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Abstract 

 
An in-situ water-induced soil erosion study of two years duration was 

conducted at a low slope of about 10%, and also on steep slopes of about 50%, 

60% and 70% at the experimental site located at a soil and water research area 

contiguous to the Department of Agricultural Engineering and Applied 

Mathematics of the Visayas State College of Agriculture (ViSCA).  ViSCA is 

located in the town of Baybay at the island of Leyte in humid tropical Philippines 

(latitude of 10° 44' north and longitude of 124° 48' east).  The study has the 

following aims, namely: 1) to investigate the effect of local farming practices on 

soil erosion, particularly at steep slopes; 2) to study the hydrology and soil 

erosion processes in steep slope conditions in humid tropical climate; and 3) to 

apply and determine the limitations of a physical process-oriented sediment 

transport model for water-induced soil erosion model (Griffith University Erosion 

System Template, GUEST) to a very permeable soil under very high rainfall 

conditions. 

In the context of the steep slope experiments at ViSCA: a) across the 

slope planting of corn is equally effective in controlling soil loss as hedged 

farming alone or in combination with peanut intercrop; b) across the slope 

planting of corn in hedged runoff plots is as effective in controlling soil loss as 

when combined with peanut intercrop; c) farmer’s practice of planting a row-

crop like corn along the slope (providing ready-made downslope pathways for 

runoff water thus, encouraging flow-driven soil erosion) produces significant soil 

loss, often larger than from a bare runoff plot; d) hedgerows significantly 

reduced sediment concentration provided they remain intact; e) “failure” in 

hedgerows, often results in massive soil loss, being even greater than that in a 

comparable bare runoff plot.  (Failure is manifested by runoff breaching the litter 

barrier at the base of the hedgerow in a localized position, leading to 

concentrated flow and extension of rills upslope from base of hedgerow) of 

hedged runoff plot (even though contour planted) and f) application of stubble in 

combination with across slope planting in hedged runoff plots (with or without a 

closely growing intercrop) provided both maximum surface cover (aerial and 
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contact) and protection against soil loss in steep slopes.  These conclusions are 

likely to apply to crops similar to corn, with an intercrop similar to peanut in 

morphology and root system.  These conclusions might also be expected to 

apply to low slopes, though the effect of such protection might not be as 

pronounced as in steep slope runoff plots. 

Soil erosion mechanisms in steep slopes are dominated mainly by the 

runoff-driven processes of entrainment and re-entrainment.  Average sediment 

concentration c  and total soil loss M are shown to be functions of positive 

coefficient runoff related regressors and a parameter that measures rills formed 

and permanently imprinted on soil surface, and of negative coefficient 

regressors related to surface contact cover, at least for the steep slopes 

considered in this study.  The relatively high streampower associated with 

overland flow on steep slopes suggests that overland flow dominates over 

rainfall impact as a source of soil sediment concentration.  This was confirmed 

by the low value of the measured ratio of soil sediment concentration shed by 

net-rainfall detachment trays to that lost from the bare runoff plots. 

On the effect of surface contact cover on average sediment 

concentration c , the following findings were made, namely: a) surface contact 

cover of only about 20% to 30% is sufficient to reduce c  to low levels, 

assuming the cover is well distributed; b) an “exponential-decay” form of 

relationship existed between surface contact cover and the average sediment 

concentration from the non-bare soil without normalizing with respect to 

sediment concentration from a reference bare soil runoff plot; and c) such non-

linear relationship is indicative of the dominating runoff processes of 

entrainment and re-entrainment compared to the linear form of relationships if 

rainfall –driven processes of detachment and re-detachment dominate.  In 

runoff dominated soil erosion processes, surface contact cover (including both 

living and dead vegetative cover close enough to the soil surface to impede 

overland flow) is more significant in curtailing soil erosion than aerial surface 

cover. 

Tropical typhoon storms usually generate large values in M and c .  A 

number of individual storm events that produced large values of M determine 
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the overall total soil loss yield for a given total duration of storm events.  M 

appeared, as a more effective quantity in regression with surface cover than c .  

The value of c  was greatly affected by large M from a small equivalent runoff 

depth. 

Large soil loss was recorded even in the ostensible absence of post 

storm event rill formation as recorded by post-storm visual observation of runoff 

plots.  Rill formation is dynamic, usually occurring during a short duration but 

intense erosion phase.  However, rills can disappear in the following long 

duration phase of less intense erosion unless the rill became permanently 

imprinted on the soil surface.  Manual cultivation of wet soil resulted in the 

formation of big and relatively stable soil clods (strengthening the soil) and 

served to prevent rill formation in the subsequent storm event, thus minimizing 

soil erosion.  Hedgerow “failure” revealed a strong relationship between rill 

formation and M. 

The contribution of suspended load to the total soil loss was negligible.  

Thus, storm events resulting in high amount of bed load will likewise ensue 

large values of total soil loss.  As total soil loss increased, the proportion of 

suspended load to bed load decreased. 

With very permeable soils subject to very high rainfall intensity, a 

characteristic of humid tropical areas as in the experimental site, very low runoff 

rates are produced, with very shallow runoff flow depths in consequence of 

which soil sediment concentration is very high.  Consequently the physical 

process-oriented sediment transport model for water-induced soil erosion 

model-GUEST (Griffith University Erosion System Template), needed to 

consider the enhancement of fluid density provided by the sediment, and the 

effect of saltation shear stress on the soil erosion mechanism. 

The following factors (which were ignored in the development of the 

original theory for sediment concentration at the transport limit, ct, by Hairsine 

and Rose (1992a, b)) were evaluated on the calculation of ct, namely: i) the 

increase in overland flow density due to the presence of significant amount of 

eroded soil sediment (i.e., fluid density enhancement by the presence of soil 

sediment in the overland flow); ii) the decrease in the average settling velocity 
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of soil sediment in very shallow runoff flow depths (i.e., reduction of 

depositability due to the very shallow water depths caused by very low runoff 

rates); iii) the effect of only partial inundation of the soil surface in such shallow 

runoff flow depths (i.e., effect of exposure factor); and iv) the reduction in the 

effective surface stress causing erosion due to the momentum absorption in the 

saltation of eroding soil particles (i.e., effect of saltation shear stress).  Theory 

was developed for each of these four factors and then applied to in-situ data 

collected from high slopes characterized with very low runoff rates, very shallow 

runoff flow depths and high soil sediment concentrations, all of which favor the 

potential importance of these four factors.  The following conclusions were 

made: 

a) Saltation shear stress is important to be considered in determining the 

resultant surface shear stress effective in water-induced soil erosion, because 

of its possible significance at the very high sediment concentrations measured 

in the steep slope experiments.  However, saltation stress in flow-driven erosion 

is not necessarily dominant over the surface shear stress as is the case in wind-

induced soil erosion; 

b) In very shallow runoff flows, quite commonly experienced in steep 

slopes, where not all potentially-erodible sediment participates in soil erosion 

through lack of inundation, the resulting sediment concentration are determined 

by two important factors, namely: i) partial inundation of the soil surface; and ii) 

reduction in effective depositability due to the shallow calculated water depths; 

c) At higher sediment concentrations in the very shallow overland flow in 

high-slope areas, i) eroded soil sediments increase the density of the runoff 

fluid; and ii) the continuous saltating movement of eroded soil sediments absorb 

momentum, thus reducing the total shear stress effective for soil erosion 

because of the partitioning between the larger non-submerged sediment 

(assumed to be non-erodible) and the smaller erodible immersed sediment; 

d) Though each factor individually had a substantial influence on ct, in 

combination, a considerable degree of cancellation was found to occur between 

the enhancement of fluid density due to the high soil sediment concentration 

and the effect of saltation shear stress, and between the reduction of 
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depositability due to the very shallow runoff depth and the effect of the exposure 

factor; 

e) Though this outcome of considerable cancellation could not be 

foretold prior to the development of theory and its application, the original theory 

of Hairsine and Rose (1992a, b) has been shown to provide a good 

approximation, even in a context where substantial modification by the listed 

individual factors is physically required; 

f) The modification to the original theory of Hairsine and Rose (1992a, b) 

has established a theory of more general application for the calculation of ct, 

and of an estimate of soil erodibility β based on relating measured soil sediment 

concentration to ct; and 

g) The combination of exposure and effective depositability factors, when 

compared with the combined effect of saltation shear stress and sediment 

enhancement of fluid density, has greater significant outcome on values of 

calculated ct. 

Regarding the analysis of the erodibility factor β derived from the 

modified version of Hairsine and Rose (1992a, b) which is the Rose et al 

version (1997), the following conclusions were drawn, namely: 

a) The influence of sediment-laden fluid density ρe, was in direct proportion 

with the values of sediment concentration at the transport limit tc ; 

b) The influence of effective depositability φe, was inversely related with tc  

(and of more importance at lower values of computed depth of overland 

flow, D); 

c) Apparently, there seemed to be a region (particularly for the bare “10%” 

slope) in the range of values of tc  where there was a transition zone 

characterized by a decreasing influence of φe but an increasing influence 

of ρe; 

d) The influence of ρe was in direct proportion with the computed values of 

the erodibility parameter β; 
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e) The largest discrepancies in β from that of the Rose et al version (1997) 

(which incorporated saltation shear stress among other factors) were 

from earlier versions of GUEST that used φe alone; 

f) Under situations of high sediment concentration and shallow computed 

water depths, the Rose and Hairsine version (1988) (that used sediment-

free density of water ρ and full settling velocity characteristic of soil via 

depositability φ) appeared to be deficient in calculating tc , thus making 

consideration of saltation shear stress and ρe very important through the 

more exact and general Rose et al version (1997) of GUEST; 

g) Interpretation of changes in soil erodibility could be made meaningfully 

through values of computed erodibility factor β; 

h) Formation of localized mudflow was immediately followed by rill 

formation which appeared to be initiated by a momentary increase in 

rainfall rate; 

i) Calculated values of β were near to or even greater than 1 when 

localized mudflows and rolling of gravel or large soil aggregates were 

observed; 

j) The corresponding calculated values of β were much more coherent for 

“rilled” than for “plane” storm events; 

k) Values of erodibility parameter β (hence, c  and M) tend to be lower than 

the average for a soil erosion event following wet cultivation which 

increased aggregation by production of large soil clods that tend to 

become structurally very stable upon drying and have greater settling 

velocity or depositability; 

l) A negative-coefficient using the logarithmic form of the regressor Qdu 

could be interpreted as indicating that longer runoff duration decreased 

c  and M (assuming other factors to be similar); 

m) In the multiple regression analysis, erodibility parameter β, was a 

function of logarithm transform of Pmax and Qmax, and to either 

untransformed or square root transformed values of N; and
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n) Factor 
e

(1  C)−
φ

 (from equation 2-72, the basis of Rose et al version (1997) 

of GUEST) has greater effect than the combined effect of saltation shear 

stress and sediment-laden fluid density on the calculated sediment 

concentration at the transport limit. 



 

xiii 
 

List of Figures 

Figure 2.1  Flow diagram (after the style of Forrester, 1970) describing the 

interaction of erosion processes between the sediment flux, the original soil 

and the deposited layer formed by deposition, and the range of erosion 

processes considered in the model.  Rates of processes (for class size i) 

exchanging sediment are shown by valve symbols.  The water layer and 

the deposited layer are shown artificially elevated for clarity.  The process 

rates shown are for rainfall detachment (ei), rainfall re-detachment (edi), 

runoff entrainment (ri), runoff re-entrainment (rri), gravity-driven processes 

(rgi) and deposition (di).  The arrows show the direction of sediment 

movement (extracted literatim from Rose, 1993). .................................. 2-51 

Figure 2.2  Sediment concentration (c) calculated as a function of streampower 

(Ω) at various values of J and β.  The curves for J > 0 and β < 1 are 

calculated assuming the sediment concentration remains at the 

concentration limit corresponding to the chosen values of J.  Depositability 

of the sediment is assumed constant and not dependent on depth of water 

flow (after Rose, 1993)........................................................................... 2-63 

Figure 2.3  (a) Indicating that in shallow flow, water depth D can be less than 

the size of larger potentially erodible sediment.  (b) Illustrating the type of 

trajectory of a saltating soil particle or aggregate undertaking a trajectory of 

length Li in runoff water flowing at velocity V and depth D.  (c) The velocity 

components of a saltating soil particle during its return to the soil surface, vi 

being its settling velocity in water (Presbitero et al, 2001)...................... 2-79 

Figure 3.1  Location of experimental project site on the island of Leyte, the 

Philippines................................................................................................ 3-2 

Figure 3.2  Mean 10-day interval rainfall depth ΣP (mm) in each calendar month 

for the whole year as analyzed from daily rainfall data recorded by ViSCA 

agrometeorological station from 1976 to 1994. ........................................ 3-3 

Figure 3.3  Sketch of experimental area.......................................................... 3-9 

Figure 3.4  A photograph showing the construction of a 10% slope runoff plot 

 ............................................................................................................... 3-11 

Figure 3.5  A photograph showing the construction of a runoff plot on the 

hillside. ................................................................................................... 3-12



 

xiv 
 

Figure 3.6  A photograph showing a typical soil profile of a steep slope runoff 

plot. ........................................................................................................ 3-13 

Figure 3.7  Photographs showing runoff plots at (a) low and (b) steep slopes. 

 ............................................................................................................... 3-15 

Figure 3.8  Photographs showing accumulated bedload on (a) low and (b) steep 

slopes runoff plots after a storm event. .................................................. 3-16 

Figure 3.9  A photograph showing moist bed load being collected and weighed. 

 ............................................................................................................... 3-17 

Figure 3.10  A photograph of a runoff tipping bucket. ................................... 3-18 

Figure 3.11  A photograph showing inside view of the manifold of a runoff 

tipping bucket with slotted copper tubing (circled portion) for sampling 

suspended sediment.............................................................................. 3-20 

Figure 3.12  A photograph of suspended sediment sampler adjoining a runoff 

tipping bucket......................................................................................... 3-21 

Figure 3.13  A photograph showing subsampling of suspended load. .......... 3-22 

Figure 3.14  A photograph showing the use of quadrat instrument to measure 

surface contact cover............................................................................. 3-23 

Figure 3.15  A photograph showing logger data being downloaded.............. 3-25 

Figure 3.16  A photograph of non-recording and recording types of rain gauges 

and net-rainfall detachment apparatus (in the foreground) installed at the 

experimental site.................................................................................... 3-26 

Figure 3.17  Planting layout for Arachis hypogaea (peanut). ........................ 3-29 

Figure 3.18  Planting layout for Oryza sativa (upland rice)............................ 3-30 

Figure 3.19  Photographs showing how weeding operation was done on (a) low 

and (b) steep slopes runoff plots............................................................ 3-31 

Figure 3.20  A photograph showing a steep runoff plot being cultivated. ...... 3-32 

Figure 3.21  A photograph of a runoff plot planted with corn in up and down the 

slope orientation.  Foreground is a runoff tipping bucket device. ........... 3-34 

Figure 3.22  A photograph of hedged steep slope runoff plots planted in across-

slope orientation..................................................................................... 3-35 

Figure 3.23  A close-view photograph of established hedgerow. .................. 3-36 

Figure 3.24  Photographs of (a) low slope and (b) steep slope runoff plots 

covered with scattered post-harvest remains......................................... 3-37



 

xv 
 

Figure 3.25  A photograph of hedged runoff plot planted to corn and 

intercropped with peanut........................................................................ 3-38 

Figure 3.26  A photograph of a runoff plot planted with corn in across-slope 

orientation. ............................................................................................. 3-39 

Figure 3.27  Planting layout for Ipomea batatas (sweet potato). ................... 3-40 

Figure 3.28  A photograph of hedged runoff plot planted only to peanut....... 3-41 

Figure 3.29  Photographs showing how corn planting was done on (a) low and 

(b) steep slope runoff plots..................................................................... 3-44 

Figure 3.30  Planting layout for Zea mays (corn). ......................................... 3-45 

Figure 3.31  A photograph showing soil clinging on to pulled weeds being 

shaken off. ............................................................................................. 3-48 

Figure 3.32  A photograph of a newly cultivated bare runoff plot. ................. 3-49 

Figure 3.33  A photograph showing the harvesting operation. ...................... 3-50 

Figure 3.34  A photograph showing harvested de-husked corn being weighed. 

 ............................................................................................................... 3-51 

Figure 3.35  A photograph showing the stubble being weighed before scattering 

on the runoff plot. ................................................................................... 3-52 

Figure 4.1  Total rainfall, ΣP as recorded from ACIAR experimental site and 

agrometeorological station at ViSCA, Baybay, Leyte, the Philippines for the 

total duration of data gathering. ............................................................... 4-2 

Figure 4.2  Total runoff, ΣQ and total soil loss, M in each low slope runoff plots (i 

and j) for the 1st part of data gathering (storm events #1 – #16) (Total 

rainfall, ΣP: 1292.5 mm) (Note: Please refer to the adjoining table below for 

the details of treatments used)............................................................... 4-24 

Figure 4.3  Total runoff, ΣQ and total soil loss, M in each low slope runoff plots (i 

and j) for the 2nd part of data gathering (storm events #17 – #32) (Total 

rainfall, ΣP: 1236.5 mm) (Note: Please refer to the adjoining table below for 

the details of treatments used)............................................................... 4-25 

Figure 4.4  Total rainfall, ΣP, total runoff, ΣQ and total soil loss, M for the 10% 

slope runoff plots (i and j) for storm events #1 – #16 (Note: Please refer to 

the adjoining table below for the details of treatments used). ................ 4-27 

Figure 4.5  Total rainfall, ΣP, total runoff, ΣQ and total soil loss, M for the 10% 

slope runoff plots (i and j) for storm events #17 – #32 (Note: Please refer to 

the adjoining table below for the details of treatments used). ................ 4-30



 

xvi 
 

Figure 4.6  Total runoff, ΣQ and total soil loss, M in each steep slope runoff plot 

by slope gradient for the total duration of data gathering (Total rainfall, ΣP: 

2528.9 mm)............................................................................................ 4-34 

Figure 4.7  Total runoff, ΣQ and total soil loss, M in all steep slope runoff plots 

by treatment for the total duration of data gathering (Total rainfall, ΣP: 

7586.8 mm)............................................................................................ 4-37 

Figure 4.8  Total rainfall, ΣP, total runoff, ΣQ and total soil loss M for the 50% 

slope runoff plots by treatment in each storm event............................... 4-41 

Figure 4.9  Total rainfall, ΣP, total runoff, ΣQ and total soil loss, M for the 60% 

slope runoff plots by treatment in each storm event............................... 4-44 

Figure 4.10  Total rainfall, ΣP, total runoff, ΣQ and total soil loss, M for the 70% 

slope runoff plots by treatment in each storm event............................... 4-47 

Figure 4.11  Total runoff, ΣQ and total soil loss, M for all the runoff plots during 

the whole duration of data gathering (Note: Runoff plots i and j (10% slope 

runoff plots) were bare starting midway of the data gathering period) (Note: 

Please refer to the adjoining table below for the details of treatments used). 

 ............................................................................................................... 4-50 

Figure 4.12  Histogram of total soil loss, M for all low slope runoff plots under all 

treatments. ............................................................................................. 4-54 

Figure 4.13  Histogram of total soil loss, M for all steep slope runoff plots under 

all treatments. ........................................................................................ 4-55 

Figure 4.14  Total runoff, ΣQ, total soil loss, M and sediment concentration, c  

for the 10% slope runoff plots (i and j) during storm events #1 – #16 

(Please refer to the adjoining table below for the details of treatments 

used)...................................................................................................... 4-57 

Figure 4.15  Total runoff, ΣQ, total soil loss, M and sediment concentration, c  

for the 10% slope runoff plots (i and j) for storm events #17 – #32 (Note: 

Please refer to the adjoining table below for the details of treatments used). 

 ............................................................................................................... 4-60 

Figure 4.16  Total runoff, ΣQ, total soil loss, M and sediment concentration, c  

for the 10% slope runoff plot i (kept bare) during storm events #17 - #32. 

 ............................................................................................................... 4-63 

Figure 4.17  Total runoff, ΣQ, total soil loss, M and sediment concentration, c  

for the 50% slope runoff plots by treatment in each storm event. .......... 4-65



 

xvii 
 

Figure 4.18  Total runoff, ΣQ, total soil loss, M and sediment concentration, c  

for the 60% slope runoff plots by treatment in each storm event. .......... 4-68 

Figure 4.19  Total runoff, ΣQ, total soil loss, M and sediment concentration, c  

for the 70% slope runoff plots by treatment in each storm event. .......... 4-71 

Figure 4.20  Total runoff, ΣQ, total soil loss, M and sediment concentration, c  

for the 50% slope runoff plot under treatment T1 (kept bare) in each storm 

event. ..................................................................................................... 4-74 

Figure 4.21  Total runoff, ΣQ, total soil loss, M and sediment concentration, c  

for the 60% slope runoff plot under treatment T1 (kept bare) in each storm 

event. ..................................................................................................... 4-75 

Figure 4.22  Total runoff, ΣQ, total soil loss, M and sediment concentration, c  

for the 70% slope runoff plot under treatment T1 (kept bare) in each storm 

event. ..................................................................................................... 4-76 

Figure 4.23  Photographs showing piles of eroded soil contributed by rills on (a) 

10%- and (b) 70%-slope runoff plots...................................................... 4-77 

Figure 4.24  Photographs showing piles of eroded soil without the apparent 

presence of rills after storm event on (a) 10%- and (b) 70%-slope runoff 

plots. ...................................................................................................... 4-78 

Figure 4.25  Total soil loss, M and number of rills per meter width of runoff plot, 

N for the 10% slope runoff plot under treatment T1 (kept bare) during storm 

events #17 – #32. .................................................................................. 4-80 

Figure 4.26  Total soil loss, M and number of rills per meter width of runoff plot, 

N for the 50% slope runoff plot under treatment T1 (kept bare) in each 

storm event. ........................................................................................... 4-81 

Figure 4.27  Total soil loss, M and number of rills per meter width of runoff plot, 

N for the 60% slope runoff plot under treatment T1 (kept bare) in each 

storm event. ........................................................................................... 4-82 

Figure 4.28  Total soil loss, M and number of rills per meter width of runoff plot, 

N for the 70% slope runoff plot under treatment T1 (kept bare) in each 

storm event. ........................................................................................... 4-83 

Figure 4.29  Sediment concentration, dc  for the net rainfall detachment 

apparatus and sediment concentration, bc  for all bare runoff plots. ...... 4-85 

Figure 4.30  Computed depth of water, Dw using the Manning's equation for all 

bare runoff plots. .................................................................................... 4-87



 

xviii 
 

Figure 4.31  Suspended load, SL, bed load, BL and total soil loss, TSL for the 

bare 10% slope runoff plot in each storm event. .................................... 4-90 

Figure 4.32  Suspended load, SL, bed load, BL and total soil loss, TSL for the 

bare 50% slope runoff plot in each storm event. .................................... 4-91 

Figure 4.33  Suspended load, SL, bed load, BL and total soil loss, TSL for the 

bare 60% slope runoff plot in each storm event. .................................... 4-92 

Figure 4.34  Suspended load, SL, bed load, BL and total soil loss, TSL for the 

bare 70% slope runoff plot in each storm event. .................................... 4-93 

Figure 4.35  Scatterplot of total soil loss, M against percentage ratio of 

suspended load, SL and bed load, BL for all bare steep slope runoff plots. 

 ............................................................................................................... 4-94 

Figure 4.36  A photograph of a bare runoff plot illustrating soil in a condition 

typical of that following wet cultivation. .................................................. 4-96 

Figure 6.1  Effective depositability φe and exposure factor (1 – C) as a function 

of water depth D for soil at the bare runoff plot at the experimental site (For 

D ≥ 4mm, φe = 0.092 m/s and C = 0)........................................................ 6-3 

Figure 6.2  A photograph of a typical weeding operation using a bolo 

(background) and a bare runoff plot illustrating soil in a condition typical of 

that following cultivation (foreground). ..................................................... 6-4 

Figure 6.3  A photograph of a typical cultivation operation using a shovel in a 

bare runoff plot.  The photo shows the resulting soil surface condition 

following cultivation. ................................................................................. 6-5 

Figure 6.4  Giving variation of the ratio between saltation shear stress (τsa) and 

the total shear stress (τ) i.e., saτ
τ

 in percentage (%) with measured average 

sediment concentration ( c ) for the bare runoff plots at various slopes.. 6-38 

Figure 6.5  Giving variation of the ratio between saltation shear stress (τsa) and 

the surface shear stress (τs) i.e., sa

s

τ
τ

 in percentage (%) with measured 

average sediment concentration ( c ) for the bare runoff plots at various 

slopes. ................................................................................................... 6-42 

Figure 6.6  Giving variation of the ratio between saltation shear stress (τsa) and 

the total shear stress (τ) i.e., saτ
τ

 in percentage (%) with sediment 



 

xix 
 

 concentration at the transport limit ( tc ) for the bare runoff plots at various 

slopes..................................................................................................... 6-46 

Figure 6.7  Giving variation of the ratio between saltation shear stress (τsa) and 

the surface shear stress (τs) i.e., sa

s

τ
τ

 in percentage (%) with sediment 

concentration at the transport limit ( tc ) for the bare runoff plots at various 

slopes..................................................................................................... 6-50 

Figure 6.8  The relationship between the effective surface shear stress (τse) and 

the total shear stress (τ) with both shear stresses calculated at the 

measured average sediment concentration ( c ) for the bare runoff plots at 

various slopes. ....................................................................................... 6-58 

Figure 7.1  Comparison of computed values of sediment concentration at the 

transport limit tc , from different variants of GUEST -a physical process 

oriented model for water-induced soil erosion as applied to bare runoff plots 

at various slopes. ..................................................................................... 7-2 

Figure 7.2  Comparison of computed values of erodibility parameter β, from 

different versions and variants of GUEST -a physical process oriented 

model for water-induced soil erosion as applied to bare runoff plots at 

various slopes. ......................................................................................... 7-7 

Figure 7.3  Plot of erodibility parameter β, against time for 2-year period of in-

situ data gathering for each of the bare runoff plots at various slopes.  Bare 

runoff plots were either manually cultivated ( ) or weeded (Δ) in between 

storm events as needs arose. ................................................................ 7-21 

Figure 7.4  A photograph of viscous-like deposits of fine sediment in 70% slope 

bare runoff plot. ...................................................................................... 7-22 

Figure 7.5  A photograph of viscous-like soil deposits prior to the formation of 

rills.......................................................................................................... 7-23 

Figure 7.6  A photograph of gravel contribution to bedload........................... 7-25 

Figure 7.7  A photograph of 70% slope bare runoff plot showing soil loss without 

any rills formed during storm event of 08-09/10/91. ............................... 7-26 

Figure 7.8  A photograph of typical rills from 70% slope bare runoff plot after 

erosive storm event of 03-05/10/1990.................................................... 7-28



 

xx 
 

Figure 7.9  Scatterplot of soil erodibility parameter, β versus number of rills per 

meter width of runoff plot, N. .................................................................. 7-30 

Figure 7.10  A photograph of 60% slope bare runoff plot showing patches of 

deposited layer of soil particles. ............................................................. 7-33 

Figure 7.11  A photograph of soil armoring. .................................................. 7-37 

Figure 8.1  Photographs of throughflow interceptor drains at (a) 50%- and (b) 

60%-slope bare runoff plots. .................................................................... 8-5 

Figure 8.2  A photograph of a throughflow interceptor drain at the vacant but 

vegetated land between the bare and hedged runoff plots with slope of 

about 60%................................................................................................ 8-6 

Figure 8.3  Bar graphs for chosen set of collected data giving total depths of 

runoff-producing rainfall ΣPQ and runoff ΣQ in mm from ACIAR project at  

ViSCA, Baybay, Leyte, the Philippines for “50%” slope bare (T1) and 

hedged (with peanut intercrop) (T4) runoff plots. ................................... 8-11 

Figure 8.4  Scatterplot of collected data on total depths of runoff ΣQ and 

throughflow TF in mm from ACIAR project at ViSCA, Baybay, Leyte, the 

Philippines for “50%” slope bare (T1) runoff plot.................................... 8-13 

Figure 8.5  Scatterplots and curves of best fit for collected data on total depths 

of runoff-producing rainfall ΣPQ and runoff ΣQ in mm from ACIAR project at 

ViSCA, Baybay, Leyte, the Philippines for "50%" slope bare (T1) and 

hedged (with peanut intercrop) (T4) runoff plots. ................................... 8-14 

Figure 8.6  Scatterplots and curves of best fit for collected data on average 

rainfall rate P  in mm/h and the ratio of runoff to runoff-producing rainfall 

ΣQ/ΣPQ in % from ACIAR project at ViSCA, Baybay, Leyte, the Philippines 

for "50%" slope bare (T1) and hedged (with peanut intercrop) (T4) runoff 

plots. ...................................................................................................... 8-17 

Figure 9.1  Curves of best fit for collected data on surface contact cover Cover 

in % and average sediment concentration c  in kg/m3 from ACIAR project at  

ViSCA, Baybay, Leyte, the Philippines for all hedged runoff plots under 

treatments T3 (planted to corn (Zea mays) across slope in hedged runoff 

plots) and T4 (similar to treatment T3 with peanut (Arachis hypogaea) 

intercrop or solely planted to peanut across slope in hedged runoff plots). 

 ............................................................................................................... 9-10



 

xxi 
 

Figure 9.2  Curve of best fit for collected data on surface contact cover Cover in 

% and average sediment concentration c  in kg/m3 from ACIAR project at  

ViSCA, Baybay, Leyte, the Philippines for all runoff plots. ..................... 9-11 

Figure 9.3  Curve of best fit for collected data on surface contact cover Cover in 

% and average sediment concentration c  in kg/m3 from ACIAR project at  

ViSCA, Baybay, Leyte, the Philippines for all runoff plots (at various 

treatments and slopes) during big storm events of #2, #8 to #11, #13, #16, 

#18, #28 and #32 (Notes: Please refer to section 4.5 (Occurrence or Timing 

of Storm Events) of Chapter 4 (General Features of the In-Situ Collected 

Data) for the “operational definition” of a “big storm event” and Appendix 

Table 4.2)............................................................................................... 9-13 



 

xxii 
 

 

List of Tables 

Table 3.1  Characteristics of tropical storms (TS) and typhoons (TP) that 

occurred during the duration of the experiment as recorded at Tacloban 

City, Leyte, the Philippines synoptic weather station (Latitude: 11° 14' North 

and Longitude: 125° 02' East). ................................................................. 3-5 

Table 3.2  Monthly and annual rainfall in mm at ViSCA agrometeorological 

station from 1976 to 1993. ....................................................................... 3-6 

Table 3.3  Basic information on the experimental runoff plots with slope length 

of about 12m. ........................................................................................... 3-7 

Table 3.4  Soil properties of clay soil on experimental runoff plots.................. 3-8 

Table 3.5  Summary of experimental treatments used in the study for low slope 

runoff plots. ............................................................................................ 3-28 

Table 3.6  Summary of experimental treatments used in the study for steep 

slope runoff plots.................................................................................... 3-42 

Table 3.7  List of symbols used in the study.................................................. 3-54 

Table 4.1  Result of the Student t-test for the equality of two means (assuming 

unequal variances) of the rainfall related variables measured by 

pluviometer #1 (P1) and pluviometer #2 (P2) installed in the experimental 

area.......................................................................................................... 4-3 

Table 4.2  Result of comparison of means of different parameters collected from 

the two low slope runoff plots during various storm events using the 

Student t-test (assuming unequal variances) (Note: Please refer to the 

adjoining table below for the details of treatments used). ...................... 4-10 

Table 4.3  Minimum and maximum values for each of the parameters 

considered in ACIAR project at ViSCA, Baybay, Leyte, the Philippines for 

the period 1989-1992 (Treatments: T1 - kept bare; T3 - planted to corn 

(Zea mays) across slope in hedged runoff plots and T4 - similar to 

treatment T3 with peanut (Arachis hypogaea) intercrop). ...................... 4-20 

Table 4.4  Total rainfall, ΣP, total runoff, ΣQ, ratio of total runoff to total rainfall 

(Ratio ΣQ/ ΣP) and total soil loss, M for low slope runoff plots throughout 

the whole duration of data gathering (Note: Please refer to the adjoining 

table below for the details of treatments used)....................................... 4-23



 

xxiii 
 

 

Table 4.5  Total rainfall, ΣP, total runoff, ΣQ, ratio of total runoff to total rainfall 

(Ratio ΣQ/ΣP) and total soil loss, M for all treatments at steep slope runoff 

plots throughout the whole duration of data gathering. .......................... 4-33 

Table 4.6  Total rainfall, ΣP, total runoff, ΣQ, ratio of total runoff to total rainfall 

(Ratio ΣQ/ΣP) and total soil loss, M for all steep slope runoff plots by 

treatment throughout the whole duration of data gathering.................... 4-39 

Table 4.7  Summary of data on average sediment concentration from net rainfall 

detachment tray ( dc ) and average sediment concentration from bare runoff 

plots ( bc ) for all levels of land slope. Ratio bd cc  is also given. ........... 4-86 

Table 4.8  Maximum values for suspended load, SL, bed load, BL, ratio of SL to 

BL (Ratio SL/BL) and total soil loss, M in all bare runoff plots. .............. 4-88 

Table 5-1  Descriptions of symbols used. ....................................................... 5-2 

Table 5-2  Basic description of data set. ......................................................... 5-8 

Table 5-3  ANOVA and multiple comparison of means of the effect of treatments 

on factors affecting soil erosion on steep slopes using Duncan Multiple 

Range Test (DMRT) during storm events #3 to #6, #7 to #14 and, #17 to 

#31 and #24 to #31 (Notes: Please refer to table 5-1 for the description of 

symbols used)........................................................................................ 5-10 

Table 5-4  ANOVA and multiple comparison of means of the effect of treatments 

and land slopes on factors affecting soil erosion on steep slopes using 

Duncan Multiple Range Test (DMRT) during storm events #1 and, #17 to 

#22 (Notes: i) Treatments are as follow: T1 – kept bare, T2a – planted to 

corn (Zea mays) across slope; T3 – planted to corn across slope in hedged 

runoff plots, and T4 – similar to T3 with peanut (Arachis hypogaea) 

intercrop; and ii) Please refer to table 5-1 for the description of symbols 

used)...................................................................................................... 5-12 

Table 5-5  ANOVA and multiple comparison of means of the effect of treatments 

and land slopes on factors affecting soil erosion on steep slopes using 

Duncan Multiple Range Test (DMRT) during storm events #2, #7 to #14 

and #24 to #31 (Notes: i) Treatments are as follow: T1 – kept bare, T2 – 

planted to corn (Zea mays) along slope; T3 – planted to corn across slope 

in hedged runoff plots, and T4 – similar to T3 with peanut (Arachis 



 

xxiv 
 

 

 hypogaea) intercrop; and ii) Please refer to table 5-1 for the description of 

symbols used)........................................................................................ 5-14 

Table 5-6  ANOVA and multiple comparison of means of the effect of treatments 

and land slopes on factors affecting soil erosion on steep slopes using 

Duncan Multiple Range Test (DMRT) during storm events #3 to #6 (Notes: 

i) Treatments are as follow: T1 – kept bare, T2 – planted to corn (Zea 

mays) along slope; T3 – planted to corn across slope in hedged runoff 

plots, and T4a – planted to peanut (Arachis hypogaea) across slope in 

hedged runoff plots; and ii) Please refer to table 5-1 for the description of 

symbols used)........................................................................................ 5-16 

Table 5-7  Basic statistical properties of variables collected from bare steep 

slope runoff plots in ACIAR project at ViSCA, Baybay, Leyte, the 

Philippines.............................................................................................. 5-19 

Table 5-8  Pearson product-moment correlation matrix of untransformed and 

transformed variables collected from all bare steep slope runoff plots in 

ACIAR project at ViSCA, Baybay, Leyte, the Philippines (Note: Please refer 

to table 5-1 for the description of symbols used).................................... 5-20 

Table 5-9  Result of multiple regression analyses for c  (or Lgc ), M (or LgM) 

and N (or SqrtN) for different data sets collected from ACIAR project at 

ViSCA, Baybay, Leyte, the Philippines (Note: Please refer to table 5-1 for 

the description of symbols used and to table 5-2 for the description of data 

set). ........................................................................................................ 5-23 

Table 5-10  Frequency counts of independent variables from multiple regression 

analyses for dependent variables c  (or Lgc ), M (or LgM) and SqrtN for the 

three main groups of data collected from ACIAR project at ViSCA, Baybay, 

Leyte, the Philippines (Note: Please refer to table 5-1 for the description of 

symbols used and to table 5-2 for the description of data set). .............. 5-26 

Table 6.1  Basic data on runoff-related parameters, average sediment 

concentration ( c ), number of rills per meter width of runoff plot (N) and the 

immediately observed post-storm event appearance of the bare soil surface 

collected from bare runoff plots at various slopes and storm events........ 6-7 

Table 6.2  Minimum and maximum values of runoff-related parameters, average 

sediment concentration ( c ) and number of rills per meter width of runoff 



 

xxv 
 

 

 plot (N) for “plane” and “rilled” soil surface of bare runoff plots at various 

slopes. ................................................................................................... 6-14 

Table 6.3  Values of the measured average sediment concentration ( c ) and the 

average sediment concentration at the transport limit ( tc ) using various 

versions and variants of the GUEST - a customized computer application 

program based on a physical process oriented model for water-induced soil 

erosion as applied to bare runoff plots at various storm events and slopes. 

 ............................................................................................................... 6-22 

Table 6.4  Calculated values of total shear stress (τ), saltation shear stress (τsa), 

surface shear stress (τs) and effective surface shear stress (τse) for the 

measured average sediment concentration ( c ) and sediment concentration 

at the transport limit ( tc ) from all bare runoff plots for various storm events 

and slopes. ............................................................................................ 6-29 

Table 6.5  Computed values for ratio between saltation shear stress (τsa) and 

the total shear stress (τ) i. e., saτ
τ

, and the ratio between saltation shear 

stress and the surface shear stress (τs) i. e., sa

s

τ
τ

 using measured average 

sediment concentration ( c ) and sediment concentration at the transport 

limit ( tc ) for the bare runoff plots at various slopes. .............................. 6-33 

Table 6.6  Curves of best fit for ratio between saltation shear stress (τsa) and the 

total shear stress (τ) i. e., saτ
τ

, and the ratio between saltation shear stress 

and the surface shear stress (τs) i. e., sa

s

τ
τ

 using measured average 

sediment concentration ( c ) and sediment concentration at the transport 

limit ( tc ) for the bare runoff plots at various slopes. .............................. 6-37 

Table 6.7  Curves of best fit for effective shear stress (τse) and the total shear 

stress (τ) using measured average sediment concentration ( c ) for the bare 

runoff plots at various slopes. ................................................................ 6-56 

Table 7.1  Values of the average sediment concentration at the transport limit 

( tc ) and their differences using the Rose and Hairsine (1988) and Rose et 



 

xxvi 
 

 

 al (1997) versions of GUEST -a physical process oriented model for water-

induced soil erosion as applied to bare runoff plots at various storm events 

and slopes.............................................................................................. 7-12 

Table 7.2  Summary of data and computed beta (β) values for all slopes 

investigated on ACIAR project at ViSCA, Baybay, Leyte, the Philippines for 

the period 1989 - 1992a.  Event date and event number (in brackets) are 

given. ..................................................................................................... 7-17 

Table 7.3  Basic statistical properties of variables collected from bare runoff 

plots at various slopes in ACIAR project at ViSCA, Baybay, Leyte, the 

Philippines.............................................................................................. 7-39 

Table 7.4  Result of multiple regression analyses for c  (or Lgc ), M (or LgM) 

and N (or SqrtN) for all bare runoff plots at various slopes. ................... 7-42 

Table 7.5  Independent variables considered in the multiple regression analyses 

for dependent variable β (Lgβ) in all the bare runoff plots at various slopes. 

 ............................................................................................................... 7-46 

Table 7.6  Result of multiple regression analyses for β (or Lgβ) for all bare 

runoff plots at various slopes. ................................................................ 7-48 

Table 8.1  Summary of collected data on runoff-producing rainfall in mm from 

ACIAR project at ViSCA, Baybay, Leyte, the Philippines for the period 

1989-1992................................................................................................ 8-2 

Table 8.2  Analysis of variance (ANOVA) of the effect of treatments and three 

steep land slopes on runoff-producing rainfall for storm event 08-09/01/90, 

storm events from 13-14/09/90 to 15-19/11/90 and storm events from 11-

12/09/91 to 22-25/11/91.  Land slopes approximately 50%, 60% and 70%. 

 ................................................................................................................. 8-7 

Table 8.3  Summary of collected data on total depths of rainfall ΣP, throughflow 

TF, runoff-producing rainfall ΣPQ, runoff ΣQ in mm and ratios of (ΣP - ΣPQ)/ 

ΣP and ΣQ/ ΣPQ in % from ACIAR project at ViSCA, Baybay, Leyte, the 

Philippines for "50%" slope bare  (T1) and hedged with peanut intercrop 

(T4) runoff plots...................................................................................... 8-10 

Table 8.4  Analysis of variance (ANOVA) for the regression analyses between 

total depths of runoff-producing rainfall ΣPQ and runoff ΣQ in mm for "50%" 

slope bare (T1) and hedged with peanut intercrop (T4) runoff plots. ..... 8-16



 

xxvii 
 

Table 3.5  Summary of experimental treatments used in the study for low slope 

runoff plots. .............................................................................................. 9-2 

Table 3.6  Summary of experimental treatments used in the study for steep 

slope runoff plots...................................................................................... 9-3 

Table 9.1  Multiple comparison of means of the effect of treatments and land 

slopes on the average sediment concentration c  (kg/m3) and total soil loss 

M (t/ha) on steep slopes using Duncan Multiple Range Test (DMRT) during 

various storm events (Notes: Treatments: T1 – kept bare, T2 - planted to 

corn (Zea mays) along slope; .T2a - planted to corn across slope; T3 - 

planted to corn across slope in hedged runoff plots; T4 - similar to 

treatment T3 with peanut (Arachis hypogaea) intercrop; and T4a - planted 

to peanut across slope in hedged runoff plots) ........................................ 9-4 

Table 9.2  Frequency of occurrence of unexpected cases for average sediment 

concentration c  (kg/m3) and total soil loss M (t/ha) on all steep slope runoff 

plots (i.e., at "50%", "60%" and "70%" slopes) during various storm events. 

 ................................................................................................................. 9-8 

Table 9.3  Occurrences of storm events at different range values for soil loss M 

(t/ha) during storm events #1 to #2, #7 to #14,  #17 to #22 and #24 to #31 

for hedged runoff plots planted to corn across-slope with peanut intercrop 

(i.e., under treatment T4) at "50%", "60%" and "70%" slopes. ............... 9-16 

Table 9.4  Occurrences of storm events at different range values for soil loss M 

(t/ha) during storm events #1 to #14, #17 to #22 and #24 to #31 for hedged 

runoff plots planted to corn across-slope (i.e., under treatment T3) at 

"50%", "60%" and "70%" slopes. ........................................................... 9-17 

Table 9.5  Descriptive data on observed rills for storm events yielding soil loss 

M (t/ha) greater than 1 t/ha for hedged runoff plots planted to corn across-

slope (i.e., under treatment T3 during storm events #1 to #14, #17 to #22 

and #24 to #31) and with peanut intercrop (i.e., under treatment T4 during 

storm events #1 to #2, #7 to #14,  #17 to #22 and #24 to #31) at "50%", 

"60%" and "70%" slopes. ....................................................................... 9-19 

Table 9.6  Summary of collected data on sediment concentration c  (kg/m3), 

total runoff depth ΣQ (mm) and number of rills per meter runoff plot width N 

(m-1) for all steep slope runoff plots during storm events #8 to #11 from 

ACIAR project at ViSCA, Baybay, Leyte, the Philippines....................... 9-21 



 

xxviii 
 

 

Table of Contents 

Title ......................................................................................................................i 

Declaration .......................................................................................................... ii 

Dedication .......................................................................................................... iii 

Acknowledgment................................................................................................ iv 

Abstract .............................................................................................................. vi 

List of Figures................................................................................................... xiii 

List of Tables................................................................................................... xxii 

Table of Contents.......................................................................................... xxviii 

 
Chapter 1  Soil Erosion and Conservation.................................................. 1-1 

1.1 Importance of Soil Conservation ....................................................... 1-1 

1.1.1 Introduction................................................................................ 1-1 

1.1.2 Soil Conservation Strategies...................................................... 1-3 

1.2 Nature of Soil Erosion ..................................................................... 1-13 

1.2.1 Definition of Soil Erosion.......................................................... 1-13 

1.2.2 Soil Erosion Process................................................................ 1-15 

1.2.3 Soil Erosion in the Humid Tropics............................................ 1-16 

1.2.3.1 Definition of the Humid Tropics......................................... 1-16 

1.2.3.2 Agrometeorology in the Humid Tropics............................. 1-17 

1.2.3.3 Characteristics of Soils in the Humid Tropics ................... 1-18 

1.3 The Steeplands............................................................................... 1-23 

1.3.1 Soil Erosion on the Steeplands................................................ 1-29 

1.3.2 The Philippine Uplands............................................................ 1-33 

1.3.2.1 Introduction....................................................................... 1-33 

1.3.2.2 Soil Erosion in the Philippines .......................................... 1-35 

1.3.2.3 Soil Erosion in the Philippine Uplands .............................. 1-36 

1.3.2.4 Some Causes of Soil Erosion in the Philippine Uplands... 1-37 

1.3.2.4.1 Deforestation ................................................................. 1-37 

1.3.2.4.2 Demographic Pressure.................................................. 1-38 

1.3.2.4.3 Poverty .......................................................................... 1-40 

1.3.2.4.4 Landlessness ................................................................ 1-40 

1.3.2.4.5 Failure of Agrarian Reform Program.............................. 1-42



 

xxix 
 

1.3.2.4.6 Mismanagement of Upland Resource ........................... 1-42 

1.4 Aims of the Study............................................................................ 1-43 

 
Chapter 2  Soil Erosion and Conservation Research ................................. 2-1 

2.1 History of Soil Conservation Research ............................................. 2-1 

2.2 Review of Literature on the Effect of Slope and Slope Length on 

Erosion ...................................................................................................... 2-13 

2.2.1 Introduction.............................................................................. 2-13 

2.2.2 Slope Gradient Effect on Soil Loss .......................................... 2-14 

2.2.3 Slope Length Effect on Soil Loss............................................. 2-26 

2.3 Physical Process Models of Soil Erosion by Water......................... 2-30 

2.3.1 CREAMS ................................................................................. 2-35 

2.3.2 Upland Erosion Model ............................................................. 2-41 

2.3.3 WEPP...................................................................................... 2-42 

2.3.4 GUEST - A Physical-Process Oriented Water-Induced Soil 

Erosion Model ........................................................................................ 2-50 

2.3.4.1 Overview .......................................................................... 2-50 

2.3.4.2 The Effect of Soil Strength on Sediment Concentration ... 2-60 

2.3.4.3 Depositability .................................................................... 2-62 

2.3.4.4 Soil Erodibility Parameter, β ............................................. 2-65 

2.3.4.5 Relative Contribution of Runoff Entrainment (and Re-

Entrainment) to Soil Loss ................................................................... 2-68 

2.3.5 Revised GUEST...................................................................... 2-69 

2.3.5.1 Definition for Sediment Concentration, c .......................... 2-70 

2.3.5.2 Definition for Density of Sediment-Laden Water, ρe ......... 2-71 

2.3.5.3 Effective Depositability, φe ................................................ 2-72 

2.3.5.4 General Expression for Modified ct ................................... 2-73 

2.3.5.5 Incorporating Saltation Shear Stress in Water-Induced Soil 

Erosion Dominated by Runoff Entrainment and Re-Entrainment 

Processes ......................................................................................... 2-74 

2.3.5.6 Quantifying Partial Inundation of Soil Surface Roughness 

Elements ......................................................................................... 2-80 

2.3.5.7 Exposure Factor with Saltation Shear Stress in Water-

Induced Soil Erosion Dominated by Runoff Entrainment and Re-

Entrainment Processes ...................................................................... 2-84



 

xxx 
 

Chapter 3  The Experimental Methods....................................................... 3-1 

3.1 Experimental Location ...................................................................... 3-1 

3.2 Soil Type and Terrain........................................................................ 3-1 

3.3 Agrometeorological Characteristic .................................................... 3-1 

3.4 Runoff Plot Construction and Characteristics ................................... 3-4 

3.4.1 Lower Slope Runoff Plots ........................................................ 3-10 

3.4.2 Steep Slope Runoff Plots......................................................... 3-10 

3.5 Runoff Plot Description and Data Collection ................................... 3-14 

3.6 Experimental Treatments................................................................ 3-27 

3.6.1 Lower Slope Runoff Plots ........................................................ 3-27 

3.6.2 Steep Slope Runoff Plots......................................................... 3-27 

3.7 Cultural Practices for Main and Intercrop Production...................... 3-43 

3.7.1 Planting.................................................................................... 3-43 

3.7.2 Fertilizer Application ................................................................ 3-43 

3.7.3 Weeding and Cultivation.......................................................... 3-47 

3.7.4 Harvesting................................................................................ 3-47 

3.8 Data Preparation and Processing ................................................... 3-53 

 
Chapter 4  General Features of the In-Situ Collected Data ........................ 4-1 

4.1 Variation in the Recorded Rainfall by the ACIAR Experimental Site and 

the Local Agrometeorology Station.............................................................. 4-1 

4.2 Basic Characteristics of the Data...................................................... 4-1 

4.2.1 Low Slope Runoff Plots ............................................................. 4-9 

4.2.1.1 Storm Events #1 to #2, and #15 to #16 ............................ 4-11 

4.2.1.2 Storm Events #3 to #6 ...................................................... 4-11 

4.2.1.3 Storm Events #7 to #14 .................................................... 4-12 

4.2.1.4 Storm Events #17 to #31 .................................................. 4-12 

4.2.1.5 Storm Events #23 and #32 ............................................... 4-13 

4.2.2 Steep Slope Runoff Plots......................................................... 4-13 

4.2.2.1 Storm Events #1 and, #17 to #22 ..................................... 4-13 

4.2.2.2 Storm Events #2, #7 to #14, and #24 to #31 .................... 4-14 

4.2.2.3 Storm Events #3 to #6 ...................................................... 4-16 

4.2.2.4 Storm Events #15 to #16 .................................................. 4-17 

4.2.2.5 Storm Events #23 and #32 ............................................... 4-17 

4.3 Variation in the Experimental Treatments ....................................... 4-18



 

xxxi 
 

4.4 Minimum and Maximum Values for Each of the Parameters 

Considered in the Experiment ................................................................... 4-19 

4.5 Occurrence or Timing of Storm Events........................................... 4-21 

4.6 Total Runoff ΣQ from the Runoff Plots............................................ 4-22 

4.6.1 Low Slope Runoff Plots ........................................................... 4-22 

4.6.2 Steep Slope Runoff Plots......................................................... 4-26 

4.7 Soil Loss M from the Runoff Plots................................................... 4-40 

4.8 Sediment Concentration c  from the Runoff Plots........................... 4-56 

4.8.1 Low Slope Runoff Plots ........................................................... 4-56 

4.8.2 Steep Slope Runoff Plots......................................................... 4-64 

4.9 Soil Loss M and Number of Rills per Meter Width of Runoff Plot N 4-64 

4.9.1 Low Slope Runoff Plots ........................................................... 4-79 

4.9.2 Steep Slope Runoff Plots......................................................... 4-79 

4.10 Contribution of Rainfall Detachment (and Re-detachment) to the 

Sediment Concentration of Sediment from Bare Runoff Plots................... 4-79 

4.11 Suspended Load (SL), Bed Load (BL) and Total Soil Loss (M) ...... 4-84 

4.11.1 Low Slope Runoff Plot ............................................................. 4-84 

4.11.2 Steep Slope Runoff Plots......................................................... 4-89 

4.12 Effect of Cultivation......................................................................... 4-89 

4.13 Summary of Observations .............................................................. 4-95 

 
Chapter 5  Statistical Analysis of Data ....................................................... 5-1 

5.1 Introduction ....................................................................................... 5-1 

5.2 Statistical Comparison of Two Pluviometers..................................... 5-1 

5.3 Forming Data Sets............................................................................ 5-1 

5.4 Statistical Analyses of Data .............................................................. 5-5 

5.4.1 Analysis of Variance (ANOVA) and Multiple Comparison of Means 

 ................................................................................................... 5-5 

5.4.1.1 Low Slope Runoff Plots ...................................................... 5-9 

5.4.1.2 Steep Slope Runoff Plots ................................................. 5-11 

5.4.1.2.1 Storm Events #1 and, #17 to #22 .................................. 5-11 

5.4.1.2.2 Storm Events #2, #7 to #14 and #24 to #31 .................. 5-13 

5.4.1.2.3 Storm Events #3 to #6................................................... 5-15 

5.4.2 Statistical Transformation of Data............................................ 5-18 

5.4.3 Correlation and Multiple Regression Analyses ........................ 5-18



 

xxxii 
 

5.4.3.1 Multiple Regression Model for Average Sediment 

Concentration c ................................................................................. 5-22 

5.4.3.2 Multiple Regression Model for Total Soil Loss M.............. 5-27 

5.4.3.3 Multiple Regression Model for the Number of Rills per Meter 

Width of Runoff Plot, N ....................................................................... 5-29 

5.5 Summary of Findings from the Analyses ........................................ 5-30 

 
Chapter 6  Analysis of Soil Loss Using a Physical-Process Oriented Water-

Induced Soil Erosion Model............................................................................. 6-1 

6.1 Introduction ....................................................................................... 6-1 

6.1.1 “10%” Slope Bare Runoff Plot.................................................. 6-12 

6.1.2 “50%” Slope Bare Runoff Plot ................................................. 6-13 

6.1.3 “60%” Slope Bare Runoff Plot.................................................. 6-16 

6.1.4 "70%" Slope Bare Runoff Plot.................................................. 6-17 

6.2 Rose and Hairsine Version (1988) of GUEST Erosion Theory ....... 6-19 

6.3 Misra and Rose Version (1990) of GUEST Erosion Theory............ 6-19 

6.4 Rose et al Version (1997) of GUEST Erosion Theory..................... 6-21 

6.5 Summary of Findings from the Analyses ........................................ 6-57 

 
Chapter 7  Analysis of the Erodibility Factor β ............................................ 7-1 

7.1 Comparison of Various Versions and Variants of GUEST - A Process 

Oriented Water-Induced Soil Erosion Model................................................ 7-1 

7.1.1 Using Sediment Concentration at the Transport Limit tc .......... 7-1 

7.1.2 Using Erodibility Parameter β..................................................... 7-6 

7.2 The Effect of Neglecting Saltation Shear Stress ............................. 7-11 

7.3 Analysis of the Erodibility Parameter β Computed from Rose et al 

Version (1997) of GUEST.......................................................................... 7-16 

7.3.1 General Discussion.................................................................. 7-16 

7.3.2 Effect of Cultivation and Weeding on Soil Erodibility Parameter β 

 ................................................................................................. 7-31 

7.3.3 Multiple Regression Analyses Including Erodibility Parameter β as 

a Regressor for c  (or Log c ), M (or Log M) and N (Sqrt N)................... 7-38 

7.3.4 Multiple Regression Analyses for Erodibility Parameter β ....... 7-45



 

xxxiii 
 

7.4 The Effects of Exposure Factor and Combined Saltation Shear Stress 

and Sediment Enhancement of Fluid Density on Sediment Concentration at 

the Transport Limit..................................................................................... 7-50 

7.5 Summary of Findings from the Analyses ........................................ 7-53 

 
Chapter 8  Surface Hydrology and Infiltration............................................. 8-1 

8.1 Introduction ....................................................................................... 8-1 

8.2 The Selection of the Data Set ........................................................... 8-4 

8.3 Analysis of the Data Set.................................................................... 8-9 

8.4 Summary of Findings from the Analyses ........................................ 8-19 

 
Chapter 9  Effect of Treatments on the Average Sediment Concentration c  

 ................................................................................................... 9-1 

9.1 Introduction ....................................................................................... 9-1 

9.2 Storm Events in Steep Slopes Subject to Analyses of Variance and 

Multiple Comparison of Means .................................................................... 9-5 

9.2.1 Storm Events #1 and, #17 to #22 .............................................. 9-5 

9.2.2 Storm Events #2, #7 to #14 and #24 to #31 .............................. 9-5 

9.2.3 Storm Events #3 to #6 ............................................................... 9-6 

9.3 The Effect of Surface Contact Cover on the Average Sediment 

Concentration c .......................................................................................... 9-6 

9.4 Effect of Hedgerows on Soil Loss ................................................... 9-15 

9.5 Alley Cropping ................................................................................ 9-24 

9.5.1 Alley Cropping in the Philippine Uplands ................................. 9-28 

9.5.2 Adoption of Alley Cropping in the Philippine Uplands.............. 9-30 

9.6 Summary of Findings from the Analyses ........................................ 9-30 

 
Chapter 10  Some Practical Issues on Steep Slopes Cultivation ............... 10-1 

10.1 Directional Storm Event and Slope Gradient .................................. 10-1 

10.2 Accuracy of Runoff Calculation Where Runoff Is A Very Small 

Proportion of Rainfall ................................................................................. 10-2 

10.3 Surface Contact Cover Equivalent of Hedgerow............................. 10-3 

10.4 On Assessment of Number of Rills per Meter Width of Runoff Plot N .... 

 ........................................................................................................ 10-3 

10.5 Slope Gradient and Slope Length................................................... 10-3



 

xxxiv 
 

10.6 Rainfall-induced and Runoff-induced erosion on Steep Slopes ...... 10-4 

 
Chapter 11  Conclusions ............................................................................ 11-1 

11.1 Chapter 4 - General Features of the In-Situ Collected Data ........... 11-1 

11.2 Chapter 5 - Statistical Analysis of Data........................................... 11-3 

11.3 Chapter 6 - Analysis of Soil Loss Using a Physical-Process Oriented 

Water-Induced Soil Erosion Model ............................................................ 11-4 

11.4 On Physical Process-Oriented Model of Water-induced Soil Erosion ..... 

 ........................................................................................................ 11-7 

11.5 Chapter 7 - Analysis of the Erodibility Factor β ............................... 11-8 

11.6 Chapter 8 - Surface Hydrology and Infiltration .............................. 11-10 

11.7 Chapter 9 - Effect of Treatments on the Average Sediment 

Concentration c ...................................................................................... 11-11 

11.8 On the Effect of Surface Contact Cover on Average Sediment 

Concentration c ...................................................................................... 11-12 

 
List of References ..........................................................................Reference -  1 

Appendices ..................................................................................... Appendix -  1 

List of Symbols Used.........................................................................Symbols -  1 

 



Chapter 1  Soil Erosion and Conservation 

1.1 Importance of Soil Conservation 

1.1.1 Introduction 

The awareness to conserve soil started about 9,000 years ago when 

human civilization shifted from the more transitory “nomadic hunting and 

gathering existence” to a more permanent, settled and intensive “soil-dependent 

plant and animal” farming system (Miller, Rasmussen and Meyer, 1985). 

