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Abstract
Phosphorus (P) and sediment loss through runoff to surface and ground waters represents a risk
to human and environmental health. We investigated the characteristics of P loss of maize seedlings
on different slope gradients under a simulated rainfall experiment. Surface runoff and sediment
were highest on the 20°-slope and lowest on the 15°-slope. The 20°-slope showed least P loss in runoff,
which accounted for 57% and 50% of those on 10°- and 15°-slopes, respectively. Available phosphorus
(AP) losses in sediment on the 20°-slope were 7.6 and 4.2 times as much as that on the 10°- and
15°-slopes, correspondingly. Subsurface runoff and P losses increased with slope gradients increasing,
whereas P loss in subsurface runoff was lower than that in surface runoff. The runoff-sediment-yield
demonstrated an increase during rainfall events, whereas P concentration in surface runoff rose and
then declined before stabilizing. P form losses increased first and then decreased along with
increasing slope gradients. Slope gradients had little influence on AP in sediment. The dissolved total
phosphorus (DTP) loss dominated the TP loss in runoff. P losses exhibited a complex relationship
with runoff-sediment-yield, and different P-form and each item cannot exist on its own or occur
independently. Controlling soil and water losses is necessary to alleviate P losses in slope farmlands.
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Introduction
Slope farmland covers an area of 3,513 × 104 m2
in China, which is a major source of soil and water
losses. Soil erosion has been identified as one of the
major processes contributing to soil and water quality

*e-mail: zichengzheng@126.com

degradation [1-4]. Recently, the application of excessive
fertilizers and manures to agricultural land can increase
the level of phosphorus (P) in the purple soil region of
Sichuan, China. P is the element primarily responsible
for water eutrophication. The loss of P with soil erosion
can cause environmental problems due to their effect
on water eutrophication [5]. P loss in the purple soil of
sloped farmlands has caused much concern [6-9]. Thus,
studies should consider P loss caused by runoff and
sediments.
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Slope gradient is a major effect factor in soil erosion
and P transport on slope farmland. Many studies have
noted the importance of slope condition in soil erosion
and P loss [5, 10-11]. Several studies have reported that
the runoff coefficient was a function of slope gradient
and rainfall intensity in different slope gradient cases [4,
10, 12]. The amount of total erosion tends to stabilize
with an increase in slope gradients, which implies there
is probably a threshold slope gradient at which soil
erosion begins to shift from strong to weak [13]. Fu et
al. [14] found that the amount of wash load increased
with an increasing slope gradient if the gradient was
less than 58%; alternatively, the opposite relationship
was observed at steeper slopes. However, overland
flow displayed an increasing runoff coefficient with
increasing slope gradient until a critical value was
reached, as observed in the range of 17.6° to 36.4°.
Moreover, runoff and P loss increased with increasing
slope gradient [9-10]. Many studies were based on a
discussion of critical slope or characteristics of P loss
at the surface, but there is still insufficient data for P
loss in subsurface runoff. The lack of experimental
studies is due to the difficulty of monitoring variation in
subsurface runoff [1, 10-14].
In Sichuan, China, 80% of the purple soil region is
low mountains, hills, and valleys; the slope gradients
in these regions range from 7° to 25°. Approximately
46.2% of soil loss comes from cultivated slope
farmlands in this region [15].
Maize is one of the major cultivars of the purple soil
region in Sichuan, China. Purple soils are thin Entisols
with high erosivity, and strong dispersibility and is the
potential contribution source of colloidal particles [12]. In
addition, the coverage is low during the maize seedling
stage. Purple soils loss are known to have remarkable
capacity to carry and transport P [16]. Raindrops have
a strong destructive power and kinetic energy during
rainfall events, causing the formation of large amounts

Fig. 1. Study plot location in the Songtaotown of Sichuan Province.
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of runoff and sediments. Therefore, purple soil erosion
and P loss caused by rainfall, which has become the
main source of non-point source pollution in the Three
Gorges Reservoir area, have created the increasingly
serious social and environmental problems of declining
crop yields [9, 17-18].
In this study, we investigated the impact of slope
gradient on P transport in surface runoff, subsurface
runoff, and sediments of purple soil under simulated
rainfall. The objectives of this research are as follows:
(1) to understand the effect of slope gradient on surface
runoff, subsurface runoff, and sediment loss; (2) to gain
insight into the effect of slope gradients on forms of P
loss; and (3) to assess the influence of different slope
gradients on the relationships among forms of P, runoff,
and sediment.

