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Abstract

:

Growing evidence has demonstrated the influence of internal nitrogen (N) and phosphorus (P) on harmful algae blooms in eutrophic freshwater ecosystems. However, the main controlling factors for internal N and P release risks, and whether these factors vary as environmental conditions change, remains poorly understood. We evaluated potential release risks of N and P from sediments in two freshwater reservoirs in Beihai City, southern China, by evaluating apparent nutrient fluxes during simulated static incubation experiments at two temperatures (15 °C and 25 °C). Sediments were analyzed to determine their basic properties as well as N and P fractions. Results showed that the main controlling factors of the apparent fluxes in dissolved total P, soluble reactive P, total N, and ammonium were related to sediment adsorption properties, redox properties, and microbial-mediated properties (e.g., water-extractable P, total inorganic N, redox-sensitive P, total organic carbon, organic P). The primary controlling factors for apparent N and P fluxes were dependent on the form of N and P and changed with temperature. The results suggest that care should be taken when simply using total N and P contents in sediments to evaluate their internal nutrient release risks.
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1. Introduction


Human activities have delivered excess nutrients to aquatic ecosystems, which has caused widespread eutrophication of freshwater lakes and reservoirs [1,2,3]. Freshwater eutrophication can cause harmful algae blooms and dead zones, threatening public health by disturbing drinking water supplies, food security, and recreational uses [4,5]. Nitrogen (N) and phosphorus (P) are identified as key nutrients in freshwater eutrophication, and are the main elements that promote harmful algae blooms when present in excessive concentrations [6,7,8].



An excessive amount of N and P in freshwater bodies can be caused by external inputs and internal releases from sediments [9,10]. Numerous management efforts have been made to reduce the loading of external nutrients into freshwater bodies [8,11]. Such reductions in external nutrient loading are reported to be rapidly effective in controlling freshwater eutrophication in certain lakes, but not in many others, due to internal sediment loading [12,13,14,15]. Due to this internal loading, eutrophication can persist for 5–15 years after external nutrient inputs have been reduced [16,17].



Previous studies of freshwater eutrophication have considered P as the prime limiting nutrient, as evidenced in long-term case studies and multi-year whole lake assessments [7,18,19]. Consequently, more research has focused on limiting P loading than N loading, which is assumed to be offset by N2 fixation by cyanobacteria [19,20]. However, increasing evidence indicates that N limitation or co-limitation with P in freshwater bodies influences harmful algae blooms more frequently than P limitation [21,22,23]. The role of N and P limitations in controlling eutrophication varies dynamically among seasons and years [21,24]. P limitation of harmful algae blooms is commonly observed in spring, which shifts to N limitation in summer and autumn when temperature and other meteorological conditions favor the growth of harmful algae [13,25,26]. Recent studies suggest that variation in N and P limitations in freshwater bodies can be influenced by the internal loading of N and P [24,27,28]. Internal P loading has a major influence on seasonal N limitation of harmful algae blooms in Taihu Lake, China [24], while nitrate and ammonium concentrations in overlying water can also influence the release of P from sediments by controlling the sediment oxidation status or alkaline phosphatase activity [29,30]. Thus, investigating the internal nutrient loading of freshwater ecosystems requires investigating N and P loading simultaneously to better evaluate their influence on eutrophication [27,28].



In freshwater ecosystems, the internal release of N and P from sediments is determined primarily by their forms and contents in sediments [31,32,33]. Exchangeable P (NH4Cl-P), redox-sensitive Fe-bound P (BD-P), and Fe/Al-oxide-bound P (NaOH-P) are considered mobile forms of P in sediments [32]. They can be mobilized and released from sediments into the overlying water during changes in biogeochemical conditions in sediments [31,34]. N, which is present in sediments mainly in organic forms, can be a source of ammonium N (NH4-N) during degradation of organic matter and be released into the overlying water [35], sometimes even exceeding the external input of N [36]. Moreover, release of N and P from sediment can also be influenced by environmental factors, such as sediment redox conditions, dissolved oxygen, organic matter, pH, hydrodynamics, and bacterial activities [37,38,39]. However, few existing studies have investigated internal loading of N and P simultaneously, as well as their relationship with sediment properties and nutrient forms [24,28]. The main controlling factors in sediments for internal N and P loading, and whether their influence on N and P loading vary as environmental conditions change, remain poorly understood.



In the present study, we investigated potential release risks of N and P from sediments in two freshwater reservoirs in Beihai City, southern China. Simulated static incubation experiments at two temperatures were conducted, and sediment properties and N and P forms in sediment were analyzed, with the main objectives of exploring the controlling factors in sediments for potential release risks of internal N and P, as well as assessing potential variations in these factors and their influences on N and P release risks at different temperatures.