“Soil is nature’s earthly carpet- a crustal fabric reflecting mineralogical 

parentage and formative environments, both past and present.  It is a fragile, 

thin, organically enriched mineralogical membrane covering much of the earth’s 

crust. Soil is the foothold for much of the life on earth.  Soil provides the 

medium from which most of the sustenance for humankind is derived.  This thin, 

complex, crustal carpet uniquely integrates many attributes of the lithosphere, 

atmosphere, hydrosphere, and biosphere” (Miller, Rasmussen and Meyer, 

1985). 

According to Miller, Rasmussen and Meyer (1985), “human civilization 

and soils appear always to have been historically related.  As evidenced by the 

pattern of prehistoric occupation of soils in Western Europe, Neolithic people 

had long recognized distinction among soils.  Commonly located near 

transportation routes, early civilizations were conscious of agricultural soil 

quality.  The early Chinese, Egyptian, Mesopotamian, Indus and Roman 

civilizations had written records of soil classification systems based on 

productivity some more than some 5,000 years old”. 

Soil should be regarded as an essentially nonrenewable resource since 

its formation from the parent rock material to an agriculturally productive growth 

medium is a very slow process “measured only on a geological time scale” (Lal, 

1990).  Soil is of limited depth, and involves slow physico-chemical and 

biological weathering processes.  The topsoil (commonly termed as surface soil, 

i.e., “the uppermost part of the soil ordinarily moved in tillage or its equivalent in 

uncultivated soils which ranged in depth from 7 to 25 cm and frequently 
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designated as the plow layer, or the Ap layer or horizon” (Brady and Weil, 

1999)) is where most of the living activities of both the flora and the fauna take 

place. Removal of a significant amount of this plant nutrient-enriched topsoil 

due to soil erosion would result in lowering of soil fertility through losses of both 

the nutrients and organic matter leading to significant decline of crop yield (Lal, 

1986; Rose and Dalal, 1988).  This loss in soil productivity because of erosion is 

particularly serious in developing tropical countries where fertilizer substitute for 

the lost plant nutrients is not affordable; and even if so, the resulting “reduced 

rooting depth (and thus, reduced plant-available water storage capacity) due to 

poorer soil profile characteristics, lower organic matter levels and other related 

degradation will ultimately reduce the effectiveness of such chemical 

substitution” (Rose, 1989; Rose, 1998b).  The tremendous rate at which the 

precious topsoil is lost, is due mainly to the human activities involved in 

construction and agriculture. This has prompted people to sustain the view that 

soil must be treated in a similar manner to fossilized fuel as a finite and non

renewable resource, and hence must be restored immediately to productivity 

when degraded (Lal, 1988a).  At the present rate at which soil is being eroded, 

this resource is being converted from a “renewable resource to a nonrenewable 

one” (Brown, 1984).  “Literally speaking,” according to Lal (1990), “the soil 

formed over hundreds to thousands of years can be blown or washed away in a 

single climatic event”. However, “unlike most other resources, soil, if properly 

managed, can be used indefinitely for agricultural production without being 

consumed” (Miller, Rasmussen and Meyer, 1985).  People from the so called 

technologically underdeveloped countries characterized with overexploited 

natural resources as well as those in developed countries are affected by soil 

loss.  Deterioration of water quality, desertification and pollution of water 

resources are also common.  Soil erosion, a worldwide soil phenomenon, 

results in lost water and plant nutrients at rates even greater than those 

occurring naturally mainly through leaching (Brady and Weil, 1999).  Without 

suitable conservation practices, serious soil erosion can occur resulting in land 

degradation, severely reduced productivity mainly due to loss of fertile topsoil, 

increased runoff and off-site sedimentation problems such as siltation of bodies 

of water and dams, damage to crops, roads and other infrastructures, etc., and 

deposition of soil pollutants. The consequent socio- economic costs of the 
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sometimes more obvious off-site damage “are commonly easier to identify and 

quantify” (Chisholm, 1987; Rose, 1993). 

“Soil is worthy of an ethic dedicated to its conservation, not to be 

preserved as an outdoor museum, but to be used wisely” (Miller, Rasmussen 

and Meyer, 1985).  According to the International Soil Science Society, soil (as 

one of the main resources of the biosphere) “is a limited and irreplaceable 

resource and the growing degradation and loss of soil means that the 

expanding population in many parts of the world is pressing this resource to its 

limits.  In its absence the biospheric environments of man will collapse with 

devastating results for humanity” (Holý, 1980). 

Soil is viewed in at least two ways, even when restricting this view to 

achievement of common utilitarian ends. Engineers involved in civil 

construction works look at soil as a structural material, a material meant to carry 

inanimate objects like roads, metal- and concrete-made structures, buildings 

and the like. If soil properties are unsuitable for the purpose, then soil will need 

to be removed and replaced with more suitable material such as rock and 

gravel.  The agriculturist, particularly agricultural engineers, view soil as an 

essential if not an indispensable part of the production cycle, a media essential 

for growth of plants that supply human needs for food, fuel, fodder and fiber. 

The bias of this study is towards the latter view of soil as a support for plant life 

in particular. 

Ever since humans first settled and learned to cultivate the land some 

9,000 years ago, soil erosion, salinity and various manifestations of soil 

degradation have emerged.  These various forms of soil degradation have 

caused the decline of great civilizations in China, Mesopotamia, Egypt, North 

Africa and Greece (Holý, 1980; Olson, 1981; Lal, 1990; Sanders, 1992) 

At present, the necessity of conserving the soil as well as the other 

components of our life support system in this earth has been equated by some 

environmentalists and their advocates to the issue of survival of the human race 

in future years (Cook, 1988). 

1.1.2 Soil Conservation Strategies 

Soil conservation will be understood as encompassing not only the 

control of the loss of soil material due to soil erosion, but also other forms of 
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physical, chemical and biological degradation of soil (collectively known as 

decline in soil fertility), together with the maintenance of soil fertility, which is the 

primary objective (Young, 1984). 

Apparently, due to economic pressures, the concept of land stewardship 

for the next generations is untenable (Arledge, 1988).  This situation is true for 

both the farmer from developed country who cultivates marginal land to 

increase profits, and for the farmer from developing country who is “forced to 

use erosion-causing practices” to produce food primarily for subsistence 

(Hudson, 1987). For the generally poor farmers in developing countries, the 

day-to-day needs are of more importance than the “concern for resource 

conservation” (Arledge, 1988).  For the small-scale subsistence farmers 

meeting primarily the food needs of their families, the sociopolitical and 

economic constraints are more important, and should be considered along with 

the physical constraints in designing techniques for effective soil conservation. 

These farmers are very seldom able to adapt improved soil erosion deterring 

practices just “for the sake of conserving the soil, particularly because many of 

the standard recommendations require the farmer to forego short-term benefits 

for the sake of long-term sustainability” (Douglas, 1988). 

Sheng and Meiman (1988) cited reasons for difficulty in adopting soil 

conservation practice, namely: i) the long time it takes for the result of soil 

conservation activity to be realized, ii) the wide dispersion and the difficulty in 

identifying benefits from soil conservation activity, and iii) need for big 

investment from individual farmers.  Ironically however, Williams and Walter 

(1988), in a terracing project in Venezuela, found that improvement in the living 

incomes and opportunities for employment, increases the difficulty of motivating 

the farmers to adopt soil conservation practices.  Apparently, when low income 

and underemployment prevail, farmers easily participate in soil conservation 

programs (Williams and Walter, 1988; Liao et al, 1988). 

An emerging philosophy in soil conservation views soil erosion as a 

“consequence of land use, not as the primary cause of soil degradation”. 

Hence, soil conservation must be taken as “an integral part of general 

agricultural development and not an isolated discipline run by specialists who 

do nothing else” (Hudson, 1987; Hudson, 1988a). Viewing soil conservation 

similarly with soil erosion control leads to planning activities and projects where 

soil erosion is thought of soil loss, thus the control of the latter is treated in 
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isolation from other facets of agricultural improvement.  Consequentially with 

research activities focused on the measurement of rates of soil loss, reduction 

of the rate of soil loss to “tolerable soil loss” values was the goal of soil 

conservation measures, and the “effects of reduction in soil depth” measured 

the economic outcome of soil erosion on agricultural productivity (Young, 1984).  

The adverse effect of soil erosion is not confined only to decrease in soil depth 

but ultimately to the “loss of organic matter and plant nutrients” and, 

consequently to “degradation of soil physical properties” and crop yield decline 

(Young, 1984).  Treating the benefits of soil conservation in isolation from other 

agricultural improvements (like increase in crop yields) does not assure 

adoption of the soil conservation practice (Young, 1984). Crop production (not 

soil conservation), being the primary goal of farmers, necessitates integration of 

soil conservation rather than the other way around (Douglas, 1988; Shaxson, 

1988).  Conservation farming systems (changing the focus from “conservation” 

to “farming”, the latter being the real subject), or improved land husbandry, 

(implying “stewardship and caring management of the land resource”) should 

serve as the basis for attacking the problem of soil erosion (Hudson, 1987; 

Hudson, 1988a).  Agricultural activities where the primary aim is soil 

conservation alone are the “least successful in doing so” (Shaxson, 1988). To 

carry out this approach in developing countries (generally, characterized with 

intensive labor, meager capital, limited technical resources (Hammond, 1988), 

small landholdings and high land pressure (Young, 1984)), novel approaches in 

extension and research are needed (e.g., using mechanical soil conservation 

methods only when unavoidable and only in support of the biological methods, 

bottom-up approach in the decision making with farmer’s full involvement, etc., 

(Douglas, 1988)), avoiding the inappropriate classical approach of a separate 

soil conservation service derived from the North American experience (Hudson, 

1987). 

Most of the principles behind soil conservation practices were developed 

in the United States of America under agricultural conditions different from the 

other parts of the world experiencing soil erosion (Sheng, 1982; Hudson, 1988b; 

Sheng, 1988).  The philosophy and techniques in soil conservation that worked 

well in the United States of America “were extrapolated to the Third World in the 

1930's and 1940's”.  It took “nearly fifty years to slowly realize how much of the 

expertise” is unsuitable for the developing countries (Hudson, 1987, Hudson, 
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1988a).  The non-adoption of the many recommendations on improved 

agricultural practices is attributed to their inappropriateness and incompatibility 

with the farmer’s operating environment (Douglas, 1988).  There “are never 

universal solutions” in controlling soil erosion (Hudson, 1988b; Fagi and Mackie, 

1988), nor is there an “only one right way to reach an objective” (Arledge, 

1988). 

The following agricultural conditions in the United States of America 

paved way for the development of soil conservation activities, namely (Hudson, 

1982; Hudson, 1987): 

i) Combined good topography and favorable climate as a whole; 

ii) Low population pressure for intensive use of land, hence, very limited 

utilization of marginal land but full development of high-potential areas; 

iii) Strong and sustained government support to the agricultural industry 

through high-quality research, good extension and conservation services; 

iv) “Well educated and well informed” agricultural sector; 

v) “Highly developed and highly mechanized” agricultural industry 

characterized with high capital investment; 

vi) “Readily available credit and financial support”; 

vii) Reliable prices and market outlets for agricultural produce; and 

viii) Large “individual land holdings” that facilitate application of soil 

conservation measures. 

The absence of these conditions in most developing countries made the 

“North American approach to soil conservation” inappropriate (Hudson, 1987). 

Hudson (1987) mentioned documented failures resulting from adopting such 

“North American approach to soil conservation” (e.g., Heusch, 1984; Liao et al, 

1988; Sheng, 1988). 

According to Hudson (1987), the absence of political will, or the 

limitations in or lack of resources often hindered soil conservation programs in 

developing countries. The lack of benchmark information on the “inventory of 

natural resources” had been cited as a common reason for ineffective national 

conservation strategies. There is need to computerize databases on geological 

and soil surveys, meteorological and hydrological data and the like existing in 

various forms, in order to facilitate compilation, storage, retrieval and 

combination of such information using the latest technology (Hudson, 1987). 
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The emphasis in the new philosophy of soil conservation (conservation 

farming systems or land husbandry) is “prevention rather than cure”.  Soil 

conservation activity should be focused mainly on preserving good land rather 

than reclaiming damaged land.  Reclamation works, like gully control, should be 

resorted to only as preventive measures against further damage such as 

siltation into downstream water storage structures, or of gullies cutting through 

roadways.  Without necessarily waiting for visible soil erosion damage, farmers 

will be encouraged to understand that there is a need for soil conservation 

perhaps because of the obvious continuing reduction in agricultural yield 

(Hudson, 1987). 

Loss of agricultural productivity should be emphasized in any soil 

conservation program rather than the loss of soil per se, for the data on weight 

of soil loss is not as important and significant for the farmer as the data on the 

loss of productivity.  For sometime, soil erosion research activities had almost 

been exclusively directed toward quantifying soil loss, hence data on the effect 

of soil erosion on agricultural productivity is seriously lacking until recently 

(Crosson and Stout, 1983; ASAE, 1985; Follet and Stewart, 1985; Stocking, 

1985).  Varied forms of research methodologies have been used to 

demonstrate that soil erosion is associated with a decline in crop productivity 

(Stocking, 1984; Lal, 1987a).  Removal of topsoil resulted in decline of yield of a 

variety of agricultural crops (El-Swaify, Dangler and Armstrong 1982). Factors 

like type of soil, depth of soil, initial fertility status, topographic setting and, type 

of crop and rotation affected the magnitude of the decline in agricultural yield 

(Frye et al, 1982; Langdale and Schrader, 1982; Schertz, 1983).  There is 

available limited similar information for soils and crops in the tropics (Lal, 1977). 

In the tropics characterized with highly weathered soils, quite fragile fertility 

status and where most of the crop nutrients are found in the topmost layer, the 

effects of soil erosion on soil productivity are more severe than for temperate 

soils (Moberg, 1972). There is also significant deterioration of physical qualities 

of the soil as a growing medium after soil erosion (Lo, 1990).  “Higher erosion 

rates, the more severe changes in nutritional (or chemical) qualities resulting 

from erosion, and the inability of the typical (resource-poor) farmer to provide 

the necessary inputs for restoring those soil qualities to a sufficient level” were 

the primary reasons given for these conclusions (El-Swaify, 1990).  Chromec, 

El-Swaify and Lo (1988) found that at low fertility inputs, the loss of even a small 
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depth of topsoil leads “to a significant decline in yield and income”, and even 

with high fertility inputs to offset the effect of decline in fertility due to the loss of 

soil, the return on investment was poor.  The benefits of soil conservation “are 

not immediately realized in every case and may initially result in crop yield 

reductions” (John, 1988). 

Improved agricultural production can serve as a better motivation for 

adopting recommended practices like improved soil (e.g., improved soil 

structure and more organic matter), water (e.g., “better ground cover and use of 

contour farming or ridging”) and crop management (e.g., efficient use of fertilizer 

and crop rotation). These recommended practices lead ultimately to the 

conservation of soil.  Improvement in agricultural production, rather than 

mitigating soil erosion, is of more significance and desirable for the farmer, 

while prevention of soil loss is an “unreal concept” for them (Hudson, 1987). 

This new approach in soil conservation will be a mixture of agronomic 

soil conservation measures and mechanical works (Tracy, 1988).  However, the 

guiding principle is that mechanical works will be supportive only when 

necessary to the biological measures (Hudson, 1987; Harper and El-Swaify, 

1988).  The latter should precede and not follow, the former (Douglas, 1988). 

Mechanical works (canals, drain works, ditches and the like) are useless, if 

resorted to alone (Hudson, 1988a).  Mechanical systems are frequently 

expensive, consume space and time, need regular maintenance and do not 

assure improved crop production (Roose, 1988).  Too much emphasis put into 

mechanical works discourages effective soil conservation policies (Rose, 1989). 

However, biological measure and mechanical work approaches of conserving 

soil and water “need not be mutually exclusive” (Sanders, 1988a). 

Conservation farming systems include improved farming, with mechanical 

protection works being a component of last resort.  This approach is consistent 

with the principle that improved agricultural production should lead to better soil 

erosion control, and not the other way around (Hudson, 1988a).  Biological 

measures provide immediately recognizable short-term benefits to farmers. 

Any mechanical work involved in soil conservation must maximize the use of 

locally available expertise, minimize the use of structures and the required labor 

input. Community involvement must be assured  (Hudson, 1987). 

To gain acceptance by farmers, any proposed soil conservation strategy 

should offer short-term, apparent, rapid or immediately recognizable, directly 
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effective benefits and positive results, particularly for subsistence farmers who 

work in a “short-time scale” and who comprise a large percentage of farmers in 

less developed countries (Harper and El-Swaify, 1988; Hudson, 1988a; Lovejoy 

and Napier, 1988; Sanders, 1988a; Thomas, 1988; Tracy, 1988; Wenner, 1988; 

Williams and Walter, 1988).  The choice of soil conservation strategy that is 

preferred by the local farmers is a critical factor (Hudson, 1988b; Roose, 1988). 

“Farmers are the least able to afford a failure” (Calhoun et al, 1988). According 

to Rose (1998b) “to change management practices, especially in a bare survival 

context, the change must be seen as feasible, not increasing risk or the chance 

of net loss, and with the hope of net gain in the short to medium term”. 

Subsistence farmers are very susceptible “to the consequences of reduced 

agricultural yields” (Hurni, 1988; Lovejoy and Napier, 1988).  Soil and water 

conservation practices that increase returns from less inputs for production 

(labor, seeds and fertilizers) are usually accepted for adoption by the farmers 

(Arledge, 1988). For most subsistence farmers, the issue of profit per unit area 

is not so important compared to the increase in the quantity and reliability of 

production, but an improvement in food security is more of significance than the 

quantity of yield (Hudson, 1988a; Fagi and Mackie, 1988). The reliability of 

agricultural production is particularly important in subsistence agriculture.  A 

desirable benefit from soil conservation activity might be the increase in yield 

per unit of labor (or any input like seed or fertilizer) either through the existing 

level of labor, or keeping the status quo in yield with less labor (Hudson, 

1988a).  Simultaneous increase of agricultural production with reduction in 

invested time and expense (fertilizer, labor and seeds) are acceptable, 

attractive and of interest to the farmers (Arledge, 1988).  Farmers will change 

their practices if there is the perception that the “changes will minimize risks, 

increase income or make yields more reliable, and/or reduce inputs, be these 

inputs of money or labor” (Sanders, 1988a).  Labor is not that readily available 

in agricultural communities.  A wrong assumption is that there is always an 

“abundance (large pool) of cheap (unused) labor in developing countries” 

available for agricultural production (Hudson, 1987; Hudson, 1988a). 

Availability of labor becomes a critical factor in soil conservation activity 

(Hudson, 1988a). Adoption of soil conservation programs for reasons of 

“national interest, the protection of downstream dams, or the need to save soil 

for future generations are not likely to have lasting effects” (Sanders, 1988b). 
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Ideally, soil conservation technique recommended for adoption by the farmer 

should be “simple” (easily understood and demonstrated), “low cost” (within the 

farmer’s financial capability), “productive” (towards substantial increase in 

benefits like higher crop yields, guaranteed supply of fuel wood and fodder, etc.) 

particularly during the initial stage of adoption, “sustainable” (needs minimum 

investment in labor and purchased maintenance inputs), and “acceptable” 

(which the farmers are willing to implement themselves) (Douglas, 1988; Vonk, 

1988). 

The new strategy in soil conservation will emphasize more on water 

management and conservation than on soil conservation (Sanders, 1988a). 

Water management and conservation approaches will simplify safe disposal of 

surface runoff and introduce ways of maximizing infiltration and minimizing 

surface runoff to affect better crop yields where there is constraint in soil 

moisture.  Results of research activities in soil conservation will be interpreted 

more in terms of the effect on runoff rather than the effect on soil loss (Hudson, 

1981; Hudson, 1987). 

Under correct situations, maximizing infiltration on steep lands may offer 

solution to the problem of surface-runoff disposal channels (Shaxson, Hudson 

and Moldenhauer, 1988).  However, maximizing infiltration may not work under 

the following conditions, namely: i) shallow soils of low storage capacity; ii) soil 

susceptible to mass movement under saturated condition; iii) soil prone to 

leaching under increased infiltration; iv) soil that requires drainage (e.g., 

vertisols); and, v) soil planted to crops that need good drainage (e.g., tobacco, 

yams and the like) (Hudson, 1987). 

Soil conservation strategies should involve principles that are applicable 

to more than one situation.  However, methods and techniques are often site-

specific, and therefore, caution should be exercised in extrapolating them to 

other sites (Sanders, 1988a).  Shortage of “how-to-do-this” information on “soil 

conservation through improved farming” systems necessitates “adaptive on-

farm” multidisciplinary research on “conservation farming systems”.  This type of 

research combines known and existing knowledge, including “traditional 

indigenous methods”, into farming practices suited to local conditions and 

meeting the local needs (Hudson, 1987). Traditional conservation practices 

which have evolved from the farmer’s needs and “generally have a sound 
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ecological basis” are valuable sources “for the development of improved, area-

specific practices” (Douglas, 1988). 

The prevailing trend in mechanical works emphasizes techniques in 

surface runoff reduction and change in design practice for runoff-control 

structures.  Focus of soil conservation efforts on the reduction of runoff or the 

streampower of downhill overland flow (i.e., “barrier approach”) was dictated by 

the “fixed and unalterable” prerequisites of crop production in relation to soil 

cover (Young, 1984).  Conventional design methods for graded channels and 

grassed waterways developed from gentler slopes of temperate North America 

are not necessarily applicable to typical small landholdings of subsistence 

farmers, on lands with slopes greater than 10% and in the tropics.  Simple 

techniques that are practical, appropriate and adopted to local conditions, and 

can be done possibly by farmers themselves should be encouraged (Sanders, 

1988b).  The following should be considered, namely: i) non-gradient 

mechanical works that can easily be managed even by junior field staff within 

their technical capability, ii) works that demand less technical input into the 

design and development, iii) construction works that need less input of labor 

and, iv) works that create less problems in the disposal of surface runoff. Less 

stringent safety margins will lead to simpler engineering designs for hydraulic 

works. Choosing shorter return period for the design storm, or using higher 

design velocity of flow will affect simpler designs and smaller dimensions for 

channels to dispose of surface runoff.  Saving in construction labor cost is the 

result of the agreement with an acceptable safety margin.  Lesser emphasis will 

be put on the engineering design for hydraulic channels and structures 

(Hudson, 1987).  “A compromise is needed between the rigor of the 

conventional engineering designs (Hudson, 1981) and the over-simplification of 

manuals for field workers” (Wenner, 1980; Hurni, 1986).  Construction principles 

and techniques should not be used beyond the underlying assumptions to 

which they were developed (Hudson, 1987). 

Extension activities should be in the form of technological packages 

(“techno pack”) of practices generated from farming systems, rather than from 

crops and livestock treated as separate commodities, the latter being basically a 

western practice. Subsistence farming combines crops and livestock 

production in the same land while in western countries these “practices are 

traditionally carried out on separate land” (Hudson, 1987).  Farmers should be 
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presented with a choice of alternative practices, rather than a fixed solution, 

from which can be made a combination of possible answers appropriate to the 

condition considering “his land and his personal resources” (Tracy, 1988). 

Adoption of soil conservation technology is assured if the farmers have 

full understanding, support and participation in all the stages of the project, from 

“planning, implementation to maintenance” (Harper and El-Swaify, 1988; 

Sanders, 1988a; Sanders, 1988b; Sanders, 1988c; Vonk, 1988; Tracy, 1988). 

Farmer’s full participation is ensured if they are convinced that their “relevant 

and important” needs can be adequately met by the project (Sanders, 1988a; 

Sanders, 1988b).  Thus, the farmer needs to be recognized as “part of the 

solution rather than a part of the problem” (Hudson, 1987; Hudson, 1988a). 

The soil conservation program can be made attractive to farmers if 

interventions that “require external incentives or subsidies” are kept to the 

minimum. However, “external support may be justified” in cases when benefits 

are accrued only after some time of implementation (e.g., agro-forestry project, 

gully control work, reclamation project, etc.).  Technical assistance from 

external donors (multi-national and bilateral) should move away from a “short, 

fixed-term” single-sector approach to “long-term” multi-sector and sustainable 

programs operating “through the existing government structure and within 

existing government policies, with institution building and institution 

strengthening (through a staff training program) where appropriate” (Hudson, 

1987; Hudson, 1988a; Sanders, 1988a; Wenner; 1988). The government 

should embark on long-term programs in soil conservation (combining 

incentives, subsidies and disincentives with caution, lest inducements become 

counterproductive), since by experience “short-term project approaches have 

met with little success” (Sanders, 1988b).  Soil conservation projects should 

fully utilize NGO (Non-Government Organizations) and other volunteer 

organizations if possible to effect future expansion and sustainability (Sanders, 

1988a). 

Sanders (1988a) enumerated factors responsible for the failure of any 

soil conservation project, namely: inadequate consultation with the farmers, 

non-consideration of their short-term needs, absence of maintenance and 

“follow-up to conservation works”, too rapid and non-systematic expansion of 

the project, non-flexibility of the project, and aversion to the political atmosphere 

existing in the area.  Effective promotion of soil conservation practices needs 
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“the ability to recognize the priority of social goals of the landholder; ability to 

communicate effectively the reasons for giving more emphasis to soil-

conserving practices and technical capacity to aid implementation of the 

recommendations” (Rose, 1989). 

Rose (1989) in summary, mentioned that effective soil conservation 

policy possesses the following basic features, namely: policy being based on a 

“sound, well tested information”, “supported by consent to some general 

principle, ethic or series of ethics” and “supported by a commitment to 

implementation through suitable programs”.  The management of soil erosion 

and sedimentation requires basic understanding of the processes involved, the 

application of this awareness in the design of technically feasible, economically 

viable and socially acceptable methods to assure adoption and furnish a 

framework for institutional policy to bring about change in thinking and in action 

(Rose, 1993). 

1.2 Nature of Soil Erosion 

1.2.1 Definition of Soil Erosion 

The Latin word erodere, (meaning “to gnaw away”) is the origin of the 

word erosion (Roose, 1996).  By soil erosion is meant “the physical removal of 

topsoil by various agents, including falling raindrops, water flowing over and 

through the soil profile, wind velocity and gravitational pull” (Lal, 1990). The Soil 

Conservation Society of America formally defined soil erosion as “the wearing 

away of the land surface by running water, wind, ice or other geological agents, 

including such processes as gravitational creep” (SCSA, 1982).  As a 

consequent of this “wearing away by water” both the “soluble and insoluble 

materials” are removed.  “Physical erosion involves the detachment (and/or re-

detachment) and transport of insoluble soil particles (sand, silt, clay and organic 

matter)” where the latter process may be “lateral on the soil surface or vertical 

within the soil profile through voids, cracks and crevices. Removal of soluble 

material as dissolved substances is called chemical erosion”, and this may be 

caused by “surface runoff or by subsurface flow, where the water moves from 

one layer to another within the soil profile” (Lal, 1990). Quantitatively, soil 

erosion is expressed in terms of “depth or weight of soil per unit area and unit 
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time”. Soil sediment refers to “solid material that is detached from the soil mass 

by erosion agents and transported from its original place by suspension in water 

or air or by gravity” (Lal, 1990). 

The physical processes in soil erosion include detachment of soil 

particles, their transportation and subsequent deposition of soil sediments 

downslope by raindrop impact and runoff over the soil surface (ASCE, 1975; 

Morgan and Davidson, 1986; Lal, 1990; Sfeir-Younis and Dragun, 1993). 

Rainfall is the most important detaching agent (Morgan and Davidson, 1986; 

Lal, 1990) followed by overland flow in entraining soil particles (Lal, 1990). 

Soil erosion reduces soil productivity by “physical loss of topsoil, 

reduction in rooting depth, removal of plant nutrients, and loss of water. In 

contrast, soil depletion means loss or decline of soil fertility due to drop removal 

or removal of nutrients by eluviations from water passing through the soil 

profile”(Lal, 1990).  While soil erosion is a “quick process”, soil depletion is a 

slower process, which can be corrected by either application of appropriate 

cultural practice or proper soil amendments or their combinations (Lal, 1990). 

Soil erosion “reduces on-site soil productivity by decreasing the rooting depth 

and depleting nutrient and water reserves” (Lal, 1990).  However, sedimentation 

causes off-site effects like degradation of basins, accumulation of silts in water 

reservoirs and conveyance structures, flooding and/or burial of low-lying 

productive areas and other problems (Lal, 1990; Lo, 1990).  Typically, on-site 

and off-site effects of soil erosion and sedimentation are related to net loss and 

net gain (for the time being) of sediment, respectively (Rose, 1993).  Sediments 

is the main cause of “pollution and eutrophication (the aging of lakes caused by 

water enrichment)” (Lal, 1990).  Other investigators consider soil erosion as the 

precursor of the sedimentation process.  On the other hand, soil degradation is 

an “all-encompassing broad term, ambiguous, vague and qualitative ” which 

“implies decline in soil quality through deterioration of the physical, chemical, 

and biological properties of the soil.  Soil degradation may be caused by 

accelerated soil erosion, depletion through intensive land use, deterioration in 

soil structure, changes in soil pH, leaching, salt accumulation, buildup of toxic 

elements such as aluminum or manganese to toxic levels, or excessive 

inundation leading to reduced soil conditions and poor aeration” (Lal, 1990). 

Lal (1990) differentiated soil loss from sediment yield as follows: “soil 

loss is the net amount of soil moved off a particular field or area, the difference 
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between soil dislodged and sedimentation”; while sediment yield, “is soil loss 

delivered to a specific point under consideration”.  The sediment yield in the 

field is the difference between soil loss and deposition. Soil loss and sediment 

yield are different from soil erosion (Wischmeier, 1976; Mitchell and Bubenzer, 

1980) as the latter “refers to the gross amount of soil dislodged by raindrops, 

overland flow, wind, ice or gravity” (Lal, 1990). 

Soil erosion is the “most serious and least reversible form of land 

degradation” (Lal, 1977; El-Swaify, Dangler and Armstrong, 1982; Lo, 1990). 

Soil erosion and soil loss, according to Lal (1990), “have adverse effects on 

agriculture because they deplete the soil’s productive potential and diminish the 

resource base”. 

Loch and Freebairn (1985) mentioned that the issue of redeposition of 

eroded soil downslope should be dealt with explicitly since soil is truly eroded 

only when it finally finds its way into the sea.  They suggested from a farming 

system’s perspective to use the term soil erosion to refer to the process of 

removing soil from a defined area (Loch and Freebairn, 1985). 

1.2.2 Soil Erosion Process 

The complex processes of eustasy and isostasy created the relief that is 

the prime requirement for the soil erosion process to take place (Thompson et 

al, 1986).  Soil formation resulting from the weathering of parent rock materials 

and the following transport involves a complex interaction of physical, chemical 

and biological processes (Thompson et al, 1986). Landform determines the 

physical characteristic of the environment that influences the soil removal rate 

from any defined area (Lal, 1990). 

The natural and inevitable geologic erosion, can be caused by a number 

of natural agents including rainfall, flowing water and ice, wind and the mass 

movement of soil bodies under the action of gravity which cause the loosened 

or dissolved earthy and rock materials to be removed from a place and 

eventually deposited to a new location (Lal, 1990; Morgan and Davidson, 1986).  

The Soil Conservation Society of America ( SCSA, 1982) described geologic 

erosion as “the normal or natural erosion caused by geologic processes acting 

over long geologic periods and resulting in the wearing away of mountains, the 

building up of flood plains, coastal plains, etc.”. Soil erosion becomes a 
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problem when “accelerated by human activity and its rate exceeds the threshold 

value (the rate at which it starts depleting soil productivity and causing soil 

degradation) equivalent to the counterbalancing and compensatory rate of new 

soil formation” (Lal, 1990).  Any rate of soil erosion greater than the prevailing 

geological rate before human interference or the rate of soil formation from the 

parent material is harmful (El-Swaify, 1990).  Considering the geologic time 

scale, “geologic erosion attains a steady state with the rate of land formation”, 

while “at human time scale, however, accelerated erosion creates an imbalance 

between the rates of land formation and denudation” (Lal, 1990). Man-made 

disturbances may also influence the processes at geologic time scale (Fleming, 

1981).  The slow and constructive natural soil erosion process has been 

significantly accelerated by human activities of “poor farming practices, 

overgrazing, ground clearing for construction, logging and mining” (Lo, 1990). 

The use and abuse of natural resources through human activities like 

“deforestation, grazing, arable land abuse, faulty farming systems and cropping 

intensity” are among the major causes of accelerated soil erosion (Lal, 1990). 

Accelerated soil erosion affects adversely not only the soil but also the 

environment, and is the primary cause of soil degradation (Lal, 1990). 

Agriculture and deforestation have been identified as the primary causes of 

accelerated soil erosion (Pimentel, 1976).  For example, erosion rate increased 

threefold or more when land was subjected to intense cultivation compared to 

when kept under forest cover (Lo, 1990).  The Worldwatch Institute reported 

that the earth is losing about 23 billion tons of soil annually “from croplands 

alone in excess of new soil formation” and is increasing as marginal lands are 

put under cultivation (Lo, 1990).  Although soil erosion is linked with 

deterioration or loss of soil and water resources, “there is little or no information 

as to its extent, impact and causes” (Lal, 1977). 

1.2.3 Soil Erosion in the Humid Tropics 

1.2.3.1 Definition of the Humid Tropics 

Areas found within latitude 23° north and south of the equator is known 

as the tropic (while subtropical and temperate regions lie between latitudes 23° 

and 40°, and beyond 40° north and south of the equator, respectively) (Lal, 
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1990).  Lal (1990) further classified tropical regions into i) humid (greater than 

10 “wet” months), ii) sub-humid (5 to 10 “wet” months), iii) semiarid (3 to 5 “wet” 

months), and iv) arid (less than 3 “wet” months).  Regions most susceptible to 

water induced soil erosion lie within latitude 40° north and south of the equator 

(Hudson, 1981).  Since the tropics include the areas between the latitudes of 

the Tropic of Cancer and the Tropic of Capricorn (23°N and 23°S), the humid 

tropics approximately cover the areas between the latitudes 10° north and south 

of the equator (Greenland, 1977).  The highest and the lowest recorded rainfall 

depths in the world are experienced in the tropics (Lo, 1990). 

1.2.3.2 Agrometeorology in the Humid Tropics 

Humid tropics normally experience more than 750-mm annual rainfall 

accompanied with frequent and intensive rainstorms (Lo, 1990).  Annual rainfall 

depth in the humid tropics ranges from 1,500 to 2,500 mm with some regions 

recording annual rainfall depth greater than 6,000 mm, and of mean annual 

value about three times the world average (Lal, 1995).  Heavy and intense rains 

(commonly ranging from 75 to 100 mm/h) which cause severe erosion are 

characteristic of the humid tropics (Morgan, 1974; Wilkinson, 1975; Amezquita 

and Forsythe, 1975; Lal, 1976a; Aina, Lal and Taylor, 1977; Bols, 1978; Sheng, 

1982).  Because of the high intensity characteristic of tropical rainstorms 

(normally occurring with high-intensity winds), it is more erosive compared with 

temperate storms (Lal, 1977).  Despite the highly erosive rainfall, the abundant 

water supply available whole year round (because of the very short dry season 

which cannot exceed two months) in the humid tropics can sustain permanent 

vegetative cover mainly of natural forest lands which provides soil protection 

against erosion in the absence of human perturbations (Greenland, 1977; El-

Swaify, 1990; Lo, 1990).  In the humid tropics, rainstorms with intensity of 150 

to 200 mm/h lasting 10 to 15 minutes characterized with raindrops of median 

drop diameter (D50) ranging from 1.70 to 2.55 mm and kinetic energy exceeding 

64 J/m2 per mm of rain are common (Lal, 1976a).  The mean monthly 

temperatures in the humid tropics consistently exceeds 18°C all year round and 

evaporation is less than rainfall for at least 270 days every year (Salati, Lovejoy 

and Vose, 1983; CGIAR, 1990; Lugo and Brown, 1991). Monthly evaporation in 

the humid tropics ranges from 100 to 150 mm (Greenland, 1977). The humid 
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tropics are also known as “warm humid tropics” based on such moisture regime 

and temperature characteristics; however, it is not the temperature variations 

that “determine the seasons (e.g., rainy season versus dry season)” but “the 

amount and distribution of rainfall” (Lal, 1995). 

About 60 countries are located partly or completely, in the humid tropics 

(Lal, 1995).  Bonell, Hufschmidt and Gladwell (1993) predicted that 33% of the 

world population (about 2 billion people) would inhabit the humid tropics by the 

year 2000. “About 45% in Latin America, 30% in Africa, 25% in Asia, and only a 

small fraction in the Oceania and Pacific islands” comprise the relative 

distribution of the humid tropics (NRC, 1993) on a 1.5 billion ha of land area 

containing about 1 billion ha of the remaining tropical rainforest of the world 

(Lal, 1995).  Until 1990, the rate of tropical deforestation “was estimated at 0.9% 

for Latin America, 0.8% for Africa and 1.2% for Asia” (Lal, 1995). 

Rainfall and runoff are the most important agents of soil erosion in the 

humid tropics (Lal, 1990).  Susceptibility of humid tropical soils to water-induced 

soil erosion has been attributed more to erosivity of the erosion agents “rather 

than to high soil erodibility” (Roose, 1977b). The more severe effect of soil 

erosion on the productivity of land can be attributed not only to harsh climate 

but more on the low productivity of the exposed subsoil in the tropical regions 

than the temperate regions (Lal, 1990).  In the humid tropics, accelerated soil 

erosion is mainly due to human activities like intensification of agriculture, 

shortened fallow period, cultivation of steep, shallow and marginal areas, forest 

clearing, overgrazing and highway civil works (Lal, 1974; King, 1979).  El-

Swaify, Dangler and Armstrong (1982) opined that the most serious mechanism 

of land degradation in the tropics is soil erosion. Soil erosion reduces soil 

productivity at an alarming rate in the developing countries of the tropics 

(Hudson, 1982).  Asia with about 166 t/km2 annual sediment loss, has the 

highest erosion rate compared to Africa, Europe and South America, each with 

47, 43 and 93 t/km2 annual sediment loss, respectively (El-Swaify, Dangler and 

Armstrong, 1982).  Bruijnzeel (1990) and Ziemer, O’Loughlin and Hamilton, 

(1990) conducted extensive review of soil erosion studies done in the humid 

tropics (Rose, 1993). 

1.2.3.3 Characteristics of Soils in the Humid Tropics 
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In the humid tropics, the prevailing soil types are the Alfisols (highly 

erodible), Oxisols (moderately low erodibility), Ultisols (low erodibility), and 

Inceptisols (moderate erodibility) (El-Swaify, 1990).  Oxisols, Ultisols and 

Alfisols (in that order of importance) are highly leached (and highly weathered) 

compared to the less leached Inceptisols (Lal, 1990).  Tropical soils low in 

weatherable minerals and basic cations (Na, Ca, Mg and K) resulted from 

continuous and uninterrupted weathering of parent materials (Lo, 1990).  These 

soils have deep profiles, low fertility and low CEC because their clay is 

composed of kaolinite and, iron and aluminum oxides.  The ability of these soils 

to keep plant nutrients is largely dependent on the humus content found in the 

plant biomass (as in tropical rainforest), “the litter layer and the associated 

organic matter”, that rapidly decreases upon land clearing which can only be 

replenished by ample application of fertilizer (Rose, 1993).  The clay aggregates 

into silt-sized granules making the soil friable but with low organic matter 

content, and the granules are often not stable enough to resist dispersion and 

crusting when subjected to raindrop impact.  The “inactivity” of soil mineral 

constituents i.e., kaolin and sesquioxides in these soils, causes deficiency in 

crop nutrients, lowers the capacity to retain basic cations, limits active 

relationship with organic matter and, excessively immobilizes phosphates and 

related anions - a condition which are highly toxic to plant roots (Lo, 1990). 

Crop production in tropical soils are constrained by primarily aluminum-derived 

soil acidity and infertility but generally their physical properties are favorable (El-

Swaify, 1990).  Humid tropic soils have moderate to high permeability under 

natural conditions but susceptible to slaking and development of impermeable 

crust upon action of raindrops and “as a result, runoff increases with continuous 

cultivation” (Lal, 1982).  Crusting results in significant reduction of infiltration 

rate, consequently increasing water runoff, which ultimately lead to acceleration 

of soil erosion (Falayi and Lal, 1979).  Soils at the humid tropics are potentially 

arable but once cropped, their fertility and productivity usually drop rapidly, with 

increase in erosion rate (Lo, 1990). 

The large duration of geologic age, extremes of climate and wide 

differences in parent materials cause great contrast of soil properties in the 

humid tropics from other soils elsewhere.  In the humid tropics, soils are highly 

variable and diverse like the vegetation (Sanchez and Buol, 1975; Van 

Wambeke, 1992).  Generally, much deeper soil profiles are found in high rainfall 



1-20 
areas than in temperate areas.  Tropical weathering of parent materials and 

soils often continues uninterrupted and this process produces soils low in 

weatherable minerals and basic cations like Na, Ca, Mg and K.  Normally, sand 

dunes, wind-deposited silts, fresh volcanic ash, river flood plains of variable 

textures, lake-laid clays and various kinds of rocks are parent materials of 

tropical soils (Lo, 1990). 

The slight to moderate weathering and leaching, and the dry condition in 

some part or throughout the year of the tropical soils, make only about one-

fourth of these soils to be reasonably fertile.  However, some of the dry tropical 

soils, once irrigated, can be made reasonably productive. Tropical soils are 

classified mostly as Ultisols and Oxisols because about half of them are highly 

weathered and leached.  Although, tropical soils tend to be deep, these soils 

are low in fertility and cation exchange capacities because their clay composes 

mainly of kaolinite and, iron and aluminum oxides. Tropical soils are friable 

since the clay component tends to aggregate into silt-sized granules, but due to 

the generally low organic matter content, these soils are often not stable against 

soil dispersion and crusting under the action of raindrop impact. The “inactivity” 

of mineral constituents, namely: kaolins and sesquioxides, in these tropical 

soils, causes “the lack of crop nutrient content, low capacity for retaining basic 

cations, excessive affinity for immobilizing phosphates and related anions, and 

often high toxicity to plant roots” (Lo, 1990).  Although tropical soils are 

potentially arable, once these soils are placed under agricultural production, 

their fertility and productivity usually drop rapidly and thus, causing the rate of 

soil erosion to increase. Removal of soil surface cover and the complete drying 

between wet periods of these highly weathered tropical soils, result in the 

crystallization of plinthite layer into ironstone.  Due to the resulting irreversible 

hardening process, the shallow depth ironstone lowers soil productivity. The 

almost waterproof hardened plinthite causes the ready erosion of the saturated 

overlying soil during heavy rains (Lo, 1990). 

Oxisols and Ultisols dominate about 63.0% of the total land area 

classified as humid tropics (approximately 1,489 x 106 ha).  These soils are 

characterized as follows: i) very acidic with pH ranging from 4 to 5, ii) frequently 

with concentrations of Al and Mn at the toxic level, and iii) typically deficient of 

“essential plant nutrients” like N, P, Ca.  To achieve improved agricultural 

productivity, there should be frequent liming and application of phosphorus 
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fertilizer. Even if nutritional problem has been abated, soil structure tends to 

degenerate under “intensive mechanized agriculture”.  Soil crusting, soil surface 

and subsurface compaction, surface runoff, and accelerated soil erosion are 

some of the upshots of deterioration in soil structure.  Alfisols are relatively 

more agriculturally productive because of the “favorable soil fertility and 

nutritional properties”.  However, Oxisols and Ultisols have less severe soil 

physical constraints than Alfisols because the latter are severely subject to 

“rapid decline in soil structure, crusting, compaction, hard setting, high losses 

due to surface runoff, and accelerated soil erosion” (Lal, 1995). 

The young and fertile Inceptisols, Histosols and Mollisols are the highly 

agriculturally productive soils in the humid tropics with constraints to intensive 

agriculture ranging from slight to moderate.  Mollisols and other soil types, 

which are of alluvial and of volcanic in origin, are extremely productive. 

However, these soils cover only about 17.5% of the total area in the humid 

tropics, hence, extremely limited in distribution.  “Although these soils are less 

prone to soil physical and nutritional problems, mismanagement and 

inappropriate land-use systems can lead to compaction, erosion, and nutrient 

depletion” (Lal, 1995). 

The largest portion (about 35.3%) of the total land area in the humid 

tropics is occupied by Oxisols.  Commonly found in areas without a distinct dry 

season, Oxisols are “old, highly weathered, acidic, permeable and well-drained 

soils”. The predominant clay minerals are kaolinites with or without plinthite or 

laterite. Under natural condition, the predominant vegetation for this soil type is 

tropical rainforest.  Destroyed tropical rainforest or degraded soil resources in 

Oxisols results in savanna-type vegetation (Lal, 1995). 

The next largest occupant (about 27.7%) of the total land area in the 

humid tropics is the Ultisols.  Ultisols are “relatively less weathered and 

younger” than Oxisols.  These soils occupy land areas in the humid tropics 

which are within: i) isotherms range - from 25°C to 28°C, ii) annual rainfall range 

- from 1,500 mm to 2,000 mm, and iii) “warm humid climates marked with a 

marked seasonal deficit of rainfall”.  With relatively more active kaolinites, these 

soils “have relatively higher nutrient reserves and effective cation exchange 

capacity than Oxisols” (Lal, 1995). 

Inceptisols are young but very fertile soils with distinct horizonation, and 

occupy about 15.2% of the total land area in the humid tropics. The three 



1-22 
principal types of Inceptisols in the humid tropics, are: i) Aquepts which are 

alluvial soils that originate from flood plains and occupy 8.0% of the total land 

area in the humid tropics, ii) Andepts which are volcanic in nature, young but 

extremely fertile, and occupy only 0.8% of the total land area in the humid 

tropics, and iii) Tropepts which are found in warm humid climates, with about 

50% base saturation, “relatively high amounts of soil organic carbon ranging 

from 8 to 12 kg/m2/m depth” (Van Wambeke, 1992) and located in about 6.3% 

of the total land area in the humid tropics (Lal, 1995). 

Entisols are young soils, but occupy about 14.2% of the total land area in 

the humid tropics.  Their “relatively inert parent material” and the short time for 

them to form particular characteristics are responsible for the absence of 

distinct horizonation and thus, the generally featureless property.  Entisols have 

three distinct sub-orders, namely: i) Psamments that occupy about 6.0% of the 

total land area in the humid tropics, “are coarse-textured soils with high 

permeability, low water-holding capacity, and low nutrient reserves”; ii) Fluvents 

that occupy about 3.4% of total land area in the humid tropics, are “formed 

along flood plains and are recent alluvial deposits”; and iii) Lithic that occupy 

about 4.8% of the total land area in the humid tropics are “shallow and rocky 

soils” hence, are “marginal for agricultural production”. (Lal, 1995). 

In the “cool to hot humid areas with a prolonged dry season”, of the semi-

and sub-humid tropics are the Alfisols.  Arranged from the least to the most 

weathered soil types are Inceptisols, followed by Alfisols then finally by Oxisols 

and Ultisols. Generally, however, Alfisols being fertile are agriculturally 

productive soils but prone to such physical limitations of soil crusting, soil 

compaction, soil erosion and drought stress.  Since only about 3.6% of the total 

land area in the humid tropics is occupied by Alfisols, this soil type is of minor 

importance (Lal, 1995). 

Histosols, with carbon content ranging from 12% to 18% in the surface 

horizon, have relatively high organic matter content.  These soils can be found 

in less than 2% of the total land area in the humid tropics, and “formed in wet 

conditions”.  Histosols can be highly agriculturally productive under good water 

management (Lal, 1995). 

Spodosols that occupy about 1.3% of the total land area in the humid 

tropics, have “sub-surface horizon (illuvial) with relatively high organic matter 

content along with high concentrations of aluminum and iron oxides”. 
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Generally, Spodosols have surface horizon, which are light (albic) in color and 

are usually leached (eluvial) (Lal, 1995). 

Mollisols and Vertisols occupy only about 0.5% and 0.3% of the total land 

area in the humid tropics, respectively.  The former soil type is “highly 

productive, dark-colored, and are agriculturally important soils”. “High soil 

organic matter content, a well-defined granular or crumb structure” and 

favorable response to agricultural inputs characterize the surface horizon of 

Mollisols. However, although Vertisols are also dark-colored, these soils 

“contain a high content of expanding-type clay minerals” which “develop wide 

and deep cracks and have poor trafficability” upon drying particularly during the 

dry season (Lal, 1995). 

1.3 The Steeplands 

Steeplands refer to lands with a slope gradient greater than 20%. 

Otherwise, lands are considered as “flat to undulating or rolling lands”, which 

have the unlimited potential for agricultural development.  Mainly due to the 

likely possibility of soil erosion hazard and the problem of mechanization that 

steeplands are considered marginal for agricultural production (Lal, 1990). 

However, Lim, Chan and Loh (1987) defined steepland agriculture (sometimes 

known as mountain agriculture or hillslope farming) as agricultural production on 

land with a slope exceeding 36% (20°).  An important form of agriculture but a 

neglected area in Asian (comprising 40% of the earth’s population) agriculture, 

it was only just recently that the importance of steepland agriculture was 

realized principally because of “its impact on downstream areas” (Fagi and 

Mackie, 1988; Nangju, 1990).  About 29% of the total area of 1,048 x 106 ha in 

tropical regions with slope greater than 30% is situated in Southeast Asia 

(Purnell, 1986).  Cook (1988) enumerated at least three major limitations to 

agricultural production on steeplands, namely: i) severe soil erosion, ii) 

“pronounced dry season in about 67% of the steepland area” i.e., semi-arid 

climate (while the remaining 33% of steep lands has an “udic soil moisture 

regime and no long dry season” i.e., tropical climate), and iii) problems in soil 

fertility like minimal nutrient reserves and toxic level of aluminum content, soil 

erodibility and semiarid climate.  According to Fagi and Mackie (1988) 
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steepland agriculture is besieged with “more complicated environmental, 


biotechnical, socioeconomic and institutional constraints”. 


The difficult terrain alone in steepland agriculture restricts mechanization 

of operations thus, reducing all agricultural activities from land preparation, 

intermediate cultural practices to harvesting, in manual mode, consequently 

limiting the steepland farmer in scale and efficiency.  Agricultural production 

inputs such as fertilizer and chemicals like lime or any soil amendments to be 

applied have to be carried manually by the farmer, and hence they are used 

sparingly. Obviously, any increase in the use of these agricultural inputs will 

result to decline in farmer’s profitability aside from the generally lower 

agricultural yield (Benvenuti, 1988).  In addition to economic factors, such 

constraint ensures minimal or zero form of soil improvement.  Since the harvest 

also has to be manually transported, it limits the kinds of crops to be produced 

both, in terms of bulk and possible mechanical damage. Difficulty in the 

transport of agricultural produce to markets causes inadequate attention at any 

stage of production, leading to inefficient production.  For all these reasons, 

traditional steepland farmers tend to concentrate in high-value crop production 

of limited scale (Ahmad, 1987; Ahmad, 1990).  These farmers “are extremely 

vulnerable to the consequences of reduced agricultural yields” (Mesfin, 1984). 

Some farmers engage in steepland farming as a matter of preference, 

while for many there is no other alternative (Lal, 1988a).  Farmers sometimes 

prefer steep slopes because cultural operations of hand cultivation, planting and 

harvesting can be done in a “more upright position” (Williams and Walter, 1988). 

The near-to subtropical condition in the upland due to difference in elevation 

from the lowland is taken advantage of by raising subtropical fruits, “high 

quality” vegetables (Williams and Walter, 1988) and even exotic flowers in 

steepland which can be highly profitable, not only for domestic consumption but 

for export as well, particularly during off-season of agricultural production. 

Sloping land, particularly in the humid tropics provides alternative areas for the 

cultivation of ordinary and high value crops during the wet season when 

agricultural production in flatter lowland areas is difficult if not, impossible. This 

restriction may be caused by poor soil drainage, heavy incidence of pests and 

diseases, and the possibility of flooding in flatter areas during the wet season. 

Farmers are given the opportunity to produce crops in flat and/or sloping areas 

depending on the season of the year.  Steepland farming assures extension of 
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agricultural production of some traditional crops (food and vegetative crops) 

from seasonal to whole year round.  In some instances where there is scarcity 

of agricultural land, steepland farming is resorted to increase the range and 

volume of available agricultural produce.  Crops produced particularly for export 

meeting quality standards but are susceptible to injury during post-harvest 

transport are often planted in flatter areas, while the others are produced in 

steeper areas (Ahmad, 1987).  Subsistence farmers are found on steeplands 

because of more favorable environmental conditions, “such as lower 

temperatures, reduced diseases (except pneumonial diseases) and higher 

reliability of rainfall” (Hurni, 1988).  Thomas (1988) attributed the presence of 

people in the steeplands of eastern Africa to “higher rainfall than on the plains, 

less risk of crop failure, greater availability of water in the dry season, fertile 

land of one-time forest origin and reduced risk of malaria”. 

Steeplands in the humid tropics is normally characterized with unique, 

varied and harsh topography, high intensity and irregular rainfall (udic moisture 

regime) even of short duration often reinforced by strong winds (Norton, 1988), 

natural dense forest vegetation, and different but expected soil associations 

along diverse portions of the landscape.  Highly leached Oxisols and Ultisols, 

and less leached Inceptisols dominate the less steep and the steeper slope 

locations, respectively.  Best-structured Andisols (Andepts) dominate the 

volcanic ash-rich areas (El-Swaify, Garnier and Lo, 1987).  However, even 

Andisols on steep slopes experience soil erosion when cultivated but with low 

rate of soil loss, showing that cultivation can be permanently practiced on 

steeper slopes than in any other soil types. Surface erosion in Andisols occurs 

during tillage where soil is loosened and since soil is porous there is some 

possibility of gullying taking place.  Soil erosion that is occurring in Andisols may 

be likely due to any farming activity being undertaken, since they are virtually 

unerodible if undisturbed (Ahmad, 1987; Ahmad, 1990).  Andisols, Mollisols, 

some Inceptisols, and some Alfisols (including Oxisols if present) are stable 

soils; less stable soils are Ultisols, some Alfisols, some Inceptisols and some 

shallow Mollisols, while fragile soils are normally Vertisols (Ahmad and Sheng, 

1988). Removal of forest vegetation causes excessive leaching and 

accelerated soil nutrient loss in all these soils.  Being highly weathered soil 

types, their contained minerals generally have poor ability to retain sorbed 

nutrients against leaching.  The very shallow characteristic of these soils is 
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restrictive to crop’s physical growth, particularly in eroded Ultisols, depending 

on location and erosion history.  Therefore, soil loss tolerances for humid areas, 

must be considerably lower than for soils in the less humid tropics or in 

temperate zones (El-Swaify, Garnier and Lo, 1987). Clay soils with high 

residual iron contents are considered superior in resistance to runoff-caused 

soil erosion; thus, soils emanated from basic igneous rocks and red soils 

developed from calcareous rocks (limestone) are strongly aggregated due to 

the cementing property of iron oxides, hence, soil erosion is expected to be less 

than for most other soils.  Also, soils developed from fragmentary volcanic 

materials with andic properties are resistant to soil erosion (Sheng, 1986; 

Ahmad, 1987; Ahmad, 1990; Lal, 1990).  However, soils formed from shales, 

schists, phyllites and sandstones are considered highly erodible. Soils 

produced from these rocks are high in both sand or silt fraction, and clay 

minerals and iron oxides are generally insufficient as cementing agents for a 

stable-structured soil.  These parent materials are generally rich in muscovite 

occurring in all soil particle-size fractions.  Mica-rich soils are weak-structured, 

and thus raindrops can easily disintegrate the weak aggregates, while the clay 

fraction dispersed in water.  The resulting mica flakes settling on their flat axes 

in the water film on the soil surface causes soil crusting. The formation of soil 

crusts further restricts water entry into the soil (Ahmad and Roblin, 1971; 

Sumner, 1995), resulting to disposal of a much greater volume of runoff water, a 

condition “which leads to further disintegration of soil aggregates and transport 

of colloidal soil material” (Ahmad, 1987; Ahmad, 1990).  Soil with some surface 

protective mulch can have a 15 times higher infiltration than in similar crusted 

soil.  Surface cover can be maintained through management of residue or 

transformation of land into pasture (Veloz and Logan, 1988).  Soil crust 

“restricts gaseous exchange leading to anaerobic soil conditions, denitrification, 

toxic effects due to ethylene production, and mechanical impedance to seedling 

emergence” (Ahmad, 1987; Ahmad, 1990).  Although occurrence of soil sealing 

and crusting is not a universal phenomenon that they pose major management 

problems, they are so prevalent (Rose, 1998b).  A conceptual framework for 

considering soil erosion and sealing as complementary surface phenomenon 

was presented by Hairsine and Hook (1995). 

The rapidly expanding human population, particularly in technologically 

underdeveloped countries, leads to a steady increase in the number of landless 
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farmers and families (Cook, 1988) and expeditious development of urban areas 

in the lowlands which consequently reduces the availability of good arable lands 

(Hallsworth, 1987).  According to Thomas (1988), population expansion affects 

land use in the following manner, namely: i) migration to (“cooler and wetter”) 

higher elevation leading to intrusion of native forest, ii) land subdivision, 

reduction of holding size, “reduction and elimination of fallow” period, and 

“cultivation of valley bottoms” and hard to manage steep slopes, and iii) 

“outmigration to lower elevations and drier areas where farming is more 

difficult”, and where there are common problems of drought and environmental 

degradation.  Continuous population pressure, low productivity of agricultural 

labor, shortage of lands in the lowlands, agricultural production on “best” 

flatlands of cash and export crops (often non-food crops) which command 

higher market price, insecurity in land tenure and the “socioeconomic pressure 

for more land” are the major reasons for the encroachment and intensive 

cultivation of often marginal and soil-degradation-prone areas on hillslopes. 

(Moldenhauer and Hudson, 1988; Liao et al, 1988; Fagi and Mackie, 1988; 

Ahmad, 1990; Lo, 1990; Nangju, 1990).  The unchecked land use for “urban, 

rural and industrial development” on flatter and agriculturally productive lands, 

“leaves the more unsuitable upland areas for new farmers to utilize for their 

livelihood” (Ahmad, 1987).  The more intense need for food, fiber, shelter, 

fodder and fuel wood production leaves no choice for many people, particularly 

those in the most heavily populated regions (with intensive land use), but to 

infringe into the steep lands for subsistence and cash-crop farming (Sheng, 

1982; Lal, 1988a; Hudson, 1988b; Lal, 1990).  Socioeconomic and political 

considerations characterizing land users in the steeplands are often different 

from those in the lowlands (El-Swaify, Garnier and Lo, 1987). 

