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Particulate phosphorus loss in surface runoft had special significance compared with total phosphorus loss. We designed 12 stochastic
simulated rainfall events with different conditions to find out the key contributing factors on particulate phosphorus loss in surface runoff.
There were 6 indices relating to particulate phosphorus loss process were considered, including particulate phosphorus percentage in total
phosphorus, particulate phosphorus loss modulus, sediment yield, sediment concentration, runoff coefficient and runoff occurrence time.
Four contributing factors were studied, including rainfall intensity, slope, coverage ratio and gravimetric soil moisture content. The

factors impacted the runoff occurrence time and runoff coefficient to impact the phosphorus loss characteristics. Slope is the most
important contributing factor to sediment yield. The gravimetric soil moisture content is the second key contributing factor. Coverage

INTRODUCTION

Phosphorus was considered to be the limiting element to
the eutrophication of water'”. The production and export of
phosphorus focused on the upper 0-5 cm of surface soil. Phos-
phorus loss mainly occurred in the surface runoff* and it was
a complicated process, which was influenced by the rainfall
process (rainfall intensity and duration) and the surface situations
(landforms, physiognomy, chemical and physical characters
of soil, vegetation characteristics and agricultural practical
managements)>”.

Many studies have reported the speed of the water
eutrophication brought by phosphorus in runoff had a close
relationship to the forms of phosphorus in runoff*'’. Most of
total phosphorus stored within ecosystems is found associated
with particulate phosphorus because of its strong affinity for
the solid phase. In addition, the predominant mode of transport
of phosphorus is limited to runoff. Particulate phosphorus is
the dominant form of phosphorus loss in surface runoff. It
contained phosphorus in phosphorite and organic matters and
phosphorus absorbed by soil particulates. Particulate phosphorus
would become the potential source of dissolved phosphorus
when there were dissolutions or dissociation adsorptions under
in some certain instances®. Dissolved phosphorus released from
the soils, plants and fertilizers. It existed as the form of tribasic
phosphate which could be absorbed by the algae directly.

studied reveal that runoff occurrence time and runoff coefficient are the key indices to describe the phosphorus loss process. The contributing |
ratio impacted runoff coefficient, while rainfall intensity impacted runoff occurrence time. I
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Differentiating phosphorus forms in runoff could find their
validities to the algae in the water bodies the runoff flowed
into and also could ensure the major source of phosphorus in
runoff to adopt the related fathering measures'"'%.

Phosphorus in surface runoff came from water and sediment
in runoff. Phosphorus in water was more important than that
in sediments to water pollution because phosphorus in water
was the direct source for algae. So the study considered phos-
phorus in water, not phosphorus bond to sediments.

Phosphorus loss in the agricultural non-point source
pollution is a complicated process. It relates to 6 indices, which
could describe the characteristics of particulate phosphorus
loss in surface runoff, including particulate phosphorus
percentage in total phosphorus, particulate phosphorus loss
modulus, sediment yield, sediment concentration, runoff
coefficients and runoff occurrence time. The contributing
factors were considered adequately, such as the rainfall inten-
sity, slope, vegetation coverage ratio and the gravimetric soil
moisture content.

The objective of this study is to find out the importance
of each factor step by step, according to the data processing
system (DPS), a software to process data in Chinese which
was used widely in China and then, confirm the key contributing
factor on particulate phosphorus loss in surface runoff.
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EXPERIMENTAL

Simulated rainfall experiments were designed and
conducted in a glasshouse in Zhejiang University, China. The
temperature in the glasshouse was maintained at 25 °C all the
time.

There were two 2 m” experimental wooden troughs (A
and B), with length, width and height measuring 2.0, 1.0 and
0.5 m, respectively, with 2 replicates. The troughs were sealed
at the four sides to avoid runoff leak. Troughs A and B were
designed at two slopes of 11°and 25°, respectively, which were
chosen based on the landforms of local vegetable lands.
Troughs were filled with yellow red soil taken from a typical
hilly area in Qingshan Lake watershed of Zhejiang Province.
We selected same plots with length and width measuring 2
and 1 m at local fields. Five layers of soils, with 10 cm depth
in each layer, were dug and kept separately. Then they were
putinto the troughs layer by layer in original order. The physical
and chemical characteristics of soils at 5 layers were measured,
respectively (Table-1).

