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Abstract

:

Rising temperature causes a process of phosphorus release, which can be characterized well using phosphorus release rates (VP). The objective of the present study was to investigate the major factors affecting sediment phosphorus release rates through a wetland habitat simulation experiment. The results showed that the VP of different wetland sediments were different and changed with the order of W–R (river wetland) > W–L (lake wetland) > W–M (grassy marsh wetland) > W–A (reservoir wetland). The main driving factors which influenced sediment phosphorus flux velocity in the sediment–water interface were sediment B-SO42−, B-MBN and A-MBP content. Path analysis and determination coefficient analysis indicated the standard multiple regression equation for sediment phosphorus release rates in the sediment–water interface, and each main factor was Y = −0.105 + 0.096X1 + 0.275X2 − 0.010X3 (r = 0.416, p < 0.01, n = 144), where Y is sediment phosphorus release rates; X1 is sediment B-SO42− content; X2 is sediment B-MBN; and X3 is sediment A-MBP content. Sediment B-SO42−, B-MBN and A-MBP content and the interaction between them were the main factors affecting sediment phosphorus release rates in the sediment–water interface. Therefore, these results suggest that soil chemical properties and microbial activities likely play an important role in phosphorus release rates in the sediment–water interface. We hope to provide effective scientific management and control methods for relevant environmental protection departments.
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1. Introduction


Eutrophication, caused by nutrient-rich inputs through both point-source discharges and non-point loading, threatens most freshwater bodies [1,2,3,4]. Generally, when the ratio of nutrition (N)/phosphorus (P) in a lake is larger than 10, phosphorus is the limited element of eutrophication [5]. However, the decline of P content in freshwater will cause the decline of the dominant position of cyanobacterial material [6,7,8,9,10]. The source of phosphorus in a freshwater body includes an internal source and an external source, and the internal source of phosphorus in a freshwater body has been proven to be a large proportion of the total phosphorus input [11,12,13,14].



Environmental factors e.g., temperature [15], pH [16], redox potential [17], Eh [18], P concentration gradient [19] and hydrological conditions [20] in the sediment–water interface would affect P release processes and release rates [21]. However, the results from different sediments are sometimes not the same because P release processes and release rates are significantly affected by both the physical and chemical properties of the sediments [22,23,24,25,26].



The Dauria steppe wetlands lie in the northern part of Central Asia and are ecologically strongly dependent on climate change. Most of the Dauria steppe area is located in north-east China and eastern Mongolia; the Russian part is referred to Zabaikalsky Province and the Buryat Republic [27]. The Dauria steppe wetlands is included in the Global 200 Ecoregions of the World as the Dauria Steppe with nine main wetland ecosystem services and key cultural value. The Hulunbeier steppe, which possesses large floodplain wetlands with reedbeds known as a breeding area for significant numbers of waterfowl and migratory birds, is an important area of the Dauria steppe wetlands in China [27]. The highest temperature of the Hulunbeier steppe occurs in July and is characterized by the synchronization of high temperature and ample precipitation [28]. Furthermore, an increase in temperature can enhance the internal phosphorus cycle in the sediments of wetlands, leading to a more serious deterioration of water quality [29,30,31]. Although it is well known that increased temperatures result in greater P release [32,33], little is known about the effect of physico-chemical properties on P release rates in the Hulunbeier Steppe wetland.



Therefore, the objective of the present experiment was to analyze the driving factors affecting sediment phosphorus release rates. It was also to investigate the relationship among these main factors which drive the sediment phosphorus release rates. It hopes to provide basic support for reducing and controlling phosphorus release from sediment in steppe wetland.




2. Materials and Methods


2.1. Study Site


This study was performed in the Hulunbeier steppe, which is located in inner Mongolia, north-eastern China (47°05′~53°20′ N, 115°31′~23°00′ E; 500–900 m above sea level) (Figure 1). The river–wetland, lake–wetland and marsh–wetland are the main wetland types in this region. The climate of this site is classified as continental: winters are cold and snowy and summers are warm and humid. The mean annual precipitation of the study site is 240–400 mm, and the mean annual temperature is −1–0 °C. Extreme air temperatures in winter can reach −25 °C, while in summer, temperatures can exceed 30 °C.



In middle July 2015 and July 2016, samples of sediments at 0~10 cm depth from 6 wetlands were collected with the ZYQ-WN wetland sediment sampler (Beijing GRASP Science and Technology Development Co., Beijing, China) in the Hulunbeier steppe. According to the classification system of the wetland convention, the sediments belonged to four types of wetlands (Figure 1 and Table 1): river wetland (R1 and R2), freshwater lake wetland (L1 and L2), grassy marsh wetland (M) and reservoir wetland (A). The paired overlying water was collected by the water sampler (JC-800, Juchuang, Qingdao, China). Sediment samples and overlying water samples were saved in plastic bags and taken within 3 h back to the laboratory for simulation experiments and the determination of their chemical properties.




2.2. Experimental Design


The wetland habitat simulation device is mainly composed of an incubator box and polyvinyl chloride (PVC) wetland simulation pipes. The length, width and height of the box were 100, 100 and 65 cm; the PVC pipe specification was φ110 mm × 70 cm. The box was filled with water to 45 cm in depth which was lower than the PVC pipes (Figure 2). PVC wetland pipes were prepared before sampling. Each wetland pipe was designed to be filled with 25 cm of fresh sediment and 20 cm of the corresponding overlying water. All the PVC pipes were arranged and placed in the box for cultivation. The field sampling was conducted in July 2015 and July 2016; the average temperature and humidity during the culture period were 19.97 °C and 54.49%. Eight repetitions were designed for each wetland, and the total number of PVC pipes was 48.



Water samples of 100 mL were collected from each of the PVC pipes in 15 August 2015 and 12 August 2016, 30 days after the simulated experiment began, and saved in black bottles. Sediment samples of 300 g were collected from each PVC wetland pipes after the overlying water was sampled, and saved in plastic bags. All water and sediment samples were taken back to the laboratory within 3 h and frozen at −15 °C for the determination of their physical and chemical properties in the future.




2.3. Analysis Method of Water and Sediments


The total phosphorus (TP) content of the water was estimated by Molybdenum antimony spectrophotometric method. Also, the total phosphorus content of the sediment was estimated by the HClO4-H2SO4 Digestion–Antimony molybdenum spectrophotometry method. Inorganic phosphors (IP) were fractionated according to a conventional fractionation method, and IP was to be divided into 4 parts, including Al-P, Fe-P, Ca-P and Oc-P. The sediment samples were sieved (<2 mm), air-dried and mixed thoroughly. The sequential extraction procedure was started by extracting 1 g with 1 N NH4CL to remove the water soluble phosphorus. The sediment residue was further extracted with 0.5 N NH4F for determining AL-P and then with 0.1 N NaOH for determining Fe-P, with 0.5 N H2SO4 for determining Ca-P. Finally, the sediment residue was extracted with concentrated 0.3 N Na3C6H5O7·2H2O and 1 N NaHCO3 for determining Oc-P.