The traditional long fallow (“rest”) period (to provide a chance for the soil 

to recuperate after an intensive use) for the relatively stable system of “slash 

and burn” shifting and rotational cultivation or “swidden” type of agriculture is 

commonly no longer possible due to encroachment of increasing number of 

lowland settlers into the steeplands.  This inter-cultivation period is either 

shortened or totally abandoned due to the intense need for food production 

resulting to damaging impacts like rapid decrease in soil fertility and yield of 

agricultural crops i.e., “loss of agricultural productivity”, soil erosion, landslides 

and gullying, uncontrolled runoff that increased lowland flooding, “siltation of 
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downstream irrigation systems” and riverbeds, “sedimentation of river basins 

and delta regions”, decline of groundwater supplies, and decline of the aesthetic 

value of “land and water resources” (Cochrane and Huszar, 1988; Lovejoy and 

Napier, 1988; Ahmad, 1990; Lo, 1990; Nangju, 1990).  The abandonment of 

traditional practice was not surprising when the farmer’s aim is to narrow the 

gap between human demands and what can be supplied by land to meet the 

basic needs of life.  Since steeplands are areas that “generally represent upper 

catchments or watersheds in basins of major rivers, there are well documented 

off-site impacts of that instability on downstream systems” and infrastructures, 

such as diminishing volume of water storage structures, and consequent 

reduction in hydroelectric power generation (El-Swaify, Garnier and Lo, 1987). 

Subsistence farmers on steep lands comprise about 8% of the world 

population (Hurni, 1988).  There appears to be no option left for steepland 

farmers but to combine production and conservation in whatever area of land 

they have in order to assure survival.  Unregulated use of steeplands leads to 

greater stormwater runoff and soil erosion resulting into an overall expeditious 

reduction of soil productivity and thus, significant decline in agricultural 

production, ultimately leading to relinquishing landholdings and clearing of some 

more new areas. Scrub and poor-quality grasses or weed ingress, particularly 

of cogon grass (Imperata cylindrica) ultimately replace these land clearings, a 

condition known as tropical, man-made savannas.  Normally, reparation of this 

man-made savannas is “extremely difficult and beyond the means of many 

tropical countries” (Ahmad, 1990). 

According to Nangju (1990), steepland areas are generally characterized 

with “rapid rates of population growth, widespread poverty, long histories of 

settlement and dense populations, highly variable rainfall and soil types, strong 

interrelationships between crop production, livestock production and forest 

areas, subsistence farming, poor marketing, transportation and communication 

infrastructure, low labor productivity, lack of off-farm employment, and isolation 

from national political processes”. 

To maintain the present level of world per-capita food production 

(although largely inadequate), an additional 200 million hectares of new land 

must be in production by the year 2000 (FAO, 1979b).  This inevitable need to 

develop the uplands into intensive cultivation for agricultural production 

(Hudson, 1988b), necessitates understanding the mechanism of soil erosion so 
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that methods to prevent and/or mitigate soil degradation by erosion due to water 

can be identified and hopefully implemented.  Although socioeconomic and 

political factors are as equally important as the purely technical consideration in 

identifying corrective measures on soil degradation in the upland (Lovejoy and 

Napier, 1988; Moldenhauer and Hudson, 1988; Sanders, 1988b; Tato and 

Hurni, 1989), they are not within the scope of this study. 

Hudson (1987) suggested that a national strategy in soil conservation 

program must be a balance between the idealistic approach that land use 

should be governed by the physical capabilities (thus, making cultivation of 

steepland as undesirable) and the pragmatic approach of accepting that 

cultivation of steepland will continue.  According to Hudson (1982), “farmers will 

continue to grow food crops on 100% slopes because they have no choice; 

what we have to look for is practical and acceptable ways of reducing the 

erosion as much as possible”.  Thus, efforts on soil conservation should be 

directed toward affecting meaningful reduction in soil erosion, rather than 

preventing cultivation altogether (Hudson, 1988b). 

1.3.1 Soil Erosion on the Steeplands 

Steepland cultivation can cause certain instability in the ecological 

system with both onsite (soil erosion), and offsite (flooding and sedimentation) 

detrimental impacts (El-Swaify, Garnier and Lo, 1987).  The use of steepland 

does not recognize borders set by ecological regions and diverse climates.  The 

steepland is infringed because either flatland is not readily available or there is 

no other alternative for daily sustenance.  For example, the total land area of 

Ethiopia has 54% and 29% with slope gradients greater than 8% and 30%, 

respectively; while Sudan has only 6% of the total land area with slope that 

exceeds 30% (Purnell, 1986).  Steepland is also cultivated in temperate 

regions; e.g., principal production from pastoral steeplands of New Zealand 

(contributing to about 33% of gross national product, i.e., 60% to 70% of income 

from export) has been adversely affected by severe soil erosion and soil 

degradation (Trustrum and Hawley, 1986). 

Soil, climate, land use and farming systems affect the extent and the 

degree of severity of soil erosion.  However, regardless of soil and climatic 

conditions, intensively used steeplands in densely populated regions 
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experience severe soil erosion problem; further accentuated when conditions in 

soil and climate (e.g., “high-frequency” and intensive storms like “torrential 

typhoon rains”, “poor vegetative cover”, deficiency in soil nutrients, “steep 

topography”, “unstable soil structure” due to “young and weak geologic 

formations” and, low soil infiltration rate) are already prone to soil erosion 

(Roose, 1988; Liao et al, 1988).  Even under low cropping intensity, soil erosion 

on steeplands can be extremely severe (Lal, 1990). Shifting cultivation on the 

steeplands of Thailand resulted on an annual soil loss of 10 cm to 12 cm based 

on “change in level of soil surface” (e.g., land subsidence, land compaction and 

soil erosion) (Sabhasri, 1978). 

Land use influences the degree of severity of soil erosion on steeplands. 

Uncontrollable grazing or overgrazing, extensive and abusive cultivation, 

diversified cropping and a high stocking rate are responsible for severe soil 

erosion in unprotected arable lands and rangelands (Roose, 1988; Liao et al, 

1988). Fleming (1983) and Pandey, Pathak and Singh (1983) reported that 

maximum soil erosion took place on grazed lands in Nepal at an annual rate of 

about 35 t/ha, with annual soil denudation rate ranging from 0.5 mm to 14mm 

(Starkel, 1972; Caine and Mool, 1982; Gilmour, 1986).  Annual erosion rates 

from 43 t/ha to 285 t/ha, and from 20 t/ha to 39 t/ha were measured from the 

steepland watersheds of the Rif Mountains of northern Morocco, and northern 

Thailand, respectively. Ahmad (1987; 1990) reported soil loss of about 120 to 

180 t/ha in Tobago, Trinidad, West Indies of the Caribbean territory.  In 

Australia, annual soil losses of 200 t/ha to 328 t/ha had been reported from 

sloping sugarcane plantations in central and north Queensland (Sallaway, 1979; 

Matthews and Makepeace, 1981). Land misuse (e.g., overgrazing, 

deforestation, removal of organic materials and fire) causes severe soil erosion 

in these sloping areas (Lal, 1990). 

Even in temperate-zone climates, steeplands are also vulnerable to soil 

erosion.  The slope catchment (slopes of up to 50%) surrounding Lake Balatan 

in Hungary, the largest lake in central Europe, used extensively for animal 

production, vineyards and croplands, had an annual soil loss of about 57 t/ha 

for the slope range 25% to 50% (Toth and Fekete, 1974). Eroded soil and 

humus content have been polluting the lake water (Lal, 1990). 
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A literature review done by Liao and Wu (1987) from various ecological 

regions around the world showed resulting severe soil erosion if steeplands are 

used for intensive agricultural production. 

Land slipping is a manifestation of mass movement associated with 

steepland agriculture and the severity being strongly influenced by the parent 

materials.  Although the occurrence of the phenomenon differs in particular 

situations, the end-result may be the same with accumulation of water in the 

subsoil playing a dominant role.  There is the presence of an abrupt boundary 

between the soil and the rock on soils with phyllites and schists as parent 

materials. The difficulty of the tree roots to penetrate into the soil can be 

ascribed to the layering and the fine-grained property of the rocks. Percolating 

water accumulates at the sharp rock-soil interface and serves as a lubricant for 

the above-soil to slide, confounded by the absence of connecting plant roots to 

stabilize the soil plus the pull of gravity due to the effect of slope. The tree root 

system provides the mechanical reinforcement that reduces occurrence of 

landslips (Lo, 1990).  Land clearing (e.g., deforestation) and crop production 

can influence land slipping, particularly in the early portion of the wet season 

when the cleared soil wets faster due to scarcity of vegetative cover.  With the 

advancing wet season, landslip results due to the super-saturation of the soil 

above the rock.  Serious dislocations and soil ruination, crop loss and 

destruction of any mechanical anti-erosion devices can result from this form of 

mass movement.  Due to the drastic change of hydrological conditions 

experienced by land naturally prone already to slipping, and cleared for 

agriculture for the first time, land slippage will be of common experience 

(Ahmad, 1987; Ahmad, 1990). 

Landslips also occur in soils developed on clay sediments, particularly in 

Vertisols where the parent materials have well-developed slip faces.  These 

soils manifest wide and deep cracks during dry seasons, and on the ensuing 

wet season, these cracks serve as passageway for water and upon 

accumulation between these natural slip faces cause land slippage even before 

swelling and sealing can occur.  The resulting land slippage can be massive 

damaging agricultural land and other infrastructures.  Agricultural activity can 

cause further excessive soil desiccation and cracking in the dry seasons due to 

sparse or absence of vegetative cover providing more thoroughfare for water to 
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gain rapid access in the ensuing wet seasons, thus hastening the rate at which 

these clay soils on sloping land can slip (Ahmad, 1987; Ahmad, 1990). 

Gullying is another common form of soil erosion that occurs on steep 

land because of the terrain involved.  This is more common on sandy soils, 

volcanic soils and Vertisols, which are all porous materials.  Soils easily attain 

supersaturated condition upon the rapid entry of water, consequently breaking 

the material and ultimately, leading to the formation of gully.  Again, agricultural 

activities abet this soil erosion type in steeplands by allowing rapid soil wetting 

upon the start of the wet season.  Farming activities through unsuitably oriented 

field boundaries, foot tracks and the lack of provision for disposal of surface 

water are some main causes of gullying even on soils not naturally prone to this 

type of steepland soil erosion.  Poor disposal of drainage water particularly from 

cultivated fields in steeplands will eventually lead to formation of gully (Ahmad, 

1987; Ahmad, 1990). 

Since steeplands are traditionally considered marginal for agricultural 

crop production, most research on soil erosion and soil conservation has been 

done on either flatland “or rolling land with a maximum slope of about 20%” (Lal, 

1988a).  Consequently, there is limited amount of available research information 

on sustainable farming systems that are appropriate to the steepland.  “Most 

available information and technology for predicting and controlling surface 

erosion by water were derived from and designed for conventional cropland. 

None of the widely available empirically derived models has reliable applicability 

for slopes above 18%.  Process-based models generally have ill-defined upper 

limits of slope applicability and none have been verified at truly ‘steep’ slopes” 

(El-Swaify, Garnier and Lo, 1987).  The vast majority of data for steep slopes 

are mere extrapolations.  Data on the effect of slope length and steepness on 

soil erosion under natural precipitation are virtually non existent, since runoff 

plots on steeplands are costly to install and maintain, and the quality of the data 

would be uncertain because of remoteness, difficulty in accessibility, and 

extremely variable landscapes and natural events (Lo, 1990). 

Primarily because of land use pressure, since steeplands were already 

under cultivation and it is socio-politically and economically inappropriate that 

such lands be required to be vacated in conformity with the land-capability 

classification, then ways and means have to be identified to make the 

agricultural activities particularly crop production to be “environmentally 
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acceptable” on these lands (Young, 1984).  According to Hudson (1988b) “in 

many developing countries there is going to be a lot of farming on steep slope, 

and this is often going to result in a lot of soil erosion”.  However, under proper 

management effectively dealing with the problem of soil erosion, steeplands can 

even be put into permanent agricultural production (Calhoun et al, 1988; Sheng, 

1988). 

1.3.2 The Philippine Uplands 

1.3.2.1 Introduction 

The Philippines has a total land area of 299, 765 square kilometers 

(DENR, 1992) or about 30 million hectares from a total of 7,107 islands.  Luzon, 

Mindanao and the Visayas group of islands occupy 47%, 34% and 19% of this 

total land area, respectively (Celestino and Elliot, 1986).  The combined group 

of islands of Luzon and Mindanao has the 15 largest islands which attribute to 

94% of the total land area (Garrity, Kummer and Guiang, 1993). Luzon, 

Visayas and Mindanao comprise the three major political regions in the 

Philippines with 14 sub-regions and 73 provinces (Celestino and Elliot, 1986; 

DENR, 1992) 

From this total land area of 30 million hectares, 59 % or about 17.6 

million hectares are classified as public lands or forest lands with slopes of 

equal to or greater than 18%.  All lands with a slope equal to or greater than 

18% compose the Philippine uplands (The World Bank, 1989; Kummer, 1992a; 

Kummer, 1992b; Garrity, Kummer and Guiang, 1993).  Mostly subsistence 

farmers cultivate approximately 9.4 million hectares of these uplands (or about 

31% of the country’s total land area) classified as hilly or mountainous, and 

about 4.3 million hectares of the latter (Celestino and Elliot, 1986). With the 

intent of reserving 42% of the total land area of the Philippines as permanent 

forests, the Bureau of Forestry in 1919 produced this “18% slope” rule for its 

land management classification activity (Boada, 1988).  Lands of lesser slopes 

are categorized as alienable and disposable (Basa, 1982), and are set aside for 

agriculture and other uses (Boada, 1988), and subject to private ownership (The 

World Bank, 1989). 
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This “18% slope” rule is arbitrary, poorly reflecting the geomorphological 

and physiognomic characteristics of upland areas, unrelated to present and 

past patterns of land use, and a poor measure of land capability (The World 

Bank, 1989).  This rule has not facilitated the classification of lands to either of 

the two categories: public lands or forestlands, or alienable and disposable 

lands. Boada (1988) reported that in 1982, 5.6 million hectares of land had not 

yet been classified. However, in 1989 there was a considerable improvement in 

the land classification activity: only about 1.2 million hectares remained to be 

classified (The World Bank, 1989). The World Bank (1989) estimated that 13 to 

35 % of the supposed alienable and disposable lands have gradients more than 

18%and that up to 28% of the supposed forestlands have gradients less than 

18%. About 13% of the remaining productive forests are alienable and 

disposable which is about 21% (The World Bank, 1989) or 108,700 hectares 

(Kummer, 1992a) of the remaining primary forest. About 29% (The World Bank, 

1989) or 2.5 million hectares (Kummer, 1992b) of permanent or annual cropping 

area is within forest land (i.e., on slopes of equal to or greater than 18%).  In 

1987 of the 15.9 million hectares of land classified as forestland, only 40% was 

covered by forest (Kummer, 1992a).  Up to 57% of upland areas (around 9 

million hectares) may be suitable for agriculture if the slope limit will be 

extended to 30% (Cruz and Zosa-Feranil, 1988).  

Since 1919, attempts have been made to broaden the definitions of the 

uplands to recognize the diversity and discontinuity of such areas caused by the 

fragmented distribution of land in the country.  The high relief and insular nature 

of the Philippines means that upland areas may be scattered among the 

lowland areas in a complex mosaic bounded at lower elevations by the 

country’s 18,000 km coastline (DENR, 1992).  At higher elevations, upland 

areas may be bounded by undulating plateau geomorphologically similar to 

lowland areas.  Above 1,000 m above mean sea level, the climate of these 

areas becomes increasingly temperate in contrast to the humid tropical climate 

often assumed to characterize upland areas (Garrity, 1991). 

To deal with the complexity of the country’s geography, two types of 

definition for uplands have emerged.  One approach is to try to restrict the 

definition to sloping areas between the higher mountainous areas or plateau 

and a lowland belt associated with coastal areas.  Typical of this approach was 

that of Garrity (1991) when he defined uplands of Southeast-Asia as including 
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“undulating and steep land that range in elevation from near sea level to about 

1,000 m in elevation”. Another common approach is to attempt a broader 

definition of the uplands based on a wider range of geomorphological attributes. 

The simplest of these is to specify a minimum proportion of a land area that 

must have a slope of more than 18% to be considered as upland.  According to 

Cruz and Zosa-Feranil (1988), the Bureau of Forest Development (1982) 

defined uplands as comprising of marginal lands with slopes equal to or greater 

than 18%, lands within identified mountain zones including tablelands and 

plateau lying at high elevations and lands within terrain classified as hilly to 

mountainous.  Celestino and Elliot (1986) reported inclusion of the rainfed 

character of upland farming systems as a means of distinguishing them from 

the lowland irrigated systems (Cagampang et al, 1984). 

A significant proportion of the 17.6 million hectares of public lands or 

forest lands is being used by about 17.8 million people for agriculture.  The 

extent of cultivation in the uplands ranges from 2.5 (Kummer, 1992a) to 3.9 

million hectares (The World Bank, 1989) of the estimated 9.7 million hectares 

(DENR, 1992) with 11.3 million hectares of the total land area under cultivation 

(The World Bank, 1989).  About 7.5 million hectares (Celestino and Elliot, 1986) 

to 8 million hectares (PCARRD, 1992) are considered as prime agricultural 

land: 43% of this prime agricultural land is situated in Luzon, 23% in the Visayas 

and 34% in Mindanao (Celestino and Elliot, 1986). By the year 2025, it is 

projected that an additional 5.24 million hectares will be cleared to meet the 

production needs of the growing upland population.  In Eastern Visayas, where 

the experimental site is situated, the uplands compose the greater part of the 

region's total land mass. A conservative estimate of 75% of the region's area 

belongs to the uplands where the topography varies from rolling to mountainous 

but is generally hilly. 

1.3.2.2 Soil Erosion in the Philippines 

Soil erosion is the worst environmental problem confronting the 

Philippines (The World Bank, 1989; Kummer, 1992b).  The Philippines, having a 

humid tropical climate (Garrity, Kummer and Guiang, 1993) is susceptible to 

water-induced soil erosion.  Thirteen of the country’s total of 73 provinces have 

been identified as having greater than half their total area moderately to 
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severely eroded, namely: Batangas (83%), Cebu (76%), Ilocos Sur (73%), La 

Union (70%), Batanes (68%), Bohol (66%), Masbate (66%), Abra (65%), Iloilo 

(63%), Cavite (60%), Rizal (56%), Capiz (55%) and Marinduque (51%) 

(Cabrido, 1985; PCARRD, 1992).  PCARRD (1992) reported that about 53% of 

the 8 million hectares of agricultural land is eroded.  Of the 13 million hectares 

of the supposed alienable and disposable land, about 9 million hectares are at 

least moderately eroded (Cabrido, 1985).  About 22% of the existing and 

potential farmlands are susceptible to erosion, while about 30% of the forest 

land suffers from various types of soil erosion.  On the national scale, estimate 

of the extent of erosion on the total land area in the Philippines ranges between 

63% (PCARRD, 1992) and 76.5% (FAO, 1988).  Excessive soil erosion has 

impaired the hydrology and productive capability of around one third of the total 

land area of the Philippines (David, 1988). 

Erosion rates in the Philippines ranges from about 1 tonne/hectare/year 

under undisturbed forest to around 300-400 tonne/hectare/year on “kaingin” plot 

and overgrazed or frequently burned grasslands (The World Bank, 1989). 

Cultivated land using the traditional plowing up and down the slope produces 

about 100 tonne/hectare/year of eroded soil (PCARRD, 1992).  Annually, the 

Philippines has been incurring total soil loss varying from around 10,000 cubic 

meter/hectare (PCARRD, 1991b) to 74.5 million tonne (DENR, 1992) up to 80.6 

million tonne (Francisco, 1994). 

1.3.2.3 Soil Erosion in the Philippine Uplands 

Around 90% of the country receives in excess of 1780 mm of rainfall 

annually, although seasonal droughts and limited growing seasons are common 

(Garrity, Kummer and Guiang, 1993).  Seasonal droughts are important in terms 

of erosion because they can contribute to reduced vegetation cover and 

increase in soil’s erodibility prior to the onset of heavy rains (Lal, 1990). Human 

activity that reduces vegetative cover has the potential to accelerate erosion in 

the Philippine uplands (Bruce, 1985; Cabrido, 1985; PCARRD, 1986; The World 

Bank, 1989; PCARRD, 1991b; Garrity, Kummer and Guiang, 1993). 

Agriculture, logging and grazing are the major human activities in the 

Philippines that contribute to accelerated erosion by reducing vegetative cover. 

The relatively high total rainfall and the frequency of extreme, concentrated 
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rainfall events contribute significantly to erosion in the uplands (Bruce, 1985; 

Garrity, Kummer and Guiang, 1993).  Clean cultivation is the most common soil 

management practice (Garrity, Kummer and Guiang, 1993), especially where 

draft animal power is available (Sajise and Ganapin, 1991). Upland farmers 

traditionally plow up and down the slope (Cabrido, 1985; Doolette and Smyle, 

1990) which may be repeated five to six times in a year (Sajise and Ganapin, 

1991). This practice of plowing greatly increases volumes of runoff and erosion 

(Doolette and Smyle, 1990; Sajise and Ganapin, 1991). 

1.3.2.4 Some Causes of Soil Erosion in the Philippine Uplands 

1.3.2.4.1 Deforestation 

The Philippines is one of the most extensively deforested countries in the 

tropics (Kummer, 1992a).  Deforestation, from a regional perspective, has 

always been referred to as the primary cause of soil erosion in the Philippines 

(Boada, 1988; The World Bank, 1989; Nair, 1990; Kummer, 1992a; Kummer, 

1992b). This is because the land uses that replace primary forest more often 

than not result in much higher rates of erosion than before forest clearance (The 

World Bank, 1989; Nair, 1990).  Deforested land has deteriorated into 

grasslands (over 5 million hectares) mainly dominated by cogon (Imperata 

cylindrica) and bagocboc (Themeda triandra), which are a fire hazard, 

especially during dry spells.  About 1.3 million hectares of these grasslands are 

situated in critical watersheds (Celestino and Elliot, 1986; The World Bank, 

1989). 

The two most cited causes of deforestation in the Philippines are the 

closely related activities of commercial logging and “opportunistic” cultivation 

(Boada, 1988; Kummer, 1992b).  Commercial logging paves the way for ready 

access, and reduces the effort of opportunistic farmers to prepare the site for 

cropping (The World Bank, 1989; Cruz and Gibbs, 1990; PCARRD, 1991b; 

Garrity, Kummer and Guiang, 1993).  These opportunistic farmers are mainly 

composed of lowland migrants (The World Bank, 1989), who use the slash-and-

burn type of agriculture commonly known as “kaingin” farming (Boada, 1988; 

Cruz and Zosa-Feranil, 1988; Kummer, 1992b).  Logging usually has been 
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followed by mainly sedentary small scale agriculture (Kummer, 1992b), making 

it appropriate to use the term opportunistic rather than shifting cultivation. 

1.3.2.4.2 Demographic Pressure 

The Philippines ranks only as the fifty-seventh in terms of land area but is 

the seventeenth most populated country in the world (Cruz and Zosa-Feranil, 

1988). Philippine population was estimated to be 66.1 million people in 1990 

with an annual growth rate of 2.6 percent, the second highest growth rate in 

Southeast Asia (Garrity, Kummer and Guiang, 1993).  This growth rate is 

responsible for putting the country in a position of having the highest population 

density in Southeast Asia next to Singapore (Kummer, 1992a; Garrity, Kummer 

and Guiang, 1993).  By the year 2020, the Philippine population is projected to 

reach around 114 million (Cruz and Zosa-Feranil, 1988).  Rural population 

comprises about 60 per cent of the total population (The World Bank, 1989; 

Lara and Morales, 1990), dropping from 68.2 per cent in 1970, to 62.7 percent 

in 1980, then to 59 per cent in 1987 (Reyes, 1991). 

Of the estimated upland population of 17.8 million people in 1988, 8.5 

million people were living on public forestland (Cruz, Zosa-Feranil and Goce, 

1988). Indigenous groups comprised about 5.95 million people, while the 

remaining were recent lowland migrants.  Indigenous groups have been a part 

of the uplands for some time, and they were able to establish ecologically 

sensitive farming practices that ensured sustainable production of staple foods 

(de la Cruz and Vergara, 1987; Boada, 1988; The World Bank, 1989; Young, 

1989).  However, lowland migrant groups, compelled by poverty to cultivate 

marginal uplands, were often accused of bringing with them inappropriate 

farming practices for the steep upland slopes (Celestino and Elliot, 1986; de la 

Cruz and Vergara, 1987; The World Bank, 1989; Kummer, 1992b; Garrity, 

Kummer and Guiang, 1993).  Indigenous groups, with resource conservation 

built in into their well-organized community structure (de la Cruz and Vergara, 

1987), are credited with greater respect for their land than the lowland migrant 

groups (The World Bank, 1989).  The sustainability of indigenous shifting 

cultivation systems depends on how much the fallow period is reduced to a 

critical level by population pressure (de la Cruz and Vergara, 1987; Boada, 

1988; The World Bank, 1989; Young, 1989).  Population pressure has 
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significantly reduced fallow periods in indigenous farming systems (Kang, 

Reynolds and Atta-Krah, 1984; Cruz and Zosa-Feranil, 1988). Thus, it appears 

that it is the increasing population pressure rather than farming practices that 

have created the apparent difference in sustainability between indigenous and 

the lowland migrant systems (Russel, 1986; The World Bank, 1989). 

As high as about 2.5 million persons per year will be the rate of migration 

from lowlands to the uplands up to the year 2000 (Cruz and Zosa-Feranil, 

1988).  This migration will be expected to result in a population of about 24 to 

26 million people (The World Bank, 1989; Garrity, Kummer and Guiang, 1993) 

with population densities of 160 to 175 persons per square kilometer (The 

World Bank, 1989). By the year 2015, it is projected that upland population 

density will reach as high as 371 persons per square kilometer (Garrity, 

Kummer and Guiang, 1993).  As a consequence, increasing population density 

will mean decreasing available area that can be cultivated per capita thus 

increasing the pressure put on “shrinking” land resources which finally 

encourages further soil degradation.  The rapid rate of population growth in the 

uplands is the combined result of a high birth rate and a rapid rate of net 

migration from the lowlands (Boada, 1988).  It is the failure to provide 

employment and eliminate poverty in the lowlands that has caused this exodus 

to the uplands (Kummer, 1992a). 

The present trend of population growth in the Philippines has caused 

expansion and intensification of farming in the uplands (Hayami et al, 1976; 

Hayami and Ruttan, 1985).  Expanding the area under cultivation or intensifying 

farming activities on existing agricultural land are two ways of meeting the 

increasing food demands of the growing population (Hayami et al, 1976; 

Hayami and Ruttan, 1985).  Expanding the area under cultivation in the uplands 

necessitates encroachment of increasingly steeper, marginal, and hence more 

erodible lands (Garrity, Kummer and Guiang, 1993).  The spread of agriculture 

in the 1970's and the 1980's exceeded the rate of deforestation, meaning that 

land not previously considered arable was brought to agricultural activity 

(Kummer, 1992b).  Intensification of farming activities on existing agricultural 

land has been primarily through reducing fallow periods (Kang, Reynolds and 

Atta-Krah, 1984; Cruz and Zosa-Feranil, 1988), a reason why farmers were 

forced to adopt sedentary rather than shifting cultivation (Kummer, 1992b). 
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Due to increasing population, the average farm size was reduced and 

upland farming became intensified because households expanded and lands 

were subdivided through inheritance (Garrity, Kummer and Guiang, 1993). 

DENR (1992) reported a decrease in the average size of agricultural land per 

capita from 0.29 hectare in 1960 to 0.16 hectare in 1990. Fragmentation of land 

through inheritance often results in land being subdivided into long thin slices 

along the slope encouraging up and down the slope cultivation, which in turn 

encourages soil erosion (El-Swaify, 1993). 

1.3.2.4.3 Poverty 

Due to the primal need to survive, and the absence of alternative sources 

of employment in the lowlands, landless agricultural people are compelled to 

cultivate the highly erodible uplands (Cabrido, 1985; Kummer, 1992a). Poverty 

of the expanding rural population is probably the most important cause of land 

degradation in the uplands (Cabrido, 1985; David, 1988).  In 1975, 60 per cent 

of the total population was living in poverty (Kummer, 1992a), and 75 per cent 

of the rural population lives below the poverty line (Lara and Morales, 1990) 

with average rural income of only 40 per cent of the average income in the 

urban areas (Kummer, 1992a).  Imbalanced patterns of development and 

uneven distribution of wealth are the main causes of poverty.  The country’s 

most persistent economic problem is the uneven distribution of income (DENR, 

1992). 

Soil erosion is not only caused by poverty, it contributes to poverty 

(Cabrido, 1985; David, 1988). Productivity declines and income falls as land is 

degraded, a cycle which is difficult to break without external assistance. 

Apparently, upland farmers lack a conservation ethic (Boada, 1988), a 

characteristic of Asian farmers in general (Napier, Napier and Tucker, 1991). 

1.3.2.4.4 Landlessness 

Landlessness and poverty are interrelated motivating factors in upland 

migration.  Landlessness ranges from 70 per cent (Lara and Morales, 1990) to 

greater than 75 per cent of the population in the rural areas of the Philippines 

with about 50 per cent landless agricultural workers (Kummer, 1992a). 

Landless agricultural workers serve either as tenants, leaseholders or wage 
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earners (Lara and Morales, 1990).  With share cropping as the main form of 

tenure for tenants and leaseholders generally on farms of less than 2 hectares, 

about one third to three quarters of production go to the landlord, which 

imposes severe economic stress on the former (Celestino and Elliot, 1986). 

The main hindrance to investment in long term soil conservation 

measure is the lack of secure land tenure (Celestino, 1985; Kim and Dixon, 

1986; Sanders, 1988b; The World Bank, 1989; Anderson and Thampapillai, 

1990; Nair, 1990).  Improving the security of land tenure is an essential 

precondition for soil conservation because of the long term nature of the 

investment (Cruz, Francisco and Conway, 1988a; Cruz, Francisco and Conway, 

1988b; Londhe et al, 1989; Anderson and Thampapillai, 1990). Because of 

insecurity in land tenure, upland farmers are not motivated to plan beyond the 

current crop (Cruz, Francisco and Conway, 1988a; Cruz, Francisco and 

Conway, 1988b; Anderson and Thampapillai, 1990), and they tend to maximize 

short term production (Sfeir-Younis and Dragun, 1993).  Lack of security of land 

tenure was the primary cause of poor access to credit by upland farmers (The 

World Bank, 1989).  This leads to fragmentation of farmland and increase 

landlessness since farmers turn to usurious credit schemes (Anderson and 

Thampapillai, 1990). Credit may be essential for subsistence farmers to 

withdraw resources from food production to implement soil conservation 

measures (Kim and Dixon, 1986; The World Bank, 1989; Barbier, 1990). 

Long bureaucratic delays in classifying land as forestland or alienable 

and disposable (Boada, 1988) has encouraged speculative conversion of 

forestland to agricultural land in an attempt to have it released as alienable and 

disposable (Boada, 1988; Kummer, 1992a).  These bureaucratic delays is an 

example of political uncertainty over the security of legal land tenure, and 

insecurity over the legal ownership of the land serve as the two sources of 

insecurity over land tenure (Sfeir-Younis and Dragun, 1993). Upland farmers 

have viewed reforestation of most of the steeplands that are officially classified 

as public forestlands, as a threat since it reinforces the claim to the land by the 

government (The World Bank, 1989).  Making legal title of uplands declared as 

public forestland became an impossibility, and until 1975, cultivating such 

forestland was a criminal offence (Boada, 1988). Deforestation and 

degradation through commercial logging resulted from insecurity of property 

rights over forestlands. 
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1.3.2.4.5 Failure of Agrarian Reform Program 

Ownership of agricultural land in the Philippines is concentrated mostly 

on haciendas established by the Spaniards in central and southern Luzon 

during the Spanish era  (Lara and Morales,1990).  The Department of Agrarian 

Reform estimated that around 80% of all private lands are owned by only 20% 

of the population (DAR, 1987 as cited in Lara and Morales, 1990). The 

expansion of commercial scale agriculture in the lowlands in the form of 

banana, pineapple and sugarcane plantations pushes poorer farmers onto the 

marginal uplands (Garrity, Kummer and Guiang, 1993).  Such upland migration 

further reduced farm sizes already under pressure from a growing population, 

and further promoted land degradation in the uplands (Garrity, Kummer and 

Guiang, 1993). 

The lack of political will and institutional failure caused the decline of 

agrarian reform program in the Philippines (Dorner and Thiesenhusen, 1990). 

Agrarian reform program further tightened the control of agricultural production 

by the political influence of the landed elite (Goodell, 1987; Lara and Morales, 

1990). Lara and Morales (1990) claimed that agrarian reform programs have 

tended to serve as policy instruments for managing civil unrest and advancing 

the State’s counter-insurgency objectives.  Landed elites have managed to limit 

the scope of agrarian reform to grain crops on the argument that interfering with 

large commercial scale plantations would reduce foreign exchange earnings 

(Quisumbing, 1988).  Bureaucratic delays render ineffective the government’s 

limited attempts at agrarian reform (Garrity, Kummer and Guiang, 1993). 

Centralized strategies of development adopted by both the government 

(Goodell, 1987) and international organization like the World Bank (Goodell, 

1987; Wood, 1993) reinforce elite control over the landless. Consequently, land 

degradation in the uplands has been identified as an important destabilizing 

factor in the peace and security of the country (Sajise and Ganapin, 1991). 

1.3.2.4.6 Mismanagement of Upland Resource 

Government’s incapability of managing the resource has institutionalized 

the destruction of the environment in the uplands (Kummer, 1984; Boada, 1988; 

David, 1988).  The Department of Environment and Natural Resources (DENR) 
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became in charge of around half of the country’s land area when the 

government adopted the “18% slope rule” to include the uplands in the public 

domain (David, 1988). David (1988) enumerated eight government 

departments and statutory authorities with overlapping and potentially 

conflicting responsibilities for upland management.  Weak administrative 

capability, poor coordination among involved agencies, and lack of resources 

(e.g., limited budgets and chronic staff shortages) hamper interagency 

cooperation, and the accountability of government efforts is compromised by 

the absence of monitoring and evaluation mechanism for upland development 

programs (Cabrido, 1985; Boada, 1988; David, 1988). 

Because of the government’s incapability in managing upland’s 

resources, no assurance to the benefits of implementing long-term conservation 

measures can be provided to upland farmers and loggers.  Hence, most 

participants involved in upland development accept that the process as 

uncontrolled, and view upland resources as available on a first come, first 

served basis (Kummer, 1984).  Governments attempts at conservation have 

been marred by political insecurity and widespread cynicism caused by rural 

poverty and the perceived insensitivity of the government towards uplanders 

(David, 1988). 

1.4 Aims of the Study 

The objectives of this study are the following: 

1) To investigate the effect of local farming practices on soil erosion 

particularly at steep slopes; 

Statistical analyses, specifically the analysis of variance (ANOVA) and 

multiple comparison of means (if need arises) will be used to examine the effect 

of adopted treatments (which included farmer’s practice) on various parameters. 

These parameters will include those related to runoff, surface contact cover, rill 

characteristics, average sediment concentration and total soil loss measured in 

the study.  Chapter 4 (General Features of the In-Situ Collected Data) will 

provide an initial review of the results, while Chapters 5 (Statistical Analysis of 

Data) and 9 (Effect of Treatments on the Average Sediment Concentration c ) 

will provide an analysis of the field data. The effect of farmer’s local practices 
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like cultivation and weeding in the variation of the erodibility parameter β will be 

investigated in Chapter 7 (Analysis of the Erodibility Factor β). 

2) To study the hydrology and soil erosion processes in steep slope 

conditions in a humid tropical climate; 

In Chapter 4, initial ideas concerning the hydrology of the steep slope 

experimental area will be developed and further investigated in Chapter 8 

(Surface Hydrology and Infiltration).  Investigation of relationships that may exist 

between surface contact cover and sediment concentration on steep slopes, is 

a topic dealt with in Chapter 9. Multiple regression analysis (after correlation 

analysis) will be carried out in order to identify the regressors for the dependent 

variables average sediment concentration and total soil loss (Chapter 5 

Statistical Analysis of Data). Interpretation of collected field data in terms of a 

defined erodibility parameter β (Chapter 7-Analysis of the Erodibility Factor β) 

will provide an insight on the hydrology and soil erosion processes occurring in 

steep slopes. 

3) To apply and determine the limitations of a physical process-oriented 

sediment transport model for water-induced soil erosion model (Griffith 

University Erosion System Template, GUEST) when it is applied to data 

obtained on a site with very permeable soil under very high rainfall conditions. 

Earlier versions of GUEST developed during research will be compared 

with results obtained with a finally adopted version.  This comparison will be 

carried out in Chapters 6 (Analysis of Soil Loss Using a Physical-Process 

Oriented Water-Induced Soil Erosion Model) and 7.  In chapter 7 with β as one 

of the regressors, statistical models for average sediment concentration and 

total soil loss will be identified using multiple regression analysis. 



Chapter 2  Soil Erosion and Conservation Research 

2.1 History of Soil Conservation Research 

Modern soil conservation research, as we know it today has only started 

at the later part of the 18th century.  Ewold Wollny, a German soil scientist, 

some time between 1877 and 1895 was perhaps the first to do initiatory 

scientific investigations of soil erosion (Wollny, 1890).  In his experiments, he 

used small plots to measure the effects of such factors as vegetation and 

surface mulches in intercepting rainfall and on decline of soil structure. The 

effects of slope and soil type on runoff and soil erosion were also investigated. 

However, as early as 1700, a certain Jared Eliot from Connecticut, U. S. A., 

published some soil conservation practices (e.g., “planting clover and grass, 

spreading manure, and plowing in a way to reduce erosion”) and his other 

observations: the first of the published works in soil conservation (Eliot, 1760). 

Only in 1907 when the United States Department of Agriculture (USDA) 

declared an official policy of land protection, did soil scientists start to closely 

investigate the processes of soil erosion.  However, it was only in the later 

period of the 1930's that practical application of the modern-day soil 

conservation was started on a grand scale.  During this period, 20% of arable 

land in the United States was seriously damaged by soil erosion because of the 

earlier and ill-considered decision by the European settlers unaccustomed to 

such semi-arid conditions to plough and farm the Great Plains (Roose, 1996). 

These early European settlers equipped with farming experience from the more 

temperate regions of low intensity rainfall, favorable for maintaining organic 

matter, had caused severe soil damage in a shorter time than the American 

Indian natives (Beasley, 1972; Carter and Dale, 1974).  The availability of more 

lands and equipment to cultivate them caused such complacency towards soil 

preservation (Miller, Rasmussen and Meyer, 1985).  The famous 'Dust Bowl' 

era when dust clouds darkened the sky at noon, triggered big programs on soil 

conservation implemented by the USDA Soil Conservation Service (SCS), 

created by Hugh Hammond Bennett (Sanders, 1992).  The USDA-SCS of 

Bennett had started with “about ten field stations to measure runoff and 
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sediment load” (Roose, 1996).  However, in 1986, even “after 50 years of 

massive investment in human resources and funding” to the USDA-SCS 

activities, Lovejoy and Napier (1986) observed, “25% of agricultural land were 

still losing over 12 t/ha/yr, the recognized tolerance limit for deep soils” (Roose, 

1996). 

Measurements of runoff and soil erosion were initiated in 1915, by the 

U.S. Forest Service at Utah; and two years later, Professor M. F. Miller of the 

Soil Department at the University of Missouri, pioneered the use of experimental 

plots in the U. S. A., to measure “runoff and erosion as affected by different 

farm crops” and rotations (Smith, 1958).  The results of such field plot 

experiments were first published in 1923.  Upon the allotment of funds by the U. 

S. Congress for soil erosion research, H. H. Bennett and L. A. Jones of the U. 

S. Department of Agriculture established ten federal state-funded experimental 

stations to measure and study soil erosion in the critically affected areas of the 

U. S. during the period 1928-1933 (Smith, 1958).  By the following decade, 

there were forty-four stations already in operation, which studied “mechanical 

erosion control and runoff from small catchments” (Hudson, 1981).  The results 

of this early work were, of necessity, qualitative in nature, “limited to applied 

research, in which problems were studied under field conditions; and, although 

it had been apparent from the earliest days of Wollny’s work that the prevention 

of splash erosion was of vital importance, there was no coordinated research 

involving an analytical study of the processes of erosion” (Hudson, 1981). 

However, a basic understanding of most of the factors affecting erosion was 

developed during this period (Ayres, 1936).  Baver, Borst, Woodburn and 

Musgrave pioneered in the analytical investigations of processes in soil erosion 

sometime in the 1930’s (Hudson, 1981).  Observation plots ranged in size from 

2 to 7 m in width and from about 10 to 200 m in length.  The adopted “standard” 

runoff plot (i.e., “USLE unit plot”) measured 40.5 m2 (i.e, 0.01 acre) that is about 

22.13 m long by 1.83 m wide, on a uniform lengthwise, tilled up-and-down slope 

of 9% (to prevent growth of weeds and to break the crust) under continuous 

fallow for at least two years (Foster, 1982b).  Farming operations were done 

either manually or with field equipment and carried out in either up-and-down 

slope or on the contour. Variations of the factors thought to affect soil erosion 

were studied in these “standard” runoff plots.  Only a few runoff plots measured 

runoff rate with data on total runoff being commonly collected. Rainfall, snow, 
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maximum and minimum temperatures were the common meteorological 

parameters measured by recording instruments (Smith, 1958). 

A series of two tanks designed to catch runoff was used to measure soil 

loss.  The first tank was enough to catch the entire runoff from a small storm 

while for a large storm, the second tank (with the first tank already filled) “caught 

the flow that passed through a slot of a multi-slot divisor” (Mutchler, 1963). 

Mutchler (1963) presented description and design details of the two-tank 

system with the multi-slot divisor.  Sometimes, watersheds varying in size up to 

about 4 ha were included in the studies. Parshall flumes and Ramser silt 

samplers were used to measure runoff and soil loss, respectively, from small 

watersheds (Moldenhauer and Foster, 1980). 

For each storm event, all the runoff and eroded soil materials are 

collected by concrete basins, while in-between storms, these basins were 

emptied into barrels.  To reduce the runoff sample to a manageable size, the 

runoff was split using square-notch divisors.  These divisors were installed in 

tandem, thus subdividing the runoff flow twice to provide a runoff sample about 

1/144th of the total runoff.  To determine sediment concentration of the runoff, a 

number of samples were obtained, while the heavy soil material that collect at 

the bottom of the concrete basins was drawn off and sampled separately.  The 

soil sediments were analyzed for chemical properties.  For sampling purpose, 

the runoff plots were replicated but no measurement of runoff or soil losses was 

made from any of these replicated runoff plots (Moldenhauer and Foster, 1980). 

From 1928 to 1953 was the period when there was a very intensive 

“collection and tabulation of soil loss and runoff data” (Moldenhauer and Foster, 

1980).  The economic depression (Great Depression) of the 1930's in the U.S. 

gave a supply of excess labor that made it possible to provide abundant 

manpower for their soil conservation research stations throughout the country. 

At least 23 states (42 stations) in the U.S. were involved in the collection of data 

from erosion plots within a period from 5 to 30 years (Chisci, 1981).  This 

situation made it possible in the end to amass a large research database of 

about 40,000 plot years which, when combined, represented data of over 

10,000 years of record collected from natural runoff plots and plots under 

artificial rainfall simulators (Meyer, 1988; Roose, 1996). Since then attempts 

were made to develop predictive model to estimate soil erosion.  There was 

limited progress (initially) in the interpretation of data, and in attempts to use the 
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findings in planning erosion control systems.  The first empirical equation for 

estimating soil erosion was presented by Baver (1933) which incorporated ease 

of dispersion, absorption, soil permeability and size of soil particles.  Later, 

Baver’s model was followed by Zingg’s equation, which related sheet and rill 

erosion with slope length and slope degree raised to a power (Zingg, 1940). 

The important role of raindrop impact in soil erosion process was realized when 

Laws (1940) made the first detailed studies on natural rainfall and when Ellison 

(1947) presented the first analysis of the “mechanical action of raindrops on the 

soil”.  Although raindrop splash is an important factor in the soil erosion process 

but not the most important one, “the cutting and the abrasive effect of runoff 

from rains and the melting of snow are of far more importance than raindrop 

splash, which makes its principal contribution by hurling soil particles into 

suspension in the runoff” (Bennett, Bell and Robinson, 1951).  Horton (1945) 

and Ellison (1947) afterward, presented equations for sheet erosion. A study 

committee led by Musgrave (1947) developed a parametric equation which 

incorporated a climatic factor based on maximum 30-min rainfall total with a 

two-year return period later changed to a rainfall erosivity index, was the 

precursor of the Universal Soil Loss Equation (USLE).  The parametric equation 

included most variables affecting soil erosion, namely: rainfall erosivity, soil 

erodibility, vegetation cover factor, steepness and slope length (Smith and 

Whitt, 1947). Factor relationships developed by Smith (1941) and Browning, 

Parish and Glass (1947), were the forerunners of similar relationships in the 

USLE. However, when Smith and Whitt (1948) presented the “rational” 

equation to approximate soil loss from the modified Zingg’s equation which 

further incorporated climatic, cropping and management factors including 

Smith’s (1941) earlier work which considered supporting practice factor, the 

work formed the basis for the USLE developed by Wischmeier and Smith (1965; 

1978) (Lane et al, 2000). 

As a result of extensive field experiments done in the Midwestern region 

of the U.S., particularly covering uniformly the area in the cropland east of the 

Rocky Mountains (Meyer, 1982; Foster, 1982a), data which included 

approximately 65,000 individual storms, about more than 12,000 plot-years 

(composing of more than 10,000 plot-years data collected from natural runoff 

plots and equivalent of about 1,000 to 2,000 plot-years of data generated from 

field runoff plots using artificial rainfall simulators) “and 2,500 watershed years 
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of runoff data, and nearly as many soil loss records” were collected 

(Wischmeier, 1955).  In 1954, these data collected from 36 or more field 

locations (in about 21 states) (Mitchell and Bubenzer, 1980) in summarized and 

combined format were submitted to a laboratory established at Lafayette, 

Indiana and encoded on punched cards for computer analysis which then “was 

a new erosion research technique”.  On the basis of this huge amount of 

collected data, W. H. Wischmeier, D. D. Smith and other researchers from the 

USDA Agricultural Research Service (ARS), SCS and the National Runoff and 

Soil Loss Data Center at Purdue University introduced revision to the 

Musgrave’s factorial equation predicting soil erosion, and developed another 

simple parametric equation that became known as the USLE (Wischmeier and 

Smith, 1958, 1965).  Availability of “more recent data from runoff plots, rainfall 

simulation and field experience” paved way for further refinement of this 

equation (Wischmeier and Smith, 1978).  The USLE, a factor-based equation, 

defined the controlling factors more precisely than its predecessor. These 

factors are expected to approximate the soil erosion process, with each factor 

quantifying “one or more processes and their interactions” (Laflen, Lane and 

Foster, 1991a). The purpose for the development of the USLE model was to 

collect in situ data on all variables that could affect soil erosion, and to make 

use of statistical analyses for the multivariate regression equation.  USLE was 

intended as a “design tool for conservation planning” but due to its simple 

structure, the model was being considered as a “research technique” (Morgan 

and Davidson, 1986). 

The original database from which the USLE was developed came from a 

rather narrow and limited ecological range.  However, USLE had “greatly 

enhanced the usefulness of the original database” (Lal, 1990).  The extensive 

database was restricted to cultivated soils with slopes up to 7° and low 

montmorillonite content (Morgan and Davidson, 1986).  Erosion plots used to 

develop the empirical relationships were of agricultural soils i.e., cropland, with 

medium texture situated on slopes ranging from 0.5% to 25% (Murphree and 

Mutchler, 1981; Foster, 1982a) and slope length ranging from 11m to 180m 

(Foster, 1982a). Reliable estimates on the amount of soil erosion will be 

expected under closely similar conditions from which the empirical relationships 

had been derived (McIsaac, Mitchell and Hirschi, 1987).  Due to such 

limitations, all the variables involved in the model were standardized and 
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consequently, potential applications and limitations of USLE were evaluated 

(Wischmeier and Smith, 1978; Mitchell and Bubenzer, 1980). 

According to Wischmeier (1976), USLE was specifically designed to do 

the following: 

i) Estimate the long-term mean annual soil loss from a field of given 

slope gradient subject to specific land use and management; 

ii) Aid in the selection of appropriate “cropping and management 

systems, and conservation practices” for given soil type and slope steepness; 

iii) Provide information on change in the amount of soil loss resulting 

from varying cropping and/or management systems or conservation practices in 

a given field; 

iv) Guide in the identification of alternative conservation practices (e.g., 

contouring, terracing or strip cropping) to be combined with cropping system to 

permit more intense cultivation; 

v) Provide information on estimated soil loss resulting from any adopted 

soil conservation practice as guide for soil conservationist; and 

vi) Predict amount of soil loss that would result from using any field for 

other than agricultural purpose like construction sites, rangelands and 

woodlands, and for recreational sites. 

The concept of “rill” and “interrill” erosion as known today, can be traced 

back as early as 1917 when scientist then divided into two major components 

erosion caused by flowing water, namely “sheet washing” and “gullying” 

(Lehmann, 1917). References to these types of erosion could still be found 

even as late as 1932, (Jones, 1932).  Only within the last 30 years, that 

detachment and transportation by flowing water and by raindrop impact was 

known as “rill” and “interrill” erosion, respectively (Foster and Meyer, 1975). By 

about 1960, when computer technology was introduced, these components 

were treated separately (Liebenow et al, 1990). 

USLE can be used in non-uniform areas due to slope, soil and cover 

management where there is absence of deposition (Foster and Wischmeier, 

1974).  Other than for the previously enumerated uses of USLE, the model will 

be expected to provide erroneous results.  Extending the use of USLE through 

extrapolations beyond the original purpose or in locations where factor values 

are not yet available is not recommended (Mitchell and Bubenzer, 1980). 

Relationships developed from empirical model must not be applied outside the 
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domain of the database from which such relationships were derived (Lane et al, 

2000). According to Roose (1996), “one must avoid trying to derive more from 

the model than the initial hypotheses permit - and, above all, more than the 

authors actually incorporated in their empirical model”.  When applied to 

agricultural lands in the USA, within the bounds of conditions from which the 

model was originally designed, USLE was able to predict the average annual 

soil loss to accuracy of ± 0.5 kg/m2 at 84% of the time (Wischmeier and Smith, 

1978). 

Misuses of USLE include the following (Wischmeier, 1976): 

i) Application of USLE in geographic areas where there is lack or 

absence of basic information (like rainfall erosivity, soil erodibility, cropping 

management and conservation practices) needed in the application of the 

model or such information cannot be estimated from existing data; 

ii) Use of mean slope length and doing other disallowed adjustments to 

quantify soil erosion from complex watersheds; and 

iii) Approximating soil erosion per rain event or on a unit storm basis. 

Since the USLE was designed for interrill (i.e., land area between runoff 

channels) and rill (i.e., small erodible channel where runoff from the soil surface 

concentrates) erosion in the absence of deposition, the model should neither be 

utilized to provide an amount of sediment yield of drainage basins, nor predict 

ephemeral gully, stream-bank or channel erosion, or estimate on-site deposition 

or erosion by concentrated flow.  The absence of a sediment delivery ratio in 

USLE (instead lumping detachment and transport processes together) will not 

allow estimation of hillslope-erosion contribution to basin sediment yield. Since 

USLE is unable to provide the required information on sizes, densities, surface 

area and other soil sediment characteristics, the model can not estimate 

potential deposition, adsorption and transport of chemicals by soil sediment 

(Wischmeier, 1976; Foster, 1979; Chisci, 1981).  In addition, estimate on soil 

sediment concentration in the runoff cannot be provided by USLE. USLE 

should not be used beyond the range of conditions from which the values of the 

factors have been determined, in extremes of events and in other localities 

(Morgan and Davidson, 1986; Foster, 1988). 

The objectives in which the USLE was originally intended are reflections 

of its inherent limitations.  Values of parameters from empirical models are site-

specific and may be valid in some limited number of areas.  The validity of any 
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empirical relationship is confined within the range of the properties or 

characteristics of the database from which the relationship was developed or 

under similar situations or conditions (Holý, 1980; Mitchell and Bubenzer, 1980). 

USLE is not always applicable even within the limits of the original 

environmental conditions from which this soil erosion model was derived.  As an 

empirical model, USLE is deficient of rigorous conceptual basis.  As a factor-

product form of statistical equation, the USLE cannot be subjected to 

dimensional analysis.  It involves non-homogeneous factors like rainfall, soil and 

vegetation, which according to some investigators cannot just be multiplied 

(e.g., erosive runoff being generated from the difference between a given 

rainfall and soil infiltration capacity does not conceptually allow simple 

multiplication of rainfall and soil factors) (Kirkby, 1980).  USLE model is based 

on correlations limited to the original database obtained from a specific range of 

soil types. As a soil loss equation, the USLE has no capability of estimating 

deposition particularly along non-uniform slopes.  It ignores soil erosion 

occurring in gully, stream bank or steeplands in excess of 20% slope, instead 

combined interrill and rill erosion.  Morgan (1983) argued that factors like rainfall 

erosivity (Ru) and soil erodibility are interdependent; that factors are double 

counted (e.g., rainfall and terracing influence the Ru and Cu factors, and the L 

and P factors, respectively); interaction of factors, like the notable effect of slope 

gradient to soil loss in areas of intense rainfall, are ignored; that the derived 

rainfall erosion index from investigations of raindrop size-distributions is limited 

in application; and, that the effect of the important factor runoff, to soil loss is not 

considered, thus reducing the capability of the model to evaluate practices that 

greatly reduce runoff.  Because of the rigid structure of USLE, it cannot fit the 

fundamental concept of the effect of slope steepness on soil erosion as 

presented in the classic experiment of Meyer and Harmon (1985). 

Consequently, USLE “does not work well for ridge-tillage systems, contouring, 

and such practices as stripcropping that deposit sediment on the landscape” 

(Foster, 1991).  The USLE is capable of estimating the mean annual soil loss 

over a long period. As initially developed, the equation cannot predict soil 

losses on storm event (or individual storm) basis (Wischmeier and Smith, 1978). 

Being an empirical equation, the USLE can not represent the basic erosion 

processes and their interactions (Renard et al, 1991), and can not segregate 

factors influencing soil erosion “such as plant growth, decomposition, infiltration, 
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runoff, soil detachment, or sediment transport” (Weltz, Kidwell and Fox, 1998). 

With a narrow database, it would only be by chance that the control variables of 

USLE could be valid for ecological regions different from where it was derived 

originally.  USLE does “not sufficiently meet the demands of modern 

applications of erosion prediction technology” (e.g., USLE cannot explain “great 

variation in experimental data” because the nature of the model cannot 

“represent experimental trends”) (Foster and Lane, 1987). 

Roose (1996) enumerated the following intrinsic limitations of the USLE 

model: 

i) The application of the model is limited only to sheet erosion because of 

the assumed source of erosive energy is the rain; 

ii) It is limited only to plain and slopes ranging from 1% to 20% and 

excludes slopes greater than 40% where the erosive effect of runoff will be 

expected to be greater than that of the rain; 

iii) The model used relationship between rainfall intensity and kinetic 

energy applicable only to the Great Plains of U. S. A. “and not to mountainous 

regions”; 

iv) It is applicable only for more than 20 years average data and cannot 

be used for individual storms; and 

v) The model ignored “certain interactions between factors in order to 

distinguish more easily the individual effect of each” (e.g., effect of slope cum 

plant cover on soil erosion, “effect of soil type on the effect of slope”). 

The modeling concept in which USLE was based reflected in particular 

the soil erosion mental model illustrated by the work of Ellison (1952) which in 

the words of Rose (1993) can be described as: “raindrops detach soil and 

overland flow simply transports this previously removed sediment over the soil 

surface”.  The significant role played by raindrops in soil erosion from this 

conceptual model necessitated the monitoring of rainfall rate rather than the 

runoff rate, which was later, found to have a similar if not a more important role. 

Rose (1993) also added that restricting the instrumentation to the measurement 

of rainfall rate was due more to the conceptual model on which USLE was 

inherently based “than the technical difficulty of measuring rate of runoff”.  In 

fact, there were a limited number of observation plots where instruments were 

installed to measure runoff rate (Moldenhauer and Foster, 1980). 
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Being based in part on statistical methods, the USLE provided an 

effective summary (and only that) of experimentally derived data, and 

introduced a certain degree of order to the substantial body of data about the 

system of interest (Rose, 1993).  The USLE also drew conclusions from and 

summarized its extensive database, thus greatly increasing the latter’s 

usefulness (Rose, 1985).  This empirical type of model has some serious 

limitations though, such as: i) non-applicability outside the conditions under 

which the data are collected; ii) requires a considerable research effort; and iii) 

the obtained parameters cannot be assumed to apply in areas different from 

those in which the data were collected (Foster, 1982b; Rose, 1985; Proffitt, 

1989).  The effects of local factors are to be considered in the modifications 

when adopting an empirical model under unlike conditions from which the 

model was originally developed (Holý, 1980).  The methodology used in the 

derivation of USLE is not practically useful in semi-arid areas because of the 

characteristic large and infrequent storms in this region, a situation that 

necessitates long time experimentation (Edwards, 1987).  Semi arid areas 

characterized principally by highly variable and erosive storm events need 

erosion estimates by individual storms to have accurate values of average 

annual soil loss (Foster, 1988).  Adoption of the USLE methodology into a new 

environment needs major investment of resources and time to develop the 

database required to operate the model (Nearing, Lane and Lopes, 1994). 

According to Foster (1988) due to variability in climatic conditions, “at least 10 

years of data be collected under the best of conditions to obtain an accurate 

measure of average annual erosion”. 

Rose (1993) summarized these observations on the USLE as a proven 

very useful methodology of condensing a massive amount of database 

collected in one place over a period of so many years.  However, in areas with 

annual soil loss that varies so much (e.g., in semi-arid regions), measurements 

need to be conducted for some time thus making the methodology infeasible for 

such type of environment.  In addition, since it has been recognized that runoff 

rate has significant effect on soil erosion, the USLE must incorporate whatever 

correlation there may exists between runoff rate and rainfall characteristics at 

the experimental site. 

