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Abstract

:

Water samples were collected to measure dissolved and particulate phosphorus species in order to examine the dynamics of phosphorus in the water column across the river–sea interface from the lower Dafengjiang River to the open Beibu Gulf. Dissolved inorganic phosphorus concentrations were as high as 0.90 ± 0.42 μM in river water but decreased dramatically to as low as 0.02 ± 0.01 μM in open coastal waters. Total dissolved phosphorus was largely measured in the form of dissolved inorganic phosphorus in river waters (58% ± 18%), whereas dissolved organic phosphorus became the predominant species (>90% on average) in open coastal waters. Total dissolved phosphorus was the dominant species, comprising 76% ± 16% of the total phosphorus, while total particulate phosphorus only comprised 24% ± 16% of the total phosphorus pool. Riverine inputs, physical and biological processes, and particulate phosphorus regeneration were the dominant factors responsible for the dynamic variations of phosphorus species in the study area. Based on a two-end-member mixing model, the biological uptake resulted in a dissolved inorganic phosphorus depletion of 0.12 ± 0.08 μM in the coastal surface water, whereas the replenishment of dissolved inorganic phosphorus in the lower river from particle P regeneration and release resulted in an increase (0.19 ± 0.22 μM) of dissolved inorganic phosphorus in the estuarine mixing region. The molar ratios of dissolved inorganic nitrogen to dissolved inorganic phosphorus and dissolved silicate to dissolved inorganic phosphorus in the open surface waters were >22, suggesting that, although the lower Dafengjiang River contained elevated concentrations of dissolved inorganic phosphorus, the northern Beibu Gulf was an overall P-limited coastal ecosystem.
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1. Introduction


Phosphorus (P) is an essential macronutrient to the growth of phytoplankton and plays a vital role in regulating the primary productivity and water quality in aquatic environments [1,2,3]. The geochemical cycling and bioavailability of P depend mainly on the chemical species of P in freshwater and marine ecosystems [4,5]. Different chemical species of P play different roles in the bioavailability and geochemical cycling of P in the water column [6,7]. Thus, knowledge of the abundance and chemical speciation of P in aquatic systems are the keys to better understanding the dynamics of P and its role in regulating water quality in coastal marine environments [8,9]. P in natural waters occurs in both dissolved or particulate as well as inorganic or organic forms. Dissolved inorganic P (DIP) can be assimilated and utilized preferentially by a wide range of living organisms [10] and thus play an important role in regulating different biological processes [11]. Studies have shown that dissolved organic P (DOP) could also be a potential source of P for biological communities [12,13,14], especially when the supply of DIP is deficient for biomass growth [15,16]. Recently, it has been shown that both phytoplankton and bacteria can utilize DOP through a variety of phosphatase enzymes such as alkaline phosphatase, which has been used as an indicator of P stress [17,18,19].



More than 90% of P carried by rivers to estuaries and coastal waters are closely associated with suspended particulate matter [20]. Therefore, particle-bound P is expected to be a significant fraction of P in estuarine and coastal environments. The total particulate P (TPP) is a complex intermediate compound bounded by P derivatives of both nonbiogenic and biogenic particulate forms [9]. The nonbiogenic TPP has high affinity to clay or rock fragments and have less significance for biological processes [20]. On the other hand, biogenic TPP, i.e., living and dead plankton biomass or cells, can be remineralized into DOP or recycled within the water column [21]. Approximately 20% of TPP that is adsorbed onto particulate matter in estuaries can be dissolved in the form of DIP, which can be enhanced by biogeochemical processes in the water column [22]. Moreover, the dissolution of DIP from particulate matter can be improved with increasing salinity [23]. In addition, TPP that is bound to oxidized Fe species may release DIP into the water column when Fe oxides/hydroxides are reduced from suspended particulate matter and sediments [24,25]. This process boosts DIP availability in aquatic environments [26]. Therefore, TPP can also be a potential source of P for the growth of phytoplankton in estuarine and marine phytoplankton. Thus, it is necessary to evaluate the contributions of particulate P in addition to DIP to the total P pool in the riverine, estuarine, and coastal waters, especially in P-limited environments.



Due to the increasing influence of anthropogenic activities and climate change in the Chinese coastal regions, many estuaries are affected by eutrophication, harmful algal blooms, seasonal hypoxia, and nutrient pollution [27,28,29]. The Dafengjiang River estuary (DRE) is a shallow estuarine system on the coast of Guangxi Province, China. The distribution of DIP in the DRE has been recently reported [30,31]. Nevertheless, there is a knowledge gap on the dynamics of DOP and TPP in the region. The Qinzhou Bay has been shown to be a potential P-limited ecosystem [32]. However, little is known about the variations in the abundance and partitioning of inorganic and organic P species in the Dafengjiang River and its estuary.



Our main research objectives were: (1) to quantify the abundance different P species from surface to bottom waters and their dynamic changes across the river–sea interface from the lower Dafengjiang River to the open Beibu Gulf; (2) to elucidate the partitioning of P species between dissolved and particulate phases and their transformation along the river–seawaters; and (3) to examine the mixing behavior of DIP and factors controlling the dynamics of P species at the river–sea interface.




2. Materials and Methods


2.1. Study Area


The Dafengjiang River estuary is located at the south coast of the Guangxi province, China; it is a shallow estuary connecting to Qinzhou Bay and the Beibu Gulf (Figure 1a). The Dafengjiang River is a small river compared to most of the well-studied rivers in China and worldwide. It has a length of 185 km and watershed area of 1927 km2 with an average water depth of ~7 m [33]. Annual average freshwater discharge is 18.3 × 109 m3, and approximately 11.77 × 104 tons of suspended sediments are loaded to the estuary [33]. More than 80% of the freshwater is discharged in flood season, i.e., from April to September, when the southwestern monsoon prevails. The remaining 20% is discharged in the dry season, i.e., from October to March [34]. The estuary, which is somewhat triangular in shape, develops a main stream debouching into the open Beibu Gulf in the northwestern South China Sea (Figure 1a). The coast is subjected to diurnal macro tides with a typical tidal range of 5.7 m [35]; the tidal excursion sometimes extends upstream to a length of ~60 km. The islands within the estuary and fringes of the riversides up to 6 km upstream are dominated by mangrove vegetation. These forests areas are predominated by dwarf Aegiceras corniculatum comm. intermixed with patches of Avicennia marina comm. and Kandelia candel comm. [36].



