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Abstract 

Background  Land-use change from arid agricultural land to paddy land may increase soil phosphorus (P) leaching 
in the black soil region. However, little information is available for soil P leaching risk assessment from soil profiles due 
to the land-use conversion in the black soil region of northeast China.

Results  This study explored the effect of land-use change from arid agricultural land to paddy land on soil P leach‑
ing change point, P leaching risk and P fractions. Conversion from arid agricultural land to paddy land decrease soil 
P leaching change point (0–20 cm: 59.63 mg kg−1 vs. 35.35 mg kg−1; 20–40 cm: 24.31 mg kg−1 vs. 17.20 mg kg−1; 
40–60 cm: 32.91 mg kg−1 vs. 10.45 mg kg−1); 30.9% of arid agricultural soils were at risk of P leaching into the shal‑
low groundwater, compared to 87.5% of paddy soils, implying a high risk of P leaching after land-use conversion. P 
fraction analysis using the Hedley sequential extraction method showed that moderately active P, including NaOH-Pi, 
NaOH-Po, and HCl-Pi, were the dominant fractions in the tested soils. HCl-Pi and NaOH-Pi were the major P fraction 
of moderately active P in arid agricultural land and paddy land, respectively, indicating that land-use change leads 
to the conversion from Ca-bound P to P associated with Fe and Al.

Conclusions  The soil P leaching change point decreased due to land-use conversion from arid agricultural soils 
to paddy soils, which may lead to higher P leaching risk. Therefore, it is necessary to strengthen the management 
and control of soil P loss in areas with large-scaled conversion from arid agricultural land to paddy fields.
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Graphical Abstract

Background
The black soil region of northeast China is the major 
grain producing area in China. The total area of 
black soil in northeast China is about 1.02 × 106 km2, 
accounting for approximately 20% of global black soil 
[14]. Since the 1950s, large areas of black soil in China 
have been reclaimed from natural land to farmland, 
which has had a negative effect on the loss of black 
soil [58]. After reclamation, the thickness of black soil 
layer lost by 0.3–1.0  cm  yr−1, which has decreased 
from 60–70  cm in 1950s to 20-30  cm presently; the 
organic matter (OM) content in natural black soil was 
40–60  g  kg−1, but it might decrease to 20–30  g  kg−1 
after reclamation [15, 34, 58]. Agricultural reclamation 
may increase soil phosphorus (P) losses from black soil. 
Long-term excess P fertilizer application and low P fer-
tilizer utilization leads to the abundant accumulation 
of P in the top-layer soil of agricultural region [50, 52, 
70]. In addition, the loss of OM decreased adsorption 
ability of inorganic phosphate and organic phosphorus 
compounds by soil [6, 56]. Excessive soil P accumula-
tion and the reduction of soil P adsorption capacity can 
lead to large P losses from soils to the surface or ground 
waters because of rainfall and irrigation, which in turn 
contributes to eutrophication of waterbodies [16, 18, 
22]. Consequently, it is important to investigate fac-
tors influencing P loss from black soils so that remedial 
actions can be identified and implemented.

The most common methods for P leaching risk evalu-
ation include leachate collection drum, lysimeter, P 
adsorption capacity, P leaching change point [4, 20, 26, 
39]. The leachate collection drum and lysimeter can 
effectively quantify P leaching flux, but it is time-con-
suming, costly, and difficultly applied to the assessment 
in a large-scale area [20, 26, 28]. The parameters related 
to P adsorption capacity include degree of P saturation, 
P sorption index, P sorption maximum; these indicators 
can effectively interpret the adsorption capacity for soil 
P [4, 26, 39], but limited to explain the relation between 
soil P and water environment P. CaCl2-P, soil leachable P 
extracted by 0.01 M CaCl2 solution, is an indicator of the 
potential for soluble P to enter soil interstitial water and 
be lost by leaching or surface runoff [18, 22, 54]. CaCl2-P 
has a significant positive linear relationship with soil P 
leachates [18, 28, 53]. Based on the split-line relationship 
between soil Olsen-P and CaCl2-P, a change point can be 
estimated, and used to predict soil P leaching risk [18, 22, 
66]. Subsequently, Xie et al. [53] identified that CaCl2-P 
and change point could be used to evaluate P leaching 
risk in soil profiles by a cascading extraction method. The 
cascade extraction method mimics P leaching processes 
in the soil profile by using the extracting solution from 
the soil layer above as the extractant. A soil P leaching 
risk calculator (SPOLERC) has been developed, which 
has considerably improved the efficiency of change point 
calculation and risk assessment for soil P leaching [55]. 
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Compared with traditional soil P leaching risk assess-
ment methods, such as columns or field lysimeters, the 
cascade extraction method combined with the SPOL-
ERC model is a cost-effective approach to evaluate soil P 
leaching risk [18, 28, 53].

Determining soil P species is important to improve 
understanding of the process of soil P migration and 
transformation [1, 47]. The Hedley P sequential extrac-
tion method is the most commonly used method for 
extracting soil P forms [19, 49]. According to the Hed-
ley P sequential extraction method, soil P can be clas-
sified into three categories: active P, moderately active 
P and stable P [47, 49]. The Hedley P sequential extrac-
tion method aims to evaluate how tightly the P is bound 
within the soil matrix and estimates the availabilities and 
stabilities of P species [19, 47]. Exploring the variable 
characteristics of different P components is beneficial 
for analyzing soil P loss risk and regional P availability 
management.

