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Abstract: Understanding the phosphorus (P) cycle is essential for preventing soil P loss, improving
environmental quality, and promoting sustainable agriculture, particularly in urban areas. In this
study, a representative city of the lower Yangtze River Basin, Nanchang, was chosen to systematically
explore the distribution and transformation of soil P forms, which were extracted by an improved
SEDEX method and measured by a standard phosphorus—-molybdenum blue method under three
land use patterns. The contents of soil P forms were the highest in the dryland and the lowest in the
paddy field, with total P accumulation in the upper wasteland and paddy field soils but in the lower
dryland soil. The pH value and grain size affected soil P form distributions to a variable extent from
one land use pattern to another. The transformation of soil P forms was weak in the wasteland. It
was first found that some detrital limestone P (De-P) was transformed into exchangeable P (Ex-P) in
the paddy field with authigenic calcium-bound phosphorus (Au-P) and organic phosphorus (OP)
transformation, and the transformation between Ex-P and iron-bound phosphorus (Fe-P), Au-P, and
between Au-P and OP existed in the dryland. Land use pattern was the dominant driver for the P
distribution and transformation of soil P. This study highlights the critical role of land use patterns in
affecting the P cycle of soils in urban areas and the importance of sustainable urban land management.

Keywords: phosphorus form; influences; phosphorus transformation; soil profiles; land use
pattern; Nanchang

1. Introduction

Phosphorus is one of the common elements in soil and an essential nutrient for the
growth and development of plants [1,2]. The content and form of soil phosphorus usually
change with soil development, and the amount of bioavailable phosphorus directly limits
plant growth [3]. Therefore, soil phosphorus plays an important role in maintaining
agricultural production and ecosystem development [4—6]. At the same time, the loss of
soil phosphorus leads to an increase in phosphorus concentration in surrounding water
bodies, which, in serious cases, will lead to water eutrophication [7,8]. Therefore, studies on
phosphorus forms and transformation in soil not only help guide the rational fertilization
of sustainable agriculture but also provide a scientific basis for the sustainable development
of ecological environments [9].

Parent rocks are the material basis for soil formation, and their phosphorus content
directly determines the level and distribution characteristics of soil phosphorus content [4,10].
Different climate zones often lead to differences in the distributions of soil phosphorus forms
in different regions [11-13]. Soil property also has a significant impact on soil phosphorus
forms [14-16]. For example, when the pH value increases, OH™ and phosphate anion
exchange with each other in the soil system, resulting in the release of phosphorus [17,18].
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In addition, an increase in soil clay content usually leads to the adsorption and chemical
fixation of phosphorus, thereby weakening the activation ability of phosphorus in the
soil [19,20]. The alternation between dry and wet seasons is also an important factor
affecting changes in soil phosphorus forms. For example, significant changes in soil
phosphorus forms were found in the Three Gorges Fluctuation Zone after seasonal dry-wet
cycles [21]. It was further pointed out by some authors that the frequent alternation of
dry-wet conditions in the Three Gorges Reservoir Area exacerbated the loss of active
phosphorus in the soil of the subsidence zone [22]. In recent years, due to the significant
increase in human activities, land use patterns have also become extremely important
factors affecting the distributions of soil phosphorus forms and their bioavailability [23-27].
Different land use patterns actually alter the physical, chemical, and biological processes of
soils due to different management measures, such as cultivation, irrigation, and fertilization,
resulting in changes in soil phosphorus characteristics [28,29]. Up to now, there have been
a lot of studies on soil phosphorus forms in the world [10,13,19,22,24,26,28-30]. Previous
studies have provided good perspectives for understanding the distribution characteristics
of phosphorus forms and their geochemical cycles in soils.

In the context of rapid urbanization, land use patterns are diversified in urban areas,
and the distribution of soil phosphorus forms and their geochemical behaviors could be
different from those of other areas [25]. Conducting studies on soil phosphorus forms in
urban areas is beneficial for optimizing land use management measures and adjusting the
structure of urban ecological environment systems. However, relevant studies on urban
soil P are scarce. Some critical questions need to be solved, for example, what the dynamics
of soil P forms are, which influences affect soil P distributions, and how soil P forms are
transformed under different land use patterns in urban areas.

Nanchang City is a large provincial capital of the lower Yangtze River Basin, lying
to the southwest of the largest lake in Jiangxi Province, Poyang Lake. In this city, river
networks have developed, and there is a warm climate with enough rainfall. Under unique
lithological, hydrological, and meteorological conditions, soil formation could differ in
this city from other areas, which could cause different soil P dynamics and behaviors. In
recent years, with the acceleration of urbanization, the changes in land use patterns in
Nanchang City probably made soil P dynamics and behaviors more complex. In this study,
the three typical land use patterns of soils in Nanchang City (wasteland, paddy field, and
dryland) were first considered the study objects to determine the concentration of various
phosphorus forms in soils. The aim of this study was to reveal the distribution, influences,
and transformation of soil P forms. The findings are expected to complete the theory of the
phosphorus cycle in urban soils and may provide a scientific basis for optimizing land use
strategies, protecting ecological environments, and developing sustainable agriculture in
Nanchang City and similar areas.

