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ABSTRACT
Excess phosphorus (P) from agricultural soils contributes to eutrophication in water bodies. Samples (n = 60) were taken from sites where rice paddies have been converted to vegetable fields for 0, < 10, 10--20, and > 20 years and analyzed for five inorganic P (Pi) fractions, three organic P (Po) fractions, and several soil parameters to investigate how land use conversion affects Pi and Po fractions in a peri-urban area of China with soils characteristic of many agricultural areas of Asia. Significant increases of 33, 281, 293, and 438 mg kg-1 were found for soluble and loosely bound Pi (SL-Pi), aluminum-bound Pi (Al-Pi), calcium-bound Pi (Ca-Pi), and iron-bound Pi (Fe-Pi), respectively, after conversion from rice paddies to vegetable fields. Most of the increase in Pi was in the form of Fe-Pi, which increased from 8% of total P (TP) on paddy soil to 31% on the soil with > 20-year vegetable cultivation, followed by Al-Pi, which increased from 2% to 19% of TP. For Po fractions, there was no significant change in P concentrations. The conversion of land use from paddy fields to high intensity vegetable fields was causing significant changes in soil P fractions. Management practices were causing a buildup of soil P, primarily in the Fe-Pi fraction, followed by Ca-Pi and Al-Pi fractions. If current trends continue, a 30%--70% increase in TP could be expected in the next 20 years. Farmers in the area should reduce P application and use to maximize P uptake.  
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INTRODUCTION
Phosphorus (P) from fertilizers and manures is added to agricultural soils to improve crop production. However, in many parts of the world, excess P has been applied and is posing a threat to the quality of surface water within the watershed. To slow and reverse this trend and manage or utilize accumulated P in soils requires a better understanding of the P fractions which are accumulating (Sharpley et al., 2000; Kuo et al., 2005; Wang H. J. et al., 2008). 
Many studies have examined changes in P fractions associated with crop production (Thompson et al., 1954; Tiessen et al., 1983). For example, Sharpley and Smith (1985) compared the P fractions in virgin soils and soils cultivated for 30 years and found that in calcareous soils cultivation had no effect on the distribution of P fractions, but in noncalcareous soils Fe-, Al-, and Ca-bound P all increased significantly. Several studies have found that long-term cultivation increased soluble, Al-, and Fe-bound P (Guo et al., 2000; Motavalli and Miles, 2002). Beck and Sanchez (1994) found that after 18 years of uninterrupted cultivation, a tropical Ultisol in the Amazon basin primarily accumulated P in the Fe-bound fraction. In a 25-year study on less weathered soils, Aulakh et al. (2003) found that P accumulated was bound to Ca and an 18-month study of P cycles under different land uses in unfertilized African soil found that P accumulated in organic forms (Maroko et al., 1999). 
Some fields in China, Korea, and Japan have been continuously cultivated for centuries (King, 1911; Gong et al., 2003). As Asia develops, drastic changes in crop management are occurring. As cities expand, agricultural land traditionally used for rice production is being converted to vegetable fields in the constantly shifting peri-urban areas (Huang et al., 2006). As land use changes, these fields are being intensively cultivated with increasing use of inorganic fertilizer and manures (Wang, H. et al., 2008). When farmers apply manures to vegetable fields in order to meet N requirements, excess P is inevitably applied resulting in P concentrations much higher than vegetable removal output (Wang, H. et al., 2008). The accumulated P in vegetable fields is reported to be 235--376 kg ha-1 year-1 and significantly higher than that under staple crop management (Wang, H. et al., 2008). In addition, intensive cultivation has changed soil properties, e.g., decreasing pH (Huang et al., 2006), which can be assumed to affect the distribution of soil P fractions. Though much research has been done on P fractions in cultivated soils, little information exists to understand how soil P fractions change under such conditions. In these areas, P studies have tended to focus on plant available P (Huang et al., 2006) and total soil P (TP) (Wang, H. J. et al., 2008). It is well established that available P and TP of agriculture land in the region is increasing and that management practices are contributing to this trend (Huang et al., 2006; Wang, H. J. et al., 2008). Most likely, land conversion from rice paddies to vegetable fields is accelerating this trend. Analysis of fractions will give a clearer picture of the fate of P in the soil than the methods aimed to determine merely the available P or TP. Furthermore, an understanding of how land conversion affects soil P fractions would be useful to stakeholders in making sustainable management decisions.  The objectives of this study were to i) characterize the effect of changes and intensification of land use over time on organic P (Po) and inorganic P (Pi) fractions in a peri-urban, rapidly developing region of China; and ii) estimate the future enrichment of P in various fractions based on current trends. 
MATERIALS AND METHODS
Study area