Anthropologic activities in the catchment area are predominated by agriculture. Rice and sugar cane are the main crops in Guangxi, which has become the largest producer of sugar cane in China [37]. Wood produce from eucalyptus is a rapidly growing sector of agriculture [38]. Shrimp and fish pond aquacultures are located at the landward part of the estuary, with pond area exceeding 1000 ha (Huai-Yi Fang, personal communication). During the winter season, these shrimp and fish ponds are fallowed; the discharge of pond, water is limited to the two short harvest periods during the summer and autumn. Such management is quite different from the other regions in China [39,40] and Southeast Asia [41], where water is repeatedly exchanged over all the production cycle due to limited arable farming in the winter.




2.2. Sampling


As previously mentioned, restricted anthropogenic activities such as aquaculture and arable farming are predominant in winter (dry) season with limited riverine inputs in the study area. Field sampling was carried out in December 2017 to examine specific physical, chemical, or biological processes controlling the dynamics of P species in the water column. Sampling stations are shown in Figure 1b. Water samples were collected at six stations (D8–D13) in the Qinzhou Bay on 24 December 2017, and seven stations (D1–D7) were sampled on 25 December 2017 in the lower Dafengjiang River during high tide. At each station, both surface (~0.5 m depth) and near bottom (~2 m above the sediment) water samples were collected with a polymethyl methacrylate water sampler (V = 5 L). A multiparameter water quality probe (AP-5000, Aquaread Co., Kent, UK) was used to measure water temperature (T), salinity (S), pH, and dissolved oxygen (DO) during sampling. Samples were filtered through a 0.45 μm Nuclepore filter (Whatman, 47 mm) for the measurements of nitrate (NO3−), nitrite (NO2−), ammonium (NH4+), dissolved silicate (DSi), dissolved inorganic phosphorus (DIP), and total dissolved phosphorus (TDP). Dissolved inorganic nitrogen (DIN) was the sum of NO3−, NO2−, and NH4+. The filter samples were used to measure total particulate phosphorus (TPP). An aliquot of 300–500 mL water samples for chlorophyll a (Chl-a) analysis was filtered through pre-combusted Whatman GF/F filters. The filtrates and filters were stored in the dark on ice during field excursions and then immediately stored at −20 °C in the laboratory until analysis within two weeks.




2.3. Analytical Methods


The concentrations of NO3− and NH4+ were determined using the Cu–Cd column reduction and the indophenol blue color formation methods, respectively [42]. The analysis of NO2− was based on the reaction of an aromatic amine with NO2−; the reaction product was quantified using spectrophotometric methods [42]. DIP was measured according to the spectrophotometric phosphomolybdate blue method [43]. TDP was determined as DIP after digestion of the samples with acidified 50 g L−1 K2S2O8 solution (pH = 1) in an autoclave sterilizer at 125 °C for 90 min [44]. DOP was obtained from the difference between TDP and DIP (i.e., DOP = TDP − DIP) [6]. DSi was measured with molybdate, oxalic acid, and a reducing reagent [42]. The analytical precision was <5% for NO3−, NO2−, NH4+, TDP, DIP, and DSi [45].



TPP was measured using the methods of Aspila et al. (1976) [46]. The filters were first wetted with 0.5 M MgCl2 solution and heated in an oven at 95 °C until dry, followed by ashing in a furnace at 550 °C for 2 h and then extracted using 1 M HCl solution at room temperature for 24 h. The analytical precision of TPP was <5% [45]. The concentration of total phosphorus (TP) was calculated as the sum of TDP and TPP (i.e., TP = TDP + TPP) [7].



Chl-a on the filter was extracted using 10 mL 90% (v/v) acetone at 4 °C in the dark for 24 h, and the extractions were analyzed using a fluorescence spectrophotometer (F-4500, Hitachi Co., Tokyo, Japan) after centrifugation, according to the procedure of Parsons et al. (1984) [47]. The analytical precision was <3% for Chl-a analysis.




2.4. Two-End-Member Mixing Model


The two-end-member mixing model was based on mass balance equations for the component of two water masses and salinity [7]:


f1 + f2 = 1



(1)






S1f1 + S2 f2 = S



(2)




where f1 and f2 are the components of the freshwater and seawater, respectively. S1 and S2 are the salinity of two end-member samples. Therefore, adopting the above two-end-member model, the specific P concentration (P m) in waters of the study area was calculated based on the following equation:


Pm = P1 f1 + P2 f2



(3)




where P1 and P2 are the specific P concentration of the two end-members. The ∆P is defined as the difference between the theory model value and the ambient value:


∆P = Pm − N



(4)




where N denotes the ambient P concentration in the water sample. A positive value of ∆P suggests DIP removal, while a negative value suggests DIP addition.




2.5. Statistical Analysis


In the present study, all data, unless mentioned otherwise, were reported as an average ± standard deviation (SD). Pearson’s correlation analysis with a two-tailed test of significance analysis was conducted using the Statistical Package for Social Sciences (SPSS) for Windows (Version 20.0; SPSS Inc., IBM, Armonk, NY, USA) to study the relationship between the environmental parameters. A Person test analysis was carried out to ascertain significant differences (p < 0.05) between datasets. Additionally, this program was also applied to run one-way analysis of variance (ANOVA) to ascertain whether the spatial variations of P species are statistically significant at the 95% confidence level. In factor analysis, the varimax rotation method and principal component analysis (PCA) were applied for extraction and for deriving principal components, respectively. Generally, the number of factors in the PCA model is defined by considering only those the eigenvalues of which are >1 [48].