In each set of rainfall, the period from rainfall beginning
to runoff occurrence was recorded as runoff occurrence time.
Each set of rainfall lasted for approximately 20 min, including
runoff occurrence time (they were different among 12 rainfall
events) and runoff duration (15 each in all the 12 rainfall
events). The rainfall intensities of simulated rainfalls were
designed based on the local meteorological data in Qingshan
Lake watershed.

The waterworks were assembled with two 4 m long stand-
up steel tubes and supported by two tripods. Steel tubes stood
on the two sides of the troughs. Two sprinklers were fixed on
the top of tubes. One sheet metal with one pore was used in
one sprinkler and various size pores made various rainfall
intensities. Pressure gauges and valves were placed on the tubes
near the water source. We adjusted the valves to stabilize the
water flowing speed from water source according to pressure
gauges. Hence the size of pore was the only various contributing
factor to simulated rainfall intensity. There were six barrels
surrounding each wooden trough to calculate CU (coefficient
of uniform) of each set of rainfall. Coefficient of uniform (CU)
(Christiansen, 1941) was adopted to describe the distributing
uniform of spout quantity and it could be calculated by the
following formula:

N
D Ix;=xI

Coefficient of uniform =100x| 1 —-=!
NX (1)

In the formula (1), x; = depth of the rainfall in the barrel
N
located I; x = average depth of all barrels X = iz
9 X = N

number of barrels.

The vegetation coverage ratio changed with the growth
of the cabbages planted in the troughs. The values were obta-
ined by eyeballing. The gravimetric soil moisture contents in
6 symmetrical spots of the troughs were measured and the
average value of them was calculated. The period was recorded
from the rainfall beginning to the runoff occurrence.

Samples collection: In each set of rainfall event, 15 run-
off samples were collected separately every minute in order
as soon as the runoff occurred. Following on, the 15 runoff
samples were taken back to the laboratory. The concentrations
of total phosphorus and dissolved phosphorus in runoffs were
measured in 24 h, respectively. The volumes of runoff samples
and the sediment yields in each sample were also measured,
respectively.

Samples analysis: The concentrations of total phosphorus
and dissolved phosphorus were measured immediately. Total
phosphorus was measured according to the ascorbic acid-
molybdenum blue method (USEPA method 365.2)". After
being filtered using 0.45 um filters, dissolved phosphorus was
obtained using molybdenum colorimetry after isobutanol
extraction'. The difference between total phosphorus and
dissolved phosphorus concentrations yielded the particulate
phosphorus concentration.

The sediments were filtered out from runoff samples and
then dried at 105 °C for 8 h. The weights of the dry sediments
in each runoff sample were measured, respectively.

Definitions: The runoff coefficient was calculated by the
formula (2):

_Vr
=p 2)

In the formula 2, Cg = runoff coefficient; Vx = runoff volume
in each set of rainfall (L); P = precipitation in each set of rainfall
(L). The particulate phosphorus loss modulus was obtained
from the formula 3:

Cr

_ C
(SxT) &)
In the formula 3, Mpp is particulate phosphorus loss

modulus (mg/m” h); C= particulate phosphorus content (mg);
S = area of experimental field (m?); T = rainfall time (h).

MPP

RESULTS AND DISCUSSION

The values of contributing factors, particulate phosphorus
loss modulus and particulate phosphorus percentages were
given in Table-2. On the basis of the experimental data in Table-
2, the significance levels of factors were calculated by data
processing system (DPS).