Materials and Methods
Study Site
The experimental field is located in the upper
reaches of the Huajiao River, Songtao, Ziyang in the
Tuo River system of the Yangtze River (104°34′12″–
104°35′19″E and 30°05′12″–30°06′44″N) at an elevation
of 395 m (Fig. 1). The average annual rainfall is 965.8
mm, and rainstorms often occur from June to October.
The average annual temperature is 16.8ºC. The area is
dominated by purple soils formed in Purple sandy shale,
classified as Entisol according to the soil taxonomy of
the United States Department of Agriculture [19]. Soil
physical-chemical properties are listed in Table 1.

Rainfall Simulator
The simulator was programmed and equipped
with two spray nozzles (SR). SRs were of the V-80100
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Table 1. Soil physical and chemical properties.
pH

Organic
Matter
(gkg-1)

Total
Nitrogen
(gkg-1)

Total
Phosphorus
(gkg-1)

Total Potassium
(gkg-1)

Available
Nitrogen
(mgkg-1)

Available
Phosphorus
(mgkg-1)

Available
Potassium
(mgkg-1)

8.1

7.34

0.91

0.80

18.80

100.36

6.26

134

series and installed by the Institute of Soil and Water
Conservation, Chinese Academy of Sciences. The
operating pressures ranged from 0 to 5.0 bar. The height
of the rainfall simulator was 7 m, and the effective
rainfall area was approximately 5 m ×6 m. The simulator
had an approximate rainfall uniformity of 90%. In this
study, the simulated rainfall intensity was 2.0 mm·min-1
for 30 min, according to the characteristics of local
storms, which are most prevalent in spring and summer
in the study area. The rainfall simulation experiments
were repeated three times for every slope gradient.

Experimental Setup and Sample Collection
According to the local conditions, 40000 plants of
the staple crop maize (Chuandan 13) were cultivated
in a 1-hm2 area, and row and plant spaces were 80 and
25 cm, respectively. Nitrogen (N), phosphate (P2O5), and
potash (K 2O) fertilizers were applied at rates of 250,
125, and 150 kg·hm-2, respectively, before sowing. The
N fertilizer was urea (46.3% N); the P fertilizer was
calcium superphosphate (12% P2O5); and the K fertilizer
was potassium chloride (60% K 2O). Other management
measures were all based on local farming practices.
The slope system consisted of soil micro plots
measuring 2 m × 1 m × 0.4 m (length × width × height).
The simulation rainfall experiments were conducted on
three slope gradients (10°, 15°, 20°). The bottom of each
plot was reinforced by concrete to facilitate the formation
of a relatively impermeable layer, which coincides with
the slope gradient of the soil surface. The surface runoff,
moving down the inclined surface soil toward every
plot, was drained through an outlet into a concrete pond.
The subsurface runoff reached the impermeable layer
through small holes of 2 cm diameter on the flapper, and
a PVC pipe was used to connect the tank and the runoff
collection barrel. According to local farming methods,
this study used flat planting as a tillage measure. Each
treatment was repeated three times, and a total of nine
plots were used. The experiment was conducted during
the maize seedling stage.

