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Abstract: Phosphorus in agro-ecosystems has attracted much attention due to its impact on the
nutrient supply of plants and the risk of loss of non-point source pollution. This study investigated
the fraction distribution and release of phosphorus from soil aggregates structure under different land
uses (rice, maize and soybean). The soil aggregates were characterized as large macro-aggregates
(L-mac, >1 mm), small macro-aggregates (S-mac, 0.25–1 mm), micro-aggregates (MIC, 0.053–0.25 mm)
and silt clay (SC, <0.053 mm) with the wet-sieving method. A sequential chemical extraction
scheme was used to separate phosphorus into labile inorganic phosphorus (L-Pi), labile organic
phosphorus (L-Po), moderately labile organic phosphorus (Ml-Po), iron-aluminum bound phosphorus
(Fe.Al-P), calcium-magnesium bound phosphorus (Ca.Mg-P), humic phosphorus (Hu-P) and residual
phosphorus (Re-P). Experimental results indicated that soil aggregates were mainly S-mac and MIC,
followed by L-mac and SC, and they accounted for 52.16%, 25.20%, 14.23% and 8.49% in rice fields,
44.21%, 34.61%, 12.88% and 8.30% in maize fields, and 28.87%, 47.63%, 3.52% and 19.99% in soybean
fields, respectively. Total nitrogen (TN), soil organic matter (SOM), Fe and Mn in soil aggregate
fractions decreased with the reduction in soil aggregate grain-sizes. For phosphorus fractions
(P-fractions), Fe.Al-P and Re-P tended to condense in L-mac and S-mac. MIC and SC were the primary
carriers of Ca.Mg-P. Adsorption isotherm simulation results demonstrated that L-mac and S-mac have
a strong capacity to retain phosphorus. In rice fields, phosphorus bioavailability and utilization rate
were high. However, the P-fractions there were easily changed under aerobic-anaerobic conditions.
Therefore, the risk of phosphorus loss during drainage should be given considerable attention.

Keywords: Sanjiang Plain; soil aggregates; phosphorus fractions; adsorption isotherm simulation

1. Introduction

Agricultural non-point source (NPS) pollution has seriously jeopardized the quality of the
aquatic eco-environment because of the excessive amount of chemical fertilizers used in agricultural
production [1,2]. Data from the China Statistical Yearbook reveal that annual chemical fertilizer
application in China is 2.6-fold as that of the United States and 2.5-fold as that of the European
Union [3,4]. However, phosphoric fertilizer applied to farmland can form insoluble phosphates
adsorbed by soil minerals or retained by organisms, thereby resulting in its quarterly utilization
rate of only 10–20% [5]. Consequently, 60% of China’s underground water is unsuitable for
human consumption and China’s per capita renewable freshwater is only one-third of the world’s
average level [1,4]. Furthermore, the proportion of water eutrophication caused by agricultural
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NPS phosphorus increased from 41% in 1950 to 77% in 2016 [3]. Therefore, examining phosphorus
circulation in agro-ecosystems is scientifically important for specifying optimal fertilization regime
and preventing surrounding water eutrophication.

Available phosphorus fraction (P-fraction) is an important parameter for measuring future
internal phosphorus loading [6]. Therefore, the long-term behavior of phosphorus in promoting
the eutrophication of freshwater can be more effectively evaluated on the basis of different P-fractions
than total phosphorus (TP) content [6,7]. Labile phosphorus, including labile inorganic phosphorus
(L-Pi), labile organic phosphorus (L-Po) and moderately labile organic phosphorus (Ml-Po), is weakly
adsorbed on sediment colloids and calcium carbonate [8,9], is a bio-available P-fraction, and is
regarded as an indicator to evaluate capacity phosphorus supply to crops [10]. The redox-sensitive
iron-aluminum bound phosphorus (Fe.Al-P) can be changed into a bio-available P-fraction under
anoxic conditions with the reduction in Fe3+ to Fe2+ and accumulation of soil organic matter (SOM)
that competed for adsorption sites [11–13]. Therefore, Fe.Al-P concentration can characterize soil
phosphorus recharge potential. Calcium-magnesium bound phosphorus (Ca.Mg-P) is a nonvalent
inorganic phosphorus (IP) component with a weak release only under acidic conditions [14,15]. Humic
phosphorus (Hu-P), which is a primary component of organic phosphorus (OP), can be separated
from SOM by the destruction of the metal bridge under reducing conditions [16]. Hu-P is easily
lost with surface runoff due to its low fixation degree with soil particles [10]. Previous studies have
demonstrated that different land uses influence the distribution and transformation of P-fractions in
agro-ecosystems through root exudates [17]. However, only a few studies have been performed on the
availability and release risk of soil phosphorus from the perspective of the difference in availability
and response of P-fractions to environmental changes in soil aggregates with different grain-sizes.

Soil aggregates are essential building blocks of soil structure formed by repeated polymerization
of organic-inorganic composite colloids, which can determine the distribution characteristics of
microbial communities and nutrients, such as carbon, nitrogen and phosphorus [18,19]. Cultivated
crops vary in their excreta composition and may selectively generate soil microorganisms [20,21],
which are an important regulator for SOM kinetics during the process of aggregate formation [22].
Microorganisms instinctively gather soil particles to modify their habits and indirectly stimulate the
formation of coarse-aggregates (>0.25 mm) [1]. However, microorganisms can also directly consume
the organic binding agents that hold aggregates together; this condition promotes the formation of
fine-aggregates (<0.25 mm) enriched with extracellular polymers [20]. Nevertheless, bio-geochemical
behavior of P-fractions is dominated by a combination of microbial communities and SOM. Therefore,
the difference in microbial communities and SOM caused by different cultivated crops will affect the
distribution and transformation of P-fractions in soil aggregates.