Sanjiang Plain is the core area of black soil in northeast 
China. It is a wetland plain formed by alluvial waters of 
the Heilong River, Songhua River and Wusuli River. Xing-
kai Lake is the main water source of the Wusuli River and 

the largest border lake between China and Russia. Over 
the past two decades, water quality in Xingkai Lake has 
continuously deteriorated. Total P (TP) in Xingkai Lake 
exceeded the level III of environmental quality standards 
for surface water (≥ 0.05 mg L−1). The proportion of agri-
cultural land in this area was 37.7% (23.8% in paddy land 
and 76.2% in arid agricultural land). As the major region 
of Xingkai Lake Basin, the agricultural land in Mishan 
City increased from 3008 to 3251 km2 during 1990–2020. 
Paddy land increased from 856 to 1142 km2 and mainly 
converted from arid agricultural land (Fig. 1).

The conversion from arid agricultural land to paddy 
land may alters soil physical structure, redox environ-
ment and microbial community characteristics, which 
then affect soil P loss risk [5, 11, 26]. Surface runoff 
and subsurface leaching are the common pathways for 
P losses [26]. Yang et al. [59] demonstrated that the TP 
loss by surface runoff from arid agricultural soils in 
China ranged from 0.045 ~ 0.473  kg·ha−1, which were 
lower than that of paddy soils (0.585 ~ 3.015  kg·ha−1). 
Fu et al. [17] demonstrated that the amount of TP loss 
by subsurface P leaching is 1.6 times higher than that 
by surface runoff from paddy land in China. Hence, it 

Fig. 1  Location and land use of the study area: a map of Heilongjiang Province, b land-use change from 1990 to 2020, c the sampling sites 
in the study area
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is important to evaluate the effect of land-use change 
from arid agricultural land to paddy land on soil P 
leaching potential in the Xingkai Lake Basin.

The aims of this study were (1) to investigate the 
effect of land-use change from arid agricultural land 
to paddy land on soil P stocks and availability; (2) to 
analyze the change in P fractions due to the conver-
sion from arid agricultural land to paddy land; and (3) 
to compare and evaluate the risk of P leaching as the 
land-use change from arid agricultural land to paddy 
land. It is expected that the current work will provide 
insight into water quality improvement and sustain-
able development of agriculture in the Xingkai Lake 
Basin.

Materials and methods
The study area and soil sample collection
The study area was in the northwest part of Xingkai 
Lake Basin, at an average elevation of 70 m. Arid agri-
cultural land and paddy land are the major land use 
in this area. Most paddy land in the survey area was 
converted from arid agricultural land (Fig. 1), and had 
been cultivated for rice for an average of 26 years. This 
area belongs to temperate continental monsoon cli-
mate zone, and the average annual temperature and 
precipitation was 3 ℃ and 654  mm, respectively [33]. 
The dominant crops grown on arid agricultural land are 
corn (Zea mays L.) and soybean (Glycine max (Linn.) 
Merr.), while the dominant crop grown on paddy land 
is rice (Oryza sativa L.). Some arid agricultural land in 
urban areas has been planted with vegetables, includ-
ing Chinese cabbage (Brassica pekinensis (Lour.) Rupr.) 
and carrot (Raphanus sativus L.). Before conversion, 
the amount of fertilizer applied to arid agricultural 
land were 75.0–168.7  kg N ha−1  yr−1, 18.7–39.3  kg 
P ha−1  yr−1, and 31.7–64.4  kg  K  ha−1  yr−1; while in 
the paddy land, the applied fertilizer were 56.2–
142.5  kg N ha−1  yr−1, 13.1–27.1  kg P ha−1  yr−1, and 
21.5–52.3 kg K ha−1 yr−1.

The soil was classified as phaeozems [21]. The sam-
pling sites are presented in Fig.  1. After crop harvest 
(October 2020), a total of 261 soil samples were col-
lected in this area from 87 sites (55 in arid agricul-
tural land, and 32 in paddy land) at three soil depths 
(0–20  cm, top-layer; 20–40  cm, sub-layer; 40–60  cm, 
deep-layer). Collected soil samples were air-dried, 
ground, and passed through 2-mm and 0.15-mm 
sieves. The 2-mm sieved soil used for the analysis of 
pH, Olsen-P and leachable P, while the 0.15-mm sieved 
soil used for the analysis of organic matter (OM) total 
nitrogen (TN), total phosphorus (TP), and P fraction.

Determination of basic soil properties and P status
pH was measured by using a laboratory pH meter at a 
soil/water ratio of 1:2.5. OM was determined by the low 
temperature external thermal potassium dichromate oxi-
dation colorimetric method [35]. Soil total nitrogen (TN) 
was determined by automatic Kjeldahl apparatus [35].

Olsen-P was determined by extracting soil with a 0.5 M 
NaHCO3 (pH = 8.5) solution at a 1:20 soil/solution ratio 
[35, 40]. A cascade extraction method was used to deter-
mine soil leachable P at depths of 0–20  cm, 20–40  cm, 
and 40–60  cm [53]. Specifically, soil from 0 to 20  cm 
depth was extracted with 0.01  M CaCl2, soil from 20 
to 40  cm depth was extracted using an extract solution 
from 0 to 20 cm depth, and soil from 40 to 60 cm depth 
was extracted using an extract solution from 20 to 40 cm 
depth. In each case a soil:solution ratio of 1:5 was used. 
Soil TP was determined by digested in HNO3–HF using 
microwave digestion [35]. The P in extracted or digested 
solution was determined by the molybdenum colorim-
etry method [38].