A peri-urban area of Wuxi City, which has experienced rapid development over the past 30 years, was selected to represent the Yangtze River Delta Region, China. It is 5--8 m above sea level and has relatively flat topography. Wuxi extends over an alluvial plain of deep lacustrine and fluvial deposits in the Taihu watershed, a watershed which has received considerable international attention due to the severe eutrophication which has occurred over the last three decades. It has a sub-tropical monsoon climate, four distinct seasons, a mean annual temperature range of 15--17 oC, and a mean annual rainfall range of 1 000--1 400 mm. 
Sampling

Four soil groups containing 15 samples each were chosen based on the number of years the sites had been converted from rice paddies to vegetable fields. Within each group, sample sites on agricultural land (8 km2) were selected at random from a much larger sample set (n = 134) used in a previous study (Zhao et al., 2007). For the first group (G1), 15 samples were taken from 15 independent sites where rice paddies still exist. For the second (G2), third (G3), and fourth group (G4), samples were taken from 15 independent sites where rice paddies have been converted to vegetable fields for < 10, 10--20, and > 20 years, respectively. At each site, five topsoil (0--20 cm) sub-samples were gathered within a 200 m2 area and then pooled and mixed. Samples were placed in plastic bags and brought to the lab for analysis.
Analytical methods of soil parameters
Soil samples were air-dried at room temperature, and plant residues were removed, ground to pass 2-mm nylon sieves, and stored in plastic bags. Soil pH was measured in a paste with a 1:2.5 soil to water ratio using a pH meter (Model PHS-3C, Shanghai Precision and Scientific Instrument Co. Ltd.).  Organic matter (OM) was determined using the Walkley-Black method as described in Nelson and Sommers (1996). Particle size analysis was conducted using a pipette (Gee and Or, 1996). Cation exchange capacity (CEC) was measured using the ammonium acetate method (Sumner and Miller 1996). For total P (TP), samples were digested with a mixture of HF, HNO3, and HClO4 (Lu, 1999), and 0.5 mol L-1 NaHCO3 was used to extract Olsen P (Sims, 2000). 
Phosphorus fractionation procedures

In all fractionation procedures, 1-g samples were used. The soil inorganic P (Pi) fractions were separated using the Chang and Jackson (1957) method as outlined by Kuo (1996), using progressively stronger extractants: 1.0 mol L-1 ammonium chloride (NH4Cl) was used to extract soluble and loosely bound Pi (SL-Pi), 0.5 mol L-1 ammonium fluoride (NH4F) was used to extract aluminum-bound Pi (Al-Pi), 0.1 mol L-1 sodium hydroxide (NaOH) was used to extract Fe-bound Pi (Fe-Pi), sodium citrate-sodium dithionite-sodium bicarbonate (CDB) was used to extract reductant-soluble Pi (RS-Pi), and 0.25 mol L-1 sulfuric acid (H2SO4) was used to extract Ca-bound Pi (Ca-Pi).
The soil Po fractionation scheme followed the procedures developed by Bowman and Cole (1978) as outlined in Zhang and Kovar (2000). It separates Po into labile, moderately labile, and nonlabile fractions. Labile Po was extracted with 0.5 mol L-1 sodium bicarbonate (NaHCO3), moderately labile Po was extracted with 1.0 mol L-1 hydrochloric acid (HCl), and for nonlabile P, soil was ashed at 500 °C then dissolved in 1.0 mol L-1 H2SO4. The NaHCO3 and HCl extracts were analyzed for Pi and TP before and after digestion with 2.5 mol L-1 H2SO4 and 0.5 g potassium persulfate (K2S2O8), respectively, according to the method of Bowman (1989) as described by Zhang and Kovar (2000) and Po was determined as the difference between TP and Pi. The final ignition method to determine the highly resistant, nonlabile fraction completely digests soil P (Walker and Adams, 1958) and may include residual/nonlabile Pi and Po. Phosphorus in all extracts was determined colorimetrically at 880 nm using the Murphy-Riley ascorbic acid method outlined by Kuo (1996).
Statistical analysis

