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Abstract

:

Current mass balances of C, N, and P were estimated using a model (Fluxin = Fluxout +  Δ Flux) from Gamak Bay, Korea, in August 2017, where eutrophication and reducing conditions are prevalent. To examine the current fluxes of particulate organic carbon (POC), nitrogen (PON), and phosphorus (POP), sinking and re-floating sediment traps were deployed, a sediment oxygen demand (SOD) chamber experiment and ex-situ nutrient incubation experiment were conducted, and Fick’s first law of diffusion was applied. The principal component analysis and cluster analysis were performed to identify the three groups of water masses based on the characteristics of the bay, including the effects of the reducing environment due to the anoxic water mass using 14 bottom water quality parameters. In the reducing environment (sampling point GA4), the SOD20 flux was 3047.2 mg O2/m2/d. Additionally, the net sinking POC flux was 861.0 mg C/m2/d, while 131.8% of the net sinking POC flux (1134.5 mg C/m2/d) was removed toward the overlying water. This indicates that the organic matter that had been deposited was decomposed as a flux of 273.6 mg C/m2/d. The net sinking PON flux was 187.9 mg N/m2/d, whereas 15.8% of the net sinking PON flux was eluted, and 84.2% remained in the surface sediments. The dissolved inorganic nitrogen (DIN) elution flux from the surface sediments consisted of NH4+ elution (33.7 mg N/m2/d) and NOx− elution ( − 4.1 mg N/m2/d) fluxes. Despite the net sinking POP flux being 26.0 mg P/m2/d, the 47.7 mg P/m2/d of DIP elution flux (179.5% of the net sinking POP flux) was eluted to the overlying water. Similar to C mass balance, the additional elution flux occurred. Therefore, severe eutrophication (16.5 of the Okaichi eutrophication index) with the lowest N:P ratio (2.6) in GA4 was noted. This indicates that not only the freshly exported organic matter to the surface sediments but also the biochemical processes under anoxic conditions played an essential role as a remarkable nutrient source–particularly P–for eutrophication in Gamak Bay, Korea.
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1. Introduction


Marine environments respond to anthropogenic pollutants caused by industrialization and urbanization. Point source, defining any discernible and confined pollutant sources [1], is a primary route for loading the eutrophic substances to marine environments. While eutrophication refers to a status of nutrients, which are supplied exceeding the necessity [2,3,4,5], eutrophication induces phytoplankton blooms, particularly when temperature, light, and micronutrients (e.g., trace metals) also reach optimal levels for phytoplankton growth [6,7,8].



Organic matter produced through a series of blooms settles at the surface sediments [9,10], and oxygen consumption is required for bacterial activity to decompose the organic matter [8,11,12,13]. Concomitantly, the strong stratification in the water column causes the bottom hypoxia by inhibiting the oxygen supply to the bottom water [14,15]. Prolonged oxygen consumption gives rise to anoxic waters with less than 1.0 mg/L of dissolved oxygen [9,15]. The definition of hypoxia differs among studies, primarily due to different responses of ecosystem function [16]. The National Institute of Fisheries Science in South Korea defines hypoxia as dissolved oxygen levels below 3.0 mg/L and annually monitors hypoxic water masses along the coastal sea of Korea to preserve marine ecosystems and fishery resources [17].



The redox processes of nitrogen and phosphorus disturb their biogeochemical cycles, and the mass balances in the bottom seawater–sediment interface have been investigated for many decades [11,18,19,20,21]. Under oxygen-deficient conditions, marine microbes facultatively gain energy by oxidizing organic matter and other reduced species such as sulfide and manganese [22]. Ammonification and dissimilatory nitrogen reduction to ammonium (DNRA) produce ammonium nitrogen [23,24,25,26], and hydrogen sulfide is produced from sulfate-reducing bacteria-mediated reactions [12,22]. Hydrogen sulfide can be removed through the oxidation processes in the aerobic water column, but hypoxic or anoxic environments drive the accumulation of hydrogen sulfide, affecting the marine ecosystem and often forming blue tides [27,28]. In addition, phosphorus is also released into the overlying seawater from the surface sediments, and eutrophication is exacerbated [11,29]. Thus, the hypoxic conditions encourage the re-occurrence of phytoplankton blooms, and the resulting organic matter further consumes dissolved oxygen accelerating coastal eutrophication [9].



Globally, many chemical oceanographers have focused on coastal waters, where terrestrial organic matter is excessive [30,31,32], anthropogenically driven organic matter affects ecosystems (e.g., aquaculture farms) [33,34,35], and hypoxic or anoxic water masses are formed [11,20]. Gamak Bay, located in the southern coastal waters of Korea, represents the eutrophic aspects described above. Previous studies have investigated eutrophication status and the formation of bottom hypoxia in Gamak Bay [10,12,36,37]. However, recent patterns of hypoxia or anoxia demonstrating the earlier formation and longer duration in the bay have not been considered [9,13].



The researchers have also emphasized that hypoxia and nutrient elution from sediments are the primary factors of eutrophication in this bay [9,10,12,13]. Nevertheless, C, N, and P mass balances under reducing environments in the bottom water–surface sediment interface were rarely determined for Gamak Bay. Notably, previous studies were restricted mainly to organic carbon cycles, or ignored the ecological function of resuspension, which play an essential role in the perspective of mass balances [12,33]. In the bay, for ~100 years, hypoxia and anoxia have regularly been observed during every summer in the bay [12]. It is necessary to quantify the extent to which the C, N, and P mass balances are affected by the reducing environment in the interface.



The present study modeled the mass balances of C, N, and P in Gamak Bay under anoxic conditions (Fluxin = Fluxout +  Δ Flux). Principal component analysis (PCA) and cluster analysis with Euclidean distance were utilized using the bottom water quality parameters to define the water masses mainly affected by reduction processes. Subsequently, data obtained from sinking and re-floating sediment traps, a sediment oxygen demand (SOD) chamber, ex-situ nutrient incubating experiments, and Fick’s first law of diffusion were applied to the model. Our results highlight the biogeochemical cycles and the nutrient elution in the reducing environment as the primary nutrient source in Gamak Bay. This eventually provides insight into managing the marine ecology of the bay in an aspect of eutrophication in the bottom water and surface sediments.