Phosphorus availability is the focus of research on phosphorus bio-geochemical circulation in
agro-ecosystems. Therefore, clarifying the mechanism of P-fractions transformation and identifying
the primary environmental factors controlling P-fractions distribution are important for improving
chemical fertilizer utilization and decreasing agricultural NPS phosphorus pollution. Sanjiang Plain,
which is a popular commodity production base for rice, corn and soybean, is located at the junction
of China and Russia. During drainage and rainstorms, a large amount of waste water derived
from farmland flows into the Okhotsk Sea via Amur River, thereby posing a potential threat to
ecological security of regional black soil and aquatic ecosystem. To date, despite considerable advances
in our understanding of phosphorus bio-geochemical circulation in agro-ecosystems [23,24], the
accurate essence of distribution and transformation of P-fractions in soil aggregates remains poorly
understood [6,12,14]. Sanjiang Plain is constantly experiencing seasonal freezing-thawing, which will
complicate the formation and fragmentation of soil aggregates and the bio-geochemical circulation
of P-fractions. On the base of the hypothesis that different cultivated crops affect the structure and
stability of soil aggregates and thus affect the retention-release mechanism of P-fractions in there, we
studied the difference in the mass proportion of soil aggregates with different grain-sizes and their
chemical properties. The enrichment characteristics of P-fractions were analyzed. The phosphorus
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availability and release risk in agro-ecosystems under different cultivated crops (rice, maize and
soybean), which is the typical land use type in northeast China, were evaluated. Experimental results
are expected to provide important scientific value for formulating an optimal fertilization program,
protecting black soil ecological security, and preventing agricultural NPS pollution.

2. Materials and Methods

2.1. Sampling Location

Sanjiang Plain (45◦01′–48◦28′ N, 130◦13′–135◦05′ E), which is a winter-cold zone in the northeast of
China, is the confluence catchment of Amur, Wusulijiang and Songhuajiang rivers. This area is located
in a temperate semi-humid continental monsoon climate with mean annual temperature of 1–4 ◦C,
mean annual precipitation of 500–650 mm, 70–85% concentrated in June to October, a frost-free period
of 120–140 days, and a freezing period of 7–8 months. The proportion of cultivated land in the Sanjiang
Plain increased from 7.2% in 1949 to 33.5% in 1996, thereby becoming an important commodity grain
production base with a commodity rate of 70% in the country. Nevertheless, wasteland reclamation
in Sanjiang Plain has caused incalculable damage to the natural ecological environment, including
a sharp decline in forest, grassland and wetland area and a reduction in wild species biodiversity.
Therefore, relevant government departments have taken corresponding measures to prohibit wasteland
reclamation since 2000. To date, the area of cultivated land in the Sanjiang Plain has been around
300 ha, and the annual grain output has reached 15 million tons.

Nine sample quadrats (3 m × 3 m) were set up into different crop types including maize, rice and
soybean. Five topsoil (0–15 cm) were collected in diagonal line and mixed into one sample in each
quadrat. According to the Chinese soil classification system, the soil type is characterized as swamp
soil. The maize and soybean fields are separated by a drainage ditch, which is less than 2000 m away
from the paddy field. Therefore, the regional farmland is derived from the same soil background
value. In addition, regional terrain is flat and can effectively prevent the disturbance of surface runoff
between farmland. The chemical properties of soil samples are shown in Table 1.

Table 1. Chemical properties of soil samples under different land uses.

Farmland
pH EC TN TP SOM Fe Mn

- µs/cm mg/kg mg/kg g/kg g/kg g/kg

Rice 5.29 ± 0.21 a 82.45 ± 9.98 a 1802.75 ± 176.42 a 792.46 ± 175.97 a 47.55 ± 9.83 a 35.96 ± 1.02 a 1.34 ± 0.40 a

Maize 5.21 ± 0.04 a 57.29 ± 6.25 a 1715.50 ± 94.05 a 1052.54 ± 341.70 a 44.15 ± 1.34 a 41.92 ± 3.85 a 1.27 ± 0.13 a

Soybean 5.34 ± 0.01 a 78.89 ± 6.93 a 1016.25 ± 238.6 b 893.60 ± 24.91 a 28.05 ± 5.30 a 20.34 ± 1.44 b 0.22 ± 0.02 b

Note: the letters a, b indicate the significant difference in the chemical properties of soil samples under different
land uses. TN: Total nitrogen; TP: total phosphorus; SOM: soil organic matter.

2.2. Soil Aggregate Segregation

Soil aggregates were separated by a wet-sieving procedure as summarized by Wang et al. [25].
Operationally, soil particles were characterized as large macro-aggregate (L-mac, >1 mm), small
macro-aggregate (S-mac, 0.25–1 mm), micro-aggregate (MIC, 0.053–0.25 mm) and silt clay (SC,
<0.053 mm). Specifically, soil samples were air-dried at room temperature, gently smashed into
clods with a 1-cm diameter along the natural structure surface of the original soil, and placed into
a set of sieves with aperture of 1, 0.25 and 0.053 mm from top to bottom. Deionized water was
added to submerge soil by about 2 cm, soaked for 10 min and shook at an oscillation of 50 times/min
for 2 min. Subsequently, the residue was transferred to a 250-mL beaker and oven-dried (60 ◦C) to
constant weight.

2.3. Phosphorus Sorption Isotherm Experiment

Adsorption followed by desorption experiments were performed in a chamber. The 50-mL
centrifuge tubes constituted 1.00 g of air-dried soil aggregates with different grain-sizes (>1 mm,
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0.25–1 mm, 0.053–0.25 mm and <0.053 mm) and 25 mL of 0.01 M NaCl solution containing 0, 2, 5, 10,
20 and 40 mg/L of phosphorus as KH2PO4 were shaken for 24 h with a constant temperature of 25 ◦C,
centrifuged at an oscillation of 8000 r/min for 10 min, digested with H2SO4 and K2S2O8 in an autoclave
(1.1 kg/cm, 120 ◦C, 30 min) and filtered through 0.45-µm microfiltration membrane for determination
of phosphorus. For the desorption experiment, the residue was washed twice with 25 mL of NaCl
solution. Then, 30 mL of 0.01 M NaCl solution was selected as extractant. The subsequent operation is
the same as the adsorption test. Deliberately, 2–3 drops of chloroform (CHCl3) were added to prevent
microbial activity during the phosphorus adsorption and desorption processes.

On the basis of the results obtained, the adsorption isotherms were constructed. The hyperbolic
forms of Langmuir and Freundlich equations are summarized by the following expressions.