The microbial biomass C (MBC) and microbial biomass N (MBN) of the sediment were estimated by the fumigation–extraction method [34,35]. Fumigated and non-fumigated portions of 10 g moist sediment were extracted for 30 min by oscillator shaking at 200 revs min−1 with 40 mL 0.5 M K2SO4, and filtered (Φ12.5 cm, Nourishment Technology Co., Ltd., Zhengzhou, China). Organic C and total N in the sediment extracts were measured after combustion by the potassium dichromate volumetric and thermal dilution method and the Kjeldahl nitrogen determination method, respectively. Sediment microbial biomass P with Olsen (0.5 M NaHCO3, pH 8.5) was also measured by the fumigation–extraction method [36] as described by Joergensen et al. [37].


   M B C =    E C     k  E C     =    F C  −  N C     k  E C       



(1)




where FC = organic C extracted from fumigated sediments; NC = organic C extracted from non-fumigated sediments; and kEC = 0.45 [38].


   M B N =    E N     k  E N     =    F N  −  N N     k  E N       



(2)




where FN = total N extracted from fumigated sediments; N = total N extracted from non-fumigated sediments; and kEN = 0.54 [34].


   M B P =      E P     k  E P        R P    =      F P  −  N P     k  E P       1 −    F P  −  N P    25       



(3)




where FP = PO43−-P extracted from fumigated sediment; NP = PO43−-P extracted from non-fumigated sediment; and kEP = 0.40 [36].



Determination of sulfate content in the sediments (SO42−) was undertaken as described by Gao et al. [39]. The SO42− content of the sediment was determined after the culture had been measured. All samples were run in triplicate.



Sediment phosphorus release rates (VP, mg m−2 d−1) were used to evaluate the amount of P transfer out of the sediment according to the following equation:


    V P  =    (   C  a f t e r   −  C  b e f o r e    )  × V   S × T     



(4)




where Cafter is the TP concentration in the overlying water in the sampling month after culturing (mg·L−1); Cbefore is the TP concentration in the overlying water in the former month (mg·L−1); V is the volume of overlying water (mL); S is the area of the wetland sediment selected (m2); and T is the interval between two sampling dates (d). The sediment phosphorus release rates defined here provide a good indicator for assessing the P concentration changed by sediment phosphorus release, with high values suggesting a high capacity of P transfer from the sediment to overlying water. The sediment P release process and release rates are affected by various factors such as light time, temperature variation, pH value, oxygen concentration, biological activity, and Microcystis blooms etc. [32,40] while the chemical characteristics of the sediment were taken into consideration in this study. Therefore, all the chemical factors of the sediment that might affect the phosphorus release rates (VP) were selected. In addition, A, at the head of the indicators, means the chemical characteristics of the sediments after culturing. B, as well as A, represents the chemical characteristics of the sediments sampled originally and before culturing.




2.4. Statistical Analysis


The results shown in the tables are arithmetic average values of chemical indicators and measured on an oven-dry basis (about 24 h at 105 °C). All data except pH were ln-transformed before analysis to improve the normality of distribution. Correlation analysis was performed using OriginPro 9.1.0 (OriginLab Co., Northampton, UK). The significance of differences among samples was examined by one-way analysis of variance (ANOVA). ANOVA was performed using SAS 9.1 (SAS Institute Inc., Cary, NC, USA).



Correlation analysis was used to analyze the relationship between the sediment phosphorus release rates and the other driving factors. The major factors affecting phosphorus release rates were selected by the principal component analysis method. Based on the above analysis results, path analysis was used to investigate the relationship between the phosphorus release rates and the main driving factors, and the interrelation among the main driving factors. Principal component analysis is a statistical method to covert high-dimensional data into lower dimensional space [41]. Path analysis, a development of regression analysis, can be used to build a structured model through a hypothetical frame [42]. The determination coefficient is the relative determination degree of the reason for the results (DYXiXj); Y is the dependent variable (sediment phosphorus release rates in this research); Xi and Xj are the independent variables (any two factors in this experiment). If i = j, it means they are the same factor. All data were analyzed using SAS 9.1 and SPSS 19.0 (IBM SPSS Statistics, Armonk, NY, USA).





3. Results


3.1. Chemical Characters of Sediment in Types of Wetlands


The content of soil organic carbon (SOC) of the W–M was 59.11 ± 18.83 g·kg−1 and that of the W–L was 76.38 ± 48.91 g·kg−1. Both the sediments had lower SOC content compared with the W–R and W–A. Total nitrogen (TN) in the W–L was 5.73 ± 0.61 g·kg−1 comparedwith the W–M which had a TN concentration of 31.85 ± 7.86 g·kg−1. The W–R had a much lower total phosphorus (TP) content compared with the W–M. Based on Al-P, Fe-P, Ca-P and Oc-P concentrations in a NaHCO3 extract, the IP values were calculated by adding up these four concentrations for both sediments. The IP for the W–R was lower than that of W–M. The SO42− concentrations in the W–M was higher than that in the W–R, W–L and W–A, with concentrations of 5.39 ± 1.29 mg·kg−1, 2.83 ± 0.86 mg·kg−1 and 0.87 ± 0.11 mg·kg−1, respectively. The W–M had the higher nutrient concentrations, but the SOC concentrations were lower (Table 2).




3.2. Phosphorus Release Rates in Sediment Surface Water of Types of Wetlands


A statistical summary of the VP of sediment and water samples collected from the types of wetland in the Hulunbeier steppe are presented in Figure 3. The highest average VP was observed in W–R followed by W–L, W–M and W–A and there was a significant difference between these four wetland sediments. This showed that different wetlands have different release rates; the highest one was W–R while the lowest was W–A.




3.3. Main Factors Affecting Phosphorus Release Rates


Correlation analysis Sediment phosphorus release rates were significantly and negatively correlated with the content of A-Fe-P, A-Ca-P, A-TP, B-Fe-P, B-MBC and B-TP (r = −0.499, −0.654, −0.538, −0.684, −0.560 and −0.546, respectively, p < 0.05; Table 3). Sediment phosphorus release rates decreased with the increase of the sediment content of A-Fe-P, A-Ca-P, A-TP, B-Fe-P, B-MBC and B-TP, but increased with the increase of the sediment B-SO42− and B-MBN content. The sediment phosphorus release rates are often lower when sediment total phosphorus is increased. The sediment A-Al-P content effects the sediment phosphorus release rates through sediment A-MBC and A-MBN concentrations.