Soil P fractions were obtained using the Hedley 
sequential extraction procedure [19, 23, 36, 47, 49]. The 
P fractions included: (a) resin-P, 0.5 g soil was extracted 
with 25  mL deionized water and 0.5  g anion exchange 
resin; (b) NaHCO3-Pi and NaHCO3-Po, the remaining 
soil was shaken with 25  mL 0.5  mol/L NaHCO3 solu-
tion; (c) NaOH-Pi and NaOH-Po, the remaining soil was 
shaken with 25 mL of 0.1 mol/L NaOH solution; (d) HCl-
Pi, the remaining soil was shaken with 25  mL 1  mol/L 
HCl solution; and (e) residual P, the remaining soil was 
digested using 5 mL H2SO4 and 5 mL H2O2. Inorganic P 
(Pi) was determined directly using molybdenum colorim-
etry method [38]. Total dissolved phosphorus (Pt) in the 
filtrates was determined using molybdenum colorimetry 
method after digestion with alkaline potassium persulfate 
[23, 36, 47]. Organic P (Po) was calculated as Pt minus Pi.

Data analysis
Statistical analysis, multiple comparisons (LSD) and 
2-way ANOVA were conducted to test the difference in 
soil properties and P fractions by using SPSS v21.

The soil P leaching change point and risk probability 
was calculated by SPOLERC [55]. SPOLERC has devel-
oped two models for the calculation of P leaching change 
point based on a two linear relationship between soil 
Olsen-P and leachable P. Model 1 was used to calculate 
the change point according to two significant fitting lines, 
and the change point is the intersection between these 
two linear equations. While in model 2, if the linear rela-
tionship between soil Olsen-P and leachable P below the 
change point was not significant or it did not exist, the 
change point was calculated according to the intersection 
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between X axis and another line with significant correla-
tion. Subsequently, the single factor index (SFI) method 
was used to evaluate the soil P leaching risk level. The risk 
index (RI) is equal to soil Olsen-P divided by P leaching 
change point, and the P leaching risk can be divided into 
four levels: no risk (RI ≤ 1), low risk (1 > RI ≤ 2), medium 
risk (2 > RI ≤ 3), high risk (RI ≥ 3).

Results and discussion
Effects of land‑use change on basic soil properties
The soil was weakly acidic down the entire profile. Soil 
pH values were lower in paddy land than in arid agricul-
tural land. The pH values of arid agricultural soils in the 
top-layer and sub-layer were higher than that of paddy 
soils, and the difference was significant in the top-layer 
soils (p < 0.05) (Table 1). Moreover, the pH values of arid 
agricultural soils in the deep-layer were significantly 
lower than that of paddy soils (p < 0.05) (Table 1). During 
conversion from arid agricultural fields to paddy fields, 
more nitrate ions are produced due to the waterlogging 
and anaerobic conditions, which leads to a decrease of 
soil pH [51, 69]. Long-term application of urea is likely 
to an important factor influencing soil acidity [54, 69]. 
The rate of N fertilization in the arid agricultural soil and 
paddy soil was 75.0–168.7 and 56.2–142.5 kg N ha−1 yr−1, 
respectively. Urea hydrolyzes to NH4

+ under the catalysis 
of urease and then converts into NO3

− [46]. The uptake 
of NH4

+ by crops promotes the secretion of H+ ions by 
roots, which results in a decline of soil pH  [71].

Soil OM in the study area was classified as abundant 
(3 ~ 4%) and very abundant (> 4%), apart from the deep-
layer soils in the paddy land (medium level, 2–3%) [8], 
Table  1). Higher OM in the top-layer soil was mostly 
due to crop residues returning to the field. Land-
use conversion to paddy soils tended to significantly 

decrease soil OM (p < 0.05). OM in arid agricultural 
soils was higher than that of paddy soils across the 
entire profile (p < 0.05) and tended to decrease with 
increasing depth (p < 0.01) (Table  1). This difference 
could be attributed to freeze–thaw cycles and the 
transformation from arid agricultural soils to paddy 
soils. The moisture content in arid agricultural soils of 
0–20, 20–40, and 40–60  cm were 31%, 30%, and 29%, 
and was lower than that of paddy soils (46%, 35% and 
34%, respectively). The cycle of freezing and thawing 
can damage the soil aggregate structure, particularly 
for paddy soils with high moisture content. After the 
soil structure is broken, OM particles are more likely 
to be lost under the influence of snow melt in spring, 
heavy rain in summer and farmland water retreating in 
autumn [27, 67]. In addition, OM in the deep-layer of 
paddy soil is significantly lower than that of arid agri-
cultural soils, which indicates that land-use change 
may accelerate the loss of OM in the black soil layer 
(p < 0.05) (Table 1).

Land-use change from arid agricultural field to paddy 
field tended to decrease the TN stocks in the survey 
area. TN in arid agricultural soils was higher than that 
of paddy soils across the entire profile and tended to 
decrease with profile depth (p < 0.01) (Table  1). While 
the application of N fertilization in the arid agricul-
tural soils (75.0–168.7  kg N ha−1  yr−1) was higher than 
paddy soils (56.2–142.5  kg N ha−1  yr−1), waterlogging 
and recession in paddy soils may increase the dissolution 
and loss of soil soluble nitrogen [51, 69]. Soil TN in the 
all soil profiles of the study area was classified as abun-
dant (1.5 ~ 2.0  g  kg−1) and very abundant (> 2.0  g  kg−1), 
apart from the deep-layer of paddy soils was classified as 
medium level (0.75 ~ 1.0 g kg−1) [8], Table 1).