3. Results


3.1. Environmental Parameters


In the present study, surface water temperatures varied from 15.61 to 16.21 °C (average, 15.82 ± 0.19 °C) and 15.50 to 15.90 °C (average, 15.61 ± 0.12 °C) in the bottom water (Table 1), suggesting a well-mixed water column without stratification during the study period. Salinity in surface water ranged from 18.38 to 26.61 psu (average, 23.73 ± 2.66 psu) and 19.08 to 26.81 psu (average, 24.28 ± 2.42 psu) in bottom water (Table 1). The ranges of pH in surface and bottom waters were 8.12–8.63 (average, 8.43 ± 0.19) and 8.26–8.65 (average, 8.47 ± 0.16), respectively (Table 1). DO concentrations were usually >9 mg L−1 both in the surface and bottom waters (Table 1). This reflected the characteristics of aerobic water during the study period. Although the lower coefficient of variation (CV) of temperature (1.2%) and pH (2.3%) in surface waters and the CV of temperature (0.8%) and pH (1.9%) in bottom waters indicated very low variations among the samples, they still showed slightly increasing trends from the lower Dafengjiang River to the open Beibu Gulf in the water column (Figure 2a,b,e,f). The CV of salinity was 11% and 10% in surface and bottom waters, respectively, and showed a significant increasing trend from the lower Dafengjiang River to the open Beibu Gulf in the water column (Figure 2c,d). The Chl-a concentration of 2.41–6.96 μg L−1 (average, 4.44 ± 1.76 μg L−1) at the surface water was relatively high compared to that of the bottom water (average, 3.91 ± 1.22 μg L−1) (Table 1). Chl-a generally had a similar distribution to salinity both in the surface and bottom waters (Figure 2c,d,g,h), with a strong influence from biological production at the southwestern part of the DRE.




3.2. Spatial Variations of Dissolved Inorganic Nitrogen, Silicate, and Nutrient Ratios


Table 2 summarizes the concentrations of dissolved inorganic nitrogen and silicate in the surface and bottom waters from the lower Dafengjiang River to Qinzhou Bay. Spatial variations of NO3−, DIN, and DSi concentrations are shown in Figure 3. When salinity showed an increasing trend from the lower Dafengjiang River to Qinzhou Bay, the concentrations of NO3−, DIN, and DSi both in surface and bottom waters gradually decreased, respectively (Figure 3). This suggests that the DIN and DSi loading to the river estuary were closely related to freshwater discharge and seawater dilution, as indicated by the significant relationship between DIN and DSi vs. salinity (Table 3). NO3− was the primary component of DIN, which accounted for 52%–78% of DIN in the surface and 50%–81% of DIN in the bottom waters (Table 2, Figure 3). Similar findings have been reported by other investigators in oxygenated waters [49,50]. The molar ratios of DIN/DIP and DSi/DIP in the surface water increased from the lower Dafengjiang River to Qinzhou Bay; variations were between 13–217 and 5–89, respectively (Figure 4). Justić et al. (1995) pointed out that ambient molar ratios of DIN/DIP and DSi/DIP, which are >22 indicates stoichiometric (potential) P limitation for phytoplankton growth [51]. It is interesting to note that both the molar ratios of DIN/DIP and DSi/DIP at stations D8–D13 in the Qinzhou Bay were >22 (Figure 4), suggesting that P could be potentially limiting for primary production in the coastal region, which was similar to previous observation [32].




3.3. Abundance and Variations in Different P Species


The concentrations of different P species both in the dissolved and particulate phases for the surface and bottom waters in the lower Dafengjiang River and Qinzhou bay are presented in Table 2. DIP concentrations (average, 0.58 ± 0.63 μM) in the surface water generally decreased from 1.59 μM at the river end-member station D1 to 0.01 μM at the open waters station D13, where salinity was the highest (Figure 5, Table 1). Similarly, concentrations of DIP in the bottom water were also variable and generally decreased from 1.21 to 0.01 μM (average, 0.41 ± 0.44 μM) (Figure 5). These data suggest a strong riverine DIP source, although there seemed to be a little regeneration during early mixing, as indicated by the significant relationship between DIP and salinity both in the surface and bottom waters (Table 3). In the surface waters, concentrations of DOP were generally low compared to DIP in the lower riverine regions and higher than DIP in the bay (Figure 5); the concentration range was between 0.10 and 1.02 μM (average, 0.44 ± 0.32 μM). In the bottom water, concentrations of DOP were generally higher than DIP, varying from 0.20 to 1.33 μM (average, 0.66 ± 0.37 μM). The discrepancies in the concentrations of DIP and DOP between the surface and bottom waters at each sampling site were generally small (Table 2, Figure 5), showing a fairly mixed water column in the study area.



In the dissolved phase, the contribution of DOP to TDP pool in surface water was between 2% and 91% (average, 59% ± 34%), while DIP was between 9% and 98% (average, 41% ± 34%). In bottom water, 72% ± 25% of the TDP was composed of DOP, whereas DIP accounted for 28% ± 25% of TDP (Figure 5). As expected, DOP was the main dissolved P species in the water column, with the exception in the surface water samples at the lower salinity (S < 24) stations (Figure 5). DIP was the dominant dissolved P species in the lower river water column, comprising 58% ± 18% of the TDP, whereas DOP became predominant (>90% on average) in the open coastal waters, suggesting an enhanced transformation between P species and a rapid shift in P source and biogeochemical cycling across the river–sea interface. The areas with higher ratios of DOP/TDP were also consistent with the areas having elevated Chl-a levels in the Qinzhou Bay (Figure 2 and Figure 5). Therefore, riverine inputs and biological production likely have a significant influence on the dynamic distribution of different dissolved P species in the study area.



Surface water TDP concentrations were highly variable, ranging from 0.11 μM to 2.50 μM (average, 1.02 ± 0.74 μM), while TDP in the bottom water was slightly higher than the surface and varied between 0.22 μM and 2.33 μM (average, 1.07 ± 0.71 μM) (Table 2). TDP concentrations decreased with increasing salinity both in the surface and bottom waters (Figure 6) and showed a predominant river influence. This was manifested by the significant relationship between TDP and salinity (Table 3). Concentrations of TPP were generally low and less variable relative to TDP. TPP concentrations ranged from 0.10 μM to 0.32 μM (average, 0.23 ± 0.06 μM) in the surface water and 0.04 μM to 0.27 μM (average, 0.20 ± 0.06 μM) in the bottom water.



