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Abstract: The Sichuan Basin is the main agricultural production area of the upper reaches of the
Yangtze River and is also an extremely important ecological area because it is rich in biodiversity and
has complex and diverse landscape types. The dominant soil type, purple soil, is prone to rapid soil
erosion and weathering processes because it is shallow and rich in phosphorus and other nutrients.
Field experiments were conducted to reveal the effects of precipitation and topography characteristics
on nonpoint source pollutants from purple soil. The results showed that total phosphorus (TP) load
and TP concentration both increased with increasing rainfall amount, and there was an initial time
of runoff and sediment yield before runoff generation. Moreover, the TP load generally increased
with precipitation intensity as setting a coincident value of rainfall amount; however, the difference
between TP load at 30 and 60 mm/h was minimal as was the difference between 90 and 120 mm/h.
Similarly, TP concentration increased with increasing precipitation intensity. In terms of topographical
conditions, TP load increased with increasing gradient, but began to decline when the gradient was
about 20◦, which indicates that 20◦ is the critical gradient for TP loss. There was a significant positive
correlation between gradient and TP concentration when the gradient was <15◦, whereas the increase
in TP concentration slowed as the gradient increased.

Keywords: total phosphorus; precipitation; topography; purple soil; precipitation simulation;
Sichuan Basin

1. Introduction

With the development of modern agriculture technology, the use of chemical fertilizers and
pesticides in agriculture is increasing and the chemical composition becomes more complicated, which
lead to wide range of nonpoint source (NPS) pollution after long-term accumulation in the soil [1–3].
Due to the large area of cultivated land and multi-sources, widespread and difficulty in processing of
NPS pollution, it has been the main type of water pollution when point source pollution control is
becoming more and more effective [4–6]. In recent years, more and more studies focus on the migration
of NPS pollutants, which could put forward theoretical guidance for NPS control and water pollution
treatment [7–9]. Existing researches show that the main factors affecting NPS pollutants migration are
precipitation and topography, and precipitation is the main motivation of NPS pollutants migration,
the topography affects the migration of NPS pollutants by gravity flow [10,11].

The Yangtze River is the longest river in China with abundant natural resources, such as
hydro-power resources, biological resources and mineral resources, and agricultural production in
Yangtze River basin plays an important role in China [12,13]. Meanwhile, Sichuan Basin is an important
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agricultural and ecological region of the upper reaches of Yangtze River [14]. The type of agricultural
production in Sichuan Basin is intensive, which mainly depends on nutrients such as nitrogen and
phosphorus fertilizers [15]. In addition, the Sichuan Basin has very complex landscape types because
of its special geographical location, and it has rich biodiversity and widely distributed mountains
and plains [16]. Purple soil is the main soil type in Sichuan Basin, which account for 68% of total
cultivated land [17]. This kind of soil is vulnerable to the effects of weathering and erosion because of
its superficial distribution and distributing in region of high rainfall amount [18]. Furthermore, purple
soil contains phosphorus, potassium and other minerals, among which phosphorus is an important
part of the NPS pollutants in the process of soil erosion, including the application of phosphate
fertilizer in farmland [19]. Total phosphorus (TP) occurs in dissolved state in rainfall runoff, and
occurs in adsorbed state when it adsorbs on the sediments [20–22]. The main source of TP in Sichuan
Basin is the utilization of fertilizers and pesticides, as well as some organic phosphorus output from
forests and grasslands. Meanwhile, the main loss of TP is caused by soil erosion and other driving
forces. Therefore, it is of great significance for the prevention of agricultural NPS pollutants and the
protection of water resources to study on TP loss in purple soil erosion under different precipitation
and topography conditions [23].