2. Materials and Methods


2.1. Sediment Sampling and Preparation


The sediments studied came from two freshwater reservoirs, Niuweiling (NWL) and Hongchaojiang (HCJ), near Beihai City in Guangxi Province, southern China (Figure 1). This region has a subtropical, maritime monsoon climate with mean monthly temperature ranging from 14.6 °C in January to 28.9 °C in July and mean annual precipitation of 1670 mm, of which ~85% falls between April and October (1976–2010). The soil type in this region is latosolic red soil. The NWL and HCJ reservoirs were both multifunctional water-control projects based on natural valleys. These two reservoirs have a primary function of irrigation and other functions such as flood control, water supply, and power generation. The NWL reservoir was built in 1964 and began to serve as the primary drinking water source for Beihai City in 2011. The NWL reservoir has a catchment area of 24.3 km2, a water surface area of 4.6 km2, total water storage of 25.5 million m3, and a mean depth of 6.7 m. The HCJ reservoir was also built in 1964 and was prepared as the secondary drinking water source for Beihai City after the reinforcement of hydrographic infrastructure in 2012. The HCJ reservoir has a catchment area of 402.0 km2, a water surface area of 66.7 km2, total water storage of 714.0 million m3, and mean depth of 22.0 m. The catchment area of the NWL reservoir is flatter and has a higher intensity of farming practice and higher population compared to the catchment area of HCJ reservoir, which is mostly mountainous. In recent years, the water quality of HCJ and NWL reservoirs has declined due to excessive anthropogenic and natural nutrient inputs, especially in the NWL reservoir, which has experienced occasional blooms of harmful algae.



In August 2020, sediment cores were taken using a gravity corer (8.0 cm inner diameter, 50.0 cm long) at two sites in each reservoir (H1 and H2 at HCJ, N1 and N2 at NWL (Figure 1). Three sediment cores were taken at each site and were sliced at 5 cm intervals. Sediments in the same layers of the three cores were placed into plastic self-sealing bags and uniformly mixed by manual press. Each mixture was maintained at 4 °C until analysis. Sediment cores were 0–25 cm at H1 and N1, but were 0–20 cm at H2 and N2 because of the hard substrate below 20 cm at these two sites. The total number of sediments studied was 18. Since the sampling sites were located in the main reservoir area (N1, H1) and the main inlet area (N2, H2) of each reservoir, only a few sampling sites were needed to represent the general sediment properties in each reservoir.




2.2. Sediment Analysis


Sediment total P (TPS) was digested in an acid mixture (HNO3, HClO4, and H2SO4 at a 3:1:1 ratio) and determined colorimetrically using the molybdenum blue method, with a precision of ±13 μg L−1 [40]. Organic P (OP) in sediments was determined as the difference in P concentrations extracted by 4.0 M H2SO4 from sediments before and after combustion at 550 °C [41]. Water extractable P (WEP) in sediments was extracted using deionized water at a sediment–water ratio of 1:25 and analyzed using the molybdenum blue method. Sediment total N (TNS) was digested in H2SO4 and determined colorimetrically using the indophenol blue method, with a precision of ±0.1 mg L−1 [42]. Total organic carbon (TOC) in sediments was analyzed via dry combustion with an automatic N and carbon analyzer–mass spectrometer. Total iron (TFe) in sediments was extracted with 3.0 M HCl and determined using colorimetric analysis [43], with a precision of ±5%. Sediment pH and redox potential (Eh) were determined using glass and platinum electrodes, respectively, as the working electrode and a calomel electrode as the reference. All sediment analyses were conducted in triplicate and fresh sediments were used at all times.




2.3. Sediment N and P Fractionation


A slightly modified sequential extraction scheme by Hupfer et al. (1995) [44] was used for P fractionation of sediments. Fresh sediments were subjected to sequential chemical extraction with 1 M NH4Cl (0.5 h), 0.11 M NaHCO3/Na2S2O4 (1 h), 1 M NaOH (16 h), 0.5 M HCl (16 h), and 1 M NaOH (2 h at 85 °C). The extracts were centrifuged and supernatants were filtered through 0.45 μm filters that were pre-rinsed with deionized water. The soluble reactive P (SRP) in the filtrates was then analyzed using the molybdenum blue method. Accordingly, the P fractions in sediments were separated into loosely sorbed P (NH4Cl-P), reductant soluble P (BD-P), Fe/Al-oxide-bound P (NaOH-P), calcium-bound P (HCl-P), and residual organic and refractory P (Res-P) [44].