Table 1  Soil properties distribution with profile depth under arid agricultural soils and paddy soils

† Means ± SD followed by a different lowercase letter indicate significant difference from different profile depth in the same land use

*, **indicate significant difference in the same soil depth between arid agricultural soils and paddy soils at p < 0.05 and p < 0.01, respectively

Land use Profile depth pH OM TN C:N C:P N:P
(cm) (−) (%) (mg kg−1) (−)

Arid agricultural soils 0–20 6.43 ± 0.94a*† 5.42 ± 0.79a 2648.4 ± 790.0a 11.94 ± 1.50a 24.04 ± 7.66a** 2.01 ± 0.61a*

20–40 6.45 ± 0.75a 4.49 ± 1.06b 2036.3 ± 807.2ab 13.51 ± 2.42ab 25.13 ± 5.58a* 1.88 ± 0.32a*

40–60 6.23 ± 0.64a 3.19 ± 1.17c* 1508.3 ± 853.6b 15.48 ± 3.21b 27.08 ± 7.10a 1.78 ± 0.45a

Paddy soils 0–20 6.05 ± 0.48a* 5.37 ± 0.83a 2480.2 ± 775.7a 13.04 ± 2.01a 34.19 ± 6.34a** 2.62 ± 0.24a*

20–40 6.32 ± 0.48b 4.22 ± 1.03b 1821.6 ± 1057.1a 15.01 ± 4.21a 30.35 ± 4.13ab* 2.20 ± 0.79ab*

40–60 6.37 ± 0.46bc 2.68 ± 0.70c* 946.7 ± 224.0b 16.82 ± 1.90b 28.51 ± 5.30b 1.70 ± 0.31b

Analysis of variance (P value)

 Land use 0.177 0.026 0.147 0.073 0.002 0.034

 Profile depth 0.411  < 0.001  < 0.001 0.001 0.753 0.003

 Land use × profile depth 0.054 0.317 0.716 0.975 0.115 0.112
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Soil C:N:P stoichiometry can be used to evaluate the 
supply of soil nutrients [30, 69]. Soil P mineralization rate 
and P availability were negatively correlated with C:N 
and C:P ratio [30]. The C:P ratio is an indicator of soil P 
mineralization potential and P release potential from OM 
[69]. The average C:N:P ratios in arid agricultural soils 
ranged from 24.0:2.0:1 to 27.6:1.8:1, while it ranged from 
28.6:1.7:1 to 34.2:2.6:1 in paddy soils. Compared with the 
average soil C:N:P ratios at the global scale (287:17:1 or 
186:13:1) [10, 57], or national scale (134:9:1) [48], soils in 
the Xingkai Lake Basin showed remarkably narrow C:N:P 
ratios, owing to the higher P accumulation in the agricul-
tural area. The C:N and C:P ratio in arid agricultural soils 
was lower than that of paddy soils, and the difference in 
C:P ratio reached a significant level (p < 0.01) (Table  1). 
The N:P ratio in the arid agricultural soils and paddy soils 
is less than 14.5, which indicates that was restricted by 
N content and the activity of soil P is lower [69]. Since 
microbes have a competitive advantage over plants for N 
uptake, this N-limitation status could lead to a reduction 
in crop yields [24, 68]. Additionally, the N:P ratio in the 
top-layer and sub-layer of arid agricultural soil was sig-
nificantly lower than paddy soil (p < 0.05), and the N:P 
ratio in the deep-layer of arid agricultural soil was higher 
than paddy soil (Table  1). Because chemical fertilizer is 
rich in N and P, intensive application of chemical ferti-
lizer could lead to a higher accumulation of N and P than 
that of C; this unbalanced nutrient status may result in an 
enhanced risk of N and P loss from the soil [51, 69].

Effects of land‑use change on soil TP, Olsen‑P, 
and leachable P in soil profiles
Conversion from arid agricultural land to paddy land 
influences soil P storage, availability and loss potential. 
TP in the top-layer, sub-layer, and deep-layer of arid 

agricultural soils were 1423.9 ± 656.3, 1081.0 ± 361.5, and 
870.1 ± 547.9  mg  kg−1, respectively, which were higher 
than that of paddy soils (949.1 ± 291.3, 783.6 ± 196.1 
and 557.5 ± 103.9  mg  kg−1, respectively) (Table  2). The 
TP values tended to decrease with profile depth. Gen-
erally, TP in the study area was classified as abundant 
(800 ~ 1000 mg kg−1) and very abundant (> 1000 mg kg−1), 
apart from the deep-layer of paddy soils (deficient level, 
400 ~ 600 mg  kg−1) [8], Table 2). Abundant soil P stocks 
are easily transformed into soil soluble P through desorp-
tion, dissolution, and mineralization; the soluble P in the 
top-layer soil is easily lost to the surface water through 
surface runoff or leachate to the sub-layer soil, deep-layer 
and shallow groundwater under the drive of rainfall and 
irrigation, resulting in a decrease of water quality in the 
surface water or shallow groundwater [26, 42].