Analysis of variance was performed using the general linear model procedure. Mean separations were performed using Duncan’s multiple range test. Unless otherwise stated, differences are statistically different at the 1% level. All statistical analysis was conducted using SPSS (version 11.5). 
Future prediction calculations

Prediction of the future P status was calculated based on the changes in the P fractions which occurred during the various time spans after conversion from paddy soil to vegetable fields. Only the P fractions showing significant changes were included. The minimum prediction trend assumes that all fields in each group experienced the longest possible land conversion duration, and thus, P fractions experienced the slowest possible increase. Zero, 10, 20, and 50 years were used for G1, G2, G3, and G4, respectively, and regressed with current P fraction concentrations. For G4, 50 years was used because we know that none of the fields were used for vegetable fields 50 years ago. The maximum prediction trend assumes the shortest possible land conversion durations, and 0, 1, 10, and 20 years, were used for G1, G2, G3, and G4, respectively. In this way, minimum and maximum regression equations were calculated for each P fraction: 

[image: image1.wmf]min

min

min

b

x

m

y

+

=


(x = 0, 10, 20, and 50 years)                                                                                      (1)


[image: image2.wmf]max

max

max

b

x

m

y

+

=

 
(x = 0, 1, 10, and 20 years)                                                                                       (2)
where ymin and ymax are the minimum and maximum predictions, respectively; mmin and mmax are the minimum and maximum slopes, respectively; x is the assumed land conversion duration times, and bmin and bmax are the minimum and maximum intercepts, respectively. Next, prediction times (t) of 5, 10, 15, and 20 years were added to assumed land conversion duration times (x) to predict future minimum and maximum average concentrations: 
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 is the current average concentration; and t is the prediction time in years. For each prediction time, future predicted minimum and maximum average concentrations for each significant P fraction were then summed with current average concentrations of the other P fractions and plotted against time (5, 10, 15, and 20 years). 
RESULTS
Soil fertility parameters (Table I) indicated that land conversion did not affect OM or CEC, but Olsen P and TP increased by 18-fold and 3-fold, respectively, and pH decreased by one unit. All soil samples were loam in texture with the exception of one outlier, which was a sandy loam. 
TABLE I

Soil fertility parameters as a function of time span after conversion from rice paddy to vegetable field in Wuxi County, China

	Group (time span)
	pH
	Texture
	CECa)
	OMb)
	Olsen P
	Total P

	 
	 