Sediment phosphorus release rates were not correlated with A-MBP (r = 0.388), A-MBN (r = −0.069), A-MBC (r = −0.236) and B-MBP (r = 0.160). Sediment B-TP was significantly and positively correlated with A-Fe-P, A-Ca-P, A-TP, B-Ca-P and B-MBC (r = 0.612, 0.882, 0.998, 0.780 and 0.673 respectively, p < 0.01). Sediment A-TP was not correlated with sediment B-MBP (r = −0.097) and B-MBN (r = −0.285). Both sediments B-TP (0.361) and A-TP (r = 0.358) were not correlated with A-MBC. However, sediment B-MBC content was significantly and positively correlated with sediment A-TP (r = 0.677) and B-TP (r = 0.673) content. This indicates that the microbial biomass C content after culturing is influenced by the original TP content of the sediment and the TP content after the culturing of the sediment.



Principal component analysis The principal component analysis method, which can convert observations of possibly correlated variables into values of linearly uncorrelated variables, was used to determine the main factors of sediment phosphorus release rates (Table 4 and Table 5). The combined score of the former five principal components is 1.687, larger than 1 (Table 4). The cumulative variance contribution rate of the former four principal components was 92.057% (Table 4). Therefore, to determine the major factors influencing sediment phosphorus release rates, only the former four components were used for the next analytical step. The first principal component was analyzed as an important component and the other three components as supplements in order to determine the factors influencing sediment phosphorus release rates in the present study.



The component score coefficient matrix was used to select the driving factors in each principal component (Table 5). Sediment A-MBP and Sediment A-Ca-P content largely accounted for the first principal component in this analysis phase, with a characteristic vector of −0.182 and 0.165, respectively. This implies that sediment A-MBP and sediment A-Ca-P content were the main factors driving sediment phosphorus release rates. Sediment B-MBN (with a characteristic vector of 0.151) contributed less to sediment phosphorus release rates than sediment A-MBP. The sediment B-MBN content is highest in the second component (with a characteristic vector of −0.350). So, the sediment B-MBN content might have played a vital function in sediment phosphorus release rates. B-Oc-P is an important contributing factor impacting sediment phosphorus release rates and it is highest in the third component. Sediment A-Oc-P content and B-Fe-P content contributed significantly in the fourth component, but they contributed little in the former three components.



Overall, principal component analysis showed that sediment A-MBP, A-Ca-P, B-MBN, B-Oc-P, A-Oc-P and B-Fe-P content were more important factors affecting sediment phosphorus release rates, and should be considered when designing models for more robust simulation of sediment phosphorus release rates.



Path analysis Sediment B-SO42−, B-MBN and A-MBP content were chosen as the major driving factors of sediment phosphorus release rates based on correlation analysis and principal component analysis. Path analysis was used to investigate the relationship between phosphorus release rates and these three factors, and to establish a model to describe the relative importance of direct and indirect effects of these three factors on sediment phosphorus release rates. The results of stepwise multiple regression analysis are shown in Table 6. Eventually, the established equation of the sediment phosphorus release rates was Y = −0.105 + 0.096X1 + 0.275X2 − 0.010X3 (r = 0.416, p < 0.01, n = 144), where Y is sediment phosphorus release rates; X1 is sediment B-SO42− content; X2 is sediment B-MBN; and X3 is sediment A-MBP content. Each coefficient in the equation was the direct path coefficient of each factor on phosphorus release rates. The indirect correlation coefficient between two factors was calculated by the direct path coefficient and the correlation coefficient between two factors (Table 7).



The sediment B-SO42−, B-MBN and A-MBP content had a direct effect (the paired direct path coefficients are 0.884, 0.436, and −0.283, respectively) and indirect effect (the corresponding total indirect path coefficients are −0.036, 0.309, and 0.670, respectively) on sediment phosphorus release rates in the sediment–water interface (Table 7). This indicates that sediment B-SO42−, B-MBN and A-MBP content could affect the microbial activity and decomposition of phosphorus fractions in the sediment and control sediment phosphorus release rates in the sediment–water interface, both directly and indirectly.



The determination coefficients influencing sediment phosphorus release rates factors were in the order of DyX1X1 (0.7815) > DyX1X3 (−0.3562) > DyX1X2 (0.2922) > DyX2X2 (0.1901) > the others (Table 8). This confirm that sediment B-SO42−, B-MBN, A-MBP and the interactions between them were the main factors driving sediment phosphorus release rates.





4. Discussion


4.1. Phosphorus Release Rates


The VP of the sediment was arranged in the order of W–R > W–L > W–M > W-A. Under the same environmental conditions, the highest and lowest VP were shown in W–R and W–A, respectively (Figure 3). This may be related to the structure and composition of the sediments [43]. In general, the smaller the particle size, the better the adsorption capacity of phosphorus in the sediment and the less conducive to phosphorus release [44]. This is mainly due to the fact that the total specific surface of the coarse particles is much smaller than that of the fine particles when the weights of the particles are equal [45]. Sorption kinetics and isotherm curves of phosphate on different particle size fractions from the Wuli Lake and Gonghu Lake sediments have a similar trend, and the trend of different particle sizes fractions is: clay > fine sand > coarse sand > silt [46]. Considering the influence of the flow rate, it is difficult for the fine sand to settle in the sediment in W–R [47]. Therefore, the composition particle size of W–R is large and with a weakly capacity for phosphorus adsorption [48]. Consequently, the phosphorus release from the sediment of W–R occurs easily when exposed to environmental interference [49,50]. Simultaneously, the sources of water and pollutants in the W–R were multiple, and the composition of the sediment is complex [51,52,53]. The chemical reactions after temperature rises increase; the pH and redox state will change, which will lead to phosphorus release from sediment in the W–R [54]. That is the reason why the W–R has the highest VP. As for the W–A, its establishment time was short (completed in 2013); the pollutant accumulation was still lower. Meanwhile, because of the decrease of the water flow rate and disturbance, the increase of settlement is more favorable to the adsorption of phosphorus [55,56]. This might indicate that the W–A had a higher ability to maintain stability than the W–R when the environmental factors change, e.g., temperature changes. At the same time, in the three types of natural wetlands, although the phosphorus content of the W–M is very high, the initial resistance to temperature rises is high. It might have a strong buffering capacity to resist environmental change.




4.2. Factors Affecting Phosphorus Release Rate in Sediment–Water Interface


Based on the correlation analysis, the sediment phosphorus release rates and the main sediment factors were regressed. The results showed that the three driving factors were: sediment B-SO42−, B-MBN and A-MBP content with a total impact of 98.20% on the sediment phosphorus release rates. It means these three factors could predict the change of the sediment phosphorus release rates well. The coefficient of Pe can be used to analyze the influence of four independent variables on the sediment phosphorus release rates. This value is slightly larger, indicating that there are some factors not taken into account besides these four independent variables.



The results of path analysis showed that sediment B-SO42− content is the main determinant of the sediment phosphorus release rates, and it should be taken as the most important index to predict the sediment phosphorus release rates. Sulfate reduction to H2S and reoxidation by O2 to SO42− is a significant biogeochemical redox process with a high potential for acid generation (2H+ generated per H2S oxidized) and thus for CaCO3 dissolution [57]. Sulfates can oxidize manganese and iron complexes [58]. The change of redox conditions led to the phosphorus release from the sediments.