Furthermore, Olsen-P in arid agricultural soils were 
higher than that of paddy soils across the entire pro-
file, and the significant difference occurred in top-layer 
and sub-layer (p < 0.05) (Table  2). Olsen-P in the top-
layer, sub-layer, and deep-layer of arid agricultural soils 
were 85.3 ± 53.4, 45.7 ± 41.8, and 30.1 ± 22.0  mg  kg−1, 
respectively, which was higher than that of paddy soils 
(34.1 ± 10.2, 19.6 ± 9.4, and 25.4 ± 7.0 mg  kg−1) (Table 2). 
Olsen-P tended to decrease with depth in arid agricul-
tural soils; while in paddy soils, the values in the sub-
layer soil were lowest. Rice roots are mostly distributed 
in the top-layer and sub-layer soils; roots adsorption 
leads to the decrease of P in the sub-layer soils, while 
in the deep-layer soils, P is difficult to adsorb by roots 
[63]. Nearly 62.1–96.6% of arid agricultural soils and 
60.0–93.3% of paddy soils were higher than the critical 
value of 20.0  mg  kg−1 (Olsen-P), which could be classi-
fied into P-enriched soils in China [44]. Moreover, the 
concentration of leachable P in arid agricultural soils 

Table 2  Soil TP, Olsen-P and leachable P distribution with profile depth under arid agricultural soils and paddy soils

† Means ± SD followed by a different lowercase letter indicate significant difference from different profile depth in the same land use

*, **indicate significant difference in the same soil depth between arid agricultural soils and paddy soils at p < 0.05 and p < 0.01, respectively

Land use Profile depth TP Olsen-P Leachable P
(cm) (mg kg−1)

Arid agricultural soils 0–20 1423.9 ± 656.3a† 85.3 ± 53.4a** 2.80 ± 3.87a**

20–40 1081.0 ± 361.5ab 45.7 ± 41.8b** 0.78 ± 1.10b**

40–60 870.1 ± 547.9b 30.1 ± 22.0c 0.38 ± 0.83bc*

Paddy soils 0–20 949.1 ± 291.3a 34.1 ± 10.2a** 0.10 ± 1.56a**

20–40 783.6 ± 196.1a 19.6 ± 9.4b** 0.03 ± 0.03b**

40–60 557.5 ± 103.9b 25.4 ± 7.0c 0.08 ± 0.05a*

Analysis of variance (P value)

 Land use 0.003  < 0.001  < 0.001

 Profile depth 0.007  < 0.001  < 0.001

 Land use × profile depth 0.788  < 0.001  < 0.001
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was significantly higher than for paddy soils (p < 0.01) 
(Table  2). Leachable P in arid agricultural soils of 
0–20  cm, 20–40  cm, and 40–60  cm were 2.80 ± 3.87, 
0.78 ± 1.10, and 0.38 ± 0.83  mg  kg−1, respectively, while 
the values in the paddy soils were 0.10 ± 1.56, 0.03 ± 0.03, 
and 0.08 ± 0.05 mg kg−1, respectively (Table 2). Leachable 
P tended to decrease with soil depth in arid agricultural 
soils; while in paddy soils, the values in the sub-layer soil 
were lowest.

Conversion from arid agricultural land to paddy land 
will lead to the change of fertilization, crop planting 
type, and irrigation mode (sprinkler irrigation and flood-
ing irrigation), then affect the P stocks and its migration 
and transformation process [43, 69]. The arid agricultural 
soil is fertilized for almost 40–60 years, while for paddy 
soil, it’s fertilized for almost 5–30 years. The application 
of P fertilizer in arid agricultural soil was 18.7–39.3  kg 
P ha−1  yr−1, and in paddy soil, it was 13.1–27.1  kg P 
ha−1  yr−1. The amount of fertilizer is chosen based on 
the type of crop and the availability of soil fertility. Pre-
vious studies demonstrate that the average crop yield in 
arid agricultural land was 11183  kg  ha−1, with a range 
from 9731 ~ 12057 kg ha−1, which was higher than that in 
paddy land (8506 kg  ha−1, 7365 ~ 9546 kg  ha−1); moreo-
ver, the phosphate fertilizer utilization efficiency in arid 
agricultural soil (28.0%) was higher than that in paddy 

soil (15.6%) [61, 64]. Chi et al. [7] have also found that soil 
Olsen-P in arid agricultural soils was significantly higher 
than in paddy soils. Furthermore, P absorbed by Fe- and 
Al-oxides becomes more soluble under flooded condi-
tions, and soil pH decreases with flooding, increasing the 
solubility of Ca-P [25, 31]. However, when flooded soil is 
drained, iron can re-oxidize to form complex compounds 
with phosphate. Large quantities of dissolved P can be 
lost via surface runoff during the drainage process, which 
can result in a decrease of Olsen-P and leachable P [41, 
69].

Effects of land‑use change on soil P fractions in soil profiles
Fractionation of P analysis using the Hedley scheme iden-
tified that residual P was the dominant P fraction in arid 
agricultural soils and paddy soils across the entire soil 
profile. The NaOH-Pi, NaOH-Po, and residual P in arid 
agricultural soils were lower than that of paddy soils. The 
resin-Pi, NaHCO3-Pi, NaHCO3-Po, and HCl-Pi in arid 
agricultural soils were significantly higher than that of 
paddy soils (p < 0.05) (Table 3). In arid agricultural soils, 
residual P tended to increase with depth, while other P 
fractions tended to decrease with depth. For paddy soils, 
residual P in the sub-layer soils was highest, and other P 
fractions in the sub-layer soils was lowest.