The inorganic N in sediments were fractionated using a brief two-step sequential extraction scheme developed by Huo et al. (2014) [45]. Fresh sediments were subjected to sequential chemical extraction with 2 M KCl (0.5 h) and 0.1 M H2SO4 (0.5 h at 95 °C). The extracts were centrifuged and supernatants were filtered through pre-rinsed 0.45 μm filters. The NH4-N in the filtrates was then analyzed using the indophenol blue colorimetric method [42]. Accordingly, the inorganic N in sediments was separated into ion-exchangeable N (KCl-N) and acid-extractable N (H2SO4-N). The sum of these two fractions was defined as the total inorganic N (TIN) content in sediments. Organic N (Org-N) was determined as sediment TNS minus TIN.




2.4. Sediment Incubation and Evaluation of N and P Potential Release Risks


Potential release risks of N and P from sediments were evaluated via static incubation experiments by simulating the apparent flux of N and P during a given period of static incubation [46]. Temperatures in deep water in freshwater reservoirs in these regions ranged from 15 °C in winter to 25 °C in summer [47]. Thus, the static incubation experiments were conducted at 15 °C and 25 °C to simulate winter and summer temperatures, respectively, of the deep water in the reservoirs studied. To evaluate potential release risks of N and P from different sediment layers, synthesized overlying water was prepared for sediments from each depth. The detailed procedures were as follows:



Step 1: For each sediment, 10.0 g (dry weight) of fresh sediment was placed in a 1 L conical flask along with 500 mL deionized water, shaken to homogeneous, and placed in the dark to settle for 48 h. The objective of this step was to synthesize the overlying water for the sediment from each depth.



Step 2: For each sediment, 3.0 g (dry weight) of fresh sediment was placed in three replicate glass tubes (2.6 cm inner diameter, 30 cm height), and then 150 mL of synthesized overlying water of the corresponding sediment was slowly added to the tube. After being dispersed for 2 min ultrasonically, the tubes were capped with parafilm (on which holes were poked with a needle after capping) and placed in the dark for incubation at the selected temperatures.



Step 3: At 24 h (Day 1) and 20 days (Day 20), 15 mL of supernatant in each tube was sampled at 10 cm above the sediment surface and filtered through pre-rinsed 0.45 μm filters for analysis. After the sampling at 24 h, tubes were refilled with the synthesized overlying water to maintain the volume of overlying water in the tubes during incubation. The influence of the re-filled synthesized overlying water at 24 h on N and P concentrations in the remaining supernatant was considered negligible.



SRP, TP, and NH4-N concentrations in the filtrates were determined colorimetrically using the methods described above, while TN was analyzed by ultraviolet spectrophotometry after digestion of the filtrates in alkaline potassium persulfate [48]. The incubation duration of 20 days was selected based on results of a preliminary incubation experiment in which the release of TP and TN equilibrated after 16 days of incubation (Figure S1).



Apparent fluxes of SRP, TP, NH4-N, and TN over 20 days of incubation (Q) were quantified by the amount exchanged between the overlying water and sediment:


Q = ∆C × V/A



(1)




where ∆C is the difference in concentration between 24 h and 20 days of incubation, V is the volume of overlying water in the incubation tube, and A is the inner cross-sectional area of the incubation tube. Units of the nutrient fluxes were μmol m−2 for SRP and TP and mmol m−2 for NH4-N and TN.




2.5. Statistical Analysis


Differences in sediment physicochemical properties and N and P fractions among sampling sites were assessed using one-way analysis of variance and Tukey’s post-hoc test. The relationship between sediment properties and apparent fluxes of SRP, TP, NH4-N, and TN was assessed using pairwise Pearson correlation analyses. Stepwise multiple linear regression (MLR) and redundancy analysis (RDA) were conducted to identify the primary controlling factors in sediment properties for the apparent fluxes of SRP, TP, NH4-N, and TN. The order of parameters used in MLR was based on the absolute value of the Pearson correlation coefficient between sediment properties and apparent N and P fluxes. We used the Akaike information criterion (AIC) to select the variables in the final MLR model; the model with the lowest AIC was considered the best model. When performing RDA, data were re-scaled to 0–1 before analysis, and parameters with a variance inflation factor greater than 10 were excluded; thus, multicollinearity was negligible [49]. The significance of all analyses was set at p < 0.05. All statistical analyses were performed with R version 3.6.1 [50].