In the past few decades, many researchers have focused on the precipitation, topography
conditions on the influence of the NPS pollutants migration [24–26]. A prediction of potential
bioavailable P in the water columns and sediments and their relations with enzymatic hydrolysis
was conducted and the spatial variations of phosphorus showed that higher phosphorus content and
more intense enzymatic hydrolysis in silty clay finer sediments [27]. A significant increase has been
observed in dissolved phosphorus concentration of storm flow with storm intensity (0.09–0.16 mg/L),
which suggests that phosphorus release from soil and/or runoff of the watershed increases with storm
size [28]. Qian et al. found that phosphorus loss was determined by the concentration and the runoff
volume; moreover, the main form of phosphorus loss was particulate phosphorus [29]. A study carried
out on a hillslope cropland region in the Sichuan Basin indicated that total bioavailable phosphorus
loss and the rate of phosphorus by overland flow decreased with increasing vegetation coverage [30].
A small-plot rainfall simulation study was conducted at three sites in Alberta, Canada, and determined
that soil test phosphorus, TP, and dissolved reactive phosphorus concentration in runoff increased
with manure concentration for fresh and residual manure [31]. However, previous studies mostly used
drainage basin as the unit of study area to study the influence of precipitation, topography and land
use conditions on NPS pollutants migration. But less researches focused on a specific soil type, such as
purple soil region. Therefore, in this paper, field experiment was used to carry out research into the
influence of different precipitation and topography on TP loss in purple soil region.

This study focused on the effects of different precipitation and topography conditions on TP loss
in the purple soil region. Field experiment was used to simulate the influence of precipitation and
topography conditions in reality. Precipitation conditions were divided into different rainfall amount
and different precipitation intensity. Topography conditions were expressed by gradient (tilt angle of
slope surface and horizontal plane). By means of simulating precipitation and topography conditions,
this study focused on the variation tendency of TP load and concentration to explain the effects of
rainfall amount, precipitation intensity and gradient on TP loss. This research has great significance
in the establishment of the NPS pollutants models, the rate of model parameters and the analysis
of pollution results. Furthermore, it is helpful to understand NPS pollutants migration and could
provide the technical support for decision makers on the control and treatment of NPS pollutants
under different natural conditions.

2. Materials and Methods

2.1. Experimental Devices

Generally, the area of small-scale artificial precipitation experiments is less than 10 m2. As for the
runoff simulation experiments, the average range for the length of the soil box is 1–2 m, the range of
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the width is 0.5–1 m and the range of the depth is 0.22–0.5 m [32]. Hence, the size of the soil box in this
study was designed as 1.0 × 0.6 × 0.25 m3 (Figure 1). The soil boxes were installed wheels and screw
rods, the former were to facilitate the transportation of boxes and the screw rods were connected with
soil boxes by nuts, which could adjust the slant angle of soil boxes. In order to simulate rainfall runoff
better, soil boxes were punched on the side to make the sediment migrate freely. There are 4 rows of
holes, each row with 8 holes and the diameter of each hole was 5 mm. In the meantime, the bottom
of soil boxes extended outward 0.1 m to collect runoff from holes on the side of boxes. Then, small
buckets were used to collect sediments and runoff to conduct the subsequent measurement.
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Figure 1. Schematic showing the design of the soil boxes.

Norton nozzle-type rainfall simulator was used in this study. This rainfall simulator was divided
into water supply systems and spray systems, and it was consisted of sprinkler, small power machine,
pressure gauge, water supply pipe, water hose and so on (Figure 2) [33]. Sprinkler was set at a height
of 2.5 m and a hydraulic pressure of 0.04 MPa to make sure the precipitation was similar to the size
and distribution of the raindrops in nature when the nozzle swung. The precipitation intensity could
be set to different levels by changing the frequency of nozzle swings and kept stable to remain in the
set condition.
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2.2. Experimental Materials

Purple soil is a type of soil that has high fertility, however, it is vulnerable to water erosion and
weathering in the Sichuan Basin due to the large rainfall amount [18]. In this study, the experimental
site was located on a slope in Beibei, Chongqing (106◦43′E, 29◦83′N) (Figure 3), an eastern part of
the Sichuan Basin, where it is easy to form soil erosion and severe NPS pollution due to steep slopes
and abundant precipitation [34]. The temperature of Chongqing was about 8.2 ◦C in the experimental
period. In Chongqing, the percentages of different land uses were showed in the Table 1.
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Figure 3. Distribution of purple soil in the Chongqing City and the location of experimental site.

Table 1. Percentages of different land uses in Chongqing (%).

