. In summer, DW prevails over OBW, particularly in the ES-TGP and MS-TGP, with DW proportions reaching 51.7% and 56.2%, respectively. The proportions of the three water masses stabilize in autumn; none of them dominates in the research area. OBW dominates in winter, especially in the ES- and MS-TGP. However, as shown in Table 2, under the influence of TGP, the proportions of each water mass in four seasons approach each other during the LS-TGP period.



Because each data point has a corresponding POC value, we calculated POC due to the mixing effect (   C  c h a r a t e r i s t i c    , Table 1) at the selected 36,000+ data points (Figure 9) using the mixing fractions (DW%, OBW%, and OSW%) in Table 2 and the characteristic POC values of the DW (   C  D W    ), OBW (   C  O B W    ), and OSW (   C  O S W    ) end-members, with the following equation:


   C  c h a r a t e r i s t i c   =  C  D W   ×  DW %  +  C  O B W   ×  OBW %  +  C  O S W   ×  OSW %   



(6)







The preliminary oceanic POC production (   C  b i o - e f f e c t    ) is calculated as the difference between ROMS-CoSiNE modeled POC (   C  m o d e l    ) and POC due to the mixing of three end members (   C  c h a r a t e r i s t i c    ):


   C  b i o - e f f e c t   =  C  m o d e l   −  C  c h a r a c t e r i s t i c    



(7)




where a positive and negative    C  b i o - e f f e c t     represents the oceanic biological production and consumption, respectively. Figure 9a–c show an example of the surface distribution, while Figure 9d–f represent the bottom distribution of the biological effect in different periods of spring. A strong biological activity can be observed around the estuarine and coastal areas, especially in the region close to the Hangzhou Bay and Changjiang Estuary. The    C  b i o - e f f e c t     is mainly positive at the surface but negative at the bottom, indicating biological production at the surface and consumption at the bottom. From ES-TGP to LS-TGP, the decrease in the sediment discharge weakens the turbidity in the coastal ECS; together with the increase in nutrients, this favors photosynthesis and marine production of POC.



Generally, the POC decreases when oligotrophic water mass dominates and vice versa [95,96]. Due to the weakly diluted water discharge in the dry season, the OBW from the open ocean, such as the Kuroshio subsurface water, occupies this area [97]. The strong vertical mixing induced by the northeast monsoon increases the suspended matter concentration and thus influences photosynthesis and causes the plankton POC production capacity to decrease. On the other hand, because of the large river discharge and abundant nutrient import [26,98], especially in the summer, the CDW occupies almost the whole surface ocean at 30° N in the ECS. Hence, under appropriate light and nutrient conditions, the CDW-influenced area and induced oceanic POC production are relatively high compared with the dry season. In addition, the impoundment in the wet season and drain in the dry season of the dam controlled by TGP leads to the seasonal difference decreases [99,100]. However, in the long term, the average POC concentration decreases continuously, following the sediment discharge trend instead of the diluted water discharge fluctuation, which implies that the POC variation in the Changjiang Estuary and adjacent ECS is mainly influenced by the riverine POC import through TGP reservoir affect sediment change.




3.5. Ratio Variation


As we discussed above, the total POC content decreases, while the ocean-produced POC increases. To determine the reason for this, the POC: Chl-a (C/Chl-a) and POC: PON (C/N) were investigated during the three TGP periods (Figure 10 and Figure 11), where PON refers to detritus-N from our model results. The C/Chl-a ratio is used to evaluate the POC characteristics of different sources. When C/Chl-a ratio > 200, the POC is mostly derived from the nonliving organic detritus pool, otherwise it mainly originates from phytoplankton production [101,102]. With respect to the C/N ratio, terrestrial organic matter usually contains cellulose, which has a higher proportion than that in the ocean [103,104]. Therefore, a C/N ratio > 12 usually represents waters dominated by terrestrial sources, such as the Danube [105] and Changjiang rivers [106], while C/N ratio < 8 represents waters dominated by oceanic sources [72]. Figure 10 shows the carbon-rich region (overlapping of C/N > 12 and C/Chl-a > 200) in our research area, which is distributed along the direction of diluted water diffusion. The overlapping area near the estuary and coastal region implies that the potential source of POC is the terrestrial non-living organic detritus pool.



In our case, the ratios of C/Chl-a and C/N change with seasons and TGP periods (Figure 11). The range of C/Chl-a is wide in summer (113.1–1645.8) and narrow in autumn (124.5–1215.7). In summer, the area with C/Chl-a > 200 takes 80% of the research area, which means carbon-rich water from organic detritus pool is overwhelming. Winter and spring have similar patterns. C/Chl-a ranges from 104.1 to 1873.9 in winter and 199.6 to 1143.0 in spring. The highest value appears in the maximum turbidity zone. The area with C/Chl-a > 200 takes about 75% of the total area in spring, and remains at 80% in winter, which indicates the area dominated by biological POC production is larger in spring than in winter. As for the C/N ratio, C/N > 12 proportion decreases from 75% in summer to around 65% in autumn and spring, even less than 60% in winter, followed by the proportions of C/N < 8 and 8 < C/N < 12 arise.