3. Results


3.1. Sediment Properties and N and P Fractions


Sediments were slight acidic, with pH at H1 and H2 generally lower than those at N1 and N2 (Table 1, Figure S2). Sediments were strongly reduced, and those at N1 and N2 had significantly lower Eh than those at H1 and H2. Sediments at N1 and N2 generally had higher TOC, TNS, TPS, OP, and WEP than those at H1 and H2, suggesting a substantial difference in sediment properties between HCJ and NWL. TFe contents showed no obvious difference between HCJ and NWL (Table 1). Sediment TPS, TNS, and TFe contents generally decreased as sediment depth increased, except for TPS at H2 and N1 and TNS at H2. Sediment TOC, WEP, and OP contents and Eh and pH values showed no obvious trend as a function of sediment depth (Figure S2).



The N and P fractions in sediments were similar in percentage among depths and between the two reservoirs (Table 2, Figure 2). Among P fractions, NaOH-P was the largest fraction in all sediments, representing between 42–51% of the total extracted P. BD-P and Res-P were secondary fractions, representing between 15–38% and 18–39% of the total extracted P, respectively. NH4Cl-P and HCl-P together represented <5% of the total extracted P (Table 2). Differently, BD-P represented a higher percentage of total extracted P in sediments from N1 and N2 than those from H1 and H2, which was consistent with their difference in Eh (Figure S2). Among N fractions, Org-N was the largest fraction in all sediments, representing between 92–95% of the total extracted N. Within inorganic N fractions, KCl-N represented a higher percentage than H2SO4-N: 3–6% and 1–2% of the total extracted N, respectively (Figure 2b).




3.2. N and P Concentrations and Apparent Fluxes at 15 °C and 25 °C


Concentrations of TP and SRP were higher in the supernatants of sediments N1 and N2 than in those of H1 and H2 at both Day 1 and Day 20 at 15 °C and 25 °C (Figure 3a,c). Conversely, concentrations of TN and NH4-N in the supernatants showed no obvious difference between sediments from HCJ and NWL, except for sediments from N1, which had higher TN and NH4-N concentrations than those from the other three sites (Figure 3b,d). There was no obvious trend in TP, SRP, TN, or NH4-N concentrations as a function of sediment depth, except for sediments from H1, for which the TN and NH4-N concentrations decreased as sediment depth increased (Figure 3). From Day 1 to Day 20, concentrations of TP, SRP, TN, and NH4-N generally increased at both 15 °C and 25 °C for most sediments, except for TP on Day 1 at 15 °C (Figure 3 and Figure S3). Increases in concentrations from Day 1 to Day 20 were greater at 25 °C than at 15 °C, with the ratios of mean concentrations ranging from 2.5 to 3.1 at 25 °C compared with 1.2 to 1.9 at 15 °C for all parameters (Figure S3).



Apparent fluxes of TP, SRP, TN, and NH4-N were higher at 25 °C than at 15 °C for most sediments (Figure 4 and Figure 5). Mean apparent fluxes of TP and SRP of all sediments from two sites in HCJ and NWL were 22.5 and 33.4 μmol m−2 at 15 °C, respectively, compared to 131.5 and 108.1 μmol m−2 at 25 °C, respectively. Mean apparent fluxes of TN and NH4-N of all sediments from two sites in HCJ and NWL were 14.9 and 0.9 mmol m−2 at 15 °C, respectively, compared to 38.1 and 2.5 mmol m−2 at 25 °C, respectively (Figure 5). There was no obvious trend in apparent fluxes of TP, SRP, TN, or NH4-N as a function of sediment depth, except for those of TN and NH4-N at H1 at both 15 °C and 25 °C (Figure 4b). There were no obvious differences in apparent fluxes of TP, SRP, TN, or NH4-N between sediments from HCJ and NWL, except for those of TN, which were higher at NWL than HCJ (Figure 5b).




3.3. Controlling Factors of Apparent N and P Fluxes


The pairwise Pearson correlation analysis showed that, for HCJ sediments, apparent fluxes of TP and SRP at 15 °C and those of TP at 25 °C were correlated positively with WEP and Eh, but negatively with most of the other parameters (Figure 6). Apparent fluxes of SRP from HCJ sediments at 25 °C were correlated positively with BD-P and OP and negatively with WEP and NH4Cl-P, but were not correlated with most of the other parameters. Apparent fluxes of TN and NH4-N from HCJ sediments at 15 °C and 25 °C were correlated positively with most parameters, except for a negative correlation with Eh and WEP (Figure 6). For NWL sediments, apparent fluxes of TP and SRP at 15 °C were correlated positively with WEP and Eh and negatively with OP, but not correlated to most of the other parameters. Apparent fluxes of TP and SRP at 25 °C were correlated positively with BD-P and NH4Cl-P, but negatively with most of the other parameters. Apparent fluxes of TN at 15 °C and of TN and NH4-N at 25 °C were correlated negatively with BD-P and NH4Cl-P, but positively with most of the other parameters. Apparent fluxes of NH4-N from NWL sediments at 15 °C were not correlated with most of the other parameters (Figure 6).