Sample Extraction, Cleanup, and Analysis
Runoff-yield time was accurately recorded after the
rainfall–runoff process. Surface runoff was collected
in plastic buckets every three minutes. The entire
subsurface runoff samples were collected in plastic
buckets. Runoff samples were collected in 200 mL
plastic bottles, to which 0.5 mL of 98% H2SO4 was
added to reduce microbial activity. The runoff samples

were taken back to the laboratory and frozen (-4ºC) for
immediate analysis. The sediment samples were ovendried (105ºC) and passed through 2 mm sieves for
measurement.
The concentrations of total phosphorus (TP) in
runoff were analyzed colorimetrically at 700 nm with
a spectrophotometer. The runoff samples were passed
through a 0.45 µm filter, and subsamples were analyzed
colorimetrically for dissolved total phosphorus (DTP).
TP comprised particulate phosphorus (PP) and DTP; PP
was calculated by subtracting DTP from TP [20].
To evaluate the controllability of soluble P losses
in surface runoff treated by agricultural practices, we
computed the losses of various types of P on the runoff
and sediment from each plot. The total nutrient losses
were estimated as the sum of these precipitation event
values. The TP, DTP, PP and AP losses (Q) under a
rainstorm event were the same as in [21].
n

Q = ∑ Ci× qi
i =1

…where Ci is the TP, DTP or PP concentration in the
runoff (mg L-1), and AP concentration in the sediment
(mg kg-1); and qi is the runoff discharge (L m-2) or
sediment discharge (gm-2). (i = 1 to n, the number of
runoff and sediment collected throughout the period of
the simulated rainfall event).

Statistical Analysis
SPSS 20.0 and Excel 2016 software were used for the
statistical analyses and figure preparations, respectively.
Results were expressed as mean ± standard error of the
mean.

Results
Characteristics of Runoff and Sediment Yield
The variation of runoff involves complex processes
with respect to changing slope gradient. The amount of
runoff mainly depends on the accumulating infiltration
volume and the volume of rainfall accommodated by the
soil. Considering a short-term heavy rainfall, the surface
runoff-yield time under different slope gradients were
around 3.5 min. The runoff exhibited indistinguishable
discrepancies on different slope gradients (Fig. 2).
Runoff generation increased with the extension of the
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Fig. 2. Dynamic variation characteristics of surface runoff on
different slope gradients.

Fig. 4. Dynamic variation characteristics of sediment
concentrations on different slope gradients.

rainfall duration. The increasing range of runoff was
larger during the first 10 min of rainfall events. Runoff
yield on the 10°-slope farmland displayed an increasing
trend during the rainfall events, whereas those of 15°and 20°-slopes were almost steady during the later
period of rainfall events. After 15 min of rainfall, the
15°-and 20°-slopes exhibited less runoff generation
within a 7% to 36% decreasing range compared to
the 10°-slope. Results indicated relatively complex
influences of slope changes on runoff-yield under
short-term heavy rainfall events. Runoff generation
did not increase with increasing slope gradients and
was greater on gentle slopes than those of the other
conditions.
The sediment increased with the extension of
rainfall duration (Fig. 3). Sediment yield on the
10°-slope increased steadily at the earlier stage of
rainfall, then fluctuated after 18 min, the range of
variation was between 10.66-61.38 g·m-2. Sediment yield

on the 15°-slope slowly increased in a wavelike pattern,
with a range of variation between 8.94-44.15 g·m-2.
Sediment yield on the 20°-slope increased similarly to a
zigzag pattern, and the range of variation was between
57.29-139.09 g·m-2. The sediment volume on the
20°-slope was significantly higher than those on the
10°-and 15°-slopes, and sediment yields on the 20°-slope
were 2.2-5.8 and 1.9-7.0 times those of on the 10°-and
15°-slopes, respectively.
During the initial runoff-yielding period, the
sediment concentration was at a minimum of
5.19 g·L-1 on the 15°-slope (Fig. 4). Meanwhile, sediment
concentrations of the 10°-and 20°-slopes were 18.95 and
17.73 g·L-1, respectively, which were significantly higher
than those of the 15°-slope. Sediment concentration
and amount of sediment loss exhibited variable trends,
which were comparatively consistent with the extension
of rainfall events. The sediment concentration on the
10°-slope peaked at around 9 min and then gradually
decreased and stabilized in the later period. The initial
sediment concentration on the 10° slope was higher than
that at the end of rainfall simulation.
There was no significant difference for the total of
surface runoff between different slope gradients The
total of subsurface runoff increased with increasing
slope gradients (Table 2). Monolithic subsurface
runoff generation was less than that of surface runoff.
Subsurface runoff on 10°-, 15°-, and 20°-slopes
respectively accounted for 13%, 20%, and 28% of total
runoff. When the slope gradient was relatively gradual,
the component force of gravity had little influence
on water infiltrating the soil. Thus, most water was
intercepted in the soil body, and only a small portion
of runoff flowed out as macropore flow. The 10°- and
15°- slopes did not show significant differences in total
sediment.The 20°-slope exhibited the maximum amount
of sediment, which was 3.2 and 3.8 times those of the
10°-and 15°-slopes, correspondingly. The soil body
vulnerability was augmented when the slope gradient