Quantity of adsorbed phosphorus:

Qe =
(Co − Ce)×V

W
(1)

Quantity of desorbed phosphorus:

De =
Ce ×V

W
(2)

Langmuir adsorption isotherm curve:

Ce

Qe
=

Ce

Qm
+

1
K1 ×Qm

(3)

Maximum buffer capacity (MBC):

MBC = K1 ×Qm (4)

Freundlich adsorption isotherm curve:

lgQe = lgK2 +
1
n

lgCe (5)

where, Co (mg/L) and Ce (mg/L) represent phosphorus concentration in initial and equilibrium liquid,
respectively. Qe (mg/kg) and De (mg/kg) indicate the quality of phosphorus adsorbed and desorbed
per unit mass of adsorbent, respectively. Qm (maximum adsorption capacity of phosphorus, mg/kg)
and MBC (maximum buffer capacity of phosphorus, mg/kg) were calculated from the slope and
intercept of the regression equation performed between Ce and Ce/Qe. K1, K2 and n express constants
associated with adsorption binding energy. W (g) and V (mL) are the adsorbent mass and the extract
volume, respectively.

2.4. Phosphorus Sequential Fractionation

The sequential extraction scheme of Hedley et al. [26] with slightly modifications by
Ruttenberg [27] was conducted for P-fractionations. Soil aggregate fractions were subjected to
sequential chemical extraction with 0.5 M NaHCO3, 0.5 M NaOH and 1.0 M HCl. The extracts
were centrifuged (8000 r/min, 12 min), and the supernatants were divided into two sub-samples. One
was directly passed through 0.45-µm microfiltration membrane for determination of dissolved IP to
obtain L-Pi, Fe.Al-P and Ca.Mg-P, and the other was digested with concentrated H2SO4 and K2S2O8 for
determination of total phosphorus (WTP) to obtain L-Po (L-Po = NaHCO3-WTP − NaHCO3-Pi), Hu-P
(Hu-P = NaOH-WTP −NaOH-Pi) and Ml-Po (Ml-Po = HCl-WTP −HCl-Pi). Residual phosphorus
(Re-P) was evaluated from the residual digested with concentrated H2SO4 and HClO4.

The phosphorus recoveries of operational procedure were determined by calculating phosphorus
content using two approaches. Firstly, the total amount of phosphorus (TP) in soil aggregate fractions
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was determined by the antimony-molybdenum colorimetric method with digestion of concentrated
H2SO4 and HClO4. Secondly, additive phosphorus (Sum-TP) was the summation of P-fractions
(Sum-TP = L-Pi + L-Po + Ml-Po + Fe.Al-P + Ca.Mg-P + Hu-P + Re-P). The comparison between TP and
Sum-TP showed a reliable agreement that ranged from 86% to 117%.

2.5. Chemical Determination

Air-dried soil samples were analyzed for pH and EC in a 1:10 (w/v) sediment-to-distilled water
suspension with a multi-parameter probe (520M-01A, LTD). Total nitrogen (TN) was determined
through a semi-micro Kjeldahl method [5]. Fe and Mn were measured through inductively coupled
plasma mass spectrometry (ICP-MS) after digestion with HNO3, HF and HClO4 [15]. The potassium
dichromate heating method was used for the evaluation of SOM content [22]. Triplicate samples were
analyzed, and data were expressed as mean with their standard deviation.

2.6. Statistical Analysis

The experimental data were calculated using Excel software Ver. 2007 (Microsoft, Redmond, WA,
USA). One-way analysis of variance ANOVA and Pearson’s correlation analysis were performed using
SPSS Ver. 20.0 (SPSS, Chicago, IL, USA). All figures in this study were generated with the Origin Ver.
9.0 (Microcal, Malvern, England).

3. Results and Analysis

3.1. Soil Aggregates

A significant difference in the proportion of soil aggregates was found under different cultivated
crops (Figure 1). Overall, soil aggregates were mainly S-mac and MIC, followed by L-mac and SC, and
they accounted for 52.16%, 25.20%, 14.23% and 8.49% in the rice field, 44.21%, 34.61%, 12.88% and
8.30% in the maize field and 28.87%, 47.63%, 3.52% and 19.99% in the soybean field. L-mac and S-mac
were in the decreasing order of rice > maize > soybean, while MIC and SC were in the increasing order
of rice < maize < soybean.
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Figure 1. Variation in soil aggregate fractions of farmland. Note: the letters a, b indicate the significant
difference in the amount of the same grain-size soil aggregate under different land uses.

TN, SOM, Fe and Mn in soil aggregate fractions decreased with the reduction in soil aggregate
grain-sizes, and a significant difference was observed for different cultivated crops (Figure 2). TN and
SOM in soil aggregates with different grain-sizes was in the increasing order of rice > maize > soybean.
By contrast, Fe and Mn were in the increasing order of maize > rice > soybean. Mn in soybean field
was significantly lower than that in rice and maize fields.
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Figure 2. The content of (a) TN (Total nitrogen), (b) SOM (soil organic matter), (c) Fe and (d) Mn in soil
aggregate fractions. Note: the letters a, b indicate the significant difference in the amount of chemical
indicators in the same grain-size soil aggregate under different land uses.

3.2. Phosphorus Fractions

P-fractions presented a significant difference in concentration under different cultivated crops and
enrichment characteristic in soil aggregates with dissimilar grain-sizes (Figure 3). The concentration of
TP in soil aggregate fractions was ranked as rice > maize > soybean, but their enrichment characteristic
in soil aggregates was unconspicuous (Figure 3a). L-Pi and L-Po was approximately equivalent in soil
aggregate fractions (Figure 3b,c). Fe.Al-P and Re-P tended to condense in coarse-grained aggregates
(Figure 3e,h). S-mac and MIC were the primary carriers of Ca.Mg-P (Figure 3f). Cultivated crops
had a prominent influence on distribution of Ml-Po and Hu-P. Specifically, the amount of Ml-Po
decreased with the reduction in soil aggregate grain-size in the rice and maize fields, whereas that
was concentrated in S-mac and MIC in soybean field (Figure 3d). In the rice and maize fields, Hu-P in
L-mac, S-mac and SC was higher than that in MIC, whereas that was fair for soil aggregate fractions in
the soybean field (Figure 3g). As for P-fraction concentration, no significant difference in L-Pi, L-Po and
Ca.Mg-P was found in the rice, maize and soybean fields. Hu-P was ranked as rice > maize >soybean.
Ml-Po, Fe.Al-P and Re-P were equivalent in the rice and maize fields. In the soybean field, Ml-Po was
high, whereas Fe.Al-P and Re-P were low.
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Figure 3. The content of (a) TP (total phosphorus), (b) L-Pi (labile inorganic phosphorus), (c)
L-Po (labile organic phosphorus), (d) Ml-Po (moderately labile organic phosphorus), (e) Fe.Al-P
(iron-aluminum bound phosphorus), (f) Ca.Mg-P (calcium-magnesium bound phosphorus), (g) Hu-P
(humic phosphorus) and (h) Re-P (residual phosphorus) in soil aggregate fractions. Note: the letters a,
b indicate the significant difference in the amount of phosphorus fractions in the same grain-size soil
aggregate under different land uses.
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3.3. Phosphorus Adsorption Characteristic