Stepwise MLR results indicated that sediment properties explained 19–94% of the variance in apparent fluxes of N and P from HCJ sediments and 39–84% from NWL sediments (except for apparent fluxes of NH4-N at 15 °C) (Table 3). For HCJ sediments, the best explanatory factors for apparent fluxes of TP and SRP were TOC at 15 °C and, respectively, TIN and BD-P at 25 °C. The best explanatory factors for apparent fluxes of TN and NH4-N were TIN at 15 °C and KCl-N at 25 °C. For NWL sediments, the best explanatory factors for apparent fluxes of TP and SRP were WEP at 15 °C, and, respectively, TIN and KCl-N at 25 °C. Apparent fluxes of TN were best explained by TIN at 15 °C and 25 °C, but those of NH4-N were best explained by Res-P and BD-P at 15 °C and 25 °C, respectively (Table 3).



The RDA between apparent P fluxes and sediment properties showed that the first and second axes had eigenvalues of 0.12 and 0.03, respectively, and explained 57.5% and 15.1% of the variance in apparent P fluxes, respectively (Figure 7a). For apparent N fluxes, the first and second axes had eigenvalues of 0.22 and 0.03, respectively, and explained 60.9% and 8.3% of the variance in apparent N fluxes, respectively (Figure 7b). The main sediment properties related to the apparent fluxes of N and P were sediment OP, WEP, Fe, TOC, NH4Cl-P, BD-P, and TIN contents, and sediment pH and Eh (Figure 7).





4. Discussion


The RDA results showed that the main factors that influence apparent fluxes of different forms of N and P were related mainly to sediment adsorption properties such as WEP, NH4Cl-P, TIN, and pH and to sediment redox and microbial-mediated properties such as sediment Fe, BD-P, Eh, TOC, and OP (Figure 7). The exchange of N and P with the overlying water involves biogeochemical processes, such as sorption–desorption, reduction–oxidation, and bio-mineralization [34,51]. WEP, NH4Cl-P, and TIN are the exchangeable and labile fractions of N and P in sediments and can be released into the overlying water via desorption, which is influenced strongly by pH [52]. BD-P is considered the redox-sensitive Fe-bound P fraction in sediments [32] and can be transformed and released into the overlying water via reductive dissolution of Fe-oxyhydroxides, which is influenced by the sediment Fe content and Eh status, especially when Eh lies below the critical value of 200 mV [34]. TOC, along with temperature, influences microbial activity in sediments [53] and thus influences the mineralization of sediment OP and Org-N fractions, as well as the apparent N and P fluxes from sediments.



An important finding of the present study is that the main controlling factors for apparent N and P fluxes were different for different forms of N and P and changed with temperature (Table 3). The potential release risks of TP and SRP at 15 °C are positively controlled by the exchangeable P content in sediments (i.e., WEP) and negatively controlled by the organic carbon content (i.e., TOC), which could also influence the P sorption of sediment particles [54], depending on the reservoir. In comparison, the potential release risks of TP and SRP at 25 °C are negatively controlled by the exchangeable N contents in sediments (i.e., TIN, KCl-N) and positively controlled by the redox-sensitive P fraction (i.e., BD-P) in sediments. These findings evidence that the controlling mechanisms for apparent P fluxes switch from a sorption–desorption process in the winter season to a reduction–oxidation process and the inorganic N release process in the summer season. For potential release risks of TN and NH4-N, the primary controlling factors involve mainly the exchangeable N and residual organic and refractory P contents (i.e., TIN, Res-P) at 15 °C but the exchangeable N and redox-sensitive P fraction (i.e., KCl-N, TIN, BD-P) at 25 °C (Table 3). These findings evidence that the controlling mechanisms for apparent N fluxes mainly involve the inorganic N release process in both winter and summer seasons.