Fig. 3. Dynamic variation characteristics of sediments on
different slope gradients.
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Table 2. Characteristics of total runoff on different slopes gradients.
Slope gradient

Total of runoff (Lm-2)

Sediment (gm-2)

Surface runoff

Subsurface runoff

10°

31.05±11.43

4.71±0.83

266.43±176.28

15°

28.09±2.10

6.96±2.41

226.34±68.62

20°

31.78±4.01

12.40±2.28

860.24±328.55

increased, and the possibility of sediment migration
increased with runoff movement. Thus, the 20°-slope
has greater propensity for erosion than the 10°-and
15°-slopes.

Characteristics of P Loss by Runoff
TP concentration decreased with the extension of
rainfall duration (Fig. 5). The 20°-slope had a smaller
range of variation than those of the 10°-and 15°-slopes.
The mean concentrations of TP were 0.16, 0.18, and
0.08 mg·L-1 on 10°-, 15°-, and 20°-slopes, respectively.
The TP concentration in runoff on the 20°-slope
accounted for 49% and 43% of that on 10°-and
15°-slopes, respectively. This observation may be
attributed to rapid runoff yield when the slope was
relatively large and there was only a short period for
mutual effects between water and soil, causing a smaller
amount of P to be released. The amount of TP loss was
influenced by both runoff and P concentration. The
different slopes exhibited relatively larger ranges of
TP loss at the beginning of the rainfall process; ranges
fluctuated after 6 min. The TP loss peaked at 12 min
on every plot. The amounts of TP loss at the end of
rainfall simulation were higher than the initial figures.
TP loss amounts were higher at the start of the rainfall
and stabilized afterward. Therefore, preventing P losses
at the initial stage of rainfall could reduce loss of P from
the soil. On the 20°-slope, the amount of TP loss was
less than those of the other slopes.

Fig. 5. Characteristics of TP concentration and loss in the surface
runoff on different slope gradients.

DTP is related to specific adsorption of soil particles.
It was desorbed from soil particles and then flowed
away with the dissolution and scouring action of
runoff. In general, the absorption-desorption between
DTP and runoff and sediment occurs throughout
the whole erosion process. Characteristics of DTP
concentration and loss amount were similar to variation
characteristics of TP (Fig. 6). The concentration and
loss amount of DTP on the 20°-slope were lower than
those of other slope gradients. DTP concentrations on
10°-, 15°-, and 20°-slopes comprised 55-94%, 73-93%,
and 64-91% of TP concentrations, respectively. Thus
DTP concentrations dominated P concentrations in
runoff. Moreover, slope gradient variations had little
influence on PP concentration in runoff, and variation
ranges on different slope gradients were minor during
the entire runoff yield (Fig. 7). The DTP loss amount
constantly increased on the 10°-slope, whereas those
of on 15°-and 20°-slopes were reduced during the
later period of the rainfall events. PP accounted for a
significantly smaller percentage than DTP.
TP loss load was a primary indicator for evaluating
P losses on different slope gradients during rainfall
events, because it showed direct significance in
preventing P losses. The loss amounts of different P
forms in surface runoff increased and then decreased
with increasing slope gradients (Table 3). Although
minor differences were noted among slope gradients,
as for mean values, P loss load on the 15°-slope was

Fig. 6. Characteristics of DTP concentration and loss in the
surface runoff on different slope gradients.
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Fig. 7. Characteristics of PP concentration and loss in the surface
runoff on different slope gradients.

