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Abstract: Soil phosphorus is a major determinant and indicator of soil fertility and quality, and is also a
source of nonpoint-source pollution. In order to control soil and water loss in the Loess Plateau, a series of
soil and water conservation measures have been taken, resulting in changes in land use and differences in
spatial distribution. It is necessary to study soil available phosphorus (SAP) to evaluate land productivity
and environmental quality. In this study, the spatial distribution of SAP in different land uses was inves-
tigated in a small catchment area of Loess Plateau, and the field-influencing factors were determined on
five layers with soil depth of 20 cm. The results show the minimum and maximum SAP content occurred
at 20–40 cm and 80–100 cm soil depth and reach a value of 27.26 mg/kg and 29.37 mg/kg at catchment
scale, respectively. There is significant difference among the SAP of the five soil layers (p < 0.01). The SAP
of different land uses is, in order: forestland < slope farmland < dam farmland < terrace < grassland.
Different land uses’ topographies make a difference to the spatial distribution of SAP. Slope and soil
texture are the domain factors influencing the SAP concentration at the catchment.

Keywords: soil available phosphorus; land use change; vegetation restoration; check dam; terrace

1. Introduction

As an important part of the soil, phosphorus is an extremely important ecological
factor in terrestrial and aquatic ecosystems, and also a necessary nutrient element for the
life activities of animals and plants [1]. In terrestrial ecosystems, the soil phosphorus level is
closely related to soil productivity, for it directly affects soil fertility and crop growth quality.
Availability of phosphorus (P) can directly and/or indirectly affect nitrogen (N) retention
and loss from soil by stimulating microbial and plant root activities [2]. In recent years in
the agricultural ecosystem, in order to increase soil fertility and increase crop yields, a large
amount of chemical fertilizers has been artificially thrown into the soil, which has in essence
led to the enrichment of phosphorus in terrestrial ecosystems [3]. Excessive enrichment of
phosphorus can change the effectiveness of nutrients and increase the number and activity
of microorganisms [4]. At the same time, large amounts of phosphorus emitted due to
agricultural production causes water eutrophication [5,6], endangering the water supply
ecosystem and human health. Land use changes caused by human factors and climate
change also have important impacts on the content changes of soil available phosphorus
(SAP). Changes in land use patterns often lead to changes in the soil phosphorus cycle
pattern, affecting the stability and sustainability of the entire ecosystem [7]. Irrational land
use can lead to serious soil erosion and environmental problems, for instance, water eu-
trophication arising from the loss of soil nutrients [8]. In the meanwhile, frequent changes
in land use structure will also conflict with the ecological environment [9], resulting in a
series of serious consequences, such as increasing soil loss; reducing the content of organic
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matter, nitrogen, and phosphorus in soil; as well as impairing soil fertility [10]. Plant cover
significantly reduced available P losses in experimental fields [11]. However, appropriate
soil and water conservation measures can significantly decrease soil erosion and nutrient
loss, especially in the Loess Plateau, which is ecologically fragile and vulnerable to ero-
sion [12]. In order to control soil erosion and restore ecosystems, the Chinese government
launched a series of ecological construction projects in the Loess Plateau in 1999 with the
purpose of rationally utilizing land resources according to local conditions and restor-
ing forest vegetation [13]. As the main water conservation measures, slope-transformed
terraces, check dams, and “returning the farmland to forestry (grass)” are considered as
breakthroughs and basic guarantees for the restoration of ecological construction. So far,
more than 16,000 km2 of sloping cropland has been converted into forest (grass) land, so
that the vegetation coverage of the Loess Plateau has increased by 25% [14]. Furthermore,
5470 large check dams and 52,444 small and medium ones had been built by the end of 2011.
As of 2012, the total terrace area of the Loess Plateau was 3,712,900 hm2, the ability of which
to reduce sand was about 500 million tons [15]. This large-scale ecological construction has
not only altered the vegetation, soil properties, and land structure of the Loess Plateau,
but also created a certain influence on the nutrient circulation in the Loess Plateau [16]. In
that case, it is of immense significance to accurately assess the changes of soil phosphorus
content after ecological construction, to analyze its reserves in different land uses, and to
find out its spatial distribution and evolution rules. Currently, most studies focus on the
effects of land use changes on soil carbon and nitrogen distribution [17,18], yet very few
reports emphasize the spatial distribution of soil phosphorus and its influencing factors,
let alone that in small watersheds.