	 
	cmol kg-1
	g kg-1
	____________mg kg-1____________

	G1 (0 years)
	6.51bc)
	loam
	18.60a
	31.96a
	3.18a
	521.80a

	G2 (< 10 years)
	5.66a
	loam
	19.20a
	30.00a
	13.19b 
	911.87b

	G3 (10--20 years)
	5.86a
	loam
	20.20a
	28.47a
	22.70c
	1148.27c

	G4(> 20 years)
	5.53a
	loam
	20.20a
	31.07a
	58.48d 
	1574.60d


a)Cation exchange capacity; b)Organic matter; c)Means followed by the same letter within a column are not significantly different at P = 0.01. 
P fractions
In the study area, the overall trend was a build-up in the Pi fractions (Table II, Fig. 1). The most marked increase in Pi occurred in the form of Fe-Pi, followed by Al-Pi (Fig. 1). Land conversion also caused an increase in SL-Pi and Ca-Pi, however, no significant increase was found for RS-Pi (Table II). Soluble and loosely bound Pi was the smallest Pi pool, Al-Pi and Fe-Pi significantly increased with each subsequent group, and Fe-Pi accounted for the largest overall Pi increase. Relative percentages of Al-Pi and Fe-Pi significantly increased with increasing time span after conversion as well (Fig. 2). The largest fraction of soil Pi in the first three groups was Ca-Pi and was the second largest fraction in G4. Although Ca-Pi significantly increased with land use conversion, the relative percentage remained stable, which is a different trend than Al-Pi and Fe-Pi where percentage increase was synchronous with concentration increase. For RS-Pi, total concentrations in the soil did not significantly change and, consequently, its percentage of TPi decreased over time.
TABLE II

Amounts of soil inorganic P (Pi) and organic P (Po) fractions as a function of time span after conversion from rice paddy to vegetable field in Wuxi County, China
	Group (time span)
	Soluble and loosely bound Pi​
	Al-bound Pi
	Fe-bound Pi
	Reductant- soluble Pi
	Ca-bound Pi
	Labile Po
	Moderately labile Po
	Nonlabile P

	
	____________________________________________________________ mg kg-1  __________________________________________________________

	G1 (0 year)
	3.18aa)
	11.26a
	43.32a
	135.98a
	154.41a
	1.32a
	39.04a
	190.59a

	G2 (< 10 years)
	13.19b
	79.16b
	162.94b
	139.92a
	187.44a
	0.82a
	37.13a
	200.83a

	G3 (10--20 years)
	14.61b
	136.91c
	225.31c
	157.22a
	323.95b
	0.94a
	34.56a
	209.80a

	G4 (> 20 years)
	36.48c
	292.40d
	481.25d
	143.33a
	446.83c
	1.61a
	30.99a
	257.78b


a)Means followed by the same letter within a column are not significantly different at P = 0.01.
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Fig. 1  Percentages of soil inorganic P (Pi) and organic P (Po) fractions as a function of time span after conversion from rice paddy to vegetable field.
No drastic changes were found in Po fractions. Labile Po was low, with an average of 1.2 mg kg-1 and no significant change was found between means in the Po fractions over time (Table II). Moderately labile Po had an overall average of 35.5 mg kg-1 and tended to decrease over time; however the change was not significant. For nonlabile P, the overall average was 214.6 mg kg-1 and there was no significant change between, G1, G2, and G3, but G4 significantly increased. The nonlabile P increase, however, was limited and the percentage of TP decreased over time (Fig. 1). Because the build-up was in inorganic forms, Po percentage of TP decreased over time even though overall concentrations remained steady (Table II). 
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Fig. 2  Percentages of soil inorganic P (Pi) fractions as a function of time span after conversion from rice paddy to vegetable field.
Soil P Fractions Predictions

If current management practices on vegetable fields continue, SL-Pi, Al-Pi, Fe-Pi, and Ca-Pi concentrations will continue to rise. Based on future prediction calculations (Fig. 3), in 20 years SL-Pi will increase 10 to 21 mg kg-1, Al-Pi will increase 83 to 188 mg kg-1, Fe-Pi will increase 128 to 286 mg kg-1, and Ca-Pi will increase 91 to 215 mg kg-1. If this is added to P concentrations currently in the soil, assuming that none of the other P fractions increase during that time, TP will increase from the current concentration of 1 044 mg kg-1 to a minimum of 1 355 mg kg-1 or a maximum of 1 754 mg kg-1. 
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Fig. 3  Prediction of future average inorganic P (Pi) fraction concentrations after conversion from rice paddy to vegetable fields.
DISCUSSION
Due to the complicated nature of P in soils, which forms complex phosphates with Al, Fe, and Ca, any P fractionation method is subject to limitations. Each fractionation extraction attempts to separate P associated with various elements or compounds; however, the selectivity of an extractant for different species is not precise (McDowell et al., 2003). This is particularly problematic for soils under heavy application of organic and inorganic fertilizer because a large portion of the P is present as intermediate reaction products (Pierzynski et al., 2005). Also, with Po fractionation methods, hydrolysis of Po compounds by the stronger extraction agents and sorption of labile P is a concern (Barbanti et al., 1994). Due to these constraints, the reader should be advised that results from this study have limited applicability to dissimilar soils.