Through the years, as the limitations of the USLE became evident, 

modifications and improvements were made to USLE, ranging from the 
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introduction of new erosion indices (Fournier, 1956; Fournier and Henin, 1959; 

Wischmeier, 1962; Low, 1967; Charreau, 1969; Elwell and Stocking, 1973; 

Galabert and Millogo, 1973; Ahmad and Brechner, 1974; Ateshian, 1974; Elwell 

and Stocking, 1975; Wischmeier, 1975; C.T.F.T., 1974; Lal, 1976b; Stocking 

and Elwell, 1976; Arnoldus, 1977a, b; Roose, 1977a, b; Stocking, 1977; FAO, 

1979a; Arnoldus, 1980; Bergsma, 1980; Bolline et al, 1980; Guartsma, Paez 

and Rodriguez, 1981; Hudson, 1981; Armon, 1984; Jamal, Mokhtaruddin and 

Sulaiman, 1984; Srikhajon et al, 1984; Utomo and Mahmud, 1984; Bolline, 

1985; El-Swaify et al, 1985; Mutchler and Murphree, 1985; Onchev, 1985), to 

introducing changes in the USLE to perform objectives other than what the 

model was initially designed to carry out.  Examples of this are using it on a 

storm event basis (Foster, Meyer and Onstad, 1977a, b; Foster, 1982b; Foster 

et al, 1983; Chisci, Sfalanga and Torri, 1985; Laflen Foster and Onstad, 1985), 

and extending its use to a watershed (Foster, Meyer and Onstad, 1973; Renard, 

Simanton and Osborn, 1974; ASCE, 1975; Onstad and Foster, 1975; Williams, 

1975; Williams and Berndt, 1976; Van Vuuren, 1982; Cooley and Williams, 

1985) with this modified USLE being called MUSLE (Modified USLE).  In 

MUSLE, the Ru factor was replaced with a runoff erosivity factor, and it included 

experience from experiments in the rangelands in semi-arid regions of the 

south-eastern United States (Renard, Simanton and Osborn, 1974), forest lands 

(Wischmeier, 1975; Dissmayer and Foster, 1980; Dissmayer and Foster, 1981; 

Dissmayer and Foster, 1985), and on flatlands with slope of less than 3% 

(Mutchler and Murphree, 1981). The revised form of USLE- the RUSLE 

(Revised USLE) (Renard et al, 1997), tabulated the effect of slopes up to 60%, 

and the important Cu-factor is broken up into subfactors (which consider “prior 

land use, crop canopy, surface cover and surface roughness”), although 

retaining the basic structure and limitations of its predecessor (Renard et al, 

1994). Also, RUSLE incorporated a soil erodibility K that varies according to 

season, slope length and slope steepness (LSu) products for slopes of variable 

shapes, slope length L factor varying with the susceptibility of the soil to rill 

erosion, reduced computed values for soil loss in very steep slopes due to 

“nearly linear slope steepness relationship”, and inclusion of “improved factor 

values for the effects of contouring, terracing, stripcropping and management 

practices for rangelands” and subsurface drainage (Renard et al, 1991). The 

lack of resources in most countries outside the USA to provide the widespread 
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and sustained experimentation required by the empirically based USLE 

methodology (or its revisions) posed the question of possible alternatives 

(Ciesiolka and Coughlan, 1995). 

A number of erosion prediction models made use of some aspects of the 

USLE such as EPIC (Erosion Productivity Impact Calculator) of Williams, Dyke 

and Jones (1982) (Williams, Renard and Dyke, 1983; Williams, Jones and 

Dyke, 1984) which used a modified USLE developed by Onstad and Foster 

(1975).  In addition, AGNPS (Agricultural Non-Point Source) of Young et al 

(1989) used USLE with a slope shape adjustment factor.  ANSWERS (Areal 

Non-point Source Watershed Environment Simulation) of Beasley (1977) made 

use of the continuity equation of Foster and Meyer (1972a) and values of Cu 

and K determined for the USLE.  CREAMS (Chemicals, Runoff and Erosion 

from Agricultural Management Systems) of Foster et al (1980) was a process-

and event-based model that uses USLE soil erodibility values, “crop-storage-

soil-loss ratios” (Foster, Lane and Nowlin, 1980 as cited by Nearing et al, 1989) 

and other readily available parameter data sets in order to avoid a calibration 

requirement (USDA, 1980; Foster, 1982b). 

Understanding the fundamental mechanics of erosion processes and 

interrelationships has improved greatly since USLE had been conceived which 

apparently revealed the inherent limitations of the technology. The significant 

amount of effort needed when the USLE has to be applied to new crops and 

management techniques, and its unsatisfactory performance when applied to 

situations different from those in which it was developed are major limitations of 

this factor-based equation used in erosion prediction (Laflen, Lane and Foster, 

1991a).  Discrepancies between what had been actually measured and the 

predicted soil loss by the USLE were inevitable since “it was not an objective of 

the USLE to develop a model of soil erosion which incorporated the processes 

involved, nor were physical principles used to develop a model of the combined 

processes believed to be involved” (Rose, 1993). 

A workshop of soil erosion scientists in Lafayette, Indiana in 1985 had 

came out with a realization that there existed an ability, “with some well-targeted 

research, to develop a new generation of erosion prediction technology” based 

on the contemporary understanding of erosion processes  (Laflen, Lane and 

Foster, 1991a).  Such technology could be applied in similar ways (in both level 

and uses) as USLE technology. As a follow-up of the workshop, the USDA 
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instituted a 10-year research and development program aimed to replace the 

USLE with the current improved erosion prediction technology.  Thus, the Water 

Erosion Prediction Project (WEPP) was envisaged in 1986 by four U.S. federal 

agencies: the ARS, the SCS, the USDA-Forest Service and the U.S. 

Department of Interior-Bureau of Land Management (BLM).  This model was 

designed to serve as the primary means of predicting soil erosion by the SCS 

(Foster and Lane, 1987; Foster, 1990).  WEPP has the purpose “to develop 

new generation water erosion prediction technology for use by …organizations 

involved in soil and water conservation and environmental planning and 

assessment” (Foster and Lane, 1987).  According to Nearing et al (1989), the 

physical process oriented model resulting from WEPP is “a process based 

erosion model used with a process-based hydrology model, a daily water 

balance model, a plant growth and residue decomposition model, a climate 

generator, and a soil consolidation model” lumped into one, “constitutes a very 

powerful tool for estimating soil loss and selecting agricultural management 

practices for soil conservation”. 

2.2 Review of Literature on the Effect of Slope and Slope Length on Erosion 

Since this particular study focused on water induced soil erosion on 

steep slopes ranging from 50% to 70%, a review of past investigations on the 

effect of slope gradient and slope length on soil loss will be in order. 

2.2.1 Introduction 

Most research activities on soil erosion and its control have been done 

on relatively flat to undulating or rolling lands. Traditionally, steeplands (which 

normally refer to land slopes above 20% although, there has been no accepted 

universal definition) have been considered marginal for arable land use, a prime 

reason why research on these lands has been neglected.  Other investigators 

like McDonald et al (1984) and, Liu and Tang (1987) consider slope gradient of 

30% as the lower limit for land to be considered of “steep” slope.  Liu, Nearing 

and Risse (1994) reported that there is a limited data available for evaluating 

the effect of slope steepness on soil loss at slope gradient greater than 25%. 

Thus, expectedly, there is also limited research data available to facilitate 

planning for effective resource management strategies or to develop 
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sustainable land use systems for such lands. However, such situation does not 

imply that steeplands are not being used or cultivated.  Mainly due to the 

pressure caused by high human and animal populations, some countries have 

no choice but to expand their land bases to include steeplands primarily for food 

production (Lal, 1990). 

Slope steepness is considered a land quality (either a qualitative or a 

quantitative criteria in land suitability classification) as far as accessibility, 

resistance to erosion, flooding hazard and farm mechanization potential are 

concerned (El-Swaify, Garnier and Lo, 1987).  The major available information 

and technology for predicting and controlling water-caused surface soil erosion 

were derived from and designed for conventional (gently sloping) croplands; the 

vast majority of data for steep slopes are just mere extrapolations.  An excellent 

review of basic research on soil erosion processes still lacking on steeplands is 

given by Lal (1987b). 

The availability of data on the effect of slope gradient and slope length on 

soil erosion in situ is essentially absent on slopes above 16%, an 

understandable situation since lands in Western societies have been seldom 

cultivated on such slopes (McCool et al, 1993). Research observation plots 

with accompanying instrumentation that would be costly to establish and 

maintain, the remoteness that could add to the difficulty in ascertaining the 

quality of the obtained data, inaccessibility and extremely variable landscapes 

and natural events are but some of the major limitations in conducting scientific 

investigations in the steeplands. In any case the lack of reliable data to test the 

existence of possible working processes/mechanisms poses a substantial 

obstacle to defining effective conservation practices for the distinctive, diverse 

and harsh topographic characteristic that prevail in steeplands.  Although 

qualitative investigations are often useful, they are limited in providing sufficient 

data to establish predictive models. 

2.2.2 Slope Gradient Effect on Soil Loss 

In general, statistical models used to describe the effect of slope gradient 

(expressed in either percent slope or sine of the slope angle) to soil loss caused 

by rainfall and runoff on steeplands are either in linear, power or polynomial 

forms (Nearing, 1997; Liu, Nearing and Risse, 1994).  Liu, Nearing and Risse 



2-15 
(1994) found that within the slope gradient range of up to about 25%, all these 

functional forms of soil loss predictive equations provide reasonably similar 

values, but become “significantly different” at more than this slope. 

Using field surveys, Renner (1936) made the pioneering investigation on 

the effects of slope gradients (without considering slope length), aspect, soil, 

vegetation type and density, and accessibility to livestock on water-induced soil 

erosion on the rangelands of Boise River watersheds.  The maximum effect of 

slope steepness was found at about 35% slope (here, %slope is defined as 100 

tan θ where θ is the slope angle in degrees).  Inaccessibility to grazing animals 

was identified as the most likely reason for the decrease in soil erosion beyond 

the 35% slope.  However, when the grazing factor was eliminated, soil erosion 

continued to increase with slope steepness even beyond the 35% slope. 

For overland flow, Horton (1945) developed a relationship between soil 

surface shearing force and, slope length and slope gradient.  With slope 

gradient defined as tan θ where θ is the slope angle in degrees, the developed 

relationship predicted maximum soil loss at 30° slope, and which was assumed 

as zero at 90° slope.  However, when sin θ was adopted as the definition for the 

slope gradient, the predicted maximum soil loss occurred at 90° slope.  The 

effect of slope length was not discussed in the study. However, Horton’s 

collected data revealed that soil loss per unit area varies directly with the 

shearing force and hence, with slope length to the 3/5 power. 

Packer (1951) used a rainfall simulator from a modified type F 

infiltrometer to apply 4.60cm of artificial rainfall at a rate of 9.1cm/h on 1.8m 

square soil erosion plots located in an ungrazed portion of the Boise River 

watershed with slope ranging from 33% to 66%.  Analysis of the collected data 

revealed no significant effect of slope gradient on runoff or soil erosion, 

apparently because of the short slope length of the soil erosion plots which did 

not provide the opportunity for the resulting runoff to concentrate or for rills to 

develop. 

Zingg (1940) made one of the most comprehensive evaluation of crop 

land by analyzing simulated rainfall data on Kansas silty clay loam and sandy 

loam from Kansas (Dulet and Hays, 1932) and on Cecil clay from Alabama, U. 

S. A. (Diseker and Yoder, 1936), and in both situations reported that soil loss 

varied with slope gradient (up to 20%) to the 1.49 power.  However, data 

collected from soil erosion plots (measuring 2.4m and 4.8m long and 1.1m wide 
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on slope steepness of 4%, 8% and 12% on Shelby soil, a fine-loamy, mixed, 

mesic Typic Argiudolls) at Bethany, Missouri, U. S. A. showed that soil loss 

varied with slope steepness to the 1.37 power.  For the purpose of prediction, 

Zingg recommended the relationship As ∝ λ0.6 s1.4 where As is the average soil 

loss per unit area, λ is the slope length and s is the percent slope defined as 

100 tan θ where θ is the slope angle in degrees.  Zingg’s equation was a 

pioneering attempt to express mathematically the relationship between soil 

erosion and topographic effects.  Almost at the same time, Borst and Woodburn 

(1940) found that percent slope raised to the power of 1.3 approximated soil 

loss.  However, a disadvantage of Zingg’s slope steepness evaluation was that 

the soil losses from slope gradients of 0 and, between 0 and 4% were zero and 

under-predicted, respectively (Mitchell and Bubenzer, 1980).  With the use of 

simulated rainfall in situ, Zingg demonstrated that doubling the degree of slope 

gradient and the slope length, increased the soil loss between 2.61 to 2.80 

times, and soil loss in runoff 3.03 times, respectively (Mitchell and Bubenzer, 

1980). The constant of proportionality for Zingg’s relationship combined the 

effects of rainfall, soil crop and management (Mitchell and Bubenzer, 1980). 

Zingg is “often credited as the developer of the first erosion prediction equation” 

(Lane et al, 2000). 

An investigating committee headed by Musgrave (1947) suggested an 

equation for the effect of slope gradient on soil loss in the general form: 

sncA = a + b  where ac, bc and nc are constants which are functions of rainfallc c 

intensity, soil and cover.  Specifically, the derived nc is about 1.35 (while the 

slope length factor exponent is 0.35).  Although Musgrave (1947) did not specify 

the source of the soil loss data which served as the basis for the suggested 

form of As, McCool et al (1987a) mentioned that the data “evidently” came from 

the works of Dulet and Hays (1932), Diseker and Yoder (1936), Neal (1938a), 

Dickson, Langley and Fisher (1940), Knoblauch and Brill (1940), Lillard (1941), 

Lillard, Rogers and Elson (1941), Krusckopf (1943), Hill et al (1944), Lamb, 

Andrews and Gustafson (1944), Borst, McCall and Bell (1945), Smith et al 

(1945), Pope et al (1946), Browning et al (1948) and, Hays, McCall and Bell 

(1949). 

Using the form of soil loss predictive equation as suggested by Musgrave 

(1947), Smith and Whitt (1947; 1948) analyzed the soil loss data collected by 

Neal (1938b) from laboratory soil erosion plots 3.7m long by 1.1m wide on a 
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slope gradient up to about 16% under simulated rainfall, and derived the 

following relationship: As = 0.025 + 0.052 s4/3. Earlier, Neal (1938b) concluded 

that soil loss from saturated soil varied with slope gradient to the 0.7 power after 

analyzing the soil loss data from Putnam soil (fine, montmorillonitic, mesic 

Mollic Albaqualfs). 

By 1957, considerable soil loss data were available from several 

cropland locations.  Smith and Wischmeier (1957) were able to identify a 

parabolic equation to fit the seventeen years of soil loss data collected from 

natural rainfall soil erosion plots (11.1m and 22.1m long, and 4.3m wide) on 

slopes of 3%, 8%, 13% and 18% (Hays, McCall and Bell, 1949) on a Fayette 

soil (fine-silty, mixed, mesic Typic Hapludalfs) at the LaCross experiment station 

in Wisconsin, U. S. A.  The LaCross-derived soil loss form was: 
2A ∝ 0650.0 + s 0453.0 + s 00650 .0 s 

Also, the collected soil loss data from the artificial rainfall studies of Zingg 

(1940) at Bethany in Missouri and, from the natural rainfall studies on two slope 

gradients at Dixon Springs in Illinois (Gard and Van Doren, 1949) and at 

Zanesville in Ohio (Borst, McCall and Bell, 1945), U. S. A. were used to validate 

the soil loss relationship developed from LaCross experiment station and found 

to fit well in parabolic form.  When all these soil loss data were combined, the 

following parabolic form was obtained: 
2A ∝ 43.0 + s 30. 0 + s 043.0 .................................... 2-1 
s 

However, extreme caution should be observed in extending the results of these 

studies in steep slopes.  Surprisingly, the 17 years of soil loss data obtained 

from soil erosion plots (17.7m long and 4.6m wide) on slopes of 5%, 10%, 15%, 

20% and 25% at Blacksburg in Virginia, U. S. A. (Lillard, Rogers and Elson, 

1941), showed an almost linear relationship: 
2A ∝ 044.0 + s 10.0 − s 00073.0 s 

This almost linear form was excluded in the development of equation 2-1 and 

was not fully discussed in the work of Smith and Wischmeier (1957) nor in the 

following publications on USLE (Wischmeier and Smith, 1965; 1978). 

From the collected soil loss data of 136 location-years at 10 locations 

under corn and cotton, Smith and Wischmeier (1957) analyzed slope length and 

arrived at the power form: 

sA cmλ ∝ .................................................... 2-2 
where, 
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mc - fitted regression constant of average values ranging from 0 to 0.9, with 

location-weighted average of 0.46. 

Wischmeier and Smith (1965) in the widely distributed U. S. D. A. 

Agriculture Handbook 282 that detailed the use of the Universal Soil Loss 

Equation (USLE) for the first time, combined equations 2-1 and 2-2 and resulted 

in the following slope length (expressed as function of λ ) and slope gradient 

(expressed as function of s) relationship: 
5.0 2A λ ∝ ( 43.0 + s 30 .0 + s 043.0 ) ................................. 2-3 
s 

As aid to users of this predictive soil loss model, simplified charts for 

calculating the L Su factor from equation 2-3 were prepared and presented but 

with the caution that values for conditions beyond which the model was 

originally developed were just mere extrapolations.  The USLE factor was 

originally developed from soil erosion plots of less than 122m slope length with 

undisturbed medium textured agricultural soil of slope gradients that ranged 

from 3% to 18% under field condition and natural rainfall (Hahn, Moldenhauer 

and Roth, 1985; McCool et al, 1989). 

However, after noting the increased use of USLE under extrapolated 

conditions on steeper slopes of rangeland, forestland, mine spoil areas and 

construction sites, Wischmeier and Smith (1978) modified equation 2-3 by 

analyzing the soil loss data collected from Fayette soil under crop production in 

Wisconsin, U. S. A., to reduce the effect of slope steepness factor Su, 

(expressed as function of sin θ ) on predicted soil loss: 

 λ 2S L u =  
 

mc 

( sin 41. 65 + θ sin 56 .4 + θ 0654.0 ) ................... 2-4 

 13. 22  

where, 

LSu - slope length and slope steepness factor relative to a 22.13 m slope length 

soil erosion plot of uniform 9% slope (i.e., exactly, sin θ = 0.0896 or θ = 5.143° ); 

λ - horizontal slope length (m); with 

θ and mc - as defined previously with mc equivalent to 0.5 for s > 5%, 0.4 for 3% 

< s ≤ 5%, 0.3 for 1% < s ≤ 3%, and 0.2 for s ≤ 1%. 

Equation 2-4 is the form for the LSu factor that was used in Agriculture 

Handbook 537 (Wischmeier and Smith, 1978). 

The main difference between equations 2-3 and 2-4 was a change in the 

definition of the percent slope s, from 100 tan θ to 100 sin θ . Such redefinition 

of s was in accordance with the expected relationship for the shear stress at the 
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surface flow boundary (Chow, 1959) i.e., = τ
 γ
 sin R θ
 where τ is the shear stress 

at the surface flow boundary, γ is the specific weight (i.e., “weight density” equal 

to 9.81(103) N/m3) of runoff water and R is the hydraulic radius. 

For slope gradient less than 20%, values of predicted soil loss using 

either the sine function or tangent function for the slope angle are nearly equal; 

hence, the change has an insignificant effect.  However, at slope gradient 

greater than 20%, there is an initial rapid increase in the tangent of slope angle, 

which culminate to an infinite value for a vertical slope, while the sine of slope 

angle approaches unity.  At slope gradient of 50%, the shift from tangent to sine 

function reduces Su factor, in the USLE from about 19 to 15 order of magnitude.  

Unfortunately, for slopes of such steepness, there are insufficient available 

experimental data to validate either of these values. However, in a flume study 

at Utah State University Water Research Laboratory (UWRL), the same result 

was replicated at slopes < 84% (Israelsen et al, 1980). 

Combining the results of studies done by Zingg (1940), Musgrave (1947), 

Smith and Whitt (1947) and, Wischmeier and Smith (1965) resulted in the 

following expression for LSu factor as: 
nm 
 


cλ


13.22

sinθ  


c 

  
LSu 

 
= 

A143. 5 sin 

where, 

λ
, mc and θ have been defined previously; and  

nc - a fitted regression coefficient. 

The use of the constants 22.13 and sin 5.143° in the denominator normalizes 

the relationship to a 22.13m long soil erosion plot on a 5.143° slope i.e., “USLE 

unit plot condition” (McCool et al, 1993). 

Using the unit stream power theory, Moore and Burch (1986a, 1986b) 

proposed the L Su factor of the form: 

m n



A
 




 
θ 

c c
sinspLSu =


A13.22 143. 5 sin 
   

where, 


Asp - specific catchment area; and 


mc and nc ranges from 0.4 to 0.6, and 1.2 to 1.3, respectively. 


Moore and Burch (1986a, 1986b) asserted that the unit stream power 

based LSu factor of the USLE is actually a measure of the sediment transport 

capacity of overland flow; and “which can be used to map effects of hydrology, 
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and hence the 3-D terrain, on soil erosion in natural landscapes. However, the 

Asp term can characterize the effect of converging and diverging terrain on soil 

erosion, unlike the λ term in the USLE and RUSLE, which is only applicable to 

2-D, non-converging and non-diverging hillslopes” (Moore and Wilson, 1992). 

Multiplying this unit stream power based LSu factor of Moore and Burch (1986a, 

1986b) by (mc+1) will allow prediction of soil erosion at any particular point in 

the terrain (Griffin et al, 1988). 

Meyer and Monke (1965) did a series of laboratory experiments using 

artificial rainfall falling on a cohesionless soil bed with uniform-sized glass 

beads overlying an impermeable layer on a flume of 3.0m length by 0.6m width 

and a variable sloping soil bed 2cm deep. Water was continuously flowing at a 

rate equivalent to 3.8cm/h at the upper end of the flume to simulate slope 

lengths of 3m, 12m, 21m and 61m on slope gradient that could be varied up to 

16%. There was a continuous addition of sediment at the upper end of the 

flume to affect zero net loss of sediment from the bed.  The experimental set-up 

allowed evaluation of the sediment transport capacity of overland flow. Result 

of the study revealed that sediment transport per unit of width was proportional 

to slope length exponent (mc) of 1.5, and slope steepness exponent (nc) ranging 

from 2.0 to 2.5, much larger than the values of 1.35 to 1.4 being used at that 

time.  These big derived values for slope steepness exponents, even larger 

than what Zingg (1940) and Musgrave (1947) had suggested, were due to more 

erosion taking place because of the beads’ spherical shape (Hahn, 

Moldenhauer and Roth, 1985). 

Young and Mutchler (1969) reported the results of a rainfall simulation 

experiment conducted on Crofton silt loam (fine-silty, mixed, mesic Typic 

Ustorthents) in southeastern South Dakota, U. S. A. The soil erosion plots 

where each measured 4.1m in width and 22.9m in length situated on concave-, 

convex- and uniform slopes with segment steepness ranging from 5% to 15% 

and average steepness of 9%, used artificial rainfall at rate of 6.4cm/h applied 

in four half-hour applications.  To facilitate observation of the relative movement 

of particles, fluorescent glass particles were used.  When measurements of soil 

losses were taken from the rills at intervals along the slope, the following 

relation accounted for 88% of the variance: 

A − = 86.6 + Q 0033.0 t +  s  58. 0 s 

where, 
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As - soil loss (t/ha); and 

Qt - runoff (m3). 

With a coefficient of determination of 0.87, the collected data also fit the 

power form model: 

74.0 A = Q 00018 .0 t 
24.1 ss 

Young and Mutchler (1969) indicated that a major contributor to soil detachment 

and the following transport of detached soil particles to a rill system is raindrop 

splash. 

Foster and Martin (1969) conducted a small-scale experiment on 33%, 

50% and 100% slopes in a very narrow flume (80cm long) containing clay loam 

compacted to four different bulk densities.  Result of the study revealed that for 

a given bulk density, there is a unique slope where maximum soil loss occurred.  

There was less soil loss at a slope gradient different from this unique slope. 

An experiment was done by Gabriels, Pauwels and De Boodt (1975) 

using a 30cm long soil pans inclined on 8%, 16%, 24%, 33% and 44% slopes 

using the A-horizon and the B-horizon soil layers of a silt loam soil.  Analysis of 

the collected data revealed significantly different values of Su for the two soil 

horizons. 

Singer and Blackard (1982) reported results of an experiment on interrill 

erosion using loam and silty clay loam soils with slopes approaching 50% for 

slope length < 4.6m.  For the two soils, the relationship between soil loss, 

through Su, and the sine of the slope angle in degrees was of the polynomial 

form.  The study revealed that the coefficients of the equations of best fit were 

different for the two soils, indicative of the influence of the soil types on the 

relationship between Su (and thus, soil loss) and slope gradient like what had 

been shown previously by the studies made by Foster and Martin (1969), and. 

Gabriels, Pauwels and De Boodt (1975).  For this particular study, silty clay 

loam had a smaller Su factor (hence, soil loss) than loam soil (Liu, Nearing and 

Risse, 1994). 

A series of experiments was conducted by Kilinc and Richardson (1973) 

on sandy soils at six slope gradients which ranged from 5.7% to 40% using 

flume of 1.5m width and 4.6m length under simulated rainfall with intensities of 

32 mm/h, 57 mm/h, 92 mm/h and 117 mm/h. Unfortunately, there was no 

derived equation for slope steepness factor but according Liu, Nearing and 
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Risse, (1994), the data can be subjected for analysis to obtain any possible 

relationship. 

Meyer, Foster and Römkens (1975) mentioned that calculated soil loss 

from short interrill areas appeared to be less affected by slope steepness than 

when calculated using soil loss relationships derived from using longer soil 

erosion plots (Smith and Whitt, 1947; Wischmeier and Smith, 1965). 

Surprisingly, even when the soil surface was almost level, a considerable soil 

loss occurred compared with relatively small incremental increase in soil loss 

over a broad range of soil gradient.  A change in slope gradient from 2% to 20% 

resulted only in the doubling of interrill soil loss, whereas the prevailing 

Wischmeier and Smith (1958 and 1965) relationship combining interrill and rill 

soil losses resulted in a 20-fold increase (Lattanzi, Meyer and Baumgardner, 

1974).  Lattanzi, Meyer and Baumgardner, (1974) also found that slope did not 

affect runoff. 

Sediment load was separated into rill and interrill components by Foster 

and Meyer (1975) using their closed form equation (Foster and Meyer, 1972b). 

Foster and Meyer (1975) confirmed that, in general, soil loss is affected by 

slope gradient in power form i.e., A = snc  where nc ranges from 0 to 2.  Foster 

and Meyer (1975) suggested that for steep slope construction such as in 

highway embankments, nc values to be used should vary from 0 to 1 because 

runoff rate, runoff duration and rill density are independent of slope steepness, 

and surface roughness is unimportant. 

Using artificial rainfall at UWRL (NRCTRB, 1980), the slope gradient 

relationship developed by Wischmeier and Smith (1978) was tested on soil 

erosion plots where each measured 1.2m in width and 5.9m in length on slopes 

of 9%, 25%, 50% and 84%.  Uniform 4mm drops were made possible using a 

needle drip-type rainfall device with a substantial drop fall distance (4.9m 

maximum), though still less than the fall required to produce terminal velocity. 

Rainfall intensities studied were 6.4cm/h, 10.0cm/h and 19.4cm/h with durations 

of 30 min, 15min and, 10min and 8min, respectively. Three soils were used in 

the study, namely: washed sand, an Aquic Argiustoll and a Typic Hapludult. 

Investigators concluded that Wischmeier and Smith (1978) relationship was 

valid for slope gradients even up to 100%.  Apparently, UWRL researchers 

calculated rainfall energy and soil loss on a projected-area and slope-area 

bases, respectively, and as a result, the distance between the drop emitters 
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and, the upstream and downstream ends of the test section varied significantly 

at 0.9m and 4.7m, respectively, when the 6m long flume was tilted to the 84% 

slope gradient.  Apparently, in this kind of set-up, four times higher rainfall 

energy was applied at the lower end than at the upper end of the soil erosion 

plots. 

The soil erosion experiment at UWRL brought out the significant issue of 

reconciling the resulting difference in using slope length instead of the 

equivalent projected horizontal length or vice versa, when dealing with steep 

slopes. As a conventional practice, data on rainfall energy and intensity and, 

field or watershed areas are recorded and calculated on the basis of projected 

area on the horizontal plane.  Therefore, along the slope field measurements 

should be transformed into equivalent projected horizontal length before making 

erosion predictions. Since non-uniform sloping areas are frequently 

encountered under field conditions on both natural and disturbed areas, 

erroneous soil erosion estimates will result if on complex slopes, uniform slope 

gradient is assumed.  Under such situation, proper procedures to be observed 

have been included in the U. S. D. A. Agricultural Handbook 537 for improving 

soil erosion estimates (Wischmeier and Smith, 1978). 

An alternative Su factor equation is the recently recommended for USLE 

use in the rainfed cropland of the Pacific Northwestern Wheat and Range 
6.0 

 sinθ 
Region i.e., S =    for s ≥ 9% (but for lesser s, Su = 10.8 sin θ +u 

 143. 5 sin A
 

0.03° ) (McCool et al, 1987b; 1993).  In developing the Su factor for this 

particular situation, the cross-sections of the rills (totaling more than 2,100 slope 

segments) were measured on slopes with range from 1.5% to 56%.  Since soil 

erosion was mainly due to overland flow (with high silt content) over thawing 

soils (along an 80km transect across the Palouse and Nez Perce Praire of 

eastern Washington and northern Idaho, U. S. A.), neglecting interrill erosion 

did not compromise the accuracy of the soil loss prediction.  This equation 

provided lower values of soil loss than is given by USLE (Wischmeier and 

Smith, 1978).  In addition, this predictive equation is incorporated in RUSLE to 

estimate soil loss on thawing soils with s ≥ 9%. 

In the tropics, several authors have investigated and confirmed the 

influence on soil loss by the slope gradient (Hudson and Jackson, 1959; 

Fournier, 1967; Roose, 1975; Dangler and El-Swaify, 1976; Lal, 1976b). 
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Investigators found that soil loss generally increased with soil steepness in 

exponential manner (Roose, 1977b). 

Results of past and present researches showed great variation in the 

comparative effect of slope steepness and slope length on soil erosion. 

However, the influence of slope steepness to soil loss exhibits a wider range of 

effect than that of slope length in both theory and results of experiments. Most 

of the soil loss data though, have been collected on field soil erosion plots or in 

laboratory flumes with slope of at most about 20%. Only few researchers have 

considered investigating steep slopes such as those frequently occurring in 

forestlands, rangelands, mine spoil areas and construction sites.  In an effort to 

revise the relationship for the Su factor in USLE, McCool et al (1987a) derived 

two relationships for mild slopes (s < 9%) and steeper slopes (s ≥ 9%) i.e.,: 

S = sin 8.10 + θ 03.0 s for <  %9 ................................ 2-5 
u 

S = sin 8.16 − θ 50 .0 s for ≥  %9 ................................ 2-6 
u 

Equation 2-5 was obtained from data collected in the study done by 

Murphree and Mutchler (1981) on Fayette and Dubbs silt loam soils under 

natural rainfall and using simulated rainfall, respectively, on slopes ranging from 

0.1% to 3%; while equation 2-6 was derived from the re-analysis of Fayette soil 

loss data from field soil erosion plots on slopes up to 18% in LaCross 

experiment station at Wisconsin, U. S. A.  Extending the use of these equations 

to more than the slope gradient of 18% are extrapolations beyond the database 

used in their development.  McCool et al (1987a) compared these equations 

with 50 sets of soil loss data collected from in situ runoff plots of slopes up to 

22%. These equations ( 2-5 and 2-6 ) are included and used in RUSLE. The 

computed soil loss from slope gradients less than 20% are comparably similar 

for both the USLE and RUSLE, but as the slope increased, computed soil loss 

from the latter is only half of the former (Renard et al, 1991, 1993). For 

example, at slope gradient of about 50%, Su factor has values of 15.2 and 7.0, 

for USLE and RUSLE, respectively (Renard et al, 1993). According to Nearing 

(1997) equations 2-5 and 2-6 “follow the “unit plot” convention used in the USLE 

technology wherein the slope factor, Su, is the soil loss at slope with angle θ , 

normalized to the soil loss at 9% (sin θ = 0.0896) slope” of Wischmeier and 

Smith (1978). 

Major reasons provided for differentiating between these two ranges of 

slope effect are that negligible (if there is any) rill erosion occurs on gentle 



2-25 
slopes, and that slope does not have that significant effect on interrill erosion 

(Lattanzi, Meyer and Baumgardner, 1974; Harmon and Meyer, 1978; Foster, 

1982). Danish Hydraulic Institute (1986) found that interrill erosion rate is 

exempted from the effect of slope for slope gradient of even less than 5%. 

Exceeding critical steepness initiates rill erosion, resulting ultimately into rapid 

increase of total soil loss with increasing slope gradients (Meyer, 1980; Meyer 

and Harmon, 1985).  In the investigation on the effect of rainfall intensity on soil 

erosion, Meyer (1981) and, Meyer and Harmon (1984) did not consider the 

effect of slope in computing the rate of interrill erosion.  The concept of initiation 

of rill erosion at a threshold slope is consistent with the theory where runoff 

shear must exceed a particular critical shear stress value initially, before the 

commencement of soil sediment removal at pre-defined weakness planes 

(Meyer, Decoursey and Römkens, 1976; Meyer, 1980; Foster and Lane, 1983). 

“Another factor is that runoff rate varies more with steepness on the low than 

the steep slopes. Above 8%, runoff rate does not vary significantly with 

steepness” (El-Swaify, Garnier and Lo, 1987). 

On a relatively smooth surface where tillage is done along the slope and 

where runoff is not affected by slope gradient above 8%, equations 2-5 and 2-6 

are ideally applicable.  The supporting conservation practice factor P includes 

the effect of contour tillage on the soil loss-slope factor relationship. 

Fan (1987) conducted experiments on highway slopes at 9.4%, 16.1%, 

33.3% and 50.3% slope gradients with silty-clay loam soil, and the 

corresponding calculated Su were 1.03, 1.40, 1.22 and 0.88, respectively. The 

highest calculated Su of 1.40 was in the 16.1% slope gradient.  Fan (1987) 

suggested that for highway slopes with compacted and cohesive soils having 

slope gradient of less than 14° , an equation similar to the form recommended 

for the application of USLE to the Pacific Northwest wheat and range region by 

McCool et al (1987b; 1993) be used and, a constant value of 2 elsewhere. 

Liu, Nearing and Risse (1994) presented soil loss data using natural soil 

erosion plots under agricultural management from three sites in the Yellow 

River loess plateau of mainland China for slopes ranging from 9% to 55% and 

found that Su (thus, soil loss) was linearly related to the sine of the slope angle 

of the form: 

S = sin 91. 21 − θ  96.0 ......................................... 2-7 u 
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With Su in equations 2-6 and 2-7 normalized to a 9% slope gradient, the 

latter equation resulted in value of Su higher than computed by the former 

(RUSLE) but still low compared with the value calculated by USLE, at least for 

the range of slope steepness studied by Liu, Nearing and Risse (1994) i.e., for 

slope gradient greater than about 22% (Nearing, 1997).  RUSLE provides lower 

computed values of the LSu factor for longer slope lengths and steeper slope 

angles than the original USLE (Moore and Wilson, 1992). 

Nearing (1997) observed that equations 2-5 to 2-7 follow the “slope

intercept form of straight line” with the sine of the slope angle i.e., sin θ, and the 

slope steepness factor Su (and thus, soil loss), as the independent and 

dependent variables, respectively.  While there is an increasing trend in the 

values of the “slope” (i.e., the constant following sin θ) there corresponds a 

decreasing tendency for the values of the “intercept” (i.e., other constant in the 

equation). This observation led Nearing (1997) to conclude that Su is of the 

general form: Su = ms sin θ + b with the constants ms and b (slope and intercept 

of the straight line, respectively) as functions of sin θ. If these constants are 

assumed to be “linear functions of sin θ, the resultant equation for Su is a 

quadratic function of sin θ”, the exact form used in USLE which apparently, 

results in the over-prediction of Su, and thus soil loss, at steep slopes (Nearing, 

1997).  Consequently, Nearing (1997) proposed a “single, continuous function 

for slope steepness” for all slopes, thus replacing the two-ranged slope 

steepness functions being used by RUSLE. 

2.2.3 Slope Length Effect on Soil Loss 

There has been a very limited amount of research conducted on the 

effect of slope length than the effect of slope gradient on soil erosion.  Slope 

length factor L, according to Liu et al (2000), has been one of the most variable 

factors for soil loss predictions in USLE and RUSLE. 

In the pioneering investigation on the effect of slope length, sometime 

from 1932 to 1963, the “USLE unit plot condition” of 22.13m in length by 1.83m 

in width was modified by either halving the standard length or increasing to 

twice the standard length. These runoff plots were operational for 

approximately 12 years.  To investigate the effect of slope length on soil erosion 

on a larger scale, runoff plot 12.8m in width was constructed and combined with 
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either 192m in slope length (longest runoff plot), or 96m in slope length 

(intermediate runoff plot) or 48m in slope length (shortest runoff plot) 

(Moldenhauer and Foster, 1980). 

Experiments in croplands on slopes of less than 20% suggested a power 

form relationship with an exponent that ranged from 0 to 0.9.  Wischmeier and 

Smith (1965) suggested a value of 0.5 for the exponent in slopes greater than 

5%, a value that is widely used even in the tropics (Hudson, 1971; Roose, 

1977b; Elwell,1977). However, recent results of studies made in the tropics 

(Hudson, 1957; Dangler and El-Swaify, 1976) tend to indicate a different value 

for the exponent from that being used in temperate areas.  The significant 

contribution of slope length to soil loss, as reflected in the effectiveness of 

overland flow, in tropical soils exceeds what can be estimated from the 

exponents of soil loss relationship developed by Wischmeier and Smith (1978) 

for non-tropical areas (El-Swaify, Garnier and Lo, 1979). 

McCool et al (1987b) analyzed the only available in situ soil loss data on 

rills collected from 1973 to 1976 on slopes ranging from 3% to 53% to study the 

effect of slope length on soil loss, and computed an exponent value of 0.45. 

Combining this finding of McCool et al (1987b) with the previous cropland 

investigations on steep slope, the following Wischmeier and Smith (1978) 

relationship for slope length applicable to steep land had been derived i.e., 





λ


13.22





mc 

 where λ and mc are slope length and the fitted exponential constant, 

respectively. Again, the constant 22.13 in the denominator normalizes the 

relationship to a 22.13m long soil erosion plot on a 5.143° slope (i.e., “USLE 

unit plot condition” (McCool et al, 1993). 

Generally, the computed values for the revised LSu factor by McCool et 

al (1987a) for slopes steeper than 9% were less than the values calculated from 

the equation of Wischmeier and Smith (1978).  This observation appeared to be 

consistent with the prevailing consensus among field users of USLE, that the 

calculated values of Wischmeier and Smith’s (1978) LSu factor for steep slopes 

were too high. However, for slopes less than 9%, the computed values for the 

revised LSu factor were only slightly greater than what had been computed from 

derived relationship of Wischmeier and Smith (1978).  In addition, the values of 

the slope factor Su, from Wischmeier and Smith (1978) for slopes less than 3% 

were also questionable because they resulted from mere extrapolation of a 
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quadratic equation (derived from a data set obtained at moderate slopes) which 

had not even been validated at either low or steep slopes. 

USLE does not apply to slope lengths shorter than about 4m (Foster et 

al, 1981) because for such slope lengths, soil loss can be attributed mainly to 

interrill erosion (raindrop impact and where runoff simply discharges at the end 

of the slope), with rill erosion being negligible.  Consequently, equations 2-4 to 

2-6 which were developed from soil erosion plots 22.13m in length (McIsaac, 

Mitchell and Hirschi, 1987), can not be applied to any slope gradient if slope 

length is ≤ 4m (McCool et al, 1987a).  However, Foster (1982) instead 

recommended, for any slope gradient with slope length ≤ 4m, the derived 

equation from the analyzed soil loss data of Lattanzi, Meyer and Baumgardner 

(1974) for estimating interrill erosion of the form: 

S = sin 0.3 8.0 + θ  56.0 ......................................... 2-8 
u 

For this particular soil erosion experiment of Lattanzi, Meyer and Baumgardner 

(1974), a 0.61m slope length under simulated rainfall was used. Equation 2-8 

was further confirmed by studies made by Singer and Blackard (1982), Evett 

and Dutt (1985) and Rubio-Montoya and Brown (1984). 

Slope length factor L has often been expressed as (Zingg, 1940): 

mcL λ = 
Expressing L in the “USLE unit plot condition” format results in the form, 

 
mc λ

L =   
 13. 22  

Just the mere comparison of mc values from the review of literatures 

dealing on the subject will provide an idea on the range of variation in slope 

length factor, L. For example, earlier investigators like Zingg (1940) and 

Musgrave (1947) proposed 0.6 and 0.3 for values of mc, respectively, while a 

study at Purdue University in 1956, recommended mc values within the range of 

0.5 ± 0.1 (Wischmeier, Smith and Uhland, 1958). However, Wischmeier and 

Smith (1978) suggested varying values of mc as function of s, which are 

incorporated in the USLE, as follows: mc = 0.5 for s > 5%, 0.4 for 3% < s ≤ 5%, 

0.3 for 1% < s ≤ 3%, and 0.2 for s ≤ 1%. Thus, when s > 5%, L for the USLE is 

constant since mc = 0.5 regardless of the slope gradient.  However, in RUSLE, 

“mc, is defined as a continuous function” which increases with slope angle θ (in 

degrees) “and the expected ratio of rill to interrill erosion” (Liu et al, 2000), is of 

the form (Renard et al, 1997): 
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κ 

m = c 1 κ + 
where, 

κ - is the ratio of rill erosion to interrill erosion computed from: 

= κ ( sinθ 143.5 sin A ) ( sin 0.3 8.0 + θ 56.0 ) 
This equation for κ assumes moderate rill/interrill ratio (McCool et al, 

1987a) and equal to 0 when there is deposition (Moore and Wilson, 1992). 

When s is equal to 9%, mc equals 0.5 for both USLE and RUSLE. 

However, when s is less than 9%, the value of L is greater in USLE than in 

RUSLE, and for any other value of s, the value of L is larger in RUSLE than in 

USLE. Slope length factor L differs significantly between USLE and RUSLE for 

the steepest slopes (Liu et al, 2000). 

An analysis of soil loss data collected in a study conducted by Liu et al 

(2000) from natural soil erosion plots found at three sites on the loess plateau in 

mainland China for slope gradient up to nearly 60%, revealed a calculated value 

of mc (=0.44) smaller than what has been suggested by RUSLE (mc = 0.71) but 

nearer to value being used by USLE (mc = 0.5) for this particular slope angle. 

For this particular study of Liu et al (2000), the rill erosion /interrill erosion ratio 

was classified as moderate at a slope gradient of 60%.  Although, Liu et al 

(2000) found that mc did not increase with slope gradient from 20% to 60%, the 

value of mc increased with the intensity of the storm, leading these investigators 

to conclude that mc is a function of the latter.  McCool et al (1993) in a study on 

the effect of both slope length and steepness on wheat (Triticum aestivum L.) 

cropped slopes up to 56% (with 95% of the analyzed data collected on slope 

gradients ranging from 9% to 48%) through field surveys of rill networks, 

concluded by recommending an m of 0.5 (Liu et al, 2000). 

Unfortunately, quantitative data are unavailable to generalize prediction 

for LSu factor for different soils.  However, there is evidence to indicate that 

relationships between soil loss and, slope length and slope steepness vary 

greatly with soil, tillage, cover, runoff and other factors.  In addition, some form 

of discontinuities exists among the slope length factor for both short- and long-

slope lengths.  However, USLE lumps together the components of rill and 

interrill erosion and assumes absence of interdependence among component 

factors. A more fundamental and physical process based soil erosion model 

“would allow the separation of component effects for rainfall and runoff, 

distinction of detachment from interrill and rill areas, as well as transport and 
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deposition of sediment by overland flow” (El-Swaify, Garnier and Lo, 1979). 

Consequently, if so, other factors influencing soil erosion would be greatly 

facilitated for consideration, thus “providing realistic quantitative predictions of 

topographic effects” (El-Swaify, Garnier and Lo, 1979). 

2.3 Physical Process Models of Soil Erosion by Water 

Predictive models for water induced soil erosion based on conceptual 

principles attempt to address the inherent limitations of empirical models or 

regression equations. The latter are based on the identification of the most 

meaningful factors from an existing and reasonably sized database, relating 

them to soil loss through “observation, measurement, experiment and statistical 

techniques”, and identifying relationships that are statistically significant 

(Morgan and Davidson, 1986).  Under ideal situation, “predictive technique 

should satisfy the conflicting requirements of reliability, universal applicability, 

easy usage with a minimum data, comprehensiveness in terms of the factors 

included, and the ability to take account of changes in land use and 

conservation practice” (Morgan and Davidson, 1986).  Normally, empirical 

models are developed from long-term measurements requiring large capital 

investments in research.  Statistical technique has been the most appropriate 

tool when there is an extensive amount of data obtained from runoff plot and 

watershed accessible for analysis, and when the involved physical processes 

are not yet fully understood (Meyer, 1980).  Just about a decade ago, this 

approach was realized as unsatisfactory in accomplishing an equally significant 

aim of model formulation, that is increasing and improving the understanding of 

fundamental principles and processes involved and, how the model functions 

and responds to variations of the considered factors (Morgan and Davidson, 

1986). Significant advances during the recent years in the basic knowledge of 

mechanics of soil erosion and sedimentation, and interrelationships, provide the 

needed foundation for the development of physically-based and process-

oriented models (Bennett, 1974; DeCoursey and Meyer, 1976; Foster, Meyer 

and Onstad, 1977a). Process-based models still require experimentally 

determined physically-defined parameters thought to be importantly involved in 

the process, and their values are obtained from analyzing the data collected at 

a given time and location utilizing the model (Rose, 1993).  At present, greater 
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emphasis is put on developing physically-based models for water-caused soil 

erosion employing mathematical techniques, often needing solutions to partial 

differential equations rather than the usual statistical techniques of empirically 

based soil erosion models.  According to Morgan and Davidson, (1986) 

“physically-based modeling must be seen as the ultimate objective of research 

into soil erosion modeling”. 

As early as the 1930's, the importance of fundamental principles in the 

soil erosion process was already recognized (Lane et al, 2000). Cook (1936) 

was the first to identify the three principal factors involved in soil erosion by 

water as known today: soil erodibility, rainfall and runoff erosivities including the 

effect of slope gradient and slope length, and the protective property of 

vegetative cover. In the 1940’s, Ellison (1944, 1947) presented a 

comprehensive analysis of various soil erosion sub-processes, an essential 

requirement for more recent soil erosion modeling. Meyer and Wischmeier 

(1969) formulated the latest concepts of Ellison and others using mathematical 

descriptions of rainfall and runoff detachment and transport processes.  Foster 

and Meyer (1972b) described a relationship for runoff detachment where its rate 

is a function of the ratio of sediment flux to the sediment transport capacity of 

the flow.  Meyer, Foster and Römkens (1975) introduced the concepts of rill and 

interrill sources of soil sediment.  Meyer and Wischmeier (1969), and Negev 

(1967) demonstrated the potential for understanding soil erosion processes and 

estimating soil loss by adding a soil erosion component to the Stanford 

Watershed Model (Foster, 1982b). 

Physical-process based models for soil erosion combine the law of 

conservation of mass of sediment and water.  Soil erosion processes are 

defined in exact and precise physical and mathematical forms. To evaluate 

sediment balance after the processes have been defined in mathematical 

forms, the law of conservation of energy or momentum and the differential 

equation of continuity (an application of the fundamental law of conservation of 

mass of spatial and temporal variations) are used (Morgan and Davidson, 

1986). 

Physical-process oriented or fundamental soil erosion models have 

several advantages over the statistical or empirical soil erosion models.  These 

are: i) fundamental and physically based, and hence, can be extrapolated and 

generalized more accurately beyond the database from which the model is 
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validated; ii) they can accurately represent physical processes, e.g., separate 

representation of rill erosion (where soil loss is mainly due to detachment by 

flowing water) from interrill erosion (where soil loss is principally caused by 

raindrop impact) (Watson and Laflen, 1986) rather than simply being lumped; iii) 

they can accurately represent single storm events; iv) they can consider more 

readily complex areas; v) deposition processes are considered directly by these 

models; and vi) channel erosion and deposition are also considered by these 

models (Foster, 1982b).  Nearing et al (1989) mentioned that the most notable 

and major advantages of process-based (over empirical-based) soil erosion 

prediction model are its ability to estimate net soil loss or net soil gain (i.e. 

deposition) both in space and for short and long time scales and, the ease in 

extrapolation to varied situations and conditions particularly in those instances 

when in situ experiments are impractical or uneconomical.  Information needed 

to characterize the physical processes of soil erosion are required in the 

development and utility of physical-process based models (Watson and Laflen, 

1986). 

Due to their expected use predictive models should be tested at 

extremes of operating conditions to determine if they could provide credible 

results i.e., models should be robust.  More important for the practical point of 

view, is the ability of the model “to perform well over a range of commonly 

experienced conditions”.  However, the limits have to be specified if the model 

is limited in its applicability.  Predictive model may fail in utility either “due to 

misuse, those related to inadequate input data and those associated with the 

structure of the model or its operating functions.  In the latter case, failure may 

result from poor conceptualization of the problem, omission of important factors 

or inaccurate representation of a particular element in the model by the 

operating function or equation employed” (Morgan and Davidson, 1986). 

Deficiency in the conceptual basis for the model needs modification or an 

entirely rethinking of the model. 

Kirkby (1980) enumerated “efficiency, range of validity and constraints” 

as the basic requirements for an appropriate physically based model. A model 

should consider in most detail only those physical processes wielding significant 

influence on its overall behavior while ignoring the “quantitatively less important” 

and less dominating ones.  However, a locally dominant minor process “should 

be modeled with a minimum of parameters and complexity, and with reasonable 
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accuracy necessary only for its zone of dominance”.  Since practically no model 

is valid for all conditions, efficiency is assured if its range of validity is 

maximized “for a given number of parameters”.  To maximize the operating 

range of a model, functions that will even provide physically realistic values at 

extreme conditions of zero and infinity should be used.  Details that pertain “to 

conservation of mass for sediment and water, and to meeting boundary 

conditions at plot boundaries, divide, and slope base” are the principal 

constraints to soil erosion model (Kirkby, 1980). 

Screening-type predictive model is conceptually simple and made to 

discover problematic areas.  The purpose of this type of model has been met 

when predictions made are at least, of the correct “order of magnitude”.  On the 

other hand, assessment-type predictive model is more accurate since it is used 

to evaluate how severe soil erosion is, for varying management strategies, and 

can be used as a tool to identify appropriate soil conservation practices.  For 

this latter type of predictive model, soil erosion predictions are required for 

periods ranging from 20 to 30 years “either on an annual basis or as an annual 

average over” a given time.  Unfortunately, the “understanding of erosion 

processes is greatest over very short time periods of only a few minutes”. 

Although it is “feasible to apply this understanding to slightly longer periods, 

continuous extrapolation is not possible”.  An instantaneous condition can be 

well represented perhaps, by a single storm event as an upper limit. Therefore, 

the overall sum of all these predictions from individual storm events serves as 

the prediction in the end.  An alternative is to evolve with empirical model 

utilizing collected data “on an annual or mean annual basis” (Morgan and 

Davidson, 1986). 

Process-oriented approach in soil erosion research will enable 

investigators to demonstrate and develop in mathematical format using physical 

principles what is perceived as the major significant feature of the structure of 

the system of interest and the processes operating on and within it. This allows 

models to be outlined even in the absence of data, although for practical utility a 

certain degree of parameterization or empiricism is both necessary and 

desirable because of the inherent extreme complexity of any natural process 

like soil erosion, involving many varied forms of spatial and temporal variations, 

and interactions (Rose, 1985; 1993).  Formulating a conceptual model for the 

soil erosion process is “the most promising approach for developing a predictive 
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procedure” because of the complex nature of the process with various 

interacting factors (Morgan and Davidson, 1986).  As the fundamental soil 

erosion processes are uniform in any location, process-based models are not 

site-specific, which is a very useful and advantageous feature where sharing of 

results of the analyses of these models can be facilitated in countries with vastly 

differing research resources.  A knowledge of erosion processes facilitates the 

interpretation of individual erosion events (Foster, 1982b; Govers and Poesen, 

1988; Nearing et al, 1989; Hairsine and Rose, 1992a, b; Morgan et al, 1998). 

Rose (1998a) presented a review of similarities and differences in the 

conceptualization and the mathematical representation of the recent models of 

soil erosion and sediment transport processes. 

Meyer (1980) identified though, two potential dangers “in addition to the 

obvious difficulties of developing a physically-based model”, namely: i) the 

tendency “to base conceptual models on empirical relationships or to base 

physical models on statistical relationships”, although a necessary provisional 

alternative but should not be considered a permanent solution; and ii) the 

propensity to be idealistic rather than being realistic i.e., as “applied and 

function under field conditions”, in foreseeing and describing soil conservation 

practices.  Liu et al (2000) mentioned that physical process-based models are 

“either not well tested or require many input parameters”, a disadvantageous 

situation for those areas where an extensive physical and biological information 

required by these models are not readily available. 

Physical process- and mathematically based models are useful only 

when quantified and validated by available pertinent data, and applied under all 

possible actual field conditions.  The equally important twin activities of “data 

collection and interpretation” should accompany the mathematical aspects of 

model development. There appeared to be a compelling need for “reliable, 

usable experimental data” to calibrate models.  Possible reasons for shortage of 

the needed experimental data ranged from the long time it takes to secure 

experimental results, the perceived lack of glamour in conducting experiments, 

to too much cost involved in experimentation than in mere “development of new 

conceptual models”.  Generally, individual modelers and/or group of modelers 

have not conducted their research activity until the validation stage. Frequently, 

modelers have either used the data without appropriate authorization from the 

origin or the source, “or have misused it and discredited the data”.  Every 
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modeler should exert the best effort to acquire experimental data (“and study 

the physical processes involved”) and as such “should also be an experimenter 

and vice versa”.  “Weakened research programs” result from treating modeling 

as independent from experimentation (Meyer, 1980). Experimentation is 

cardinal to providing the database from which the physical–process model must 

be understood (Rose, 1993). 

By the late 1960’s, mathematical theory was used to describe 

fundamental erosion mechanics (Negev, 1967; Meyer and Wischmeier, 1969; 

Rowlison and Martin, 1971; Foster, Meyer and Onstad, 1977a).  The theory was 

tested and refined, using new equipment, including field rainfall simulators 

(Meyer and McCune, 1958; Mutchler and Moldenhauer, 1963; Bubenzer, 1979; 

Meyer and Harmon, 1979; Foster, Neibling and Natterman, 1982).  This new 

theory led to the concept used in the CREAMS model (Foster et al, 1980), 

which served as the prototype for the WEPP technology (Lane and Nearing, 

1989; Nearing et al, 1989). 

2.3.1 CREAMS 

The USDA-ARS developed CREAMS to estimate from field-sized areas 

the amount of pesticides and nutrients in surface runoff and soil sediment 

(USDA, 1980; USDA, 1984; Van Mullem, 1990). CREAMS discretely simulates 

runoff from rainfall on daily basis or runoff from storms of any duration. Rainfall 

energy, soil erodibility and various other parameters determine soil erosion and 

soil sediment transport.  Transport of chemicals and other pollutants in water 

and in soil sediment are also simulated by CREAMS model (Van Mullem, 1990). 

Soil erosion and chemical losses are also estimated by CREAMS model, 

depending on runoff volume and runoff rate as determined by hydrology.  The 

model estimates runoff from rainfall, either by: i) using adjusted SCS curve 

number (USDA, 1972) from soil water balance as a function of data on monthly 

air temperature, solar radiation and leaf area (Van Mullem, 1990), or ii) using 

the version of the Green and Ampt infiltration method with either hourly or 

breakpoint rainfall data (USDA, 1980; USDA, 1984).  For both overland flow and 

channel elements, the modified Yalin’s equation simulates sediment transport 

capacity (Foster et al, 1981).  Sediment transport capacity is distributed among 

various types of soil particles (Manrique, 1993).  Soil sediment deposition is 
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assumed to take place whenever transport capacity is less than soil suspended 

load (Van Mullem, 1990). 

CREAMS is a physical-process based model intended for dynamic soil 

erosion simulation. Being storm event-based, the model uses storm EI, runoff 

volume and peak runoff rate, and computes soil detachment and sediment 

transport on overland flow areas and channels in field sized areas using 

fundamental erosion relationships.  To denote a watershed, CREAMS uses 

representative overland flow profile, channel and impoundment elements. 

Model can be used not only for single events but for long-term simulation as 

well. For each element, the model estimates erosion, sediment yield and 

sediment particle distribution.  CREAMS has the following advantages, namely: 

i) 10 years to 30 years of record can be economically simulated; ii) a wide range 

of management practices can be described; iii) does not need calibration since 

CREAMS uses USLE and other readily available parameter data sets; and iv) 

with minimum details for input, the model has the capacity to represent complex 

field sized watershed.  However, the CREAMS has the following limitations: i) 

the model can only represent downslope variability; ii) it can not provide 

information during the storm; and iii) the use of regression equations allows at 

most only approximate for flow hydraulics of gradually varied flow (Foster, 

1982b). 

The mathematical aspect of CREAMS model was developed by Meyer 

and Wischmeier (1969) and was based on the continuity equation. Applying 

this equation to soil erosion on a small section of a hillslope, soil detachment 

from within this section plus the soil sediment contribution from the above slope, 

result in the input of soil sediment to this section, while the transport processes 

by rainfall and runoff cause the output of soil material from such section of the 

hillslope. Net soil loss from that section of the hillslope results, if the transport 

processes have the sufficient capacity to remove all the supplied soil sediments, 

otherwise there is net soil gain.  Hence, for a given small section of a hillslope: 

Soil Sediment Input – Soil Sediment Output = Loss or Gain of Soil Sediment. 

This soil erosion model uses four equations to describe the separate 

processes of soil detachment by rainfall and by runoff and, transport capacity of 

rainfall and of runoff.  Routing of soil sediment can be effected and the soil 

erosion pattern evaluated throughout the slope profile, using these equations 

and applying the model in each of the consecutive downslope sections. 
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However, there were tradeoffs in adopting the simple model structure, namely: 

rainfall intensity, infiltration rate and runoff rate are occurring under steady-state 

conditions; absence of any other soil erosion and weathering processes; 

completely bare soil and the absence of any tillage operation; absence of water 

storage on surface depressions; absence of removal of soil material from the 

hillslope base and fixed altitudes of the hillslope extremes (i.e., highest and 

lowest points) through time. 