Particulate phosphorus percentage: The significance
levels of factors about particulate phosphorus percentage were
given in Table-3. In Table-3, x; was slope, x, was rainfall
intensity, X3 was coverage ratio, x4 was gravimetric soil moisture
content, Xs was sediment yield, X was sediment concentration,

TABLE-1
DENSITIES OF EXPERIMENTAL SOIL
Soil depth (cm) 0-10 10-20 20-30 30-40 40-50
Soil density (g/cm®) 1.13 1.14 1.15 1.16 1.19
Total P (TP) content (g/kg) 0.56 0.50 0.48 0.46 0.45
Olsen-P content (mg/kg) 20.43 16.44 14.34 13.26 12.80
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TABLE-2

CONTRIBUTING FACTORS DESIGNED AND THE RESULTS INCLUDING PARTICULATE PHOSPHORUS LOSS

MODULUS AND PARTICULATE PHOSPHORUS PERCENTAGES IN TOTAL PHOSPHORUS

Rainfall measurement 1 2 3 4 5 6 7 8 9 10 11 12
Slope (°) 11 11 11 11 11 11 25 25 25 25 25 25
Rainfall intensity (mm/min) 1.1 1.1 1.3 1.6 2.2 24 1 1 1 1.6 1.7 1.7
Coverage ratio 0.3 0.4 0.1 0.2 0.3 0.4 0.4 0.6 0.7 0.9 0.3 0.8
Gravimetric soil moisture 1486 2198 1424 1639 9.78 22.96 30.3 20.07 15.3 20.6 14.91 19.34
content
Sediment (g) 14.01 82.81 86.03 98.24 477.6 119.01 830.03 1175.14 340.58 1782.58 167742 1422.1
Sediment concentration (g/L) 249  2.59 4.2 437  21.6 4.94 31.97 49.56 23 45.46 57.31 39.97
Runoff coefficient 0.089 0.491 0.508 0.482 0.335 0.337 0.873 0.758 0.491 0.83 0.574 0.682
Runoff occurrence time (min)  9.12 5.87 3.83 592 493 2.07 1.83 1.05 1.73 5 1.17 1.58
Particulate phosphorus loss 0.01 0.297 0.192 0.062 0.389 0.541 0.508 0.291 0.053 0.75 0.513 0.782
modulus (mg/m?h)

Particulate phosphorus (%) 0.674 0.774 0.578 0.362 0.706 0.771  0.757 0.643 0.418 0.768 0.672 0.749
TABLE-3
SIGNIFICANCE LEVELS OF FACTORS ABOUT PP PERCENTAGE
Factors and X, ¥ = S xS X X5 i Xg X X Xg  X4X X X7 X Xg y
their
combinations
Significance ~ 0.7827 0.4420 0.4382 0.1544 0.2660 0.4689 0.5825 0.8645 0.0094 0.0232 0.0097 0.0394 1.0000

level

x, was slope, x, was rainfall intensity, X; was coverage ratio, X, was gravimetric soil moisture content, x; was sediment yield, x, was sediment
concentration, x; was runoff coefficient, x; was runoff occurrence time, x, was PP loss modulus, y was PP percentage.

x7; was runoff coefficient, xg was runoff occurrence time, xo
was particulate phosphorus loss modulus.

Table-3 showed particulate phosphorus loss modulus (Xo)
had the significant effects on particulate phosphorus percentage
which had the extremely significance level 0.0094 < 0.01. The
combination of gravimetric soil moisture content (x4) and parti-
culate phosphorus loss modulus (x¢) had the extremely signifi-
cance level 0.0097 < 0.01. The combination of particulate
phosphorus loss modulus (x) with rainfall intensity (x,) had
the significance level less than 0.05.

The results showed the contributing factors including
gravimetric soil moisture content and rainfall intensity could
enhance the relationships between particulate phosphorus loss
modulus and particulate phosphorus percentage. Changing
the contributing factors singly could not change particulate
phosphorus percentage obviously.

Particulate phosphorus loss modulus: The significance
levels of factors about particulate phosphorus loss modulus
were given in Table-4. In Table-4, x, was slope, x, was rainfall
intensity, X3 was coverage ratio, X4 was gravimetric soil moisture
content, Xs was sediment yield, x, was sediment concentration,
x7 was runoff coefficient, xg was runoff occurrence time.

Table-4 showed sediment yield (xs) and sediment concen-
tration (X¢) both had the significant effects on particulate
phosphorus loss modulus, but no contributing factor had. The
combinations which only related to the contributing factors
were rainfall intensity (x») and slope (x;), rainfall intensity
(x2) and coverage ratio (X3), rainfall intensity (X,) and gravi-
metric soil moisture content (x4), coverage ratio (xs) and gravi-
metric soil moisture content (x4). Rainfall intensity participated
in the most combinations.