Considering both dissolved and particulate P phases, dissolved P was the predominant phase in the total P pool in the study area, ranging from 31% to 92% (average, 73% ± 19%) in surface waters, and 51% to 94% (average, 80% ± 12%) in bottom waters (Figure 6), implying that riverine export of P was mainly in the dissolved phase, as indicated by the significant relationship between TDP vs salinity both in surface and bottom waters (Table 3). As the salinity increased above 25 psu, the increasing TPP/TP ratios in the water column were comparable to the decreasing in TDP/TP ratios (Figure 6), suggesting a transformation of P between dissolved and particulate phases in the coastal waters.




3.4. Partitioning of P between Dissolved and Particulate Phases


As shown in Figure 7, the percentage contribution of DIP to TDP pool decreased from the surface to bottom water, whereas the percentage composition of DOP was higher in the bottom water than surface water. The concentrations of TPP were generally lower than TDP in the water column (Table 2, Figure 6). On average, TPP accounted for 24% ± 16% of the total P pool in the study area (Table 2). The percentage of TPP in the TP pool decreased from 27% ± 19% in the surface water to 20% ± 12% in bottom water (Figure 7). Interestingly, the percentage of DIP in TP decreased dramatically from 50% ± 16% in the lower Dafengjiang River to 4% ± 2% in the Qinzhou Bay (Table 2, Figure 7), likely due to the uptake by phytoplankton and tidal dilution of coastal waters. This is indicated by the high water temperature and salinity and the elevated Chl-a levels in the coastal water column (Figure 2a–d,g,h). On the contrary, the percentage contribution of DOP to TP increased from 35% ± 15% in river water to 62% ± 19% in coastal water (Figure 7). This suggests biological production of DOP in the coastal water, as certified by the elevated Chl-a levels in the coastal water column (Figure 2g,h). Similarly, the percentage of TPP in the TP pool increased from 15% ± 7% in lower river water to 34% ± 18% in coastal water (Figure 7). This shows the significance of TPP in coastal waters of the study area.





4. Discussion


4.1. Abundance and Partitioning of P Species


Compared to other rivers around the world, the average concentration of DIP (1.06 ± 0.46 μM) in the lower Dafengjiang River surface water is lower than many heavily human-influenced and eutrophic rivers, such as the Milwaukee River [6], Mississippi River [44,52], Maumee River [53], Jiulong River [8], and Scheldt estuary [54] (Table 4), but higher than those of more pristine rivers, such as the Jourdon River in Mississippi [55], Chena River in interior Alaska [56], and the Yukon River [57,58]. This reflects the fact that the lower Dafengjaing River has been somewhat disturbed by human activities. Unlike rivers that are heavily affected by anthropogenic activities and having elevated DIP/TDP ratios (up to 0.9), such as the Maumee River and the Mississippi River, which have impacts on the development of hypoxia in Lake Erie and the northern Gulf of Mexico, respectively (Table 4), the lower Dafengjiang River had an intermediate DIP/TDP ratio (average, 0.68 ± 0.18) and DOP/TDP (average, 0.32 ± 0.18) during the study period. The DIP/TDP ratios recorded in the lower Dafengjiang River are also higher than those of pristine rivers, such as the Jourdon River in Mississippi (Table 4). Compared with many other rivers where TPP was dominant in the TP pool (e.g., Mississippi River, Maumee River, Jourdon River, Chena River, and Jiulong River (Table 4)), P exported from the lower Dafengjiang River to Qinzhou Bay was predominantly in the dissolved form (Figure 7). Within the total P pool, the TPP abundance was lower than TDP in the lower Dafengjiang River and was consistent with the previous observations in the Milwaukee River, where TDP was the predominant P species of the total P pool [6] but distinct from observations made in the other rivers (Table 4).



Accompanying the variation in the concentrations of different P species, the partitioning of P between the inorganic and organic phases of the TDP pool also changed significantly across the river–sea interface (Figure 7). The elevated percentage of DIP in surface waters, which was found where the percentage of TPP was relatively higher, was largely as a result of particulate P regeneration (e.g., through bacterial processes) and the subsequent release of DIP [6,60]. The higher DOP in bottom waters may have been derived from the effects of benthic processes, including sediment resuspension and possible release of DOP from surface sediments into the overlying water column [61]. Additionally, it shifted from a DIP-dominated and human-influenced river setting to DOP-dominated and P-limiting conditions in the coastal waters. Evidently, the TDP pool was composed mainly of DIP in the lower Dafengjiang River and mainly influenced by river input. Abundance of DOP was observed in coastal waters (Figure 5), which matched the elevated Chl-a level (Figure 2). This showed the influence of biological in situ production and biomass on DOP under a DIP-limiting setting [62]. In contrast, low abundance of DIP in the coastal water column was largely as a result of related biological processes including DIP uptake by phytoplankton such as Phaeocystis globosa [63]. In addition to biological processes, abundance of DOP may have also been enhanced by physicochemical processes including adsorption/desorption and coagulation/sedimentation. The river-derived P could be directly transported to the sediment and may be converted into organic phase in coastal waters [6]. However, further studies would be essential for better understanding of the specific biogeochemical processes affecting P cycling across the river–sea interface.




4.2. Factors Controlling and Source of the Different P Species


Correlation analysis and factor analysis were performed on the P species and all environmental parameters in order to confirm the data structure and identify the factors controlling the dynamics of P species in the study area. With the exception of DOP, all dissolved nutrients showed a significantly negative correlation with salinity (p < 0.01) and were negatively correlated with DO and pH (p < 0.01) (Table 5). Again, Chl-a showed a significantly negative correlation with DOP, TDP, and TP (p < 0.05), suggesting that P is the controlling factor for the phytoplankton abundance in the water column, among other nutrients, in the study area.