When quasi-steady sediment transport is assumed, the mass continuity 

equation for downslope sediment transport is expressed as (Curtis, 1976; 

Thomas, 1976; Foster and Huggins, 1976): 

dqs = Dr + Di ................................................. 2-9 

dx 

where, 


qs - sediment load per unit width per unit time i.e., sediment flux; 


x - downslope distance; 


Dr - net rate of rill flow detachment or deposition, i.e., rill erosion; and 


Di - delivery rate of soil particles detached by interrill erosion to rill flow, i.e. 


interrill erosion which is assumed to be independent of x.


Equation 2-9 ignores detachment and sediment load interaction, but such 

interaction can be permitted by adopting the equation presented by Foster and 

Meyer (1972b): 

Dr + 
qs = 1 ................................................ 2-10 


Dc Tc 

where: 

Dc – rill flow detachment capacity; and 

Tc – rill flow transport capacity. 

Equation 2-10 implies that runoff flow will continue to detach soil particles 

until the transport capacity of the flow is filled up. However, deposition will take 

place when transport capacity is less than the sediment load.  This deposition 

rate Dp is determined by 

Dp = a ( Tc − q ) .............................................. 2-11 s 

where: 


a - is a first-order reaction coefficient given by, 


a ε = vs .................................................. 2-12 

qw 

where, 
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vs - mean fall velocity of the soil particles; 

qw - rate of runoff per unit width or water flux; and 

ε = 0.5 for overland flow and 1.0 for channel flow. 

Equations 2-9 to 2-12 serve, as the physical basis for estimating 

sediment yield from field-sized areas, and with the factors of USLE, comprises 

the soil erosion part of the CREAMS model. 

CREAMS is used to assess non-point source pollution and to 

quantitatively analyze the aftereffect (chemical, runoff and erosion) of various 

agricultural management strategies to the environment, on a field-scale basis 

(Knisel, 1980).  There are three components of the model, namely: hydrology, 

erosion sedimentation and chemistry.  Runoff volume, peak runoff rate, 

infiltration rate, evapotranspiration, soil water content and percolation rate 

estimated on a daily basis compose the hydrology component, while the 

chemistry component includes analysis of elements in plant nutrients and 

agricultural chemicals, and approximates of storm sediment loads and “average 

concentrations of adsorbed and dissolved chemicals in the runoff, sediment and 

percolated water”.  The erosion component provides a daily estimate of soil 

erosion, sediment yield and the particle-size distribution of the eroded soil 

material in situ (Morgan and Davidson, 1986).  Accurate determination of soil 

erosion and sediment yield on individual storm basis is important since “a small 

number of storms can dominate the amount of annual soil erosion” (Lane et al, 

2000). 

The erosion component of CREAMS considers overland flow, which 

includes interrill and rill erosion; channel flow like in grass waterways or terrace 

channel; and net sediment deposition in water-impounded areas (e.g., fence 

line, road culvert or tile-outlet terrace).  Soil erosion and deposition rates are 

determined by comparison between the estimated quantity of detached soil 

particles due to interrill and rill flow, and the rill flow’s sediment transport 

capacity.  Interrill detachment rate is given by: 

( )(  )Di = Sin EI 57.4 + θ P C K 014 .0 
 

Qp  u  Qw  
where, 

Di - interrill detachment rate [g/(s-m2)] as defined in equation 2-9; 

EI - EI30 value of storm (mJ/m2 x mm/h); 

θ - slope angle (degrees); 
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Qp - peak runoff rate (m/s); 

Qw - discharge rate per unit area [m3/(s-m2)]; and 

K, Cu, P - soil erodibility, cover and management, and supporting conservation 

practice factors, respectively, from the USLE (Wischmeier and Smith, 1965). 

K expressed in g per EI30 can be obtained by multiplying the K values in 

English units by 131.70. Since strip-cropping and deposition in terrace 

channels are already considered in the model, P factor is used only in the 

presence of contouring.  The rill detachment rate is approximated by: 

1  x  
mc − 1 

2Dr = x86.6 106m QQ p 3 


 

1.22  
u 

 Qw 
 

 sin θ PCK 
 

Qp w 

where, 


Dr - rill detachment rate [g/(s-m2)] as defined in equation 2-9; 

mc - slope length exponent from USLE, i.e., 0.5 for straight slopes; and 


x - slope length (m) as defined in equation 2-9. 

Transport capacity (expressed in mass/time/width) derived from the 

modified Yalin’s (1963) equation is of the form: 

 1  (  
Tc = 0.635 δ V Sg ρ 1d −   1log + σ) .......................... 2-13
τ w  

  σ   
where, 


Tc - sediment transport capacity;


σ = As δ ; 
-0.4 Yc

0.5As = 2.45 Sg ; 

δ = 0 if Y < Yc 

 Y  =δ    − 1 Yif ≥ Yc ; 
 Yc  

Vτ 
2 

Y = )( Sg − dg1 
; 

1


2
 τ  
Vτ =   ; 

 ρ w  

9.0 

γ=τ Sh f 

 nb  ; and   nr  
6.0 

h = 
 Qw nb 

 . 
 Sf 

21   
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In these notations, Vτ represents shear velocity, g stands for acceleration 

due to the pull of gravity, R is the hydraulic radius, Sf stands for the friction 

slope, Sg is the specific gravity of the particle, d represents diameter of the 

particle, Yc is the critical lift force obtained from extrapolation in the Shields’ 

diagram, ρw stands for mass density of the fluid, τ is the shear stress acting on 

the soil, γ represents the specific weight of water, h stands for the flow depth on 

bare smooth soil, nb is the value of Manning’s roughness coefficient n for bare 

soil, nr stands for the value of Manning’s roughness coefficient n for rough or 

vegetated surfaces, and Qw is the discharge rate per unit area.  Foster et al 

(1981) discussed the full details of these equations and of using channel and 

impoundment sections. 

The CREAMS model can be used even in the absence of 

parameterization with actually observed data (Knisel, 1980), and hence, this 

model cannot be considered a predictive model in absolute sense (Knisel and 

Svetlosanov, 1982). The absence of the need to calibrate the model against 

real data will still allow “a reasonable representation of the hydrological and 

erosion system and give a qualitative appraisal of the effects of different 

management strategies” (Morgan and Davidson, 1986).  However, calibration 

with actually observed data is still needed, if the model is to be used as a 

predictive tool.  Since CREAMS is a simulation-model operating on a daily 

basis, summation of daily predictions provides estimate of soil erosion rates 

over a longer period. The erosion component of the model is operational in 

either of the two ways, namely: the model can be used on its own using actual 

data for rainfall and runoff; or alternately, the model can be used with the 

hydrology component which will provide the predicted values for EI30, runoff 

volume and runoff peak from actual data on rainfall.  However, in the latter 

erosion cum hydrology component combination, forecast of real-time storm 

erosion cannot be made “since the hydrology component uses a runoff predictor 

which estimates the median rather than actual response to a rainfall event” 

(Morgan and Davidson, 1986). 

By 1986, CREAMS was the “most widely tested of the many hillslope 

models with partial physical base” (Morgan and Davidson, 1986). Various trials 

of the erosion component have been undertaken in the USA (Foster and Lane, 

1981; Van Mullem, 1990), Canada (Rudra, Dickinson and Wall, 1985), UK 

(Morgan and Finney, 1985), Czechoslovakia (Holý et al, 1982) and Lithuania, 



2-41 
USSR (Kairiukstis and Golubev, 1982), other European countries (Knisel and 

Svetlosanov, 1982) and in South Africa (Platford, 1983). 

2.3.2 Upland Erosion Model 

Foster and Meyer (1975) and Foster (1982b) proposed the upland 

erosion model.  The model differentiates interrill soil erosion process from rill 

soil erosion process. Meyer and Wischmeier (1969) outlined the major factors 

governing the upland erosion process i.e. interrill and rill soil erosion. The 

model adds the soil loss resulting from interrill soil erosion with that from rill soil 

erosion. The basic assumptions of the model which are runoff flowing uniformly 

downslope and, such runoff flow and soil sediment being distributed uniformly 

across the slope, consequently, make the variables to be expressed on a total-

width or total-area basis.  The fundamental relationship normally used in upland 

soil erosion model is the following continuity equation (Bennett, 1974): 

s s∂ q 
+ 
∂ (ρ y c )

= Dr + Di ....................................... 2-14 

∂ x ∂ t 

where, 

qs, x, Dr and Di have been defined in equation 2-9; 

ρ s - mass density of the soil sediments; 

c - concentration of soil sediments in the flow (volume of soil sediments per 

volume of runoff flow); 

y - flow depth; and 

t - time. 

The rate of change of soil sediment as a function of distance (soil erosion 

∂ qsor sediment deposition) is represented by the term , while the term 
∂ x 

∂ (ρ s y c ) 
is the “storage rate of soil sediment within the flow depth”, and the 

∂ t 

contributions of soil sediment from lateral inflow are represented by the terms Dr 

and Di. Under quasi-steady soil sediment condition ignoring dispersion terms, 

equation 2-14 is reduced to equation 2-9, which sums up soil sediment 

contributions due to rill and interrill soil erosion processes (Lal, 1990). The 

storage term is not considered in the “bedload transport analyses” (Chang and 

Hill, 1976). 
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2.3.3 WEPP 

The revised and updated form of the upland erosion model developed by 

Foster and Meyer (1975) and Foster (1982b) is the basis of WEPP (Foster and 

Lane, 1987). This model is designed to replace the USLE, which became a 

legal instrument in the USA, as the principal means of soil erosion prediction of 

the SCS by 1995 (Foster and Lane, 1987; Foster, 1990; Rose, 1993).  WEPP is 

“an example of a distributed, process-based model that is based on numerical 

solutions” (Lane et al, 2000). 

WEPP is for application to “field-sized” areas (or conservation treatment 

units), an intended ambiguous limitation since “the limitation in area is really 

more a limitation of processes considered”.  The model is limited to erosion 

processes occurring in interrill, rill and in channels where detachment is caused 

by hydraulic shear but not in gullies or “continuously flowing streams”.  The 

upper limit for area of application “depends on the erosion and hydrologic 

processes that may occur” and may vary (Laflen, Lane and Foster, 1991a).  For 

example, the maximum size for a highly erodible loessial area might be less 

than a section (an area of about 260 ha which is the maximum size “field”) or 

several sections for some rangeland or cropland areas (Foster and Lane, 1987; 

Laflen, Lane and Foster, 1991a). 

WEPP is a daily-type simulation model.  Database for plant and soil 

characteristics relevant to the erosion processes is updated daily.  Plant and 

soil characteristics are considered if there is rainfall, to determine if a runoff 

event will likely to occur.  “If runoff is predicted to occur, the model computes 

soil detachment, transport and deposition at frequently spaced points along the 

profile and, depending on the version used, in channels and small reservoirs” 

(Laflen, Lane and Foster, 1991a). 

WEPP simulates the hydrology, erosion, plant growth and residue 

management, water use, hydraulics, and soil processes (Laflen, Lane and 

Foster, 1991a).  WEPP can simulate on a daily basis processes at either of 

three scales: hillslope profile, watershed and grid.  The hillslope profile scale 

version directly replaced the USLE, with the capability of quantifying slope 

sediment deposition. This version deals with net erosion or net deposition on a 

hillslope of any arbitrary shape in two dimensions. 
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The watershed scale version of WEPP which applies to “field-size” 

watersheds, incorporates the hillslope profile version to quantify channel’s 

sediment delivery. This version applies to watersheds of “one or more areas 

where the profile version also applies”; and it can “compute sediment transport, 

deposition and detachment in small channels”, and “sediment deposition in 

small impoundments”.  On a terraced field, this version can be used “to 

compute sheet, rill and ephemeral gully erosion on a watershed; and calculate 

delivery of sediment to and from a small reservoir at the outlet of a watershed” 

(Laflen, Lane and Foster, 1991a). 

The grid scale version of WEPP applies “to an area whose boundaries 

do not coincide with watershed boundaries.  Such an area might be broken up 

into several small areas, called elements, and within each element” the hillslope 

profile scale version is applied. This version deals “with the sediment transport 

from element to element and with the delivery of sediment from the area 

through one or more discharge points” (Laflen, Lane and Foster, 1991a). 

WEPP’s erosion component quantifies the three processes of 

detachment, transport and deposition using “rill-interrill” concept to describe 

sediment detachment (Dangler et al, 1976; Foster et al, 1981).  This 

morphological description of the eroding soil surface as "rill" and "interrill" 

defines the common (though not universal) rill behavior of soil resulting from the 

soil erosion process. The formation of rills is a very common erosion feature, 

particularly on the agriculturally important soils of U. S. A.  Rill erosion results 

from the processes of detachment and transport of soil particles by 

concentrated flowing water in small erodible channels or rills; and “is estimated 

as a linear function of excess hydraulic shear” (Julien and Simons, 1985; Laflen, 

Lane and Foster, 1991a; Laflen et al, 1991).  However, interrill erosion results 

from the processes of detachment and transport of soil particles by raindrops 

and very shallow runoff flows such as those occurring on row sideslopes in 

between rills; and “is estimated as a function of interrill slope and of the square 

of rainfall intensity modified by surface cover and crop canopy” (Laflen, Lane 

and Foster, 1991a). 

To quantify sediment transport in channels and rills, the modified Yalin 

sediment transport equation (Yalin, 1963) is used (equation 2-13).  Deposition 

of soil particles in channels and rills is estimated from sediment flux, sediment 

transport capacity (estimated from the approximation of Yalin’s sediment 
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transport equation (Yalin, 1963; Finkner et al, 1989)) and the settling velocity of 

the transported sediment (Laflen, Lane and Foster, 1991a).  Impounded 

deposition is computed in similar manner as in the CREAMS model (USDA, 

1980).  WEPP expresses rate of each of the soil erosion processes on “per rill 

area basis” (Moore and Wilson, 1992). 

The model separately treats rill and interrill soil erosion as two major 

components of upland soil erosion.  Soil sediment eroded from interrill areas is 

assumed to be transported to a rill, the distance between rills being taken as 

constant for the hillslope. The interrill detachment is presented as follows (Elliot 

et al, 1989): 

2Di =
 I K ei 

where, 


Di - interrill detachment rate i.e., delivery of sediment from interrill areas to a


nearby rill [kg/(s-m2)] as defined in equation 2-9; 


Ki - interrill erodibility [kg/(m4/s)]; and 


Ie - effective rainfall intensity (m/s). 


Since interrill erosion is a function of slope gradient towards a nearby rill, 

the complete expression for interrill soil erosion incorporating the effects of 

ground- and canopy-cover is as follows: 




Rs 

w 




....................................... 2-15 
2I K e S C G ai a aDi =


with 
− S sin 4 ....................................... 2-16 
05.1 −
 e 85 .0 Sa =
 r 

where, 


Ga - ground cover adjustment factor; 


Ca - canopy cover adjustment factor; 


Sa - slope adjustment factor; 


Rs - rill spacing (m/rill); 


w - rill width (m) (Foster et al, 1981; Laflen et al, 1991); and 


Sr - slope of the land surface towards a nearby rill. 


The value of Sa “varies from 0.2 for a flat slope to 1.0 for a slope of 45°, 

to 1.05 for a slope of 90°”. The hydraulics of shallow flow in the interrill areas 

are modeled indirectly “but their effects on delivering sediment to the rill are 

lumped with the rainfall kinetic energy term and modified by a land slope 

adjustment factor” (Moore and Wilson, 1992).  Equations 2-15 and 2-16 fit 

reasonably well the data reported by Meyer (1981), Meyer and Harmon (1984, 



2-45 
1989), and Watson and Laflen (1986).  Equation 2-15 combines for interrill 

areas “the processes of detachment, transport and deposition” (Laflen et al, 

1991). 

The erosion in rill (which can accept eroded soil sediments from the 

adjoining interrill area) is given as follows: 

Dc = Kr ( − τ τ c ) .............................................. 2-17 
where, 

Dc – rill detachment capacity of the clear flowing water [kg/(s-m2)] as defined in 

equation 2-10; 

Kr - rill erodibility parameter due to hydraulic shear (s/m); 

τ - hydraulic flow shear stress acting on the soil particles (Pa); and 

τ c - shear stress below which there is no detachment or the critical hydraulic 

shear stress that must be exceeded before rill detachment can occur or 

threshold shear stress (Pa). 

The hydraulic flow shear stress of flowing water τ (in Pa) acting on the 

soil particles is computed as follows: 

γ = τ s R o 

where, 


γ - specific weight of water (N/m3); 


R - hydraulic radius (m); and 


so - hydraulic gradient or rill bottom slope. 


Hydraulic shear is the shear stress exerted on the channel bed by 

flowing water.  Apparently, hydraulic shear is the single runoff flow parameter 

where all rill sediment detachment has been assigned to (Elliot and Laflen, 

1993). 

Clear water has been observed to posses greater ability to detach soil 

particles compared to soil sediment laden water (Foster and Meyer, 1972b). 

The detachment capacity is the maximum rill detachment rate that is assumed 

to occur when there is no sediment in the water. As the rill flow fills with 

sediment, rill detachment rate becomes less than the detachment capacity. 

Foster and Meyer (1972b) developed an equation to reflect this phenomenon of 

decreasing detachment rates with increasing sediment load in rill flow and in 

effect relating rill detachment rate of flowing water carrying sediment Dr, to the 

detachment capacity of the clear flowing water Dc, both expressed in kg/(s-m2): 
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Dr =Dc 1−
Gf 

 ............................................. 2-18 
 Tc  

where, 

Gf – rill sediment flux [kg/(s-m)]; and 

Tc – rill sediment transport capacity [kg/(s-m)] as defined in equation 2-13. 

In WEPP, the sediment transport capacity in the rill Tc, (the assumed 

upper limit to the rate at which any rill can transport soil sediment) is estimated 

using an approximation of Yalin’s sediment transport equation (Yalin, 1963; 

Finkner et al, 1989) which can be expressed as: 

Tc = k t τ 
where kt is the transport coefficient [(m1/2s2)/kg1/2]. Sediment transport capacity 

(and sediment load) is calculated per unit width of the rill. Yalin’s equation is 

used to estimate the sediment transport capacity at the end of the slope, Tce. 

The method presented by Finkner et al (1989) is used to calibrate the 

coefficient, kt, from Tce. According to Nearing et al (1989), kt is determined as 

follows: “a representative shear stress is determined as the average of the 

shear stress at the end of the representative uniform average slope profile and 

the shear stress is used to compute Tce using the Yalin equation and kt is then 

determined from the relationship given above”. Using this calibration method 

resulted in minimal differences between the simplified transport equation for Tc 

and the Yalin’s equation (Finkner at al, 1989). 

If Tc > Gf, then there is net rill erosion which is assumed to be 

23 

proportional to 1−
Gf and to the excess of τ over τc i.e., (τ − τ  ) . Hence, net rillc
Tc 

erosion is assumed to occur under two conditions, namely: i) when sediment 

flux in the rill is less than the sediment transport capacity, and ii) when flow 

shear stress acting on the soil particles exceeds the critical hydraulic shear 

stress of the soil.  However, when flow shear stress acting on the soil particles 

is less than the threshold shear stress (i.e., τ < τc) the rill flow is assumed to 

have no detaching capacity (i.e., Dc = 0). Also, if Gf > Tc, net deposition occurs 

in a rill making Dr in equation 2-18 negative, and in this case, an alternative 

equation is of the form: 

υ ν f   
Dr =  ( )1−

Gf  ...................................... 2-19
Tc q   Tc  
where, 
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υ - experimentally determined parameter equals to 0.5 for rainfall conditions or 

1.0 for non-rainfall or snowmelt conditions (unitless); 


ν f - settling velocity of soil sediment (m/s); and 


q - volumetric flow per unit slope width or water flux [m3/(s-m)]. 


Moore and Wilson (1992) expressed Dr in another equivalent form when 

there is either net rill soil detachment or net rill deposition, that is: 

Dr = ω( Tc − G ) f 

i) for net rill soil detachment, i.e., when Tc > Gf, ω = Dc ; and 
Tc 

ν υ fii) for net rill deposition, i.e., when if Gf > Tc, ω = . 
q 

where all the terms have been defined previously. This alternative way of 

expressing net rill soil detachment (or deposition) clearly shows direct 

proportionality of Dr to the difference between the sediment transport capacity 

and sediment load (Foster and Meyer, 1975; Simons, Li and Ward, 1977).  In 

the absence of sediment load, it is assumed that there occurs the maximum 

rate of net rill soil erosion.  The ratio vf “is the reciprocal of the downstream 
q 

distance moved by a sedimentary particle between its removal from and return 

to the soil surface” (Rose, 1993). 

Explicit recognition of the role of settling velocity in terms of vf is present 

only when net deposition occurs in a rill (equation 2-19); there is no explicit 

recognition of deposition when there is net erosion in a rill (equation 2-18). 

Since justifiably, gravity is always acting with or without net deposition, then 

settling velocity (settling phenomenon being a “continuous ongoing process”) as 

represented by vf must likewise play a role even in situations when there is net 

erosion. Since the deposition process is recognized explicitly only when it takes 

place “at a rate greater than the erosion processes”, presumably vf has been 

incorporated into the factor Kr of equation 2-17 and thus equation 2-18. If so, 

then Kr “is a compound parameter containing both erodibility and depositability 

elements within it” (Rose, 1993).  Foster (1982b) viewed deposition in net terms 

rather than a continuous process in its own right, an approach that is also 

reflected in WEPP.  Another process-oriented model, GUEST (Griffith University 

Erosion System Template) that recognizes deposition as a continuous ongoing 
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process, occurring whether or not there is net deposition will be presented in 

section 2.3.4. 

Net deposition in the conservation of mass under the steady state 

condition (equation 2-9) occurs if Dr > Di and is negative, which makes 
dqs  < 0. 
dx 

In WEPP erosion model, for purposes of computation Di and Dr are solved per 

unit area of the rill (thus, qs is calculated on per unit width of the rill).  As a final 

output, soil loss is expressed per unit area of the hillslope. 

Values of interrill and rill soil erodibility and critical hydraulic shear must 

be quantified from newly tilled soil in the environment where WEPP will be 

applied. Studies were conducted in situ, on cropland and rangeland soils, to 

establish relationships between appropriate soil properties and these three 

WEPP soil parameters (Simanton, West and Weltz, 1987; Elliot et al, 1989). 

These parameters are affected by soil properties and they vary widely among 

soils and during a year, as a function of climate, soil and type of management. 

This variation is dealt with “through a component to directly adjust interrill and 

rill erodibility and critical hydraulic shear for the changing conditions within a 

year and for different tillage and management systems” (Laflen et al, 1991). 

This component had been derived after an extensive literature review and 

considerable analysis of available data (Alberts et al, 1989).  These parameters 

were critical “for the successful development of the WEPP technology” (Foster, 

1987). 

In WEPP, runoff rates are computed by kinematic routing (Henderson 

and Wooding, 1964) of the excess rainfall, which in turn is the difference 

between rainfall intensity and the infiltration rate.  Runoff rate is assumed 

constant and at the peak rate predicted from rainfall rate using a Green and 

Ampt type of infiltration equation (Green and Ampt, 1911). Infiltration in WEPP 

considers ponding and is a two-stage process, namely: i) when there is no 

surface ponding, infiltration rate is equal to the rainfall intensity, and ii) if there is 

surface ponding, infiltration rate is computed as a function of matric potential, 

cumulative infiltration and saturated hydraulic conductivity.  The effective runoff 

duration is calculated by dividing the total volume of runoff for the erosion event 

by the peak runoff rate. 

Taking slope in any section as a linear function of downslope distance 

represents the slope profile.  Equation 2-9 is solved for each slope section, the 



2-49 
output from each section becoming the input to the next section downslope. 

This procedure allows the WEPP model to deal not only with the change in 

slope with downslope distance, but also with downslope variation (within 

homogeneous elements) in factors such as surface roughness, cover and 

erodibility parameters. 

When flow is routed through a slope section in which net deposition is 

calculated to have occurred (so that equation 2-19 applies), then the effect of 

selective deposition of coarser sediment is represented.  The particle size 

distribution of eroded soil sediment is calculated as described in Foster, Young 

and Neibling (1985).  A rather complex numerical procedure as reported by 

Foster et al, (1989) is then used to compute a new particles size distribution for 

sediment emerging from a region of net deposition. Also, the effective duration 

of runoff is calculated and a typical value of runoff rate for the rainfall event 

used in the analysis.  Mass conservation of soil sediment then requires that for 

each hillslope element of constant slope, the rate of increase of sediment flux 

with downslope distance is given by the sum of the rill and interrill net erosion 

rates. 

One of the potential limitations to the use of WEPP in the tropics is the 

availability of research data to run the model (Manrique, 1993).  Since WEPP 

estimates soil erosion in different fashion than the USLE, new soil erodibility 

parameters are needed to run it (Laflen et al, 1991).  The detriment of being 

“very expensive and time consuming to develop, test and apply” is the outcome 

of making WEPP more complex to make it “more robust and accurate” than 

other soil erosion predictive models (Lane et al, 2000).  However, WEPP 

possesses the advantages of the ability to provide values for soil loss and 

sediment yield distribution both in space and time at any point in the area under 

consideration, straightforward calculation of soil loss and hydrologic parameters 

from soil and vegetation characteristics and applicability “beyond the range of 

conditions for which it was validated” (Stone, Lopes and Lane, 1990).  From the 

management point of view, “WEPP can provide better information about where 

to locate conservation practices to achieve specific goals such as the reduction 

of soil loss or sediment deposition at the bottom of a slope” (Laflen, Lane and 

Foster, 1991a). 

Nearing and Lane (1990) have detailed descriptions on the mechanics of 

the use of WEPP.  The basic inputs needed are “that involving soil slope, 
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rainfall intensity, intensity duration relationships, return period of rainstorm 

events, rill and interrill erodibilities, and soil properties affecting erodibility 

characteristics”. 

2.3.4	 GUEST - A Physical-Process Oriented Water-Induced Soil Erosion 

Model 

2.3.4.1 Overview 

The processes represented in this process-oriented water-induced soil 

erosion model are illustrated in the Forrester-style (Forrester, 1970) flow chart 

presented in figure 2.1.  Rainfall-related and runoff-related soil erosion 

processes are due to rainfall impact and shear stress caused by overland flow, 

respectively.  Both these rainfall- and runoff-driven processes, separately or in 

combination, can add to sediment concentration and soil loss, with the 

possibility of some interaction between these processes (Profitt and Rose, 

1992).  While these soil erosion processes continuously add soil sediments to 

overland flowing water, the process of soil sediment deposition continuously 

also reduces these soil sediments.  Soil sediment deposited on the soil surface 

may remain there for only a short period before it is eroded again.  Thus, at any 

particular time, a layer of deposited soil sediment covers some fraction of the 

soil surface.  This deposited layer of soil, which can quickly cover a large 

fraction of the soil surface, is initially coarser than the original soil, and eroded 

sediment correspondingly finer (and commonly richer in chemicals) than the 

original non-eroded soil (Rose, 1998b).  In a constant erosional situation, such 

rapid a flush of fine sediment is the major reason why sediment concentration is 

initially high and slowly declines with time.  Such gradual decline in sediment 

concentration with time indicates that, even in a constant erosional 

environment, it takes time for the deposited layer to approach an equilibrium 

condition: a situation assumed to exist in most soil erosion models (Rose, 

1998b), although dynamic soil erosion models have recently been developed 

(Rose et al, 1994).  “Seldom does all eroded soil leave an area of sloping land 

because part, often much, is deposited within the area” (Meyer, 1980). 
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Figure 2.1  Flow diagram (after the style of Forrester, 1970) describing the 

interaction of erosion processes between the sediment flux, the original soil and 

the deposited layer formed by deposition, and the range of erosion processes 

considered in the model.  Rates of processes (for class size i) exchanging 

sediment are shown by valve symbols.  The water layer and the deposited layer 

are shown artificially elevated for clarity.  The process rates shown are for 

rainfall detachment (ei), rainfall re-detachment (edi), runoff entrainment (ri), 

runoff re-entrainment (rri), gravity-driven processes (rgi) and deposition (di).  The 

arrows show the direction of sediment movement (extracted literatim from Rose, 

1993). 
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The basic characteristics of the process-oriented water-induced soil 

erosion model of Rose and Hairsine (1988) and Hairsine and Rose (1991, 

1992a, 1992b) are: 

i) A deposited layer that forms in the flow bed due to deposition; 

ii) The deposited layer is recognized to be very different from the original 

soil whereas its strength is less (and perhaps very much less) than the original 

soil matrix; 

iii) The removal of the soil sediment from the soil bed by raindrop impact 

is divided into the processes of rainfall detachment and rainfall re-detachment 

as a consequence of the development of the deposited layer; 

iv) Similarly, the removal of soil sediment from the bed by the action of 

overland flow is divided into the processes of runoff entrainment and runoff re-

entrainment; 

v) A dynamic equilibrium concept of the deposited layer is introduced. In 

this concept, mass per unit area of the deposited material remains constant in 

time when the rate of sediment deposition from the overland-flowing sediment 

load equals the sum of the rates of rainfall re-detachment and runoff re-

entrainment; and 

vi) The modeling approach does not require the use of a streambed 

transport equation, a common feature employed in soil erosion models. 

Rainfall detachment (ei) and rainfall re-detachment (edi) are rainfall-

caused erosion processes on the original soil matrix and on the deposited layer, 

respectively; while runoff-induced erosion processes on the original soil matrix 

and the deposited layer are called runoff entrainment (ri) and re-entrainment 

(rri), respectively (Figure 2.1).  Discriminating between the rates of erosion of 

the original cohesive soil matrix and of the weak non-cohesive deposited layer 

seemed appropriate because the rates of erosion are generally quite different in 

a similar erosive environment (Ciesiolka et al, 1995).  Rates of rainfall 

detachment and re-detachment depend on rainfall rate (Hairsine and Rose, 

1991), while rates of entrainment and re-entrainment are assumed to depend 

on the rate of working of the shear stresses exerted by overland flow on the 

surface of the soil.  The source of power for flow-driven erosion processes used 

in the water-induced soil erosion model of Rose and Hairsine (1988) is called 

the streampower by Bagnold (1966, 1977).  These processes of rainfall 
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detachment and runoff entrainment (commonly termed as runoff detachment) 

from the original soil matrix, rainfall re-detachment and runoff re-entrainment 

from the deposited layer and the continuously occurring process of sediment 

deposition (by the virtue of the immersed weight of the soil sediment) are 

conceived as acting continuously and therefore simultaneously (Rose and 

Hairsine, 1988; and Proffitt, 1989).  Soil erosion processes induced by rainfall 

and runoff increase sediment concentration while deposition decreases it. 

Some of the sediment load will be deposited when the former is more than 

runoff can carry due to decreased steepness or increased density of vegetation; 

otherwise, when runoff is able to transport more sediment than its sediment 

load, it may scour its channel to pick up the additional material (Foster and 

Meyer, 1972b; Bennett, 1974).  Few physical-process oriented soil erosion 

models “adequately consider deposition of eroded material” (Meyer, 1980) as 

adequately as the water-induced soil erosion model of Rose and Hairsine 

(1988). 

The separation of the processes of erosion and deposition is crucial in 

the development of this process-oriented water-induced soil erosion model. 

These two processes depend on different and largely independent factors, the 

primary reason for their separation rather than a composite representation. 

Streampower i.e., water flux and slope, soil strength characteristics, etc., affect 

the rate of entrainment while in contrast, the rate of deposition is not influenced 

by such factors, instead depending dominantly on the settling velocity (hence, 

size distribution) of sedimentary units.  “Deposition is selective, with the largest 

and densest sediment settling first and the finer material carried farther with the 

runoff”; hence, “sediment size and density characteristics are important in 

determining”, namely: “i) the portion of the sediment load that will be deposited 

along the runoff flow paths or in detention basins; and ii) the finer size 

distribution of the remaining load” (Meyer, 1980).  In “routing eroded sediment 

through the flow system” and in “evaluating sediment yield, the potential for 

sediment deposition is very important” (Foster and Huggins, 1976; Onstad, 

Mutchler and Bowie, 1977). Although sediment movement in gullies or due to 

landslide and other forms of mass movement are spectacular and significant 

where it occurs, they are often less important overall than rill and interrill erosion 

(Troeh, Hobbs and Donahue, 1991), and they are not considered here. 

“Sediment movement within a watershed may be much greater than that 
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suggested by the sediment load farther downstream” (Meyer, 1980), due to net 

deposition within the area. 

The sediment concentration at any instant of time during the process of 

soil erosion with runoff as the dominant causative agent has been found 

experimentally always to be less than or equal to an upper limit or maximum 

value. In situations of flow-dominant water-induced soil erosion, and in the 

absence of mass movement of soil among others, this upper limit is commonly 

conceived as a state wherein the sediment concentration is limited by the ability 

of the water flow to carry a sediment load and is thus called a transport limiting 

situation (Foster and Meyer, 1975; Foster, 1982); the sediment concentration in 

this situation is the sediment concentration at the "transport limit" or the 

“transport capacity”.  “For a given flow condition”, this “sediment transport 

capacity may be limited by either the size of the particle that can be carried or 

the amount of material smaller than the upper size limit” that can be eroded 

(Meyer, 1980). Meyer (1980) mentioned that “when a broad mixture of 

sediment sizes is present, the sediment load and size distribution surely depend 

on this relationship, but much remains to be learned about it”. 

Bagnold (1966, 1977) originally defined streampower (symbolized by Ω ) 

as the rate of working of the mutual shear stress, τ , between the soil surface 

and overland flow.  Thus, for a uniformly distributed flow across a plane, 

streampower can be expressed by

Ω τ = V ................................................... 2-20 
where, V is the mean velocity of overland flow.  An extensive laboratory study of 

flow-driven erosion in a three-meter-long flume involving active rill formation 

with strong interaction between flow hydraulics and erosional bed forms 

revealed streampower as a consistently more appropriate regressor of sediment 

flux per unit width than a number of alternative variables that has been 

proposed by Nearing et al (1997).  

The kinematic flow approximation of non-accelerating overland flow is a 

good approximation when there is no abrupt change in slope (Rose et al, 

1983a).  Using the kinematic approximation, the mean shear stress (τ) per unit 

area of the surface acted by the overland flow is expressed as, 

= τ ρ  R  S g ................................................. 2-21 
where, 

ρ - density of water; 
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g - acceleration due to the pull of gravity; 

S - slope of the plane i.e., sine of angle of land surface inclination; and 

R - hydraulic radius of flow (i.e., water depth in plane or sheet flow). 

Combining equations 2-20 and 2-21 gives, 

Ω = ρ VRSg ............................................... 2-22 
Below a threshold streampower Ω o, it is assumed that no soil was 

entrained or re-entrained by runoff i.e., sediment flux is zero (Bagnold, 1977; 

Freebairn and Rose, 1982; Rose et al, 1983b). The term (Ω - Ω o) is the net 

streampower responsible for soil erosion, while some fraction is lost in the form 

of heat and noise. Only a fractional part, F, of the difference (Ω - Ω o) is effective 

in entrainment and re-entrainment. F (Ω - Ω o) is called the “effective excess 

streampower”. 

While the idea of a transport limit arose out of experimental observation 

(Finkner et al, 1989; Foster et al, 1989), it has now received a theoretical basis. 

Assuming the eroding surface to be completely covered by deposited layer 

formed by the deposition of sediment previously eroded in the same storm 

event (which can come from eroded bed material, from headcutting of rills or by 

inflow from surrounding inter-rill areas), Hairsine and Rose (1992a, b) showed 

that the sediment concentration of non-consolidated soil material at the 

transport limit, ct, provided by the processes of runoff entrainment and re-

entrainment, and neglecting rainfall detachment and re-detachment but with a 

threshold effect being considered can be expressed as: 

c t = 
1  σ 

  F( Ω−Ω ) .................................... 2-23
oDg φ  


ρ−σ  
where, 

φ - average velocity of settling of soil sediment i.e., sediment “depositability” 

(Misra and Rose, 1990b; Lisle, Coughlan and Rose, 1996); 

D – depth of overland flow; and 

σ - density of sediment when wet. 

This expression for ct at dynamic equilibrium is derived by assuming that 

the effective rate of working of the shear stress between the overland flow and 

the soil surface i.e., effective streampower, is equal to the rate of work 

expenditure required to raise the soil sediment against its immersed weight at a 

rate equivalent to the rate of deposition. 
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Neglecting the threshold streampower Ω o, because it is commonly small 

compared to Ω (Rose et al, 1990; Rose, 1993), and combining equations 2-22 

and 2-23 yields the sediment concentration at the transport limit, ct, defined by, 

Fρ VS  R   σ  
ct =       ...................................... 2-24


φ  D   ρ−σ  
For uniform sheet flow, the hydraulic radius R is approximately equal to 

the depth D, of overland flow i.e, R ≈ D. Then equation 2-24 will take the form 

appropriate for the sediment concentration at the transport limit, ct, for uniform 

overland flow or sheet flow (in the absence of rills) as 

F ρ  σ  
ct = 

φ  


ρ−σ  
 VS ......................................... 2-25 


The prediction of equation 2-25 is in quite good agreement with the 

experimentally based equations of Yang (1972) who worked with non-cohesive 

sediment, thus ensuring that the transport limiting sediment concentration was 

sustained (Ciesiolka et al, 1995). Controlled flume experiments of Proffitt and 

Rose (1991a, b), Proffitt, Hairsine and Rose (1993), and Misra and Rose (1995, 

1996) provided experimental support for this theoretically derived upper limiting 

value to observed sediment concentration, ct. 

From the approximate analytic solution of Rose et al, (1983a), q, defined 

as the volumetric flux per unit slope width or the volumetric flow rate per unit 

land width, is given by 

q = xQ = DV .............................................. 2-26 
where, 

Q - runoff rate per unit land area; and 

x - downslope distance from the top of the plane. 

Combining equation 2-26 with the empirical Manning's velocity 

32 S 21R 
relationship i.e. V = , where n is an experimentally determined value 

n 

which describes the roughness of the surface, and assuming sheet flow of 

depth D, then D can be calculated from, 

 xQn  
53 

D =   
 S 21  

Hairsine and Rose (1992b) represented a land surface containing rills as 

possessing N rills per unit width, which are parallel and oriented along the 

prevailing slope. Rain falling between rills (i.e. the interrill area) is then 

conceived of as soon captured by an adjacent rill such that effectively all 
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downslope runoff flow takes place completely in rills. Defining G as the 

volumetric flow rate per rill, assumed equal for all rills, then 

G
=

q =
 VA ............................................... 2-27 

N 

where A is the cross-sectional area of flow in the rill. 

The cross sectional geometry of a rill is given by wetted perimeter i.e., 

the ratio of the width of the rill bottom to the entire perimeter in contact with the 

runoff water.  Uniform distribution is assumed in the dissipation of streampower 

on the wetted perimeter. Although sediment deposition presumably takes place 

over the entire portion of the rill covered by runoff water, deposited sediment on 

the sidewalls of the rills is likely to move down to the bottom of the rill, especially 

if the sidewalls are of sufficient steepness. A non-dimensional factor can 

quantify such increase in the effective deposition rate towards the rill bottom. 

Reflecting all these assumptions, the expression for the sediment concentration 

at the transport limit, ct, for flow in rills (Hairsine and Rose, 1992b) finally takes 

the form 









Wb 

Wp 
  σ   1

 
 ( [  
F Ω−Ω o ] ) ............................ 2-28
ct =
  


  φ
 ρ − σf Dg 

where, 


Wp - wetted perimeter of the rill, or


Wp Wb Ws+ = 

where, 


Wb - bottom width of rill; 


Ws - length of wetted sidewalls of the rill; and 


f - a non-dimensional factor. 


The factor f expresses the degree to which deposition rate to the base of 

a trapezoidal rill is enhanced if sediment deposited to the side walls quickly 

slides down to the rill base before re-entrainment occurs (for trapezoidal rill, 

f > 1 while in rectangular rill, f = 1). Hairsine and Rose (1992b) presented a 

thorough discussion of the non-dimensional factor f. 

Again, neglecting the threshold streampower Ω o as very small compared 

to Ω , and with equation 2-22, a more general expression for ct, incorporating all 

the considerations just discussed previously, is given as, 
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ct =

ρ−σ
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The presence of the multiplying factor on the right-hand side of 

f 

equations 2-28 or 2-29 is the most conspicuous difference with equations 2-23 

or 2-24. This multiplying factor is called the shape factor, which recognizes the 

role of rill shape on ct. For sheet flow, this shape factor has the value of unity 

while R ≈ D.  The ratio Wb(
 Wp )
 represents the fraction of the streampower 

effective in re-entrainment based on the assumption that re-entrainment takes 

place only from the bottom of the rill. 

The basic assumptions made in the derivation of sediment concentration 

at the transport limit are as follows: 

i) Deposited layer formed during a water-induced soil erosion event 

completely covers the original soil surface; 

ii) Deposited layer of the soil sediment is so weak that the mechanical 

strength of the sediments in the deposited layer is negligible. Hence, the 

effective portion of the excess streampower is expended mainly in simply lifting 

the soil sediment against its immersed weight; 

iii) A fractional part, F, of streampower, Ω , is used in the process of 

water-induced soil erosion by runoff water, while the remaining (1 - F) Ω is 

dissipated as heat and noise; 

iv) The effective excess streampower, F (Ω - Ω o), is assumed to be 

expended in lifting soil sediment from the deposited layer into the runoff flow 

against its immersed (downward) weight in water; 

v) The rate of re-entrainment of soil sediment from the deposited layer is 

equal to the rate of deposition under an assumed steady state condition; and 

vi) Whether flow is in sheet form or in rills, rainfall induced processes 

directly contributing to the sediment concentration are insignificant. Rainfall 

processes of detachment and re-detachment acting in the inter-rill region can 

contribute to complete coverage of the rill bed with deposited sediment. 

A
From equation 2-22 with R =  and from equation 2-27, the 

Wp

streampower for runoff flow in rill takes the form 
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ρ GSg=Ω ................................................ 2-30 


Wp

Combining equations 2-26, 2-27 and 2-30 results in a practical 

expression useful in the field measurement of streampower of runoff flow in rills 

i.e., 

ρ( Sg 

) xQ 

N



=Ω 

Wp

Combining equations 2-26 and 2-27 with the expressions for R and the 

empirical Manning's velocity results in 

S 21 35xQ A 
.............................................. 2-31
=


Wn 32N p 

The terms A and Wp (both being function of D) will vary with time, and 

will depend on rill geometry and frequency. 

Assuming equal inclinations of the two sidewalls for a trapezoid-shape rill 
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where, 

T T 

DT - total depth of the trapezoid-shape rill; and 

WT - top width of the trapezoid-shape rill. 

Combining equations 2-31, 2-32 and 2-33 results in a working equation 

for the computation of D for a trapezoid-shape rill, solvable by an iterative 

procedure, as 
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However, for a rectangle-shape rill, 

A =
 DW ................................................. 2-35
R 

where, 


WR - top width (obviously, equal to the bottom width) of the rectangle-shape rill; 


and, 


W
 =
W
 +
 D2 ............................................ 2-36
p R 
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As in trapezoid-shape rill, combining equations 2-31, 2-35 and 2-36 

results in the following relationship for rectangle-shape rill which can be solved 

for D by an iteration method 

( 5 3 3 2  
D = 


 

W x Q n R + D 2 )
 .................................... 2-37 


3 5  S 2 1 W N R   
Values of instantaneous sediment concentration c in a run-off dominated 

soil erosion process normally fluctuates below the sediment concentration at the 

transport limit, ct, (although in some situations it is likely that c consistently may 

assume this upper limiting value).  When the soil surface is not completely 

covered by the easily erodible blanket of recently deposited soil sediment, a 

significant amount of work is required to entrain the original soil bed due to its 

cohesive strength. There is then a discrepancy between c and ct. In this 

situation, the theory provides a basis for defining a measure of the erodibility of 

the soil denoted by the empirical parameter β (Rose, 1993; Ciesiolka et al, 

1995) which is physically interpreted as a soil erodibility parameter, i.e. 

c ln β = 
c ln t 

This empirical parameter β , serves as an indicator of the extent to which 

c is less than ct. The details about this soil erodibility parameter will be 

discussed in another section. 

Misra and Rose (1995) showed experimentally that in flow-driven 

dominated soil erosion process there is a relationship of the general type 

theoretically expected between β and the soil strength.  An increase in the value 

of the former indicates a decrease in the level of the latter.  This is so because 

the resistance of the uneroded (or original) soil to the flow-driven dominated soil 

erosion process is reduced as soil strength decreases.  Ultimately, soil strength 

is a determining factor in the resulting sediment concentration, a topic to be 

discussed in the next section. 

2.3.4.2 The Effect of Soil Strength on Sediment Concentration 

When runoff entrainment and re-entrainment processes are the 

dominating water-caused erosion mechanisms, the measured sediment 

concentration c can be expressed in the general form (Rose et al, 1990; Rose, 

1993) as 
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c = ct − )J(f ............................................... 2-38 

where, ct is the sediment concentration at the transport limit, and f(J) is a 

function of erodibility parameter J, the specific energy of entrainment or the 

energy required to entrain a unit mass of soil.  Rose and Hairsine (1988) 

introduced this fundamentally defined soil property (which must be related to 

soil strength).  As shown by these authors, 

2 3 ψξ   ψ ψ 
)J(f = 


 

2 
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 ................................... 2-39 
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Fρ Sg 

S 21 

K in equation 2-40 is given by K = , and so is dependent on the slope and 
n 

roughness of the plane surface where overland flow is occurring, while other 

terms were defined previously. 

The expression for f(J) in equation 2-39 was derived on the assumption 

that m = 2 from the kinematic flow approximation equation (Rose et al, 1983a) 

which describes the volumetric flux (q) on a planar land surface without rills as 

q = DK mf ................................................. 2-42 
where mf is a parameter which indicates the state of flow, i.e., mf = 5/3 ≈ 2 for 

turbulent flow. 

Rearranging the forms of the equations for ct for a uniform overland or 

sheet flow, with negligible threshold streampower Ω o (equation 2-25), and for ξ 

given by equation 2-40 gives the expression 

ct ξ  Fρ S  σ  = = 
V ( QK ) 21      φ  ρ−σ  



Thus, 

c t V = ............................................... 2-43
21ξ ( QK )

From equations 2-26 and 2-42 for mf = 2, Q x = K D2, then 


21 = 
DK 

x 21( QK ) 
and since V D = K D2, therefore 

x 21 = 
V 

.............................................. 2-44
21( QK )

Similarity between equations 2-43 and 2-44 yields the expression, 
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ct 2 1 = x 
ξ 

or 
ct ξ = x 2 1 ................................................. 2-45 

Combining the basic equation form for c which incorporates a function of 

the specific energy of entrainment J (equation 2-38), the expression for f(J) 

(equation 2-39) and the newly derived relationship for ct (equation 2-45), results 

in another way of expressing c as 

 2 1  3 ψ   ψ ψ 2   
c ξ =  x − 


 

2 


 1− 

x 2 1 + 
x 2 


 

A non-cohesive soil is one in which J ≈ 0. The strength of the deposited 

layer formed during the soil erosion process is so low that J = 0 is likely to be a 

good approximation.  At this state 

c ξ = x 2 1 = ct 

It can be concluded from a close investigation of equations 2-38, 2-39 

and 2-41 that as J increases, c declines, which may be called a generally 

inverse type of relationship.  Likewise, there is a similar inverse relationship 

between ct and the term φ , the soil depositability, which will be discussed in the 

next section.  Worth noting also from equations 2-38, and 2-39 to 2-40 is the 

decreasing dependence of c (and thus soil loss) on the geometrical plot 

parameters of slope and slope length as J increases, contrary to what has been 

assumed in the general form of dependence of soil loss on slope and slope 

length in the USLE. 

A descriptive representation of equations 2-38, and 2-39 to 2-40 is 

presented in figure 2.2 for some assumed values of J (Proffitt, 1989). 

Figure 2.2 is a plot of streampower (Ω ) against sediment concentration c shown 

from J = 0 i.e., c = ct to increasing values of J. Because of the basic 

assumption that only the processes of runoff entrainment and re-entrainment 

are dominating, c and Ω start at 0, although it is likely that there could be a 

significant contribution of rainfall to c even at Ω = 0.  For a given value of Ω , c 

becomes less as J increases (and so with the soil strength),. 

2.3.4.3 Depositability

Sediment concentration is increased by erosion processes and 

decreased by deposition (Rose, 1985).  Deposition will occur for any sediment 
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Figure 2.2  Sediment concentration (c) calculated as a function of streampower 

(Ω) at various values of J and β. The curves for J > 0 and β < 1 are calculated 

assuming the sediment concentration remains at the concentration limit 

corresponding to the chosen values of J.  Depositability of the sediment is 

assumed constant and not dependent on depth of water flow (after Rose, 1993). 
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with positive immersed weight, hence is a continuous process, and so must be 

given due explicit recognition as playing a very significant role in the total soil 

erosion process due to water.  Rose and Hairsine (1988) introduced the term 

"soil depositability" to emphasize deposition-related property of soil contributing 

to the variation of sediment concentration due to water-caused soil erosion 

process. As early as 1985, Rose (1985) recognized and argued for separate 

and explicit representation during any water-induced soil erosion process.  The 

rate of deposition depends on the settling or fall velocity characteristic of the 

different sizes of sediments involved (Croley, 1982).  The difference between 

this rate of deposition and the rate of sediment being added to the runoff flow by 

whatever prevailing erosion processes during a particular soil erosion event 

regulates the sediment concentration. 

Soil is composed of varying sizes of soil aggregates or particles and thus 

a wide range of settling velocities, a characteristic describing soil depositability. 

One method of quantifying this soil property is by the use of the bottom 

withdrawal tube technique modified by Lovell and Rose (1988).  This technique 

allows interaction of differing sizes of settling soil particles as is expected to 

occur during sedimentation (Lovell and Rose, 1991).  Soil erosion involves 

sediments depositing in a complex polydisperse system characterized by the 

faster settling sediment moving through slower settling ones, thus involving 

significant interactions among the varying size soil particles.  Such interactions 

are possible in experiments involving the modified bottom withdrawal tube, and 

thus the ultimate measured settling velocity will approximate that in situ. 

Analysis of the results of this modified bottom withdrawal tube experiment is 

facilitated by a customized computer application program GUDPRO (an 

acronym that stands for Griffith University Depositability PROgram) since 

manual calculations to come up with the settling velocity curve are quite 

laborious (Ciesiolka et al, 1995). 

The settling velocity characteristic of a given soil that is influenced mainly 

by the soil's aggregation and the stability of that aggregation, determines the 

soil depositability. Generally, the settling velocity characteristic can be 

determined experimentally by knowing what proportion of soil mass have a 

particular settling velocity.  Sediments are divided into an arbitrary “number (I) 

of sediment size classes of equal mass”, with each “class having a 

characteristic settling velocity, vi”(Rose, 1993). The depositability of the 
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∑ visediment, denoted as φ, is then defined as , where the sum depends on 
I 

the shape of the soil’s settling velocity characteristic, and is the mass-weighted 

average settling velocity (Rose et al, 1990).  The resulting settling velocity 

characteristic is normally presented as a cumulated percentage of sediment that 

settles with a velocity slower than any arbitrarily nominated settling velocity. 

Obviously, since soil clods do not participate in deposition, they are excluded 

from the bottom withdrawal tube apparatus.  The upper limit on settling velocity 

is set by the size of the soil aggregate the apparatus can effectively handle 

without hampering its operation.  A realistic thought in physical terms is that soil 

aggregate size greater than the mean depth of runoff water on the soil surface 

will not be likely to participate in the deposition process during any particular soil 

erosion event simply because an un-immersed sediment can not be deposited. 

Deposition will occur when the involved soil aggregates have a size less than 

the depth of overland flow for a particular soil erosion event, or that soil 

aggregates have a size less than that which simply rolls along the water 

channel bed (Rose, 1993).  Such overland flow depth serves as the maximum 

size limit for the determination of the effective depositability for a particular soil 

erosion event.  GUDPRO could also provide the effective depositability given 

either an upper limit to vi, or by setting this upper limit to the maximum size of 

water-stable aggregates. 

2.3.4.4 Soil Erodibility Parameter, β 

The sediment concentration of non-consolidated soil material at the 

transport limit ct, in a plane or sheet flow situation increases with Ω; however, 

the rate of increase declines as Ω becomes larger (equation 2-23).  Sediment 

concentration c is always less than ct although it is possible for them to be 

equal.  The theory of how c is expected to vary with Ω when c is less than ct is 

given by Hairsine and Rose (1992a, b) and Rose (1993).  Such theory assumed 

that for flow to entrain unit mass of a cohesive soil, energy represented by J 

(Joules/kg) must be expended.  The quantity J must be related to the strength 

of the soil matrix as discussed in section 2.3.4.2. The theory predicts that c will 

vary with Ω in the form of a unique curve for any given value of J (Figure 2.2).  

Such curves are very well fitted by β shown as dashed curves (Misra and Rose, 
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1990a; Rose, 1993).  The nature of the shape of Ω versus c curves at different J 

is well represented by raising ct to a power β when β ≤ 1. The power β is 

regarded as a meaningful empirical soil erodibility parameter (Misra and Rose, 

1990a).  Thus, β is the exponent to which ct has to be raised to equal the 

measured value of c. The apparent close relationship between J and β 

facilitates the determination of the former, at least for values of the latter less 

than unity, which requires c to be determined as a function of time during a 

particular soil erosion event, an uncommon practice at the present stage of soil 

erosion research technology (Rose, 1993).  With low streampowers, such as at 

low slopes, and for compacted soils, erosion rate may depend more on soil 

detachability due to rainfall, which is also affected by soil strength.  At low 

slopes and streampowers and on tilled soils, β is commonly close to one.  The 

value of the soil erodibility parameter, β , incorporates the effect of both flow-

driven and rainfall-driven erosion processes to water-induced soil erosion. 

For in situ studies of water-caused soil erosion, it is commonly difficult to 

measure the temporal variation of c.  If so, then the only available data is the 

average sediment concentration for the event, designated as c . The soil 

erodibility parameter, β , is a non-dimensional constant defined from the 

relationship: 
βc = ct ≤ β 1 ............................................ 2-46 

where, c  and ct  are the average sediment concentration throughout a 

particular soil erosion event and the corresponding average sediment 

concentration at the transport limit, respectively. The lower the value of β , the 

lower the erodibility of the soil, hence, there appears a dependence of this soil 

erodibility parameter on soil strength, a soil characteristic which can be 

measured in the field.  The soil erodibility parameter β , is a useful parameter 

and its relation to more fundamental erodibility parameters was discussed by 

Rose (1993). 

Since the average sediment concentration c , is defined as the ratio of 

the total soil loss during any storm event to that of the total runoff during such 

∑ q c 
storm event i.e., 

∑ q 
, then c must be a flow (or flux)-weighted mean rather 

∑ q c
than a time-mean.  Likewise, c , must also be flux-weighted mean i.e., t 

t ∑ q 
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Q ct  from equation 2-26.  From equation 2-24 (or 2-25) or equation 2-29, ∑

∑

or 

Q 

∝
 V and, with equations 2-26 and 2-42 assuming turbulent flow, V ∝ Q 5 2 , soct 

Q 

the constants resulting from the derivation.  The two summations are calculated 

∑
∑


assuming similar equal time steps in data on Q (Ciesiolka et al, 1995).  It follows 

from this flux-weighted mean value of ct  that more bias is given to higher 

fluxes, providing some theoretical justification for procedures where calculations 

rely solely on peak rates of flow (e.g. Foster et al, 1989). Also, by similarity, 

5 7 
5 2 ∝
that Q The flux-weighted mean value, k  where k lumps all=
c c.t t Q 

2 5 
Q Q∑

∑

DATALOG facilitates in the calculation of Q  (Ciesiolka et al, 1995). 

The value of the parameter β, is expected to be less than or equal to 1. 

Conceptually, if β = 1, from equation 2-46, c  = c .  However, if the calculated t 

∑
∑
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lue of β
 is greater than unity, this could indicate that gravity-caused va

processes and/or mass movement such as creep, earthflows, landslides, soil 

avalanches or the like must have taken place in addition to the processes 

represented in the model which include runoff entrainment and re-entrainment, 

and rainfall detachment and re-detachment (Rose, 1993). On the other 

extreme, if β is negative i.e., β < 0 (when c  < 1 kg/m3 while in practice c  > 1  t

kg/m3), then water induced soil erosion should not be of great concern.  Hence, 

the value of β indicates whether c is less than the theoretical maximum 

sediment concentration at the transport limit, c .  The evaluation of this t 

empirical erodibility parameter β does not necessitate the uncommon practice of 

measuring the sediment concentration as a function of time during an erosion 

event, which is an advantage since only the total soil loss is required.  The 

average sediment concentration is calculated by getting the ratio of the 

measured total soil loss from the total volume of the causing runoff. Another 

customized application program, DATAMATE (Ciesiolka et al, 1995), 

determines the total volume of runoff in which the rate of runoff exceeds the 

threshold runoff for entrainment.  This threshold might be of minor importance in 
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major soil erosion events; however, the effective volume of runoff should be 

used for the computation of the average sediment concentration. 

Since average sediment concentration increases with β, but is inversely 

related to soil strength as indicated by the specific energy of entrainment J, soil 

exhibiting great strength would be expected to result in a low value of β. Soil of 

great strength will have low average sediment concentration and thus, low soil 

loss. 

Based on the theoretical development of Rose and Hairsine (1988), 

Misra and Rose (1990a) produced the computer application program GUEST. 

This customized computer application program, aside from providing the 

average water depth of overland flow from any soil erosion event which results 

or not in the formation of rills (considering its degree and shape) as discussed in 

the previous section, was used also to analyze the data collected at the 

experimental site to define the empirical soil erodibility parameter β as 

described in Ciesiolka et al (1995).  Presbitero et al (1995) presented the results 

of the experiments where they were analyzed using statistical techniques alone. 

2.3.4.5 Relative Contribution of Runoff Entrainment (and Re-Entrainment) to 

Soil Loss 

The streampower of overland flow, a concept introduced by Bagnold 

(1977) is directly related to land slope, slope length as well as the runoff rate 

per unit land area (equation 2-24).  Hence, as these streampower factors 

increase, the processes of runoff entrainment and re-entrainment would be 

expected to provide an increasing contribution to soil loss over that due to the 

processes of rainfall detachment and re-detachment.  The magnitude of the 

streampower of overland flow is the determining factor on the relative 

importance of runoff related processes over that of rainfall related processes 

(Proffitt and Rose, 1991a).  Such theoretical expectation was substantiated 

experimentally by Proffitt and Rose (1991a) under controlled-experimental 

conditions using the GUTSR  (Griffith University Tilting Flume and Simulated 

Rainfall) facility, and has also been verified for all slopes in the field experiment 

reported by Presbitero et al (1995).  The relatively high stream power 

associated with overland flow on steep slopes as found by Presbitero et al 

(2001) suggests that overland flow dominates rainfall impact as a source of soil 
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sediment concentration (Profitt and Rose, 1991a).  This was confirmed from the 

experimental site by the measured ratio of soil sediment concentration shed by 

the net rainfall detachment trays to that lost from the runoff plots, which is about 

0.18 (Presbitero et al, 2001). Ellison (1947) found that as slope steepens, 

runoff becomes a major detaching agent (and detachment by rain decreases); 

while on small slopes, rain primarily detaches soil (and runoff primarily 

transports it). 