2. Materials and Methods


2.1. A Study Area


Gamak Bay in Yeosu City, Korea, is 225.29 km2 in an area spanning 15 km from north to south and 9 km from west to east [38]. It is characterized by a concaved bottom topography in the northwestern region with 9 m of mean water depth [38]. Typical semi-enclosed geography inhibits water circulation and induces stratification [39]. Nutrients and organic matter loaded from point/non-point sources surrounding Gamak Bay cause eutrophication and generate hypoxic waters [9,10,13]. In Gamak Bay, there are shellfish and fish farms that provide 30% of domestic oyster production [39]. Therefore, the Ministry of Oceans and Fisheries of Korea has conserved this bay as a marine protected area for cultivating and protecting fisheries resources [40].




2.2. Field Survey


Samples for environmental parameters of bottom waters and surface sediments were collected at 10 sampling points on 16 August, 2017 (Figure 1). Water temperature (WT), salinity (SAL), dissolved oxygen (DO), pH, and water depth were measured in situ using a multiparameter probe (YSI ProDSS, YSI Inc./Xylem Inc., Yellow Springs, OH, USA). Water samples were collected at 0.5 m above the seafloors using a Van Dorn sampler (Wildlife Supply Company®, Yulee, FL, USA) to minimize sediment disturbance. To collect dissolved inorganic nutrient samples, 700 mL of water sample was filtered through GF/F filters (diameter 47 mm, Whatman plc, Maidstone, UK). The GF/F filters were rinsed with distilled water and dried for 4 h at 110 °C before filtering water samples. For the H2S, water samples were collected in the 300 mL of biological oxygen demand bottles with glass robotic stoppers through a rubber tube of the water sampler to minimize bubbles, and then a zinc acetate solution was added to stabilize [41]. Sediment samples were grabbed using a Van Veen grab (Eijkelkamp, Giesbeek, The Netherlands), and surface sediments at 0–2 cm depth were collected using a stainless spoon to measure water contents and the dissolved inorganic nutrients in the pore water. Samples were kept in a cooler with dry ice, transported to a laboratory within an hour after collection, and immediately analyzed.




2.3. Analyses of Water Quality and Surface Sediment Parameters


The H2S and dissolved inorganic nutrients, comprising dissolved inorganic nitrogen (DIN), dissolved inorganic phosphorus (DIP), and dissolved silicate (DSi), were colorimetrically measured according to the Official Standard Measurement Methods for Marine Environment of the Ministry of Oceans and Fisheries, Korea [41]. Ammonium-N (NH4+) was analyzed using an indophenol blue colorimetric method. Nitrite-N (NO2−) was analyzed using an azo compound colorimetric method. Nitrate-N (NO3−) was reduced to NO2− using a Cd–Cu reduction column. The molybdenum blue and molybdic acid colorimetric methods were applied to measure DIP and DSi, respectively. The H2S was analyzed using a methylene blue colorimetric method. A spectrophotometer (UV-1800, SHIMADZU, Kyoto, Japan) was used to measure colorimetric methods. Bottom water samples were filtered through mixed cellulose ester membrane filters (diameter 47 mm, Advantec Toyo Kaisha, Tokyo, Japan), and chlorophyll-a (Chl-a) was extracted using 90% acetone from the membrane filters and then measured using the spectrophotometer. Chemical oxygen demand (COD) was measured using an alkaline potassium permanganate method. For measuring suspended particulate matter (SPM) concentration, the GF/F filters were weighed before and after filtering 700 mL of water samples and drying for 4 h at 110 °C.



The pore water was extracted from the surface sediments by centrifuging at 3500 rpm and diluted with distilled water. The dissolved inorganic nutrients in the pore water were measured as described above. Water content (W) of the surface sediments was calculated from a comparison between weights before and after drying the raw surface sediments at 110 °C.




2.4. An Eutrophication Index


The Okaichi eutrophication index (OEI) was calculated using COD, DIN, and DIP to assess the intensity of eutrophication [42]. The OEI has been widely applied to semi-enclosed bays along the Korean coastal waters [43].


Okaichi Eutrophication Index (OEI) = COD × DIN × DIP/3.43



(1)




where COD (mg/L), DIN (µM), and DIP (µM) indicate concentrations of each parameter, and 3.43 is a constant, which is derived from algal bloom waters with 0.83 mg/L of carbon (i.e., COD = 1.0 mg/L), 7.17 µM of DIN, and 0.48 µM of DIP. Eutrophic waters are defined as the OEI being greater than one.




2.5. Deployment of Sinking and Re-Floating Sediment Traps in Bottom Seawater–Surface Sediments Interface


To investigate the net sinking flux by comparing the gross sinking and resuspended sinking fluxes, two types of sediment traps were simultaneously deployed at GA4 from 28 August to 1 September 2017. GA4 was chosen because of the anoxia-driven reducing environment. One sediment trap, composed of a straight acrylic tube of 0.5 cm thickness, 10 cm inside diameter, and 100 cm height, was designed to collect sinking particulates. The other sediment trap was designed to collect re-floating particles through a PVC (polyvinyl chloride) pipe top of 10 cm inside diameter and 15 cm height, collected to a straight acrylic tube with the same dimension as the first trap. Sample bottles were attached to each sediment trap to capture sinking particles (Figure 2a). After four days of mooring, samples were collected from each trap, and the concentrations of SPM, particulate organic carbon (POC), and particulate organic nitrogen (PON) were measured. The 300 mL of sample was filtered through GF/F filters (diameter 25 mm, Whatman plc, Maidstone, UK) and dried in a 110 °C oven for 4 h and then in a silica gel desiccator for 2 h. Particulate inorganic carbon was removed using fuming samples with steam from boiling hydrogen chloride at 110 °C. The particulate inorganic carbon-removed samples were dried again, and the POC and PON were analyzed using a Macro elemental analyzer (Vario MACRO cube, ELMENTAR Americas Inc., Ronkonkoma, NY, USA). Fluxes of POC and PON were calculated from sediment trap data as follows:


Sinking or Re-floating SPM (or POC, PON) Fluxes (mg/m2/day) = CSPM × (PPOC or PPON) × VTrap × 1/STrap × 1/D



(2)




where CSPM is the SPM concentrations (mg/L) obtained from the bottom sampling bottles of each trap; PPOC or PPON are the percentile concentrations (dimensionless) of POC or PON relative to SPM; VTrap is a volume (1.6 L) of the bottom bottle; STrap is the area of the trap entrance (0.01 m2); D is the mooring duration (4 days).