Small watersheds are likely to be the sources of multiple rivers. The nutrients carried
by runoff and sediment often result in the eutrophication of rivers and lakes in watersheds,
as well as the degradation of water quality. For that reason, it is of tremendous importance
to study the spatial distribution of SAP and its influencing factors for understanding the
changes of the soil phosphorus cycle and water quality in the basin. This article has selected
a typical small watershed in the Loess Plateau to analyze the spatial distribution of SAP
and the influencing topographic factors, for which the principal objectives are (1) to assess
the impact of ecological construction on the spatial distribution and reserves of SAP, and
(2) to analyze the influence of topographic factors on SAP content at different soil depths.

2. Materials and Methods
2.1. Study Area

The study area is located in the Wangmaogou Basin (110◦20′26”–110◦22′46” E,
37◦34′13”–37◦36′03” N) of the Loess Plateau, and in the Wuding River Basin 5 km north of
Suide County, Shaanxi Province, China (Figure 1). The area of the watershed is 5.97 km2, the
altitude is between 936 m and 1188 m, and the annual average temperature is 10.2 ◦C. The
average annual precipitation in this area is about 513 mm, which is unevenly distributed
during the year, and the rainfall from July to September makes up 60% of the entire year.
The soil is dominated by loessal soil. The loess has developed vertical joints and uniform
particles, but the clay content is low and the cementation is weak, which can easily cause
serious soil erosion when affected by rainfall during the flood season. Since 1950, many
water and soil conservation measures have been implemented in the Wangmaogou Basin,
and therefore this basin can be used as a typical watershed for water and soil conservation
research. The main types of land use in the basin are sloping cropland (22.32%), forestland
(9.15%), grassland (36.51%), terrace (25.78%), and check dam (6.24%).
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orded. The analysis of SAP used a fully automated intermittent analyzer. The soil bulk 
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Figure 1. Location map of the Loess Plateau in China (a), Location map of Wuding River in Shaanxi Province (b), The
Digital Elevation Model of the Wangmaogou watershed (c), Land use types (d), The sampling point distribution (d) (The
direction of the arrow is the layout of the study area from large to small in China).

2.2. Methods
2.2.1. Soil Sample Collection and Determination Methods

Soil samples were collected from July to August in 2014 by using a drill with a diameter
of 6.9 cm. The sampling depth was 100 cm, and soil samples from each soil layer were
collected at depths of 0–20 cm, 20–40 cm, 40–60 cm, 60–80 cm, and 80–100 cm. The average
interval for each sample point was 100 m. The numbers of soil samples collected under
different land use patterns were 18 (terrace), 114 (grassland), 48 (forestland), 20 (sloping
cropland), and 16 (check dam). In the process of collecting soil samples, the altitude,
gradient, slope aspect, vegetation type, and coverage of sampling points have also been
recorded. The analysis of SAP used a fully automated intermittent analyzer. The soil
bulk density was measured with a ring knife. A total of 15 soil profiles were taken in the
sloping cropland, forestland, grassland, terrace, and check dam, which were 60 cm deep,
sampled at 20 cm intervals, and brought back to the laboratory oven at 105 ◦C. The soil
bulk density was measured after 10 h of drying. Soil thicknesses of 0–20 cm, 20–40 cm,
40–60 cm, 60–80 cm, and 80–100 cm are indicated by A1, A2, A3, A4, and A5, respectively.
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2.2.2. Data Analysis and Processing Methods

The descriptive statistical analysis is performed by SPSS (20.0) software, the semi-
variance function is calculated by GS + (7.0), and the spatial distribution map is produced
by ArcGIS (10.1).