Results of statistical analyses of data collected from the experimental site 

described by Presbitero et al (1995), to be presented in Chapter 5 (Statistical 

Analysis of Data), will provide support to the importance of the dominant 

variables in the theory of entrainment and re-entrainment (Rose and Hairsine, 

1988; Hairsine and Rose 1992a, b; Rose, 1993).  Some of these variables such 

as total runoff and flux-weighted average runoff rate (described by Rose, 1993 

and Ciesiolka et al, 1995) among others relate well with soil loss, as well as with 

sediment concentration. 

The theory from which the erodibility parameter β is derived assumes 

that the water caused soil erosion processes of runoff entrainment and re-

entrainment are dominant over those of rainfall detachment and re-detachment. 

Although a value of β can be calculated whether this is so, the value of β is 

more physically meaningful when this dominance exists. 

2.3.5 Revised GUEST 

The materials used in this section and the adjoining sub-sections have 

been extracted from the works of Rose et al (2001) and Presbitero et al (2001) 

submitted for publication to the Australian Journal of Soil Research. 

The original water-induced soil erosion theory was that of Hairsine and 

Rose (1992a, b) which had been widely applied in analyzing extensive data sets 

from a four-country, co-operative soil conservation research program as 

described in Soil Technology (1995) and by Coughlan and Rose (1997). Better 

understanding of the physical processes occurring under actual conditions 

necessitates some changes in the original water-induced soil erosion theory of 

Hairsine and Rose (1992a, b) on which the original process oriented soil 

erosion model had been based.  Such dynamism in modifying the theory to 

cope with the nature of collected in-situ data will now be described. 
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Such theory development resulted in response to data collected from the 

steep-slope runoff plots at the Visayas State College of Agriculture (ViSCA) site 

on the island of Leyte in the Philippines, a humid tropical country.  At this site, 

soil was extremely permeable, resulting to very low rates of runoff, shallow 

depths of flow (less than 2 mm), and very high concentrations of sediments 

(greater than 100 kg/m3).  All these characteristics provided a most rigorous test 

of the original water-induced soil erosion theory.  “Unfortunately”, according to 

Meyer (1980), “much less is known about the transport of sediment by shallow 

flow during rainfall”, a condition that is “very important on upland areas”. 

The consequences of these changes when applied to actual field data 

collected at the bare steep slope runoff plots at the experimental site in ViSCA 

will be discussed in Chapter 7 (Analysis of the Erodibility Factor β). 

2.3.5.1 Definition for Sediment Concentration, c 

A combination of small mean depth of runoff water with big soil loss (sum 

of bed load and suspended load) was commonly observed in the field data 

collected from the experimental area.  This necessitates consideration of the 

total volume being occupied by the soil sediments, which is normally assumed 

to make a negligible contribution to the total volume of the water-soil sediment 

mixture. 

The modified definition for c was derived as follows: 

M 
c = s 

V + Vs w 

where, 


Ms - total mass of dry soil sediment (sum of bed load and suspended load); 


Vs  total volume occupied by the soil sediment; and 

Vw  total volume occupied by water. 

Since wet sediment density, σ is defined as 

sM= σ 
sV 

then 
1 

σ 
+ 

= 
1 

M 
V

c 
w 

s 

The aggregate wet sediment density σ (in x 103 kg/m3), which is known to vary 

with both aggregate size and content of un-aggregated sand particles of size 
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greater than 0.02 mm (Knisel, 1980), was determined from the equation of the 

line of best fit as a function of %sand developed by Loch and Rosewell (1992) 

in a particular soil type i.e., 

= σ 4621.1 + ) 03259.1( 0480 .0 Sand % .......................R2 = 0.94 


2.3.5.2 Definition for Density of Sediment-Laden Water, ρe 

For reasons similar to the redefinition of sediment concentration c, the 

density of the runoff fluid (in our case, water) responsible for soil erosion has to 

consider the effect of soil sediment, which has been significant in this particular 

study.  Therefore, the value of fluid density ρ used in calculating streampower 

(equation 2-22) should consider the effect of soil sediment.  

The derivation of an equation for the density of sediment-laden water is 

as follows: If Mt is the total mass of the mixture of water and soil sediment, then 

Mt ρ = V + t Q c r A ......................................... 2-47 w t 

where, 


Vw - total volume occupied by water;


ρ - density of water;


Q - runoff rate per unit land area; 


tr - total duration of the runoff event; 


At - total land area where runoff took place; and 


c - sediment concentration. 


The terms ρ Vw and c Q tr At represent the total mass of water and soil


sediment, respectively. 


The corresponding total volume of water-soil sediment mixture, Vt is 

equal to Q tr At, while the total volume occupied by soil sediments is the ratio of 

t Q c r Atthe total mass of soil sediment and the wet sediment density i.e., . 
σ 

Therefore, Vw is 

t Q c r A tV = t Q r A − ....................................... 2-48 
w t σ 
The density of the sediment-laden water ρe is the ratio of total mass (Mt) 

Mtto the total volume (Vt) of water-soil sediment mixture i.e., . Hence, with 
Vt 

equations 2-47 and 2-48, 
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 t Q c r A t ρ A t Q t −  + A t Q c t
 

r rσ ρ = ............................ 2-49 
e A t Q tr 

Simplifying equation 2-49 gives, 

 ρ ρ e + ρ = c  1−  
 σ  

3 kg
Finally, with = ρ 103 kg

3 and σ = 10 x 65.2 , then3m m 

1 ρ e + ρ =  1−  c ......................................... 2-50 

 65.2  

or simply, 

ρ + ρ =  c  623. 0 e 

2.3.5.3 Effective Depositability, φ e 

Mean settling velocity of soil sediment i.e., ∑ vi , denoted by ξ is used in 
I 

the original form of the equation for the computation of ct  (Rose and Hairsine, 

1988; Hairsine and Rose, 1992a, b).  When ξ is uncorrected for the computed 

depth of shallow runoff water, then by implication it can be said that even soil 

particles with average diameter greater than the computed depth of runoff water 

participate in the deposition process, a situation which is obviously physically 

unrealistic.  Indeed, such bigger sized soil particles can be considered as 

rendering some contact cover to soil surface. 

For deposition to take place, the settling sediment must rise above the 

soil surface, with the size of the sediment less than that of the runoff depth 

(Rose, 1993).  The customized application software GUEST computes this 

time-average depth of runoff water, taking into account the effect of rills on 

water depth using information on rill shape and frequency (or number of rills per 

unit slope width), and using the empirical Manning's velocity equation. This 

average depth of runoff water is interpreted as an upper limit to settling velocity 

and thus an upper limit in the calculation of soil depositability.  This upper limit 

to the depositability of the sediment is called "effective depositability", denoted 

by φ e (Misra and Rose, 1990b).  The customized application software GUDPRO 

facilitates calculations of soil depositability (Misra and Rose, 1990b; Lisle, 

Coughlan and Rose, 1996).  GUDPRO analyses raw data derived from the 
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bottom withdrawal tube procedure as described by Lovell and Rose (1988), or a 

top-entry tube (Hairsine and McTainsh, 1986), or as inferred approximately from 

the sediment size distribution. The program provides the settling velocity 

characteristic curve for the sediment and calculates φ e (Rose, 1993; Lisle, 

Coughlan and Rose, 1996). 

Generally, the depths of runoff water computed from the empirical 

Manning's velocity equation for the bare runoff plots of the field experiment were 

very low in both the resulting rilled and plane surface conditions. Therefore, it 

was apparent that some potentially erodible soil particles were too large to 

become suspended and subsequently deposit. Such soil aggregates larger 

than water depth were assumed not to erode. The use of φ e excludes soil 

particles with velocity greater than the maximum settling velocity (corresponding 

to the computed depth of runoff water from the empirical Manning's velocity 

equation). Therefore, the contribution to depositability of soil aggregates with 

size larger than the estimated mean depth of runoff water during the erosion 

event was ignored. 

2.3.5.4 General Expression for Modified ct 

Incorporating the conceptual changes given in sections 2.3.5.2 and 

2.3.5.3 results in the following form for the sediment concentration at the 

transport limit, ct. 

From equations 2-29 and 2-50 and using effective depositability, φ e, ct 

takes the form, 

.................... 2-51 


If c of equation 2-51 is made equal to ct and the latter is solved for, then 

................... 2-52 
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As will be shown later, reduction from φ to φ e and increase from ρ to ρe, 

thoroughly justifiable and physically required modifications, when applied to the 

ViSCA data resulted in calculated values of ct becoming increasingly unrealistic 
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as estimated water depth decreases (Rose et al, 1997).  Such finding, led to 

exploration of other possible effects which could become important at the very 

shallow depths and high sediment concentrations so characteristic of the ViSCA 

data (Presbitero et al, 2001).  In the next sections, two such effects are 

developed theoretically, and the magnitude of these effects individually and in 

combination examined through application to the ViSCA data. 

2.3.5.5 Incorporating Saltation Shear Stress in Water-Induced Soil Erosion 

Dominated by Runoff Entrainment and Re-Entrainment Processes 

In wind-induced soil erosion, nearly all the total shear stress exerted by 

wind is involved in providing momentum of saltating particles, which rise from 

and return to the soil surface.  The residual surface stress due to the velocity 

gradient of air at the soil surface is so low that it could not be the cause of the 

wind-induced soil erosion, this being due to the impact of saltating soil particles. 

Bagnold (1941) called the drag responsible in providing momentum to saltating 

soil particles as “saltation drag”.  In a similar manner, saltation shear stress or 

simply saltation stress, a coined term, is the force per unit area due to saltating 

soil particles in the resultant soil-water mixture from water-induced soil erosion. 

Saltation shear stress is the residual of the total shear stress and the surface 

shear stress. This residual is the causing factor in wind-induced soil erosion, 

normally considered negligible in water-induced soil erosion. 

Until recently, all soil erosion theory has followed the suggestion of R. A. 

Bagnold that providing the momentum required by saltating particles in water 

was a negligible effect, unlike the situation in wind erosion.  Bagnold (1941) 

argued that the density ratio of soil particles to air is enormously different with 

the density ratio of soil particles to water in air- and water-induced soil erosion, 

respectively, making saltation shear stress to be of significance to the former 

but not in the latter context, saying that “the amount by which the flow of water 

is checked by the same number of grains in saltation is therefore but a 

thousandth as great as is the case of air; so the saltation drag is negligible” 

(Bagnold, 1941, p. 103).  Although, there is no evidence that the impact velocity 

of saltating soil particles in water-induced soil erosion is sufficient to cause other 

soil particles to be ejected, it is very likely that a saltation-like trajectory of soil 

particles occurs in overland flow for all but larger, rolling soil aggregates, or for 
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the very fine soil material forming the suspended load. Hence, it is possible that 

at sufficiently high sediment concentration in water-induced soil erosion, a 

significant fraction of the total surface shear stress could be involved in 

providing momentum to the saltating soil particles, with such momentum being 

continuously lost as the soil particles return to the soil surface in deposition. 

Theory was developed as supported by findings from field studies (in an 

experimental field site characterized with combination of very high sediment 

concentrations and very shallow overland flows).  Theory to be developed later 

in this subsection shows that saltation shear stress depends on the 

concentration of soil sediment in the soil-water mixture and on the density 

difference between the solid and the fluid and not on their density ratio.  This 

saltation stress may not be negligible as suggested in general terms by Bagnold 

(1941).  This newly developed theory evaluates the magnitude of the shear 

stress required to provide the momentum for the saltating particles in water. 

Thus, the total shear stress is required to be partitioned into two 

components shear stresses, namely: 1) saltation shear stress (or simply, 

saltation stress) required to provide momentum to saltating particles, and 2) a 

surface shear stress which is potentially effective in erosion.  An expression for 

saltation shear stress is required in order for its magnitude, and thus its 

significance, to be evaluated. 

The physical-process based theories of Rose and Hairsine (1988), and 

Hairsine and Rose (1992a, b) assumed the saltation shear stress to be 

negligible.  Neglecting saltation shear stress assumes the effective shear stress 

as the total shear stress, thus overestimating the effective shear stress. 

During the process of erosion, eroded sediment can be arbitrarily 

grouped into a saltating component, which return periodically to the soil surface, 

and the fines which are suspended and whose settling velocity is very low 

compared to the eddy velocity that it may not return to the soil surface where it 

originated. Since the settling velocity of the suspended load is essentially zero, 

then it does not contribute to φ (or φe).  For many soils, the mass of the fines is 

very much less than the saltating erodents.  In addition, the momentum of the 

former is not lost by periodic return to the soil surface, as is the case for the 

latter.  For these reasons, the stress involved in providing momentum to the 

fines will be small compared with the saltation stress (the rate of momentum 

change per unit area of saltating erodents) hence, will be considered negligible. 
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Although in the development of the theory it may appear that there is no 

suspended load, the suspended load is accommodated in the theory as a 

saltating load whose saltating trajectory is infinitely long. 

Consider a sedimentary particle of volume εi and mass, mi = σ εi where σ 

is the wet density of the soil particle and where some of the mass and volume 

could come from adsorbed and interstitial water in a complex soil particle or soil 

aggregate.  As assumed soil particles are removed by eddy shear stresses (or 

rainfall impact) from the soil surface with an initially vertical velocity into a depth 

of water flowing across the soil surface with a mean velocity V. For low slopes, 

rainfall impact will contribute soil sediments to the water layer and splash them 

in all directions, thus making the assumption of no net displacement a 

reasonable one. Thus, the possibility of net downslope soil splash as a 

transport mechanism on steeper slopes will be neglected. 

Furthermore, it is assumed that the settling velocity, vi, of saltating soil 

particles is much greater than the friction speed of the overland flow u* (defined 

by τ = ρ µ*
2, where τ is the shear stress exerted by overland flow on the soil 

surface) so that the soil particle undergoes a saltation trajectory, and is brought 

to rest on returning to the soil surface after traveling a distance Li. During the 

saltation movement, if the soil particle attains the mean velocity of the flow, V, 

(which is likely to be an overestimate) in the flow direction, then the momentum 

gain by the soil particle is mi V. 

The soil particle under consideration must have displaced a volume of 

water with mass, mw = ρ εi where ρ is the density of water. The displaced 

volume of fluid would have had a momentum, mw V provided by the flow had it 

not been displaced by the soil particle.  Therefore, the extra momentum 

extracted from the flow due to the saltating particle is (mi V - mw V). This 

momentum extraction generates the saltation stress, τsa. Such extra 

momentum resulted over the trajectory distance, Li, so that momentum lost by 

the fluid due to saltating particle per unit length of motion is equal to: 

(m − m )Vi w ............................................... 2-53 

Li 

where, 

mi = σ εi; and 

mw = ρ εi. 
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The sediment concentration (ci) of soil particles in the size or settling 

velocity class i, is given by 

= m n ici i 

and since mi = σ ε i, hence, 

ci = ni ε σ i ................................................. 2-54 
where, ni is the number of soil particles per unit volume of the fluid with mass of 

soil particles in that class being mi. 

By definition, the flux of saltating soil particles per unit width of flow in the 

size class i (qsi) is then given as 

q = c q .................................................. 2-55 si i 

where, q is defined previously in equation 2-26. 

Generalizing equation 2-53 by replacing mi by the saltation flux of soil 

particles of size class i i.e., combining equations 2-54 and 2-55 will result in 

n q ε σ , and similarly replacing mw by n q ε ρ  will result in the component of the i i i i 

saltation shear stress which is contributed by soil particles in size class i, 

τ ( ) = 
( n q − ε σ n q ρε i ) Vi i ii  and combining with equation 2-26, sa Li 

i 2τ ( ) = V D ni ε i 
( − σ ρ) 

....................................... 2-56 
sa Li 

Suppose such potentially erodible soil sediment in the original soil matrix 

is divided into arbitrary number, I, settling velocity classes, each of equal mass. 

In a soil erosion event, the depth of overland flow may be inadequate to 

submerge soil sediment of all I classes. If only m such classes were 

submerged, then the remaining m to I classes is the larger un-submerged 

classes that can be assumed stationary although they could roll.  Water then 

can flow between these larger soil particles, much as water may flow between 

un-submerged rocks in a shallow depth of stream but at a very much larger 

scale. 

If c is the total soil sediment concentration of a particular overland flow, 

c
then since each class is of equal mass, ci = . Summing equation 2-56 over 

m 

all the number m size or settling velocity classes participating in the saltation 

process derives saltation shear stress.  Combining equation 2-54 and the sum 

of equation 2-56 over the effective size classes provides an expression for 

saltation shear stress as 
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2  ρ−σ   c   m  1  τ sa = VD     ∑   ................................ 2-57 
 σ   m   i= 1  Li   

From the geometry of the saltation trajectory for a class i soil particle 

shown in figure 2.3, it follows that, approximately, 

 D  
tan =γ 

 α i 
 ............................................... 2-58 

Li 

where, α i is a factor which recognizes that a saltating soil particle may not rise 

to the full depth of overland flow with α I ≤ 1 (Croley, 1982). Denoting the 

settling velocity of soil particles in class i by vi, then from figure 2.3, 

tan =γ 
vi ................................................. 2-59 

V


From equations 2-58 and , by similarity, 


 D    α i  = 
vi 

Li V 
or 

VD
Li = ................................................. 2-60 

vi α i 
Substituting for Li in equation 2-60 into equation 2-57 gives 

m ρ−σ   c  τ sa = V      ∑α i vi 


  .................................. 2-61 

 σ   m   i= 1  
In very shallow flows well stirred by rainfall impact and other sources of 

turbulence, it is reasonable to assume that αI = 1 as an approximation, then 

equation 2-61 will be of the form, 

m 

τ sa = V  
ρ−σ 
 ( )

∑ 
vi   c   ................................... 2-62 

 σ   i= 1  m   
I Since ∑ 

vi  is the depositability of the entire soil sediment size range 
i= 1  I  

capable of participating in the soil erosion and deposition processes (Rose et al, 
m 1990), then ∑ 

vi  is the effective depositability i.e., φ e. Hence, equation 2-62 
i= 1  m  

has the more general form, 

 ρ−σ τ sa = V   c φ e .......................................... 2-63 
 σ  
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Figure 2.3  (a) Indicating that in shallow flow, water depth D can be less than 

the size of larger potentially erodible sediment.  (b) Illustrating the type of 

trajectory of a saltating soil particle or aggregate undertaking a trajectory of 

length Li in runoff water flowing at velocity V and depth D. (c) The velocity 

components of a saltating soil particle during its return to the soil surface, vi 

being its settling velocity in water (Presbitero et al, 2001). 
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The magnitude of φ e for any given D can be obtained from data on the 

soil sediment’s settling velocity characteristics, using a program described by 

Lisle, Coughlan and Rose (1996). 

Assuming non-accelerating overland flow (a good approximation in 

overland flow with no sudden changes in slope or elevation of the land surface 

according to Rose et al, 1983a), total shear stress, τ by definition is ρ e g S R 

(equation 2-21) from the kinematic flow approximation (Robertson et al, 1988). 

Corrected for the effect of soil sediments in soil sediment-water mixture 

because of water-induced soil erosion, then the surface shear stress, τ s that is 

effective in runoff entrainment and re-entrainment processes is given by 

 ρ − σ τ ρ = R S g − V   c φ e .................................. 2-64 
sa e 
 σ  

since, τ s = τ - τ sa. Equation 2-50 provides the expression for ρ e, the effective 

density of the sediment-laden water, R is the hydraulic radius of the channelized 

overland flow (R = D for sheet overland flow) and the mean velocity of overland 

flow, V, can be obtained from the empirical Manning's velocity equation i.e., 

2 1 R 3 2 S
V = . 

n 

Post storm event formation of rills or small channels is a common 

although not a universal feature in water-induced soil erosion (Rose, 1993). As 

shown by Hairsine and Rose (1992a, b), V and c are affected whether or not 

rilling occurs.  However, provided c and V are measured, or else determined 

using theory with the appropriate description of flow geometry, the assumptions 

made are equally appropriate for overland flow in rills as for sheet flow, unless 

the overland flow is so deep that the assumption αi = 1 is invalid.  Therefore, 

equation 2-63 should still be appropriate within the stated approximations, 

which have been made in its derivation.  Since depth of overland flow varies in 

space and time, uncertainty in its estimation and thus in φ e is likely to introduce 

error exceeding that introduced by the approximations in the theory of saltation 

shear stress. 

2.3.5.6 Quantifying Partial Inundation of Soil Surface Roughness Elements 

For data collected at the ViSCA site, assuming all sizes of soil sediments 

to be completely submerged by runoff water in every storm event is physically 
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unrealistic.  Hence, some sediment of size less than the depth of runoff water, 

particularly in shallow overland flow, can be considered submerged and 

erodible for practical purpose, while the remaining (un-submerged) soil 

sediment (though potentially erodible), can be assumed to be non-erodible.  Un-

immersed sediment may roll, especially along sloping soil surface, but this is 

neglected. Lawrence (1997) showed that the degree of inundation of the 

overland flow has an important role in the determination of resistance to such 

overland flow.  In very shallow flows (common in very permeable soil which is a 

main feature of the experimental field site), flow depth can be less than the size 

of larger potentially erodible sediment.  Partial inundation, where overland flow 

is then required to move around or between this larger un-submerged sediment, 

will also have implications for the erosion of soil by such shallow flows. Thus, 

the surface shear stress referred to previously is shared between 1) the erodible 

sediment assumed all sediment of size less than the depth of overland flow, and 

2) the larger, non-submerged aggregates that act something like a surface 

contact cover for shallow flows. 

The purpose of this subsection is to develop an expression which will 

allow calculation of the fraction of the soil surface, C, as viewed from above, 

which is not inundated by a particular depth of overland flow. If this fraction is 

assumed not to erode, then the remaining fraction (1 – C) of the soil surface is 

the part affected by the erosion processes.  An expression for (1 – C) will be 

developed for situation in which the concept of transport limit is appropriate, that 

is when a dynamic equilibrium exists in which the eroding soil surface has been 

completely covered by surface layer formed by deposition of eroded soil 

sediment.  As deposition is a strongly size-dependent process, the deposition-

formed surface layer is composed of substantially coarser soil sediments than 

the source parent material, as has been observed by Nouh (1990) in the self-

armoring of an eroding multi-sized sand bed. 

The recognition that some potentially erodible soil sediment may be un-

submerged had been a salient feature in the derivation of the expression for 

saltation shear stress,τsa. Hence, surface shear stress τs, which is calculated 

from τ and τsa, acts on both the erodible soil sediments of size less than 

overland flow depth D, and on the larger but un-submerged soil sediments 

assumed to be non-erodible.  Denote by τse the component of τs that is effective 

in eroding soil sediments of sizes smaller than the runoff water depth D. 
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The development of an expression for τse will be restricted to the 

situation where the soil surface is assumed to be completely covered by a layer 

of deposited soil sediment during a particular erosive storm event as described 

by Hairsine and Rose (1992a, b).  Although it might not be exact, is physically 

plausible to assume that the proportion of τs acting on smaller (of size less than 

D), submerged but erodible soil particles is equal to the fractional area of the 

soil surface occupied by such soil particles.  An expression for this fractional 

area occupied by these smaller, submerged but erodible soil particles is derived 

as follows: 

If the deposited layer has achieved an equilibrium where the rates of 

deposition and re-entrainment are essentially constant, the mass per unit area 

of soil sediments in the deposited layer in any general size class i (Mdi) as 

derived by Hairsine and Rose (1992a) is given as 













I vi∑
=Mdi Mdi .......................................... 2-65 
I 

∑
i=1 vi

 
i=1 

I 

where, ∑M is the total mass per unit area of the deposited layer;di
i=1 

vi is the settling velocity of soil sediment in size class I; and 

 I is the total number of equal-mass sediment size classes used to define the 

settling velocity distribution. 

Equation 2-65 indicates that the deposited layer is relatively enriched in 

soil particles with larger vi or soil particles that settle faster.  The approximate 

assumption can be made that even in shallow flows, the size enrichment is as 

given by equation 2-65. 

The mass per unit area of soil sediment in the deposited layer in any 

general size class i can be expressed also as the product of the number of soil 

particles per unit area of size class i in the deposited layer (Ndi) by the mass of 

each soil particle, assumed to be spherical, of diameter di and density σ 

(Lawrence, 1997), i.e., 

Mdi =
N 
6 




i 
3σ
)
........................................... 2-66 
(

 
 π 

ddi 

Equating equations 2-65 and 2-66 for Mdi and solving for Ndi, then 
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Assuming that the smaller soil particles are not “hidden” from overland 

flow by larger ones, and that the cross sectional area of the soil particles is 

proportional to di
2, then the fraction Ci of the soil surface (viewed in plan), which 

is occupied by soil sediment in the general size class i, is proportional to the 

product of the cross-sectional area and the number per unit area of soil particles 

in this size class, i.e., 






v2 iCi ∝
 di 
di
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In the presence of overland flow, some of the smaller size classes of soil 

particles will be submerged, leaving a total fractional coverage of exposed soil 

size fraction denoted by C.  For any depth of overland flow, C is given by the 

sum of values of Ci for those soil particles large enough not to be completely 

submerged beneath the water.  Hence, if soil sediment classes I = 1 to m are 

submerged, then the fractional coverage, C, provided by un-submerged 

(assumed to be non-eroding) classes of soil particles are the classes of soil 

sizes larger than those of soil sediment class m i.e., soil classes from (m + 1) to 

I; thus, 
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If the fraction C of the soil surface is covered by un-submerged soil 

particles or aggregates, then it is the fractional area (1 – C) (called the 

“exposure factor”), which contains the submerged soil particles assumed 
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involved in erosion.  Thus, the fraction of the soil surface that is covered by soil 

particles small enough to be eroded is 

m  vi ∑  
( 1− C) = i= 1  di  ............................................ 2-67 

I  vi  
 

i= 1  
∑ di  

The customized application program GUDPRO described in Lisle, 

Coughlan and Rose (1996), allows di to be calculated from measured vi, or 

alternatively vi to be estimated from data on di obtained, for example, by wet 

sieving. Thus, the calculation of the exposure factor (1 – C), which is now a 

component of other customized application softwares GUEST (Yu and Rose, 

1997) and GUEPS (an acronym for Griffith University Erosion Prediction 

System) (Yu and Rose, 1997) does not require any experimental information 

additional to that required to calculate φ . In completely submerged overland 

flow, C = 0 by definition and so the exposure factor (1 – C) has no effect. 

2.3.5.7 Exposure Factor with Saltation Shear Stress in Water-Induced Soil 

Erosion Dominated by Runoff Entrainment and Re-Entrainment 

Processes 

The implication of the previous analysis on exposure factor (1 – C) is that 

whenever the soil surface is partially inundated by overland flow, the net 

streampower (Ω - Ω o), with Ω and Ω o calculated assuming overland flow over 

the entire soil surface, should be multiplied by the exposure factor in order to 

correctly estimate ct. Since only a fractional part, F, of the net streampower is 

effective in soil erosion, then the fraction FC (Ω - Ω o) is assumed dissipated by 

the overland flow around larger un-submerged constituents of surface 

roughness, and thus assumed not to contribute to the measured sediment 

concentration. 

With the determination of the exposure factor (1 – C), the component of 

surface shear stress effective in eroding submerged soil sediment (τ se) for sheet 

flow is given by 

τ = ( 1− C)τ .............................................. 2-68 
se s 

there being a geometrical correction factor in this equation for flow in rills. 

For rills a multiplying factor b is introduced, where b = Wb W , anp 

indicator of the fractional part of the shear stress acting on the deposited layer 
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assumed to be in the bottom of the rill. The theoretical justification for such ratio 

was presented in the work of Hairsine and Rose, 1992b. Thus, for flow in rills, 

equation 2-68 becomes, 

(τ = 1b − C)τ ............................................. 2-69
se s 

The above theory shows that the total shear stress and its components 

depend on sediment concentration c. The magnitude of c depends on the 

balance between the (adding) erosion and (subtracting) deposition processes, 

as is considered in the Hairsine-Rose theory of water- induced soil erosion 

(Rose and Hairsine, 1988; Hairsine and Rose, 1992a, b). The surface shear 

stress is the cause of the removal of deposited sediment, a process called re-

entrainment. When the sediment concentration is at a maximum, it is 

apparently equivalent to the “transport limit” concentration ct of Foster (1982). 

Combining equations 2-64 and 2-68 gives an expression for solving the 

erosive surface shear stress for sheet flow, i.e. 

 τ = ( 1− C)ρ SRg − 
 

ρ−σ 
 ( Vc φ e ) ........................... 2-70
se e

  σ   
Similarly, combining equations 2-64 and 2-69 provides an equivalent expression 

for computing the surface shear stress effective in erosion for rills as, 

( τ = 1b − C)ρ SRg − 
 

ρ−σ 
 ( Vc φ e ) .......................... 2-71
se e

  σ   
Following similar derivations for ct by Hairsine and Rose (1992a) but 

using effective depositability, φ e instead of just simply depositability, φ and with c 

= ct results in a relationship for ct for erodible soil sediments as 

)  = 
 F   σ   ( 1− bVC 




 ρ e SRg − 

 
ρ−σ 
 ( Vc φ e ) ............. 2-72
 ct  φ e 


 ρ−σ   Dg    σ  

t 
 

The derivation for ct which incorporated the effect of saltation shear 

stress follows in similar manner the derivation of equation 2-23 (with the 

assumption of negligible threshold streampower, Ω 0, and φ changed to φ e) but 

with Ω changed to streampower incorporating the effect of saltation shear stress 

i.e., Ω se = τ se V. 

Substituting for ρ e from equation 2-50 with c = ct, and solving 

equation 2-72 for ct gives a general expression as 

 σ   1− C  ( )  bR( F ρ VS )
 


ρ−σ   D  ct = .... 2-73 
  VF ( 1− bC 


 
−  1− 

1   VSF   σ   1− C  ( )φ e  1+ 
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The effect of saltation shear stress would be theoretically expected to 

reduce ct while in contrast, the effect of fluid density enhancement by sediment 

would be expected to increase ct through increase in total shear stress. This is 

in accord with equation 2-73 where the negative term in the denominator is 

because of density enhancement due to the sediment-laden water. 

For a plane or sheet flow, b is 1 and with R is equal to D, so ct takes the 

form, 

( Fρ VS ) 
σ 

 ( 1− C) 
ct = 

2 

 ρ−σ  
 

.......... 2-74 
  VF ( 1− C)


 
−  1− 

1   VSF   σ 
 ( 1− C)φ  1+e  

  Dg   65.2 



 φ 

  ρ−σ e  
Equation 2-74 is used to calculate ct for storm events which leave the soil 

surface un-rilled. 

For a trapezoid-shaped rill, the cross-sectional area (A) and the wetted 

perimeter (Wp) are given by equations 2-32 and 2-33, respectively. From these 

values of A and Wp, R and b for a trapezoid-shaped rill can be computed. 

WD b WbRectangle-shaped rill has R = ( W + D2 ) and b = ( W + D2 ) , therefore, 
b b 

R = D b. Hence, from equation 2-73, ct can be calculated for rectangle-shaped 

rill as 

) 2( Fρ VS ) 
σ 

 ( 1− bC 
 ρ−σ ct = ....... 2-75 

  VF ( 1− bC 

 
−  1− 

1   VSF   σ 
 ( 1− bC 2 φ  1+ 

2 ) 
   )  

e  
  Dg   65.2   φ e  

  ρ−σ   



Chapter 3 The Experimental Methods 

3.1 Experimental Location 

The experimental site is located at a soil and water research area 

contiguous with the Department of Agricultural Engineering and Applied 

Mathematics of the Visayas State College of Agriculture (ViSCA) in the town of 

Baybay at the island of Leyte in the Philippines, with latitude of 10° 44' north, 

longitude of 124° 48' east (about 560 kilometers southeast of the city of Manila) 

and elevation of about 29 meters above mean sea level (Figure 3.1).  The high 

mountain range of Mt. Pangasugan in the east and the Camotes Sea in the 

west bounds the ViSCA campus.  The experimental site was selected to be 

illustrative of the steep slopes cultivated in hillylands, and because its proximate 

location assisted in the management and supervision of the runoff plots and in 

data collection. 

3.2 Soil Type and Terrain 

The soil is classified as belonging to Oxic Dystropepts, with igneous rock 

(mostly basaltic rock fragments) as the parent material.  The A-horizon has a 

thin layer of leaf-litter collected at the surface of the yellowish-red soil, which is 

without mottling.  The B-horizon is characterized by a sub-angular blocky 

structure with clay films, and the C-horizon contains weathered rock fragments 

about 5 to 6 cm in diameter which comprise less than 5% by volume (Temenio, 

1980).  The soil is friable, with stable soil aggregates, and is representative of 

the type found mostly in the middle part of the western side of the island of 

Leyte in the Philippines.  The soil is classified as a clay. This type of soil 

possesses high infiltration rate thus, less runoff is expected (Meyer,1980). 

3.3 Agrometeorological Characteristic 

The experimental area has a rainfall pattern of poly-modal distribution, 

i.e., two or more peaks characterize the rainfall pattern in one year as shown by 

the graph of the mean 10-day interval rainfall depth (Figure 3.2). This figure is 
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Figure 3.1  Location of experimental project site on the island of Leyte, the 

Philippines. 
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Figure 3.2  Mean 10-day interval rainfall depth ΣP (mm) in each calendar month for the whole year as analyzed from daily rainfall data 

recorded by ViSCA agrometeorological station from 1976 to 1994. 

 



3-4 
derived from total daily rainfall recorded at the ViSCA agro-meteorological 

station for the period 1976-1993.  The wet season at the site seems to start as 

early as the first week of June and end up to as late as the first week of March 

the following year.  What may be termed the dry season appears to be of limited 

duration commencing on the second week of March until the end of May. The 

cool but dry climate due to the Northeast monsoon tradewind locally known as 

amihan coming from Siberia, is experienced during the month of November up 

to the early part of February, while the strong, moisture-laden and rain-causing 

Southwest monsoon tradewinds, locally known as habagat, originating from 

Australia normally occur from June to October (Table 3.1).  The mean annual 

rainfall ranges from about 1800 to about 3200 mm (Table 3.2). The average 

daily temperature and relative humidity ranges from 25.6°C to 30.5°C and from 

68.4% to 89.0%, respectively. 

3.4 Runoff Plot Construction and Characteristics 

Uniform slopes were produced either by scraping and/or by filling with 

mixed surface and subsoil imported from nearby (Table 3.3).  The soil 

properties are variable from one runoff plot to another partly due to surface 

grading during runoff plot preparation to produce uniform slopes (Table 3.4). 

Runoff plots with slopes of about 50%, 60% and 70% were established on a 

hillside, and two runoff plots with slope of about 10% were established on top of 

the same hill (Figure 3.3).  Details of the construction of each runoff plots will be 

described in the following sections.  Ciesiolka and Coughlan (1995) enumerated 

in detail the various guidelines that should be considered in the methodology of 

research activity on water-induced soil erosion particularly on steep slope area. 

Basically, the runoff plots were subjected to either of the following treatments, 

namely: kept bare (T1), planted to corn (Zea mays) in along the slope direction 

(T2), planted to corn in across the slope direction but in hedged runoff plots 

(T3), or similar to treatment T3 and with peanut or groundnut (Arachis 

hypogaea) intercropped with the main crop, corn (T4).  There were some 

modifications though in the treatments during the course of the conduct of the 

study, but such alterations did not compromise the experiment as a whole.  The 

details of the treatments will be discussed further in section 3.6 (Experimental 

Treatments) of this chapter. 
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Table 3.1  Characteristics of tropical storms (TS) and typhoons (TP) that 

occurred during the duration of the experiment as recorded at Tacloban City, 

Leyte, the Philippines synoptic weather station (Latitude: 11° 14' North and 

Longitude: 125° 02' East). 

Storm Date Local Name 
Maximum 

Wind Speed 
(km/hr) 

ΣP (mm) Duration 
(days) Direction 

10/10/1989 Saling (TS) 41 1186 4 West to 
Southwest 

20/06/1990 Bising (TS) 65 269 4 West 
25/06/1990 Klaring (TP) 80 450 4 West to 

Southwest 
17/08/1990 Gading (TP) 37.1 Overflow 2 West to 

Southwest 
12/11/1990 Ruping (TP) 122.3 981 5 East to 

Southeast 
12/03/1991 Auring (TS) 11.1 

(Average) 
2040 5 North to 

Northwest 
05/11/1991 Uring (TS) 90 1402 4 South 
15/11/1991 Gapang (TS) 29.7 353 6 North to 

Northwest 



3-6 

Table 3.2  Monthly and annual rainfall in mm at ViSCA agrometeorological station from 1976 to 1993. 

Year January February March April May June July August September October November December Annual Total 
1976 421.1 199.1 269.4 40.6 115.6 261.9 161.6 419.3 102.0 125.3 146.9 468.8 2731.6 
1977 176.9 434.9 125.7 46.7 121.8 203.9 337.5 377.2 80.2 76.3 224.2 69.2 2274.5 
1978 369.9 139.3 185.3 130.3 179.9 142.0 235.5 386.2 462.9 278.4 181.5 472.7 3163.9 
1979 150.1 59.1 42.7 190.9 138.8 304.1 238.5 81.6 209.4 244.9 269.6 263.1 2192.8 
1980 356.9 277.6 57.7 149.4 24.9 357.9 271.2 511.9 298.4 191.2 507.4 230.9 3235.4 
1981 427.1 87.8 41.9 70.1 91.8 367.0 293.8 123.9 382.7 273.8 279.0 266.3 2705.2 
1982 84.3 195.3 316.6 123.5 77.2 130.1 385.9 361.6 126.9 224.1 176.6 73.0 2275.1 
1983 137.0 29.3 17.1 19.4 6.2 124.3 413.3 251.7 226.0 144.0 156.1 604.3 2128.7 
1984 377.3 415.9 179.4 137.0 61.7 83.4 165.1 194.5 122.6 252.1 221.6 370.8 2581.4 
1985 359.3 150.5 106.1 103.0 160.8 121.3 292.4 166.9 312.6 196.0 185.8 134.4 2289.1 
1986 500.1 107.8 169.5 156.8 99.8 193.7 118.0 441.6 128.0 301.2 248.4 183.1 2648.0 
1987 261.8 156.3 90.9 11.7 10.8 61.1 284.0 289.4 88.0 117.9 378.9 83.1 1833.9 
1988 134.1 134.5 64.8 183.7 56.4 254.5 113.3 184.3 214.6 252.0 329.7 253.0 2174.9 
1989 593.9 265.0 208.5 176.6 165.1 259.9 343.4 135.1 109.6 254.2 180.2 129.6 2821.1 
1990 438.0 60.7 21.7 87.4 196.3 365.5 268.5 149.8 290.1 581.0 535.0 175.4 3169.4 
1991 219.1 308.4 145.7 132.6 169.6 204.5 326.9 209.6 154.2 208.0 489.1 375.2 2942.9 
1992 83.7 20.5 35.9 37.6 4.8 232.9 303.5 147.7 63.2 634.4 241.9 206.6 2012.7 
1993 210.3 213.7 164.5 117.6 16.8 71.8 193.1 523.0 204.4 241.6 519.7 757.7 3234.2 
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Table 3.3  Basic information on the experimental runoff plots with slope length 

of about 12m. 

Treatment Actual Area (m2) Approximate Slope (%) 

T2 71.5 70 
T3 71.5 70 
T4 72.6 70 
T1 73.1 70 
T3 70.8 60 
T1 74.5 60 
T4 71.4 60 
T2 77.2 60 

T1@ 171.4 10 
T2@ 165.2 10 
T2 72.8 50 
T1 71.5 50 
T4 71.0 50 
T3 70.8 50 

Treatments: T1 – kept bare; 

T2 – planted to corn (Zea mays) along slope#; 

T3 – planted to corn across slope in hedged runoff plots; and 

T4 – similar to treatment T3 with peanut (Arachis hypogaea) intercrop#. 
# - With some minor modifications. 
@ - Runoff plots at 10% slope under treatments T1 and T2 are also referred to 

as runoff plots i and j, respectively. 
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Table 3.4  Soil properties of clay soil on experimental runoff plots. 

Treatment Initial Major-Nutrient Content 
(Approx. 
Slope %) 

N (%) P (ppm) K (ppm) O. M. (%) 

T1 (50) 0.15 1.77 137.0 4.11 
T2 (50) 0.15 1.16 118.5 3.15 
T3 (50) 0.15 0.94 72.5 4.20 

T4 (50) 0.15 1.47 108.5 5.20 
T1 (60) 0.18 1.38 139.5 2.75 
T2 (60) 0.15 0.83 99.5 4.11 
T3 (60) 0.16 2.70 184.0 5.40 
T4 (60) 0.20 2.02 171.0 6.20 
T1 (70) 0.15 1.62 222.5 4.50 
T2 (70) 0.15 1.23 153.0 5.20 
T3 (70) 0.18 1.24 245.5 5.10 
T4 (70) 0.13 1.62 192.5 6.30 

Treatments: T1 – kept bare; 

T2 – planted to corn (Zea mays) along slope#; 

T3 – planted to corn across slope in hedged runoff plots; and 

T4 – similar to treatment T3 with peanut (Arachis hypogaea) intercrop#. 
# - With some minor modifications. 



Figure 3.3  Sketch of experimental area. 

Notes: 
Treatments: T1 – kept bare; 

T2 – planted to corn (Zea mays) along slope#; 

T3 – planted to corn across slope in hedged runoff plots; and 

T4 – similar to treatment T3 with peanut (Arachis hypogaea) intercrop#. 
# - With some minor modifications. 
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3.4.1 Lower Slope Runoff Plots 

Building up a flat area created both runoff plots with soil imported from 

nearby (Figure 3.4).  However, runoff plot i required a smaller amount of added 

soil to create the prevailing slope of about 10%. To stabilize the added soil, 

both runoff plots were cropped initially. 

3.4.2 Steep Slope Runoff Plots 

Runoff plot at T2(70%) was created by filling one side of the lower 

portion with soil taken from the scraping activity (about 3/4 meter depth) done 

on the upper portion while only about 1/6 meter depth of soil scraped from the 

upper portions of the runoff plots T3(70%), and T4(70%) were moved to their 

lower portions. The upper portion of runoff plot T1(70%) was scraped to about 

1/6 meter depth as well as the lower portion to produce the existing slope. 

About ½ meter depth of soil scraped from the upper portion was 

transferred to the lower portion for runoff plot T3(60%) similar with runoff plot 

T1(60%) except that in the latter, scraping was concentrated on half of the 

runoff plot's width and the direction of soil movement was from the right-most to 

the left-most bottom corner of the runoff plot.  Minimal scraping activity which 

concentrated mainly on topmost portion resulted in about 9 cm of soil moved 

from runoff plot T4(60%) to runoff plot T2(60%) to create their existing slopes. 

Runoff plot T2(50%) was scraped while amounts of soil were shifted to 

runoff plots T1(50%), T4(50%) and T3(50%) to attain their existing slopes. 

The construction of a runoff-intercepting canal situated at the topmost 

portion of the steep slope runoff plots created a source of filler-soil particularly 

to runoff plots T3(60%) and T1(60%) which received significant amounts. 

Figure 3.5 shows how a runoff plot is being formed to its specified slope 

at the hillside. 

In spite of all these soil movements, with consequent disturbances, done 

to establish the desired runoff plot configurations, no marked differences among 

these runoff plots were noted as shown by the resulting soil profile (Figure 3.6) 

and hydrological characteristics which were discussed in the next chapter 

(Chapter 4 - General Features of the In-Situ Collected Data) that dealt on the 

general features of the collected data from this experiment. 
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Figure 3.4  A photograph showing the construction of a 10% slope runoff plot. 
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Figure 3.5  A photograph showing the construction of a runoff plot on the 

hillside. 
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Figure 3.6  A photograph showing a typical soil profile of a steep slope runoff 

plot. 
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3.5 Runoff Plot Description and Data Collection 

The steep slope runoff plots had approximate dimension of 6m by 12m. 

Concrete barriers defining the boundaries of each runoff plot prevented runoff 

from flowing to neighboring runoff plots and surface flow within the runoff plot 

leaves only through the collection and measuring device (Figure 3.7). At the 

lower end of each runoff plot, water and sediment were collected in a modified 

Gerlach concrete trough of very low slope (about 1%) where much “of the 

coarser or more rapidly settling fraction of the eroded sediment” (the "bedload") 

in slow-flowing water was deposited (Ciesiolka et al, 1995) (Figure 3.8).  After 

every storm event, the bedload was collected, weighed and subsampled for the 

determination of the water content to convert the mass of bedload to oven-dry 

basis (Rose, 1993) (Figure 3.9).  The remaining water-sediment mixture (the 

“suspended load“ i.e., fine silt and clay-sized sediment which does not settle out 

in the Gerlach trough at the base of the runoff plot) after the bedload had settled 

was passed through a runoff rate measuring “tipping bucket” type of device as 

explicated by Bonell and Williams (1986) and Williams and Bonell (1987). The 

sediment laden surface runoff falls into the calibrated PVC-constructed tipping 

bucket through “slotted collecting manifold” located at the floor of the exit 

portion of the Gerlach trough (Figure 3.10). 

The tipping bucket (an over-center device) tips after collecting a given 

volume of water.  The principle of operation is similar to that of the tipping 

bucket type of recording rain gauge used to measure rainfall rate.  A proximity 

switch sensed the tipping, and with time were recorded and stored in an 

electronic 8 - channel Robinson logger device developed by the Queensland 

Department of Primary Industries in Australia.  The logger collected data are 

converted to tipping rate hence, to volumetric flow rate through a customized 

application program - DATALOG. Mechanical trip counter, a component part of 

the tipping bucket device, records the total number of bucket tips for a particular 

storm event and serves as a check for the functionality of the recording 

electronic logger.  Such a check feature “led to recognition of excess counts 

being recorded electronically” in the logger of this experimental site due to 

electrical pulses caused by “electrical induction from lightning discharges”. The 

circuit was immediately protected upon the early detection of the cause of the 

problem.  This correction lead to an agreement to within 4% the estimates of 
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Figure 3.7  Photographs showing runoff plots at (a) low and (b) steep slopes. 
(a) 

(b) 
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Figure 3.8  Photographs showing accumulated bedload on (a) low and (b) steep slopes runoff plots after a storm event. 

 (a) (b) 
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Figure 3.9  A photograph showing moist bed load being collected and weighed. 
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Figure 3.10  A photograph of a runoff tipping bucket. 
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total runoff from either the electronic logger or the mechanical tip counter 

(Ciesiolka et al, 1995). 

A small sample of the remaining surface runoff-suspended load mixture 

was continuously withdrawn through a grooved (cut with a hacksaw) copper 

tubing, mounted at the side of the ”slotted surface runoff collecting manifold”, 

with a vertical slot exposed to the flow as the sediment-laden surface runoff 

passed to the tipping bucket device (Figure 3.11).  Such sample of the 

remaining surface runoff-suspended load mixture was diverted into a plastic 

container (Figure 3.12), the sediment concentration in such container was 

presumed to be representative of the average suspended sediment 

concentration during a particular storm event.  The average sediment 

concentration was determined from at least three sub-samples collected after 

thorough mixing of the content in the plastic container (Figure 3.13).  The 

product of this average suspended sediment concentration and the total volume 

of runoff gave the total suspended load and, with the bedload, provided the total 

soil loss for such particular storm event.  The average sediment concentration 

( c ) was calculated from this total soil loss and the effective runoff depth 

converted into equivalent total volume of runoff water from a particular runoff 

plot and erosive storm event (Rose, 1993).  Ciesiolka et al (1995) found that this 

tipping-bucket technology was effective for a runoff plot size of up to 200 m2 

using a 880 mm runoff tipping buckets while flume-cum-mechanical height 

recorder-based technology was appropriate for larger areas (e.g., Hashim et al, 

1995). 

To characterize the surface condition of the runoff plot the following 

measurements were also made: I) projected cover evaluated periodically up to 

a 1 m2 quadrat from above if possible or by photographs; this parameter affects 

rainfall detachment and redetachment; ii) contact cover evaluated by “counting 

of intercepts with cover at or very close to ground level within the 1 m2 quadrat”; 

the cover that is in close contact with the soil surface interferes with overland 

flow and thus affecting the runoff entrainment and re-entrainment processes 

(Figure 3.14), and iii) surface relief of the runoff plot every after storm event and 

the number, geometric shape and dimension of preferred path of flow (i.e, rill) 

measured within 1 meter (along the slope length) from the downslope end of 

every runoff plot, to facilitate the computation of surface runoff streampower 

(Ciesiolka et al, 1995). 
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Figure 3.11  A photograph showing inside view of the manifold of a runoff 

tipping bucket with slotted copper tubing (circled portion) for sampling 

suspended sediment. 
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Figure 3.12 A photograph of suspended sediment sampler adjoining a runoff 

tipping bucket. 
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Figure 3.13  A photograph showing subsampling of suspended load. 
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Figure 3.14  A photograph showing the use of quadrat instrument to measure 

surface contact cover. 
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Modified bottom withdrawal tube technique developed by Lovell and 

Rose (1988) coupled with computer application program GUDPRO (Lisle, 

Coughlan and Rose, 1996) facilitated the determination of depositability φ of the 

soil at the experimental site.  A 300 mm long and 350 mm wide metal tray with 

surface soil at 2% slope described in detail by Misra and Rose (1989) provided 

data for soil loss resulting from the contribution of rainfall detachment and 

redetachment to the total sediment concentration during each storm event.  The 

streampower of surface runoff from this net rainfall detachment tray was 

calculated to be negligible to effect runoff entrainment of soil sediment 

(Ciesiolka et al, 1995). 

A customized pluviometer made from standard 200 mm daily rainfall 

gauges fitted with a 0.2 mm PVC tipping bucket and a 300 mm collecting funnel 

allowed the measurement of rainfall rate to a precision of 0.1 mm/tip, giving 

similar accuracy with that of the surface runoff tipping bucket.  Similar with the 

runoff-tipping bucket, tips of the 0.2 mm PVC tipping bucket are sensed by a 

proximity switch and recorded in the Robinson logger.  A non-recording rain 

gauge allowed a comparison and thus, a check on the overall accuracy of the 

rainfall rate measuring and recording system of the customized pluviometer 

(Ciesiolka et al, 1995).  The pluviometers and the tipping bucket of each runoff 

plots were electronically connected to a junction box leading to three electronic 

Robinson loggers, where data on rainfall and runoff were retrieved regularly 

with a portable IBM-compatible computer, within a day following the rainfall 

event (Figure 3.15). 

Both the non-recording and recording (pluviometers) types of rain 

gauges and the net-rainfall detachment tray were situated at the upslope portion 

of the runoff plots established on the 50%, 60% and 70% slopes, and adjacent 

to the runoff plots of lower (10%) slope.  The net soil loss due to rainfall impact 

was measured using the net rainfall detachment apparatus (Figure 3.16). 

Two plots of a much lower slope of about 10% and dimensions of about 

12 m by 12 m were constructed having approximately the same dimensions as 

the runoff plots used in the experimentation on which the universal soil loss 

equation or USLE was based.  Basic information on each runoff plot is given in 

table 3.3.
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Figure 3.15  A photograph showing logger data being downloaded. 
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Figure 3.16 A photograph of non-recording and recording types of rain gauges 

and net-rainfall detachment apparatus (in the foreground) installed at the 

experimental site. 
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During some big storm events hand samples of runoff were collected 

from all the runoff plots in all the slopes. 

3.6 Experimental Treatments 

3.6.1 Lower Slope Runoff Plots 

Mainly, corn was planted across the slope in the two low slope (10%) 

runoff plots during the first half of the total duration of the field data gathering, 

defined as the period of storm events #1 - #16 (Table 3.5).  Runoff plot i was 

kept bare during the last half of the experiment.  However, runoff plot j was 

planted either to corn in the up-and-down the slope orientation, or to a 

leguminous crop, commonly known as peanut or groundnut (Figure 3.17), or to 

upland rice (Oryza sativa) with the latter two crops planted in the customary 

across the slope direction (Figure 3.18). 

3.6.2 Steep Slope Runoff Plots 

The experimental area accommodated four crop management 

treatments randomly distributed to the runoff plots of steep slope.  Each slope 

had 4 runoff plots, two with and two without hedges of Leucaena leucocephala, 

a leguminous plant locally known as "ipil-ipil" (Figure 3.3).  The experimental 

design was of the split plot randomized complete block type (Ostle and 

Mensing, 1975; Snedecor and Cochran, 1980; Gomez and Gomez, 1984) with 

the following treatments: 

T1 - Bare plot.  Weeds were either removed by hand or with a knife 

known locally as "bolo" (a knife with about 0.20 meter in length by 0.08 meter in 

width) (Figure 3.19).  If deep rills developed during a highly erosive event, the 

runoff plot was cultivated with a manual hoe to remove the rills, thus avoiding 

the formation of permanent preferred pathways for runoff in any subsequent 

storm-event (Figure 3.20).  Sometimes, following significant accumulation of 

what appeared to be fine sediment on the soil surface, cultivation using a shovel 

was also carried out. 
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Table 3.5  Summary of experimental treatments used in the study for low slope 

runoff plots. 

Storm Event # Runoff Plot i Runoff Plot j 

1 and 2 Planted to corn in across the slope orientation 

3 to 6 Planted to peanut in 
across the slope 
orientation 

Planted to corn in 
across the slope 
orientation 

7 to 14 Planted to corn in up 
and down the slope 
orientation 

Planted to corn in 
across the slope 
orientation 

15 and 16 Planted to upland rice in across the slope 
orientation 

17 to 22 and 24 to 31 Bare Planted to corn in 
across the slope 
orientation 

23 Bare; cleared of weeds 
and stones 

Covered with cut corn 
stubbles and weeds 

32 Bare; almost 2 months 
old after weeding 
operation 

Covered with cut corn 
stubbles 
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Figure 3.17  Planting layout for Arachis hypogaea (peanut). 
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Figure 3.18  Planting layout for Oryza sativa (upland rice). 



3-31 
Figure 3.19 Photographs showing how weeding operation was done on (a) low 

and (b) steep slopes runoff plots. 
(a) 

(b) 
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Figure 3.20  A photograph showing a steep runoff plot being cultivated. 
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T2 - Planted to corn.  During most storm events, this treatment simulated 

the existing farmer's practice in the region in which rows of corn were planted 

along slope (Figure 3.21). 

T3 - Also planted to corn across slope, simulating contour planting; a 

double-row of ipil-ipil hedges was planted at the top and bottom of the runoff 

plots (Figure 3.22). Hedgerows were established by planting seeds of the 

leguminous ipil-ipil closely to each other in 2 lines about 0.15 meter apart.  This 

resulted in established plants with about 19 to 40 stems per meter of runoff plot 

width (Figure 3.23).  At the time of the reported experiments the stem of each 

hedgerow plant had a diameter of approximately 0.015-meter. Stubble and 

cuttings from the hedges, as well as the cut post-harvest remains of corn 

(except the corn cobs), were evenly scattered in random manner over the runoff 

plots after the harvesting operation (Figure 3.24). 

T4 - Similar to treatment T3 except that peanut was intercropped with the 

main crop, corn (Figure 3.25). 

However, for some periods, runoff plots previously planted along slope 

were then planted across slope (T2a) making all non-bare runoff plots planted 

into such common orientation (Figure 3.26), a cropping where the main crop 

was sweet potato (Ipomea batatas) planted across slope for all the non-bare 

runoff plots (T2b) (Figure 3.27) and a cropping where the hedged runoff plots 

were planted across slope solely to peanut (T4a) (Figure 3.28 and Table 3.6). 

Although table 3.6 indicates some variation in treatments (which did not 

compromise the experiment in totality), similar treatments were combined and 

appropriate statistical methods could be used (Chapter 5 - Statistical Analysis of 

Data). 

At any given time during the conduct of the experiment, each of the 

treatments T1 to T4 (or any of their minor modifications) was represented on 

each of the three steep slopes (approximately 50%, 60% and 70%). In this 

particular experimental design, slopes and treatments were the main plots and 

subplots, respectively, with storm events regarded as blocks in statistical 

analysis. 
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Figure 3.21  A photograph of a runoff plot planted with corn in up and down the 

slope orientation.  Foreground is a runoff tipping bucket device. 
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Figure 3.22  A photograph of hedged steep slope runoff plots planted in across-

slope orientation. 
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Figure 3.23  A close-view photograph of established hedgerow. 
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Figure 3.24  Photographs of (a) low slope and (b) steep slope runoff plots 

covered with scattered post-harvest remains. 
(a) 
(b) 
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Figure 3.25  A photograph of hedged runoff plot planted to corn and 

intercropped with peanut. 
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Figure 3.26  A photograph of a runoff plot planted with corn in across-slope 

orientation. 



3-40 
Figure 3.27  Planting layout for Ipomea batatas (sweet potato). 
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Figure 3.28  A photograph of hedged runoff plot planted only to peanut. 
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Table 3.6 Summary of experimental treatments used in the study for steep 

slope runoff plots. 

Treatments Description 

T1 Kept bare 
T2 Planted to corn (Zea mays) along slope 
T2a Planted to corn across slope 
T2b Planted to sweet potato (Ipomea batatas) across slope 
T3 Planted to corn across slope in hedged runoff plots 
T4 Similar to treatment T3 with peanut (Arachis hypogaea) 

intercrop 
T4a Planted to peanut across slope in hedged runoff plots 

Storm Event # Treatments 

1 and 17 to 22 T1, T2a, T3, T4 

2, 7 to 14 and 24 to 31 T1, T2, T3, T4 

3 to 6 T1, T2, T3, T4a 

15 and 16 T1, T2b, Hedged runoff plots used T2b 

23 T1 (just cleared of weeds and stones), 
Other runoff plots were covered with cut corn 
stubbles and weeds 
Note: Storm event took place almost 1 week after 
harvest 

32 T1 (almost 2 months after weeding operation), 
Other runoff plots were covered with cut corn 
stubble 
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3.7 Cultural Practices for Main and Intercrop Production 

3.7.1 Planting 

Corn seeds were planted to a depth of about 0.05 meter at a distance of 

1 meter between furrow hills (formed from hilling-up activity about a month after 

planting) and 0.50 meter along the furrow hill (Figure 3.29).The distance 

between planting resulted in 6 and 11 furrow hills for steep slope runoff plots 

subjected to treatments T2 and, T3 and T4, respectively (Figure 3.30).  The 

resulting 6 furrow hills for steep slope runoff plots under treatment T2 formed 7 

furrows or canals with 0.5 meter distance provided between the furrow hill and 

the concrete boundary wall at both sides of the runoff plot; while the 11 furrow 

hills for steep slope runoff plots under treatments T3 and T4 resulted in 12 

furrows or canals with 1 meter distance imparted between the furrow hill and the 

hedgerow in each of the extremes of the hedged runoff plot along the slope 

length.  Anticipated shading effect of the hedgerows on the first and last rows of 

corn plants was the main consideration in using 1 meter hedgerow-to-row 

distance in runoff plots under treatments T3 and T4.  Larger distancing on the 

10% slope runoff plot under treatment T2 but with planting oriented across the 

slope resulted to 12 furrow hills.  For this 10% slope runoff plot under treatment 

T2, 13 furrows or canals were formed since 0.5-meter distance was provided 

between the downslope and the upslope boundaries of the runoff plot and the 

first and the last furrow hills, respectively (Figure 3.30).  When the corn plant 

attained a height of about 0.20 meter, thinning was carried out, keeping at least 

one plant from at most 3 plants that could have emerged. Furrow hills were 

constructed using either a shovel or a bolo; while either the latter or a pointed-

wooden pole was utilized for planting the seeds. 