2. Materials and Methods
2.1. Study Area

Nanchang City (E115°27" to 116°35’, N28°10’ to 29°11’) is located between Ganjiang
River and Fuhe River in the middle-lower reaches of the Yangtze River in South China,
adjacent to the largest freshwater lake, Poyang Lake, in China (Figure 1). The city has a
total area of about 7000 km? with a total population of about 5.3 million. Low mountains
and hills, eroded hills, and plain landforms are developed from northwest to southeast
of the region. The low mountains and hills are mainly distributed in the Meiling area in
the northwest, with an elevation of 300~500 m, lithologically composed of granite and
gneiss. The weathered denudation mound is located in Lehua Town in the northwest, with
an elevation of 30~70 m, and mainly consists of eluvial red loam and upper Cretaceous
purplish red sandstone. The alluvial plain is distributed in a vast area east of the Ganjiang
River, consisting of sand and gravel layers formed during the Holocene, Middle Pleistocene,
and Upper Pleistocene alluvial deposits. Above the layers, silty loam is developed, with
a thickness of 5~10 m. The land of Nanchang City is mainly used for cultivation and
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forests. With the intensification of urbanization, the construction of land has gradually
expanded [31]. A subtropical humid monsoon climate prevails in Nanchang, which is
humid and mild. The average annual rainfall is 1645 mm/a [32], with the rainy season
from April to June accounting for 51.3% of the annual precipitation. The dry season is
from November to January, with precipitation accounting for 9.6% of the whole year. The
historical average annual temperature ranges from 17.1 °C to 17.8 °C, with a historical
maximum temperature of 40.9 °C and a historical minimum temperature of —15.2 °C. The
average annual evaporation is 934.4 mm/a, mainly occurring in summer and autumn. The
wind tends to be northerly in winter but southerly in summer.
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Figure 1. Map of the study area and sampling locations. (a) China map; (b) elevation map; (c) land
use map with sampling points.

2.2. Sampling

On 23 July 2016 (summer), representative soil profiles were respectively collected
from the Luojiaji paddy field, the Youkou wasteland, and the Huiren Avenue dryland in
Nanchang City (Figure 1). Sparse vegetables were privately planted by some residents
in the Huiren Avenue dryland. The Youkou wasteland was in a natural state without or
with small human activities. The hydrological condition of the Luojiaji paddy field was
manually controlled according to the requirement of rice planting. Roots and leaves of
plants and small stones were cleaned at each profile before sampling. Soil samples were
manually taken at 20 cm intervals using a soil sampler. Approximately 250 g of each sample
was put in a clean plastic bag and sealed. The sampling depth of each profile was 2.4 m
above the phreatic water level.
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2.3. Analytical Methods
2.3.1. The Determination of Soil pH and Grain Sizes

A soil solution with a water-to-soil ratio of 2.5:1 was prepared and analyzed for pH
value using a PHS-25 pH analyzer (Rex Co., Shanghai, China) with an accuracy of 3%.
The grain sizes of soils were measured on a Mastersizer 2000 laser particle size analyzer
(Malvern Co., Malvern, UK) at Nanjing University. The grain size measurement range was
0.02~2000 um with a measurement accuracy of better than 3%. Before the size measurement,
each sample was treated with 0.1 mol/L hydrochloric acid solution made based on 37% AR
hydrochloric acid (produced by Shanghai Wokai Biotechnology Co., Shanghai, China) to
remove carbonates and with 10% HO; solution made based on 30% AR H;O, (produced
by Xiongda Chemical Co., Maoming, China) to remove organic matter [33].

2.3.2. The Determination of Phosphorus Forms

The improved SEDEX extraction method by Ruttenberg et al. (1992) was used to
sequentially extract exchangeable phosphorus (Ex-P), iron-bound phosphorus (Fe-P), au-
thigenic calcium-bound phosphorus (Au-P), detrital limestone phosphorus (De-P), and
organic phosphorus (OP) from soil samples [34]. The contents of phosphorus forms were
determined using the standard phosphorus-molybdenum blue method on a Shimadzu
UV2600 spectrophotometer (Shimadzu Co., Kyoto, Japan), with an uncertainty of 5%. The
total phosphorus content was regarded as the sum of inorganic and organic phosphorus
contents, and the inorganic phosphorus content was considered the sum of the contents
of various inorganic phosphorus forms. Detailed steps of the improved SEDEX extraction
method can be found in Ni et al. (2015) [35].

2.4. Data Processing

ArcGIS 10.2 (ESRI Co., Redlands, CA, USA) was used for Figure 1, which shows
the study area and sampling points (https://developers.arcgis.com/javascript/latest/
accessed on 8 September 2023); Excel 2019 (MS Co., Redmond, WA, USA) was used for
statistical analysis (https:/ /www.microsoft.com/en-us/microsoft-365/excel accessed on
16 September 2023); SPSS 24.0 software (IBM Co., Armonk, NY, USA) was used for corre-
lation analysis (https:/ /www.ibm.com/support/pages/how-cite-ibm-spss-statistics-or-
earlier-versions-spss accessed on 18 September 2023); and Origin 2019 software (OriginLab
Co., Hampton, VA, USA) was used for data plots (https:/ /www.originlab.com/index.aspx?
go=PRODUCTS/Origin accessed on 25 September 2023).

3. Results
3.1. Grain Sizes and pH Values of Soils

The median grain size of the soil profile in the Youkou wasteland varied between 10.1
and 19.8 um, with an average value of 14.3 pm (Table 1). The silt content in this profile was
the highest, with an average value of 57.1%, followed by sand content (34.9%), and clay
content was the lowest (Table 1). The median grain size of the soil profile in the Luojiaji
paddy field varied between 9.58 and 16.9 um, which was lower with slightly higher silt
and clay contents and lower sand content than that in the Youkou wasteland (Table 1). The
average median grain size of the dryland soil profile in Huiren Avenue was 11.8 um, which
was close to that of the soil profile in the Luojiaji paddy field (Table 1). The average content
of silt in this profile reached 63.9%, which was the highest among the three profiles; the clay
content varied between 6.72% and 13.6%, with an average of 9.7%, and the sand content
varied between 4.14% and 52.8%, with an average of 25.8% (Table 1). Overall, the three soil
profile samples had similar grain size compositions (i.e., the highest content for silt and the
lowest for clay), with the vast majority located in sandy silt areas (Figure 2). The contents
of clay and silt gradually decreased from top to bottom in the upper 0~120 cm of the soil
profile in the Youkou wasteland and increased gradually in the lower 120~240 cm, while
the sand content had the opposite trend (Figure 3). The contents of clay and silt in the soil
profile of the Luojiaji paddy field gradually increased from top to bottom, while the sand


https://developers.arcgis.com/javascript/latest/
https://www.microsoft.com/en-us/microsoft-365/excel
https://www.ibm.com/support/pages/how-cite-ibm-spss-statistics-or-earlier-versions-spss
https://www.ibm.com/support/pages/how-cite-ibm-spss-statistics-or-earlier-versions-spss
https://www.originlab.com/index.aspx?go=PRODUCTS/Origin
https://www.originlab.com/index.aspx?go=PRODUCTS/Origin