The concentration of phosphorus in equilibrium liquid required for soil aggregates with different
grain-sizes to reach the adsorption equilibrium was in the decreasing order of L-mac > S-mac > MIC
> SC in rice, maize and soybean fields (Figure 4). This finding indicated that coarse aggregates have
favorable capacity to retain phosphorus. Table 2 shows the adsorption parameters and adjustments
generated for Langmuir and Freundlich models. The phosphorus adsorption in soil aggregate fractions
was best fitted by the Langmuir equation (0.806 ≤ R2 ≤ 0.998) compared with Freundlich equation
(0.002≤ R2 ≤ 0.299). Consequently, Qm, MBC and K1 were ranked as rice > maize > soybean and L-mac
> S-mac > MIC > SC. This result implied that the ability of rice field to retain exogenous phosphorus
was considerable, followed by maize and soybean fields. The amount of retained phosphorus also
mainly depended on coarse aggregates.
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Table 2. The results of adsorption isotherm simulation.

Soil
Aggregate
Fractions

Farmland
Langmuir

[Ce/Qe = Ce/Qm + 1/(K1·Qm)]
Freundlich

[lgQe = lgK2 + 1/n·lgCe]

Qm MBC K1 R2 R2

mm - mg/kg mg/kg - - -

>1
Rice 2020.41 ± 28.86 a 2239.82 ± 991.87 a 1.11 ± 0.51 a 0.930 0.266

Maize 2037.04 ± 261.89 a 1605.39 ± 502.60 a 0.81 ± 0.35 a 0.917 0.276
Soybean 1923.08 ± 0.00 a 654.01 ± 78.08 a 0.34 ± 0.04 a 0.876 0.008

0.25–1
Rice 1562.50 ± 0.00 a 1204.98 ± 406.66 a 0.77 ± 0.26 a 0.985 0.103

Maize 1440.71 ± 73.29 a 872.95 ± 238.61 a 0.61 ± 0.20 a 0.982 0.002
Soybean 1120.15 ± 79.65 b 266.42 ± 28.45 a 0.24 ± 0.04 a 0.949 0.135

0.053–0.25
Rice 1590.91 ± 107.14 a 520.07 ± 101.32 a 0.33 ± 0.09 a 0.888 0.044

Maize 1399.22 ± 41.51 a 357.13 ± 36.78 a 0.26 ± 0.03 a 0.806 0.299
Soybean 594.23 ± 54.70 b 229.31 ± 58.96 a 0.39 ± 0.14 a 0.960 0.057

<0.053
Rice 1459.93 ± 15.07 a 395.60 ± 29.79 a 0.25 ± 0.02 a 0.903 0.224

Maize 583.13 ± 7.21 b 487.37 ± 55.07 a 0.21 ± 0.02 a 0.998 0.201
Soybean 676.45 ± 183.85 b 149.06 ± 28.09 b 0.68 ± 0.13 b 0.900 0.277

Note: the letters a, b indicate the significant difference in simulation parameters of the same grain-size aggregate
under different land uses. MBC: Maximum buffer capacity.

4. Discussion

4.1. Identification of Environmental Controlling Factors of Phosphorus Fractions Distribution

Pearson’s correlation analysis results (Table 3) indicate no significant correlation between
P-fractions, including L-Pi, Ca.Mg-P and L-Po, and soil chemical properties, including TN, SOM,
Fe and Mn. Fe.Al-P and Re-P, have a positive correlation with TN, SOM, Fe and Mn at p = 0.01. L-Po is
positively correlated with TN and SOM at p = 0.01, and it is positively correlated with Fe and Mn at
p = 0.05. A positive correlation (p = 0.05) with TN, SOM and Mn was observed for Hu-P and TN, Fe
and Mn for TP.

Table 3. Correlation analysis results between phosphorus fractions and soil chemical properties.

Chemical Properties L-Pi L-Po Ml-Po Fe.Al-P Ca.Mg-P Hu-P Re-P TP

TN 0.125 0.577 ** 0.109 0.766 ** −0.292 0.405 * 0.786 ** 0.497 *
SOM −0.019 0.547 ** 0.123 0.566 ** −0.314 0.499 * 0.655 ** 0.339

Fe −0.072 0.451 * −0.132 0.626 ** −0.261 0.231 0.771 ** 0.484 *
Mn 0.212 0.457 * 0.138 0.742 ** −0.371 0.463 ** 0.862 ** 0.486 *

* Correlation is significant at the 0.05 level; ** Correlation is significant at the 0.01 level.

Nitrogen and phosphorus are primary limiting elements for wetland ecosystems. The ratio
of nitrogen to phosphorus (N:P) has an indirect influence on the distribution and transformation of
P-fractions by effecting vegetation communities and densities and microbial species and activity [16,28].
Fan et al. [28] indicated that nitrogen and phosphorus collectively restrict the incubation process
of terrestrial ecosystems, including wetland, agricultural, forest and pasture organisms, and their
interaction stimulates a unified complex formation of ecosystems. Previous research has demonstrated
that N-enriched soil can promote the conversion of Hu-P to labile phosphorus, including L-Pi,
L-Po and Ml-Po [29–31]. George et al. [32] suggested that nitrogen provides essential nutrients
for microorganisms, and the organic phosphorus (OP) attached to adsorbed substrate can be released
under the mineralization of microorganisms. When N:P ≤ 25, the mineralized decomposition of
SOM will accelerate the release of phosphorus combined with organic matter with metal cations as a
binder [33].