Percentage
(Total)

Agricultural Land Construction
Land

Unused
LandCultivated Field Woodland Grassland Else

100 29.66 45.98 4.03 9.01 10.88 0.44

Surface soil within 20 cm was used in this study due to the superficial distribution of purple
soil. On the one hand, it could maintain the typical nature of purple soil, on the other hand, it could
be helpful to reduce the spatial heterogeneity between different soil layers. Soil samples need to be
pretreated. The physical and chemical properties of soil samples are shown in Table 2. First, it was
necessary to grind the obtained soil with a grinder and then remove the stones and impurities from the
soil with a 7-mm mesh screen. Second, the initial moisture content of the soil was reduced to 12.16% by
oven drying method, which was similar to the actual soil moisture. Finally, the soil was stirred evenly
to form soil samples. After pretreating, the soil was loaded into the soil boxes, 5 cm soil layer each time,
and used ring cutting method to measure the soil bulk density. To make sure it was similar to nature,
the soil bulk density should be remained at 1.30 g/L. Then, 5 cm soil layer was load into the boxes
after the soil was loosed with the steel fork. This load was carried out for 5 times, and the soil bulk
density was measured after each loading to keep it uniform and constant. At the same time, the soil
should be loose after each loading to prevent soil agglomeration which could lead to soil stratification.

Table 2. Physical and chemical properties of soil samples.

Soil Layer (cm) Unit Weight (g/cm3) Initial Soil Moisture Rate (%) Organic Matter (g/kg) TP (g/kg) pH

0–20 1.30 12.16 8.75 0.68 5.5
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2.3. Experimental Methods

According to the precipitation data of Chongqing (National Meteorological Information Center)
in recent years, the maximum precipitation intensity in some areas of Chongqing could reach more
than 100 mm/h. In addition, the precipitation intensity range of Norton nozzle-type rainfall simulator
was 30~150 mm/h, so 4 kinds of precipitation intensity were chosen in this study: 30, 60, 90, 120 mm/h.
As for the design of gradient, the topography of study area varied in a large range, and it is forbidden
to cultivate crops on steep gradients above 25 degrees according to Law of The People’s Republic of
China on Water and Soil Conservation. Therefore, 5 kinds of gradient were chosen in this precipitation
experiment: 5◦, 10◦, 15◦, 20◦ and 25◦. Then the simulated precipitation conditions and topography
conditions were combined for a total of 20 rains. The combination of precipitation and gradient in
each scenario is shown in Table 3. In this study, the runoff time was controlled at 40 min, and different
precipitation duration was determined according to the initial runoff time. During the experiment, the
runoff was collected every 5 min until the end of the experiment and was measured at the end of the
precipitation. In order to reduce the impact of the soil moisture, bulk density and other physical and
chemical properties of the experiment to ensure the accuracy of the experiment, new soil was reloaded
after each precipitation experiment and the experimental soil returned to nature.

Table 3. Scheme of artificial precipitation experiments.
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The phosphorus determined in the experiment included dissolved phosphorus that dissolved in
the rainfall runoff and adsorbed phosphorus that adsorbed on the sediments. After obtaining the water
sample, the water sample was filtered and divided into supernatant containing dissolved phosphorus
and deposit carrying adsorbed phosphorus. Then, the concentration of dissolved phosphorus and
adsorbed phosphorus were measured, and the concentrations were multiplied by the volume of
supernatant and sediment respectively to get the TP load. After that, TP load was divided by the total
volume of water samples to get the TP concentration which took mg/L as unit.

2.4. Data

According to Section 2.3, it is necessary to separate the concentration of dissolved phosphorus
in the supernatant and the concentration of adsorbed phosphorus in the sediments to obtain
the load and concentration data of TP in each scenario. Water quality-determination of total
phosphorus- ammonium molybdate spectrophotometric method was used to measure the dissolved
phosphorus in the supernatant, and soil-determination of total phosphorus by alkali fusion Mo-Sb
Anti spectrophotometric method for the adsorption of phosphorus in the sediment. After the TP load
and TP concentration in each scenario were obtained, the data were processed by SPSS software to
reveal the effects of precipitation and topography on TP load and TP concentration.