Fig. 8. Characteristics of AP concentration and loss in sediment
on different slope gradients.

highest and close to that of the 10°-slope. The P loss
load on the 20° slope was significantly less than that
of the other two gradients. TP and DTP loss amounts
in surface runoff on 10°-slope were significantly less
than those of 15°- and 20°- slopes. The PP loss had little
differences among the different slope gradients, and P
loss load in the subsurface runoff was less than that
in the surface runoff. As for proportions of different P
forms, DTP loss accounted for 81%, 81%, and 76% of
TP loss amounts in surface runoff on the 10°-, 15°-, and
20°-slopes, respectively. the proportions of which were
54%, 89%, and 66% in subsurface runoff on the 10°-,
15°-, and 20°-slopes, respectively. P losses during runoff
were based on whether DTP losses were observed in the
surface or subsurface runoff.

sets of values peaked successively at around 10 min and
before showing constant variation. AP concentrations
on the 20°-slope increased in a zigzag pattern, with a
variation of 1.15–3.28 mg·m-2. Furthermore, the AP loss
amount of the 20°-slope was much greater than those of
10°-and 15°-slopes. Therefore, slope gradients had little
influence on AP concentrations but a significant effect
on AP loss amounts. AP loss amounts continually rose
with increasing slope gradients (Fig. 9). The AP loss
amounts on the 20°-slope were 7.6 and 4.2 times greater
than those on the 10°-and 15°-slopes, respectively.

Analysis of Correlations Among Runoff, Sediment
Yield, and Losses of Different P Forms
P losses are mainly generated by runoff and sediment
yield during rainfalls. There was a highly significant
positive correlation between runoff and sediment
amounts on the 10°-slope (Table 4). AP loss amounts
in sediment were prominently influenced by sediment
concentration, presenting an extremely significant
positive correlation. DTP concentration in runoff were
affected by runoff and sediment. The TP concentration
had a highly significant negative correlation with runoff
and sediment. Therefore, DTP release was seriously
influenced by runoff and sediment yield. The AP loss in
sediment on the 15°-slope was significantly influenced
by sediment (Table 5). TP concentration and sediment
quantity in runoff had an extremely remarkable positive
correlation with AP loss amounts. DTP concentration

Characteristics of AP Loss by Sediment Yield
Available phosphorus (AP) in sediments were washed
away by runoff with reduced soil fertility. The AP
reduction has a negative influence on plant growth. AP
concentrations on different slopes exhibited fluctuating
and interlocking decreasing trends (Fig. 8). The mean
AP concentrations on 10°-, 15°-, and 20°-slopes were
21.28, 21.28, and 21.90 mg·kg-1, respectively. There
was no difference between three slope gradients
(p<0.05). AP loss amounts increased with increasing
slope gradient, and on the 10°- and 15°-slopes, with a
variation of 0.11-0.44 and 0.20-0.80 mg·m-2, respectively,
decreased with the extension of rainfall duration; both

Table 3. Characteristics of total P loss in runoff on different slope gradients.
Slope gradient

Total of P loss in surface runoff (mg m-2)

Total of P loss in subsurface runoff (mg m-2)

TP

DTP

PP

TP

DTP

PP

10°

4.28±1.49

3.46±1.25

0.81±0.24

0.48±0.15

0.26±0.02

0.22±0.17

15°

4.88±1.03

3.93±0.93

0.95±0.13

1.83±1.03

1.63±1.05

0.20±0.05

20°

2.45±0.27

1.85±0.19

0.59±0.10

1.98±0.74

1.31±0.22

0.66±0.53
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Fig. 9. Characteristics of total AP loss in sediment on different
slope gradients.

and loss load were largely affected by TP concentration
and loss amounts. PP concentration showed very
notable positive correlations with sediment quantity,
sediment concentration, and AP concentration. On the
20°-slope, highly significant correlations were noted
among sediment quantity, sediment concentration, and
AP losses (Table 6). TP loss amounts were closely
related with runoff concentration. DTP concentration
and loss amounts were greatly influenced by TP. The
PP loss load had a very notable positive correlation
only with PP concentration. In conclusion, P losses
on various slope surfaces have complex relationships
with runoff-sediment-yield and different forms of P.
Thus, controlling soil and water losses is important in
alleviating P losses on slope farmlands.