Table 3  Content and percentage of Hedley P fraction distribution with profile depth under arid agricultural soils and paddy soils

† Means ± SD followed by a different lowercase letter indicate significant difference from different profile depth in the same land use

*, **indicate significant difference in the same soil depth between arid agricultural soils and paddy soils at p < 0.05 and p < 0.01, respectively

Land use Profile 
depth

Resin-Pi NaHCO3-Pi NaHCO3-Po NaOH-Pi NaOH-Po HCl-Pi Residual P

(cm) (mg kg−1)

Arid agri‑
cultural 
soils

0–20 49.9 ± 40.0a**† 239.4 ± 169.6a* 81.7 ± 55.1a 225.1 ± 90.6a 146.1 ± 68.2a 374.3 ± 267.1a** 307.5 ± 128.9a

20–40 19.4 ± 17.6b 131.1 ± 81.1b** 69.0 ± 52.7a 154.1 ± 67.5ab 138.1 ± 48.3a 211.0 ± 153.5a 358.2 ± 70.5a

40–60 13.9 ± 20.1bc 89.9 ± 92.3bc 63.0 ± 34.7a 146.7 ± 102.0b 73.4 ± 46.3b 190.4 ± 258.3a 292.7 ± 125.5a

Paddy 
soils

0–20 5.4 ± 2.8a** 88.3 ± 33.9a* 51.3 ± 16.4a 210.7 ± 78.6a 163.1 ± 53.4a 120.5 ± 38.3a** 310.0 ± 102.7a

20–40 4.0 ± 2.1a* 45.3 ± 23.6bc** 47.0 ± 20.5a 122.9 ± 52.2ab 127.6 ± 61.0a 109.5 ± 66.6a 327.4 ± 45.0a

40–60 3.5 ± 1.1a 38.6 ± 12.8c 43.3 ± 11.5a 101.0 ± 27.5b 55.8 ± 9.1b 90.4 ± 67.3a 224.9 ± 37.3b

Percentage of P (%)

 Arid 
agri‑
cul‑
tural 
soils

0–20 3.1 ± 1.6 15.5 ± 4.9 5.7 ± 2.2 16.7 ± 5.5 12.2 ± 8.4 24.5 ± 9.1 22.2 ± 6.0

20–40 1.6 ± 1.1 11.3 ± 4.6 6.0 ± 2.4 14.1 ± 4.0 13.7 ± 5.3 17.9 ± 8.6 35.4 ± 9.9

40–60 1.3 ± 1.2 9.0 ± 4.1 8.5 ± 3.3 16.5 ± 2.4 11.2 ± 6.9 16.6 ± 10.6 37.1 ± 10.0

Paddy 
soils

0–20 0.6 ± 0.2 9.3 ± 1.7 5.4 ± 0.5 22.2 ± 3.3 17.3 ± 2.9 12.9 ± 2.6 32.5 ± 4.1

20–40 0.5 ± 0.2 5.5 ± 1.9 6.1 ± 2.4 15.2 ± 3.6 16.0 ± 5.1 13.2 ± 6.7 43.7 ± 11.1

40–60 0.6 ± 0.1 6.8 ± 1.5 7.8 ± 1.4 18.0 ± 2.7 10.4 ± 2.6 15.0 ± 9.1 41.4 ± 9.6

Analysis of variance (P value)

 Land use  < 0.001  < 0.001 0.024 0.145 0.790 0.003 0.220

 Profile depth 0.020 0.006 0.571 0.001  < 0.001 0.174 0.035

 Land use × profile 
depth

0.039 0.270 0.906 0.824 0.568 0.343 0.542
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Resin-Pi, NaHCO3-Pi and NaHCO3-Po are gener-
ally considered as the most biologically available P frac-
tions (defined the active P) [36, 47]. The average content 
of active P in arid agricultural soils of 0–20, 20–40, and 
40–60  cm was 371.0, 219.5, and 166.8  mg  kg−1, respec-
tively, while the values in paddy soils of 0–20, 20–40, and 
40–60 cm was 145.0, 96.3, and 85.4 mg kg−1, respectively 
(Table  3). NaHCO3-Pi was the dominant form of active 
P, accounting for 4.4–11.0% and 2.5–6.7% in arid agricul-
tural soils and paddy soils, followed by the NaHCO3-Po 
and resin-Pi (Table 3).

NaOH-Pi, NaOH-Po, and HCl-Pi are often associated 
with iron and aluminum oxides and easily bound to cal-
cium (defined as moderately active P) [36, 47]. The aver-
age content of moderately active P in arid agricultural 
soils of 0–20, 20–40, and 40–60  cm was 745.5, 503.2, 
and 410.5  mg  kg−1, respectively, and were higher than 
that of paddy soils in the soil depth of 0–20, 20–40, and 
40–60  cm (494.3, 360 and 247.2  mg  kg−1, respectively) 
(Table 3). HCl-Pi was the dominant form of moderately 
active P in the arid agricultural soils, accounting for 
8.6–16.9%, while the NaOH-Pi was the leading moder-
ately active P in the paddy soils, accounting for 6.8–16.4% 
(Table 3).

Residual P is difficult to decompose (defined as sta-
ble P) [12, 47]. As the leading P fraction, the residual 
P content in arid agricultural soils of 0–20, 20–40, 
and 40–60  cm were 307.5 ± 128.9, 358.2 ± 70.5, and 
292.7 ± 125.5  mg  kg−1, respectively, and the values 
in paddy soils of 0–20, 20–40, and 40–60  cm were 
310.0 ± 102.7, 327.4 ± 45.0, and 224.9 ± 37.3  mg  kg−1, 
respectively (Table 3). Although the residual P content in 
arid agricultural soils was higher than that of paddy soils 
across the entire profiles, the P percentage in the paddy 
soils (32.5–43.7%) was higher than that of arid agricul-
tural soils (22.2–37.1%) (Table 3).