As far as dissolved phosphorus in the water samples was concerned, its concentration was
measured by ammonium molybdate spectrophotometric method. The processes for determining
concentration of dissolved phosphorus were as follows. Firstly, a calibration curve was drew by
absorbance of different concentrations of phosphate standard solution comparing with a zero
concentration solution. Secondly, samples were took and added potassium persulfate and nitric
acid-perchloric acid respectively for digestion. And then, ascorbic acid solution and molybdate solution
were added into digestion solution. After that, the solutions were placed in room temperature for
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15 min, and the path for 30 mm cuvette was used for determining absorbance after deducting the
absorbance of zero concentration solution at the wavelength of 700 nm. Afterwards, the concentrations
of water samples were achieved by the equation (national standard water quality-determination of total
phosphorus- ammonium molybdate spectrophotometric method GB 11893-89):

C =
m
V

(1)

where C was TP content (mg/L), m was the phosphorus content of sample (µg), V was sample volume
for determination (mL).

As for adsorbed phosphorus, its concentration was measured by alkali fusion Mo-Sb Anti
spectrophotometric method. Firstly, the sample was melted after adding sodium hydroxide for
specimen preparation. Secondly, a calibration curve was drew by absorbance of different concentrations
of phosphate standard solution comparing with a zero concentration solution. Thirdly, samples
and blank test were taking to measure absorbance contrast with calibration curve. After that, the
concentrations of sediment samples were achieved by the equation (national standard soil-determination
of total phosphorus by alkali fusion Mo-Sb Anti spectrophotometric method HJ 632-2011):

ω =
[(A− A0)− a]×V1

b×m× wdm ×V2
(2)

where ω was the TP content of sample (mg/kg), A was absorbance of specimen, A0 was absorbance of
blank test, a was the intercept of the calibration curve, V1 was constant volume of specimen (mL), b
was the gradient of the calibration curve, m was the sample amount (g), V2 was sample volume (mL),
wdm was sediment mass fraction (%).

3. Results

3.1. The Effects of Rainfall Amount on TP

3.1.1. The Effects of Rainfall Amount on TP Load

In the process of soil and water loss, dissolved phosphorus, including dissolved organic
phosphorus, orthophosphate and polyphosphate, was transported by dissolving into the rainfall
runoff. And the adsorbed phosphorus was the major form of phosphorus loss which was transported
by adsorbing on the sediments. The effects of rainfall amount on TP load on different gradients
under different precipitation intensities are showed in the Figure 4. The rainfall amounts on a gradient
under different precipitation intensities were integrated into one line to eliminate the influence of
precipitation intensity on TP load.
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Under the different gradient conditions, the correlation between rainfall amount and TP load
was positive, which represented that TP increased with the increase of rainfall amount under various
gradient levels (Table 4). This may be due to the more dissolved phosphorus dissolving with rainfall
amount increasing and soil moisture increasing. Meanwhile, increased rainfall runoff made heavier
scouring effect on soil, a lot of dissolved phosphorus flowed away with rainfall runoff and a large
amount of adsorbed phosphorus lost with sediments. These all made TP load increased with the
increase of rainfall amount, therefore, the more rainfall amount occurred, the more rainfall runoff
and sediments yielded, and the heavier TP loss was. Moreover, there were slight differences of TP
load between different gradients, which indicated that landform was an important factor of TP loss
(See Section 3.3.1).

Table 4. Correlations between TP load and rainfall amount on different gradients.

Gradient Correlation Correlation Coefficient

5◦ y = 0.0805x − 0.4916 0.9956
10◦ y = 0.0969x − 0.6441 0.9985
15◦ y = 0.1253x − 0.5322 0.9940
20◦ y = 0.1253x − 0.1895 0.9926
25◦ y = 0.1282x − 0.4751 0.9983

As can be seen in Figure 4, there all existed initial time of runoff and sediments yield before
rainfall runoff was generated in each gradients, which is caused by the delayed rainfall runoff after
onset of precipitation. At the beginning of the precipitation, the rainwater fell to the surface of the soil
and began to infiltrate, meanwhile, the soil moisture was relatively low and the soil moisture was in an
unsaturated state. Therefore, the precipitation continued to infiltration and the rainfall runoff was not
generated immediately. With the increase of rainfall amount, soil moisture reached saturation, rainfall
runoff generated and TP began to lose.