2.6. SOD Flux in Bottom Seawater–Surface Sediments Interface


To examine the oxygen demand of the surface sediment, a SOD chamber was modified based on Jung and Cho [31] (Figure 2b). The chamber was placed in a cooler filled with tap water to maintain the bottom water temperature and prevent light penetration. The bottom seawater of GA4, filtered through GF/C filters (diameter 150 mm, Whatman plc, Maidstone, UK), was filled into a 50 L chamber in which four small sediment cores were installed using a siphon to minimize the disturbance on the surface sediments. The filtered bottom seawater was manually aerated to exclude the POC decomposition via electron acceptors other than oxygen [22] and estimate the POC oxidation in the surface sediment, as described below. The water was continuously circulated using a magnetic stirrer to simulate seawater circulation. The stirrer speed was approximately 120 rpm to minimize the surface sediment disturbance until the experiment was terminated. Simultaneously, the YSI ProDSS multiparameter probe was installed to measure DO at 0, 2, 4, 8, 12, 18, 24, and 36 h after incubation. During incubation, the mean values of WT and SAL were 24.1 ± 0.1 °C and 32.36 ± 0.00 PSU (practical salinity unit), respectively. The SOD flux was calculated using Equation (3) [44]. The biological and chemical processes were dependent on water temperatures, and the SODT flux (i.e., ambient temperature) was calibrated to 20 °C using Equation (4) [45,46], which has been commonly adopted in the SOD correction [47,48].


SODT Flux (mg O2/m2/day) = (DO0 − DOn) ×1/t × (VSOD × c1 − VCORE) × 1/ASOD × c2



(3)






SOD20 Flux (mg O2/m2/day) = SODT Flux/1.065 (T−20.0)



(4)




where DO0 and DOn are DO concentrations (mg/L) before and after the experiment, respectively; t is the experimental duration (36 h); VSOD is the volume of the chamber (50 L); VCORE is the total volume of the four small sediment cores installed in the chamber (1.6 × 10−3 m3); ASOD is the total surface area of the four small sediment cores (0.02 m2); 1.065 is a temperature correction factor [46]; T is the water temperature maintained during the experiment (the mean temperature was 24.1 °C); and c1 (10−3 m3/L) and c2 (103 L/m3 × 24 h/day) are constants for unit conversion. The respiration of benthos was negligible during the incubation because benthos was not found in GA4 from July to October 2017 [49].




2.7. Nutrient Elution and Diffusion Fluxes in Bottom Seawater–Surface Sediments Interface


Using core samples containing 1.5 L of seawater above 15 cm of sediments (Figure 2c), ex situ incubating experiments were conducted to examine nutrient fluxes from the surface sediments to overlying water in the reducing environment, based on previous studies [32,50,51]. Overlying water in the core was removed using a siphon to minimize the sediment disturbance. Bottom water (1.5 L) at GA4 was filtered using GF/C filters (diameter 150 mm, Whatman plc, Maidstone, UK) and added to the core without disturbing the sediment. The reducing environment was then manually generated with infusing nitrogen gas (99.99%) into the overlying seawater. The core was settled inside a non-transparent plastic box filled with tap water at the same temperature as the bottom seawater (24.0 °C) to simulate the dark and cold bottom seawater. After samples were stabilized through a pre-incubating step for 2 h [50], 250 mL supernatant water was extracted using a syringe from each sample at 2, 4, 8, 12, 18, 24, and 36 h after incubation. The overlying water was refilled with fresh 250 mL of filtered bottom seawater after each extraction. Nutrient fluxes were calculated according to Equation (5) [51,52].


   Nutrient   (   NH  4 +    ,     NO  2 −    ,     NO  3 −    ,   DIP )   Elution   Flux   ( mg /  m 2  / day ) = { ( Nn −  N 0  )   ×    V E  +   ∑   j = 1  n   (   N  j − 1   −  N  in    )  ×  V C  }   ×   1 /  A E    ×   1 / t   ×   c   



(5)




where N0 is the nutrient concentration (mg/L) in the initial overlying water; Nn is the nutrient concentration (mg/L) in the overlying water at n times of sample collection; Nin is the nutrient concentration (mg/L) in the added water at each collection; n is the sampling frequency (dimensionless); VE is the overlying water volume (1.5 L); Vc is the water volume extracted or added into the overlying water (250 mL); AE is a surface area of sediment core (0.008 m2); t is the experimental duration (36 h); c is a constant (24 h/d) for unit conversion. Since there was no benthos from July to October 2017 [49], the sediment bioturbation was negligible during incubation [53].



The nutrient elution flux indicates the entire geochemical processes, including diffusion, between the bottom water and surface sediments. The nutrient diffusion flux was employed to design an elaborate mass balance model as one of the factors in the nutrient elution part. The diffusion coefficient, derived from the concentration difference between pore water and overlying water, was applied to calculate the nutrient diffusion flux based on Fick’s first law of diffusion [11,20,50,51].


   Nutrient   (   NH  4 +    ,     NO  2 −    ,     NO  3 −   , DIP )   Diffusion    Flux ( mg /  m 2  / day ) =    φ   ×  D SED    ×     Δ C   Δ z     ×   c   



(6)




where  φ  is the porosity (dimensionless) of surface sediments; DSED is the substance-specific effective diffusion coefficient (cm2/s);     Δ C   Δ z     is the concentration gradient (mg/L  °  cm−1) of the investigated nutrients at the bottom water–surface sediment interface; c is the constant (10−3 L/cm3   °    104 cm2/m2  °  24 × 3600 s/day) for unit conversion. A previous study in Gamak Bay [33] calculated  φ  according to Louchouam et al. [54].


  φ  =  ρ s      ×   W / {  ρ w      ×   ( 1 − W ) +  ρ s    ×   W }   



(7)




where    ρ w     is the mean density (1.02 g/cm3) of pore water;    ρ s    is the mean density (2.65 g/cm3) of surface sediments; W is the water content (dimensionless) of surface sediments.



In addition, DSED for each nutrient substance in Equation (6) was calculated using diffusion coefficient (DSW) and tortuosity ( θ ) from previous studies, and tortuosity was calculated from the porosity of the surface sediments [11,20,55]


   D SED  =  D SW  /  θ 2   



(8)






    θ 2    = 1 − ln   (  φ 2  )   



(9)






DSW = D0 × (1 + a × t)



(10)




where D0 is the diffusion coefficient at 0 °C (0.980 × 10−5 cm2/s for NH4+, 0.922 × 10−5 cm2/s for NO2−, 0.978 × 10−5 cm2/s for NO3−, 0.340 × 10−5 cm2/s for HPO42−) [11,56,57]; t is water temperature (24.0 °C); the cation and anion coefficients (a) were 0.048 and 0.040, respectively [58,59].