The shift from arid agricultural land to paddy land can 
impact on soil P fractions [2, 47, 62, 65]. Fertilization 
directly replenishes the active P, the active P decreased 
with the extension of time, and alters to moderately active 
P and stable P under the action of precipitation, adsorp-
tion, and biological retention [26, 47, 69]. Compared with 
paddy soils, arid agricultural soils applied more fertilizer 
(18.7–39.3 vs. 13.1–27.1  kg P ha−1  yr−1). As the paddy 
soil is mostly flooded during fertilization, the applied fer-
tilizer dissolves quickly and produces large-amounts of 
active P; similarly, the recession of water in paddy land 
will take away more active P, resulting in poor surface 
water quality [41, 69]. Additionally, the freeze–thaw cycle 
can damage the aggregate structure of farmland soil, 
particularly the paddy soil with high water content, and 

decrease the stability of moderately active P and stable P, 
as well as increase soil P activity [13, 47].

Moreover, the acidity and alkalinity of the soil can 
affect the fixation way of P. P is likely retained by soil 
clay minerals and oxyhydroxides according to ligand 
exchange in acidic soils, while in alkaline soils, P is likely 
adsorbed by the precipitation of calcium phosphates and 
by sorption on calcium carbonates and clay minerals [3]. 
Paddy soil has a lower pH value than arid agricultural 
land (Table 1). The decrease of pH resulted in the solu-
bility of the HCl-Pi, which was closely bound to Ca [62]. 
NaOH-P, including NaOH-Pi and NaOH-Po, was the 
main P fraction in the tested area, indicating that most 
P was associated with Fe and Al oxides instead of being 
bound to Ca, which was similar to results from previ-
ous studies [47]. Additionally, soil P adsorbed by Fe- and 
Al-oxides becomes more soluble under flooded condi-
tions, which may explain why NaOH-P in paddy soils was 
lower than that in arid agricultural land [25, 31] (Table 3). 
The organic P (NaOH-Po and NaHCO3-Po) difference 
between arid agricultural soils and paddy soils is rela-
tively small, suggesting that land-use change has a limited 
effect on soil organic P [2] (Table 3).

Effects of land‑use change on soil P leaching change point 
in soil profiles
There was a significant correlation between soil leach-
able P and Olsen-P in the top-layer, sub-layer and deep-
layer of arid agricultural soils and paddy soils (Fig.  2). 
The P leaching change point in the arid agricultural soils 
of 0–20, 20–40, and 40–60  cm was 59.63, 24.31, and 
32.91  mg  kg−1, respectively, which was higher than that 
of paddy soils (35.35, 17.20 and 10.45  mg  kg−1, respec-
tively) (Fig. 2). The change point tended to decrease with 
depth in paddy land. While in arid agricultural land, the 
value was lowest in the sub-layer soil. Originally, Heck-
rath et al. [18] found the linear split-line model between 
soil Olsen-P and dissolved reactive P in drainage water in 
Broadbalk, and obtained the P leaching change point was 
60 mg kg−1. Then, Heskrath and Brookes [20] confirmed 
that special linear relationship between the soil Olsen-
P and dissolved reactive P in drainage water could also 
be found between the soil Olsen-P and 0.01  M-CaCl2-
extractable P, and the P leaching change point was pre-
dicted in a wide range of 10–119  mg  kg−1 in the UK. 
McDowell et al. [37] also investigated different soil from 
the United Kingdom, New Zealand, and the United 
States and evaluated the change point for Olsen-P was 
20–112 mg kg−1. Additionally, Zhao et al. [72] found that 
the change point in Chinese agricultural soils ranged 
from 30–160  mg Olsen-P kg−1; this result is consistent 
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Fig. 2  Relationships between Olsen-P and leachable P in arid agricultural soils (a, b, c) and paddy soils (d, e, f) calculated by the SPOLERC
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with the change point in the top-layer soil in the present 
study.

The soil P leaching change point decreased after land-
use change from arid agricultural land to paddy land. 
Previous analysis demonstrated that soil types, pH, and 
OM content were the main factors affecting the P leach-
ing change point, and that land-use change may influence 
these soil basic properties [28, 54, 72]. For example, soil 
pH can influence soil P leaching change point. A nega-
tive relationship was found between soil pH and the P 
leaching change point at soil pH > 6.0, while in soil with 
pH < 6.0, the relationship was found to be positive  [72]. 
Given that the conversion from arid agricultural land to 
paddy land decreased soil pH, and more than two-thirds 
of soils have a pH < 6.0 (Table 1), a decrease in the soil P 
leaching change point could result. Secondly, there was 
a significant positive relationship between soil OM and 
P leaching change point [72]. Xie et al. [54] showed that 
biochar application increased soil OM, and soil P leach-
ing change point. In this study, land-use change from 
agricultural soil to paddy soil resulted in a decrease in 
OM (Table  1), which could also lead to a decline in P 
leaching change point. Higher P leaching change point in 
arid agricultural soil may be due to high soil P adsorp-
tion capacities [28]. The soil with high OM has a more 
stable aggregate structure and higher P adsorption capac-
ity [26, 32]. Many authors, including Yao et al. [60] have 
shown that soils with higher the clay content have greater 
P adsorption capacity, because of clay mineralogy and 
much greater surface area. In the area of this study, the 
clay content of arid agricultural soil was higher than that 
of paddy soil (21.9% vs. 14.1%) [45]. In addition, recession 
of water in paddy land can increase the loss of OM and 
clay particles, especially in the top-layer soil [41, 59, 69].