Sustainability 2024, 16, 2142 50f17

content showed an opposite change (Figure 3). The contents of clay and silt increased with
depth in the upper 0~120 cm of the dryland soil profile in Huiren Avenue but decreased
below 120 cm, while the sand content varied inversely (Figure 3). In the three profiles,
clay was positively correlated with silt but negatively with sand, reflecting the similar
distribution states of grain size compositions in different profiles (Table 2).

Table 1. Statistical summary of pH values and grain size compositions of soil profiles in Nanchang City.

. Sand Silt Clay Median Grain
Sites Parameter (%) (%) (%) Size (um) pH
Max 49.6 67.7 11.0 19.8 6.45
Youkou Min 213 45.7 4.46 10.1 5.75
wasteland Ave 349 57.1 7.14 14.3 6.21
SD 8.86 7.15 2.32 3.23 0.20
Lo Max 424 68.0 14.1 16.9 6.27
u‘:iléall Min 18.9 49.7 6.33 9.58 5.22
P;_‘ ) dy Ave 28.7 60.8 10.2 11.9 5.94
1€ SD 6.71 5.32 2.54 213 0.29
Huiren Max 52.8 82.3 13.6 26.8 5.74
Avenue Min 4.14 37.4 6.72 5.62 5.24
troland Ave 25.8 63.9 9.70 11.8 5.50
y SD 15.2 14.4 2.05 6.39 0.16

Note: Max—maximum, Min—minimum, Ave—average, SD—standard deviation.

Table 2. Correlation analysis of phosphorus forms with pH and grain sizes in soil profiles of

Nanchang City.
Variable pH Sand Silt Clay MGS Ex-P Fe-P Au-P De-P (0) 34 IP
Sand 0.61*
Silt —0.64* —0.95 ** Youkou wasteland
Clay —0.64* —0.94 ** 0.82 **
MGS 0.57 0.981 ** —097*  —0.88**
Ex-P —-0.43 -0.23 0.38 0.23 -0.26
Fe-P —0.85 ** —0.64 * 0.67 * 0.58 * —0.62* 0.20
Au-P —0.61* —0.11 0.21 0.04 —0.10 0.26 0.69 *
De-P —0.53 —0.53 0.51 0.59 * —-0.47 0.27 0.47 0.29
OP —0.58 * —0.62* 0.52 0.66 * —0.55 0.04 0.55 0.24 0.75 **
P —0.85** —-0.61* 0.66 * 0.60 * —0.58 * 0.36 0.90 ** 0.72 ** 0.79 ** 0.68*
TP —0.85 ** —0.66 * 0.67 * 0.67 * —0.62* 0.28 0.85 ** 0.62* 0.83 ** 0.83**  0.97**
Sand 0.24
Silt —0.32 —0.94 ** Luojiaji paddy field
Clay —0.10 —0.78 ** 0.54
MGS 0.23 0.96 ** —0.87*  —0.85**
Ex-P 0.38 045 —0.35 —0.46 0.41
Fe-P -0.29 0.17 -0.11 —0.18 0.19 —0.08
Au-P —0.61* 0.07 —0.03 —0.05 0.04 0.10 0.28
De-P —0.10 -0.26 0.30 —0.02 -0.12 —0.47 0.35 0.06
OP 0.60 * 0.02 0.03 —0.24 0.13 0.07 0.18 —0.40 0.67 *
P —0.30 —0.05 0.14 —-0.17 0.05 —-0.18 0.64* 0.49 0.84 ** 0.47
P 0.10 —0.02 0.10 —-0.23 0.10 —0.09 0.51 0.12 0.89 ** 0.81 ** 0.90 **
Sand —0.55
Silt 0.54 —0.99 ** Huiren Avenue dryland
Clay 0.31 —0.88 ** 0.84 **
MGS —-0.43 0.93 ** —0.96 ** —0.77 **
Ex-P —0.20 0.64* —0.64* —0.67 * 0.60 *
Fe-P 0.47 —0.49 0.54 0.22 —0.54 —-0.34
Au-P 0.15 —0.55 0.53 0.67 * —0.54 —0.35 0.35
De-P 0.36 —0.35 0.41 —0.07 —0.48 —0.06 0.44 —0.29
OP 0.26 —0.05 0.10 —0.33 —0.08 —0.02 0.27 —0.57 0.71*
P 0.45 —0.69 * 0.72** 0.47 —0.76 ** —0.33 0.84 ** 0.70 * 0.40 0.01
P 0.50 —-0.67 * 0.71** 0.36 —0.75** -0.32 0.88 ** 0.50 0.59 * 0.30 0.96 **

* At the 0.05 level (double-tailed), the correlation is significant; ** at the 0.01 level (double-tailed), the correlation is
significant. MGS means median grain size.



Sustainability 2024, 16, 2142

60of 17

Huiren Avenue dryland Luojiaji paddy field  Youkou wasteland

Depth (cm) Depth (cm)

Depth (cm)

n
S

-100
-150
-200
-250

-50
-100
-150
-200
-250

-50
-100
-150
-200
-250

B Youkou wasteland
© Huiren Avenue dryland
A Luojiaji paddy field

Clay \ Sandyclay | Clayeysand / gand
7 7 0
0 25 50 75 100
Sand (%)

Figure 2. Grain size compositions of soil profiles in Nanchang City. The grain size was less than 4 pum

for clay, 4~63 pm for silt, and more than 63 pm for sand. The classification standard of grain size is

based on [36].
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Figure 3. The distributions of pH, grain size, and phosphorus forms in soil profiles under three land

use patterns in Nanchang City.