Rainfall intensity impacted the runoff according to the
diameter and the kinetic energy of rainfall drops. In the process
of rainfall, the striking of rainfall drops led to the compactness
of soil surface. The aggregate breakdown in general results in
soil surface sealing and after drying, surface seals will form
crusts™!”. Other researchers investigated the mechanisms of
aggregate breakdown and crust formation by raindrop impact'*?'.
The crust reduced the surface roughness of soil and enhanced
the runoff volume. The crust also reduced the infiltration volume
in the ways of increasing runoff speed and decreasing the
settling time of runoff on the surface®. It was obvious that
stronger rainfall intensity could lead to less dissolution of phos-
phorus.

TABLE-4
SIGNIFICANCE LEVELS OF FACTORS ABOUT PP LOSS MODULUS
Factors and their X, X, X3 Xy Xs Xg X4 Xg X XX, X;XXs X;XX; X,XX; X, XXy XXX
combinations
Significance  0.1247 0.1386 0.0715 0.1925 0.0064 0.0454 0.0538 0.1461 0.0017 0.0093 0.0500 0.0034 0.0271 0.0030
level
Factors and their X, X Xg X,XX; X3XX; X3XXs X3XXg X3XX; XgXX5 Xg4XXg XsXXg XgXX; XsXXg XgXX; XgXXg y
combinations
Significance  0.0132 0.0003 0.0248 0.0066 0.0258 0.0241 0.0043 0.0310 0.0221 0.0064 0.0270 0.0317 0.0482 1.0000
level

x, was slope, x, was rainfall intensity, x; was coverage ratio, x, was gravimetric soil moisture content, xs; was sediment yield, x; was sediment
concentration, x; was runoff coefficient, x; was runoff occurrence time, y was PP modulus.
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TABLE-5
SIGNIFICANCE LEVELS OF FACTORS ABOUT SEDIMENT YIELD
Factors and their combinations X, X, X3 Xy Xs X X5 XXX, X XXz XXXy X XXs
Significance level 0.0011 0.8454 0.0323 0.6182 0.0001 0.0111 0.1047 0.0001 0.0075 0.0225 0.0001
Factors and their combinations XX Xg XpXX3 X;XXs X;XXs X3XXy X3XXs X3XXg  XXXs X5 XX Xs XXy y
Significance level 0.0011 0.0357 0.0001 0.0025 0.0366 0.0001 0.0041 0.0001 0.0001 0.0108 1.0000

x, was slope, x, was rainfall intensity, x; was coverage ratio, x, was gravimetric soil moisture content, x; was sediment concentration, X, was
runoff coefficient, x; was runoff occurrence time, y was sediment yield.

Sediment yield: The significance levels of factors about
sediment yield are given in Table-5. In Table-5, x; was slope,
X, was rainfall intensity, x; was coverage ratio, x4 was gravi-
metric soil moisture content, xs was sediment concentration,
X was runoff coefficient, x; was runoff occurrence time.

Table-5 showed slope (x;) and sediment concentration (Xe)
both had the significant effects on sediment yield which had
the extremely significance level less than 0.01. Coverage ratio
(x3) had the significance level less than 0.05. The contributing
factors affected the sediment yield included slope and coverage
ratio.

Slopes had effects on runoff in two ways. One was fast-
ening the runoff speed by the component forces of rainwater
gravity at the direction of slope. The other way was reducing
the vertical component force of rainwater gravity with increasing
gradient, weakening the striking of rainfall drops to soil surface,
slowing down the forming of crust and increasing the speed
of runoff. Based on this theory, it was obvious that particulate
phosphorus percentage in total phosphorus became more at
the steeper slope while dissolved phosphorus became less.
Slower speed of runoff was advantage to the dissolution of
phosphorus.

Many studies had proved increasing coverage ratio is an
important measure to control water erosion and improve soil
environments*?’. Coverage ratio affected runoff by the ways
of reducing the kinetic energy of rainfall drop, holding up
rainwater and changing the soil surface. Less kinetic energy
of rainfall drop smashed less soil particulates and dissolved
less phosphorus into the surface runoff.