Interestingly, the exchangeable N in sediments (i.e., TIN, KCl-N) has positive influences on the apparent N fluxes but negative influences on apparent P fluxes (Table 3), suggesting a potential reciprocal effect between the apparent N fluxes with apparent P fluxes. This is further confirmed by the negative correlations between the TN and NH4-N fluxes and the TP and SRP fluxes in both HCJ and NWL sediments (Figure 6). This finding is different from a previous study on the effect of NH4-N on internal P release, in which they found that high NH4-N loading in the overlying water could promote sediment P release by increasing alkaline phosphatase activity [29]. The possible explanation is that the NH4-N concentration in the overlying water of the present study (<0.6 mg L−1) is much lower than that in their study (3–21 mg L−1), and they also observed a limiting effect of NH4-N on sediment P release at lower NH4-N concentrations (3–5 mg L−1) [29].



The results of the present study also indicated that temperature had a significant influence on apparent fluxes of N and P from the reservoir sediments, as mean apparent fluxes of TP, SRP, TN, and NH4-N in the simulated static incubations were significantly larger at 25 °C than at 15 °C (Figure 4 and Figure 5). This indicates higher internal N and P release risks during warm seasons than cold seasons, which is consistent with previous studies of freshwater eutrophic lakes that observed significant increases in internal fluxes of SRP and NH4-N from sediments from winter months to summer and autumn months [24,28]. One possible explanation is that lower temperatures decrease microbial activity, and meanwhile, the higher dissolved oxygen concentration in the overlying water promotes the formation of Fe-oxyhydroxides at the sediment surface, which increases the adsorption capacity of sediments [34], leading to lower nutrient fluxes or even net retention of nutrients by sediments. Conversely, higher temperatures increase microbial activity, which increases degradation of organic matter in sediments and reduces the redox potential of sediments, thus increasing nutrient fluxes through mineralization of organic matter or reductive dissolution of Fe-oxyhydroxides [28,51].



Moreover, temperature appeared to have more influence on apparent fluxes of TP and SRP than those of TN and NH4-N. Apparent fluxes of TP and SRP at 25 °C were 5.8 and 3.2 times higher than those at 15 °C, respectively, while the corresponding differences were only 2.6 and 2.8 times higher for apparent fluxes of TN and NH4-N, respectively (Figure 5). This is consistent with a previous study of seasonal internal N and P loadings in Chaohu Lake (China), in which SRP fluxes increased significantly more from winter to summer than NH4-N fluxes did [28]. The possible reasons are the difference in the controlling mechanisms for apparent P and N fluxes at different seasons and also the difference in the chemical equilibria of N and P with temperature.



Results of the present study suggested that the potential internal risk of TN in sediments appeared to be higher in the NWL reservoir than the HCJ reservoir. However, there were no obvious differences in apparent fluxes of TP, SRP, or NH4-N between sediments from the two reservoirs, despite the significant difference in their N and P contents in sediments (Figure 5; Table 1). This emphasizes the inappropriateness of using only total N and P contents in sediments to evaluate their internal nutrient release risk, especially for P. The relatively higher N and P release risks from sediments at 25 °C than at 15 °C, as well as their differing controlling factors as a function of temperature, suggest that mitigation measures to reduce internal nutrient loading in the two reservoirs studied are better applied in winter and should be adapted to the nutrient targeted.