In order to identify the sources of P species in the water column, factor analysis was applied by considering various variables after varimax rotation. Although the water column is well mixed, the spatial differences among various P species and other environmental parameters are significant (ANOVA, p < 0.05) in the column in addition to water temperature. Thus, the variables included P species (DIP, DOP, TDP, TPP, and TP) and other physicochemical and biological parameters, i.e., S, pH, DO, DIN, DSi, and Chl-a. The examination of the cumulative loading displayed a total variance of 85.25% for the first three components extracted based on the eigenvalues > 1. The first factor (F1) accounted for 63.39% of the total variance and revealed a very strong positive loading for DIP, TDP, TP, DIN, and DSi and strong negative loading for salinity, pH, and DO (Table 6). Furthermore, the results of the correlation analysis show that all dissolved inorganic nutrients have a significant negative correlation with salinity, pH, and DO (Table 5). This suggests that the nutrient concentrations increased with the dilution of salinity, the decline of pH, and the depletion of oxygen and vice-versa. The freshwater runoff from the upstream sewage discharge and the dilution of tides ultimately affect the dissolved inorganic nutrients’ abundance and distribution. Thus, factor 1 can be considered a “physical factor”. The second factor (F2) accounted for 12.14% of the total variance, with strong positive loading for DOP and negative loading for Chl-a. In accordance with the loading of F2, the correlation analysis displayed an inverse relation between DOP and Chl-a (Table 5), which specifies that the Chl-a level increased with decreasing DOP concentration and vice-versa. Phytoplankton utilizes DOP as a P source in order to maintain its growth when DIP is deficient [15,64]. The concentration range (0.01–0.05 μM) of DIP in the coastal region was lower than the threshold value (0.1 μM) required for phytoplankton growth [51] during the study period. Consequently, DOP played a significant role by complementing DIP limitation for phytoplankton growth, i.e., as an alternative P source in the coastal region, as depicted by high Chl-a levels in the water column (Figure 2). Therefore, F2 can be termed a “biological factor”. Finally, the third factor (F3) accounted for 9.72% of the total variance, with strong positive loading for TPP. This may be due to algae picking up dissolved P and forming it into particulate [8], which is different from dissolved inorganic nutrients. Thus, this factor can also be considered a “biological factor”. The results of the factor analysis indicated that the dynamics of P species in the water column of the study area were controlled both by physical and biological processes.




4.3. Effect of the Dafengjiang River Discharge on P Dynamics


Temporal variations in the river discharge had an important impact on both the hydrodynamic conditions and concentrations of nutrients [7]. During the early winter in December 2017, the thorough vertical mixing of the water column resulted in no significant variations of TPP concentrations between the surface and bottom waters (Figure 6). In addition, during the investigation period in the dry season, only approximately 20% of the river discharge occurred from October to March [34]. As a result, the TDP and TPP concentrations were low (1.05 μM and 0.19 μM, on average) in the water column, respectively, especially TPP. The TPP levels in the DRE were low compared to some tropical estuaries that are significantly affected by anthropogenic activities, such as the Pearl River estuary [7], the Wenchang River, and Wenjiao River in Hainan Island in China [65]. During the study period, contents of Chl-a in the water column were lower (average, 3.74 ± 1.26 μg L−1) in the riverine regions and elevated (average, 4.69 ± 1.59 μg L−1) in the coastal region (Table 1). Senthilkumar et al. (2008) had reported Chl-a concentrations (average, 5.35 ± 1.5 μg L−1) during the dry season at the southeast coast of India [66], which was similar to the DIP concentrations in the lower Dafengjiang River. Chl-a is often used as the most reliable indicator of phytoplankton biomass. This suggests that phytoplankton growth may be affected by light limitation, since strong vertical mixing causes sediment resuspension and, as a result, reduces light intensity in the water column for primary production [59]. The same results were found in the tropical northern Gulf of Carpentaria in winter [67]. Therefore, light limitation triggered by strong vertical mixing might be responsible for the lower Ch-a level in the lower riverine regions despite elevated nutrient levels. However, in the coastal area, open waters exchange enhanced light levels in the water column and facilitated phytoplankton growth, which resulted in elevated Chl-a level (Figure 2g,h). Thus, phytoplankton uptake might lead to DIP depletion.



In the present study, the two-end-member mixing model was applied to differentiate the physically caused variations in the DIP concentrations from the biological uptake in the study area. The freshwater end-member was based on the surface water salinity (18.38) and DIP concentration (1.59 μM) at station D1. The seawater end-member was obtained by surface water salinity (26.61) and DIP concentration (0.01 μM) at station D13. The removal and deviation from the theoretical mixing line might be ascribed to the influence of the river discharge [7,68]. As shown in Figure 8a and the deviation from the theoretical mixing line, positive deviations were observed at most stations in the coastal area, while negative deviations appeared at estuarine mixing stations with salinity between 22 psu and 24 psu (Figure 8b). This indicates that DIP depletion was caused by biological uptake in the coastal region while DIP addition, which occurred in the estuarine mixing region, was likely due to the release from particulate P or sediment caused by strong vertical mixing. Based on the two-end-member mixing model, the biological uptake resulted in a DIP reduction by a factor of 0.12 ± 0.08 μM at the coastal surface water. This was responsible for a rapid increase in the relative contribution of DOP to TDP (Figure 5) and considerably high molar ratios of DIN/DIP in the high salinity waters (S > 24) (Figure 4). According to the Redfield ratio (C: P = 106:1 mol mol−1), the carbon uptake by phytoplankton at the surface was estimated to be 153 μg C L-1. In comparison, the replenishment of DIP from particulate P or sediment led to an increase (0.19 ± 0.22 μM) in DIP in the estuarine mixing region.