SOM, which is a cementing agent for OP, dominates the bio-geochemical circulation of
P-fractions by affecting the grain size and water stability of soil aggregates and microbial community
structure [34,35]. Gu et al. [36] also demonstrated that released phosphorus can come from dissolved
microbial cells and phosphorus-laden micro-aggregates. However, SOM has a double-sided influence



Int. J. Environ. Res. Public Health 2019, 16, 212 10 of 14

on soil phosphorus retention-release. SOM can generally form an organic complex with soil minerals
under the action of iron-aluminum and calcium-magnesium bonds, thereby improving the soil capacity
to retain phosphorus [10]. However, the organic anions decomposed with SOM mineralization compete
with phosphate for the adsorption sites distributed on metal oxides [16]. In addition, elevated SOM
leads to a lower fixation degree of phosphorus to soil particles; this condition increases the mobility of
phosphorus with surface flowing water [23].

Numerous studies have demonstrated that metal oxides and their hydroxides can provide
abundant adsorption sites for phosphorus; thus, elevated metal content can increase soil retention
capacity to endogenous and exogenous phosphorus [11,37]. However, this mechanism is considerably
affected by pH and oxidation-reduction potential (ORP). In the meantime, pH influences the
precipitation and dissolution of soil Fe and Al oxides because acidification transforms crystalline
Fe and Al oxides into water-soluble Fe and Al and then produces amorphous Fe-Al hydroxides by
hydrolysis [28]. Under acidic conditions, carbon dioxide produced by microbial metabolism can
promote the dissolution of Ca.Mg-P [6], whereas H+ can protonate the groups on the surface of
the iron-aluminum oxide; ultimately, the amount of phosphorus adsorbed by soil increases [37].
Under alkaline conditions, OH− replaces the phosphate adsorbed on the surface of iron-aluminum
oxidation as a function of ion exchange, thereby resulting in the release of phosphate [9]. Under
aerobic conditions, metal ions, such as iron and manganese, are generally oxidized to their higher
states (Fe3+ and Mn4+) and will precipitate phosphorus with metal hydroxide; by contrast, the iron
and manganese precipitates will dissolve and release phosphate under reduction conditions [38].
The aforementioned conclusions indicate Fe and Mn oxides are the dominating minerals that control
phosphorus solubility [28,39], but phosphorus saturation status will be destroyed when pH and
ORP change.

4.2. Phosphorus Availability and Release under Different Cultivated Crops

Easily-available phosphorus, including L-Pi, L-Po and Ml-Po, is an indicator of time-sensitive
bioavailability of phosphorus; and moderately-available phosphorus, including Fe.Al-P and Hu-P,
represents the short-term bioavailability, whereas non-available phosphorus, including Ca.Mg-P
and Re-P, represents the long-term bioavailability [40,41]. In Sanjiang Plain, the contents of TP
in maize, soybean and rice fields were 1052.54, 893.60 and 792.46 mg/kg, respectively. With
regard to easily-available phosphorus, the sums of L-Pi, L-Po and Ml-Po are 136.40, 104.22 and
81.20 mg/kg, accounting for 17.21%, 11.66% and 7.71% of TP in rice, maize and soybean fields,
respectively. This conclusion demonstrates plant-available phosphorus in rice fields is higher than
in maize and soybean fields. The satisfactory P-availability in rice fields can also be attributed
to considerable TN and SOM amounts (Table 1). The reason is that TN and SOM can provide
abundant nutrients and carbon sources for the growth of microorganisms and indirectly promote
the mineralization and decomposition of OP (Hu-P) [42,43]. Fe.Al-P and Hu-P are considered to be
moderately-available phosphorus that involves long-term soil phosphorus transformation and act
as a buffer for easily-available phosphorus in agro-ecosystems. The sums of Fe.Al-P and Hu-P in
rice and soybean fields are equivalent, which are 388.44 and 368.82 mg/kg, respectively, whereas
that in maize fields is higher with a value of 633.19 mg/kg. The aforementioned results indicate that
maize fields have a considerable potential for phosphorus supply under variation in environmental
conditions, such as a decrease in oxidation reduction potential (ORP) and an increase in microbial
activity [16,44]. Fe.Al-P, which is a redox-sensitive P-fraction, is released as Fe3+ is reduced to Fe2+

under anaerobic conditions [45]. In the meantime, the anaerobic conditions can also destroy the metal
bridge (such as Fe3+ and Al3+) that binds SOM and phosphorus [10], thereby leading to the release of
Hu-P. Therefore, a flooding environment is conducive to converting moderately-available phosphorus
to easily-available phosphorus in rice fields. In maize fields, high levels of Fe and Mn (41.92 and
1.27 g/kg) are responsible for the large content of Fe.Al-P and the potential for phosphorus supply.
Under aerobic conditions, the oxides and hydroxides of Fe and Mn provide abundant adsorption sites
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for phosphorus and increase amount of retained phosphorus [46]. Ca.Mg-P, which is derived from the
insoluble calcium phosphate mineral [7,38], and Re-P, which has strong binning energy in the mineral
lattice [47], are characterized as nonvalent P-fractions and scarcely utilized as a nutrient by plants. In
rice fields, the sum of Ca.Mg-P and Re-P is only 147.07 mg/kg, accounting for 18.56% of TP, whereas
the sums in maize and soybean fields are 311.11 and 280.08 mg/kg, accounting for 29.56% and 31.34%
of TP, respectively. This finding is consistent with the high time-sensitive bioavailability of phosphorus
in rice fields.

Adsorption isotherm simulation results show that coarse aggregates have high capacity to retain
phosphorus (Figure 4). In the meantime, fine-grained aggregates easily migrate with surface runoff.
The contents of coarse aggregates (L-mac and S-mac) are ranked as rice > maize > soybean, whereas the
contents of fine aggregates (MIC and SC) are ranked as rice < maize < soybean (Figure 2). Therefore,
from the perspective of soil aggregates, the release risk of phosphorus in rice fields is lower than
those in maize and soybean fields. Labile phosphorus, including L-Pi, L-Po and Ml-Po, has low
content and high plant utilization, so it makes little contribution to agricultural NPS phosphorus
pollution. Fe.Al-P and Hu-P are higher in soil aggregates with different grain-sizes in rice fields
than those in maize and soybean fields. Unfortunately, the flooded environment of rice fields will
promote their release. Therefore, the drainage period of rice fields should be strictly controlled. Acidic
conditions in farmland (5.29, 5.21 and 5.34) (Table 1) facilitate the release of Ca.Mg-P because H+

can aggravate its dissolution [37,38]. Re-P is nonvalent with a low possibility of release through
morphological transformation [17]. However, the migration of phosphorus concentrated in soil
aggregates with runoff should be focused. In summary, P-fractions in rice fields easily change under
aerobic–anaerobic conditions. Therefore, the risk of phosphorus loss during drainage should be given
considerable attention.