5. Conclusions


The present study investigated the controlling factors in sediments on the internal release risks of TP, SRP, TN, and NH4-N and their change under different temperatures with sediments from two freshwater reservoirs in southern China by evaluating their apparent fluxes during static incubation. The results demonstrate that the main factors that influence the apparent fluxes of TP, SRP, TN, and NH4-N are related primarily to sediment adsorption properties (WEP, NH4Cl-P, TIN, pH), sediment redox properties (Fe, BD-P, Eh), or microbial-mediated properties (TOC, OP). The primary controlling factors for apparent fluxes of N and P are different for different forms of N and P and depend on temperatures. The apparent fluxes of N seem to have a limiting effect on the apparent fluxes of P, which both increase significantly from 15 °C to 25 °C. Our results suggest that care should be taken when using exclusively total N and P contents in sediments to evaluate their internal nutrient release risks. These findings were based on a small sample of sites, and investigation at higher spatial resolution and with cross-comparison with other water bodies is required to better evaluate internal N and P release risks and their controlling factors under varying environmental conditions.
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Figure 1. Location of the Hongchaojiang and Niuweiling reservoirs in Beihai City, southern China, and the sampling sites (black pentagons). 
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Figure 2. (a) Phosphorus and (b) nitrogen fractions in sediments by depth at each sampling site (H1, H2, N1, and N2). 
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Figure 3. Concentrations of (a) dissolved total P (TP), (b) total N (TN), (c) soluble reactive P (SRP), and (d) ammonium (NH4-N) in the water overlying sediments incubated at 15 °C and 25 °C for 1 (Day 1) and 20 days (Day 20), by depth, at each sampling site (H1, H2, N1, and N2). 
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Figure 4. Apparent fluxes of dissolved total P (TP), total N (TN), soluble reactive P (SRP), and ammonium (NH4-N) during the 20-day incubation at 15 °C and 25 °C from sediments, by depth, at each sampling site from Hongchaojiang (HCJ) (a,b) and Niuweiling (NWL) (c,d) reservoirs. 
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Figure 5. Boxplots of apparent fluxes of (a) soluble reactive P (SRP) and dissolved total P (TP) and (b) ammonium (NH4-N) and total N (TN) during the 20-day incubation at 15 °C and 25 °C from sediments from Hongchaojiang (HCJ) and Niuweiling (NWL) reservoirs. The middle bar represents the median, while the asterisk in the box represents the mean of all sediment from two sites in NWL and HCJ. The lower and upper bars limit the 1st quartile (q0.25) and the 3rd quartile (q0.75), respectively. The lower and upper whiskers are, respectively, the 1st quartile minus 1.5 times the interquartile range and the 3rd quartile plus 1.5 times the interquartile range. Diamonds outside the box represent outliers that exceed the lower and upper whiskers of the box. 
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Figure 6. Pearson correlation matrix between sediment properties and apparent fluxes of dissolved total P (TP), soluble reactive P (SRP), total N (TN), and ammonium (NH4-N) during the 20-day incubation at 15°C and 25 °C from sediments from Hongchaojiang (HCJ) and Niuweiling (NWL) reservoirs. Only significant correlation coefficients (p < 0.05) are shown. Org_N: organic N; TIN: total inorganic N; KCl_N: ion-exchangeable N; Res_P: residual organic and refractory P; HCl_P: calcium-bound P; NaOH_P: Fe/Al-oxide-bound P; BD_P: reductant soluble P; NH4Cl_P: loosely sorbed P; Eh: redox potential; TNS: sediment total N; TOC: total organic carbon; TFe: total iron; WEP: water extractable P; OP: organic P; TPS: sediment total P. 
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Figure 7. Redundancy analysis (RDA) used to identify the main controlling factors of sediment properties for apparent fluxes of (a) dissolved total P (TP) and soluble reactive P (SRP) and (b) total N (TN) and ammonium (NH4-N) during the 20-day incubation at 15 °C and 25 °C. Eh: redox potential; TOC: total organic carbon; TFe: total iron; WEP: water extractable P; OP: organic P; NH4Cl_P: loosely sorbed P; BD_P: reductant soluble P; TIN: total inorganic N. 
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Table 1. Physiochemical properties of sediments at each sampling site (H1, H2, N1, and N2). Values are mean ± standard deviation of the layered sediments from the same site.
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	Parameter
	H1
	H2
	N1
	N2





	pH
	5.81 ± 0.22 b
	5.72 ± 0.09 b
	6.25 ± 0.15 a
	6.28 ± 0.14 a



	Eh
	−50.80 ± 31.92 b
	−14.25 ± 20.56 b
	−252.40 ± 117.16 a
	−167.25 ± 91.63 a



	TOC g kg−1
	31.97 ± 11.11 bc
	24.04 ± 13.86 c
	59.81 ± 3.33 a
	39.14 ± 18.32 b



	TNS g kg−1
	1.45 ± 0.55 b
	1.14 ± 0.95 b
	3.60 ± 1.01 a
	1.95 ± 0.90 b



	TPS g kg−1
	0.24 ± 0.06 c
	0.10 ± 0.04 d
	0.71 ± 0.08 a
	0.49 ± 0.21 b



	OP g kg−1
	0.13 ± 0.06 c
	0.05 ± 0.02 c
	0.32 ± 0.12 a
	0.23 ± 0.12 b



	WEP mg kg−1
	1.30 ± 0.37 b
	1.62 ± 1.17 ab
	2.01 ± 1.73 ab
	2.72 ± 2.05 a



	TFe g kg−1
	27.35 ± 14.79 a
	15.74 ± 8.85 b
	22.38 ± 14.34 ab
	24.92 ± 13.81 ab







Note. Different superscript letters in the same row indicate significant differences in means at p < 0.05. Eh: redox potential; TOC: total organic carbon; TNS: sediment total nitrogen; TPS: sediment total phosphorus; OP: organic phosphorus; WEP: water extractable phosphorus; TFe: total iron.