5. Conclusions


The abundance, distribution, and phase partitioning of dissolved and particulate P in the surface and bottom water were systematically examined for the first time across the river–sea interface from the lower Dafengjiang River to the open Beibu Gulf. Concentrations of dissolved inorganic nitrogen, silicate, and phosphate decreased from the lower Dafengjiang River to coastal waters, but the chemical speciation and partitioning of P changed considerably from river to sea waters. TDP was predominant in the total P pool, which was consistent with those observed in the Milwaukee River but was distinct from other global rivers. Within the total P pool, DIP was the dominant species in the surface waters, showing particle P regeneration and release into the DIP. In contrast, DOP that dominated in bottom waters may be derived from the effects of benthic processes. DIP became predominant in the lower river water column and showed a predominant river influence, while DOP that dominated in the coastal region was largely the result of physicochemical and biological processes. Correlation and factor analysis further indicated that the dynamics of P species in the water column were mainly controlled by both physical and biological processes. In the surface waters, the depletion of DIP concentrations were caused by biological uptake in the coastal region, whereas the addition of DIP that occurred in the estuarine mixing region was likely due to the replenishment of DIP from the release of particulate P or sediment caused by strong vertical mixing. Different P species could play a significant role in the biogeochemical cycling of P in the water column. Therefore, knowledge of the detailed chemical and phase speciation of P should contribute to better understanding of the dynamic cycling of P in the tropical estuarine and coastal environments.
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	P
	Phosphorus



	TP
	Total phosphorus



	TDP
	Total dissolved phosphorus



	DIP
	Dissolved inorganic phosphorus



	DOP
	Dissolved organic phosphorus



	TPP
	Total particulate phosphorus



	DSi
	Dissolved silicate



	PCA
	Principal component analysis



	DRE
	Dafengjiang River estuary



	DIN
	Dissolved inorganic nitrogen



	NO3−
	Nitrate



	NO2−
	Nitrite



	NH4+
	Ammonium



	T
	Temperature



	S
	Salinity



	DO
	Dissolved oxygen



	Chl-a
	Chlorophyll a
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Figure 1. Map showing (a) the study station location and (b) sampling stations. 
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Figure 2. Distributions of temperature, salinity, pH, and Chl-a in surface and bottom waters of the Dafengjiang River estuary. 
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Figure 3. Spatial variations of NO3−, DIN, and DSi with salinity in surface and bottom waters of the Dafengjiang River estuary. 
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Figure 4. Distributions of nutrient molar ratios in surface waters of the Dafengjiang River estuary. Ambient molar ratios of DIN/DIP and DSi/DIP > 22 indicate stoichiometric (potential) P limitation for phytoplankton growth [51]. 
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Figure 5. Variations in concentration and percentage of DIP and DOP with salinity in surface water (surface, left panels) and bottom waters (bottom, right panels) of the Dafengjiang River estuary. 
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Figure 6. Variations in concentration and percentage of TDP and TPP with salinity in surface water (surface, left panels) and bottom waters (bottom, right panels) of the Dafengjiang River estuary. 






Figure 6. Variations in concentration and percentage of TDP and TPP with salinity in surface water (surface, left panels) and bottom waters (bottom, right panels) of the Dafengjiang River estuary.



[image: Water 10 01103 g006a][image: Water 10 01103 g006b]







[image: Water 10 01103 g007 550] 





Figure 7. The partitioning of P among DIP, DOP, and TPP in surface waters, bottom waters, lower Dangfengjiang River water column, and Qinzhou Bay water column. 
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Figure 8. The DIP concentrations versus salinity in the surface waters from the lower Dafengjiang River to Qinzhou Bay. The dashed line denotes the theoretical mixing line between freshwater and seawater end members in the plot of DIP vs. salinity. The deviation of DIP represents the difference between the DIP concentrations forecasted based on the two-end-member mixing model and the ambient DIP concentrations. The dashed line denotes no deviation in DIP in the plot of DIP deviation vs. salinity. The positive and negative deviations indicate DIP drawdown by biological uptake and DIP addition, respectively. 
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Table 1. Sampling locations, station, water depth, temperature, salinity, pH, dissolved oxygen, and chlorophyll a (Chl-a ) in the Dafengjiang River estuary during December 2017.
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Sample Locations

	
Site

	
Longitude (°E)

	
Latitude (°N)

	
Depth (m)

	
Temperature (°C)

	
Salinity (psu)

	
pH

	
DO (mg L−1)

	
Chl-a (μg L−1)






	

	
Surface Waters

	

	

	

	

	

	

	




	
Lower Dafengjiang River

	
D1

	
108.87

	
21.74

	
10.0

	
15.71

	
18.38

	
8.12

	
9.12

	
2.52




	
D2

	
108.86

	
21.72

	
14.6

	
15.71

	
19.97

	
8.17

	
9.15

	
4.90




	
D3

	
108.85

	
21.71

	
10.2

	
15.70

	
21.04

	
8.23

	
9.14

	
2.72




	
D4

	
108.86

	
21.70

	
8.0

	
15.68

	
21.85

	
8.24

	
9.15

	
5.65




	
D5

	
108.85

	
21.68

	
7.3

	
15.70

	
22.97

	
8.29

	
9.08

	
6.24




	
D6

	
108.87

	
21.65

	
6.0

	
15.72

	
24.06

	
8.44

	
9.05

	
2.69




	
D7

	
108.88

	
21.61

	
11.0

	
15.78

	
24.65

	
8.46

	
9.18

	
3.30




	
Qinzhou Bay

	
D8

	
108.94

	
21.57

	
6.6

	
15.75

	
25.86

	
8.57

	
9.82

	
3.09




	
D9

	
108.97

	
21.55

	
6.4

	
16.11

	
25.64

	
8.61

	
9.93

	
4.18




	
D10

	
108.89

	
21.57

	
6.2

	
15.81

	
25.29

	
8.60

	
9.66

	
6.53




	
D11

	
108.89

	
21.55

	
6.0

	
16.21

	
25.70

	
8.63

	
9.80

	
2.41




	
D12

	
108.83

	
21.57

	
5.5

	
15.61

	
26.44

	
8.63

	
9.67

	
6.56




	
D13

	
108.80

	
21.55

	
6.0

	
16.11

	
26.61

	
8.57

	
9.58

	
6.96




	

	
Bottom Waters

	

	

	

	

	

	

	