Soil microbial biomass phosphorus refers to the phosphorus contained in all living microorganisms in the soils, and is the main component of nucleic acid and phosphorus content in the soil. It is very small, usually accounting for 1.4% to 4.7% of the dry weight of microorganisms [37,59,60]. However, because the turnover rate of soil microbial biomass phosphorus is rapid, it is an important source of effective phosphorus in plants, and is of great significance for regulating the plant availability of phosphorus in soil and the biogeochemical cycling of phosphorus [61,62,63]. Simultaneously, soil microbial biomass phosphorus is sensitive to environmental changes, and an accurate determination of microbial biomass phosphorus content in soil contributes to a better understanding of the phosphorus fixation and turnover caused by the environmental change (climate, soil type, topography change) and human activities (fertilizer, pesticides, crop cover, tillage); and so the effectiveness of soil fertility and soil nutrients have important significance [64,65]. In summer, microbial activity is enhanced, which will consume large amounts of nutrients; when the energy supply is insufficient, microbial activity weakens and the biomass decreases, so the sediment has the potential for biological phosphorus release.



Soil microbial biomass N is not only an executor of microbial mineralization and fixation of soil nitrogen, but also an active pool for providing nutrients to plants [66,67] and regulating the soil nitrogen supply directly. Therefore, the activity of soil microbial biomass nitrogen and its growth and decline are considered to be essential contents of soil nitrogen internal circulation [68]. It was found that MBN had an effect on the release rate of phosphorus in sediments, which may be due to microbial biomass N:P and the ecological stoichiometry that affected the release of phosphorus from the sediments [69].



Therefore, it is necessary to consider sediment B-SO42−, B-MBN and A-MBP content in order to predict and control the sediment phosphorus release rates while maintaining the other physical and chemical properties of the sediment.





5. Conclusions


The results showed that the VP of different wetland sediments were different and changed in the order of W–R > W–L > W–M > W–A.



Sediment phosphorus release rates in the sediment–water interface were closely and significantly correlated with the content of A-Fe-P, A-Ca-P, A-TP, B-Fe-P, B-MBC and B-TP. The main driving factors that influenced sediment phosphorus release rates in the sediment–water interface were sediment B-SO42−, B-MBN and A-MBP content, and the standard multiple regression equation for sediment phosphorus release rates in the sediment–water interface and main affecting factor was Y = −0.105 + 0.096X1 + 0.275X2 − 0.010X3 (r = 0.416, p < 0.01, n = 144).



Therefore, these results suggest that sediment chemical properties and microbial activities, likely play an important role in phosphorus release rates in the sediment–water interface. Future research will take sediment chemical properties, microbial activities, vegetation factors and other environmental factors into account, in order to analyze the impact of all external and internal factors on phosphorus release in the steppe wetlands. It hopes to provide effective scientific management and control methods for relevant environmental protection departments.







Acknowledgments


This work was financially supported by Specific Research on Public Service of Environmental Protection in China (No. 201509040). In addition, we thank the staff from Huihe National Nature Administration and Ewenke Environmental Protection Bureau for offering their help, and thank the field station “State Environmental Protection Scientific Observation and Research Station for Regional Ecology in Hulunbeier Forest-Steppe Ecotone” for providing study sites.




Author Contributions


Jing He, Derong Su and Shihai Lv conceived and designed the experiments. Jing He, Zhaoyan Diao, Shihai Lv, Jingjie Xie and Yan Luo performed the experiments. Jing He and Zhaoyan Diao analyzed the data. Jing He and Zhaoyan Diao contributed reagents/materials/analysis tools. Jing He and Derong Su wrote the paper.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kexia, X.; Huaicheng, G.; Yanfeng, S.; Yongtai, H. Assessment of the spatial-temporal eutrophic character in the Lake Dianchi. J. Geogr. Sci. 2005, 15, 37–43. [Google Scholar]

	



Smith, V.H.; Schindler, D.W. Eutrophication science: Where do we go from here? Trends Ecol. Evol. 2009, 24, 201–207. [Google Scholar] [CrossRef] [PubMed]

	



Smith, V.H.; Tilman, G.D.; Nekola, J.C. Eutrophication: Impacts of excess nutrient inputs on freshwater, marine, and terrestrial ecosystems. Environ. Pollut. 1999, 100, 179–196. [Google Scholar] [CrossRef]

	



Wetzel, R.G. Limnology: Lake and River Ecosystems, 3rd ed.; Academic Press: San Diego, CA, USA, 2001; pp. 1–9. [Google Scholar]

	



Chen, Y.; Tang, L. Study prospect on removing and transforming characteristics of nitrogen and phosphorus in sediment-water interface. J. Yunnan Agric. Univ. 2005, 20, 527–533. [Google Scholar]

	



Oladosu, N.O.; Abayomi, A.A.; Olayinka, K.O.; Alo, B.I. Wet nitrogen and phosphorus deposition in the eutrophication of the Lagos Lagoon, Nigeria. Environ. Sci. Pollut. Res. 2017, 24, 8645–8657. [Google Scholar] [CrossRef] [PubMed]

	



Correll, D.L. The role of phosphorus in the eutrophication of receiving waters: A review. J. Environ. Qual. 1998, 27, 261–266. [Google Scholar] [CrossRef]

	



Jeppesen, E.; Sondergaard, M.; Jensen, J.P.; Havens, K.E.; Anneville, O.; Carvalho, L.; Coveney, M.F.; Deneke, R.; Dokulil, M.T.; Foy, B.; et al. Lake responses to reduced nutrient loading—An analysis of contemporary long-term data from 35 case studies. Freshw. Biol. 2005, 50, 1747–1771. [Google Scholar] [CrossRef]

	



Schindler, D.W.; Hecky, R.E.; Findlay, D.L.; Stainton, M.P.; Parker, B.R.; Paterson, M.J.; Beaty, K.G.; Lyng, M.; Kasian, S.E. Eutrophication of lakes cannot be controlled by reducing nitrogen input: Results of a 37-year whole-ecosystem experiment. Proc. Natl. Acad. Sci. USA 2008, 105, 11254–11258. [Google Scholar] [CrossRef] [PubMed]

	



Carvalho, L.; McDonald, C.; de Hoyos, C.; Mischke, U.; Phillips, G.; Borics, G.; Poikane, S.; Skjelbred, B.; Solheim, A.L.; Van Wichelen, J.; et al. Sustaining recreational quality of European lakes: Minimizing the health risks from algal blooms through phosphorus control. J. Appl. Ecol. 2013, 50, 315–323. [Google Scholar] [CrossRef][Green Version]

	



Rydin, E. Potentially mobile phosphorus in Lake Erken sediment. Water Res. 2000, 34, 2037–2042. [Google Scholar] [CrossRef]

	



Sundby, B. The phosphorus cycle in coastal marine sediments. Limnol. Oceanogr. 1992, 37, 1129–1145. [Google Scholar] [CrossRef]

	