Peanut seeds in treatment T4 were planted along the furrow at an 

interval of0.20 meter.  A bolo was used to plant the peanut seeds (3 in a hole) 

to a depth of about 0.03 meter. 

3.7.2 Fertilizer Application 

Complete fertilizer (14% nitrogen-14% phosphorus-14% potassium) was 

applied prior to planting at the rate of 200 kg per hectare or 0.15 kg per 10 m 



3-44 
Figure 3.29  Photographs showing how corn planting was done on (a) low and 

(b) steep slope runoff plots. 
(a) 
(b) 
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Figure 3.30  Planting layout for Zea mays (corn). 
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Figure 3.30 (continued)
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length of furrow hill.  About 25 to 30 days after the corn seed had emerged 

(seed emergence occurred in about 3 to 4 days after planting), the last 

application of fertilizer was carried out with 75 kg of urea (or 150 kg of sulfate of 

ammonia) placed around the plant.  The final weeding was also carried out at 

this stage. 

Fertilizer was not applied to the peanut intercrop. 

3.7.3 Weeding and Cultivation 

Bolo was the main tool used for weeding, although hand-weeding was 

also used; this involved pulling the weeds by hand and shaking off any soil 

adhering to weed roots (Figure 3.31).  Those weeds removed from runoff plots 

with hedgerows i.e., treatments T3 and T4, were returned back to the plots. 

Pulling of weeds within the hedgerows was carried out as required. 

Cultivation was carried out with a shovel to a depth of about 0.15 meter, 

and in the direction going uphill.  Hilling-up activity (done only for the corn crop) 

using a shovel and some times a bolo, was done as early as 30 days and not 

later than 60 days after planting. The recommended frequency of hilling-up was 

2 times i.e., firstly at about 2 weeks, and secondly a month after the corn seed 

had sprouted.  As a consequence, weeding effect and perhaps some limited 

amount of cultivation resulted from the hilling-up activity. 

Figure 3.32 shows a typically rough appearance of a bare runoff plot 

after cultivation. 

3.7.4 Harvesting 

A yellow corn variety with an approximate 105 to 110 days maturity 

period was consistently used throughout the study.  The intercropped peanut 

had a similar maturity period (100 days to 110 days) as that of the main crop. 

Similar periods of maturation made it possible for both crops to be 

harvested (by hand) at the same time (Figure 3.33).  Harvested de-husked corn 

cobs were also weighed (Figure 3.34).  The post-harvest corn stalks were 

weighed prior to spreading them on the runoff plot (Figure 3.35). 
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Figure 3.31 A photograph showing soil clinging on to pulled weeds being 

shaken off. 
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Figure 3.32  A photograph of a newly cultivated bare runoff plot. 
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Figure 3.33  A photograph showing the harvesting operation. 
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Figure 3.34  A photograph showing harvested de-husked corn being weighed. 
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Figure 3.35  A photograph showing the stubble being weighed before scattering 

on the runoff plot. 
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3.8 Data Preparation and Processing 

For a particular storm event, interface application programs retrieved raw 

data on rainfall and runoff recorded by electronic Robinson loggers. Logger 22 

and Robdata were the application programs customized for the particular 

electronic loggers used in this study.  Data was then processed further by 

another set of interface application programs called Datalog, Datamate, Arrums 

and Sfilter described in detail by Ciesiolka et al (1995) to summarize and 

compile data from the loggers, and to calculate hydrologic and sediment 

parameters important to water erosion. The inter-relationship among these 

customized application programs is shown in appendix figure 3.1. This data 

processing had for its final output parameters composing of the total rainfall 

depth (ΣP), the arithmetical average rainfall rate ( P ), the maximum rainfall rate 

(Pmax), the total runoff depth (ΣQ), the arithmetical average runoff rate ( Q ), the 

flux-weighted average runoff rate ( Q ) as defined by Ciesiolka et al (1995), the m

maximum runoff rate (Qmax) and the duration of runoff (Qdu) for each plot. Both 

rill geometry and frequency of occurrence defined as the number of rill(s) per 

meter width of the runoff plot (N) in the bottom meter of the runoff plot, were 

observed soon after each storm event.  Table 3.7 summarizes the symbols 

used in this study while appendix table 3.1 shows what particular application 

softwares customized for this experiment which generated the parameters used 

in preparing the data for subsequent analyses. 

Data was analyzed both using appropriate statistical techniques 

(Chapter 5 - Statistical Analysis of Data) and a deterministic soil erosion model 

(see Chapter 6 – Analysis of Soil Loss Using a Physical – Process Oriented 

Water Induced Soil Erosion Model). 
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Table 3.7  List of symbols used in the study. 

Symbols Description 
EI30 Maximum value of EI30 for the duration of the recorded storm 

event(s) in t-m/ha 
ΣP Total rainfall depth in mm 
P Arithmetical average rainfall rate in mm/h 
Pmax Maximum rainfall rate for the duration of the recorded storm 

event(s) in mm/h 
ΣQ Total runoff depth in mm 
Q Arithmetical mean runoff rate in mm/h 

mQ Average mean runoff rate as defined by Ciesiolka et al (1995) in 
mm/h 

Qmax Maximum runoff rate for the duration of the recorded storm 
event(s) in mm/h 

Qdu Duration of runoff for the recorded storm event(s) in min 
c Average sediment concentration in kg/m3 

Cover Surface contact cover in % 
M Total soil loss in tonne/ha 
N Number of rill(s) per meter width of runoff plot in m-1 



Chapter 4  General Features of the In-Situ Collected Data 

4.1	 Variation in the Recorded Rainfall by the ACIAR Experimental Site and the 

Local Agrometeorology Station 

The contrast in the recorded total amount of rainfall ΣP, at the ACIAR 

experimental site from that of nearby agrometeorological station is presented in 

figure 4.1. This variation in recorded total amount of rainfall ΣP might be 

primarily ascribed to the difference in location of the recording sites: the ACIAR 

experimental site being situated at a little higher elevation (29 m above mean 

sea level) as compared to the agrometeorological Station (7 m above mean sea 

level).  The distance apart of the two rain gauging stations is about 500 m. 

A simple Student t -test for the comparison of means (assuming unequal 

variances) of the total amount of rainfall ΣP recorded by each of the 

pluviometers for the whole duration of data gathering revealed no statistical 

difference (Table 4.1).  Hence, the simple arithmetical mean of the values 

recorded by the 2 pluviometers at the experimental site would be taken as the 

representative value of the total amount of rainfall depth ΣP in each of the 

recorded storm event. 

4.2	 Basic Characteristics of the Data 

Field data gathering commenced at the second cropping season in 

October 1989, when soil and crop condition were believed to be stable enough 

for detailed data collection and subsequent analysis. A recording problem met 

at the first cropping period (from 11/02/1989 to 08/06/1989) was that more tips 

were recorded by electronic loggers than were recorded on the manual 

counters.  The cause of this problem was traced to lightning discharges 

accompanying some thunderstorms.  Subsequent earth grounding of the 

electronic loggers overcame this problem. 

Data collected for runoff plots at low slope (i.e., 10% slope) were divided 

into two parts. The first part comprised of data collected during the first half of 

field data gathering (during storm events from #1 to #16), when the runoff plots 

were under a similar or varying cropping treatments (Table 3.5). The second 
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Figure 4.1  Total rainfall, ΣP as recorded from ACIAR experimental site and agrometeorological station at ViSCA, Baybay, Leyte, the 

Philippines for the total duration of data gathering. 
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Table 4.1  Result of the Student t-test for the equality of two means (assuming 

unequal variances) of the rainfall related variables measured by pluviometer #1 

(P1) and pluviometer #2 (P2) installed in the experimental area. 

Pluviometer ΣP (mm) P  (mm/h) Pmax (mm/h) EI30 (t-m/ha) 

Mean P1 74.93 12.95 94.44 58.07 

P2 83.13 14.17 105.96 65.48 

Variance P1 3835.60 107.21 1200.14 3970.53 

P2 4836.16 117.40 1154.86 4221.96 
Number 

of 
Samples 

P1 32 32 32 32 

P2 32 32 32 32 

Tcomputed  0.498ns 0.460ns 1.343ns 0.463ns 

Notes: ns - not significant at α = 5%; 

ΣP (mm) - total rainfall depth; 

P  (mm/h) - arithmetical mean rainfall rate; 

Pmax (mm/h) - maximum rainfall rate; and 

EI30 (t-m/ha) - maximum value of EI30 for the duration of the recorded 

storm event(s). 
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Table 3.5  Summary of experimental treatments used in the study for low slope 

runoff plots. 

Storm Event # Runoff Plot i Runoff Plot j 

1 and 2 Planted to corn in across the slope orientation 

3 to 6 Planted to peanut in 
across the slope 
orientation 

Planted to corn in 
across the slope 
orientation 

7 to 14 Planted to corn in up and 
down the slope orientation 

Planted to corn in 
across the slope 
orientation 

15 and 16 Planted to upland rice in across the slope orientation 

17 to 22 and 24 to 31 Bare Planted to corn in 
across the slope 
orientation 

23 Bare; cleared of weeds 
and stones 

Covered with cut corn 
stubbles and weeds 

32 Bare; almost 2 months old 
after weeding operation 

Covered with cut corn 
stubbles 
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part of data was collected later (during storm events from #17 to #32) when one 

of the two-runoff plots was kept bare.  The conversion of this runoff plot to bare 

condition at the start of the remaining half of the data gathering activity provided 

reference for comparison with the other cropped runoff plot (Table 3.5) since the 

former was expected to provide (at least thought to) the largest values that 

would be measured of runoff related and non-runoff parameters (e.g., Cover, N, 

c  and M) (Table 3.7). 

Data collection covered a period of 2 ½ years during which a total of 32 

major storm events was recorded (Appendix Tables 4.1 and 4.2). Out of these 

32 major storm events, 7 were considered as very big (storm events #2, #8 to 

#11, #13, #16, #18, #28 and #32) resulting in relatively large M and ΣQ from 

high ΣP (Table 3.7 from Chapter 3 - The Experimental Methods, has been 

reproduced in this chapter to facilitate understanding the symbols used).  Storm 

events #1, #4, #5, #13, #16, #28 and #29 were caused by either tropical storms 

or typhoons (Table 3.1). 

The first considered storm event occurred on 9-11/10/89 for the reason 

explained earlier.  Of the 32 major storm events, one storm event was recorded 

in 1989 and another in 1992, with 13 and 17 storm events being recorded in 

1990 and in 1991 respectively.  Big storm events were recorded in 1990 (3), in 

1991 (3), and in the last recorded storm event (on 17-22/06/92).  Most of the 

storm events considered occurred in the period from June to November. The 

greatest number of events occurred in the month of October (9), followed by 

November (6), while January and March had one each.  All of the storm events 

considered, however, ensued during the wet season, which was predicted to 

start as early as the first week of June, and to end as late as the first week of 

March in the following year. 

The experiment did not adopt a rigid planting scheme (Tables 3.5 and 

3.6 –which are reproduced from Chapter 3 (The Experimental Methods) to 

facilitate discussion).  In the 10% slope runoff plots, storm events #1 and #2 

took place when corn was planted across the slope in both the runoff plots while 

storm events #3 to #6 occurred when either peanut or corn was planted across 

the slope to each of the runoff plots.  The two runoff plots at the 10% slope were 

planted to corn but in either along or across the slope when storm events #7 to 

#14 took place. Both the 10% slope runoff plots were planted across the slope 

with upland rice when storm events #15 and #16 occurred. Commencing storm 
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Table 3.7  List of symbols used in the study. 

Symbols Description 
EI30 Maximum value of EI30 for the duration of the recorded storm 

event(s) in t-m/ha 
ΣP Total rainfall depth in mm 
P Arithmetical average rainfall rate in mm/h 
Pmax Maximum rainfall rate for the duration of the recorded storm 

event(s) in mm/h 
ΣQ Total runoff depth in mm 
Q Arithmetical mean runoff rate in mm/h 

mQ Average mean runoff rate as defined by Ciesiolka et al (1995) in 
mm/h 

Qmax Maximum runoff rate for the duration of the recorded storm 
event(s) in mm/h 

Qdu Duration of runoff for the recorded storm event(s) in min 
c Average sediment concentration in kg/m3 

Cover Surface contact cover in % 
M Total soil loss in tonne/ha 
N Number of rill(s) per meter width of runoff plot in m-1 
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Table 3.1  Characteristics of tropical storms (TS) and typhoons (TP) that 

occurred during the duration of the experiment as recorded at Tacloban City, 

Leyte, the Philippines synoptic weather station (Latitude: 11° 14' North and 

Longitude: 125° 02' East). 

Storm Date Local Name 
Maximum 

Wind Speed 
(km/hr) 

ΣP (mm) Duration 
(days) Direction 

10/10/1989 Saling (TS) 41 1186 4 West to 
Southwest 

20/06/1990 Bising (TS) 65 269 4 West 
25/06/1990 Klaring (TP) 80 450 4 West to 

Southwest 
17/08/1990 Gading (TP) 37.1 Overflow 2 West to 

Southwest 
12/11/1990 Ruping (TP) 122.3 981 5 East to 

Southeast 
12/03/1991 Auring (TS) 11.1 

(Average) 
2040 5 North to 

Northwest 
05/11/1991 Uring (TS) 90 1402 4 South 
15/11/1991 Gapang (TS) 29.7 353 6 North to 

Northwest 
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Table 3.6 Summary of experimental treatments used in the study for steep 

slope runoff plots. 

Treatments Description 

T1 Kept bare 
T2 Planted to corn (Zea mays) along slope 
T2a Planted to corn across slope 
T2b Planted to sweet potato (Ipomea batatas) across slope 
T3 Planted to corn across slope in hedged runoff plots 
T4 Similar to treatment T3 with peanut (Arachis hypogaea) 

intercrop 
T4a Planted to peanut across slope in hedged runoff plots 

Storm Event # Treatments 

1 and 17 to 22 T1, T2a, T3, T4 

2, 7 to 14 and 24 to 31 T1, T2, T3, T4 

3 to 6 T1, T2, T3, T4a 

15 and 16 T1, T2b, Hedged runoff plots used T2b 

23 T1 (just cleared of weeds and stones), 
Other runoff plots were covered with cut corn 
stubbles and weeds 
Note: Storm event took place almost 1 week after 
harvest 

32 T1 (almost 2 months after weeding operation), 
Other runoff plots were covered with cut corn 
stubble 
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event #17 until storm event #31, one of the 10% slope runoff plots was kept 

bare while the other runoff plot was planted across the slope with corn.  When 

storm events #23 and #32 took place, the bare runoff plot was just cleared of 

weeds and big stones, and was almost 2 months old, respectively, while the 

other runoff plot was with weeds and covered with cut corn-stubble remains of 

the previous harvesting. 

In the steeper slopes of about 50% to 70%, storm events #1 and, #17 to 

#22 occurred when runoff plots were either kept bare, planted across the slope 

solely to corn or planted in hedged runoff plots with or without peanut 

intercropping.  Storm events #2, #7 to #14, and #24 to #31 took place when 

runoff plots were either kept bare, planted along the slope with corn, or planted 

across the slope with corn with or without peanut intercrop on hedged runoff 

plots; while the runoff plots were either kept bare, planted with corn along the 

slope or planted across the slope with either corn or peanut on hedged runoff 

plots when storm events #3 to #6 transpired.  Storm events #15 and #16 took 

place when the runoff plots were kept either bare or planted across the slope 

with sweet potato.  Storm events #23 and #32 took place when the steep runoff 

plots were of similar state as that of the 10% slope runoff plots i.e., bare runoff 

plots cleared of weeds and stones, and almost 2 months old after weeding, 

respectively, while the other runoff plots were covered with cut corn-stubble and 

with weeds. 

4.2.1 Low Slope Runoff Plots 

As mentioned in chapter 3, the runoff plots situated on about 10% slope 

were artificially created from nearby exported soil.  The resulting runoff plots 

were basically similar in their hydrologic behavior as shown by the result of 

comparison of means using the Student t-test (Table 4.2) on independent 

variables runoff components, ΣQ, Q ,  Qm , Qmax and Qdu. The two low slope 

runoff plots were statistically similar in all the runoff components considered in 

this experiment, but surprisingly, not in c  for storm events #15 and #16 when 

both the runoff plots were planted across the slope with upland rice (Table 3.5). 

Considering this observation, since both these low slope runoff plots 

were artificially created (as such making differences in behavior between them 

not of that great significance), differences in behavior between them were of 
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Table 4.2  Result of comparison of means of different parameters collected from 

the two low slope runoff plots during various storm events using the Student t-

test (assuming unequal variances) (Note: Please refer to the adjoining table 

below for the details of treatments used). 

Storm Event # n 
ΣQ 

(mm) 
Qm

(mm/h) 

Q 
(mm/h) 

Qmax 

(mm/h) 
Qdu 

(min) 
c 

(kg/m3) 
M (t/ha) 

1 and 2 2 ns ns ns ns ns ns ns 

15 and 16 2 ns ns ns ns ns ** ns 

Notes: **, ns - significant at 0.01 probability level and not significant, 

respectively at α = 5%. 

ΣQ (mm) - total runoff depth; 

Qm  (mm/h) - arithmetical mean runoff rate as defined by Ciesiolka et al


(1995); 


Q  (mm/h) - arithmetical mean runoff rate; 


Qmax (mm/h) - maximum runoff rate; 


Qdu (min) - duration of runoff for the recorded storm event(s);


c  (kg/m3) - average sediment concentration; and 


M (t/ha) - total soil loss. 


Storm Event # Treatment 

1 and 2 Planted to corn in across the slope orientation 

15 and 16 Planted to upland rice in across the slope orientation 
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most interest and significance as the result of differences in treatment which 

would be expected to have significant consequences for erosion. 

4.2.1.1 Storm Events #1 to #2, and #15 to #16 

The 10% slope runoff plots were planted to corn across the slope when 

storm events #1 and #2 occurred (Table 3.5).  Storm event #2 caused a large 

value of M (but low values of Cover and c ) with high values of ΣQ, Q ,  Qm  and 

Qmax in runoff plot i, but a similar value of N with runoff plot j (Appendix 

Tables 4.1a and 4.2a).  However, storm event #1 produced high values of ΣQ 

and Q on runoff plot j, which was unexpected due to its high Cover.  In both 

runoff plots, values of Qm  and Qmax were not much different, values of N and M 

were equal but the value of c  was bigger in runoff plot i (Appendix Tables 4.1a 

and 4.2a). 

Storm events #15 and #16 took place when the low slope runoff plots 

were planted to upland rice across slope.  An almost similar trend in all the 

considered parameters was observed for storm event #15 and storm event #2 

except that the value c  was larger in runoff plot i than in runoff plot j during the 

former storm event than during the latter storm event (Appendix Tables 4.1d 

and 4.2d).  In addition, the magnitude of values for the runoff components was 

bigger during storm event #2 than during storm event #15 for the same runoff 

plot j and almost similar in magnitude in both storm events for the same runoff 

plot i (Appendix Tables 4.1a and 4.1d).  Surprisingly however, runoff plot i gave 

bigger values of c  and M than the other runoff plot j during storm event #16 in 

spite of smaller values of ΣQ, Q ,  Qm  and Qmax (Appendix Tables 4.1d and 

4.2d). 

In general, higher M (and c ) seemed to result from lower Cover. 

Consistently, except during the first storm event, runoff plot i behaved differently 

from runoff plot j, at least in c  and/or M. 

4.2.1.2 Storm Events #3 to #6 

Runoff plots i and j were planted across the slope to peanut and corn, 

respectively, when storm events #3 to #6 took place (Table 3.5).  During these 
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storm events, for runoff plot i, high values of ΣQ, Q ,  Qm , Qmax and N under low 

Cover resulted in consistently high values of M and c  (Appendix Tables 4.1b 

and 4.2b). Exceptions were storm event #6 where no rills were formed, and 

storm event #3, where M and c  were lower (Appendix Table 4.2b). 

Runoff plot i consistently gave larger values of M than runoff plot j for the 

storm events #3 to #6.  However, in spite of similar values for Cover in both 

runoff plots, runoff plot i produced a higher value of M than runoff plot j in storm 

events #3 and #6 (Appendix Table 4.2b). 

4.2.1.3 Storm Events #7 to #14 

The 10% slope runoff plots were planted to corn in either along or across 

the prevailing slope during storm events #7 to #14 (Table 3.5). Generally, with 

low values of cover, high values of either c  or M seemed to follow from equally 

high values of runoff components ΣQ, Q ,  Qm  and Qmax except for storm events 

#7, #12 and #14 (Appendix Tables 4.1c and 4.2c).  Surprisingly, most of the 

storm events did not produce rills observable following the storm event, except 

for storm event #9 on runoff plot i.  Soil loss M summed over all storm events 

was 43 times higher for runoff plot i than for runoff plot j (Appendix Table 4.2c). 

This great difference might be substantially attributed to the preferred pathway 

already provided by the up and down the slope direction of corn planting in 

runoff plot i.  In addition, runoff was greater from runoff plot i than runoff plot j 

due to such availability of ready-made pathways. 

4.2.1.4 Storm Events #17 to #31 

Storm events #17 to #31 took place when one of the 10% slope runoff 

plots i.e., runoff plot i was kept bare while the other (runoff plot j) was planted to 

corn across the slope (Table 3.5). 

For these storm events, high values of c  and M were consistently 

associated as expected with high values of ΣQ, Q ,  Qm  and Qmax and low 

values of Cover (Appendix Tables 4.1e and 4.2e).  What was unexpected was 

that N was recorded as zero in most cases, even in the bare runoff plot i that 

experienced high soil losses. The difference in M for the bare and cropped 

runoff plots differed by a factor as high as 97 during storm event #23, and as 
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low as 3 during storm event #25 (Appendix Table 4.2e).  Only during storm 

events #18 to #21 was N recorded greater than 0 in runoff plot i. During storm 

events with N>0, soil loss M for runoff plot i was greater than for runoff plot j by 

a factor ranging from 27 (storm event #18) to 78 (storm event #21) (Appendix 

Table 4.2e).  Due to the very dynamic nature of rill activity during storm events, 

it is possible that they will not be apparent after the storm event when this 

variable was measured. 

4.2.1.5 Storm Events #23 and #32 

Storm event #23 occurred almost a week after harvest, when the bare 

runoff plot i was just cleared of weeds and big stones, whereas runoff plot j was 

still covered with weeds and stubble from the harvested corn (Table 3.5). There 

appeared to be a direct effect of runoff related variables like ΣQ, Q ,  Qm  and 

Qmax and an inverse effect of Cover on c  and M (Appendix Tables 4.1f and 

4.2f).  Rills were not observed. 

Similar observation was made on storm event #32, even when the bare 

runoff plot had not been weeded for 2 months.  Note the tremendous difference 

in M between the bare and "covered" runoff plots, which was about 97 times 

and 68 times during storm events #23 and #32, respectively, demonstrating the 

profound effect of cover on soil loss (Appendix Table 4.2f). 

4.2.2 Steep Slope Runoff Plots 

4.2.2.1 Storm Events #1 and, #17 to #22 

For storm events #1 and, #17 to #22, all steep slope runoff plots were 

either bare (T1) or cropped with corn, planted across the slope (T2a), in hedged 

runoff plot (T3) and with peanut intercrop (T4) (Table 3.6).  One of the biggest 

storm events (storm event #18) out of 7 big storm events took place during this 

time. 

Generally, high values of c and M were measured on treatment T1, 

followed by T2a, T3 and T4 (Appendix Table 4.2g).  Only in the 70% slope 

runoff plot during storm events #17 and #19 was c  and M higher for T2a than 

T1, but the difference was small (Appendix Table 4.2g). Runoff plots under T3 
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and T4 had equal values of M except for 50% and 70% slope runoff plots during 

storm events #19 and #1, respectively (Appendix Table 4.2g).  The big 

difference in the magnitude of M in almost all storm events and slopes for runoff 

plots under treatment T1 and the other treatments could be ascribed to the soil 

loss-deterring characteristic of across the slope orientation of planting 

(Appendix Table 4.2g).  The feature of across slope planting in hedged runoff 

plots (T3), in combination with intercropping (T4) would be expected to result in 

very small (almost zero) soil loss, M, as was the case in all storm events for all 

the runoff plots under such treatments (Appendix Table 4.2g).  Ridged cropping 

on small row gradients in contour farming decreases the velocity of 

concentrated runoff on steep slopes which significantly reduces the ability of 

overland flow for soil erosion (Meyer, 1980). 

High values of M were associated with high values of ΣQ, Q ,  Qm , Qmax 

and N, and low Cover (Appendix Tables 4.1g and 4.2g). However, there were 

storm events where for treatment T1 high values in Qm  did not result in high 

values of M, such as storm events #19 to #22 on 50% slope, and storm events 

#1, #18 and #20 on 70% slope (Appendix Tables 4.1g and 4.2g).  There were 

instances when the runoff components Qm  and Qmax were higher in all the 

steep slope runoff plots under treatment T4 than in treatment T3 (Appendix 

Table 4.1g). 

4.2.2.2 Storm Events #2, #7 to #14, and #24 to #31 

Storm events #2, #7 to #14, and #24 to #31 occurred when the steep 

slope runoff plots were either bare (T1), planted to corn along the slope (T2) or 

across the slope in hedged runoff plots without (T3) or with (T4) a peanut 

intercrop (Table 3.6).  Four of the mentioned seven big storm events occurred 

when the steep runoff plots were on this planting scheme.  Of these four big 

storm events, storm events, #13 and #28, with return periods of 9 years and 1.5 

years respectively, were caused by either tropical storm or typhoon (Table 3.1). 

Runoff plots with corn planted along slope (T2) generally exhibited, a 

higher magnitude of soil loss M, than when corn was planted across the slope 

(Appendix Table 4.2h).  While across slope planting of corn resulted to at most 

about 1 tonne/ha of soil loss, along the slope planting led to a maximum soil 

loss of about 40 tonne/ha (Appendix Table 4.2h).  Runoff plots prepared for 
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along slope planting provided a ready-made pathway for runoff, thus 

encouraging flow-driven soil erosion. 

The addition of hedgerows to similar treatments as described in 

section 4.2.2.1, altered soil loss in a number of storm events.  In most of the 

storm events, both hedged runoff plots produced either a similar small soil loss 

or no soil loss at all (Appendix Table 4.2h).  In some storm events, the hedged 

runoff plot with peanut intercrop showed higher values in any of the runoff terms 

(ΣQ, Q , Qm  and Qmax) than for the non-intercropped hedged runoff plot 

(Appendix Table 4.1h). However, there were more storm events where the 

reverse was the case (50% slope during storm events #2, #11, #24, #25, #28 

and #29; 60% slope during storm events #13, #25, #28 to #31; and 70% slope 

during storm events #24 to #26 and #31) (Appendix Table 4.1h). 

There was often an association between high values of M and runoff in 

all runoff plots with treatments T1 and T2, but this was not always so (Appendix 

Tables 4.1h and 4.2h). 

The recorded values of ΣQ were bigger in along slope planting of corn 

(T2) than in bare runoff plots in 14 and 15 storm events (of the 17 storm events) 

for the 70% and 50% slopes runoff plots, respectively (Appendix Table 4.1h). 

Out of the 17 storm events, 11 storm events resulted in greater values of Q ,  

Qm  and Qmax in the 50% slope runoff plot under treatment T2 than in the bare 

runoff plot; while similar proportion was true for the 70% slope runoff plot except 

for Qm where values runoff plot under T2 were bigger than in bare runoff plot in 

13 storm events (Appendix Table 4.1h).  In 7 and 5 storm events, the values of 

c and M, respectively, were bigger in the 60% slope runoff plot under T2 

compared with the bare runoff plot vis-à-vis only 2 and 2 storm events and, 1 

and 6 storm events for similar variables, in the 50% and 70% slopes runoff 

plots, respectively (Appendix Table 4.2h). However, only in 6, 7, 7 and 5 storm 

events, the recorded values of the variables ΣQ, Q ,  Qm  and Qmax were bigger 

in the 60% slope runoff plot under T2 than in the corresponding bare runoff plot, 

respectively (Appendix Table 4.1h).  These observations clearly show the effect 

of the ready-made pathways on runoff as demonstrated by its parameters and 

ultimately on c  and M. 

In most storm events, large values in c  and M were associated with non

zero value of N, and low Cover (Appendix Table 4.2h). 
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4.2.2.3 Storm Events #3 to #6 

In these storm events, runoff plots were either bare (T1) or planted along 

the slope to corn (T2), or planted to corn (T3) or peanut (T4a) across the slope 

in hedged runoff plots (Table 3.6). 

The highest values of soil loss M occurred under treatment T2 on 50% 

and 60% slopes (Appendix Table 4.2i).  At 70% slope, the bare runoff plot 

yielded the highest soil loss M, though storm event #6 caused runoff plot under 

T2 to produce the highest value of M (Appendix Table 4.2i).  Again, these 

observations indicate that when ready-made downslope pathways are provided 

for surface water (as in treatment T2), soil loss can be greater than when the 

soil surface was simply kept bare (treatment T1). 

Surprisingly, high values of M sometimes occurred with high values of 

Cover in runoff plots of 50% slope (Appendix Table 4.2i).  Although large values 

of M and c  did not necessarily follow from equally high values of such runoff 

components for runoff plots at 60% slope (except during storm event #6) 

(Appendix Tables 4.1i and 4.2i), it could be indicative that perhaps the effect of 

along the slope planting of corn was more effective than the effect of runoff 

water per se in causing big values of M and c . Similar behavior of runoff plots 

at 60% slope was observed at the 70% slope runoff plots but in bare runoff plot 

(except during storm event #6 where runoff plot under treatment T2 yielded the 

highest M and c  with equally high values of mentioned runoff components) with 

low values in Cover and non-zero values in N (Appendix Table 4.2i). 

Runoff plots under treatment T2 on 50% and 70% slopes gave values of 

ΣQ and Q  higher than the bare runoff plots of treatment T1 during all the storm 

events; while only the runoff plot at 70% gave the highest value for Qmax 

followed by the runoff plot at 50% slope both under treatment T2 compared with 

the bare runoff plot (Appendix Table 4.1i).  There were 2 storm events which 

resulted in greater values of Qm  at these runoff plots (under treatment T2) than 

in the bare runoff plots at 50% and 70% slopes (Appendix Table 4.1i). 

However, the runoff plot at 60% slope under treatment T2 gave higher values of 

c  and M compared with the bare runoff plot in 3 out of the recorded 4 storm 

events (Appendix Table 4.2i). While the runoff plot at 50% slope under 

treatment T2 produced values of c  and M greater than that in the bare runoff 
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plot during 2 and 3 out of the 4 storm events, respectively, the runoff plot at 

70% slope (T2) exceeded the values for the same variables only in 1 out of the 

4 storm events (Appendix Table 4.2i). 

Such detailed consideration of these observations gave credence to the 

notion that when ready-made pathways are already provided for the surface 

water to run on, as in treatment T2, the resulting soil loss will be more than 

when the soil surface was just kept bare. 

4.2.2.4 Storm Events #15 to #16 

Runoff plots were either bare (T1) or planted to sweet potato across the 

slope (T2b) for storm events #15 and #16 (Table 3.6).  Apparently, in almost all 

runoff plots, high values of c  and M followed from similarly high values in 

runoff-related variables, except for Qmax, during storm event #16 at 50% and 

70% slope runoff plots and ΣQ during storm event #15 at 60% and 70% slope 

runoff plots (Appendix Tables 4.1j and 4.2j).  Runoff plots with treatment T4 

showed higher values in runoff-related variables particularly in Q ,  Qm  and Qmax 

as compared to runoff plots under treatment T3 (Appendix Table 4.1j).  As 

expected, because of the across slope direction of planting in treatment T2b, 

soil loss ranged from 0 (for hedged runoff plots) to 0.80 tonne/ha (bare runoff 

plot, 70% slope) (Appendix Table 4.2j).  Even the non-hedged runoff plot 

yielded a maximum soil loss of about 0.40 tonne/ha again showing the 

effectiveness of across-slope planting in reducing soil loss (Appendix 

Table 4.2j). 

4.2.2.5 Storm Events #23 and #32 

Prior to storm event #23, the non-bare runoff plots were planted to corn 

in the cross-slope direction (Table 3.6). With the added protection afforded by 

the post-harvest application of stubble, maximum soil loss from the non-bare 

runoff plots was only 2.10 tonne/ha at the 70 % slope for storm event #23 

(Appendix Table 4.2k).  Prior to storm event #32, non-bare and non-hedged 

runoff plots were planted along the slope, giving a maximum soil loss M of 

13.63 tonne/ha. The hedged runoff plots were planted across-slope, giving M of 

only 0.34 tonne/ha (Appendix Tables 4.2k).  These observations indicate good 
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protection against soil loss by the application of stubble as cover in combination 

with across-slope planting and hedgerows.  Crop production practices that do 

not incorporate surface contact cover are ineffective in absorbing shear forces 

due to runoff that cause soil erosion (Meyer, 1980). 

Generally, in both storm events of #23 and #32, c  and M increased with 

runoff related variables of ΣQ, Q ,  Q , Qmax and N, while as expected, soil loss m

was inversely related Cover (Appendix Tables 4.1k and 4.2k). 

4.3 Variation in the Experimental Treatments 

Treatment T1 was a consistent treatment throughout the duration of field 

data gathering, while there were some variations in other treatments, 

particularly in T2, as outlined in tables 3.5 and 3.6.  Some variation occurred in 

the crops grown, for example upland rice and sweet potatoes were grown 

instead of corn during the period 11/12/90 to 16/04/91 when storm events #15 

and #16 took place.  In addition, peanut was raised as a single crop rather than 

an intercrop in one of the 10% slope runoff plots and in steep slope under 

treatment T4a from 28/04/90 to 08/08/90 when storm events #3 to #6 occurred. 

Such variations in crop type appear to have had little if any effect on hydrology 

and soil loss. 

During some cropping seasons, the hills and furrows were created 

across the slope (T2a), rather than up and down the slope (when storm events 

#1 and #17 to #22 and, #15 and #16 transpired).  Thus, this farmer's practice 

treatment (T2) varied both in terms of crop planted, and more importantly in the 

orientation of planting.  Because cultivation orientation could affect hydrology 

and soil loss, groups of storm events are considered separately in the statistical 

analysis carried out in Chapter 5 (Statistical Analysis of Data).  However, in the 

period from September to November 1990, when major runoff and soil loss 

occurred, corn was planted in all runoff plots (except of course for bare runoff 

plots), cultivation orientation was up and down slope in runoff plots under 

treatment T2, and cross-slope in hedged runoff plots (Appendix Tables 4.1h and 

4.2h).  Of the 32 storm events recorded, 17 of these storm events took place 

when the runoff plots were under this type of cultivation orientation.  Among 

these 17 storm events were those (storm event #2, consecutive storm events 

#8 to #11, and storm events #13 and #28) that featured the largest total soil loss 
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(>100 tonne/ha) for all treatments (Appendix Table 4.2h).  The tropical storm or 

typhoon accompanying storm events #13 and #28 resulted in the latter storm 

event generating the highest total soil loss out of the sum of soil loss from all the 

treatments in the steep slope runoff plots (Appendix Table 4.2h).  Of particular 

interest was the general observation that soil loss was high for all up and down 

slope plantings. 

4.4	 Minimum and Maximum Values for Each of the Parameters Considered in 

the Experiment 

Table 4.3 shows the maximum and minimum values for each of the 

variables measured in all storm events in this study.  These minimum and 

maximum values were collated from summary of values of all the variables 

collected from the experimental site during 2 ½ years of data gathering 

(Appendix Tables 4.1 and 4.2).  The collected data included rainfall-related 

variables ΣP, P , Pmax, EI30, runoff-related variables ΣQ, Q ,  Qm , Qmax, Qdu, and 

Cover, N, c  and M. 

Pluviometers #1 and #2, installed in the experimental site, consistently 

recorded the lowest and the highest values in all the rainfall-related variables 

( P , Pmax and ΣP), respectively.  Pluviometer #2 is near a tree of about 19 m in 

height, while the other pluviometer is situated in a relatively open area.  The 

highest values recorded for P , Pmax and ΣP were 54.2 mm/h, 176.4 mm/h and 

340.2 mm, respectively; while the lowest readings were 2.0 mm/h, 42.7 mm/h 

and 14.7 mm, respectively for the same rainfall-related variables. 

Maximum ΣP (340.2 mm) was recorded during storm event #28 when 

there was a tropical storm and as expected, this particular storm event resulted 

in maximum values of Pmax, Qmax, ΣQ and M i.e. 176.4 mm/h, 121.40 mm/h, 

122.71 mm and 53.83 t/ha, respectively.  Maximum values of runoff 

components (Qmax and ΣQ) and M were observed in the bare 10% slope runoff 

plot.  There is a strong suspicion that this behavior of the bare 10% slope runoff 

plot could be attributed to the manner in which this runoff plot was constructed 

resulting to a very shallow depth of filled soil from the original soil surface 

compared with the other cropped 10% slope runoff plot.  This shallow depth of 

filled soil perhaps could have been causing the infiltrating water at the upslope 

portion to exfiltrate at the lower half portion of the runoff plot.  Observations 
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Table 4.3  Minimum and maximum values for each of the parameters 

considered in ACIAR project at ViSCA, Baybay, Leyte, the Philippines for the 

period 1989-1992 (Treatments: T1 - kept bare; T3 - planted to corn (Zea mays) 

across slope in hedged runoff plots and T4 - similar to treatment T3 with peanut 

(Arachis hypogaea) intercrop). 

Parameters Values
 Minimum Maximum 

P  (mm/h) 2.0 (Pluviometer #1) 54.2 (Pluviometer #2) 
Pmax (mm/h) 42.7 (Pluviometer #1) 176.4 (Pluviometer #2) 
ΣP (mm) 14.7 (Pluviometer #1) 340.2 (Pluviometer #2) 

Qm  (mm/h) 0.07 (70% T3 runoff plot) 50.99 (10% T1 runoff plot) 

Q  (mm/h) 0.03 (70% T4 runoff plot) 13.23 (10% T1 runoff plot) 
Qmax (mm/h) 0.13 (70% T3 runoff plot) 121.40 (10% T1 runoff plot) 
ΣQ (mm) 0.05 (50% T3 runoff plot) 122.71(10% T1 runoff plot) 
Cover (%) 1.8 (60% T1 runoff plot) 86 (50% T4 runoff plot) 
N (m-1) 0 1.83 (50% T1 runoff plot) 
c  (kg/m3) 1x10-2 (All T3 and T4 runoff plots) 571.08 (70% T1 runoff plot) 
M (t/ha) 0 (All T3 and T4 runoff plots) 53.83 (10% T1 runoff plot) 

Notes: P  (mm/h) - arithmetical mean rainfall rate; 

Pmax (mm/h) - maximum rainfall rate; 

ΣP (mm) - total rainfall depth; 

Qm  (mm/h) - arithmetical mean runoff rate as defined by Ciesiolka et al


(1995); 


Q  (mm/h) - arithmetical mean runoff rate; 


Qmax (mm/h) - maximum runoff rate; 


ΣQ (mm) - total runoff depth; 


Cover (%) - surface contact cover; 


N (m-1) - number of rills per meter width of runoff plot; 


c  (kg/m3) - average sediment concentration; and 


M (t/ha) - total soil loss. 
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made during some of the storm events revealed that runoff water seemed to be 

getting out from the middle portion of the plot as displayed by the very 

conspicuous glittering film of water at the lower half of the runoff plot, an 

occurrence not evident at the upper half of the same runoff plot.  However, as 

mentioned earlier, there seems to be no statistical difference in the hydrological 

behavior of these two 10% slope runoff plots as evidenced by the result of the 

test of means of the runoff components ΣQ, Q ,  Qm , Qmax and Qdu using the 

Student t-test (Table 4.2). 

As expected, Cover was highest (86%) in the hedged 50% slope runoff 

plot planted across to corn and intercropped with peanut. Bare runoff plot of 

50% slope gave the highest computed N (1.83 m-1) from storm event #32. 

Maximum c  (571.08 kg/m3) was computed from the bare runoff plot of 70% 

slope. 

Not surprisingly, minimum values of runoff components, c  and M were 

observed in hedged steep slope runoff plots cross-planted to corn and 

intercropped with peanut. Combined cross-slope planting intercropped with 

closely spacing crop, as peanut in hedged plots seemed to be the attributing 

factor behind these low values of runoff-related variables.  Possibly high 

infiltration associated particularly with the downslope hedgerow could explain 

this result. 

As expected, for Cover the hedged and intercropped T4, and the bare T1 

runoff plots gave the highest (86%) and the lowest (1.8%) readings, 

respectively.  The bare runoff plots gave the maximum values of N (1.83 m-1), c 

(571.08 kg/m3) and M (53.83 tonne/ha).  All the hedged runoff plots gave the 

minimum values recorded for N, c  and M, which were 0 m-1, 0.01kg/m3 and 0 

tonne /ha, respectively. 

4.5 Occurrence or Timing of Storm Events 

All of the recorded storm events, except for storm event #16, occurred at 

some time during the long wet season, which is a characteristic of the 

experimental area. The wet season starts as early as the first week of June and 

end up to as late as the first week of March of every following year.  Moreover, 

most of the storm events occurred during the months of October and November 

(when either tropical storms or typhoons normally take place), where large 
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amounts of runoff and soil loss were recorded.  Storm event #2, consecutive 

storm events #8 to #11, and storm events #13 and #28 yielded the biggest total 

soil loss in all the treatments (> 100 tonne/ha); the latter two storm events took 

place during either tropical storm or typhoon (Table 3.1).  Storm event #28 

resulted in the highest amount of total soil loss in all the treatments considered. 

These storm events will be the subject of correlation and regression analyses 

as discussed in Chapter 5 (Statistical Analysis of Data). 

4.6 Total Runoff ΣQ from the Runoff Plots 

4.6.1 Low Slope Runoff Plots 

The total runoff from the low slope runoff plots ranged from a maximum 

of 27.52% of the total precipitation to a minimum of 8.32% of the total 

precipitation (Table 4.4 and, Figures 4.2 and 4.3).  These maximum and 

minimum contributions of rainfall to runoff were observed during the second part 

of data gathering for the low slope runoff plots, when runoff plot i was bare and 

the other runoff plot (j) was cropped.  Likewise, runoff plots i and j yielded the 

maximum and minimum recorded values in total soil loss, respectively. Runoff 

plot i gave the highest total runoff and total soil loss of 311.42 mm and 144.40 

tonne/ha, respectively; while runoff plot j yielded 111.59 mm and 5.55 tonne/ha 

of total runoff and soil loss, respectively (Table 4.4 and Figures 4.3). Although 

both runoff plots received similar amount of total rainfall, surprisingly runoff plot j 

yielded almost 2.8 times less in resulting total runoff and 26 times less in total 

soil loss.  Surface cover (contact or aerial) resulting from across the slope 

planting of corn in runoff plot could be the attributing factor behind such great 

difference in the resulting total soil loss. 

Even during the first part of the data gathering, when runoff plot i was still 

cropped, it produced the highest proportion of total runoff from the total rainfall 

(about 17.55%), and almost 6 times more total soil loss than the other runoff 

plot j (Table 4.4 and Figure 4.2).  Indeed, in spite of absence of statistical 

hydrological difference between the runoff plots, runoff plot i produced 

consistently the highest total runoff in proportion to the total rainfall and total soil 

loss throughout the duration of the data gathering for low slope runoff plots 

(Table 4.4 and, Figures 4.2 and 4.3). 
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Table 4.4  Total rainfall, ΣP, total runoff, ΣQ, ratio of total runoff to total rainfall 

(Ratio ΣQ/ ΣP) and total soil loss, M for low slope runoff plots throughout the 

whole duration of data gathering (Note: Please refer to the adjoining table below 

for the details of treatments used). 

Part Storm 
Event # 

Runoff 
Plot 

Variables 

ΣP (mm) ΣQ (mm) 
Ratio 
ΣQ/ΣP 

(%) 
M (t/ha) 

1st 1 – 16 i 1292.5 226.78 17.55 55.73 
j 1292.5 136.38 10.55 9.90 

2nd 17 – 32 i 1236.5 311.42 25.19 144.40 
j 1236.5 111.59 9.02 5.55 

Storm Event # Runoff Plot i Runoff Plot j 

1 and 2 Planted to corn in across the slope orientation 

3 to 6 Planted to peanut in 
across the slope 
orientation 

Planted to corn in 
across the slope 
orientation 

7 to 14 Planted to corn in up and 
down the slope orientation 

Planted to corn in 
across the slope 
orientation 

15 and 16 Planted to upland rice in across the slope orientation 

17 to 22 and 24 to 31 Bare Planted to corn in 
across the slope 
orientation 

23 Bare; cleared of weeds 
and stones 

Covered with cut corn 
stubbles and weeds 

32 Bare; almost 2 months old 
after weeding operation 

Covered with cut corn 
stubbles 
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Figure 4.2  Total runoff, ΣQ and total soil loss, M in each low slope runoff plots (i 

and j) for the 1st part of data gathering (storm events #1 – #16) (Total rainfall, 

ΣP: 1292.5 mm) (Note: Please refer to the adjoining table below for the details 

of treatments used). 

Storm Event # Runoff Plot i Runoff Plot j 
1 and 2 Planted to corn in across the slope orientation 
3 to 6 Planted to peanut in across 

the slope orientation 
Planted to corn in across the 
slope orientation 

7 to 14 Planted to corn in up and 
down the slope orientation 

Planted to corn in across the 
slope orientation 

15 and 16 Planted to upland rice in across the slope orientation 
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Figure 4.3  Total runoff, ΣQ and total soil loss, M in each low slope runoff plots (i 

and j) for the 2nd part of data gathering (storm events #17 – #32) (Total rainfall, 

ΣP: 1236.5 mm) (Note: Please refer to the adjoining table below for the details 

of treatments used). 

 

 
 
Storm Event # Runoff Plot i Runoff Plot j 
17 to 22 and 24 to 31 Bare Planted to corn in across 

the slope orientation 
23 Bare; cleared of weeds 

and stones 
Covered with cut corn 
stubbles and weeds 

32 Bare; almost 2 months old 
after weeding operation 

Covered with cut corn 
stubbles 
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On individual storm event basis, figures 4.4 and 4.5 show the amount of 

total rainfall received, resulting total runoff and soil loss in each of the low slope 

runoff plots.  While both runoff plots basically received similar amount of total 

rainfall in both parts of the data gathering, runoff plot i had been consistent in 

producing larger amount of total runoff from the runoff-producing rainfall, 

particularly during storm events #4, #5, #6, #8, #10, #11, #13, #17, #18, #21, 

#22, #23, #28 and #32. During these same storm events, runoff plot j produced 

only modest runoff except during storm event #16 where the recorded value 

was slightly larger than in runoff plot i.  The amount of total runoff recorded for 

runoff plot i became accentuated during the second part of the data gathering 

since this 10% slope runoff plot was devoid of vegetation.  Evidently, the trend 

in the resulting amount of total soil followed similar tendency with that of the 

total runoff i.e., runoff plot i continually produced the larger amount of total soil 

loss for the entire duration of data gathering.  Again, runoff plot i produced 

larger amount of total soil loss during the second part of the data gathering 

when the runoff plot was kept bare. 

4.6.2 Steep Slope Runoff Plots 

Total runoff in steep slope runoff plots falls between a minimum of 1.63% 

(runoff plot at 50% slope under treatment T4 or modification), and a maximum 

of 9.01% (runoff plot at 70% slope under treatment T2 or modification) of the 

total precipitation (Table 4.5 and Figure 4.6).  Although the lowest recorded 

value of percentage of total runoff from total rainfall (and the lowest recorded 

value in total runoff) resulted in the lowest value recorded for total soil loss, this 

was not the case for the highest recorded value of percentage of total runoff 

from total rainfall. Rather, the highest value of total soil loss was recorded when 

the percentage of total runoff from total rainfall was about 5.45% (on runoff plot 

at 70% slope under treatment T1).  Consistently, bare runoff plots (under 

treatment T1) at all steep slopes yielded values of total soil loss much higher 

than the runoff plot which produced the highest recorded value in the 

percentage of total runoff from total rainfall (i.e., runoff plot under treatment T2 

or modification at 70% slope). 

Generally, at each of the steep slopes of 50% to 70%, the bare runoff 

plots (T1) produced the highest total soil loss, followed by non-hedged runoff 
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Figure 4.4  Total rainfall, ΣP, total runoff, ΣQ and total soil loss, M for the 10% 

slope runoff plots (i and j) for storm events #1 – #16 (Note: Please refer to the 

adjoining table below for the details of treatments used). 
Storm Event # Runoff Plot i Runoff Plot j 
1 and 2 Planted to corn in across the slope orientation 
3 to 6 Planted to peanut in across the 

slope orientation 
Planted to corn in across the 
slope orientation 

7 to 14 Planted to corn in up and down 
the slope orientation 

Planted to corn in across the 
slope orientation 

15 and 16 Planted to upland rice in across the slope orientation 
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Figure 4.4 (continued) 
Storm Event # Runoff Plot i Runoff Plot j 
1 and 2 Planted to corn in across the slope orientation 
3 to 6 Planted to peanut in across 

the slope orientation 
Planted to corn in across the 
slope orientation 

7 to 14 Planted to corn in up and 
down the slope orientation 

Planted to corn in across the 
slope orientation 

15 and 16 Planted to upland rice in across the slope orientation 
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Figure 4.4 (continued) 
Storm Event # Runoff Plot i Runoff Plot j 
1 and 2 Planted to corn in across the slope orientation 
3 to 6 Planted to peanut in across 

the slope orientation 
Planted to corn in across the 
slope orientation 

7 to 14 Planted to corn in up and 
down the slope orientation 

Planted to corn in across the 
slope orientation 

15 and 16 Planted to upland rice in across the slope orientation 
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Figure 4.5  Total rainfall, ΣP, total runoff, ΣQ and total soil loss, M for the 10% 

slope runoff plots (i and j) for storm events #17 – #32 (Note: Please refer to the 

adjoining table below for the details of treatments used). 
Storm Event # Runoff Plot i Runoff Plot j 
17 to 22 and 24 to 31 Bare Planted to corn in across 

the slope orientation 
23 Bare; cleared of weeds and 

stones 
Covered with cut corn 
stubbles and weeds 

32 Bare; almost 2 months old 
after weeding operation 

Covered with cut corn 
stubbles 
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Figure 4.5 (continued) 
Storm Event # Runoff Plot i Runoff Plot j 
17 to 22 and 24 to 31 Bare Planted to corn in across 

the slope orientation 
23 Bare; cleared of weeds and 

stones 
Covered with cut corn 
stubbles and weeds 

32 Bare; almost 2 months old 
after weeding operation 

Covered with cut corn 
stubbles 
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Figure 4.5 (continued) 
Storm Event # Runoff Plot i Runoff Plot j 
17 to 22 and 24 to 31 Bare Planted to corn in across 

the slope orientation 
23 Bare; cleared of weeds and 

stones 
Covered with cut corn 
stubbles and weeds 

32 Bare; almost 2 months old 
after weeding operation 

Covered with cut corn 
stubbles 
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Table 4.5  Total rainfall, ΣP, total runoff, ΣQ, ratio of total runoff to total rainfall 

(Ratio ΣQ/ΣP) and total soil loss, M for all treatments at steep slope runoff plots 

throughout the whole duration of data gathering. 

Variables 
Slope (%) Treatments 

ΣP (mm) ΣQ (mm) Ratio 
ΣQ/ΣP(%) M (t/ha) 

50 

T1 2528.9 130.75 5.17 179.53 

T2 2528.9 190.32 7.53 105.77 

T3 2528.9 99.18 3.92 48.08 

T4 2528.9 41.16 1.63 3.86 

60 

T1 2528.9 155.76 6.16 183.51 

T2 2528.9 115.94 4.58 77.96 

T3 2528.9 72.11 2.85 21.47 

T4 2528.9 42.13 1.67 4.01 

70 

T1 2528.9 137.82 5.45 273.04 

T2 2528.9 227.86 9.01 175.83 

T3 2528.9 58.19 2.30 35.59 

T4 2528.9 58.23 2.30 20.40 

Treatments: T1 – kept bare; 

T2 – planted to corn (Zea mays) along slope#; 

T3 – planted to corn across slope in hedged runoff plots; and 

T4 – similar to treatment T3 with peanut (Arachis hypogaea) intercrop#. 
# - With some minor modifications. 
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Figure 4.6  Total runoff, ΣQ and total soil loss, M in each steep slope runoff plot 

by slope gradient for the total duration of data gathering (Total rainfall, ΣP: 

2528.9 mm). 

 

 
 
Treatments: T1 – kept bare; 

T2 – planted to corn (Zea mays) along slope#; 

T3 – planted to corn across slope in hedged runoff plots; and 

T4 – similar to treatment T3 with peanut (Arachis hypogaea) intercrop#. 
# - With some minor modifications.
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Figure 4.6 (continued) 

 

 
 
Treatments: T1 – kept bare; 

T2 – planted to corn (Zea mays) along slope#; 

T3 – planted to corn across slope in hedged runoff plots; and 

T4 – similar to treatment T3 with peanut (Arachis hypogaea) intercrop#. 
# - With some minor modifications. 
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plots (T2 or modification) with hedged runoff plots (T3 and T4 or modification) 

yielding low total soil loss (Figure 4.6).  As expected, hedged runoff plots 

combined with close-growing crop intercropping like peanut produced the 

lowest total soil loss in each of the steep slopes considered in the experiment. 

The total runoff resulting from runoff plots under treatment T2 (or modification) 

were larger in 50% and 70% slope runoff plots (Figure 4.6).  There appears a 

consistently increasing trend in total soil loss as the slope increases from 50% 

to 70% at least for runoff plots under T1 and T4 (or modification) but an 

apparent “decreasing then increasing” trend for the other runoff plots. 

Combining all the runoff plots by slope gradients for all the treatments revealed 

identical trend for both the total runoff and total soil loss across treatments 

except for runoff plots under treatment T1, i.e., decreasing total runoff from 

treatments T2 (or modification) to T4 (or modification) for each slope steepness 

corresponds to decreasing total soil loss (Figure 4.6).  In addition, the trends on 

total runoff are similar in runoff plots at 50% and 70% slopes i.e., exhibiting 

increasing tendency in total runoff for runoff plots under treatments T1 to T2 (or 

modification) and decrease thereon for other runoff plots.  However, there is 

progressive decrease in total soil loss for runoff plots from treatments T1 to T4 

(or modification) for 50% and 70% slopes (Figure 4.6).  The trend in total runoff 

followed exactly the pattern in total soil loss only for the runoff plots at 60% 

slope (Figure 4.6).  Indubitably, the total runoff and total soil loss decrease 

generally with increase in vegetation cover, for cover is expected to increase 

progressively from runoff plots under treatment T1 up to treatment T4 (or 

modification). 

Figure 4.7 shows the arithmetical mean values of total runoff and total 

soil loss by treatment for all the steep slope runoff plots.  Figure 4.7 showed the 

same general trend for total runoff and total soil loss across treatments, as that 

expected from previous figure 4.6.  Thus, runoff increased from treatments T1 

to T2 (or modification), decreasing for the other runoff plots.  There was a 

consistent decrease in total soil loss from runoff plots under treatments T1 to T4 

(or modification).  At most about 7.04% of the total rainfall that fell on the 

experimental area resulted in runoff, at least for all steep runoff plots under 

treatment T2 (or modification) (Table 4.6).  As expected, all steep slope runoff 

plots under treatment T4 (or modification) generated the lowest value (1.87%) 

of the percentage ΣQ/ΣP, whilst this percentage was 3.02% under treatment T3. 
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Figure 4.7  Total runoff, ΣQ and total soil loss, M in all steep slope runoff plots 

by treatment for the total duration of data gathering (Total rainfall, ΣP: 7586.8 

mm). 

 

 
 
T

#

 

reatments: T1 – kept bare; 

T2 – planted to corn (Zea mays) along slope#; 

T3 – planted to corn across slope in hedged runoff plots; and 

T4 – similar to treatment T3 with peanut (Arachis hypogaea) intercrop#. 

 - With some minor modifications. 
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Figure 4.7 (continued) 
 

 
 
T

#

reatments: T1 – kept bare; 

T2 – planted to corn (Zea mays) along slope#; 

T3 – planted to corn across slope in hedged runoff plots; and 

T4 – similar to treatment T3 with peanut (Arachis hypogaea) intercrop#. 

 - With some minor modifications. 
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Table 4.6  Total rainfall, ΣP, total runoff, ΣQ, ratio of total runoff to total rainfall 

(Ratio ΣQ/ΣP) and total soil loss, M for all steep slope runoff plots by treatment 

throughout the whole duration of data gathering. 

Treatments 
Variables 

ΣP (mm) ΣQ (mm) Ratio ΣQ/ΣP 
(%) 

M (t/ha) 

T1 7586.75 424.33 5.59 636.08 

T2 7586.75 534.12 7.04 359.55 

T3 7586.75 229.48 3.02 105.15 

T4 7586.75 141.52 1.87 28.27 

Treatments: T1 – kept bare; 

T2 – planted to corn (Zea mays) along slope#; 

T3 – planted to corn across slope in hedged runoff plots; and 

T4 – similar to treatment T3 with peanut (Arachis hypogaea) intercrop#. 
# - With some minor modifications. 



4-40 
Thus, the experimental area had a very high infiltration rate.  Rapid flow in the 

furrow canal formed may have reduced the opportunity for infiltration. The 

formed furrow canal as an outcome of the generally along the slope planting of 

corn (T2 or modification) must have served easily as the ready-made passage 

way for the runoff resulting rainfall perhaps due to the limited time available for 

infiltration. 