Our results demonstrate that the research area is strongly influenced by the CDW with a predominant C/Chl-a > 200 area in the coastal ECS during all four seasons. The percentage of the area with C/Chl-a > 200 decreases in spring because the reduced turbidity and increased nutrient concentration induce high-phytoplankton biomass [107], which matches the C/N ratio variation. In summer, as the phytoplankton biomass continues to increase, the nutrients are rapidly exhausted and strong water stratification prevents the nutrient supply from the bottom layer, while abundant water flux leads to the enrichment of the terrestrial organic matter input. Regarding the C/N ratio, although the terrestrial input still thrives, the oceanic influence gradually strengthens with the progressing TGP project. In fact, except for winter, much of the increase occurs in areas with a C/N ratio <8, especially in the LS-TGP mixing area when the sediment flux causes the reduction of the extent and area of the turbidity and phytoplankton photosynthesis and production are favored. In addition, the activity and increase in primary consumers, bacteria, and heterotrophs decomposing the POC can be influencing factors that lower the C/N and C/Chl-a ratios of the water column [102].



Previous studies demonstrated the effect of the three gorges dam on the retention of silicon [108,109]. This effect can change the phytoplankton community structure in the Changjiang Estuary and adjacent coastal ECS [21,110]. Although diatoms still dominate, the dinoflagellate proportion gradually increases, especially after TGP impoundment. Dinoflagellates have higher respiration rates than diatoms [111,112] and thus less POC is produced in the LS-TGP than in the ES-TGP. Therefore, although riverine POC still dominates, the oceanic POC production due to TGP regulation is non-negligible in the Changjiang Estuary and adjacent ECS.





4. Conclusions


In this paper, a 3D physical-biogeochemical model was built to evaluate the riverine input and ocean-produced POC in the Changjiang Estuary and adjacent ECS, as well as the seasonal and interannual variability during different TGP periods. The comparisons between the model results and observations, including satellite and in situ data, demonstrate the model’s good performance in our research area. Historical observations and studies revealed that TGP regulates the river flux into the ECS, with a light but stable decrease, except for the LS-TGP, during which the sediment discharge presents a dramatical decrease of ~55% compared with the ES-TGP.



Based on the input conditions from different periods, the modeled salinity distribution reveals that the area influenced by diluted water decreases in the wet season and expands in the dry season. Correspondingly, the POC pattern changes, that is, the high-POC area (>40 μmol L−1) decreases from 7468 km2 in the ES-TGP to 5936 km2 in the LS-TGP in spring. The POC and its related variables were analyzed in the whole water column. The results show that the average POC decreases from 19.5 to 17.8 μmol L−1, Chl-a increases from 1.40 to 1.86 μmol L−1, NO3 increases from 19.2 to 20.3 μmol L−1, and PO4 increases from 0.81 to 0.92 μmol L−1, respectively, from ES-TGP to LS-TGP. The POC does not coincide with the trend of relevant variables, which implies that the biological activity should not be the dominant effect.



To quantify the influence of different POC sources, a three end-member mixing model was used. The model results show that the CDW dominates POC sources in summer, while offshore bottom water dominates in winter. In the meantime, the offshore surface water is an important replenishment source of the whole water mass. The corresponding biological POC was estimated by the results for different end-members. The results indicate strong activity in the estuary and coastal area, which is closely related to the decrease in the sediment discharge from ES-TGP to LS-TGP. The C/Chl-a and C/N ratios were used to discuss and testify the increase in oceanic biological POC during the three TGP periods. Our results show that the organic detritus and terrestrial input sources dominate in the Changjiang Estuary and adjacent coastal ECS, but their proportions gradually decrease because TGP induces the decrease in the sediment discharge and thus the CDW influence weakens, especially in the impoundment period of the LS-TGP. In a word, TGP affects the variabilities of the POC and relevant factors and thus significantly influences the ecosystem around the Changjiang Estuary and adjacent coastal ECS. Our study provides a good reference for the ecological studies in other similar coastal areas around the world that are influenced by dams from upstream rivers.
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Figure 1. Bathymetry of the modeled area. The red dashed box represents our research area. 






Figure 1. Bathymetry of the modeled area. The red dashed box represents our research area.