Xiang, S.L.; Zhou, W.B. Phosphorus forms and distribution in the sediments of Poyang Lake, China. Int. J. Sediment Res. 2011, 26, 230–238. [Google Scholar] [CrossRef]

	



Ndergaard, M.S.; Jensen, J.P.; Jeppesen, E. Role of sediment and internal loading of phosphorus in shallow lakes. Hydrobiologia 2003, 506, 135–145. [Google Scholar] [CrossRef]

	



Chen, M.; Ye, T.R.; Krumholz, L.R.; Jiang, H.L. Temperature and cyanobacterial bloom biomass influence phosphorous cycling in eutrophic lake sediments. PLoS ONE 2014, 9, e93130. [Google Scholar] [CrossRef] [PubMed]

	



Li, H.; Liu, L.; Li, M.; Zhang, X. Effects of pH, temperature, dissolved oxygen, and flow rate on phosphorus release processes at the sediment and water interface in storm sewer. J. Anal. Methods Chem. 2013, 2013, 1–7. [Google Scholar] [CrossRef] [PubMed]

	



Penn, M.R.; Auer, M.T.; Doerr, S.M.; Driscoll, C.T.; Brooks, C.M. Seasonality in phosphorus release rates from the sediments of a hypereutrophic lake under a matrix of pH and redox conditions. Can. J. Fish. Aquat. Sci. 2000, 57, 1033–1041. [Google Scholar] [CrossRef]

	



Haraguchi, A. Phosphorus Release from Sediments in a Riparian phragmites australis Community at the Estuary of the Chikugogawa River, Western Japan. Am. J. Plant Sci. 2012, 3, 962–970. [Google Scholar] [CrossRef]

	



Moore, P.A.; Ruddy, K.R.; Graetz, D.A. Phosphorus geochemistry in the sediment-water column of a hypereutrophic lake. J. Environ. Qual. 1991, 20, 869–875. [Google Scholar] [CrossRef]

	



Gabriel, O.; Balla, D.; Kalettka, T.; Maassen, S. Sink or source—The effect of hydrology on phosphorus release in the cultivated riverine wetland Spreewald (Germany). Water Sci. Technol. 2008, 58, 1813–1822. [Google Scholar] [CrossRef] [PubMed]

	



Amirbahman, A.; Lake, B.A.; Norton, S.A. Seasonal phosphorus dynamics in the surficial sediment of two shallow temperate lakes: A solid-phase and pore-water study. Hydrobiologia 2013, 701, 65–77. [Google Scholar] [CrossRef]

	



Katsev, S.; Tsandev, I.; L’Heureux, I.; Rancourt, D.G. Factors controlling long-term phosphorus efflux from lake sediments: Exploratory reactive-transport modeling. Chem. Geol. 2006, 234, 127–147. [Google Scholar] [CrossRef]

	



Slomp, C.; Raaphorst, W. Phophate adsorption in oxidized marine sediments. Chem. Geol. 1993, 107, 477–480. [Google Scholar] [CrossRef]

	



Su, J.; Bochove, E.V.; Auclair, J.C.; Thériault, G.; Denault, J.T.; Bossé, C.; Li, X.; Hu, C. Phosphorus algal availability and release potential in suspended and streambed sediments in relation to sediment and catchment characteristics. Agric. Ecosyst. Environ. 2014, 188, 169–179. [Google Scholar] [CrossRef]

	



Zhu, H.; Wang, D.; Cheng, P.; Fan, J.; Zhong, B. Effects of sediment physical properties on the phosphorus release in aquatic environment. Sci. China Phys. Mech. Astron. 2015, 58, 1–8. [Google Scholar] [CrossRef]

	



Yu, J.; Ding, S.; Zhong, J.; Fan, C.; Chen, Q.; Yin, H.; Zhang, L.; Zhang, Y. Evaluation of simulated dredging to control internal phosphorus release from sediments: Focused on phosohorus transfer and resupply across the sediment-water interface. Sci. Total Environ. 2017, 592, 662–673. [Google Scholar] [CrossRef] [PubMed]

	



Simonov, E.; Goroshko, O.; Tatiana, T. Daurian Steppe Wetlands of the Amur-Heilong River Basin (Russia, China, and Mongolia). In The Wetland Books; Springer: New York, NY, USA, 2017; pp. 1–9. [Google Scholar]

	



Han, Y. The Impact of Climate Change on Vegetation Productivity Pattern in Hulunbuir Forest-Steppe Ecotone; Ludong University: Yantai, China, 2012. [Google Scholar]

	



Wang, J.; Chen, J.; Ding, S.; Luo, J.; Xu, Y. Effects of temperature on phosphorus release in sediments of Hongfeng Lake, southwest China: An experimental study using diffusive gradients in thin-films (DGT) technique. Environ. Earth Sci. 2015, 74, 5885–5894. [Google Scholar] [CrossRef]

	



Genkai-Kato, M.; Carpenter, S.R. Eutrophication due to phosphorus recycling in relation to lake morphometry, temperature, and macrophytes. Ecology 2005, 86, 210–219. [Google Scholar] [CrossRef]

	



Malmaeus, J.M.; Rydin, E. A time-dynamic phosphorus model for the profundal sediments of Lake Erken, Sweden. Aquat. Sci. 2006, 68, 16–27. [Google Scholar] [CrossRef]

	



Jiang, X.; Jin, X.; Yao, Y.; Li, L.; Wu, F. Effects of biological activity, light, temperature and oxygen on phosphorus release processes at the sediment and water interface of Taihu Lake, China. Water Res. 2008, 42, 2251–2259. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; He, F.; Kong, L.; Liu, B.; Zhou, Q.; Wu, Z. Release characteristics of sediment P in all fractions of Donghu Lake, Wuhan, China. Desalination Water Treat. 2016, 57, 1–9. [Google Scholar] [CrossRef]

	



Ehrlich, R.; Larousse, A.; Jacquet, M.A.; Marin, M.; Reiss, C. Chloroform fumigation and the release of soil nitrogen: A rapid direct extraction method to measure microbial biomass nitrogen in soil. Soil Biol. Biochem. 1985, 17, 837–842. [Google Scholar]

	



Vance, E.D.; Brookes, P.C.; Jenkinson, D.S. An extraction method for measuring soil microbial biomass C. Soil Biol. Biochem. 1987, 19, 703–707. [Google Scholar] [CrossRef]

	



Brookes, P.C.; Powlson, D.S.; Jenkinson, D.S. Measurement of microbial biomass phosphorus in soil. Soil Biol. Biochem. 1982, 14, 319–329. [Google Scholar] [CrossRef]

	



Joergensen, R.G.; Kübler, H.; Meyer, B.; Wolters, V. Microbial biomass phosphorus in soils of beech (Fagus sylvatica L.) forests. Biol. Fertil. Soils 1995, 19, 215–219. [Google Scholar] [CrossRef]

	