The pH value was 5.75~6.45 in the Youkou wasteland soil profile, 5.22~6.27 in the
Luojiaji paddy field soil profile, and 5.24~5.74 in the Huiren Avenue dryland soil profile
(Table 1). All three soil profiles were of acidity, and paddy and dry land soils were relatively
more acidic. The low pH values in the three soil profiles might be related to acid rain in
addition to the influence of soil ecosystems [37]. The pH distribution was significantly
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different in the three profiles (Figure 3): the pH value increased with depth to a depth of
120 cm but showed a small variation below 120 cm depth in the soil profile of the Youkou
wasteland; the pH value first decreased and then increased with depth in the soil profile of
the Luojiaji paddy field; the pH value gradually increased with depth in the soil profile of
the Huiren Avenue dryland.

There was a significantly positive correlation between the pH value and sand content,
while pH was negatively correlated with silt and clay in the Youkou wasteland soil profile;
a significant relationship did not exist between pH and grain size of the Luojiaji paddy
field soil profile, but pH was positively correlated with silt and clay in the Huiren Avenue
dryland soil profile (Table 2). The relationships between pH and grain size implied the
influences of different land use patterns in different places.

3.2. The Profile Distribution of Phosphorus Forms

In the Youkou wasteland soil profile, the total phosphorus (TP) content varied be-
tween 126 and 336 pg/g, with an average value of 231.22 ug/g; organic phosphorus (OP)
accounted for 30.2% to 46.8% of TP, with an average value of 86.6 ug/g; and the content
of inorganic phosphorus (IP) varied between 75.5 and 227 ug/g, with an average value of
144.62 ug/g (Figures 4 and 5). Among different forms of inorganic phosphorus, detrital
limestone phosphorus (De-P) and iron-bound phosphorus (Fe-P) contents were the highest,
ranging from 34.6 to 110 pug/g and 13.5 to 93.9 ug/g, respectively (accounting for 25.3%
to 37.2% and 10.5% to 28% of TP, respectively), followed by authigenic calcium-bound
phosphorus (Au-P) content, which varied between 11.7 to 33.3 pug/g and accounted for
4.14% to 13.79% of TP; exchangeable phosphorus (Ex-P) content was the lowest (below
15.4 ug/g) and was mostly less than 6% of TP (Figures 4 and 5). The profile distributions
of different phosphorus forms are shown in Figure 3. The Ex-P content oscillated and
decreased from top to bottom in the 0~160 cm depth of the soil profile, then gradually
increased below 160 cm and suddenly decreased down from the 240 cm depth. The Fe-P
content displayed an oscillatory decrease from top to bottom in the 0~80 cm depth of
the soil profile and showed an oscillatory increase with depth between 80~200 cm before
significantly decreasing below 200 cm, which, overall, had a similar changing trend to Ex-P.
Unlike the two phosphorus forms mentioned above, the content of Au-P was relatively high
within the surface 60 cm layer, the lowest at a depth of 80~100 cm, and oscillated, increasing
downward to a depth of 100~180 cm before significantly decreasing below 180 cm. The
De-P content showed a decreasing trend from the surface to 80 cm depth and showed an
oscillatory increase with depth below 80 cm. OP, IP, and TP had changing trends in the
profile, similar to De-P.

450
I—I 25% ~ 75% Black: Youkou wasteland

4001 T 15IQR range Red: Luojiaji paddy field

3504 Median lin Blue: Huiren Avenue dryland
| -~ Mecan value

3004 ¢ Outlicr value
250 .
200
150 !
100 !
al
plogs <6 B¢
Ex-P Fe-P Au-P De-P or P TP

Contents of phosphorus forms (ug/g)

Figure 4. Box diagram showing phosphorus forms in soil profiles under three land use patterns in

Nanchang City.
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Figure 5. Distributions of phosphorus forms in soil profiles under three land use patterns in Nan-
chang City.

TP in the Luojiaji paddy field soil profile varied between 105 and 205 pg/g, with an
average value of 153.41 ug/g; the IP content varied between 67.2 and 131 ug/g, with an
average value of 86.5 ug/g; and the OP content accounted for 31.5% to 49.2% of TP, with
an average value of 66.91 ug/g (Figures 4 and 5). Among the different forms of IP, the
De-P content was the highest, ranging from 18.9 to 76.5 ug/g, with an average value of
48.34 ug/g, and mostly accounted for 27% and 38% of TP, followed by Fe-P and Au-P,
with contents ranging from 10.2 to 29.7 ug/g and 6.58 to 29.8 ng/g, respectively, while the
Ex-P content was the lowest at below 16.2 ng/g, basically below 8% of TP (Figures 4 and 5).
The profile distributions of different phosphorus forms are shown in Figure 3. The Ex-P
content gradually increased from top to bottom in the range of 0~160 cm, reaching its
maximum value at 160 cm depth and decreasing to its lowest value at 180~200 cm depth.
The Fe-P content oscillated and increased with depth to 120 cm below the surface, while it
varied constantly between 120 and 220 cm, only increasing at 240 cm. The Au-P content
presented a typical bimodal pattern in the profile, which gradually increased with depth in
the range of 0~100 cm, decreased with depth in the range of 160~240 cm, and significantly
showed low values at a depth of 120~140 cm. De-P gradually decreased downward from
the surface, with the lowest value at a depth of 160 cm, and then gradually rose. The
variation in OP was like that of De-P, except its lowest value was at a depth of 180 cm in
the profile. The profile distributions of IP and De-P were similar in the range of 0~120 cm,
but they exhibited small variations at 120~200 cm depth and gradually increased below a
depth of 200 cm. The profile distributions of TP and IP were generally similar except for
the lowest TP at a depth of 180 cm.