[image: Table] 





Table 2. Phosphorus and nitrogen fractions in sediments at each sampling site (H1, H2, N1, and N2). Values are mean ± standard deviation of the layered sediments from the same site. The units for phosphorus and nitrogen fractions are mg kg−1 and g kg−1, respectively.
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	Parameter
	H1
	H2
	N1
	N2





	NH4Cl-P
	0.24 ± 0.21 b
	0.87 ± 0.48 a
	0.54 ± 0.10 b
	0.77 ± 0.21 a



	BD-P
	23.48 ± 9.25 c
	19.26 ± 10.39 c
	92.29 ± 10.65 b
	167.92 ± 11.19 a



	NaOH-P
	82.56 ± 27.14 b
	37.78 ± 19.46 c
	199.76 ± 22.36 a
	184.39 ± 23.20 a



	HCl-P
	1.32 ± 0.51 b
	0.52 ± 0.50 b
	9.04 ± 2.39 a
	10.21 ± 4.36 a



	Res-P
	53.47 ± 19.23 c
	23.72 ± 17.45 c
	147.84 ± 35.33 a
	77.06 ± 32.23 b



	KCl-N
	0.09 ± 0.03 b
	0.07 ± 0.02 b
	0.22 ± 0.05 a
	0.07 ± 0.03 b



	H2SO4-N
	0.02 ± 0.01 b
	0.02 ± 0.01 b
	0.05 ± 0.01 a
	0.03 ± 0.01 b



	Org-N
	1.34 ± 0.55 b
	1.05 ± 0.95 b
	3.33 ± 1.01 a
	1.86 ± 0.90 ab







Note. Different superscript letters in the same row indicate significant differences in means at p < 0.05. NH4Cl-P: loosely sorbed phosphorus (P); BD-P: reductant soluble P; NaOH-P: Fe/Al-oxide-bound P; HCl-P: calcium-bound P; Res-P: residual organic and refractory P; KCl-N: ion-exchangeable nitrogen (N); H2SO4-N: acid-extractable N; Org-N: organic N.
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Table 3. Stepwise multiple linear regression (MLR) used to identify the primary controlling factors of sediment properties for apparent fluxes of dissolved total P (TP), soluble reactive P (SRP), total N (TN), and ammonium (NH4-N) during the 20-day incubation at 15 °C and 25 °C. Parameters are listed in descending order of the absolute value of the Pearson correlation coefficients between the explanatory factors and dependent variables.
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	Dependent Variables
	Explanatory Equation
	Adjusted R2
	p-Value





	Hongchaojiang (HCJ)
	
	
	



	Flux_15 °C_TP
	−1.54[TOC] + 54.32
	0.19
	0.135



	Flux_15 °C_SRP
	–1.86[TOC] + 85.74
	0.62
	0.007



	Flux_25 °C_TP
	–0.83[TIN] + 230.30
	0.39
	0.04



	Flux_25 °C_SRP
	0.89[BD-P] − 6.23[WEP] + 104.66
	0.70
	0.012



	Flux_15 °C_TN
	0.40[TIN] − 32.79
	0.75
	<0.002



	Flux_15 °C_NH4_N
	0.10[TIN] − 6.38
	0.87
	<0.001



	Flux_25 °C_TN
	0.36[KCl-N] + 0.26[NaOH-P] − 11.55
	0.69
	0.012



	Flux_25 °C_NH4_N
	0.06[KCl-N] + 0.05[BD-P] − 3.56
	0.94
	<0.001



	Niuweiling (NWL)
	
	
	



	Flux_15 °C_TP
	36.73[WEP] − 50.80
	0.40
	0.040



	Flux_15 °C_SRP
	12.31[WEP] + 5.34
	0.39
	0.042



	Flux_25 °C_TP
	−1.48[TIN] + 290.20
	0.78
	0.001



	Flux_25 °C_SRP
	−3.25[KCl-N] + 2.52[TIN] + 110.11
	0.61
	0.025



	Flux_15 °C_TN
	0.11[TIN] − 0.39
	0.84
	<0.001



	Flux_15 °C_NH4_N
	−0.01[Res-P] + 0.75
	0.00
	0.51



	Flux_25 °C_TN
	0.14[TIN] − 0.35[BD-P] + 60.37
	0.82
	0.002



	Flux_25 °C_NH4_N
	−0.24[BD-P] + 0.48[TNS] + 4.26
	0.82
	0.002







Note. TOC: total organic carbon; TIN: total inorganic N; BD_P: reductant soluble P; WEP: water extractable P; KCl_N: ion-exchangeable N; NaOH_P: Fe/Al-oxide-bound P; BD_P: reductant soluble P; Res_P: residual organic and refractory P; TNS: sediment total nitrogen.
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