The semi-variance function is a key function for studying the spatial variability of
soil in geostatistics. Its theoretical model can be applied to analyze the randomness and
structure of the spatial variability of SAP. It is expressed by Equation (1), as follows [19]:

γ(h) =
1

2N(h)

N(h)

∑
i=1

[z(xi)− z(xi + h)]2 (1)

In Equation (1), γ(h) is the semi-variance function; z(xi) − z(xi + h) is the measured
value of two observation points with interval h; N(h) is the pair number of all observation
points in steps of h. The semi-variance function diagram is usually obtained by plotting
γ(h) in line with h. Usually, the value of the semi-variance function increases with the
distance from the sample points, and increases to a substantially stable constant within a
certain range of variation, namely the base value. A reasonable theoretical model can be
obtained by fitting the semi-variance function according to the determination coefficient
R2 and the residual RSS.

The calculation of SAP reserves uses the calculation formula of soil organic carbon
reserves [20]:

Ci = di × ρi ×Oi/100 (2)

Wi = Ai × Ci (3)

In the formula, i is different levels of soil; C is SAP density (g/m2); d is the thickness of
soil (cm); p is soil bulk density (g/cm3), O is SAP content (mg/kg); A is the area occupied
by each type; and W is SAP reserves.

3. Results
3.1. Statistical Characteristics of SAP

As can be seen from Table 1, the available phosphorus content in different soil depths
was tested by ANOVA, and there is a significant difference in SAP at different soil depths
(p < 0.01), which is huge between the minimum and maximum values, close to 50 times.
The maximum average value is in layer A5, and the minimum in layer A2, which are
29.37 mg/kg and 27.26 mg/kg, respectively. The variations of available phosphorus are
from 35% in the A5 layer to 38% in the A4 layer. According to the classification system
proposed by Nielson and Bouma [21] (pp. 170–175), the weak variation CV is ≤ 10%;
the moderate variation is 10% < CV < 100%; and the strong variation CV is ≥100%.
Consequently, the variation coefficients of available phosphorus in all five soil layers are
moderately variable.

Table 1. Statistical characteristics of SAP at different depths (mg/kg).

Layer
Depth (cm)

Mean
Value

Standard
Deviation Min. Max. Skewness Kurtosis K-S (p) CV (%)

A1 28.19 10.27 1.14 50.4 −0.39 −0.19 0.52 36
A2 27.26 10.12 1.17 50.72 −0.45 −0.26 0.35 37
A3 28.4 10.56 0.7 54.57 −0.15 −0.03 0.48 37
A4 27.66 10.54 0.52 57.15 −0.24 −0.05 0.87 38
A5 29.37 10.21 2.62 59.25 −0.15 0.43 0.71 35

For geostatistical analysis, since the Kriging method has the highest prediction accu-
racy for normal distribution data, it is indispensable to test whether the data set of SAP
satisfies normal distribution before conducting geostatistical analysis. From the K-S test
and the skewness and kurtosis, it can be discovered that the SAPs in the five soil layers all
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obey the normal distribution (p > 0.05) and meet the requirements of the next-step analysis.
The normal distribution curve is shown in Figure 2.
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3.2. Changes of SAP and Bulk Density with Different Land Uses

Dual-factor ANOVA has shown that land use and soil depth significantly affect SAP
content (p < 0.01). Table 2 contains the average SAP content and bulk density under different
land uses, from which the average SAP content of the five land types in a descending order is:
grassland > terrace > check dam > sloping cropland > forestland. The SAP content in the ter-
race and dam of layer A1 is dramatically higher than other lands. The soil bulk density under
different land uses shows that: grassland > terrace > sloping cropland > forestland = dam.
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Table 2. Mean values and bulk density of SAP under different land uses.

Layer
Depth
(cm)

Terrace Grassland Forestland Sloping Cropland Check Dam

SAP
(mg/kg)

Bulk
Density

SAP
(mg/kg)

Bulk
Density

SAP
(mg/kg)

Bulk
Density

SAP
(mg/kg)

Bulk
Density

SAP
(mg/kg)

Bulk
Density

(g/cm3) (g/cm3) (g/cm3) (g/cm3) (g/cm3)

A1 30.53 1.28 28.95 1.26 26.52 1.27 28.51 1.29 30.7 1.37
A2 28.6 1.35 28.33 1.35 24.85 1.28 26.83 1.36 27.12 1.17
A3 29.24 1.34 29.19 1.4 26.87 1.32 25.3 1.32 27.04 1.33
A4 28.15 - 29.5 - 24.59 - 26.12 - 24.94 -
A5 29.06 - 29.97 - 26.73 - 25.36 - 25.09 -