Wu, J.; Joergensen, R.G.; Pommerening, B.; Chaussod, R.; Brookes, P.C. Measurement of soil microbial biomass C by fumigation-extraction—An automated procedure. Soil Biol. Biochem. 1990, 22, 1167–1169. [Google Scholar] [CrossRef]

	



Chao, G.; Ying, W.; Tao, D.; Wanli, K.; Dan, Z.; Ying, W. Determination of Cl− and SO42− in the soil by ion chromatography. Chin. J. Spectrosc. Lab. 2010, 27, 1840–1843. [Google Scholar]

	



Jin, X.; Wang, S.; Yan, P.; Feng, C.W. Phosphorus fractions and the effect of pH on the phosphorus release of the sediments from different trophic areas in Taihu Lake, China. Environ. Pollut. 2006, 139, 288–295. [Google Scholar] [CrossRef] [PubMed]

	



Garg, P.; Gupta, A.; Satya, S. Vermicomposting of different types of waste using Eisenia foetida: A comparative study. Bioresour. Technol. 2006, 97, 391–395. [Google Scholar] [CrossRef] [PubMed]

	



Berger, T.W.; Neubauer, C.; Glatzel, G. Factors controlling soil carbon and nitrogen stores in pure stands of Norway spruce (Picea abies) and mixed species stands in Austria. For. Ecol. Manag. 2002, 159, 3–14. [Google Scholar] [CrossRef]

	



Zhou, A.; Tang, H.; Wang, D. Phosphorus adsorption on natural sediments: Modeling and effects of pH and sediment composition. Water Res. 2005, 39, 1245–1254. [Google Scholar] [CrossRef] [PubMed]

	



Yao, Q.; Du, J.; Chen, H.; Yu, Z. Particle-size distribution and phosphorus forms as a function of hydrological forcing in the Yellow River. Environ. Sci. Pollut. Res. 2016, 23, 3385–3398. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Q.; Liu, M.; Xu, S.; Hou, L.; Ou, D. Distribution feature of inorganic phosphorus in tidal sediments of different grain sizes taken from Shanghai coastal zone. Mar. Environ. Sci. 2002, 21, 29–33. [Google Scholar]

	



Jin, X.; Wang, S.; Zhao, H.; Zhou, X.; Chu, J. Study on the phosphate sorption of the different particle size fractions in the sediments from wuli lake and gonghu lake. Res. Environ. Sci. 2004, 17, 6–10. [Google Scholar]

	



Jiang, S.; Xu, F.; Li, Y.; Liu, X.; Zhao, Y.; Xu, W. Distributional characteristics of grain sizes of surface sediments in the Zhujiang River Estuary. Acta Oceanol. Sin. 2014, 33, 30–36. [Google Scholar] [CrossRef]

	



Zhou, X.; Han, S.; Huang, T. The influences of environmental factors on phosphate sorption by sediments in Lake Dianchi. Shuili Xuebao 1998, 13–18. [Google Scholar] [CrossRef]

	



Gainswin, B.E.; House, W.A.; Leadbeater, B.S.; Armitage, P.D.; Patten, J. The effects of sediment size fraction and associated algal biofilms on the kinetics of phosphorus release. Sci. Total Environ. 2006, 360, 142–157. [Google Scholar] [CrossRef] [PubMed]

	



Kim, L.H.; Choi, E.; Stenstrom, M.K. Sediment characteristics, phosphorus types and phosphorus release rates between river and lake sediments. Chemosphere 2003, 50, 53–61. [Google Scholar] [CrossRef]

	



Islam, M.S.; Ahmed, M.K.; Raknuzzaman, M.; Habibullah-Al-Mamun, M.; Islam, M.K. Heavy metal pollution in surface water and sediment: A preliminary assessment of an urban river in a developing country. Ecol. Indic. 2015, 48, 282–291. [Google Scholar] [CrossRef]

	



Zheng, S.; Qiu, X.; Chen, B.; Yu, X.; Liu, Z.; Zhong, G.; Li, H.; Chen, M.; Sun, G.; Huang, H.; et al. Antibiotics pollution in Jiulong River estuary: Source, distribution and bacterial resistance. Chemosphere 2011, 84, 1677–1685. [Google Scholar] [CrossRef] [PubMed]

	



Mohiuddin, K.M.; Zakir, H.M.; Otomo, K.; Sharmin, S.; Shikazono, N. Geochemical distribution of trace metal pollutants in water and sediments of downstream of an urban river. Int. J. Environ. Sci. Technol. 2010, 7, 17–28. [Google Scholar] [CrossRef]

	



Balls, P. Nutrient behavior in 2 contrasting Scottish estuaries, the Forth and Tay. Oceanol. Acta 1992, 15, 261–277. [Google Scholar]

	



Wu, D.; Hua, Z. The effect of vegetation on sediment resuspension and phosphorus release under hydrodynamic disturbance in shallow lakes. Ecol. Eng. 2014, 69, 55–62. [Google Scholar] [CrossRef]

	



Wang, T.; Liu, J.; Xu, S.; Qin, G.; Sun, Y.; Wang, F. Spatial distribution, adsorption/release characteristics, and environment influence of phosphorus on sediment in reservoir. Water 2017, 9, 724. [Google Scholar] [CrossRef]

	



Jensen, H.S.; Nielsen, O.I.; Koch, M.S.; Vicentea, I.D. Phosphorus release with carbonate dissolution coupled to sulfide oxidation in Florida Bay seagrass sediments. Limnol. Oceanogr. 2009, 54, 1753–1764. [Google Scholar] [CrossRef]

	



Schippers, A.; Bo, B.J. Biogeochemistry of pyrite and iron sulfide oxidation in marine sediments. Geochim. Cosmochim. Acta 2002, 66, 85–92. [Google Scholar] [CrossRef]

	



Ravina, M.D.; Acea, M.J.; Carballas, T. Seasonal changes in microbial biomass and nutrient flush in forest soils. Biol. Fertil. Soils 1995, 19, 220–226. [Google Scholar] [CrossRef]

	



Jenkinson, D.S.; Ladd, J.N. Microbial biomass in soil: Measurement and turnover. Soil Biol. Biochem. 1981, 451–471. [Google Scholar]

	



Demaria, P.; Sinaj, S.; Flisch, R.; Frossard, E. Soil properties and phosphorus isotopic exchangeability in cropped temperate soils. Commun. Soil Sci. Plant Anal. 2013, 44, 287–300. [Google Scholar] [CrossRef]

	



Chen, G.C.; He, Z.L.; Huang, C.Y. Microbial biomass phosphorus and its significance in predicting phosphorus availability in red soils. Commun. Soil Sci. Plant Anal. 2000, 31, 655–667. [Google Scholar] [CrossRef]

	



Oberson, A.; Friesen, D.K.; Rao, I.M.; Bühler, S.; Frossard, E. Phosphorus transformations in an oxisol under contrasting land-use systems: The role of the soil microbial biomass. Plant Soil 2001, 237, 197–210. [Google Scholar] [CrossRef]

	