Sediment concentration: The significance levels of factors
about sediment concentration were given in Table-6. In Table-6,
x; was slope, x, was rainfall intensity, x; was coverage ratio,

X4 Was gravimetric soil moisture content, xs was runoff coeffi-
cient, X¢ was runoff occurrence time.

Table-6 showed slope (x;) had the significant effects on
sediment concentration which had the extremely significance
level 0.0002 < 0.01. Runoff coefficient (xs) and runoff occur-
rence time (X¢) both had the significant effects with the signi-
ficance levels less than 0.05.

Based on the results of Tables 5 and 6, slope had a closer
relationship with sediments than with other contributing factors.
Compared with sediment yield, runoff coefficient and runoff
occurrence time influenced sediment concentration more by
influencing runoft volume. These two indices were both variables,
so we need the analysis on them sequentially.

Runoff coefficient: The significance levels of factors
about runoff coefficient are given in Table-7. In Table-7, x;
was slope, X, was rainfall intensity, X; was coverage ratio, X,
was gravimetric soil moisture content.

Table-7 showed slope (x;) had the significant effects on
runoff coefficient which had the extremely significance level
0.0042 < 0.01. Gravimetric soil moisture content (x4) had the
significant effects with the significance levels less than 0.05.
Coverage ratio (x3) also had effects by combining with slope
and gravimetric soil moisture content, respectively.

Runoff occurrence time: The significance levels of factors
about runoff occurrence time are given in Table-8. In Table-8,
x; was slope, x, was rainfall intensity, x; was coverage ratio,
X4 Was gravimetric soil moisture content.

Table-8 showed slope (x;) had the significant effects on
runoff occurrence time which had the significance level 0.0176
< 0.05. Rainfall intensity (x») and gravimetric soil moisture
content (x4) had effects on runoff occurrence time by combining
with the slope. We could obtain the contributing factors which

TABLE-6
SIGNIFICANCE LEVELS OF FACTORS ABOUT SEDIMENT CONCENTRATION
Factors and their X X, X3 X4 Xs X¢ X; XX, X XX3 X;XX4; X XX5 X,XXs X3XXs5 X4XXg y
combinations

Significance level

0.0002 0.9098 0.0607 0.7154 0.0140 0.0319 0.0008 0.0125 0.0166 0.0007 0.0216 0.0150 0.0500 1.0000

x, was slope, x, was rainfall intensity, x; was coverage ratio, X, was gravimetric soil moisture content, x5 was runoff coefficient, x; was runoff

occurrence time, y was sediment concentration.

TABLE-7
SIGNIFICANCE LEVELS OF FACTORS ABOUT RUNOFF COEFFICIENT
Runoff Factors and their combinations X, X, X3 Xy XX X3 X X Xy X3 X X4 y
coefficient Significance level 0.0042 0.4059 0.0863 0.0496 0.0221 0.0005 0.0172 1.0000

x, was slope, x, was rainfall intensity, x; was coverage ratio, x, was gravimetric soil moisture content, y was runoff coefficient.

TABLE-8
SIGNIFICANCE LEVELS OF FACTORS ABOUT RUNOFF OCCURRENCE TIME

Runoff
occurrence time

Factors and their combinations X,
Significance level 0.0176

0.8142

X, X3 X4

0.3095 0.3342

X, X X,
0.0436

X X Xy y
0.0472 1.0000

x, was slope, x, was rainfall intensity, x; was coverage ratio, x, was gravimetric soil moisture content, y was runoff occurrence time.
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affected the runoff obviously include slope and gravimetric
soil moisture content according to Tables 7 and 8.

Based on all the above results and discussions, we could
obtain: The order of the indices being affected by factors was
particulate phosphorus percentage — particulate phosphorus
loss modulus — sediment yield — sediment concentration —
runoff coefficient/runoff occurrence time. Slope was the most
important contributing factor to sediment yield. Runoff
occurrence time and runoff coefficient were the key indices to
describe phosphorus loss process. The contributing factors
affected runoff occurrence time and runoff coefficient to affect
phosphorus loss characteristics. The order of factors affected
runoff coefficient was slope > gravimetric soil moisture content
> rainfall intensity = coverage ratio. The order of factors
affected runoff occurrence time was slope > gravimetric soil
moisture content = rainfall intensity = coverage ratio. Gravi-
metric soil moisture content was the second key contributing
factor. Coverage ratio affected runoff coefficient, while rain-
fall intensity effected runoff occurrence time.