The TP content in the Huiren Avenue dryland soil profile varied between 224 and
427 ug/g, with an average value of 325.67 pg/g; the IP content varied between 142 and
335 pg/g, with an average value of 236.34 ug/g; and the OP content accounted for 19.9%
to 36.6% of TP, with an average value of 89.33 ug/g (Figures 4 and 5). Among the different
forms of IP, the De-P content was the highest, ranging from 69.7 to 142 ug/g and accounting
for 25.8% to 45.2% of TP, with an average value of 104.6 pg/g, while Fe-P and Ca-P contents
were higher, ranging from 26 to 105.9 ug/g and 10.9 to 114 pg/g, respectively; the Ex-P
content was the lowest (below 19.6 ng/g) and did not exceed 9% of TP (Figures 4 and 5). The
profile distributions of different phosphorus forms are shown in Figure 3. Ex-P gradually
oscillated, decreasing downward from the soil surface, with the lowest value at a depth of
220 cm. On the contrary, Fe-P gradually increased, oscillating to its highest value at a depth
of 220 cm. Au-P exhibited a valley—peak—-valley—peak variation from top to bottom in the
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profile, with the lowest values occurring at 0~60 cm and 160~200 cm and the highest values
at other depths. De-P mainly showed a trend of first increasing and then decreasing from
top to bottom in the profile; that is, it oscillated and increased with depth in the range of
0~200 cm and gradually decreased below 200 cm. OP showed a slightly decreasing trend
from top to bottom in the range of 0~140 cm from the surface, then increased significantly,
reaching its maximum value at a depth of 200 cm, and decreased below 200 cm. Unlike OP,
IP oscillated and increased with depth from the surface, which was like the changing trend
of TP.

Overall, the contents of total phosphorus and various phosphorus forms were the
highest in the Huiren Avenue dryland soil, higher in the Youkou wasteland soil, and
the lowest in the Luojiaji paddy field (Figure 4). In addition, the proportions of various
phosphorus forms were ranked as OP > De-P > Fe-P > Au-P > Ex-P in the Youkou wasteland
soil and the Luojiaji paddy field soil, while they were ranked as De-P > OP > Au-P > Fe-P
> Ex-P in the Huiren Avenue dryland soil (Figure 5). The results described above were
mainly due to (1) the Huiren Avenue dryland soil being mainly used for sporadic vegetable
planting with manure use, which led to the accumulation of soil phosphorus; (2) despite
the use of fertilizers in the Luojiaji paddy fields, the discharge and leakage of paddy water,
as well as the absorption and utilization of plants, could lead to the loss of phosphorus
in the soil; (3) the Youkou wasteland soil was in a natural state without human activities,
so the loss of phosphorus was mainly caused by precipitation runoff. Both OP and De-P
accounted for the largest proportion among the three land use patterns of soils, reflecting
the relative stability of these two forms of phosphorus.

3.3. Correlations of Variables, including pH, Grain Size, and Phosphorus Forms

The pH value was negatively correlated with various phosphorus forms, silt, and clay,
but it was positively correlated with sand and median grain size in the Youkou wasteland
soil profile (Table 2). The pH value was positively correlated with OP, but it was negatively
correlated with Au-P and had weak correlations with other variables in the soil profile of
the Luojiaji paddy field (Table 2). In the Huiren Avenue dryland soil profile, the pH value
had positive correlations with Fe-P, De-P, IP, TP, and silt, while it was negatively correlated
with sand and mean grain size (Table 2).

Grain sizes were weakly correlated with Ex-P and Au-P, and sand was negatively
correlated with other phosphorus forms, but there were inverse cases for clay and silt in
the Youkou wasteland soil profile (Table 2). In the Luojiaji paddy field soil profile, sand
was only positively correlated with Ex-P to a certain extent and was weakly correlated
with other phosphorus forms; on the contrary, silt and clay only had negative correlations
with Ex-P to some degree, and their correlations with other phosphorus forms were weak
(Table 2). As shown in Table 2, sand was only positively correlated with Ex-P, but it showed
significantly negative correlations with Au-P, IP, and TP and had negative correlations with
Fe-P and De-P to a certain extent, with a weak correlation with OP in the Huiren Avenue
dryland soil profile. In this profile, silt showed a significantly negative correlation with
Ex-P but positive correlations with Fe-P, Au-P, IP, and TP, a positive correlation with De-P
to some degree, and a weak correlation with OP (Table 2). Clay had a significantly negative
correlation with Ex-P, a negative correlation with OP to some extent, positive correlations
with Au-P, IP, and TP, and weak correlations with Fe-P and De-P (Table 2).

In the Youkou wasteland soil profile, Ex-P was only positively correlated with IP to
a certain extent, while it had weak correlations with other phosphorus forms; Fe-P had
positive correlations with almost all phosphorus forms; and Au-P only had significantly
positive correlations with Fe-P, IP, and TP (Table 2). In this profile, De-P was significantly
correlated with Fe-P, OP, IP, and TP without correlations with Ex-P, and OP showed positive
correlations with Fe-P, De-P, IP, and TP without significant correlations with Ex-P and
Au-P in the Youkou wasteland soil profile (Table 2). In the Luojiaji paddy field, Ex-P was
only negatively correlated with De-P to some degree without significant correlations with
other phosphorus forms, Fe-P showed positive correlations with De-P, IP, and TP but weak
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correlations with other phosphorus forms, and Au-P was only positively correlated with
IP and negatively correlated with OP (Table 2). In this profile, De-P showed significantly
positive correlations with OP, IP, and TP but a positive correlation with Fe-P and a negative
correlation with Ex-P to some degree, and OP was positively correlated with IP, TP, and
De-P but negatively correlated with Au-P to some degree (Table 2). Ex-P showed negative
correlations with Fe-P, Au-P, IP, and TP but weak correlations with De-P and OP; Fe-P
was only negatively correlated with Ex-P but had significantly positive correlations with
other phosphorus forms except OP in the Huiren Avenue dryland (Table 2). In this profile,
Au-P was positively correlated with Fe-P, IP, and TP but negatively correlated with OP,
De-P was not significantly correlated with Ex-P and Au-P but showed significantly positive
correlations with other phosphorus forms, and OP was only positively correlated with
De-P and negatively correlated with Au-P (Table 2).