He, Z.L.; Yang, X.E.; Baligar, V.C.; Calvert, D.V. Microbiological and biochemical indexing system for assessing quality of acid soils. Adv. Agron. 2003, 78, 89–138. [Google Scholar]

	



Smith, F.W. The phosphate uptake mechanism. Plant Soil 2002, 245, 105–114. [Google Scholar] [CrossRef]

	



Singh, J.S.; Raghubanshi, A.S.; Singh, R.S.; Srivastava, S.C. Microbial biomass acts as a source of plant nutrients in dry tropical forest and savanna. Nature 1989, 338, 499–500. [Google Scholar] [CrossRef]

	



Srivastava, S.C.; Singh, J.S. Microbial C, N and P in dry trophical forest soils: Effects of alternate land-uses and nutrient flux. Soil Biol. Biochem. 1991, 23, 117–124. [Google Scholar] [CrossRef]

	



Mary, B.; Recous, S.; Robin, D. A model for calculating nitrogen fluxes in soil using 15N tracing. Soil Biol. Biochem. 1998, 30, 1963–1979. [Google Scholar] [CrossRef]

	



Cleveland, C.C.; Liptzin, D. C:N:P stoichiometry in soil: Is there a “Redfield ratio” for the microbial biomass? Biogeochemistry 2007, 85, 235–252. [Google Scholar] [CrossRef]








[image: Ijerph 14 01430 g001 550] 





Figure 1. Location of the steppe wetland and distribution of sampling points. 
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Figure 2. The design of the experimental wetland habitat simulation device. 
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Figure 3. Variations of sediment phosphorus release rates in different wetlands. 
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Table 1. Site details of the six wetlands selected in the study.
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Name of Sampling Place

	
Abbreviation

	
Latitude and Longitude

	
Statues of the Wetland

	
Average Water Depth (m)

	
Wetland Types






	
HuiheMuqiao

	
R1

	
119°02′21.89″ E

	
The surroundings are grazing steppe.

	
1.0–2.5

	
River wetland (W–R)




	
48°27′14.42″ N




	
Interchange of Huihe and Yimin River

	
R2

	
119°44′09.23″ E

	
The surroundings are grazing steppe.

	
1.0–2.5




	
49°01′50.27″ N




	
Hulun Lake

	
L1

	
117°27′31.25″ E

	
The surroundings are grazing steppe.

	
4.0–5.5

	
Lake wetland (W–L)




	
49°11′23.88″ N




	
Swan Lake

	
L2

	
119°04′21.99″ E

	
The surroundings are grazing steppe.

	
2.0–3.0




	
48°28′43.62″ N




	
HuiheXiboqiao

	
M

	
119°13′50.42″ E

	
The surroundings are grazing steppe.

	
1.0–2.5

	
Grassy Marsh wetland (W–M)




	
48°49′13.25″ N




	
Midstream of Yimin River

	
A

	
120°01′44.28″ E

	
Water sources protection area.

	
0.–2.5

	
Reservoir wetland (W–A)




	
48°16′59.52″ N
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Table 2. Chemical characteristics of the four types of wetlands selected in the study.
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	Wetland Types
	SOC g·kg−1
	TN g·kg−1
	TP mg·kg−1
	IP mg·kg−1
	SO42− mg·kg−1





	W–R
	145.78 ± 2.01 a
	7.16 ± 0.39 bc
	507.53 ± 13.79 d
	407.08 ± 9.60 d
	5.39 ± 1.29 b



	W–L
	76.38 ± 48.91 ab
	5.73 ± 0.61 c
	747.13 ± 32.27 c
	584.36 ± 13.29 c
	2.83 ± 0.86 b



	W–M
	59.11 ± 18.83 b
	31.85 ± 7.86 a
	1057.56 ± 51.81 a
	766.99 ± 8.75 a
	23.83 ± 5.95 a



	W–A
	146.08 ± 61.36 a
	15.10 ± 2.96 b
	894.65 ± 15.54 b
	629.13 ± 9.58 b
	0.87 ± 0.11 b







Note: Average values ± SD (standard deviation) of chemical characteristics of types of wetlands. Lower case letters, such as a, b, c and d, indicate differences between different factors. The same letters mean the difference is not significant, and different letters indicate significant differences between two wetland types at the 0.05 level.
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Table 3. The correlation coefficient of sediment P release rates (VP) and other factors (unit: mg/kg).
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	Item
	Vp (mg/m−2/d−1)
	A-Al-P
	A-Fe-P
	A-Ca-P
	A-Oc-P
	A-MBP
	A-MBC
	A-MBN
	A-TP
	B-SO42−
	B-Al-P
	B-Fe-P
	B-Ca-P
	B-Oc-P
	B-MBP
	B-MBC
	B-MBN
	B-TP





	Vp (mg/m−2/d−1)
	1.000
	0.015
	−0.499 *
	−0.654 **
	0.336
	0.388
	−0.236
	−0.069
	−0.538 *
	0.848 **
	−0.230
	−0.684 **
	−0.362
	−0.191
	0.160
	−0.560 *
	0.744 **
	−0.546 *



	A-Al-P
	
	1.000
	−0.349
	0.226
	−0.225
	−0.174
	−0.484 *
	−0.536 *
	0.235
	−0.241
	0.844 **
	0.595 **
	−0.296
	0.653 **
	−0.512 *
	−0.295
	0.399
	0.231



	A-Fe-P
	
	
	1.000
	0.313
	0.445
	−0.225
	0.870 **
	0.683 **
	0.614 **
	−0.267
	−0.511 *
	0.042
	0.797 **
	−0.177
	0.623 **
	0.678 **
	−0.648 **
	0.612 **



	A-Ca-P
	
	
	
	1.000
	0.051
	−0.859 **
	0.050
	−0.166
	0.878 **
	−0.885 **
	0.322
	0.353
	0.593 **
	0.460
	−0.462
	0.619 **
	−0.276
	0.882 **



	A-Oc-P
	
	
	
	
	1.000
	−0.149
	0.382
	0.557 *
	0.361
	0.366
	−0.506 *
	−0.608 **
	0.464
	0.133
	0.590 **
	0.089
	−0.036
	0.360



	A-MBP
	
	
	
	
	
	1.000
	−0.047
	0.158
	−0.787 **
	0.712 **
	−0.214
	−0.150
	−0.572 *
	−0.363
	0.414
	−0.520 *
	0.093
	−0.790 **



	A-MBC
	
	
	
	
	
	
	1.000
	0.573 *
	0.358
	−0.042
	−0.678 **
	−0.166
	0.721 **
	−0.469 *
	0.632 **
	0.635 **
	−0.408
	0.361



	A-MBN
	
	
	
	
	
	
	
	1.000
	0.093
	0.272
	−0.677 **
	−0.315
	0.412
	−0.286
	0.834 **
	0.160
	−0.513 *
	0.106



	A-TP
	
	
	
	
	
	
	
	
	1.000
	−0.701 **
	0.111
	0.262
	0.779 **
	0.398
	−0.097
	0.677 **
	−0.285
	0.998 **