2.8. A Mass Balance Model for Bottom Seawater–Surface Sediments Interface


The mass balance model for nutrients obtained from Klump and Martens [60] has been applied in several oceanographic studies in various coastal areas [19,33,34,35,61,62].


Jin = Jout + Jbur



(11)




where Jin is the total depositional flux of substances to the bottom water–surface sediment interface; Jout is the flux of regenerated nitrogen or phosphorus released to the overlying water; Jbur is the burial flux of permanent sedimentation. According to the model, the system is assumed to be stabilized for more than 1 year due to seasonal remineralization rates and seasonal variation in the deposition [60]. In the study region, the intensity of hypoxia was frequently varied for 4 months, vertically and spatially (Figure S1) [9]. Although the GA4 remained in a fairly stable reducing environment, seasonality was not reflected because the hypoxic water was removed from October, 2017.



Thus, a modified simple model, incorporating Equation (11), was suggested, applicable in short-term investigations. This model assumes the following;




	
The system at the interface between the overlying water and surface sediments is under a stable condition, in which input and output fluxes are the same;



	
The input flux indicates only the net substance deposition via gravity from the water column to the surface sediments;



	
The output flux includes the biological process of decomposing organic particles and the chemical process at the interface under redox conditions;



	
The remaining or supplemental fluxes function between the overlying water and surface sediments.










  Δ Flux =  Flux in  −  Flux out  ,  Flux in  =  Flux out  + Δ Flux  



(12)




where Fluxin is the flux of the substances introduced to the surface sediments; Fluxout is the flux of released substances from the surface sediments;  Δ Flux is the total variation of flux, which supplements the Fluxout at the bottom water–surface sediment interface. The  Δ Flux indicates positive or negative fluxes that occur in the biochemical process of substances in the reducing environment. The Fluxin of particulate organic phosphorus (POP) was derived from the PON value using the Redfield ratio N:P = 16:1 [63,64,65]. The Fluxout of POC was calculated using the SOD20 flux under the assumption that organic carbon decomposition is related to the Redfield ratio O2:C = 138:106 [65]. The Fluxout values of DIN and DIP were obtained from the ex-situ incubation experiments and Fick’s first law of diffusion.




2.9. Statistical Analysis


Principal component analysis (PCA) and cluster analysis were performed to determine the characteristics of water masses affected by the bottom waters in Gamak Bay in the summer of 2017. Data were tested for normality using the Shapiro–Wilk test. The nutrient concentrations (NH4+, NO2−, NO3−, DIP) in the bottom water and pore water followed a normal distribution (p = 0.761 − 0.055 > 0.05) except for DIP in the pore water (p = 0.001 < 0.05). Therefore, the mean DIN and median DIP concentrations in the bottom seawater and surface sediments were compared via the paired t-test and Wilcoxon signed-rank test, respectively. Statistical analyses were executed through PASW statistics 18 of SPSS (SPSS Inc., Chicago, IL, USA).





3. Results


3.1. Spatial Distributions of Environmental Quality Parameters in Bottom Seawater and Surface Sediments in Gamak Bay, August 2017


The spatial distributions of bottom seawater quality parameters are illustrated in Table S1 and Figure 3 and Figure 4. The lowest WT and the highest SAL were observed in the center of northern Gamak Bay, which is deeper compared to other parts of the bay (Figure 3a,b). Anoxic waters, reflecting DO, showed a similar pattern to pH (Figure 3c,d), throughout the bay near Sunso (GA1), Najin, Hodu, and the center of the bay (GA3, GA4, and GA6). The H2S, DIP, and DSi were significantly high at GA4 (Figure 3e and Figure 4c,d). The NH4+ distribution was similar to other nutrients (Figure 3f), but the NO2− and NO3− concentrations increased toward the outer bay (GA9, GA10) (Figure 4a,b). High concentrations of Chl-a, SPM, and COD were found at GA4 as well as near Sunso (GA1) (Figure 4e–g). The OEI values were 2.2 and 16.5 at GA1 and GA4, respectively (Figure 5).



The spatial distribution of nutrients in the pore waters of the surface sediments showed similar patterns to those of bottom waters (Table S1 and Figure S2). The NH4+ and DIP concentrations were higher in the inner bay than those in the outer bay, while their concentrations were specifically high near Najin, Hodu, and in the center of the bay (GA3, GA4, GA6) (Figure S2a,b). The mean NH4+ (p = 0.0006 < 0.001; paired t-test), NO2− (p = 0.001 < 0.01; paired t-test), and median DIP concentrations (p = 0.005 < 0.01; Wilcoxon signed-rank test) in the pore waters were significantly higher than those in the bottom waters (Figure S2a,b,d). The NO3− concentration was not significantly different between the bottom waters and pore waters (p = 0.053 > 0.05; paired t-test; Figure S2c).




3.2. Defining Characteristics of Water Masses in Gamak Bay, August 2017 Using PCA and Cluster Analysis


Three principal components (PC) were extracted from PCA analysis with a cumulative contribution of 90.1% (Table S2, Figure 6). PC1 (37.8%) illustrated an environment in which DO, pH, and WT negatively contributed, while DIP, DSi, H2S, and NH4+ positively contributed (Figure 6a). PC2 (28.0%) exhibited negative contributions of SAL and water depth and positive contributions of pH, DO, and NO2− (Figure 6a). PC3 (24.3%) showed highly positive contributions of Chl-a and SPM (Figure 6b). Collectively, PC1 reflects the effects of the reducing condition due to anoxic water, PC2 the oxidation condition, and PC3 the phytoplankton blooms. Based on score plots (Figure S3) and cluster analyses (Figure 6c), water masses were classified into three groups. Group A consisted of sampling points GA2, GA3, and GA5–GA10, Group B GA1, and Group C GA4 (Figure 6d).