Runoff caused by rainfalls carries N and P nutrients
from soil to water bodies, it can cause not only reduction
of fertilizer use efficiency but also water eutrophication
[22-24]. Purple soil is loose on slope farmlands during
the maize seedling stage, which easily leads to severe
soil erosion and P loss during rainfall events. P loss on
slope farmlands depends on two aspects: one is P loss in
runoff, and the other is P loss in sediment. This study set
the rainfall intensity at 2.0 mm·min-1 and rainfall duration
at 30 min, which was considered a short-term heavy
rainfall. The variation tendency of runoff weakened
as slope gradient increased, and this weakening was
mainly determined by the extent of transfer between
rainfall volume and accumulation infiltration volume.
Such findings were consistent with the research results
of He et al. [13]. Soil particle transfer from the slope
is a dynamic development influenced by many factors
such as runoff characteristics, soil characteristics, and
slope characteristics. Sediment concentration of slope
runoff represents the transferability of soil. A much
higher sediment concentration causes more serious
erosion runoff [25-26]. The sediment concentrations in
runoff on 10°-and 20°-slopes were higher than that of
the 15°-slope during the early stage of rainfall events.
However, sediment concentrations continually increased
with increasing slope gradients during the later period
of rainfall events. Possibly, the runoff yield of purple
soil under saturated storage and much more runoff
infiltrating soils during the earlier period of rainfall.
Runoff yield on slopes was complex and influenced
by soil structure, infiltration rate, and vegetation
coverage. Thus, runoff volumes on the 10°-and
20°-slopes were higher than that of the 15°-slope.
However, the soil water was saturated, and this process

Table 4. Correlation coefficient between runoff, sediment and phosphorus on the 10° slope.
R
S
CS
CAP
LAP

R

S

CS

CAP

LAP

CTP

LTP

CDTP

LDTP

CPP

LPP

—

0.93**

-0.59

-0.5

-0.66*

-0.61

0.44

-0.88**

0.73*

0.70*

-0.52

—

-0.67*

-0.41

-0.72*

-0.66*

0.31

-0.87**

0.55

0.56

-0.42

—

0.27

0.99**

0.72*

-0.27

0.78**

-0.41

-0.18

0.24

—

0.4

0.05

-0.09

0.32

-0.3

-0.51

0.39

—

0.72*

-0.27

0.82**

-0.46

-0.25

0.32

—

-0.14

0.89**

-0.48

0.08

0.6

—

-0.28

0.86**

0.34

0.31

—

-0.64*

-0.37

0.65*

—

0.44

-0.22

—

-0.2

CTP
LTP
CDTP
LDTP
CPP
LPP
* p<0.05 ** p<0.01
Note: R-Runoff , S-Sediment , C-Concentration , L- Loss amount

—
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Table 5. Correlation coefficient between runoff , sediment and phosphorus on the 15° slope.
R

R

S

CS

CAP

LAP

CTP

LTP

CDTP

LDTP

CPP

LPP

—

0.74*

0.53

-0.41

0.83**

-0.73*

0.49

-0.65*

0.57

-0.52

0.09

—

0.95**

-0.87**

0.95**

-0.79**

-0.01

-0.55

0.27

-0.88**

-0.52

—

-0.92**

0.84**

-0.65*

-0.14

-0.36

0.2

-0.92**

-0.71*

—

-0.68*

0.57

0.19

0.31

-0.14

0.77**

0.68*

—

-0.81**

0.08

-0.62

0.29

-0.80**

-0.34

—

0.21

0.94**

0.08

0.59

0.35

—

0.2

0.92**

0.12

0.64*

—

0.19

0.28

0.1

—

-0.23

0.28

—

0.73*

S
CS
CAP
LAP
CTP
LTP
CDTP
LDTP
CPP

—

LPP
* p<0.05 ** p<0.01
Note: R-Runoff, S-Sediment, C-Concentration, L- Loss amount.