Mean
Value 29.11 1.32 29.19 1.34 25.84 1.29 26.42 1.32 26.98 1.29

3.3. Relationship between SAP Content and Topographic Factors

Table 3 shows the average SAP content of different land uses under topographic factors.
According to the actual situation in the study area, the altitude is composed of 4 levels,
≤1000 m, 1000–1050 m, 1050–1100 m, and >1100 m; the slope consists of 6 levels, flat slope
(0–3◦), slight slope (3–8◦), slope (8–15◦), slightly steep slope (15–25◦), steep slope (25–35◦),
and extremely steep slope (>35◦); and, the slope aspect is divided into shady slope and sunny
slope [22]. The effect of topographic factors on SAP content is considerably different under
different land use conditions. In light of the ANOVA analysis, there is a substantial correlation
between altitude and SAP content in terrace, grassland, and sloping cropland (p < 0.01), but
the correlation between altitude and SAP content in dam and forestland is not evident
(p > 0.05). The relationship between gradient and SAP content in grassland, forestland, and
sloping cropland is striking (p < 0.01); however, the slope aspect only has a distinct correlation
with the SAP content in forestland (p < 0.05), but not in other land uses (p > 0.05).

Table 3. Average SAP content in different land uses under topographic factors.

Terrain Factors
Gradient (◦) Altitude (m) Slope Aspect

0–3 3–8 8–15 15–25 25–35 >35 ≤1000 1000–
1050

1050–
1100 >1100 Sunny

Slope
Shady
Slope

Check
Dam

A1 26.26 - - - - - 29.78 31.49 - - 30.7 -
A2 23.91 - - - - - 29.5 25.07 - - 27.12 -
A3 29.5 - - - - - 27.42 26.72 - - 27.04 -
A4 23.96 - - - - - 25.57 24.4 - - 24.94 -
A5 28.8 - - - - - 28.06 22.56 - - 25.09 -

Terrace

A1 29.66 - - - - - 32.53 33.91 28.28 9.66 28.6 30.35
A2 27.57 - - - - - 32.72 30.86 25.62 11.42 27.62 27.54
A3 28.31 - - - - - 30.71 32.26 27.15 9.57 30.69 26.76
A4 27.91 - - - - - 31.55 29.02 28.67 14.68 27.61 28.1
A5 29.49 - - - - - 29.18 31.33 31.82 12.21 29.24 29.66

Grassland

A1 - 27.59 30.86 27.42 27.48 31.63 38 28.8 29.7 26.84 28.88 29.2
A2 - 31.63 29.12 27.26 25.18 31.53 38.05 29.6 27.18 26.45 27.33 28.94
A3 - 29.73 33.05 25.85 29.98 29.56 35.46 29.13 29.99 26.5 29.32 28.99
A4 - 25.06 31.82 26.17 28.59 31.12 34.86 29.03 30.99 24.16 29.05 28.85
A5 - 29.69 33.04 29.89 27.43 32.65 37.5 30.61 30.11 29.04 30.3 30.36

Forestland

A1 25.28 22.28 22.31 28.9 19.89 27.65 27.94 26.39 28.38 22.43 25.8 24.86
A2 6.53 19.02 22 30.19 22.69 27.69 31.71 25.66 23.44 23.57 26.03 23.14
A3 0.7 25.33 20.06 36.15 19.06 31.25 27.38 28.78 24.67 27.22 27.64 26.6
A4 26.69 21.79 20.27 29.26 21.76 27.43 24.37 25.34 25.24 25.13 26.6 22.72
A5 16.37 31.69 21.49 34.16 28.48 30.08 35.83 26.41 27.09 30.07 31.69 23.69

Sloping
Cropland

A1 - 33.1 27.2 28.05 21.34 27.06 31.14 21.18 22.72 30.95 25.51 25.94
A2 - 26.18 27.45 28.29 26.04 27.56 30.59 23.32 27.84 26.06 27.89 26.68
A3 - 31.87 23.82 27.44 23.37 19.28 26.52 20.35 27.86 30.79 26.5 24.53
A4 - 24.22 29.33 30.58 21.48 30.69 30.99 19.69 30.13 24.5 22.31 28.44
A5 - 29.72 31.18 26.83 21.32 21.06 24.35 22.44 26.3 31.62 22.66 25.98
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3.4. Geostatistics Analysis of SAP