3.1.2. The Effects of Rainfall Amount on TP Concentration

The effects of rainfall amount on TP concentration under different gradients conditions are shown
in Figure 5.
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According to the trend line in Figure 5, the TP concentration increased with increasing rainfall
amount, which was similar to the effect of rainfall amount on TP load. And this increase was meant
that the increase of TP loss was more than the increase of rainfall amount. With the increase of rainfall
amount, the dynamic potential energy of sediments increased and the loss of sediment in rainfall
runoff increased, and the amount of adsorbed phosphorus increased. Therefore, the increased rainfall
amount would carry more TP since adsorbed phosphorus was the main form of TP. And the effects of
landform on TP concentration were discussed in Section 3.3.2.

3.2. The Effects of Precipitation Intensity

3.2.1. The Effects of Precipitation Intensity on TP Load

Considering the direct correlation between precipitation intensity and rainfall amount, the effect
of precipitation intensity on TP load was very similar to the effect of rainfall amount on TP load in
a certain precipitation duration, and the effect of rainfall amount on TP load was doped to a certain
extent. Therefore, this study controlled the rainfall amount and set the rainfall amount to a fixed value
to study the effect of different precipitation intensities on TP loss under fixed rainfall amount condition.
And under this condition, different precipitation intensities corresponding to different precipitation
durations, which would lead to different levels of TP load in each gradient condition. The effects of
precipitation intensities on TP load is shown in Figure 6 under different gradient conditions.
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We found that TP load generally increased with an increase in precipitation intensity. However,
the difference between TP load at 30 and 60 mm/h was minimal as was that between 90 and 120 mm/h.
The reason for the small difference in TP load between 30 and 60 mm/h was that runoff-yielding time
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declined substantially as precipitation intensity increased and the rainfall amount remained the same.
The small difference between 90 and 120 mm/h was caused by the limited decrease of runoff-yielding
time. The distinct difference between 60 and 90 mm/h probably resulted from the heavier raindrops
breaking down the soil particles, which increased the surface area of the soil particles, more adsorbed
phosphorus adsorbed to the soil particles, and the soil particles were more easily carried after crushing,
thereby increasing the amount of adsorbed phosphorus transport.

The results also indicated that the effects of precipitation intensity on TP load under certain rainfall
amount were not obvious when precipitation intensity was between 60 and 90 mm/h. However,
precipitation intensity played a major role in TP losses when it was increased from 60 to 90 mm/h.

3.2.2. The Effects of Precipitation Intensity on TP Concentration

The effects of precipitation intensity on TP load was not only affected by precipitation intensity but
also affected by rainfall runoff. Therefore, the research method for the effect of precipitation intensity
on TP concentration was different from that of TP load. At this time, the precipitation duration was set
to constant, and the effects of different precipitation intensities on TP concentration under the same
precipitation duration were studied.

The correlation between precipitation intensity and TP concentration in each gradient condition
is shown in Figure 7. At this point, the TP concentrations at five gradients were replaced by the mean
to eliminate the effect of gradient on TP concentration changes.
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According to Figure 7, TP concentration increased with the increase of precipitation intensity,
which could be described by quadratic polynomial, and the correlation coefficient was 0.8523. In the
process of precipitation, the greater the precipitation intensity, the heavier raindrops per unit time
in the soil surface made the soil crushed to increase the surface area of soil particles, which adsorbs
more adsorbed phosphorus. Meanwhile, the higher the frequency of soil scour in the area per unit
area, the more obvious the role of surface soil by rain erosion, rainfall runoff would cause larger soil
erosion, and broken soil particles were more likely to be carried. Therefore, the precipitation duration
under certain circumstances, caused by the precipitation intensity change than TP load changes in
precipitation should be large, resulting in the increase of TP concentration.

3.3. The Effects of Gradient

3.3.1. The Effects of Gradient on TP Load

Figure 8a shows the TP load generated under different gradients in each precipitation intensity
scenario. Figure 8b reflects the effects of gradient on TP load, and the TP loads under different
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precipitation intensities were took the average to eliminate the effects of precipitation intensity on the
TP load in this figure. The correlation between the gradient and the TP load could be expressed by a
quadratic polynomial.
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As can be seen from the figure, TP load increased with the increase in gradient, but this increase
slowdown after the gradient increased to a certain extent. In the process of precipitation, the scouring
effect will be more obvious on the steeper slopes, and precipitation infiltration decreased, rainfall
runoff increased, thus carrying more sediments, leading to more serious loss of TP. This phenomenon
reflected that there was a critical gradient of the loss of NPS pollutant, indicating that soil erosion and
TP loss did not increase with increasing gradient limitlessly. The slight decreases shown in Figure 8a
and the declining trend indicated by Figure 8b supports this conclusion that TP load might reach a
peak at a certain gradient. Specifically, the TP load decreased slightly as gradient was increased from
20◦ to 25◦ under precipitation intensities of 60, 90 and 120 mm/h. This indicates that there was a
critical gradient of about 20◦ for TP loss in the purple soil.