Effects of land‑use change on soil P leaching risk in soil 
profiles
The single factor index (SFI) was introduced to classify 
the soil P leaching risk level [29]. The evaluation index 
was obtained by dividing soil P leaching change point by 
soil Olsen-P content. When soil Olsen-P is higher than 
the change point, significant loss of P through leaching 
could occur; otherwise, P leaching risk is not observed. 
Additionally, the higher the evaluation index value is, the 
more serious the risk level is. The calculation formula 
and risk rate of P leaching evaluation index are shown 
in Table 1 of Xie et al. [55]. Based on the soil P leaching 
change point and the SFI evaluation method, the classifi-
cation of soil P leaching risk level in arid agricultural soils 
and paddy soils is shown in Table 4. SPOLERC was used 
to calculate the soil P leaching risk in soil profiles.

Generally, a higher P leaching change point indicates 
a lower P leaching risk at the same soil Olsen-P content 

Table 4  Classification of soil P leaching risk in arid agricultural soils and paddy soils

a When the soil Olsen-P is below the change point, the soil is classified as no risk area. In addition, soils are classified as risk areas when soil Olsen-P is higher than the 
change point

Risk level Profile depth No risk Low risk Medium risk High risk
(cm) (mg kg−1)

Arid agricultural soils 0–20  ≤ 59.63a 59.63 ~ 119.26 119.26 ~ 178.89  > 178.89

20–40  ≤ 24.31 24.31 ~ 48.62 48.62 ~ 97.24  > 97.24

40–60  ≤ 32.91 32.91 ~ 65.82 65.82 ~ 131.64  > 131.64

Paddy soils 0–20  ≤ 35.35 35.35 ~ 70.70 70.70 ~ 106.05  > 106.05

20–40  ≤ 17.20 17.20 ~ 34.40 34.40 ~ 68.80  > 68.80

40–60  ≤ 10.45 10.45 ~ 20.90 20.90 ~ 41.80  > 41.80

Fig. 3  Soil P leaching risk probability in arid agricultural soils (AAS) 
and paddy soils (PS) measured by the SPOLERC
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[28, 53]. According to soil P leaching change point and 
the Olsen-P content at sampling points, the P leach-
ing risk probability in the arid agricultural soil sampling 
points of 0–20 cm, 20–40 cm, and 40–60 cm were 58.2%, 
50.9%, and 30.9%, respectively, while in paddy soil sam-
pling points, they were 40.6%, 56.3% and 87.5%, respec-
tively (Fig. 3, Additional file 1: Figure S1). The P leaching 
risk probability for the top-layer of arid agricultural 
soils was higher than that of paddy soils. Both the sub-
layer and deep-layer of arid agricultural soils had a lower 
probability of P leaching risk than that of paddy soils. 
Furthermore, 25.5% and 11.0% of arid agricultural soils 
at soil depth of 0–20  cm and 20–40  cm had a medium 
risk and high risk, which was higher than that for paddy 
soils (0% and 6.3%) (Fig. 3, Additional file 1: Figure S1). 
The medium and high P leaching risk probability of the 
deep-layer of arid agricultural soils was higher than that 
of paddy soils (9.1% vs. 40.6%) (Fig.  3, Additional file  1: 
Figure S1). In conclusion, 30.9% of arid agricultural soils 
and 87.5% of paddy soils were at risk of P leaching into 
shallow groundwater, while 58.2% of arid agricultural 
soils and 40.6% of paddy soils were at risk of P into the 
surface runoff or the sub-layer soil. In this study, the con-
version from arid agricultural land to paddy land has led 
to a change in basic soil properties, such as pH, and OM, 
which could lead to a decrease of P leaching change point 
and an increase of P leaching risk. Cho [9] showed that 
over 60% of annual P loss occurred during rice growing 
season while approximately 20% of P loss occurred dur-
ing the non-cropping season after harvest as surface run-
off. The recession of water in paddy land will take away 
more active P. Since our investigation occurred in the 
non-cropping season, the P leaching risk from paddy soil 
is likely to be much higher. Hence, the priority to reduce 
P loss should be to focus on the application rate and 
improve the utilization efficiency of P fertilization.

Conclusions
This research focused on the impact of land-use change 
from arid agricultural land to paddy land on soil P leach-
ing risk. The soils tested in the Xingkai Lake Basin were 
P-enriched. Results simulated by SPOLERC indicated that 
there was a significant relationship between soil leachable 
P and Olsen-P in the top-layer, sub-layer and deep-layer 
of arid agricultural soils and paddy soils. The P leach-
ing change point in the arid agricultural soils of 0–20 cm, 
20–40 cm, and 40–60 cm (59.63, 24.31, and 32.91 mg kg−1, 
respectively) were higher than that of paddy soils (35.35, 
17.20 and 10.45 mg kg−1, respectively). 30.9% of arid agri-
cultural soils and 87.5% of paddy soils were at risk of P 
leaching into the shallow groundwater, while 58.2% of arid 
agricultural soils and 40.6% of paddy soils were at risk of P 

loss via surface runoff. The recession of water from paddy 
land will take away more active P, resulting in paddy soil 
having a higher leaching risk. Meanwhile, moderately 
active P, including NaOH-Pi, NaOH-Po, and HCl-Pi, is the 
leading P fraction in the tested soils. HCl-Pi and NaOH-
Pi was the major P fraction of moderately active P in arid 
agricultural land and paddy land, suggesting that land-use 
change leads to the conversion from Ca-bound P to P asso-
ciated with Fe and Al. In conclusion, land-use change from 
arid agricultural land to paddy land decreased the soil P 
leaching change point, which in turn resulted in increased 
soil P leaching risk.
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