	B-SO42−
	
	
	
	
	
	
	
	
	
	1.000
	−0.439
	−0.646 **
	−0.425
	−0.315
	0.550 *
	−0.607 **
	0.379
	−0.704 **



	B-Al-P
	
	
	
	
	
	
	
	
	
	
	1.000
	0.749 **
	−0.492 *
	0.750 **
	−0.739 **
	−0.367
	0.153
	0.111



	B-Fe-P
	
	
	
	
	
	
	
	
	
	
	
	1.000
	−0.189
	0.469 *
	−0.393
	0.006
	−0.348
	0.262



	B-Ca-P
	
	
	
	
	
	
	
	
	
	
	
	
	1.000
	−0.227
	0.251
	0.890 **
	−0.267
	0.780 **



	B-Oc-P
	
	
	
	
	
	
	
	
	
	
	
	
	
	1.000
	−0.370
	−0.329
	−0.102
	0.397



	B-MBP
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	1.000
	0.025
	−0.373
	−0.100



	B-MBC
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	1.000
	−0.292
	0.673 **



	B-MBN
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	1.000
	−0.287



	B-TP
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	1.000







Note: * Correlation is significant at the 0.05 level-2-tailed; ** Correlation is significant at the 0.01 level-2-tailed.
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Table 4. Total variance explained.






Table 4. Total variance explained.





	
Component

	
Initial Eigenvalues

	
Extraction Sums of Squared Loadings




	
Total

	
Variance (%)

	
Cumulative (%)

	
Total

	
Variance (%)

	
Cumulative (%)






	
1

	
6.432

	
37.835

	
37.835

	
6.432

	
37.835

	
37.835




	
2

	
5.787

	
34.04

	
71.875

	
5.787

	
34.04

	
71.875




	
3

	
1.744

	
10.259

	
82.134

	
1.744

	
10.259

	
82.134




	
4

	
1.687

	
9.924

	
92.057

	
1.687

	
9.924

	
92.057




	
5

	
0.787

	
4.63

	
96.687

	

	

	




	
6

	
0.254

	
1.497

	
98.184

	

	

	




	
7

	
0.177

	
1.039

	
99.223

	

	

	




	
8

	
0.081

	
0.479

	
99.702

	

	

	




	
9

	
0.021

	
0.126

	
99.829

	

	

	




	
10

	
0.014

	
0.083

	
99.912

	

	

	




	
11

	
0.009

	
0.053

	
99.965

	

	

	




	
12

	
0.004

	
0.022

	
99.987

	

	

	




	
13

	
0.001

	
0.007

	
99.993

	

	

	




	
14

	
0.001

	
0.005

	
99.998

	

	

	




	
15

	
0

	
0.001

	
100

	

	

	




	
16

	
0

	
0

	
100

	

	

	




	
17

	
0

	
0

	
100
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Table 5. Component score coefficient matrix of factors affecting phosphorus release rates of the sediment.
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Sediment Factor

	
Component




	
1

	
2

	
3

	
4






	
A-Al-P mg/kg

	
0.018

	
−0.020

	
0.233

	
0.066




	
A-Fe-P mg/kg

	
0.036

	
0.227

	
0.014

	
−0.045




	
A-Ca-P mg/kg

	
0.165

	
−0.052

	
0.019

	
−0.010




	
A-Oc-P mg/kg

	
0.058

	
0.039

	
0.179

	
0.420




	
A-MBP mg/kg

	
−0.182

	
0.131

	
0.008

	
−0.088




	
A-MBC mg/g

	
0.032

	
0.127

	
−0.114

	
−0.047




	
A-MBN mg/g

	
−0.054

	
0.252

	
0.080

	
0.067




	
A-TP mg/kg

	
0.158

	
0.024

	
0.089

	
0.090




	
B-SO42− mg/kg

	
−0.113

	
−0.001

	
0.056

	
0.234




	
B-Al-P mg/kg

	
−0.009

	
0.008

	
0.201

	
−0.089




	
B-Fe-P mg/kg

	
−0.047

	
0.204

	
0.138

	
−0.322




	
B-Ca-P mg/kg

	
0.158

	
−0.037

	
−0.126

	
0.073




	
B-Oc-P mg/kg

	
0.011

	
0.111

	
0.375

	
0.140




	
B-MBP mg/kg

	
−0.090

	
0.249

	
0.082

	
0.094




	
B-MBC mg/g

	
0.151

	
−0.073

	
−0.242

	
−0.108




	
B-MBN mg/g

	
0.064

	
−0.350

	
−0.090

	
0.245




	
B-TP mg/kg

	
0.158

	
0.025

	
0.089

	
0.089
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Table 6. The standard multiple regression coefficient of main factors affecting sediment phosphorus release rates.
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Model

	
Unstandardized Coefficients

	
Standardized Coefficients




	
Item

	
B

	
Std. Error

	
Beta

	
t

	
Sig.






	
1

	
(Constant)

	
−0.087

	
0.027

	

	
−3.25

	
0.005




	
B-SO42−mg/kg

	
0.092

	
0.014

	
0.848

	
6.396

	
0




	
2

	
(Constant)

	
−0.1

	
0.014

	

	
−7.009

	
0




	
B-SO42−mg/kg

	
0.072

	
0.008

	
0.661

	
8.807

	
0




	
B-MBN mg/g

	
0.312

	
0.047

	
0.494

	
6.585

	
0




	
3

	
(Constant)

	
−0.105

	
0.01

	

	
−10.017

	
0




	
B-SO42−mg/kg

	
0.096

	
0.009

	
0.884

	
10.973

	
0




	
B-MBN mg/g

	
0.275

	
0.036

	
0.436

	
7.669

	
0




	
A-MBP mg/kg

	
−0.01

	
0.003

	
−0.283

	
−3.776

	
0.002
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Table 7. Path coefficient of each factor on sediment phosphorus release rates.






Table 7. Path coefficient of each factor on sediment phosphorus release rates.





	
Sediment Factor

	
Correlation Coefficient

	
Direct Path Coefficient

	
Indirect Path Coefficient




	
X1 (B-SO42−)

	
X2 (B-MBN)

	
X3 (A-MBP)

	
Total






	
X1 (B-SO42−)

	
0.848

	
0.884

	

	
0.165

	
−0.202

	
−0.036




	
X2 (B-MBN)

	
0.744

	
0.436

	
0.335

	

	
−0.026

	
0.309




	
X3 (A-MBP)

	
0.388

	
−0.283

	
0.629

	
0.041

	

	
0.670
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Table 8. The determination coefficient of each factor affects the sediment phosphorus release rates.
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	Sediment Factor
	X1 (B-SO42−)
	X2 (B-MBN)
	X3 (A-MBP)





	X1 (B-SO42−)
	0.7815
	0.2922
	−0.3562



	X2 (B-MBN)
	
	0.1901
	−0.0230



	X3 (A-MBP)
	
	
	0.0801











© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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