3.3.2. The Effects of Gradient on TP Concentration

Figure 9 shows the correlation between gradient and TP concentration, which can be represented
by a quadratic polynomial (R2 = 0.7461). In Figure 9, the four precipitation intensities for each gradient
were also averaged to eliminate the influence of precipitation intensity on TP concentration.
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The positive correlation between gradient and TP concentration was clear when gradient was
<15◦, while the increase in TP concentrations slowed as the gradient was increased, indicating that the
TP concentration would not increase limitlessly with increasing gradient. According to the correlation
analysis between gradient and TP load, the TP load clearly increased when the gradient was <15◦.
However, the TP loads at gradients of 15◦, 20◦, and 25◦ were similar, suggesting that the increases with
increasing gradient were small or even negative (Figures 4 and 8).

In addition, for a steeper gradient, the velocity of water flow was faster, the scouring effect
stronger, and soil erosion more severe; thus the amount of runoff and sediment that were transported
was greater. The increasing runoff and decreasing TP load caused TP concentration to decline when
the gradient was >15◦. This also indicated that there was a critical gradient of TP loss for purple soil,
which was similar to the findings of other relevant research. As for the similar concentrations at 15◦

and 25◦, it could be found that TP load was increased with gradient (Figure 8) though the increase was
slight when gradient was >15◦. However, the rainfall runoff at 20◦ was larger than those of 15◦ and
25◦ in some scenarios, which made the TP concentrations could be similar at 15◦ and 25◦. However,
the mechanism of how the critical gradient affects TP loss required further research.

4. Conclusions

In this study, we investigated the effects of precipitation and topography conditions on TP loss in
purple soil through field experiments. Norton nozzle-type rainfall simulator and specially designed
soil boxes were used to simulate precipitation based on 20 scenarios about precipitation (precipitation
intensities were 30, 60, 90 and 120 mm/h, and precipitation duration was 40 min) and topography
(gradients were 5◦, 10◦, 15◦, 20◦, 25◦) conditions of natural precipitation.

The results showed that there were positive correlations between rainfall amount and TP load on
different gradients. In addition, there was an initial time of runoff and sediment yield before runoff
generation, which was different under various precipitation and terrain conditions. Similarly, positive
linear relationships could be used to represent the correlations between rainfall amount levels as well
as TP concentrations. Moreover, TP load generally increased with increasing precipitation intensity
when rainfall amount was limited to a certain duration; however, the difference between TP load at 30
and 60 mm/h was minimal as was that between 90 and 120 mm/h. Similarly, the TP concentration
increased with increasing precipitation intensity. In terms of the topographical conditions, the TP
load generally increased with gradient but this increase was not limitless. This was indicated by the
slight decreases in TP load under a gradient of 25◦ compared with those under a gradient of 20◦ under
precipitation intensities of 60, 90 and 120 mm/h. Moreover, the positive correlation between gradient
and TP concentration was clear at gradients >15◦; at greater gradients, this increase became more
gradual, which indicted there was a critical gradient for TP loss. Combined with changes in the process
of TP loss, we determined that 20◦ was the critical gradient for TP loss from purple soil.

This study reveals the effects of rainfall amount, precipitation intensity, and gradient on TP losses
from purple soil, which had not been discussed thoroughly in previous studies, using quantitative
correlation analysis. These results provide theoretical support for NPS pollution simulation and
pollution control in terms of factors that influence TP loss and their mechanisms. This study was
based on an experimental scale, and the probability of extreme precipitation event increased as the
climate changing. The minor changes of probabilities were differently manageable according to the
range corresponding to the precipitation event, which indicated that a minor climate change maybe
cause serious nonpoint pollution [35,36]. In future studies, the concept of the critical gradient for TP
loss from purple soil will be further developed, the role of land use in TP loss and the mechanisms
underlying TP loss with multiple precipitation events will also be examined.
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