	
Lower Dafengjiang River

	
D1

	
108.87

	
21.74

	
10.0

	
15.50

	
19.08

	
8.26

	
9.12

	
2.75




	
D2

	
108.86

	
21.72

	
14.6

	
15.51

	
20.91

	
8.27

	
9.11

	
2.93




	
D3

	
108.85

	
21.71

	
10.2

	
15.61

	
21.79

	
8.28

	
9.17

	
3.51




	
D4

	
108.86

	
21.70

	
8.0

	
15.51

	
22.88

	
8.29

	
9.16

	
5.07




	
D5

	
108.85

	
21.68

	
7.3

	
15.51

	
23.90

	
8.38

	
9.01

	
3.13




	
D6

	
108.87

	
21.65

	
6.0

	
15.60

	
24.48

	
8.45

	
9.04

	
2.52




	
D7

	
108.88

	
21.61

	
11.0

	
15.61

	
25.68

	
8.50

	
9.13

	
4.39




	
Qinzhou Bay

	
D8

	
108.94

	
21.57

	
6.6

	
15.51

	
25.92

	
8.59

	
9.95

	
3.50




	
D9

	
108.97

	
21.55

	
6.4

	
15.71

	
25.97

	
8.64

	
9.99

	
4.24




	
D10

	
108.89

	
21.57

	
6.2

	
15.62

	
25.82

	
8.61

	
9.76

	
4.55




	
D11

	
108.89

	
21.55

	
6.0

	
15.90

	
25.92

	
8.65

	
9.90

	
2.41




	
D12

	
108.83

	
21.57

	
5.5

	
15.53

	
26.47

	
8.64

	
9.71

	
5.60




	
D13

	
108.80

	
21.55

	
6.0

	
15.78

	
26.81

	
8.58

	
9.38

	
6.28
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Table 2. Concentrations of NO2−, NO3−, NH4+, dissolved inorganic nitrogen (DIN), dissolved silicate (DSi), dissolved inorganic P (DIP), dissolved organic P (DOP), total dissolved phosphorus (TDP), total particulate phosphorus (TPP), and total phosphorus (TP) in surface and bottom waters of the Dafengjiang River estuary.






Table 2. Concentrations of NO2−, NO3−, NH4+, dissolved inorganic nitrogen (DIN), dissolved silicate (DSi), dissolved inorganic P (DIP), dissolved organic P (DOP), total dissolved phosphorus (TDP), total particulate phosphorus (TPP), and total phosphorus (TP) in surface and bottom waters of the Dafengjiang River estuary.





	
Sample Locations

	
Site

	
NO2− (μM)

	
NO3− (μM)

	
NH4+ (μM)

	
DIN (μM)

	
DSi (μM)

	
DIP (μM)

	
DOP (μM)

	
TDP (μM)

	
TPP (μM)

	
TP (μM)






	

	
Surface Waters

	

	

	

	

	

	

	

	

	




	
Lower Dafengjiang River

	
D1

	
0.90

	
13.10

	
7.73

	
21.73

	
11.75

	
1.59

	
0.91

	
2.50

	
0.22

	
2.72




	
D2

	
1.01

	
14.60

	
6.43

	
22.04

	
11.27

	
1.31

	
0.51

	
1.82

	
0.25

	
2.07




	
D3

	
1.01

	
11.40

	
6.15

	
18.56

	
10.47

	
1.07

	
0.10

	
1.17

	
0.32

	
1.49




	
D4

	
1.13

	
11.08

	
6.20

	
18.41

	
8.82

	
1.47

	
0.22

	
1.69

	
0.31

	
2.00




	
D5

	
0.80

	
8.88

	
5.15

	
14.83

	
5.85

	
0.94

	
0.47

	
1.41

	
0.19

	
1.60




	
D6

	
0.85

	
6.60

	
4.68

	
12.13

	
3.96

	
0.82

	
0.59

	
1.41

	
0.24

	
1.65




	
D7

	
0.78

	
5.85

	
3.30

	
9.93

	
4.29

	
0.22

	
0.38

	
0.60

	
0.22

	
0.82




	
Qinzhou Bay

	
D8

	
0.53

	
3.10

	
0.70

	
4.33

	
1.78

	
0.02

	
1.02

	
1.04

	
0.19

	
1.23




	
D9

	
0.30

	
2.70

	
0.48

	
3.48

	
1.34

	
0.03

	
0.83

	
0.86

	
0.31

	
1.17




	
D10

	
0.63

	
3.00

	
0.63

	
4.26

	
1.65

	
0.05

	
0.18

	
0.23

	
0.21

	
0.44




	
D11

	
0.13

	
1.28

	
1.05

	
2.46

	
1.04

	
0.02

	
0.14

	
0.16

	
0.24

	
0.40




	
D12

	
0.05

	
0.60

	
0.25

	
0.90

	
0.75

	
0.01

	
0.10

	
0.11

	
0.24

	
0.35




	
D13

	
0.05

	
1.33

	
0.40

	
1.78

	
0.71

	
0.01

	
0.28

	
0.29

	
0.10

	
0.39




	

	
Bottom Waters

	

	

	

	

	

	

	

	

	




	
Lower Dafengjiang River

	
D1

	
1.23

	
12.58

	
7.53

	
21.34

	
8.87

	
1.00

	
1.33

	
2.33

	
0.15

	
2.48




	
D2

	
1.35

	
11.55

	
6.80

	
19.70

	
10.85

	
1.21

	
0.69

	
1.90

	
0.17

	
2.07




	
D3

	
0.91

	
9.05

	
5.68

	
15.64

	
7.69

	
0.92

	
1.04

	
1.96

	
0.23

	
2.19




	
D4

	
0.91

	
9.15

	
5.10

	
15.16

	
6.89

	
0.54

	
0.47

	
1.01

	
0.26

	
1.27




	
D5

	
0.63

	
7.60

	
4.05

	
12.28

	
6.37

	
0.76

	
0.37

	
1.13

	
0.20

	
1.33




	
D6

	
0.85

	
6.75

	
3.40

	
11.00

	
3.82

	
0.55

	
1.31

	
1.86

	
0.19

	
2.05




	
D7

	
0.50

	
4.58

	
1.25

	
6.33

	
3.82

	
0.21

	
0.35

	
0.56

	
0.23

	
0.79




	
Qinzhou Bay

	
D8

	
0.58

	
2.88

	
1.30

	
4.76

	
1.27

	
0.02

	
0.66

	
0.68

	
0.17

	
0.85




	
D9

	
0.58

	
2.78

	
1.58

	
4.94

	
1.11

	
0.02

	
0.89

	
0.91

	
0.27

	
1.18




	
D10

	
0.58

	
4.73

	
0.50

	
5.81

	
2.41

	
0.04

	
0.50

	
0.54

	
0.24

	
0.78




	
D11

	
0.45

	
1.28

	
0.63

	
2.36

	
0.90

	
0.02

	
0.20

	
0.22

	
0.21

	
0.43




	
D12

	
0.48

	
2.55

	
0.15

	
3.18

	
0.61

	
0.02

	
0.50

	
0.52

	
0.26

	
0.78




	
D13

	
0.10

	
0.78

	
0.68

	
1.56

	
1.04

	
0.01

	
0.29

	
0.30

	
0.04

	
0.34
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Table 3. The relationship of DIN, DSi, DIP, and TDP vs. salinity both in surface and bottom waters of the Dafengjiang River estuary.
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Water Samples