Table 4 shows the geostatistical parameters of SAP at different soil depths. The model
with the highest fitting degree (R2) and the smallest residual sum of squares (RSS) is
selected as the optimal model (Figure 3). Under the five soil layers, the optimal models
of SAP are all linear models, whose determination coefficients are 0.861, 0.941, 0.859, 0.71,
and 0.867, and the RSS is also smaller, indicating that the model has high fitting accuracy
and can well reflect the spatial structure characteristics of SAP in the study area. The
nugget coefficient represents the degree of spatial correlation of system variables. When
the ratio is <25%, the system has a strong spatial correlation; 25–75%, a medium spatial
correlation; and >75%, a weak spatial correlation. The nugget coefficients of SAP of all
layers are relatively large, accounting for 50–81%, indicating that the spatial variability
of SAP is mainly attributed to structural and random factors. Structural factors such as
climate, parent material, topography, soil type, and other natural factors can lead to strong
spatial correlation of soil nutrients; while random factors such as fertilization, farming
measures, cropping systems, and other human activities undermine spatial correlation of
SAP, thus developing in the direction of homogenization. The variations of the five soil
depths (194–493 m) are larger than the grid sampling interval of 100 m used in this research
and satisfy the spatial analysis requirements.

Table 4. Geostatistical parameters of SAP at different depths.

Layer
Depth C0 C0 + C

Nugget
Coefficient

Variation
Amplitude Model R2

Residual
RSS

GD (%) (m)

A1 49 98 50 424 Spherical 0.861 205
A2 28.7 90.35 68 194 Gaussian 0.941 170
A3 20.8 108.8 81 308 Spherical 0.859 410
A4 21.1 106.2 80 322 Spherical 0.71 1068
A5 53.5 110 51 493 Spherical 0.867 285
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3.5. Spatial Distribution of SAP

Kriging interpolation is applied to the SAP values at five sampling depths, plotting
the spatial distribution of SAP in the five soil layers of Wangmaogou Basin (Figure 4). It
can be seen from the figure that the SAP in the five soil layers shows a patchy distribution.
As the depth increases, the available phosphorus content gradually decreases, and so does
the change range of the available phosphorus. The SAP content in layer A1 is the highest
and in layer A5 is the lowest. The highest SAP is generally at the intersection of rivers,
such as grassland and dam land. Hence, the spatial distribution characteristics of SAP are
closely related to land use types.
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3.6. SAP Density and Reserves under Different Land Uses

According to Equations (2) and (3), the SAP density and reserves under different land
uses in Wangmaogou Basin are calculated. According to the SAP density under different
land uses (Table 5 and Figure 5), its maximum and minimum values appear in the terrace
and the forestland. The SAP of layer A1 in different land uses varies greatly, which in
descending order is: terrace > dam > sloping cropland > grassland > forestland. Shown
by the variation coefficient of SAP density, the variations of SAP under five soil depths
are weak, and the highest and lowest are discovered in terrace and grassland, respectively.
Under different land uses, the SAP reserves at a depth of 0–100 cm are as follows: grassland
(123.64 t) > sloping cropland (20.21 t) > check dam (17.31 t) > terrace (11.56 t) > forestland
(9.80 t). The total SAP reserves of 0–100 cm layer in the Wangmaogou Basin are 182.51 t.

Table 5. SAP density of layers under different land uses.

Layer
Depth
(cm)

Terrace Grassland Forestland Sloping
Cropland Check Dam

SAP CV SAP CV SAP CV SAP CV SAP CV
(g/m2) (%) (g/m2) (%) (g/m2) (%) (g/m2) (%) (g/m2) (%)

A1 7.91 9.51 7.08 3.77 6.44 5.52 7.16 8.47 7.77 7.02
A2 7.63 9.96 7.21 3.98 6 7.24 7.11 8.24 6.01 6.81
A3 7.97 8.89 7.2 4.27 6.43 8.17 6.6 8.6 7.07 6.49
A4 7.51 8.71 7.67 3.98 6.3 6.02 6.86 9.95 6.68 6.31
A5 7.98 8.83 7.95 3.56 6.63 7.16 6.65 8.6 6.67 7.32