5. Conclusions

Different cultivated crops significantly influenced the grain-size of soil aggregates and the
distribution of P-fractions. In agro-ecosystems, soil aggregates were mainly S-mac and MIC, followed
by L-mac and SC, accounting for 52.16%, 25.20%, 14.23% and 8.49% in the rice field, 44.21%, 34.61%,
12.88% and 8.30% in the maize field, and 28.87%, 47.63%, 3.52% and 19.99% in the soybean field.
The concentrations of TN, SOM, Fe and Mn in soil aggregate fractions decreased with the reduction in
soil aggregate grain-sizes. Fe.Al-P and Re-P tended to condense in L-mac and S-mac. MIC and SC
were the primary carriers of Ca.Mg-P. Coarse aggregates had strong capacity to retain phosphorus. In
rice fields, phosphorus bioavailability and utilization rate were high. However, the P-fractions in there
are easily changed with aerobic–anaerobic conditions. Therefore, attention should be paid to the risk
of phosphorus loss during drainage.

Author Contributions: L.W. and Y.O. conceived and designed the experiments; B.Y. made the validation. H.C.
and Y.L. performed the experimental work and analyzed the data; all authors contributed to the writing, reviewing
of the manuscript, as well as the interpretation of the experimental results.

Funding: This research was funded by the National Natural Science Foundation of China (Grant No. 41771505,
41571480) and Chinese Scholarship Council.

Acknowledgments: The authors express their gratitude to the National Natural Science Foundation of China and
Chinese Scholarship Council for funding the present work.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chen, Y.H.; Wen, X.W.; Wang, B.; Nie, P.Y. Agricultural pollution and regulation: How to subsidize
agriculture? J. Clean. Prod. 2017, 164, 258–264. [CrossRef]

2. Ouyang, W.; Song, K.; Wang, X.; Hao, F. Non-point source pollution dynamics under long-term agricultural
development and relationship with landscape dynamics. Ecol. Indic. 2014, 45, 579–589. [CrossRef]

http://dx.doi.org/10.1016/j.jclepro.2017.06.216
http://dx.doi.org/10.1016/j.ecolind.2014.05.025


Int. J. Environ. Res. Public Health 2019, 16, 212 12 of 14

3. Ni, X.; Parajuli, P.B. Evaluation of the impacts of BMPs and tailwater recovery system on surface and
groundwater using satellite imagery and SWAT reservoir function. Agric. Water Manag. 2018, 210, 78–87.
[CrossRef]

4. Ouyang, W.; Xu, Y.; Cao, J.; Gao, X.; Gao, B.; Hao, Z.; Lin, C. Rainwater characteristics and interaction with
atmospheric particle matter transportation analyzed by remote sensing around Beijing. Sci. Total Environ.
2019, 651 Pt 1, 532–540. [CrossRef] [PubMed]

5. Hou, Y.; Wei, S.; Ma, W.; Roelcke, M.; Nieder, R.; Shi, S.; Wu, J.; Zhang, F. Changes in nitrogen and phosphorus
flows and losses in agricultural systems of three megacities of China, 1990–2014. Resour. Conserv. Recycl.
2018, 139, 64–75. [CrossRef]

6. Kaiserli, A.; Voutsa, D.; Samara, C. Phosphorus fractionation in lake sediments—Lakes Volvi and Koronia, N.
Greece. Chemosphere 2002, 46, 1147–1155. [CrossRef]

7. Jin, X.; He, Y.; Kirumba, G.; Hassan, Y.; Li, J. Phosphorus fractions and phosphate sorption-release
characteristics of the sediment in the Yangtze River estuary reservoir. Ecol. Eng. 2013, 55, 62–66. [CrossRef]

8. Fytianos, K.; Kotzakioti, A. Sequential fractionation of phosphorus in lake sediments of Northern Greece.
Environ. Monit. Assess. 2005, 100, 191–200. [CrossRef]

9. Cui, Y.; Xiao, R.; Xie, Y.; Zhang, M. Phosphorus fraction and phosphate sorption-release characteristics of the
wetland sediments in the Yellow River Delta. Phys. Chem. Earth 2018, 103, 19–27. [CrossRef]

10. Cavalcante, H.; Araujo, F.; Noyma, N.P.; Becker, V. Phosphorus fractionation in sediments of tropical semiarid
reservoirs. Sci. Total Environ. 2018, 619, 1022–1029. [CrossRef]

11. Kwak, D.-H.; Jeon, Y.-T.; Hur, Y.D. Phosphorus fractionation and release characteristics of sediment in the
Saemangeum Reservoir for seasonal change. Int. J. Sediment Res. 2018, 33, 250–261. [CrossRef]

12. Maharjan, M.; Maranguit, D.; Kuzyakov, Y. Phosphorus fractions in subtropical soils depending on land use.
Eur. J. Soil Biol. 2018, 87, 17–24. [CrossRef]

13. Ajmone-Marsan, F.; Cote, D.; Simard, R.R. Phosphorus transformations under reduction in long-term
manured soils. Plant Soil 2006, 282, 239–250. [CrossRef]

14. Adhikari, P.L.; White, J.R.; Maiti, K.; Nhan, N. Phosphorus speciation and sedimentary phosphorus release
from the Gulf of Mexico sediments: Implication for hypoxia. Estuar. Coast. Shelf Sci. 2015, 164, 77–85.
[CrossRef]

15. Pan, F.; Liu, H.; Guo, Z.; Li, Z.; Wang, B.; Gao, A. Geochemical behavior of phosphorus and iron in porewater
in a mangrove tidal flat and associated phosphorus input into the ocean. Cont. Shelf Res. 2017, 150, 65–75.
[CrossRef]

16. Surridge, B.W.J.; Heathwaite, A.L.; Baird, A.J. Phosphorus mobilisation and transport within a long-restored
floodplain wetland. Ecol. Eng. 2012, 44, 348–359. [CrossRef]

17. Manschadi, A.M.; Kaul, H.-P.; Vollmann, J.; Eitzinger, J.; Wenzel, W. Developing phosphorus-efficient crop
varieties-An interdisciplinary research framework. Field Crops Res. 2014, 162, 87–98. [CrossRef]