Conclusion

Different rainfall events with different conditions were
designed to find out the key contributing factors on particulate
phosphorus loss in surface runoff. Based on the discussions,
the conclusions were obtained. Runoff occurrence time and
runoff coefficient were the key indices to describe phosphorus
loss process. The contributing factors affected runoff occurrence
time and runoff coefficient to affect phosphorus loss charac-
teristics. Slope was the most important contributing factor to
sediment yield. Gravimetric soil moisture content was the
second key contributing factor. Coverage ratio affected runoff
coefficient, while rainfall intensity affected runoff occurrence
time.

ACKNOWLEDGEMENTS

The research was supported by the Natural Science
Foundation of Zhejiang Province (No. 401005) and the
Control Measures of Soil and Water Loss at Slope Field in
Zhejiang Province (No. RI0O701).

REFERENCES

o W

i i

14.

15.
16.
17.
18.
19.

20.
21.

22.
23.

24.
25.

26.
27.

B. Moss, D. Stephen and C. Alvarez, Aquat. Conserv.-Mar. Freshw.
Ecosyst., 13, 507 (2003).

D.W. Schindler, Science, 195, 260 (1977).

M. Sondergaard, J.P. Jensen and E. Jeppesen, Sci. World, 1,427 (2001).
A.E. Olness, S.J. Smith and E.D. Rhoades, J. Environ. Qual., 4, 331
(1975).

D.L. Correll, J. Environ. Qual., 27, 261 (1998).

T.C. Daniel, A.N. Sharpley and J.L. Lemunyon, J. Environ. Qual., 27,
251 (1998).

W.J. Gburek and A.N. Sharpley, J. Environ. Qual., 27, 267 (1998).
A.N. Sharply, S.J. Smith and O.R. Jones, J. Environ. Qual., 21,30 (1992).
A.N. Sharply and S.J. Smith, J. Environ. Qual., 18, 313 (1989).

A.N. Sharply, W.W. Troeger and S.J. Smith, J. Environ. Qual., 20, 235
(1991).

P.J. Johnes and R.A. Hodgkinson, Soil Use Manage, 14, 175 (1998).
K.M. Nash and K.J. Halliwell, Qust. J. Soil Res., 37, 403 (1999).
Environmental Protection Agency (EPA), Methods for the Chemical
Analysis of Water and Wastes, EPA-600/4-79-020, Washington, DC
(1979).

Shimadzu, Corporation, TOC-V CPH/CPN, Total Organic Carbon
Analyzer, User Manual, Process and Environmental Instrumentation
Division, Kyoto, Japan (2001).

M. Agassi, 1. Shainberg and J. Morin, Soil Sci. Soc. Am. J., 45, 848 (1981).
H. Bohl and C.H. Roth, Catena, 20, 247 (1993).

M.C. Slattery and R.B. Bryan, Catena, 22, 17 (1994).

L.D. Norton, Geoderma, 40, 127 (1987).

D. Gimenez, C. Dirksen, R. Miedema, L.A.A.J. Eppink and D.
Schoonderbeek, Soil Sci. Soc. Am. J., 56, 234 (1992).

Y. Mualem, S. Assouline and H. Rohdenburg, Catena, 17, 185 (1990).
M.E. Sumner and B.A. Stewart, Soil Crusting: Chemical and Physical
Processes, Lewis Publisher, Boca Raton (1992).

K. Mike, Catena, 46, 89 (2002).

G.J.C. Hidalgo, J. Raventos and M.T. Echevarria, Catena, 29, 333
(1997).

A. Cerda, Hydrol. Processes, 12, 661 (1998).

L.A. Sanchez, M. Ataroff and R. Lopez, Environmentalist, 22, 161
(2002).

V.H. Dura'n Zuazo, Envionmentalist, 24, 39 (2004).

X. Xu, K. Zhang, Y. Kong, J. Chen and B. Yu, Transport. Res. D: Trans-
port Environ.,11, 302 (2006)