0–100 cm 39 8.63 37.12 3.51 31.81 6.29 34.37 8.31 34.19 5.78
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4. Discussion

The average SAP content in grassland is higher than in the other four land types,
whereas that in sloping cropland is apparently lower than the other four land types. This
indicates that the sloping cropland will increase after being converted into grassland, terrace,
or check dam, which bears a resemblance to the studies of Xin [23] and Liu et al. [24], who
found that the implementation of the ecological construction of the Loess Plateau effectively
enhanced the role of soil organic carbon sinks, making the basin a repository for carbon and
phosphorus. In addition, the SAP content in layer A1 of check dam is evidently higher than
that of the other land types, and the content of organic matter and clay in the silt intercepted
by check dam is usually higher than that of the source soil [25]. The soil clay content under
the five types of lands is very low (the maximum value is less than 9%), and there is no
significant difference (p > 0.05) in the grain size under different land types. Because the dam
is mainly distributed in the lower channels in the study area, fine soil particles on the slope
are carried by rainfall and runoff and deposited on the dam. With a large specific surface
area and charge density, the soil clay has a strong adsorption capacity for soil nutrients
and can form relatively stable organic–inorganic composites with macromolecular organic
substances (especially humus). These composites can form a more stable aggregate structure
which has the effect of enhancing the accumulation of soil nutrients [26], and therefore the
STP content of the dam is relatively high. This research result is consistent with that of
Liu et al. [24], who gathered that the dam construction could intercept large amounts of
sediment and phosphorus. In consequence, the construction of check dam in the Loess
Plateau can significantly increase soil phosphorus content and increase soil fertility.

The variation of SAP is closely related to the complex terrain factors [27]. Changes in
topography such as gradient, slope aspect, and altitude can lead to changes in an array of
biological and abiotic activities [28], such as soil water content, microbial activity, water–heat
balance, plant growth, and the amount of litters, thereby affecting SAP content. Previous
studies have detected that there is an immense correlation between SAP and gradient, as well
as a dramatic negative correlation between SAP and altitude. However, Wang et al. [29] found
that soil nutrients could not be affected by the slope aspect. This article has discovered that
the effects of topographic factors on SAP are different under different land use conditions, for
which the reason is: the ecological construction measures in the Loess Plateau have caused a
series of changes in vegetation coverage, soil properties, and water–heat balance, which is
closely related to SAP content, thus reducing the influence of topographic factors on SAP and
resulting in the different impacts of topography on SAP content in different land types.
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5. Conclusions

There are prominent differences in SAP at different soil depths and under various land uses.
The average contents of SAP under five soil layers of A1, A2, A3, A4, and A5 are 28.19 mg/kg,
27.26 mg/kg, 28.40 mg/kg, 27.66 mg/kg, and 29.37 mg/kg, and the spatial variability of SAP
under the five soil layers is moderate. The average SAP content in the five land types in de-
scending order is as follows: grassland > terrace > check dam > sloping cropland > forestland.
The SAP content in terrace and dam of layer A1 are significantly higher than that of other
land uses. In summary, converting the sloping cropland to grassland, terrace, or dam can
raise SAP content.

The variation of SAP is closely related to topographic factors. Under different types of
land use, the influencing factors are different: the altitude is significantly related to the SAP
content in terrace, grassland, and sloping cropland (p < 0.01); the gradient is significantly
related to the SAP content in grassland, forestland, and sloping cropland (p < 0.01); while
the slope aspect only affects the SAP content in forestland (p < 0.05).

The spatial distribution of SAP under the five soil layers in Wangmaogou Basin is
patchy. With the increase of depth, the available phosphorus content gradually decreases,
and so does its change range. The highest values of SAP spatial distribution in the study
area usually occur in grassland and dam. At the depth of five soil layers, the maximum and
minimum values of SAP density appear in terrace and forestland, respectively. The SAP
density varies significantly among different land types in layer A1, which in a descending
order is: terrace > check dam > sloping cropland > grassland > forestland. The total SAP
reserves of the 0–100 cm layer in the Wangmaogou Basin are 182.51 t.
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