18. Ranatunga, T.D.; Reddy, S.S.; Taylor, R.W. Phosphorus distribution in soil aggregate size fractions in a poultry
litter applied soil and potential environmental impacts. Geoderma 2013, 192, 446–452. [CrossRef]

19. Wei, K.; Chen, Z.; Zhu, A.; Zhang, J.; Chen, L. Application of P-31 NMR spectroscopy in determining
phosphatase activities and P composition in soil aggregates influenced by tillage and residue management
practices. Soil Tillage Res. 2014, 138, 35–43. [CrossRef]

20. Li, F.; Xue, C.; Qiu, P.; Li, Y.; Shi, J.; Shen, B.; Yang, X.; Shen, Q. Soil aggregate size mediates the responses of
microbial communities to crop rotation. Eur. J. Soil Biol. 2018, 88, 48–56. [CrossRef]

21. Remenant, B.; Grundmann, G.L.; Jocteur-Monrozier, L. From the micro-scale to the habitat: Assessment of
soil bacterial community structure as shown by soil structure directed sampling. Soil Biol. Biochem. 2009, 41,
29–36. [CrossRef]

22. Bach, E.M.; Hofmockel, K.S. A time for every season: Soil aggregate turnover stimulates decomposition
and reduces carbon loss in grasslands managed for bioenergy. Glob. Chang. Biol. Bioenergy 2016, 8, 588–599.
[CrossRef]

23. Zhu, J.; Li, M.; Whelan, M. Phosphorus activators contribute to legacy phosphorus availability in agricultural
soils: A review. Sci. Total Environ. 2018, 612, 522–537. [CrossRef] [PubMed]

24. Gueldner, D.; Krausmann, F. Nutrient recycling and soil fertility management in the course of the industrial
transition of traditional, organic agriculture: The case of Bruck estate, 1787–1906. Agric. Ecosyst. Environ.
2017, 249, 80–90. [CrossRef]

http://dx.doi.org/10.1016/j.agwat.2018.07.027
http://dx.doi.org/10.1016/j.scitotenv.2018.09.120
http://www.ncbi.nlm.nih.gov/pubmed/30243172
http://dx.doi.org/10.1016/j.resconrec.2018.07.030
http://dx.doi.org/10.1016/S0045-6535(01)00242-9
http://dx.doi.org/10.1016/j.ecoleng.2013.02.001
http://dx.doi.org/10.1007/s10661-005-4770-y
http://dx.doi.org/10.1016/j.pce.2017.06.005
http://dx.doi.org/10.1016/j.scitotenv.2017.11.204
http://dx.doi.org/10.1016/j.ijsrc.2018.04.008
http://dx.doi.org/10.1016/j.ejsobi.2018.04.002
http://dx.doi.org/10.1007/s11104-005-5929-6
http://dx.doi.org/10.1016/j.ecss.2015.07.016
http://dx.doi.org/10.1016/j.csr.2017.09.012
http://dx.doi.org/10.1016/j.ecoleng.2012.02.009
http://dx.doi.org/10.1016/j.fcr.2013.12.016
http://dx.doi.org/10.1016/j.geoderma.2012.08.026
http://dx.doi.org/10.1016/j.still.2014.01.001
http://dx.doi.org/10.1016/j.ejsobi.2018.06.004
http://dx.doi.org/10.1016/j.soilbio.2008.09.005
http://dx.doi.org/10.1111/gcbb.12267
http://dx.doi.org/10.1016/j.scitotenv.2017.08.095
http://www.ncbi.nlm.nih.gov/pubmed/28865270
http://dx.doi.org/10.1016/j.agee.2017.07.038


Int. J. Environ. Res. Public Health 2019, 16, 212 13 of 14

25. Wang, R.; Dorodnikov, M.; Dijkstra, F.A.; Yang, S.; Xu, Z.; Li, H.; Jiang, Y. Sensitivities to nitrogen and water
addition vary among microbial groups within soil aggregates in a semiarid grassland. Biol. Fertil. Soils 2017,
53, 129–140. [CrossRef]

26. Hedley, M.J.; Stewart, J.W.B.; Chauhan, B.S. Changes in inorganic and organic soil phosphorus fractions
induced by cultivation practices and by laboratory incubations. Soil Sci. Soc. Am. J. 1982, 46, 970–976.
[CrossRef]

27. Ruttenberg, K.C. Development of a sequential extraction method for different forms of phosphorus in marine
sediments. Limnol. Oceanogr. 1992, 37, 1460–1482. [CrossRef]

28. Fan, Y.; Zhong, X.; Lin, F.; Liu, C.; Yang, L.; Wang, M.; Chen, G.; Chen, Y.; Yang, Y. Responses of soil
phosphorus fractions after nitrogen addition in a subtropical forest ecosystem: Insights from decreased Fe
and Al oxides and increased plant roots. Geoderma 2019, 337, 246–255. [CrossRef]

29. Weand, M.P.; Arthur, M.A.; Lovett, G.M.; Sikora, F.; Weathers, K.C. The phosphorus status of northern
hardwoods differs by species but is unaffected by nitrogen fertilization. Biogeochemistry 2010, 97, 159–181.
[CrossRef]

30. Yang, K.; Zhu, J.; Gu, J.; Yu, L.; Wang, Z. Changes in soil phosphorus fractions after 9 years of continuous
nitrogen addition in a Larixgmelinii plantation. Ann. For. Sci. 2015, 72, 435–442. [CrossRef]

31. Huang, W.; Zhou, G.; Liu, J.; Duan, H.; Liu, X.; Fang, X.; Zhang, D. Shifts in soil phosphorus fractions
under elevated CO2 and N addition in model forest ecosystems in subtropical China. Plant Ecol. 2014, 215,
1373–1384. [CrossRef]

32. George, T.S.; Giles, C.D.; Menezes-Blackburn, D.; Condron, L.M.; Gama-Rodrigues, A.C.; Jaisi, D.; Lang, F.;
Neal, A.L.; Stutter, M.I.; Almeida, D.S.; et al. Organic phosphorus in the terrestrial environment: A
perspective on the state of the art and future priorities. Plant Soil 2018, 427, 191–208. [CrossRef]

33. Gómez-Caravaca, A.M.; Maggio, R.M.; Cerretani, L. Chemometric applications to assess quality and critical
parameters of virgin and extra-virgin olive oil. A review. Anal. Chim. Acta 2016, 913, 1–21. [CrossRef]
[PubMed]