4. Discussion
4.1. The Effects of pH and Grain Sizes on Phosphorus Forms

pH value is an indicator reflecting the intensity of soil acidity and is associated with
microbial action and root action under natural conditions. Various acids produced by
microorganisms and plant roots may dissolve phosphorus under enzyme activity [38,39].
Enzymes, such as phosphatases, catalase, and dehydrogenase, play important roles in
P cycles closely related to pH [40,41]. The higher the degree of soil development, the
lower the pH value, thus the higher the enzymatic indicator, which is conducive to the
dissolution of inorganic phosphorus (IP) and the mineralization of organic phosphorus
(OP) in soils [16,40,41]. In theory, as the pH value decreases, other phosphorus forms,
such as iron-bound phosphorus (Fe-P), authigenic calcium-bound phosphorus (Au-P),
and detrital limestone phosphorus (De-P), are released to the soil solution and adsorbed
by substances such as clay minerals and organic matters in the soil, thus resulting in an
increase in exchangeable phosphorus (Ex-P) content [42,43]. At the same time, soil organic
matter could be oxidized due to enzyme activity. However, the negative correlations
between the pH value and various phosphorus forms in the Youkou wasteland soil profile
did not seem to support the abovementioned hypothesis (Table 2). Due to the small human
impact and a lack of vegetation coverage in the Youkou wasteland, surface runoff erosion
can easily cause a loss of soil phosphorus [44], which may be the reason for the negative
correlations between phosphorus forms and pH (Table 2). Compared with the Youkou
wasteland, the soil profile of the Luojiaji paddy field showed a lower pH value, which could
theoretically promote the dissolution of mineral phosphorus and the decomposition of OP
in the soil [45]. As shown in Table 2, a positive correlation between the pH value and OP
indicated that the OP concentration decreased as the pH decreased in this profile. In such
an acidic environment, OP is usually broken down by microorganisms through enzyme
activities [42]. So, the correlation between pH and OP confirmed the abovementioned
inference. However, the negative correlation between the pH value and Au-P could
be related to the loss of particulate phosphorus by water discharge from paddy fields
(Table 2) [44]. The weak correlations between other phosphorus forms and pH values in
the soil profile of the Luojiaji paddy field were probably associated with the influence of
cultivation and fertilization (Table 2). The pH value of the Huiren Avenue dryland soil
profile was the lowest among the three profiles (Table 1) and had positive correlations with
Fe-P and De-P (Table 2), indicating that soil acidity, which could be produced by plant
roots and microorganisms [38,39], had a dissolution effect on Fe-P and De-P [14]. Since the
Huiren Avenue dryland was mainly of vegetable land, the weak correlations between pH
and Ex-P, Au-P, and OP could be mainly affected by vegetable cultivation (Table 2).

Small particles usually retain considerably more P than large particles [14,42,46]. How-
ever, this was not completely the case for this study. As shown in Table 2, the weak
correlations between grain sizes and Ex-P and Au-P with other phosphorus forms be-
ing negatively correlated with sand but positively correlated with clay and silt in the
Youkou wasteland soil profile showed that Fe-P, De-P, and OP were not enriched in the
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sand fractions but mostly existed in the fine-grained fractions, consistent with previous
studies [14,42,46]. Ex-P and Au-P seemed to show no specific preference for coarse and
fine particles in the soil profile, which was probably related to leaching because of fre-
quent and large rainfalls in summer in the study area [32]. Ex-P was typically associated
with substances such as clay minerals, iron aluminum oxides (hydroxides), and organic
matter [43,46]. However, this was not the case for the Luojiaji paddy field soil profile, as
demonstrated by the correlations between grain sizes and phosphorus forms (Table 2).
The sand fraction was mainly composed of quartz and feldspar, and most of the other
phosphorus forms were not present in the sand fraction (Table 2). In fact, sand particles
only had a dilution effect on phosphorus in the soil [47]. It was thus inferred that activities
such as rice planting could be an important factor affecting the relationships between grain
sizes and phosphorus forms in this profile. According to the correlation relationships of
grain sizes and phosphorus forms (Table 2), sand showed a dilution effect on the contents
of Au-P, Fe-P, and De-P, which were mainly enriched in the fine-grain-size fractions in the
Huiren Avenue dryland soil profile [14]. It is worth noting that sand and silt had no dilution
effects on soil OP. At the same time, Ex-P did not seem to be absorbed in the fine-grain-size
fractions such as clay and silt, which was similar to the correlation information obtained
from the Luojiaji paddy field (Table 2). Therefore, these results suggest the importance of
anthropogenic effects, such as vegetation planting. The anomalous relationship between
Ex-P and grain size in the profile also indirectly reflected this point (Table 2).