Soil P accumulation

Soils in rice paddies are already excessively fertilized and TP is above environmentally sustainable levels. Given a 300% increase in TP since land conversion to vegetable fields 20 years ago, it can be concluded that this change in land use greatly exacerbates water pollution. Although a large portion of this is sequestered in non-soluble forms, SL-Pi, the fraction most susceptible to runoff, is more than 11-fold higher in fields with 20 years of land conversion duration. 

Phosphorus accumulation has largely occurred as adsorbed Al and Fe oxides, which buffer soil solution P. Such increases have been found in many studies on cultivated soils and it is generally understood that this is the long-term fate of a large portion of organic and inorganic P fertilizer (Sharpley and Smith, 1985; Guo et al., 2000; Motavalli and Miles, 2002; Takahashi and Anwar, 2007). 
A study by Takahashi and Anwar (2007) found that despite various rates of fertilizer treatments, Po fractions did not significantly change at any depth in the soil profile; and a study in Korea by Lee et al. (2004) found that despite constant compost application, Pi fractions continued to increase. This also seems to be the case in Wuxi, where 60% of fertilizer application is organic (Wang, H. J. et al., 2008). Lee et al. (2004) hypothesized that organic P fertilizers enhanced microbial activity, which in turn converted P to inorganic forms. This transformation seems to happen at roughly the same rate as plant uptake of P (McLaughlin and Alston, 1986), which would explain the P transformation occurring in Wuxi. On the other hand, land use conversion from rice grown in reduced conditions to dry-land vegetable production may also enhance the mineralization of OM and therefore Po (Condron et al., 2005). This is suggested by the fact that no significant difference was found between OM and CEC of different groups under heavy application of organic fertilizers. From this, we suspect that OM content plays a limited role in P fraction changes in these soils and that P immobilization and mineralization reactions are largely balanced. 
Though Ca-Pi significantly increased, the percentage of TP was relatively stable. Transformation to Fe-Pi and Al-Pi was proportionally more prevalent than Ca-Pi, which is most likely a result of decreasing soil pH and relatively low CaCO3 equivalents. A study in northern China also found a pH decrease when fields were converted from wheat-maize fields to vegetable fields (Ju et al., 2007). In China, decreasing pH is common in soils utilized for growing vegetables due to heavy application of inorganic N fertilizer (Wang, H. J. et al., 2008; Darilek et al., 2009).
Average soil pH in agriculture soil of Wuxi is currently 5.9 and moves from 6.5 in rice paddies to more acidic with increasing land conversion duration. If pH continues to decrease, we would expect Fe-Pi to rise proportionally. Conversely, if the pH was to increase (above 7), we could expect this trend to reverse and P would initially increase in available forms and then accumulation might predominantly shift to Ca-Pi. 

Also, given the extensive temporal cultivation history of the soil and stable RS-Pi concentrations, we suspect that dissolution of highly occluded P is also not occurring. Some studies comparing cultivated and virgin soils show a significant change in amounts and proportions of P in highly occluded fractions (Motavalli and Miles, 2002), and others report that loosely bound and labile P fractions change little with cultivation (Sharpley and Smith, 1985). Given the high input of P, we expected RS-Pi and nonlabile P to significantly increase. If P accumulation continues to occur, once the P adsorption or precipitation maximum is reached for Al-Pi and Fe-Pi, perhaps highly occluded P fractions will sequester P. If so, accumulated soil P will be more difficult to utilize in the future. 