34. Garland, G.; Bünemann, E.K.; Oberson, A.; Frossard, E.; Snapp, S.; Chikowo, R.; Six, J. Phosphorus cycling
within soil aggregate fractions of a highly weathered tropical soil: A conceptual model. Soil Biol. Biochem.
2018, 116, 91–98. [CrossRef]

35. Wei, K.; Chen, Z.H.; Zhang, X.P.; Liang, W.J.; Chen, L.J. Tillage effects on phosphorus composition and
phosphatase activities in soil aggregates. Geoderma 2014, 217–218, 37–44. [CrossRef]

36. Gu, S.; Gruau, G.; Dupas, R.; Rumpel, C.; Crème, A.; Fovet, O.; Gascuel-Odoux, C.; Jeanneau, L.; Humbert, G.;
Petitjean, P. Release of dissolved phosphorus from riparian wetlands: Evidence for complex interactions
among hydroclimate variability, topography and soil properties. Sci. Total Environ. 2017, 598, 421–431.
[CrossRef] [PubMed]

37. Jin, X.C.; Wang, S.R.; Pang, Y.; Wu, F.C. 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.
[CrossRef]

38. 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. [CrossRef]

39. Reed, S.C.; Townsend, A.R.; Taylor, P.G.; Cleveland, C.C. Phosphorus Cycling in Tropical Forests Growing on
Highly Weathered Soils. In Phosphorus in Action: Biological Processes in Soil Phosphorus Cycling; Bünemann, E.,
Oberson, A., Frossard, E., Eds.; Springer: Berlin/Heidelberg, Germany, 2011; pp. 339–369.

40. Maranguit, D.; Guillaume, T.; Kuzyakov, Y. Land-use change affects phosphorus fractions in highly
weathered tropical soils. Catena 2017, 149, 385–393. [CrossRef]

41. Sun, S.; Huang, S.; Sun, X.; Wen, W. Phosphorus fractions and its release in the sediments of Haihe River,
China. J. Environ. Sci. 2009, 21, 291–295. [CrossRef]

42. Teng, Z.; Zhu, Y.; Li, M.; Whelan, M.J. Microbial community composition and activity controls phosphorus
transformation in rhizosphere soils of the Yeyahu Wetland in Beijing, China. Sci. Total Environ. 2018, 628–629,
1266–1277. [CrossRef] [PubMed]

43. Bastami, K.D.; Neyestani, M.R.; Raeisi, H.; Shafeian, E.; Baniamam, M.; Shirzadi, A.; Esmaeilzadeh, M.;
Mozaffari, S.; Shahrokhi, B. Bioavailability and geochemical speciation of phosphorus in surface sediments
of the Southern Caspian Sea. Mar. Pollut. Bull. 2018, 126, 51–57. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s00374-016-1165-x
http://dx.doi.org/10.2136/sssaj1982.03615995004600050017x
http://dx.doi.org/10.4319/lo.1992.37.7.1460
http://dx.doi.org/10.1016/j.geoderma.2018.09.028
http://dx.doi.org/10.1007/s10533-009-9364-2
http://dx.doi.org/10.1007/s13595-014-0444-7
http://dx.doi.org/10.1007/s11258-014-0394-z
http://dx.doi.org/10.1007/s11104-017-3391-x
http://dx.doi.org/10.1016/j.aca.2016.01.025
http://www.ncbi.nlm.nih.gov/pubmed/26944986
http://dx.doi.org/10.1016/j.soilbio.2017.10.007
http://dx.doi.org/10.1016/j.geoderma.2013.11.002
http://dx.doi.org/10.1016/j.scitotenv.2017.04.028
http://www.ncbi.nlm.nih.gov/pubmed/28448934
http://dx.doi.org/10.1016/j.envpol.2005.05.010
http://dx.doi.org/10.1016/S0045-6535(02)00310-7
http://dx.doi.org/10.1016/j.catena.2016.10.010
http://dx.doi.org/10.1016/S1001-0742(08)62266-4
http://dx.doi.org/10.1016/j.scitotenv.2018.02.115
http://www.ncbi.nlm.nih.gov/pubmed/30045548
http://dx.doi.org/10.1016/j.marpolbul.2017.10.095
http://www.ncbi.nlm.nih.gov/pubmed/29421132


Int. J. Environ. Res. Public Health 2019, 16, 212 14 of 14

44. Bhadha, J.H.; Harris, W.G.; Jawitz, J.W. Soil Phosphorus Release and Storage Capacity from an Impacted
Subtropical Wetland. Soil Sci. Soc. Am. J. 2010, 74, 1816–1825. [CrossRef]

45. Ruban, V.; Lopez-Sanchez, J.F.; Pardo, P.; Rauret, G.; Muntau, H.; Quevauviller, P. Harmonized protocol
and certified reference material for the determination of extractable contents of phosphorus in freshwater
sediments—A synthesis of recent works. Fresenius J. Anal. Chem. 2001, 370, 224–228. [CrossRef] [PubMed]

46. 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. [CrossRef]

47. Ruiz-Fernandez, A.C.; Hillaire-Marcel, C.; Ghaleb, B.; Soto-Jimenez, M.; Paez-Osuna, F. Recent sedimentary
history of anthropogenic impacts on the Culiacan River Estuary, northwestern Mexico: Geochemical evidence
from organic matter and nutrients. Environ. Pollut. 2002, 118, 365–377. [CrossRef]

© 2019 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/).

http://dx.doi.org/10.2136/sssaj2010.0063
http://dx.doi.org/10.1007/s002160100753
http://www.ncbi.nlm.nih.gov/pubmed/11451241
http://dx.doi.org/10.1007/s10750-012-1257-z
http://dx.doi.org/10.1016/S0269-7491(01)00287-1
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Sampling Location 
	Soil Aggregate Segregation 
	Phosphorus Sorption Isotherm Experiment 
	Phosphorus Sequential Fractionation 
	Chemical Determination 
	Statistical Analysis 

	Results and Analysis 
	Soil Aggregates 
	Phosphorus Fractions 
	Phosphorus Adsorption Characteristic 

	Discussion 
	Identification of Environmental Controlling Factors of Phosphorus Fractions Distribution 
	Phosphorus Availability and Release under Different Cultivated Crops 

	Conclusions 
	References