3.3. Net Substance Sinking Fluxes at GA4 in Gamak Bay, August 2017


The SPM fluxes were 17.6 and 14.1 g SPM/m2/d from the gross sinking and re-floating traps, respectively, and the re-floating rate was 80.1% of the gross sinking flux (Table 1). Net sinking fluxes, indicated by the difference between the gross sinking and re-suspended fluxes, were 861.0 mg C/m2/d, 187.9 mg N/m2/d, and 26.0 mg P/m2/d for POC, PON, and POP, respectively. The flux from the re-floating trap relative to that from the sinking trap was 43.8% for POC and 32.6% for PON and POP. This indicates that the resuspension flux of substances is not negligible across the coastal bottom water–surface sediment interface.




3.4. SOD Flux at the Bottom Seawater–Surface Sediments Interface at GA4 in Gamak Bay, August 2017


As observed, DO concentration declined from the initial 6.85 mg/L (DO saturation 98.1%) (Figure 7). It continuously decreased, was relatively stable for 18 h, and reached 4.37 mg/L (DO saturation 62.8%) in 36 h after the experiment termination. The SOD20 flux (i.e., SOD flux at 20 °C) sharply increased after 4 h of post-incubation and reached the maximum flux (13,138.9 g O2/m2/d) after 12 h. The SODT and SOD20 fluxes were 3938.7 mg O2/m2/d (123.1 mmol/m2/d), and 3047.2 mg O2/m2/d (95.5 mmol/m2/d), respectively.




3.5. Nutrient Elution and Diffusion Fluxes at the Bottom Seawater–Surface Sediments Interface at GA4 in Gamak Bay, August 2017


Nutrient elution fluxes were obtained from experiments performed under anaerobic conditions. The NH4+ (r2 = 0.85) and DIP (r2 = 0.91) concentrations in the overlying water increased with the incubation time, but the NOx− (i.e., NO2− + NO3−; r2 = 0.40) concentration decreased sharply (Figure 8). The nutrient elution fluxes were one or two orders of magnitude higher fraction than the nutrient diffusion fluxes in this study (Table 2).





4. Discussion


4.1. Characteristics of Bottom Seawater in Gamak Bay in August 2017


GA1 belonging to Group B showed fewer effects of the reducing environment due to anoxic waters (PC1), had an oxidation environment (PC2), and was characterized by phytoplankton blooms (PC3) (Figure 6). The spatial distribution showed that the SAL in GA1, located near point/non-point sources of Sunso with a shallow depth (Figure 1), was higher than those in the outer bay (GA9, GA10) (Figure 3b). The vertical profiles (Figure S1) indicated that heavy rainfall (151.1 mm on 11–15 August, 2017) prior to the sampling on 16 August led to low SAL throughout the bay surface and formed a strong halocline, thereby causing a steady water column from the inner bay near Sunso (GA1) to the central bay (GA3–GA7) [9]. In June, eutrophic indicators observed for Sunso (GA1) surface sediments were 5.2–8.8% of loss on ignition (LOI), 32.1–32.6 mg/g-dw. of COD, 3.98–4.36 mg S/g-dw. of acid volatile sulfide (AVS), and 4.0–6.2% of total organic carbon [10]. This organic matter in the surface sediments was mainly terrestrial-derived (C/N ratio > 12); the levels exceeded the environmental guideline values and require purification [10]. Terrestrial organic matter, introduced to the inner bay through the point/non-point sources, caused the formation of hypoxic bottom waters in Sunso (GA1). The strong stratification driven by the halocline enabled the hypoxia to persist [9,13,36]. Consistent with the previous studies, our results showed that a hypoxic water mass (2.5 mg/L of DO) was formed near Sunso (GA1), with 0.03 mg/L of H2S and 3.4 μM of NH4+, indicating a reducing environment.



Although GA1 was characterized by the reducing conditions, concentrations of oxidation parameters such as NO2− (0.3 μM) and NO3− (2.1 μM) were relatively high compared to those in adjacent waters (Figure 4a,b). This might be associated with the incomplete reduction or the variation in hypoxic intensity due to factors such as meteorological conditions, relatively shallow water depth (4 m), daily tidal effects, and neap/spring tides [9,13,36,39]. For example, the DO concentration of bottom waters at GA1 was 6.95 mg/L on 8 August [9], but it was 2.5 mg/L a week later. Thus, it appears that reducing and oxidation environments occurred simultaneously.



Additionally, the shallow depth allows light penetration to the seafloor, and the OEI of 2.2 indicated that GA1 was eutrophic. Optimal light intensity and eutrophic conditions might synergistically promote phytoplankton blooms (10 μg/L of Chl-a). This level exceeded 5.5 μg/L–one of the parameters for the very poor water quality (Class 5)–according to the Korean water quality index [9].



Further, hypoxia occurred in the western region of the bay around Soho, Hodu, and Najin (GA3, GA4, GA6, GA7), but the effects of the reducing environment, driven by the anoxic condition, dominated only at GA4 (Figure 6). Relatively higher NOx− concentrations were found at GA7 (2.9 mg/L DO, 0.2 μM NO2−, 2.1 μM NO3−) and GA 8 (2.8 mg/L DO, 0.2 μM NO2−, 2.7 μM NO3−) than those in the adjacent waters, with hypoxic waters at GA1 (2.5 mg/L DO, 0.3 μM NO2−, 2.1 μM NO3−). Although the intensity and duration of hypoxia varied widely because of various causes [9,13], hypoxia, which lasted for 4 months at GA4 in 2017, further reduced the DO levels to anoxia (Figure S1) [9]. Our data provide a snapshot of environmental conditions. Thus, it is reasonable to assume causality based on ecological consequences, but assessment of long-term variations in hypoxia and anoxia are necessary for a firm conclusion.



This study found high concentrations of H2S, DIN, DIP, and DSi in the bottom water collected from GA4, consistent with previous studies [12,66]. The OEI was 16.5, indicative of severe eutrophication. In addition, the light extinction coefficient is relatively low in Gamak Bay compared to the other bays, and the sufficient radiation promotes a bloom of benthic diatoms [13,37]. The observed Chl-a was 4.8 μg/L at GA4, but it was recorded as high as 100 μg/L, according to a previous study [13]. The proliferation of phytoplankton was associated with the sufficient lights and eluted nutrients in the anoxic environment, thereby linking to the DO consumption in the bottom water [9,13].