[image: Jmse 07 00320 g001]







[image: Jmse 07 00320 g002 550] 





Figure 2. Flowchart of the CoSiNE model in the euphotic layer. Solid lines represent the flow of nitrogen, while dashed lines represent the flow of silicon. 
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Figure 3. Comparison of reanalysis, satellite, and in situ data with our model results. (a,b) represent long time variation of sea surface salinity and temperature, respectively. (c) indicates the correlation analysis of satellite and modeled data in the surface layer. In (d), the solid lines represent the modeled data, while the colored dots represent in situ data of the vertical distribution. 
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Figure 4. Monthly values of CDW flux and sediment discharge during the three TGP construction periods. The triangular, square, and rounded lines represent water flux in the ES-TGP, MS-TGP, and LS-TGP, respectively. Histogram represents deviation values from the mean diluted water flux during the whole TGP period. The red star represents the annual sediment discharge to the Changjiang Estuary. The data were obtained from the Datong hydrological station. 
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Figure 5. Seasonal average of the modeled horizontal distribution of the surface salinity around the Changjiang Estuary and adjacent ECS during different TGP periods. The bold curve represents a salinity of 30. 
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Figure 6. Seasonal surface distribution of the POC around the Changjiang Estuary and adjacent ECS during the TGP periods based on the model simulation results. The bold curve represents a POC value of 40 μmol L−1. 
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Figure 7. Long-time series variation of the modeled POC (red triangles)/Chl-a (blue squares)/NO3 (pink stars)/PO4 (black circles) during the three TGP periods. The dotted, long dashed, short dashed, and solid lines represent the POC, Chl-a, NO3, and PO4 trendlines, respectively. 
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Figure 8. Three end-member mixing model built to distinguish the contribution of potential sources of POC in the research area in the coastal ECS. The graph contains parts of the sample points collected in the ES-TGP in spring; the red squares represent the DW plume (low temperature and low salinity), OSW (high temperature and middle salinity), and OBW (middle temperature and high salinity), respectively. 






Figure 8. Three end-member mixing model built to distinguish the contribution of potential sources of POC in the research area in the coastal ECS. The graph contains parts of the sample points collected in the ES-TGP in spring; the red squares represent the DW plume (low temperature and low salinity), OSW (high temperature and middle salinity), and OBW (middle temperature and high salinity), respectively.



[image: Jmse 07 00320 g008]







[image: Jmse 07 00320 g009 550] 





Figure 9. Spring biological effect of the POC in the Changjiang Estuary and adjacent East China Sea. (a–c): Surface effects during ES-TGP, MS-TGP and LS-TGP, respectively; (d–f): Bottom effects during ES-TGP, MS-TGP and LS-TGP, respectively. 
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Figure 10. Distribution of the surface C/ Chl-a > 200 (a) and overlapping area of C/N > 12 and C/Chl-a > 200 (b) in the Changjiang Estuary and adjacent ECS. The contours represent the isobaths. 
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Figure 11. Percentages of areas with C/Chl-a > 200 and C/Chl-a < 200 and percentages of areas with C/N > 12, C/N < 8, and 8 < C/N < 12 in the coastal region of the ECS and Changjiang Estuary in different seasons. The areas with C/Chl-a > 200 and C/Chl-a < 200 are dominated by the non-living organic pool and living biological part, respectively; the area with C/N > 12 indicates a terrestrial source, while areas with C/N < 8 and 8 < C/N < 12 represent oceanic and uncertain sources, respectively. From left to right, each group represents the ES-TGP, MS-TGP, and LS-TGP, respectively. 
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Table 1. Example of the temperature (t, °C), salinity (s), and POC (p, μmol L−1) for the end-members of DW, OSW, and OBW in the ES-TGP used in the three end-member mixing model.
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	Season

Ends
	t1/s1/p1

DW
	t2/s2/p2

OSW
	t3/s3/p3

OBW





	Spring
	13.4/0.8/58.5
	23.8/20.1/47.7
	15.9/32.2/34.3



	Summer
	26.8/0.6/56.1
	29.7/28.1/48.1
	24.1/31.0/30.8



	Autumn
	20.9/0.6/49.9
	24.2/28.3/42.4
	19.5/31.6/31.5



	Winter
	10.3/0.9/42.8
	16.6/29.5/33.8
	12.4/32.2/28.9










[image: Table] 





Table 2. Contribution of the DW, OBW, and OSW in four seasons calculated using the three end-member mixing model in different periods. The bold font indicates that the water mass accounts for >50% of the data points in the whole water column.
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	Period
	Season
	DW%
	OBW%
	OSW%





	ES-TGP
	Spring
	33.30%
	51.30%
	15.40%



	
	Summer
	51.70%
	37.20%
	11.10%



	
	Autumn
	37.50%
	40.80%
	21.70%



	
	Winter
	26.30%
	60.40%
	13.30%



	MS-TGP
	Spring
	33.80%
	43.80%
	22.40%



	
	Summer
	56.20%
	31.50%
	12.30%



	
	Autumn
	38.60%
	42.50%
	18.90%



	
	Winter
	25.90%
	53.30%
	20.80%



	LS-TGP
	Spring
	38.70%
	49.80%
	11.50%



	
	Summer
	45.80%
	43.50%
	10.70%



	
	Autumn
	41.60%
	35.90%
	22.50%



	
	Winter
	34.90%
	40.00%
	25.10%
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