Future trends
The fraction most prone to runoff and leaching is SL-Pi, and P in every fraction is at risk to loss through erosion. Hesketh and Brookes (2000) developed a change-point of P leaching risk, at which when Olsen P is greater than the change-point, P leaching is most likely to occur. In terms of the Hesketh and Brookes study, Zhang et al. (2005) evaluated the change-point of paddy soil in a peri-urban area of Nanjing, also in the Taihu watershed, and calculated a change-point of 25 mg kg-1 Olsen P. We can conclude, due to similar soil types of Nanjing and Wuxi, that when rice paddies are converted to vegetable fields for more than 10 years, risk of P leaching is high (Table I). 
Another risk may come from high accumulation of P in the form of Al and Fe phosphates. The hazard of this fraction is high if it is transported to water bodies through runoff and deposited in sediments, where it will be transformed through the effects of reduction. Zhou and Zhu (2003) conducted a P adsorption experiment on rice paddies in another area of the Taihu watershed and found that if P application continues at the current rate, P adsorption will approach zero within 19--27 years. Zhou and Zhu (2003) further point out that to maintain current P levels, the maximum P application rate should not exceed 13.5 kg ha-1, which is far lower than current P application rates on rice paddies in the region. The study of Zhou and Zhu found significant trends between the soil P sorption maximum (PSM) and pH, OM, water temperature, and the soil/water ratio. Using their PSM equations and average pH and OM results from this study, PSM in Wuxi is 450 and 490 mg kg-1, respectively. While rice paddies are just at this threshold, vegetable fields in this study far exceed the threshold, confirming that current P application should be zero. If current P application trends continue, we predict that in 20 years average TP in Wuxi will be two to four times higher than this threshold.  
Environmental effect and utilization potential

Due to the difficulty of reducing P loading in vegetable production, we suggest two ways to reduce this risk. One short term option to address P loading of water bodies would be incorporation of amendments such as fly ash or gypsum, which have been found to convert runoff prone P in paddy soils to more slowly available Ca and Al forms (Lee et al., 2007).  Increased CaCO3 in the soil increases the soils P sequestration ability (Darilek, 2007). This would also favorably affect pH with respect to plant availability of nutrients and would possibly convert Fe-Pi to less risk prone fractions. The source of these amendments, however, should be carefully selected to ensure that contaminants are not present. 
Another possibility that should be considered is converting vegetable fields back to rice paddies after 10 years of vegetable production or when soil Olsen-P is close to the change-point. Rice paddies are ecologically more sustainable than vegetable fields because there is little runoff due to the physical barriers designed to retain water and less opportunity for P leaching due to the thick, dense plow pan (Forés and Comín, 1992). In reduced conditions, Fe-Pi may also act as the dominant source of available P when soil P concentrations are high (Kuo et al., 2005). Thus, P input could be decreased and even temporarily ceased when rice is grown in reduced conditions. Once TP levels decreased to an acceptable level, these soils could again be utilized for vegetable production. This would be an optimal option to decrease environmental risk and utilize such P as a soil resource. For fields where vegetable production is expected to continue unabated, site specific recommendations to reduce P loading is imperative.
CONCLUSIONS
The conversion of land from paddy fields, which have traditionally grown rice for generations, to high intensity vegetable fields is causing significant changes in soil P fractions. Fertilizer application is increasing the overall soil P concentration, primarily in the Al-Pi and Fe-Pi fractions, and decreasing soil pH. If current trends in management practices and P fractions continue, TP will rise between 30% and 70% over the next 20 years. In the future, land owners should reduce P application and possibly apply alkaline materials to transform P from fertilizer application into non-available P forms in order to mitigate P environmental risk. Also, converting vegetable fields back to rice paddies and decreasing or ceasing P inputs for a period of time could reverse negative trends.  
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