Table 6. Correlation coefficient between runoff , sediment and phosphorus on the 20° slope.
R
S
CS
CAP
LAP

R

S

CS

CAP

LAP

CTP

LTP

CDTP

LDTP

CPP

LPP

—

0.67*

0.65*

0.43

0.69*

-0.06

0.3

0.18

0.31

0.05

0.05

—

0.99**

0.13

0.97**

-0.02

0.13

0

0

0.2

0.33

—

0.01

0.93**

-0.03

0.12

0

0.04

0.1

0.23

—

0.35

0.1

0.18

0.1

-0.02

0.54

0.46

—

0

0.14

0.01

-0.04

0.35

0.46

—

0.92**

0.88**

0.75*

0.2

0.28

—

0.96**

0.90**

0.1

0.15

—

0.93**

-0.06

-0.03

—

-0.31

-0.28

—

0.92**

CTP
LTP
CDTP
LDTP
CPP
LPP

—

* p<0.05
** p<0.01
Note: R-Runoff, S-Sediment, C-Concentration, L- Loss amount.

was primarily runoff generation over infiltration during
the later period of rainfall. Therefore, slope gradient
was the main factor influencing runoff volume. Surface
runoff and sediment quantities were higher on the
20°-slope than those of the 10°-and 15°-slopes. The loss
amounts of surface runoff and sediment were lower on
the 15°-slope than those of 10°-and 20°-slopes. Runoff
and sediment yield volume reached a turning point
with increasing slope gradients, indicating the existence
of a critical slope. These results were consistent with
opinions from scholars who studied the effects of slope
gradients on runoff and sediment yield [27]. The critical
slope gradients may be determined by experimental
conditions and underlying surface factors. This study