	
Relational Expression

	
R2






	
Surface

	
y = −2.8938 + 79.036 (DIN vs. salinity)

	
0.92




	
y = −1.5725 + 42.310 (DSi vs. salinity)

	
0.96




	
y = −0.2233 + 5.8797 (DIP vs. salinity)

	
0.88




	
y = −0.2453 + 6.8431 (TDP vs. salinity)

	
0.76




	
Bottom

	
y = −2.7111 + 75.367 (DIN vs. salinity)

	
0.95




	
y = −1.3422 + 36.869 (DSi vs. salinity)

	
0.86




	
y = −0.1698 + 4.5330 (DIP vs. salinity)

	
0.85




	
y = −0.2600 + 7.3839 (TDP vs. salinity)

	
0.77
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Table 4. Comparisons of the abundance of DIP, DOP, and TPP and their partitioning in TP pool between different rivers. All values are for surface waters. Values in parentheses denote the averaged concentrations and their standard deviations.
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	Study Area
	DIP (μM)
	DOP (μM)
	TPP (μM)
	DIP/TP (%)
	DOP/TP (%)
	TPP/TP (%)
	Reference





	Fox River
	0.68–0.98 (0.83 ± 0.22)
	0.52–0.68 (0.60 ± 0.11)
	1.97
	24
	18
	58
	[59]



	Milwaukee River
	0.69–3.05 (1.81 ± 1.19)
	0.11–0.91 (0.54 ± 0.38)
	1.38
	47
	16
	37
	[6]



	Mississippi River
	2.07–4.20 (2.89 ± 1.15)
	0.24–0.45 (0.35 ± 0.15)
	5.26
	34
	4
	62
	[44,52]



	Maumee Rive
	2.74
	0.07
	14.26
	16
	0.3
	83.7
	[53]



	Jourdon River
	0.03
	0.16
	0.97
	3
	14
	83
	[55]



	Chena River
	0.03–0.30
	0.06 ± 0.06
	0.6
	19
	7
	74
	[56]



	Jiulong River
	2.14
	0.55
	5.11
	27
	7
	66
	[8]



	Scheldt estuary
	3.3
	0.7
	5.2
	36
	8
	56
	[54]



	Dafengjiang River
	0.22–1.59 (1.06 ± 0.46)
	0.10–0.91 (0.45 ± 0.26)
	0.22
	58
	27
	15
	This study










[image: Table] 





Table 5. Pearson correlation matrix for the P species and physicochemical parameters in the water column of the Dafengjiang River estuary.
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	T
	S
	pH
	DO
	DIN
	DSi
	Chl-a
	DIP
	DOP
	TDP
	TPP
	TP





	T
	
	
	
	
	
	
	
	
	
	
	
	



	S
	0.343
	
	
	
	
	
	
	
	
	
	
	



	pH
	0.384
	0.944 a
	
	
	
	
	
	
	
	
	
	



	DO
	0.429 b
	0.674 a
	0.815 a
	
	
	
	
	
	
	
	
	



	DIN
	−0.445 b
	−0.967 a
	−0.971 a
	−0.771 a
	
	
	
	
	
	
	
	



	DSi
	−0.402 b
	−0.960 a
	−0.972 a
	−0.754 a
	0.974 a
	
	
	
	
	
	
	



	Chl-a
	0.072
	0.342
	0.216
	0.144
	−0.318
	−0.299
	
	
	
	
	
	



	DIP
	−0.356
	−0.931 a
	−0.956 a
	−0.770 a
	0.955 a
	0.949 a
	−0.253
	
	
	
	
	



	DOP
	−0.301
	−0.331
	−0.227
	−0.118
	0.317
	0.206
	−0.435 b
	0.214
	
	
	
	



	TDP
	−0.424 b
	−0.877 a
	−0.843 a
	−0.646 a
	0.888 a
	0.827 a
	−0.413 b
	0.870 a
	0.668 a
	
	
	



	TPP
	−0.003
	−0.176
	−0.145
	0.056
	0.205
	0.206
	−0.168
	0.202
	−0.118
	0.094
	
	



	TP
	−0.419 b
	−0.882 a
	−0.846 a
	−0.634 a
	0.895 a
	0.835 a
	−0.422 b
	0.877 a
	0.650 a
	0..996 a
	0.179
	







a Correlation is significant at the 0.01 level (two-tailed). n = 26. b Correlation is significant at the 0.05 level (two-tailed). n = 26.
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Table 6. Rotated varimax factor analysis of the various P species and environmental parameters in the water column of the Dafengjiang River estuary.
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	F1
	F2
	F3





	S
	−0.951
	−0.402
	−0.083



	pH
	−0.983
	−0.250
	−0.008



	DO
	−0.831
	0.079
	0.233



	DIN
	0.986
	0.372
	0.047



	DSi
	0.971
	0.283
	0.090



	Chl-a
	−0.258
	−0.758
	−0.293



	DIP
	0.971
	0.283
	0.079



	DOP
	0.301
	0.902
	−0.302



	TDP
	0.892
	0.671
	−0.092



	TPP
	0.147
	0.079
	0.863



	TP
	0.894
	0.670
	−0.017



	Eigenvalue
	7.607
	1.456
	1.167



	% of variance
	63.39
	12.14
	9.720



	Cumulative% of variance
	63.39
	75.53
	85.25







Notes: Extraction method: PCA. Rotation method: Varimax with Kaiser Normalization.
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