4.2. The Transformation of Phosphorus Forms under Different Land Use Patterns

The Youkou wasteland soil profile was not directly affected by human activities; thus,
the transformation of phosphorus forms in this profile was only related to natural factors
such as climate conditions and soil properties. Exchangeable phosphorus (Ex-P) mainly
refers to phosphorus adsorbed from the solution by clay, oxides, and organic matter in
the soil or sediment [48,49]. This phosphorus form, which usually has a low content,
increases in content with a decrease in pH and is released again when the concentration
of phosphorus in the soil solution or porewater of sediments decreases [50,51]. The weak
correlations between Ex-P and other phosphorus forms in the Youkou wasteland soil
profile indicated that there was weak or no transformation between Ex-P and phosphorus
form, but Ex-P could be a mutual transformation of multiple phosphorus forms (Table 2).
Detrital limestone phosphorus (De-P) is closely related to parent rocks such as igneous
or metamorphic rocks, which is the most stable form of phosphorus, and is inactive in
a weak alkaline environment and partially dissolved in acid conditions [52]. Organic
phosphorus (OP) is also usually difficult to dissolve in the soil, but it can be mineralized
and decomposed into inorganic phosphorus under enzyme action [53]. Samuel et al. (2017b)
have shown that enzymatic activities decrease with increasing sampling depth and are
higher in nontilled areas than conventionally tilled areas [41]. OP changes with depth could
indicate the effect of enzymatic activity in the Youkou wasteland (Figure 5). However,
the positive correlation between De-P and OP indicated their synchronous changes in the
Youkou wasteland soil profile (Table 2). It was thus inferred that their synchronous changes
could be mainly caused by the loss of other phosphorus, although De-P and OP could
suffer from partial dissolution to some extent. Authigenic calcium-bound phosphorus
(Au-P) comes mainly from authigenic apatite, including biogenic apatite, carbonate-bound
phosphorus, Ca rhodochrosite, and fluorocarbon apatite [54]. This type of phosphorus
can be formed with a slow formation rate from phosphate released by Ex-P, iron-bound
phosphorus (Fe-P), and OP and is almost insoluble under alkaline conditions and can
only be dissolved under acidic conditions [14,49,55]. The soil was slightly acidic in the
Youkou wasteland, where the Au-P content was below 37 ug/g, and its proportion in total
phosphorus was below 14% (Figures 4 and 5), indicating the small dissolution of Au-P
in the soil. The weak correlations between Au-P and De-P and OP reflected that there
were no obvious transformation relationships between them (Table 2) and also implied the
differences in their geochemical behaviors in the soil. Fe-P refers to phosphorus combined
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with iron oxide or iron (III) oxide-hydroxide (e.g., goethite), which can be converted into
soluble phosphorus and released into aqueous solution when environmental conditions
such as the oxidation-reduction potential and pH change [56]. For example, Fe3* is reduced
and phosphorus is released from iron oxides or hydroxides when Eh is low, while active
iron is oxidized and phosphorus is adsorbed from soil solutions when Eh is high [17,57].
The positive correlations between Fe-P and Au-P and OP indicated that Fe-P was probably
dissolved to release phosphate ions into soil solutions to some degree, as well as Au-P and
OP (Table 2).

The soil in the Luojiaji paddy field was hydrologically controlled by farmers through-
out the whole year and usually submerged during the cultivation season. After flooding,
the soil changed from an aerobic environment to an anaerobic environment. At this time,
the oxidation—reduction potential and dissolved oxygen decreased, and Fe-P was active
and released phosphorus into the soil solution. At the same time, organic acids produced
by plants and chemical fertilizer usage led to a decrease in soil pH and ultimately enhanced
the activity of inorganic phosphorus [22,57]. They also brought about a strengthening of
enzymic activities and the decomposition of organic matter [58]. Nevertheless, due to crop
harvesting and water discharge resulting in low phosphorus content in the paddy field
(Figure 3), enzymic activities and organic phosphorus decomposition could be weaker
in the paddy field than in the Yukou wasteland. Therefore, the transformation between
phosphorus forms under this land use pattern should be significantly different from that in
the Yukou wasteland. The pH value in the soil of the Luojiaji paddy field varied between
5.22 and 6.27 (Table 1). Under this condition, a small amount of De-P might be dissolved
with inorganic and organic acids and subsequently converted to Ex-P. In theory, in the
process of crop growth, Ex-P is preferably released to soil solution, and other phosphorus
forms could also be released with a decrease in dissolved P concentration, probably show-
ing certain or strong correlations between Ex-P and other phosphorus forms. However,
weak correlations of Ex-P and other phosphorus forms implied anthropogenic disturbance,
such as the addition of fertilizers in the paddy field (Table 2). The positive correlation
of Fe-P with De-P and weak correlations of Fe-P with other phosphorus forms could be
due to the decrease in Fe-P in the soil because the oxidation-reduction potential changed
(from Fe3* to Fe?*) under flooding conditions (Table 2). The positive correlation between
OP and De-P was consistent with the situation in the Youkou wasteland soil (Table 2),
indicating synchronous changes between the two P forms in the soil. Previous studies
have shown that fertilizer use favored an increase in enzymic activities and organic matter
decomposition, although the authors considered that soil enzyme activities were higher
under the no-tilled condition than under conventional tillage [40,41,58]. Consequently, OP
suffered from certain decomposition in the paddy field. The weak correlations between OP
and Ex-P and Fe-P reflected the weak transformation between them (Table 2). The negative
correlation between Au-P and OP and the weak correlations between Au-P and other
phosphorus forms mirrored the mutual transformation between these two phosphorus
forms under flooding conditions.