showed that the runoff and sediment yield volumes were
lower on the 15°-slope than those of 10°-and 20°-slopes.
Therefore, the 15°-slope could be a critical slope gradient
on purple soil slope farmland. The results are similar to
those found by Zhang et al. [28] studying runoff and
soil loss on different slope gradients in southwest China.
However, further verification is required regarding the
critical slope gradient of the research area. Subsurface
runoff volume increased with increasing slope gradients,
agreeing with research results from Luo et al. [9]. This
study was based on field runoff plot experiments.
The study object was maize, and the slope conditions
greatly varied; these variables were possible causes of
the absence of a critical slope during subsurface runoff
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generation when the slope gradually changed from 10°to 20°-slopes.
The losses of different P forms in runoff were
highest on the 15°-slope, and lowest on the 10°-slope.
This trend was completely contrary to the variation
trend in runoff volume. P loss load was lowest on the
slope with highest runoff volume. As shown in Fig. 2,
runoff volume on the 20°-slope was greater than those
under other conditions at 0-15 min, though it decreased
afterward. As for total amounts, runoff volume on the
20°-slope only increased by 2.4 and 13.1% compared to
those on the 10°-and 15°-slopes, respectively. However,
P concentration in runoff on the 20° slope was lower
than those of 10°-and 15°-slopes during rainfall events
(Figs 5-7). Therefore, runoff volume had little influence
on P loss amounts, but was greatly influenced on P
concentration on the 20° slope. Table 6 showed that
the different P form losses had a remarkable positive
correlation with P concentrations in runoff. There was
no significant correlation between P concentration and
runoff volume. Soil has a strong absorption capacity
for P. Analysis of TP in the topsoil of plots before
rainfall showed the following results: TP concentrations
were 0.99, 1.08, and 0.77 g·kg-1 on the 10°-, 15°-, and
20°-slopes, respectively. TP concentration in topsoil
on the 20°-slope was obviously less than those on 10°and 15°-slopes, which could be the main reason leading
to minor P loss amounts on the 20°-slope. P mainly
gathers in surface soil, and P loss is influenced by both
runoff volume and P concentration in soil [29-31]. He
et al. [32] also pointed out that the TP concentration
in topsoil was the main factor affecting P loss with
surface runoff. To control P losses on slopes, necessary
study considerations should include P concentration in
soil and the application amount of P fertilizer. Blindly
applying fertilizer for high yield will cause excess P in
soil, increasing the P load flowing away with soil and
water loss.
Originating from purple shale, purple soil has
high porosity, powerful infiltration capacity, a shallow
soil layer, and weak underlying water permeability.
Therefore, macropore flow is easily gathered after
runoff yield, thereby forming subsurface runoff [21,
33]. Subsurface runoff volume was less than surface
runoff, and continued growing with increasing slope
gradient. The subsurface runoff volume accounted
for 13%, 20%, and 28% of total runoff volume on
10°-, 15°-, and 20°-slopes, respectively, whereas TP
loss amounts in subsurface runoff accounted for 10%,
27%, and 45% of TP loss amounts in total runoff on
10°-, 15°-, and 20°-slopes, respectively. Clearly, P
losses in subsurface runoff of purple soil farmlands
accounted for a considerable proportion of P losses in
runoff from slopes. The TP concentrations in surface
runoff were 0.14, 0.17, and 0.08 mg·L-1 on 10°-, 15°-,
and 20°-slopes, respectively, while those in subsurface
runoff were 0.10, 0.26, and 0.16 mg·L-1, correspondingly.
These observations indicate that TP concentration in
subsurface runoff was greater than those of the surface
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runoff. Moreover, the seedling stage is crucial for the
growth of crops. The water and nutrient supplies greatly
influence plant growth and development during the
same period. Most P still remains in the soil layers after
tillage and fertilization, maintaining the P concentration
in topsoil at high levels [23]. P in the soil is released
with the disturbance of runoff to some extent when
rainfall occurs. Furthermore, the effects of tillage on
soil layers caused the physical environment of the soil
to change with respect to soil porosity and relevant
aeration conditions. These variations can promote
activity of aerobic soil organisms. When this process
interacts with the physical destruction of soil structure,
some P in the soil can be released [34]. The slope
cropland generated the highest runoff and associated P
loss than those of others land use patterns obtained by
Wang et al. [35]. Meanwhile, because the infiltration rate
of purple soil is relatively high, water is absorbed by the
soil and turns into subsurface runoff. The flow velocity
of subsurface runoff accelerates, and the total amounts
of subsurface runoff relevantly increase when the slope
gradients increases. P loss amounts in subsurface runoff
also rise with increasing slope gradient. Therefore,
although the proportion of subsurface runoff volume
with respect to total runoff was not that high, the P
washed away with subsurface runoff cannot be ignored.
To control P losses at the maize seedling stage on slope
farmland of purple soil, control of the surface runoff
and water-holding capacity of the soil should be
enhanced in order to reduce the production of subsurface
runoff.

Conclusion
For short-term heavy rainfall, slope changes have
relatively complex effects on the runoff yield process.
The surface runoff and sediment were highest on the
20°-slope, and were lowest on the 15°-slope. On the
contrary, for total subsurface runoff volume, results
followed the order of 20°->15°->10°-slopes. The total
losses of different P forms initially increased and then
decreased along with increasing slope gradients. P loss
was lowest and runoff was highest on the 20°-slope. P
loss in subsurface runoff could not be ignored, although
it was less than that in surface runoff.
TP loss amounts in surface runoff had a constantly
increasing tendency on the 10°-slope, whereas those
on the 15°-and 20°-slopes were reduced during the
later period of rainfall simulation. Slope gradients
had little influence on AP concentration in sediment
but significantly affected AP loss amounts, which
continuously grew with increasing slope gradient.
Slope gradient variation had little influence on PP
concentration in runoff. The DTP loss dominated the
TP loss in runoff. DTP loss was greatly influenced by
runoff and sediment yield on the 10°-slope, showing
a highly significant positive correlation. Highly
significant correlations were observed among sediment
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quantity, sediment concentration, and AP losses on
the 15°-and 20°-slopes. P in both runoff and sediment
were influenced by sediment yield and sediment
concentration. Therefore, controlling soil and water
losses is indispensable for alleviating P losses from
slope farmland.
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