At GA4, the SOD20 flux was 3047.2 mg O2/m2/d (95.5 mmol O2/m2/d). This was lower than that in other marine ecosystems, such as coastal waters with the high accumulation of organic matter—e.g., Barnegat Bay, NJ, USA (0.21–5.94 g O2/m2/d) [21], fish farms in the Bolinao area, Philippines (61–337 mmol/m2/d) [67], and fish farms in Loch Creran, Scotland (435 mmol/m2/d) [68].



The SOD20 flux was approximately 5 to 10 times higher than SOD fluxes in six southern coastal areas of Korea (Deukrang Bay, Koheung, Yeoja Bay, Kwangyang Bay, Yeosu, Namhae) (10.8–27.6 mmol O2/m2/d) with similar characteristics as Gamak Bay [33]. This indicates that the hypoxic and anoxic waters accompanying the eutrophication are significantly developed in this bay. Oysters (C. gigas), the primary fishery resource in Gamak Bay, stop the shell movement below 2 mg/L of DO [69]. The LC50 (i.e., 50% lethal concentration) of benthic organisms was reported to be 1.54 mg/L in fishes, 2.45 mg/L in crustaceans, 0.89 mg/L in gastropods, and 1.42 mg/L in bivalves [70]. The hypoxic waters accompanying eutrophic surface sediments in Gamak Bay caused changes in the population of macrobenthic polychaetes [71] and zooplankton [72], ASR (aquatic surface respiration) behavior of oriental gobies (A. flavimanus), and massive mortality of oriental gobies, crab, and gastropods [36].



Notably, benthos in the surface sediments was not found from July 2017 at GA4, and this non-living condition was continued until the hypoxic waters disappeared in October [49]. This implies that although the DO was supplied to the bottom waters when the reducing environment was switched to the oxidative environment, the eutrophic surface sediment continuously affected the benthic ecology [49]. The eutrophication driven by the regeneration of organic matter from the surface sediments under the reducing condition sharply increases the phytoplankton abundance [9] and changes its community composition [13]. Therefore, determining C, N, and P mass balances are significant because the eutrophic water, driven by the reducing environment, plays a critical role as the nutrient source for organic matter cycles (i.e., phytoplankton blooms) at GA4.




4.2. C, N, and P Mass Balances under the Effects of the Reducing Environment due to Anoxic Water in Gamak Bay in August 2017


The estimated C, N, and P mass balances for GA4 are illustrated in Figure 9. Carbon cycles are primarily related to the remineralization of organic matter, accompanied by DO consumption and carbon sequestration to the deep sea [73]. The dissolved inorganic carbon is converted to POC as a consequence of phytoplankton blooms; the POC sinks to the deep sea via the biological carbon pump as part of the marine carbon cycle [74]. In the mass balance for organic carbon (Figure 9a), the ratio of re-floating to sinking C fluxes was 0.44. This indicates that the considerable flux of organic carbon was resuspended to the water column and the resuspension was an essential process in the carbon cycle of coastal waters. This is consistent with Kim [73], who reviewed the mean proportion of 25% shown in the 150 global marine sediment trap studies.



Net sinking POC flux (861.0 mg C/m2/d) differed from organic carbon Fluxout (1134.5 mg C/m2/d), estimated using SODT flux. The additional flux of 273.5 mg C/m2/d (31.8% of the organic carbon Fluxout) acted as the decomposition from the surface sediments to the overlying water. During the sampling period, the contents of eutrophic indicators in the surface sediments at GA4 were 11% LOI, 20.8 mg/g-dw. COD, and 0.578 mg S/g-dw. AVS [10]. The ΔFlux/Fluxin rate of POC was 0.32, indicating that an origin of organic matter causing hypoxia or anoxia in Gamak Bay [10]. Unlike the region near Sunso (GA1), where terrestrial organic matter dominated, the C/N ratio of the surface sediments implied the prevalence of oceanic organic matter at GA4 [10]. Thus, eutrophication-driven phytoplankton blooms and organic matter transported from the adjacent aquaculture farms might affect the study region [71]. The oxidation rate of organic carbon was 1.32, consistent with previous studies showing that high oxidation rates were found when organic matter is rapidly exported to the surface sediment in shallow waters [33,75].



In nitrogen cycles, organic matter is regenerated via ammonification under oxidation, and then nitrification induces NO3− production [25]. However, under the anoxic condition, NOx− is converted to N2 gas through denitrification, and NH4+ is produced due to ammonification and DNRA using NO2− [23,50,76]. The NH4+ is accumulated in pore water and released into the overlying water, but the released NH4+ is removed at the diffusivity boundary layer [33,50]. Our ex situ incubating experiments ascribed that the bottom waters in Gamak Bay remained anaerobic, inhibiting the oxidation of NH4+ and inducing NH4+ elution (Figure 8). Additionally, Fick’s first law of diffusion estimates only the molecular diffusion [11,58], and the nutrient diffusion fluxes, estimated using this law (Table 2), were applied as the calibration function for DIN and DIP elution fluxes of incubation experiments in the mass balance model design in this study.



As a result of the N mass balance (Figure 9b), the DIN elution flux was 29.6 mg N/m2/d, including 5.85 mg N/m2/d of DIN diffusion flux. The extra elution flux (23.8 mg N/m2/d) represented the ammonification and DNRA of NH4+ and the denitrification of NOx−. The estimation result of the DIN diffusion flux showed that both NH4+ and NOx− were diffused from high levels of those in the pore water (248.2 μM NH4+, 4.5 μM NOx−) to the bottom water (5.3 μM NH4+, 2.7 μM NOx−) (Table S1).



The portion of the DIN diffusion flux related to the DIN elution flux except for the diffusion process was 24.6%, i.e., DIN diffusion flux/(total DIN elution flux − DIN diffusion flux). This implies that the geochemical processes under the reducing environment, such as DNRA, ammonification, and denitrification, at the interface were approximately four times stronger than the diffusion from the surface sediment. The NH4+ was the dominant nutrient in the DIN elution and diffusion fluxes in this area. This is a representative phenomenon of the reducing condition, changing the biogeochemical nutrient cycles of the general oxidation environment [11,18,19,20,21]. Additionally, the DIN elution flux contributed only 15.8% of the net sinking PON flux, and it was estimated that the 158.3 mg N/m2/d of ΔFlux functioned as the remaining flux in the surface sediments. The deposited organic nitrogen acts as the accelerating factor of eutrophication in the surface sediments [10].