Different from the two soil profiles mentioned above, the Huiren Avenue dryland
was sparsely used for vegetable planting, in which organic fertilizers were added, and
manual irrigation led to the downward movement of phosphorus in the dryland (Figure 3).
Thus, the relationships between phosphorus forms under this land use pattern could be
significantly different from those under other land use patterns. The negative correlations
between Ex-P and Fe-P and Au-P reflected that Ex-P only had a certain transformation
with Fe-P and Au-P in the dryland soil (Table 2). However, the formation of Fe-P and
Au-P usually took a long time [49,59]. Ex-P, which had a low content in the soil, was
probably difficult to transform into Fe-P and Au-P in a short period. On the contrary,
the conversions from Fe-P and Au-P to Ex-P were possible under acidic conditions or
anthropogenic disturbance. The positive correlation between De-P and OP was related to
the relative stability of the two P forms in the soil (Table 2), which was consistent with the
cases in the Youkou wasteland and the Luojiaji paddy field. Nevertheless, there was still
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a partial decomposition of OP because there were enzymic activities in the dryland. The
negative correlation between Au-P and OP reflected the mutual transformation between
them and further indicated partial OP decomposition (Table 2). Similar to the Luojiaji paddy
soil, the weak correlations between OP and Ex-P, Fe-P reflected the weak transformation
between them in the Huiren Avenue dryland soil (Table 2). The positive correlation between
Fe-P and Au-P, De-P, and the weak correlation between Fe-P and OP indicated that the first
three forms of phosphorus were dissolved to release phosphate ions into the soil solution
to some degree and an insignificant transformation between Fe-P and OP (Table 2).

4.3. Implications for Local Soil P Management

The phosphorus (P) cycle was affected not only by natural factors in the Youkou waste-
land but also by anthropogenic activities in the Luojiaji paddy field and the Huiren Avenue
dryland (Figure 6). The higher average pH values and grain sizes in the Youkou wasteland
compared with the other two sites demonstrated this point (Table 1). The transformation of
P was probably promoted by the reaction of humic acid and minerals in the soil, and the
loss of P out of the soil could be related to precipitation leaching under natural conditions,
showing a potential risk to surface water nearby [60]. Vegetation restoration, such as grass
planting, could be an ideal measure that is favorable to stabilize P in the Youkou wasteland
soil without mowing or straw harvesting [61]. Paddy cultivation usually maintains flooded
conditions during the rice growing season and is in a relatively dry environment during the
rice ripening period through anthropogenic discharge. Flooded conditions may suppress
microbial and enzymatic activities and decrease organic P mineralization [62]; however, the
reduced conditions could promote Fe (III) reduction, releasing P into soil solution [63]. At
the same time, the interaction of water and P-containing minerals releases some P into the
soil solution [14]. P in soil solution was partly adsorbed by paddy plants in the growing
season and partly discharged outside in the ripening period, thus causing P loss despite
agricultural fertilizer input in the Luojiaji paddy field [64]. Long-term paddy cultivation
could increase P leaching risk and, thus, has a potential threat to surface water nearby [65].
Lower contents of P forms in the Luojiaji paddy field than in the other two sites reflected
this point (Figures 4 and 6). Therefore, reasonable paddy management, such as the control
of water level and discharge frequency, is necessary to decrease P leaching risk for healthy
development of paddy plantation. In the Huiren Avenue dryland, the P cycle was signifi-
cantly different from the other two sites (Figure 6). Due to the input of organic fertilizers for
vegetable growth, P accumulated in the soil and slowly moved down by the effect of a little
water irrigation before gradually accumulating in the soil layers, thus resulting in a higher
P content (Figure 4). Nevertheless, this case usually leads to the downward transport of P,
which is not beneficial to vegetable growth without the addition of excessive P and could
show a potential threat to groundwater quality. So, it is necessary to control the amount of
irrigation water and add irrigation frequency. Overall, for different land use patterns, the
measures are different for maintaining P fixation in soils.

Our findings are useful for guiding agricultural planting and local water resource
management but still have some shortcomings. First, the data on physical (water level,
discharge frequency, irrigation amount and frequency, fertilizer use), chemical (soil chemi-
cals) and biological (microorganisms and enzymes) parameters were not enough. Second,
the seasonality of phosphorus forms in soils under individual land use patterns was not
considered. Therefore, the predominant factors of phosphorus forms in soils need to be
determined, and the seasonality of soil phosphorus should also be clarified in future studies.
In addition, the impacts of climate change and human activities on soil phosphorus under
different land use patterns are required to be quantified. Only the abovementioned topics
are disclosed in depth, and scientific measures could be determined for phosphorus fixation
under different land use patterns.
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Figure 6. The P transport and transformation modes of the three sites in Nanchang City.

5. Conclusions

In this study, phosphorus forms of soils under three land use patterns in Jiangxi
Province, South China, were extracted by an improved SEDEX method and measured by a
standard phosphorus-molybdenum blue method. The contents of total phosphorus and
phosphorus forms were the highest in the Huiren Avenue dryland soil and the lowest in
the Luojiaji paddy field soil. As the depth increased, the total phosphorus content showed a
high—low-high trend in the Youkou wasteland, while it gradually decreased in the Luojiaji
paddy field and increased in the Huiren Avenue dryland.

The relationships between the pH value and phosphorus forms were disturbed by
surface erosion in the Youkou wasteland, by rice planting in the Luojiaji paddy field,
and by vegetable cultivation in the Huiren Avenue dryland. Fe-P, De-P, and OP were
mostly enriched in the fine-grained fractions of the Youkou wasteland, the relationships
of grain sizes and phosphorus forms were affected by rice planting to some degree in the
Luojiaji paddy field, and Fe-P and De-P were only enriched in silt and clay fractions in the
Huiren Avenue dryland. Ex-P and other phosphorus were only transformed in the Youkou
wasteland. There was a certain transformation between Au-P and OP in the Luojiaji paddy
field, with a slight transformation of De-P into Ex-P. Ex-P only had a certain transformation
with Fe-P and Au-P in the Huiren Avenue dryland with the transformation of Au-P to
Ex-P and OP. This study found that rice planting and vegetable cultivation significantly
disturbed the original behaviors of phosphorus forms in soils.

Although some parameters such as enzymic activities and fertilizer use were not consid-
ered, this study first conducted a study of soil phosphorus forms, highlighted the importance
of land use patterns to soil phosphorus, and thus has great significance for sustainable agricul-
ture development and environmental quality protection in the urban area. From the point of
view of sustainability, proper measures (e.g., the control of fertilizer use, the adjustment of
irrigation frequency) are required to fix soil phosphorus in Nanchang City.
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