Under the oxidation condition, the re-mineralized P is removed from the overlying water to the surface sediments by adsorption and co-precipitation into Fe(III)OOH [50,51]. On the contrary, under the reducing condition, binding the iron oxyhydroxide and PO43− is dissociated and transferred to the overlying water [11,29]. This process occurs at −50 mV (pH 7) or −100 mV (pH 8) of oxidation–reduction potential (ORP, Eh) depending on pH and compound concentrations [77]. The ranges of ORP at GA4 were reported from −169 mV to −204 mV [78], indicating that the DIP elution flux included the inorganic phosphorous (IP) accumulation by iron oxyhydroxide dissociation (Figure 9c). In the meantime, the H2S that is produced by sulfate-reducing bacteria can bind to iron, forming FeS or FeS2, and this reaction further inhibits the binding of iron oxyhydroxide to IP [11,22].



In the P mass balance (Figure 9c), 46.7 mg P/m2/d of DIP elution flux with the DIP diffusion flux of 0.2 mg P/m2/d was released from the surface sediment, and this elution flux was responsible for 179.5% of net sinking DIP flux (26.0 mg P/m2/d). The estimation result of DIP diffusion flux shows that the DIP was diffused from high levels of those in the pore water (16.2 μM) to the bottom water (3.1 μM) (Table S1).



Similarly, the portion of the DIP diffusion flux related to the DIP elution flux except for the diffusion process was 0.4%, i.e., DIP diffusion flux/(total DIP elution flux − DIP diffusion flux). This implies that the diffusion was a considerably restrained process compared to the regeneration and Fe(III) reduction at the interface. Notably, 20.7 mg P/m2/d of ΔFlux, which indicates the deposited organic matter and dissociation of iron oxyhydroxide, was supplementary functioned from the surface sediments to the overlying water. The N/P ratio in the bottom water ranged from 2.6 to 5.9 (average 4.0 ± 1.2). The lowest N/P ratio at GA4 implied that the DIP elution under the reducing environment remarkably occurred in GA4 compared to the other sampling points.



Other Gamak Bay studies have provided computed estimation results using the eco-hydrodynamic model [79] and the ex situ elution experiment results from surface sediment [80] in the early 2000s. The computed remineralization flux was above 10 mg/m2/day for DIN, 1.0–3.0 mg/m2/day for DIP [79], and the elution fluxes in the ex situ experiment were 5.60 mg/m2/day for NH4+ and 4.68 mg/m2/day for DIP [80]. However, the DO values applied to the model indicates Gamak Bay was in the oxidation environment back then [79], and there was no record of DO in the ex situ elution experiment [80]. This implies that the previous study reported conditions different from a case in the reducing environment, which is determined in our study.



Recent hypoxia is more rapid and strongly occurring than it was 10 years ago [9,13]. The current eutrophication under the reducing environment may be more accelerated than it was in the past. The acceleration is also expedited depending on abnormal climate changes, such as global warming [9], because the WT is a dominant parameter of nutrient elution [32,50,51] and stratification in the water column [9,14].



The DIN and DIP Fluxout/Fluxin ratios, showing the remineralization rate in the oxidation, were 0.16 and 1.80, respectively. In Tongyong Fishery farm, 17% of N and 27% of P were re-mineralized [35]. The case of nitrogen was consistent with this study, while this study observed a considerably high fraction of DIP elution flux under the reducing condition. Phosphorous in the surface sediments at Gamak Bay comprised 64% of NAI-P (non-apatite inorganic P), 25% of residual-P associated with organic matter, 8% of P absorbed to particles, and 4% of apatite P [66]. A high portion of labile P (NAI-P + absorbed-P), vulnerable to hypoxia/anoxia, pH, and ORP, is expected to induce the high fraction of DIP elution flux.



Meanwhile, there are previous reports on the DIN elution flux in the Korean coastal areas, such as the enclosed characteristic Jinhae Bay (7.9 mmol/m2/d) [63], the wart sea squirt farms in Jindong Bay (NH4+, 11.13 mmol/m2/d) [34], the fish farms in Baekya Island, Yeosu City (3.74 mmol/m2/d) [62], and the oyster and sea squirt farms in Tongyeong Bay (7.0 and 9.3 mmol/m2/d) [64]. The results on the DIP elution flux are from in Jinhae Bay (0.49 mmol/m2/d) [63], Jindong Bay (−0.13 mmol/m2/d) [34], Yeosu City (0.18 mmol/m2/d) [62] and Tongyeong Bay (0.44 and 0.58 mmol/m2/d) [64]. Although the DIN elution flux (2.1 mmol/m2/d) in this study was lower than those in other dense fishery farms [32,62,63,64], the DIP elution (1.5 mmol/m2/d) was considerably higher than those in the farms [32,62,63,64]. This reflects that the labile-P contents in the surface sediments were significantly high in Gamak Bay relative to the adjacent bays [66].



Our study highlights the current mass balances of C, N, and P at the bottom water– surface sediment interface under the reducing environment using the mass balance model elaboratively designed to apply in a short-term period with elution fraction, including the diffusion factor. The statistical results and systematic experiments supported the objective evidence to estimate the mass balances in the reducing environment. The results showed that the nutrient elution under the reducing environment due to anoxic water mass is regarded as a significant source of the highly eutrophic bottom water in Gamak Bay [61]–particularly phosphorus, as shown by the OEI value of 16.5.



However, a ΔFlux variation in Equation (12) denotes the variation of substance flux in the short term, and it is unknown what process the remaining nitrogen are undergoing in the surface sediments after the anoxic condition is removed. Thus, determining the nutrient mass balance before and after the reducing environment is also essential. In addition, the urban sewer pipes and aquaculture farms are also the major players in causing eutrophication in Gamak Bay [9,10,39]. Additionally, replicated sampling, current mass balances between the surface and bottom waters, excessive nutrient loading, and residence time of introduced nutrients should be examined to protect aquaculture organisms and marine organisms living in the bay and conserve the marine ecosystem and resources in Gamak Bay.



Since 2005, a wastewater treatment plant has been operating near Gamak Bay to collect the urban sewage, but sewer pipes still act as point sources near the Sunso area (Figure 1) [10]. The sewer pipes connecting to storm sewer pipes, designed as the combined sewer overflows, can be non-point sources when it rains [9]. Moreover, there are aquaculture farms for bivalves, fishes, and seaweed, and the shellfish production from this bay reaches 8300 tons/yr [39]. Interestingly, oligotrophic surface water is one of the main reasons for the decrease in annual oyster production [39,81]. These oligotrophic surfaces are contrary to the eutrophication in the bottom water and surface sediment [9,10,79,81]. Two decades ago, a study computed the nutrient transfer data depending on water layer [79]; however, it is difficult to reflect the current Gamak bay condition, as mentioned above. Lee [39] proposed that future environmental studies should combine engineering perspectives to solve the current problems in the bay (e.g., production of fishery resources). Therefore, studies on current eutrophication in the Gamak bay are significant in contributing to this aspect.





5. Conclusions


This study estimated the quantified current C, N, and P mass balances (Fluxin = Fluxout +  Δ Flux) of the bottom water–surface sediment interface in a reducing environment due to anoxic water. As of August 2017, the bottom water condition was categorized into three groups, including Group C based on effects of the reducing environment due to anoxia. In the anoxic environment at GA4 (Group C), the SOD20 flux was 3047.2 mg O2/m2/d, which is a considerably high estimation in the Korean marine environment. The results of the C mass balance emphasized that the considerable flux of organic carbon was resuspended. The NH4+ elution process was predominant in the N mass balance, representing the reducing environment. The DIN diffusion flux was approximately four times lower than the DNRA, ammonification, and denitrification. However, the DIP diffusion flux was restrained compared to the other DIP elution process, such as regeneration and Fe(III) reduction. Notably, the DIP elution flux estimated in this study was significantly higher than those of the other Korean coastal sea areas because of the high portion of labile P type in Gamak Bay, Korea. The ∆Flux in C and P mass balances indicated the supplementary flux from the surface sediment toward the bottom water. Contrary to this, the ∆Flux in the N mass balance indicated depositing the PON flux and accelerating the eutrophication on the surface sediments. Collectively, our study highlights that the nutrient elution under reducing environments acts as the primary nutrient source to accelerate eutrophication, particularly P, in benthic ecosystems in Gamak Bay. The previous nutrient mass balance studies had limitations in reflecting the current environmental situation under the reducing environment in the bay. The studies on eutrophication in the bay are expected to be carried out in the future. The present study provides insights into managing the marine ecology of the bay in the aspect of eutrophication in the bottom water and surface sediments.
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Figure 1. Scheme of sampling points for bottom seawater, surface sediments, and sediment traps in Gamak Bay, Korea, August 2017. The contour means the water depth, indicating 2 m, 4 m, 6 m, 8 m, 10 m, and 15 m (https://www.khoa.go.kr/eng/Main.do, accessed on 24 April 2022). 
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Figure 2. Schemes of the designated instruments to estimate the mass balances: (a) sinking/re-floating sediment traps; (b) SOD (Sediment Oxygen Demand) chamber; (c) ex situ nutrients incubating experiments. 
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Figure 3. The spatial distributions of bottom seawater quality parameters, in Gamak Bay, Korea, in August 2017, (a) Water temperature (WT); (b) Salinity (SAL); (c) pH; (d) Dissolved oxygen (DO); (e) Hydrogen sulfide (H2S); (f) Ammonium-nitrogen (NH4+). 
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Figure 4. The spatial distributions of bottom water quality parameters in Gamak Bay, Korea, in August 2017: (a) Nitrite-nitrogen (NO2–); (b) Nitrate-nitrogen (NO3–); (c) Dissolved inorganic phosphorus (DIP); (d) Dissolved silicate (DSi); (e) Chlorophyll-a (Chl-a); (f) Suspended particulate matter (SPM); (g) Chemical oxygen demand (COD). 
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Figure 5. The Okaichi eutrophication index (OEI) results for the bottom seawater in Gamak Bay, Korea, in August 2017. 
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Figure 6. The results of principal component analysis (PCA) and cluster analysis using 14 bottom seawater quality parameters: (a) loading plot with PC1 and PC2; (b) loading plot with PC1 and PC2; (c) classification of the sampling points into three groups based on cluster analysis; (d) Groups A, B, and C are illustrated in the sampling area. 
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Figure 7. Results of the sediment oxygen demand (SOD) chamber experiment for dissolved oxygen (○, solid line) and SOD20 Flux (■, dotted line), which depended on incubating times in the reducing environment due to anoxic water at GA4, Gamak bay, Korea. 
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Figure 8. Results of the ex situ incubating experiment for eluted nutrients from the surface sediment toward overlying water at GA4, Gamak bay, Korea: ammonium-nitrogen (NH4+) (●, dotted line); nitrite nitrogen and nitrate nitrogen (NOx−) (○, dashed line); dissolved inorganic phosphorous (DIP) (▲, solid line). 
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Figure 9. The illustrations of mass balances based on the simple model (Fluxin = Fluxout +  Δ Flux) for GA4, Gamak Bay, Korea, August 2017: (a) Carbon (C); (b) Nitrogen (N); (c) Phosphorus (P). 
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Table 1. Estimated sinking/re-floating suspended particulate matter (SPM), particulate organic carbon (POC), nitrogen (PON), and phosphorus (POP) fluxes at the bottom seawater–surface sediment interface with the reducing environment due to anoxic water at GA4 in Gamak bay, Korea.
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Parameters

	
SPM

	
SPM Flux

	
POC

	
POC Flux

	
PON

	
PON Flux

	
POP

	
POP




	
Unit

	
mg/L

	
mg/m2/d

	
mg/L

	
mg/m2/d

	
mg/L

	
mg/m2/d

	
mg/L

	
mg/m2/d






	
Sinking Flux

	
352.0

	
17,600

	
30.6

	
1531.2

	
5.6

	
278.8

	
0.3

	
38.6




	
Re-floating Flux

	
282.0

	
14,100

	
13.4

	
670.2

	
1.9

	
90.8

	
0.1

	
12.6




	
Net Sinking Flux

	
-

	
3500

	
-

	
861.0

	
-

	
187.9

	
-

	
26.0
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Table 2. Estimated nutrient elution and diffusion fluxes at the bottom seawater–surface sediment interface with reducing conditions due to anoxic water at GA4, Gamak bay, Korea.
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Parameter

	
NH4+

	
NOx−

	
DIN

	
DIP




	
Unit

	
mg N/m2/d

	
mg N/m2/d

	
mg N/m2/d

	
mg P/m2/d






	
Nutrient Elution Flux

	
33.7

	
−4.1

	
29.6

	
46.7




	
Nutrient Diffusion Flux

	
5.81

	
0.04

	
5.85

	
0.20
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