Plots of total rainfall ΣP, total runoff ΣQ and total soil loss M by treatment 

in each storm event are shown in figures 4.8, 4.9 and 4.10 for slopes of 50%, 

60% and 70%, respectively.  Compared to the low slope runoff plots, the ratio 

ΣQ/ΣP was indeed very small.  Generally, the small ratio of ΣQ/ΣP throughout 

the storm events was similar in each of the steep slope runoff plots.  As 

mentioned previously, such small ratio of ΣQ/ΣP in storm events #8 to #11, #13 

and #28 in each of the steep slope runoff plots was explicitly identical.  Worth 

noting however is the ratio of ΣQ/ΣP during storm event #2 for the bare 60% 

slope runoff plot as compared with the other bare runoff plots in other slopes. 

Figure 4.11 provides a complete picture of the relative proportion of ΣQ 

and M by treatment in each slope for all the runoff plots throughout the whole 

duration of data gathering. 

4.7 Soil Loss M from the Runoff Plots 

About 76.56%, 12.5% and 6.25% of the recorded total soil loss in the low 

slope runoff plots were within the range of 0 to 4 tonne/ha, 4 to 8 tonne/ha and 

8 to 12 tonne/ha, respectively (Figure 4.12).  However, in the steep slope runoff 

plots about 81.51%, 6.25%, 3.65% and 2.86% of the recorded total soil loss 

were within the range of 0 to 4 tonne/ha, 4 to 8 tonne/ha, 8 to 12 tonne/ha and 

12 to 16 tonne/ha, respectively (Figure 4.13).  Big soil losses resulted from 

storm events accompanied by either seasonal tropical storm or typhoon (e.g., 

individual storm events resulted to total soil loss greater than 52 tonne/ha and 

48 tonne/ha in the low and steep slope runoff plots, respectively).  Storm events 

#28 and #13 that occurred during either tropical storm or typhoon produced the 

highest recorded soil loss in both the bare runoff plots of the 10% and 70% 

slopes, respectively (Appendix Table 4.2).  Apparently, the presence of even 

some storm events which resulted in large total soil loss may be the determining 
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Figure 4.8  Total rainfall, ΣP, total runoff, ΣQ and total soil loss M for the 50% 

slope runoff plots by treatment in each storm event. 

T

#

reatments: T1 – kept bare; 

T2 – planted to corn (Zea mays) along slope#; 

T3 – planted to corn across slope in hedged runoff plots; and 

T4 – similar to treatment T3 with peanut (Arachis hypogaea) intercrop#. 

 - With some minor modifications. 
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Figure 4.8 (continued) 

T

#

reatments: T1 – kept bare; 

T2 – planted to corn (Zea mays) along slope#; 

T3 – planted to corn across slope in hedged runoff plots; and 

T4 – similar to treatment T3 with peanut (Arachis hypogaea) intercrop#. 

 - With some minor modifications. 
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Figure 4.8 (continued) 

T

#

reatments: T1 – kept bare; 

T2 – planted to corn (Zea mays) along slope#; 

T3 – planted to corn across slope in hedged runoff plots; and 

T4 – similar to treatment T3 with peanut (Arachis hypogaea) intercrop#. 

 - With some minor modifications. 
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Figure 4.9  Total rainfall, ΣP, total runoff, ΣQ and total soil loss, M for the 60% 

slope runoff plots by treatment in each storm event. 

T

#

reatments: T1 – kept bare; 

T2 – planted to corn (Zea mays) along slope#; 

T3 – planted to corn across slope in hedged runoff plots; and 

T4 – similar to treatment T3 with peanut (Arachis hypogaea) intercrop#. 

 - With some minor modifications. 
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Figure 4.9 (continued) 

T

#

reatments: T1 – kept bare; 

T2 – planted to corn (Zea mays) along slope#; 

T3 – planted to corn across slope in hedged runoff plots; and 

T4 – similar to treatment T3 with peanut (Arachis hypogaea) intercrop#. 

 - With some minor modifications. 
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Figure 4.9 (continued) 

T

#

reatments: T1 – kept bare; 

T2 – planted to corn (Zea mays) along slope#; 

T3 – planted to corn across slope in hedged runoff plots; and 

T4 – similar to treatment T3 with peanut (Arachis hypogaea) intercrop#. 

 - With some minor modifications. 
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Figure 4.10  Total rainfall, ΣP, total runoff, ΣQ and total soil loss, M for the 70% 

slope runoff plots by treatment in each storm event. 

T

#

reatments: T1 – kept bare; 

T2 – planted to corn (Zea mays) along slope#; 

T3 – planted to corn across slope in hedged runoff plots; and 

T4 – similar to treatment T3 with peanut (Arachis hypogaea) intercrop#. 

 - With some minor modifications. 
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Figure 4.10 (continued) 

T

#

reatments: T1 – kept bare; 

T2 – planted to corn (Zea mays) along slope#; 

T3 – planted to corn across slope in hedged runoff plots; and 

T4 – similar to treatment T3 with peanut (Arachis hypogaea) intercrop#. 

 - With some minor modifications. 
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Figure 4.10 (continued) 

T

#

reatments: T1 – kept bare; 

T2 – planted to corn (Zea mays) along slope#; 

T3 – planted to corn across slope in hedged runoff plots; and 

T4 – similar to treatment T3 with peanut (Arachis hypogaea) intercrop#. 

 - With some minor modifications. 
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Figure 4.11  Total runoff, ΣQ and total soil loss, M for all the runoff plots during 

the whole duration of data gathering (Note: Runoff plots i and j (10% slope 

runoff plots) were bare starting midway of the data gathering period) (Note: 

Please refer to the adjoining table below for the details of treatments used). 

Storm Event # Runoff Plot i Runoff Plot j 
1 and 2 Planted to corn in across the slope orientation 
3 to 6 Planted to peanut in across the 

slope orientation 
Planted to corn in across the 
slope orientation 

7 to 14 Planted to corn in up and down 
the slope orientation 

Planted to corn in across the 
slope orientation 

15 and 16 Planted to upland rice in across the slope orientation 
17 to 22 and 24 to 31 Bare Planted to corn in across the 

slope orientation 
23 Bare; cleared of weeds and 

stones 
Covered with cut corn stubbles 
and weeds 

32 Bare; almost 2 months old after 
weeding operation 

Covered with cut corn stubbles 
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Figure 4.11 (continued) 

Treatments: T1 – kept bare; 

T2 – planted to corn (Zea mays) along slope#; 

T3 – planted to corn across slope in hedged runoff plots; and 

T4 – similar to treatment T3 with peanut (Arachis hypogaea) intercrop#. 
# - With some minor modifications. 



4-52 
Figure 4.11 (continued) 

Treatments: T1 – kept bare; 

T2 – planted to corn (Zea mays) along slope#; 

T3 – planted to corn across slope in hedged runoff plots; and 

T4 – similar to treatment T3 with peanut (Arachis hypogaea) intercrop#. 
# - With some minor modifications. 
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Figure 4.11 (continued) 

Treatments: T1 – kept bare; 

T2 – planted to corn (Zea mays) along slope#; 

T3 – planted to corn across slope in hedged runoff plots; and 

T4 – similar to treatment T3 with peanut (Arachis hypogaea) intercrop#. 
# - With some minor modifications. 
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Figure 4.12  Histogram of total soil loss, M for all low slope runoff plots under all 

treatments. 
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Figure 4.13  Histogram of total soil loss, M for all steep slope runoff plots under 

all treatments. 
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factor in the overall total amount of soil loss for the entire duration of the 

experiment (Lane et al, 2000). 

4.8 Sediment Concentration c  from the Runoff Plots 

The apparent trend in large values of c  (and M) accompanied by equally 

large values of runoff components (ΣQ, Q ,  Q , Qmax) appears to be a common m

feature for all the runoff plots.  It can be thought that such increase in c  was 

associated with the increase in M was possibly caused by high values in runoff 

components. However, there were storm events in the low slope runoff plots 

(storm events #2 and #3) and in steep slope runoff plots (e.g., storm events #2, 

#3, #5, #6, #7, #11, #12, #16, #20, #25, #28, #29 and #30) where low values of 

runoff components and M were accompanied by high values of c . However, in 

general high values of c  were associated with high values in M and low values 

in runoff components (e.g., storm events #1, #7, #16 and #25 in low slope runoff 

plots; storm events #1 - #15 and #18 - #32 in steep slope runoff plots). The 

combination of relatively big values of M and small values of ΣQ results in big 

value of c  as expected. 

4.8.1 Low Slope Runoff Plots 

Generally, consistent larger values of c  were recorded in almost all of 

the storm events for runoff plot i than runoff plot j both when under a crop 

(during the first set of 16 storm events), and when bare (during the second set 

of 16 storm events) except during storm events #2 and #3 when there were 

small differences.  Practically, there was no difference for the values of c  during 

storm events #12 and #27.  Runoff plot j was cropped throughout the entire 

duration of data gathering (Figures 4.14 and 4.15). 

Also, as expected, runoff plot i recorded high values of c  in each of 

storm event starting when the runoff plot was bare i.e., during the last half of the 

total duration of data gathering. 

Values of ΣQ were characteristically low in practically all storm events, 

except the typhoon (e.g., typhoon Uring during storm event #28).  Generally, M 

and c  increased with ΣQ (Figure 4.16). 
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Figure 4.14  Total runoff, ΣQ, total soil loss, M and sediment concentration, c 

for the 10% slope runoff plots (i and j) during storm events #1 – #16 (Please 

refer to the adjoining table below for the details of treatments used). 
Storm Event # Runoff Plot i Runoff Plot j 
1 and 2 Planted to corn in across the slope orientation 
3 to 6 Planted to peanut in across 

the slope orientation 
Planted to corn in across the 
slope orientation 

7 to 14 Planted to corn in up and 
down the slope orientation 

Planted to corn in across the 
slope orientation 

15 and 16 Planted to upland rice in across the slope orientation 
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Figure 4.14 (continued) 
Storm Event # Runoff Plot i Runoff Plot j 
1 and 2 Planted to corn in across the slope orientation 
3 to 6 Planted to peanut in across 

the slope orientation 
Planted to corn in across the 
slope orientation 

7 to 14 Planted to corn in up and 
down the slope orientation 

Planted to corn in across the 
slope orientation 

15 and 16 Planted to upland rice in across the slope orientation 
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Figure 4.14 (continued) 

Storm Event # Runoff Plot i Runoff Plot j 
1 and 2 Planted to corn in across the slope orientation 
3 to 6 Planted to peanut in across 

the slope orientation 
Planted to corn in across the 
slope orientation 

7 to 14 Planted to corn in up and 
down the slope orientation 

Planted to corn in across the 
slope orientation 

15 and 16 Planted to upland rice in across the slope orientation 
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Figure 4.15  Total runoff, ΣQ, total soil loss, M and sediment concentration, c 

for the 10% slope runoff plots (i and j) for storm events #17 – #32 (Note: Please 

refer to the adjoining table below for the details of treatments used). 
Storm Event # Runoff Plot i Runoff Plot j 
17 to 22 and 24 to 31 Bare Planted to corn in across 

the slope orientation 
23 Bare; cleared of weeds and 

stones 
Covered with cut corn 
stubbles and weeds 

32 Bare; almost 2 months old 
after weeding operation 

Covered with cut corn 
stubbles 
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Figure 4.15 (continued) 
Storm Event # Runoff Plot i Runoff Plot j 
17 to 22 and 24 to 31 Bare Planted to corn in across 

the slope orientation 
23 Bare; cleared of weeds and 

stones 
Covered with cut corn 
stubbles and weeds 

32 Bare; almost 2 months old 
after weeding operation 

Covered with cut corn 
stubbles 
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Figure 4.15 (continued) 

Storm Event # Runoff Plot i Runoff Plot j 
17 to 22 and 24 to 31 Bare Planted to corn in across 

the slope orientation 
23 Bare; cleared of weeds and 

stones 
Covered with cut corn 
stubbles and weeds 

32 Bare; almost 2 months old 
after weeding operation 

Covered with cut corn 
stubbles 
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Figure 4.16  Total runoff, ΣQ, total soil loss, M and sediment concentration, c 

for the 10% slope runoff plot i (kept bare) during storm events #17 - #32. 
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4.8.2 Steep Slope Runoff Plots 

Bare steep slope runoff plots exhibited consistently large values of 

recorded c in most if not all of storm events compared with non-bare 

treatments (Figures 4.17, 4.18 and 4.19). 

Generally, the scatterplots of ΣQ, M and c  with storm event are similar in 

all steep slope runoff plots except at 60% slope prior to storm event #3 for the 

reason that will be discussed in a later section of this chapter (Figures 4.20, 

4.21 and 4.22).  Worth noting were the big "jumps" in values of ΣQ and M 

during storm events #13 and #28 when either a tropical storm or typhoon 

occurred. Basically, ΣQ assumed modest values in almost all the storm events 

considered in the data collection except when either tropical storm or typhoon 

occurred thus, providing evidence that these runoff plots have significant water 

infiltration capacity. In most of the storm events (except for the extreme storm 

events #13 and #28), changes in the values of c could be related to changes in 

the values of M. 

4.9 Soil Loss M and Number of Rills per Meter Width of Runoff Plot N 

In practice, the value of N was recorded by field observation after the 

storm event.  From field observation during a storm event, rill appearance and 

disappearance is a very dynamic phenomenon.  Formation of rills normally 

coincided with rainfall phases characterized by high intensity of short duration, 

following a less intense rainfall of long duration, during which the previously 

developed can disappear.  Obviously, only those rills deep enough to become 

permanently imprinted on the soil surface, and not submerged or drowned by 

subsequent eroding soil, were recorded as N after a particular storm event. 

Rills provide pathways for runoff, and generate streampower, resulting in the 

removal of soil and contributing to soil loss.  Conceptually, the presence of rills 

after or even during a particular storm event is indicative of large soil losses 

(Figure 4.23). However, there were some storm events, which resulted into 

large amount of soil loss without any indication of the presence of rills, at least 

in some portions if not the whole of the runoff plot width (Figure 4.24).  As 

discussed previously, probably net deposition of soil led to the disappearance of 
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Figure 4.17  Total runoff, ΣQ, total soil loss, M and sediment concentration, c 

for the 50% slope runoff plots by treatment in each storm event. 

T

#

reatments: T1 – kept bare; 

T2 – planted to corn (Zea mays) along slope#; 

T3 – planted to corn across slope in hedged runoff plots; and 

T4 – similar to treatment T3 with peanut (Arachis hypogaea) intercrop#. 

 - With some minor modifications. 
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Figure 4.17 (continued) 

T

#

reatments: T1 – kept bare; 

T2 – planted to corn (Zea mays) along slope#; 

T3 – planted to corn across slope in hedged runoff plots; and 

T4 – similar to treatment T3 with peanut (Arachis hypogaea) intercrop#. 

 - With some minor modifications. 
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Figure 4.17 (continued) 

Treatments: T1 – kept bare; 

T2 – planted to corn (Zea mays) along slope#; 

T3 – planted to corn across slope in hedged runoff plots; and 

T4 – similar to treatment T3 with peanut (Arachis hypogaea) intercrop#. 
# - With some minor modifications. 
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Figure 4.18  Total runoff, ΣQ, total soil loss, M and sediment concentration, c 

for the 60% slope runoff plots by treatment in each storm event. 

T

#

reatments: T1 – kept bare; 

T2 – planted to corn (Zea mays) along slope#; 

T3 – planted to corn across slope in hedged runoff plots; and 

T4 – similar to treatment T3 with peanut (Arachis hypogaea) intercrop#. 

 - With some minor modifications. 



4-69 
Figure 4.18 (continued) 

T

#

reatments: T1 – kept bare; 

T2 – planted to corn (Zea mays) along slope#; 

T3 – planted to corn across slope in hedged runoff plots; and 

T4 – similar to treatment T3 with peanut (Arachis hypogaea) intercrop#. 

 - With some minor modifications. 
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Figure 4.18 (continued) 

 

 
 
Treatments: T1 – kept bare; 

T2 – planted to corn (Zea mays) along slope#; 

T3 – planted to corn across slope in hedged runoff plots; and 

T4 – similar to treatment T3 with peanut (Arachis hypogaea) intercrop#. 
# - With some minor modifications. 
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Figure 4.19  Total runoff, ΣQ, total soil loss, M and sediment concentration, c 

for the 70% slope runoff plots by treatment in each storm event. 

T

#

reatments: T1 – kept bare; 

T2 – planted to corn (Zea mays) along slope#; 

T3 – planted to corn across slope in hedged runoff plots; and 

T4 – similar to treatment T3 with peanut (Arachis hypogaea) intercrop#. 

 - With some minor modifications. 
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Figure 4.19 (continued) 

T

#

reatments: T1 – kept bare; 

T2 – planted to corn (Zea mays) along slope#; 

T3 – planted to corn across slope in hedged runoff plots; and 

T4 – similar to treatment T3 with peanut (Arachis hypogaea) intercrop#. 

 - With some minor modifications. 
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Figure 4.19 (continued) 

 
Treatments: T1 – kept bare; 

T2 – planted to corn (Zea mays) along slope#; 

T3 – planted to corn across slope in hedged runoff plots; and 

T4 – similar to treatment T3 with peanut (Arachis hypogaea) intercrop#. 
# - With some minor modifications. 



4-74 
Figure 4.20  Total runoff, ΣQ, total soil loss, M and sediment concentration, c 

for the 50% slope runoff plot under treatment T1 (kept bare) in each storm 

event. 
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Figure 4.21  Total runoff, ΣQ, total soil loss, M and sediment concentration, c 

for the 60% slope runoff plot under treatment T1 (kept bare) in each storm 

event. 
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Figure 4.22  Total runoff, ΣQ, total soil loss, M and sediment concentration, c 

for the 70% slope runoff plot under treatment T1 (kept bare) in each storm 

event. 
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Figure 4.23 Photographs showing piles of eroded soil contributed by rills on (a) 

10%- and (b) 70%-slope runoff plots. 
(a) 
(b) 
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Figure 4.24 Photographs showing piles of eroded soil without the apparent 

presence of rills after storm event on (a) 10%- and (b) 70%-slope runoff plots. 

(a) 
(b) 
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rills (recorded as zero N) because presence of rills is short-lived, except when 

rills are permanently imprinted on the soil surface. 

4.9.1 Low Slope Runoff Plots 

The expected association between M and N was not conspicuous for 

bare 10% slope runoff plots.  After storm event #22, values of M fluctuated even 

with no evident post-storm evidence of rills.  Surprisingly, even during the big 

storm event #28 (and during storm event #23), large values of M were 

measured with N recorded as zero (Figure 4.25). 

4.9.2 Steep Slope Runoff Plots 

Generally, increased M is identified with an increase in N in the bare 

steep slope runoff plots (Figures 4.26, 4.27 and 4.28).  This strong association 

between high values of M and N occurred, for example, in the big storm events 

#8, #10, #13, #23 and #28 on 50% slope runoff plots.  However, storm event #9 

displayed a relatively low value of M with a high value of N in all these bare 

steep slope runoff plots. 

4.10 Contribution of Rainfall Detachment (and Re-detachment) to the Sediment 

Concentration of Sediment from Bare Runoff Plots 

The contribution by rainfall detachment (and re-detachment) to the 

resulting final sediment concentration of the entire erosion process in a 

particular storm event was investigated by measuring the average sediment 

concentration ( cd) from the rainfall detachment tray described by Misra and 

Rose (1990a) and Ciesiolka et al (1995).  Because of the detachment tray’s 

small surface slope and slope length, entrainment and re-entrainment due to 

overland flow is assumed to make a negligible contribution to the measured 

sediment concentration, which is therefore assumed to be due to rainfall 

detachment and re-detachment alone. 

The value of cd is a measure of the sediment concentration generated 

by a rainfall detachment alone with a sufficiently small ponded depth of water 

that it provides no protection to the soil surface.  Thus, the ratio cb  where cd 
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Figure 4.25  Total soil loss, M and number of rills per meter width of runoff plot, 

N for the 10% slope runoff plot under treatment T1 (kept bare) during storm 

events #17 – #32. 
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Figure 4.26  Total soil loss, M and number of rills per meter width of runoff plot, 

N for the 50% slope runoff plot under treatment T1 (kept bare) in each storm 

event. 
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Figure 4.27  Total soil loss, M and number of rills per meter width of runoff plot, 

N for the 60% slope runoff plot under treatment T1 (kept bare) in each storm 

event. 
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Figure 4.28  Total soil loss, M and number of rills per meter width of runoff plot, 

N for the 70% slope runoff plot under treatment T1 (kept bare) in each storm 

event. 
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cb is the average sediment concentration of the reference bare runoff plot, is a 

measure of the relative importance of rainfall-driven to runoff-driven erosion 

processes. 

The contribution of rainfall detachment and re-detachment to the 

sediment concentration in each of the bare runoff plots was very small, the 

highest being only 46.31 kg/m3 during storm event #7 resulting into the largest 

cb ratio of 0.69 in the bare 60% slope runoff plot (Table 4.7 andcd 

Figure 4.29).  On the average cd  was only about 17% of cb in all the slopes 

considered in this experiment (Table 4.7).  The minimum ratio of c  to  cbd

ranged from about 0.01 for all the bare steep runoff plots, to about 0.06 for the 

bare 10% slope runoff plot.  This conclusion is somewhat surprising because 

during these storm events the computed depths of runoff water using Manning's 

equation were small (Figure 4.30).  In view of this evidences, runoff is indicated 

as erosive, or commonly much more erosive than rainfall, at least for this 

particular experiment and experimental site.  Multiple comparison of means 

showed no statistical difference between the ratio cd cb in all levels of the 

slope, indicating that regardless of any level in slope, the processes of 

entrainment and re-entrainment due to overland flow of water are the dominant 

soil erosion processes (Appendix Table 4.3). 

In such a situation when the contribution of rainfall detachment (and re-

detachment) to the total sediment concentration is small, aerial crop cover, 

which reduces only the rainfall detachment (and re-detachment) process, will 

not markedly reduce soil erosion.  Only surface contact cover, which is that 

living and dead vegetative cover close enough to the soil surface to retard 

runoff flow, will have significant effect on soil erosion under these 

circumstances. 

4.11 Suspended Load (SL), Bed Load (BL) and Total Soil Loss (M) 

4.11.1 Low Slope Runoff Plot 

The bare 10% slope runoff plot recorded the highest suspended load of 

all runoff plots with the value of about 206.40 kg during storm event #23 

(Table 4.8).  This storm event was not accompanied by a typhoon, even though 
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Figure 4.29  Sediment concentration, dc  for the net rainfall detachment apparatus and sediment concentration, bc  for all bare runoff 

plots. 
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Table 4.7  Summary of data on average sediment concentration from net rainfall detachment tray ( cd) and average sediment 

concentration from bare runoff plots ( cb ) for all levels of land slope. Ratio cb is also given. cd 

Date 
c d 

(kg/m3) 
cb  (kg/m3) cd cb  (unitless) 

Plot Slope 10% 50% 60% 70% 10% 50% 60% 70% 
08-09/01/90 3.17 10.8 213.7 12.9 0.29 0.01 0.25 
27-28/06/90 14.87  260.3 63.7 660.3 0.06 0.23 0.02 
13-14/09/90 46.31  196.8 66.9 298.2 0.24 0.69 0.16 
03-05/10/90 15.83  130.3 139.7 312.4 0.12 0.11 0.05 
06-07/10/90 16.92  429.4 662.7 681.3 0.04 0.03 0.02 
12-13/11/90 34.70 57.1 61.6 89.8 0.61 0.56 0.39 
19/11/90 12.61 61.2 71.1 59.9 0.21 0.18 0.21 
15/07/91 5.71 84.2 40.7 89.6 76.9 0.07 0.14 0.06 0.07 
19-20/07/91 4.36 49.1 13.3 08.8 26.2 0.09 0.33 0.50 0.17 
02-04/08/91 6.41 51.0 183.9 30.3 438.3 0.13 0.03 0.21 0.01 
10-11/08/91 4.99 64.3 545.6 328.9 697.0 0.08 0.01 0.02 0.01 
15-18/11/91 11.60 No Data 221.4 21.6 227.8 No Data 0.05 0.54 0.05 
22-25/11/91 1.70 27.7 10.4 6.3 18.3 0.06 0.16 0.27 0.09 
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Figure 4.30  Computed depth of water, Dw using the Manning's equation for all bare runoff plots. 
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Table 4.8 Maximum values for suspended load, SL, bed load, BL, ratio of SL to 

BL (Ratio SL/BL) and total soil loss, M in all bare runoff plots. 

Slope (%) SL (kg) BL (kg) Ratio SL/BL 
(%) 

M (t/ha) 

10 206.40 (23) 889.34 (28) 57.45 (23) 53.83 (28) 

50 7.82 (13) 171.58 (13) 5.21 (15) 25.08 (13) 

60 3.04 (28) 254.51 (28) 9.12 (15) 34.58 (28) 

70 8.88 (13) 366.04 (13) 8.28 (15) 51.26 (13) 
Note: Value enclosed in the parentheses is the corresponding storm event #. 
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the total rainfall depth was more than 100 mm. This highest value for 

suspended load also gave the highest percentage of suspended to bed load of 

about 57.45%. A typhoon accompanied storm event #28, producing the highest 

recorded value for M of 53.83 tonne/ha.  The sediment lost in this storm event 

had only 33.30 kg of suspended load and 889.34 kg of bed load, which was 

also the highest recorded bed load. 

With the exception of storm events #23 and #28, the contribution of 

suspended load to the total soil loss was generally almost negligible for the bare 

10% slope runoff plot (Figure 4.31). 

4.11.2 Steep Slope Runoff Plots 

It was during the typhoon-attended storm events #13 and #28 that the 

highest recorded values of suspended load resulted from the bare runoff plots 

of 50% (about 7.82 kg), 70% (about 8.88 kg) and 60% slope (about 3.04 kg), 

respectively (Table 4.8).  The highest recorded ratios expressed as percentage 

ratios of suspended load to bed load were about 5.21, 9.12 and 8.28 for the 

bare runoff plots at 50% slope, 60% slope and 70% slope, respectively.  These 

highest ratios occurred during storm event #15, a storm with one of the smallest 

soil losses. Storm events yielding high amount of bed load will likewise result to 

big values in M, because of the small contribution of suspended load to the total 

soil loss. 

Generally, disregarding storm events #13 and #28, the relative 

proportions of suspended load to bed load were small in most if not all storm 

events (Figures 4.32, 4.33 and 4.34). 

The scatterplot of M against the percentage ratio of suspended load to 

bed load seems to show a decreasing contribution of suspended load to M as M 

increases (Figure 4.35). 

4.12 Effect of Cultivation 

Storm events #1 and #2 resulted in decreased values of M, c  and N for 

the bare 50%- and 70%-slope runoff plots but not for the bare 60% slope runoff 

plot (Appendix Table 4.2).  Only the bare runoff plots at 50% and 70% slopes 

were wet-cultivated prior to the occurrence of storm event #2.  Except for the 

bare 60% slope runoff plot, other bare runoff plots were cultivated whilst wet to 
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Figure 4.31 Suspended load, SL, bed load, BL and total soil loss, TSL for the 

bare 10% slope runoff plot in each storm event. 
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Figure 4.32  Suspended load, SL, bed load, BL and total soil loss, TSL for the 

bare 50% slope runoff plot in each storm event. 
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Figure 4.33  Suspended load, SL, bed load, BL and total soil loss, TSL for the 

bare 60% slope runoff plot in each storm event. 
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Figure 4.34  Suspended load, SL, bed load, BL and total soil loss, TSL for the 

bare 70% slope runoff plot in each storm event. 
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Figure 4.35  Scatterplot of total soil loss, M against percentage ratio of 

suspended load, SL and bed load, BL for all bare steep slope runoff plots. 
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remove rills formed by storm event #1.  The surface condition of bare steep 

slope runoff plots prior to storm event #1 is unknown, although a record of 

activities showed that a weeding operation was carried out on all the bare runoff 

plots. Thereafter, wet cultivation was done in all bare runoff plots primarily to 

remove the rills formed after every storm event. 

Cultivation of bare runoff plots while in the wet state, normally resulted in 

the formation of big and stable soil clods as is illustrated in figure 4.36.  It might 

be expected that this rough cloddy surface would not encourage the 

establishment of rills, thus minimizing soil loss.  The lack of clod formation in the 

uncultivated bare 60% slope runoff plot might have contributed to the large 

value of M.  Hence, keeping the soil surface in a state characterized by big soil 

clods such as one created by wet cultivation as practiced on the experimental 

site conserved soil from erosion.  However, wet cultivation is not commonly 

recommended as a soil conserving method, though its value may depend on 

cultivation being carried out by hand.  If carried out by machine, wet cultivation 

may have a very different effect including soil compaction. 

Unfortunately, comparing the bare runoff plots after storm event #2 

cannot be made since it is confounded by differences in runoff related variables, 

among others.  Differences in soil loss from the bare runoff plots may be due to 

differences in erodibility and this is investigated in a later chapter (Chapter 6 -

Analysis of Soil Loss Using a Physical-Process Oriented Water-Induced Soil 

Erosion Model). 

4.13 Summary of Observations 

From mere inspection of the collected data the following observations 

can be made: 

a) High values of M and c were associated with high values of runoff 

related parameters like ΣQ, Qm , Q  and Qmax , and low values of 

Cover; 

b) Large values of M and c  were associated with non-zero values of N, 

a measure of rill formation which happened to get permanently 

imprinted on the soil surface; 
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Figure 4.36 A photograph of a bare runoff plot illustrating soil in a condition 

typical of that following wet cultivation. 
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c)	 Up and down or along slope planting of a crop like corn appeared to 

provide the ready-made pathways for the passage of runoff, hence 

encouraging flow-driven soil erosion; 

d) Bare plots produced high values of total runoff, M and c ; 

e) Overland water flow in ready-made downslope pathways consequent 

with the along slope planting of row crop like corn could be more 

effective in causing high values of M and c  than the effect of runoff 

water alone on bare soil surfaces; 

f)	 Across slope planting of corn coupled with closely growing intercrop 

like peanut in this case, and in hedged runoff plots produced almost 

zero if not negligible soil loss; 

g) Across slope planting of corn was effective in reducing soil loss; 

h) Application of stubble as soil cover in combination with across slope 

planting and hedge rows afforded protection against soil loss 

particularly in steep slopes;  

i)	 Hedged runoff plots with or without intercropping, despite producing 

high values of runoff related parameters lost negligible amounts of 

soil, indicating the soil conserving effect of this treatment; 

j)	 Maximum surface cover (both aerial and contact) resulted from 

hedged runoff plots in combination with closely growing intercrop on a 

across slope planting; 

k)	 Lowest values of runoff related parameters (as well as N, c  and M) 

were associated with combined across slope planting with closely 

growing intercrop in hedged runoff plots, while bare runoff plots 

resulted into highest readings in the mentioned parameters; 

l)	 High infiltration was suspected to occur at the hedgerow portion of 

hedged runoff plots; 

m) Surface cover (aerial and contact) decreased soil loss; 

n) Total soil loss increased with slope; 

o) Storm (tropical typhoon)-generated M and c  were usually of large 

magnitude, at least for this experiment; 

p) A number of individual storm events that produced large amount of 

soil loss determine the overall total soil loss yield for a given total 

duration of storm events; 
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q) High total soil loss coupled with low values of the runoff component 

resulted in increase of c ; 

r)	 Total soil loss M appeared as a better parameter to be regressed with 

surface cover rather than c  because of the highly discretional nature 

of the latter (value of c  was greatly affected by large total soil loss 

from a small equivalent runoff depth); 

s)	 Large soil loss was recorded even in the ostensible absence of post 

storm event visually observed rill formation; 

t) 	 Owing to the dynamic nature of rill activity, rill formation followed a 

short duration but intense erosion phase, and could disappear in the 

following long duration phase of less intense erosion unless the rill 

became permanently imprinted on the soil surface; 

u) At least for this particular experiment, soil loss was due more to 

runoff-erosive processes rather than rainfall impact; 

v)	 In runoff dominated soil erosion processes, a contact type of soil 

cover (including both living and dead vegetative cover close enough 

to the soil surface to impede overland flow) is more significant in 

curtailing soil erosion than surface cover as measured aerially; 

w) The contribution of suspended load to the total soil loss was 

negligible. Thus, storm events resulting in high amount of bed load 

will likewise ensue large values of total soil loss; 

x)	 As total soil loss increased, proportion of suspended load to bed load 

decreased; and 

y)	 Manual cultivation of wet soil resulted in the formation of big and 

relatively stable soil clods that serve to prevent formation of rills in the 

subsequent storm event, thus minimizing soil erosion. 



Chapter 5  Statistical Analysis of Data 

5.1 Introduction 

This thesis contains two types of analysis: a purely statistical analysis of 

the in-situ collected data, given in this chapter, and analysis using a physically-

based water-induced soil erosion model which is presented in chapters 6 

(Analysis of Soil Loss Using a Physical-Process Oriented Water-Induced Soil 

Erosion Model) and 7 (Analysis of the Erodibility Factor β). 

Despite the limitations of statistical analyses, they are first resorted to 

with the expectation that some form of interrelationships (if there will be any) 

among the collected measured parameters should emerge. Statistical analyses 

make no assumptions as to the physical processes that may be at work.  A 

purpose of subsequently undertaking a physically based analysis is to 

demonstrate why these main interrelationships come about. 

To facilitate the understanding of various topics that will be presented in 

the following sections of this chapter, the symbols that will be adopted and their 

descriptions are presented in table 5-1. 

5.2 Statistical Comparison of Two Pluviometers 

To ascertain if there is any inherent difference in the recording by the two 

pluviometers installed at the experimental site of rainfall related parameters 

(such as ΣP, P , Pmax and EI30), a Student t-test for the equality of two means 

assuming unequal variances was carried out. Table 4.1 showed no statistical 

difference among the collected rainfall parameters for the two pluviometers. 

Hence, the two pluviometers appeared to be similar in their collection of rainfall 

data in the experimental site. 

5.3 Forming Data Sets 

Generally, data sets collected from each of the two low slope runoff plots 

prior to the transformation of one of the runoff plots to a bare condition were not 

statistically different from each other (Table 4.2).  Hence, data sets of similar 
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Table 5-1  Descriptions of symbols used. 

Symbol Description 

Slope Slope of the runoff plot 

ΣP (mm) Total rainfall depth 

P  (mm/h) Arithmetical mean rainfall rate 

Pmax (mm/h) Maximum rainfall rate for the duration of the recorded storm event(s) 

EI30 (t-m/ha) Maximum value of EI30 for the duration of the recorded storm event(s) 

ΣQ (mm) Total runoff depth 

Qm  (mm/h) Arithmetical mean runoff rate as defined by Ciesiolka et al (1995) 

Q  (mm/h) Arithmetical mean runoff rate 

Qmax (mm/h) Maximum runoff rate for the duration of the recorded storm event(s) 

Qdu (min) Duration of runoff 

Cover (%) Surface contact cover 

N (m-1) Number of rill(s) per meter width of runoff plot 

c  (kg/m  )3 Average sediment concentration 

M (t/ha) Total soil loss 

Prefix Lg Common logarithmic (i.e., to the base 10) transform of the appropriate variable 

Prefix Sqrt Square root transform of the appropriate variable 

* , ** , *** , ns Significant at the 0.05, 0.01 and 0.001 probability levels, and not significant, 

respectively. 

na Not Applicable 
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Table 4.1  Result of the Student t-test for the equality of two means (assuming 

unequal variances) of the rainfall related variables measured by pluviometer #1 

(P1) and pluviometer #2 (P2) installed in the experimental area. 

Pluviometer ΣP (mm) P  (mm/h) Pmax (mm/h) EI30 (t-m/ha) 

Mean P1 74.93 12.95 94.44 58.07 

P2 83.13 14.17 105.96 65.48 

Variance P1 3835.60 107.21 1200.14 3970.53 

P2 4836.16 117.40 1154.86 4221.96 
Number 

of 
Samples 

P1 32 32 32 32 

P2 32 32 32 32 

Tcomputed  0.498ns 0.460ns 1.343ns 0.463ns 

Notes: ns - not significant at α = 5%; 

ΣP (mm) - total rainfall depth; 


P  (mm/h) - arithmetical mean rainfall rate; 


Pmax (mm/h) - maximum rainfall rate; and 


EI30 (t-m/ha) - maximum value of EI30 for the duration of the recorded 


storm event(s).
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Table 4.2  Result of comparison of means of different parameters collected from 

the two low slope runoff plots during various storm events using the Student t-

test (assuming unequal variances) (Note: Please refer to the adjoining table 

below for the details of treatments used). 

Storm Event # n 
ΣQ 

(mm) 
Qm

(mm/h) 

Q 
(mm/h) 

Qmax 

(mm/h) 
Qdu 

(min) 
c 

(kg/m3) 
M (t/ha) 

1 and 2 2 ns ns ns ns ns ns ns 

15 and 16 2 ns ns ns ns ns ** ns 

Notes: **, ns - significant at 0.01 probability level and not significant, 

respectively at α = 5%. 

ΣQ (mm) - total runoff depth; 

Qm  (mm/h) - arithmetical mean runoff rate as defined by Ciesiolka et al


(1995); 


Q  (mm/h) - arithmetical mean runoff rate; 


Qmax (mm/h) - maximum runoff rate; 


Qdu (min) - duration of runoff for the recorded storm event(s);


c  (kg/m3) - average sediment concentration; and 


M (t/ha) - total soil loss. 


Storm Event # Treatment 

1 and 2 Planted to corn in across the slope orientation 

15 and 16 Planted to upland rice in across the slope orientation 
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treatments were combined to form data sets with larger sample numbers (e.g., 

data for both low slope runoff plots collected during storm events #1 and #2, #3 

to# 6 and, #15 and 16 when the runoff plots were planted across the slope were 

combined) (Table 3.5). Data collected throughout the entire duration of the 

experimental study were combined for the bare runoff plot. 

As in the low slope runoff plots, data sets from steep slope runoff plots of 

similar treatments were combined to form larger databases.  As a result, data 

sets were formed for all bare runoff plots (T1), for all runoff plots planted to corn 

along slope (T2), for all hedged runoff plots planted to corn across slope (T3) 

and for all hedged runoff plots planted to corn across slope intercropped with 

peanut (T4). 

Data sets were formed and statistically analyzed separately for storm 

events #1, and #17 to #22, storm events #2, #7 to #14, and #24 to #31, storm 

events #3 to #6, and storm events #15 to #16, when steep slope runoff plots 

were under treatments as described in section 4.2 (Basic Characteristics of the 

Data) of Chapter 4 (General Features of the In-Situ Collected Data) (Table 3.6). 

Variation in the applied treatments necessitated groupings of data collected in 

the experimental site (Tables 3.6). 

To have insights on the behavior of each runoff plots during big storm 

events (storm events #2, #8 to #11, #13, #16, #18, #28 and #32), data collected 

during these storm events were segregated for statistical analyses. 

All in all, the data collected in the experimental area are grouped into 20 

sets and each data set is described briefly in table 5-2. 

5.4 Statistical Analyses of Data 

5.4.1 Analysis of Variance (ANOVA) and Multiple Comparison of Means 

The statistical similarity of the low slope runoff plots (Table 4.2) allowed 

ANOVA in one factor randomized complete block design (RCBD) statistical 

analysis to be used for the various treatments employed for the experiment 

particularly during storm events #3 to #6, #7 to #14 and, #17 to #22 and #24 to 

#31 (Table 3.5). In the ANOVA for the low slope runoff plots, the treatment 

served as the factor and the storm events as blocks.  However, for steep slope 

runoff plots as mentioned in section 3.6 (Experimental Treatments) of Chapter 3 
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Table 3.5  Summary of experimental treatments used in the study for low slope 

runoff plots. 

Storm Event # Runoff Plot i Runoff Plot j 

1 and 2 Planted to corn in across the slope orientation 

3 to 6 Planted to peanut in 
across the slope 
orientation 

Planted to corn in 
across the slope 
orientation 

7 to 14 Planted to corn in up 
and down the slope 
orientation 

Planted to corn in 
across the slope 
orientation 

15 and 16 Planted to upland rice in across the slope 
orientation 

17 to 22 and 24 to 31 Bare Planted to corn in 
across the slope 
orientation 

23 Bare; cleared of weeds 
and stones 

Covered with cut corn 
stubbles and weeds 

32 Bare; almost 2 months 
old after weeding 
operation 

Covered with cut corn 
stubbles 
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Table 3.6 Summary of experimental treatments used in the study for steep 

slope runoff plots. 

Treatments Description 

T1 Kept bare 
T2 Planted to corn (Zea mays) along slope 
T2a Planted to corn across slope 
T2b Planted to sweet potato (Ipomea batatas) across slope 
T3 Planted to corn across slope in hedged runoff plots 
T4 Similar to treatment T3 with peanut (Arachis hypogaea) 

intercrop 
T4a Planted to peanut across slope in hedged runoff plots 

Storm Event # Treatments 

1 and 17 to 22 T1, T2a, T3, T4 

2, 7 to 14 and 24 to 31 T1, T2, T3, T4 

3 to 6 T1, T2, T3, T4a 

15 and 16 T1, T2b, Hedged runoff plots used T2b 

23 T1 (just cleared of weeds and stones), 
Other runoff plots were covered with cut corn 
stubbles and weeds 
Note: Storm event took place almost 1 week after 
harvest 

32 T1 (almost 2 months after weeding operation), 
Other runoff plots were covered with cut corn 
stubble 
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 Table 5-2  Basic description of data set. 

Data Set Description 

1 For 10% slope runoff plot planted to corn along-slope during storm events #7 to #14 

2 For 10% slope runoff plot planted to corn across-slope during storm events #7 to #14 

3 For bare 10% slope runoff plot during storm events #17 to #32 

4 For 10% slope runoff plot planted to corn across-slope during storm events #17 to #32 

5 For 10% slope runoff plot planted to various crops across-slope during storm events #1 

and #2, #3 to #6 and, #15 and #16 

6 For steep slope runoff plots during storm events #1, and #17 to #22 

7 For steep slope runoff plots during storm events #2, #7 to #14, and #24 to #31 

8 For steep slope runoff plots during storm events #3 to #6 

9 For steep slope runoff plots during storm events #15 to #16 

10 For bare steep slope runoff plots (T1) 

11 For steep slope runoff plots planted to corn along-slope (T2) 

12 For hedged steep slope runoff plots planted to corn across-slope (T3) 

13 For hedged steep slope runoff plots planted to corn across-slope with peanut intercrop 

(T4) 

14 For all runoff plots during storm event #2 

15 For all runoff plots during storm events #8 to #11 

16 For all runoff plots during storm event #13 

17 For all runoff plots during storm event #16 

18 For all runoff plots during storm event #18 

19 For all runoff plots during storm event #28 

20 For all runoff plots during storm event #32 
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(The Experimental Methods), using split plot in RCBD for the ANOVA, slope 

gradients served as the main plots, while treatments were the subplots with 

storm events as blocks in the statistical analysis.  When applicable in any data 

set, the effects of treatments applied to the runoff plots on ΣQ, Q ,  Q , Qmax,m

Qdu, Cover, N, c  and M were investigated using ANOVA for all storm events 

(and land slopes for steep slope runoff plots).  When any statistical difference 

among treatments (or land slopes in the case of steep slope runoff plots) was 

revealed then corresponding multiple comparisons of means was made with 

Duncan’s multiple range test (DMRT).  To satisfy the “complete block” 

requirement, which is a primary requisite with ANOVA for RCBD (Federer, 

1955), storm events with incomplete gathered data (i.e., with missing data) were 

deleted appropriately from the data set prior to the analysis. 

5.4.1.1 Low Slope Runoff Plots 

Table 4.2 shows that when both the low slope runoff plots were cropped 

there were no statistical differences in their behavior in terms of ΣQ, Q , Q ,m

Qmax and Qdu. However, there were significant differences between the runoff 

plots in terms of runoff components particularly Qm  and Qmax as well as c  and 

M during storm events #7 to #14 when both runoff plots were planted to corn 

but in different directions. Not surprisingly during storm events #3 to #6 when 

both the runoff plots were planted with either corn or peanut across slope, no 

difference was revealed in terms of either ΣQ, Qm , Q , Cover, N, c  or M except 

in Qmax and Qdu (Table 5-3). 

During the second portion of data gathering, one of the runoff plots was 

kept bare, a very radical change in treatment from the previous conditions when 

both the runoff plots were either planted across slope with corn, storm events 

#1 and #2, or upland rice, storm events #15 and #16, or both runoff plots were 

planted to corn either along or across slope, storm events #7 to #14, or both 

runoff plots planted across slope to either peanut or corn, storm events #3 to #6 

(Table 3.5). Following this change, differences in behavior between the runoff 

plots became evident. There were very highly significant differences in Qmax, 

Cover and c , highly significant differences in Qm  and Q , and significant 
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Table 5-3  ANOVA and multiple comparison of means of the effect of treatments on factors affecting soil erosion on steep slopes using 

Duncan Multiple Range Test (DMRT) during storm events #3 to #6, #7 to #14 and, #17 to #31 and #24 to #31 (Notes: Please refer to 

table 5-1 for the description of symbols used). 

For Storm Events #3 to #6 (Runoff plots i and j were planted across slope to peanut and corn, respectively) 
ΣQ (mm)ns 

Qm  (mm/h)ns Q  (mm/h)ns Qmax (mm/h) *  Qdu (min) * Cover (%)ns N (m-1)ns 
c  (kg/m  )ns3 M (t/ha)ns 

i = 12.56 i = 20.83 i = 2.05 i = 54.33a j = 468a j = 38 i = 0.23 i = 15.41 i = 2.41 
j = 3.00 j = 3.56 j = 0.42 j = 9.81b i = 411b i = 29 j = 0 j = 2.85 j = 0.08 

For Storm Events #7 to #14 (Runoff plots i and j were planted to corn along and across slopes, respectively) 
ΣQ (mm)ns 

Qm  (mm/h) * Q  (mm/h)ns Qmax (mm/h) **  Qdu (min)ns Cover (%)ns N (m-1)ns 
c  (kg/m  )3 * M (t/ha) * 

i = 17.46 i = 20.40a i = 2.80 i = 42.68a j = 419 j = 13 i = 0.05 i = 27.69a i = 3.59a 
j = 10.24 j = 8.08b j = 1.52 j = 20.94b i = 392 i = 12 j = 0 j = 7.48b j = 0.60b 

For Storm Events #17 to #22 and #24 to #31 (Runoff plots i and j were kept bare and planted to corn across slope, respectively) 
ΣQ (mm)* 

Qm  (mm/h) ** Q  (mm/h) ** Qmax (mm/h) ***  Qdu (min) * Cover (%) *** N (m-1)ns 
c  (kg/m  )3 *** M (t/ha)ns 

i = 16.73a i = 17.17a i = 3.75a i = 40.00a j = 265a j = 46a i = 0.08 i = 36.04a i = 7.28 
j = 6.97b j = 4.71b j = 1.24b j = 12.16b i = 211b i = 6b j = 0 j = 5.50b j = 0.36 

Notes: *, **, ***, ns significant at the 0.05, 0.01 and 0.001 probability levels, and not significant, respectively; and 

Similar letters means statistically not different, α = 5%. 
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differences in ΣQ and Qdu. Surprisingly, there were no statistically significant 

differences in N and M (Table 5-3). 

5.4.1.2 Steep Slope Runoff Plots 

5.4.1.2.1 Storm Events #1 and, #17 to #22 

During these storm events the runoff plots were either kept bare 

(treatment T1) or planted to corn across the slope in non-hedged (treatment 

T2a) or hedged (treatment T3) runoff plots.  Treatment T4 was as in treatment 

T3, but intercropped with peanut. 

Table 5-4 shows the result of ANOVA on the effect of treatments and 

land slopes on runoff related factors affecting soil erosion on steep slope runoff 

plots for storm events #1 and, #17 to #22. Treatments significantly affected ΣQ, 

Qm , Qmax, Cover, N, c  and M; Q  and Qdu at 0.001, 0.01 and 0.05 probability 

levels, respectively, while the limited variation in land slopes has no significant 

effects on these parameters. 

Since the main factor, treatment, affected all the parameters enumerated 

previously, multiple comparison of means was done using DMRT (Gomez and 

Gomez, 1984).  ΣQ (and so with Qmax) was not different in runoff plots under T3 

and T4, but was different from either runoff plots under T1 or T2a, while these 

latter runoff plots were different from each other.  Q  was not different in runoff 

plots under T2a, T3 and T4 but was different in bare runoff plots, and this trend 

was similar for N, c  and M. Qm was highest in runoff plots under T1 and was 

different from the other runoff plots; runoff plots under T2a were different from 

runoff plots under T4, while runoff plots under T3 were not different from either 

runoff plots under T2a or T4.  Qdu on runoff plots under T1 and T2a were not 

different from each other, but were different from runoff plots under T4, while 

runoff plots under T3 were not different from all the other runoff plots.  As 

expected, runoff plots under T1 had the highest values in ΣQ, Qm , Q , Qmax, N, 

c  and M but not in Qdu. Although Qdu in runoff plots under T2a was the highest, 

it was not significantly different with that of runoff plots under T1.  Cover was 

different from each of the runoff plots under any of these treatments with the 

highest for runoff plots under T4. 
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Table 5-4  ANOVA and multiple comparison of means of the effect of treatments and land slopes on factors affecting soil erosion on 

steep slopes using Duncan Multiple Range Test (DMRT) during storm events #1 and, #17 to #22 (Notes: i) Treatments are as follow: T1 

– kept bare, T2a – planted to corn (Zea mays) across slope; T3 – planted to corn across slope in hedged runoff plots, and T4 – similar to 

T3 with peanut (Arachis hypogaea) intercrop; and ii) Please refer to table 5-1 for the description of symbols used). 

For Treatments 
ΣQ (mm)*** Qm  (mm/h) *** Q  (mm/h) ** Qmax (mm/h) ***  Qdu (min) * Cover (%) *** N (m-1) *** c  (kg/m  3) *** M (t/ha) *** 

T1 = 2.29a T1 = 2.46a T1 = 0.69a T1 = 7.91a T2a = 337a T4 = 53a T1 = 0.47a T1 = 135.25a T1 = 3.02a 
T2a = 1.61b T2a = 1.74b T2a = 0.47b T2a = 5.04b T1 = 333a T3 = 44b T2a = 0.02b T2a = 28.09b T2a = 0.28b 
T3 = 0.71c T3 = 1.37bc T3 = 0.37b T3 = 3.26c T3 = 288ab T2a = 32c T3 = 0.02b T3 = 0.71b T3 = 0.004b 
T4 = 0.70c T4 = 1.20c T4 = 0.36b T4 = 2.94c T4 = 251b T1 = 3d T4 = 0.01b T4 = 0.15b T4 =0.001b 

For Land Slopes 
ΣQ (mm)ns Qm  (mm/h)ns 

Q  (mm/h)ns Qmax (mm/h)ns  Qdu (min)ns N (m-1)ns c  (kg/m  3)ns M (t/ha)ns 

S50% = 1.61 S60% = 1.73 S70% = 0.52 S50% = 5.37 S50% = 317 S70% = 0.14 S70% = 58.93 S70% = 1.27 
S60% = 1.22 S70% = 1.68 S60% = 0.50 S60% = 4.56 S60% = 302 S50% = 0.13 S50% = 35.01 S50% = 0.73 
S70% = 1.14 S50% = 1.67 S50% = 0.39 S70% = 4.43 S70% = 288 S60% = 0.12 S60% = 29.21 S60% = 0.48 

Notes: *, **, ***, ns significant at the 0.05, 0.01 and 0.001 probability levels, and not significant, respectively; and 

Similar letters means statistically not different, α = 5%. 
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Sole planting of corn across the slope or in combination with peanut 

intercropping in hedged runoff plots were equally effective in resulting to low 

values of ΣQ and Qmax. Across the slope planting of corn seemed to be the 

common reason for the equally low values in Q , N,  c  and M.  As expected, 

Cover was high in runoff plots planted with corn across the slope and 

intercropped with peanut on hedged runoff plots. 

Variation in land slope over the limited range investigated has no 

significant effect on the differences in the parameters, ΣQ, Q ,  Q , Qmax, Qdu,m

N, c and M.  Although there appeared a difference in M between runoff plots at 

60% and 70% slopes, but not with 50% slopes, the difference was not 

significant. 

5.4.1.2.2 Storm Events #2, #7 to #14 and #24 to #31 

When storm events #2, #7 to #14 and #24 to #31 occurred, the runoff 

plots were either kept bare (treatment T1), planted along the slope with corn 

(treatment T2), planted across the slope with corn in hedged runoff plots 

(treatment T3) or the latter was also intercropped with peanut (treatment T4). 

From a total of 7 big storm events that occurred throughout the entire duration 

of in-situ data gathering in the ACIAR experimental area, 4 of them took place 

during this period. 

Treatments significantly affected ΣQ, Q , Qmax, Cover, N, c  and M, and 

Qm  at 0.001 and 0.01 probability levels, respectively. Surprisingly, the 

treatments had no significant effects on Qdu in all the runoff plots.  Land slopes 

had significant effects on c  and, Q , N and M at 0.01 and 0.05 probability 

levels, respectively, while there were no significant effects on ΣQ, Qm , Qmax, 

and Qdu. 

Table 5-5 summarizes the results of the ANOVA and the multiple 

comparison of means using DMRT for the effects of treatments and land slopes 

on factors affecting soil erosion on steep slopes during storm events #2, #7 to 

#14 and #24 to #31. Multiple comparison of means revealed that Q ,  Q  and m

Qmax were largest for runoff plots under T2 and were significantly different from 

the other runoff plots.  Runoff plots under T1, T3 and T4 were not significantly 

different in Qm , Q  and Qmax. For N, c  and M, runoff plots under T1 were 
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Table 5-5  ANOVA and multiple comparison of means of the effect of treatments and land slopes on factors affecting soil erosion on 

steep slopes using Duncan Multiple Range Test (DMRT) during storm events #2, #7 to #14 and #24 to #31 (Notes: i) Treatments are as 

follow: T1 – kept bare, T2 – planted to corn (Zea mays) along slope; T3 – planted to corn across slope in hedged runoff plots, and T4 – 

similar to T3 with peanut (Arachis hypogaea) intercrop; and ii) Please refer to table 5-1 for the description of symbols used). 

For Treatments 
ΣQ (mm)*** Qm  (mm/h) ** Q  (mm/h) *** Qmax (mm/h) ***  Qdu (min)ns Cover (%) *** N (m-1) *** c  (kg/m  3) *** M (t/ha) *** 

T2 = 8.40a T2 = 5.81a T2 = 1.70a T2 = 16.30a T1 = 328a T4 = 36a T1 = 0.52a T1 = 162.61a T1 = 8.48a 
T1 = 6.00a T1 = 3.20b T1 = 1.01b T1 = 10.03b T3 = 321a T3 = 26b T2 = 0.29b T2 = 79.37b T2 = 5.66b 
T3 = 3.24b T3 = 2.58b T3 = 0.85b T3 = 7.48b T2 = 316a T2 = 17c T3 = 0.14c T3 = 33.25c T3 = 1.61c 
T4 = 2.02b T4 = 2.30b T4 = 0.58b T4 = 5.55b T4 = 292a T1 = 4d T4 = 0.07c T4 = 21.66c T4 = 0.49c 

For Land Slopes 
ΣQ (mm)ns Qm  (mm/h)ns 

Q  (mm/h) * Qmax (mm/h)ns  Qdu (min)ns N (m-1) * c  (kg/m  3) ** M (t/ha) * 

S70% = 5.64 S70% = 3.80 S50% = 1.21a S70% = 10.83 S70% = 320 S70% = 0.34a S70% = 97.46a S70% = 5.54a 
S50% = 5.08 S50% = 3.55 S70% = 1.13ab S50% = 10.12 S50% = 319 S60% = 0.22b S60% = 64.52b S50% = 3.36b 
S60% = 4.03 S60% = 3.07 S60% = 0.76b S60% = 8.57 S60% = 303 S50% = 0.22b S50% = 60.68b S60% = 3.28b 

Notes: *, **, ***, ns significant at the 0.05, 0.01 and 0.001 probability levels, and not significant, respectively; and 

Similar letters means statistically not different, α = 5%. 
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significantly different from the other runoff plots while runoff plots under T3 and 

T4 were not significantly different. ΣQ were similar in runoff plots under either 

T1 or T2 but were significantly different (at 0.001 probability level) from either of 

the runoff plots under T3 or T4.  As was planned, Cover was significantly 

different in each of the runoff plots, with runoff plots under T4 as the highest 

followed by runoff plots under T3, then T2 and finally, T1.  Consistently, runoff 

plots under T2 were the highest in runoff parameters ΣQ, Qm , Q  and Qmax but 

not in Qdu. Along the slope planting of corn which characterized runoff plots 

under T2, apparently created ready-made pathways for surface water to run on, 

and as a consequence resulted in high values of ΣQ, Qm , Q  and Qmax. 

However, runoff plots under T1 exhibited highest values in N, c  and M then 

followed by runoff plots under T2.  Across the slope planting of corn with or 

without peanut intercrop in hedged runoff plots appeared to be equally effective 

in lowering the values of N, c  and M. 

N, c  and M on runoff plots at 70% slope were the highest and 

significantly different from the other runoff plots.  These same variables were 

not significantly different in runoff plots at 50% and 60% slopes.  Runoff related 

parameters, ΣQ, Qm , Qmax and Qdu, were not significantly different for all runoff 

plots at these slopes.  Apparently, Q  in runoff plots at 50% slope were different 

from that in the runoff plots at 60% slope, but both these runoff plots were not 

different with runoff plots at 70% slope (at 0.05 probability level). 

5.4.1.2.3 Storm Events #3 to #6 

When storm events #3 to #6 took place, the runoff plots were either kept 

bare (treatment T1), planted to corn along the slope (treatment T2), or across 

the slope in one of the hedged runoff plots (treatment T3), or solely planted to 

peanut across the slope in the other hedged runoff plot (treatment T4a). 

The result of multiple comparison of means of the effect of treatments 

and land slopes on factors affecting soil erosion on steep slopes using DMRT 

during storm events #3 to #6 is presented in table 5-6.  ANOVA revealed 

significant effects of treatments on Cover and N at 0.001 probability level; ΣQ, 

Qdu, c  and M, and Q  at 0.01 and 0.05 probability levels, respectively. 

Surprisingly, Qm  and Qmax seemed little affected by the treatments (Table 5-6). 
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Table 5-6  ANOVA and multiple comparison of means of the effect of treatments and land slopes on factors affecting soil erosion on 

steep slopes using Duncan Multiple Range Test (DMRT) during storm events #3 to #6 (Notes: i) Treatments are as follow: T1 – kept 

bare, T2 – planted to corn (Zea mays) along slope; T3 – planted to corn across slope in hedged runoff plots, and T4a – planted to peanut 

(Arachis hypogaea) across slope in hedged runoff plots; and ii) Please refer to table 5-1 for the description of symbols used). 

For Treatments 
ΣQ (mm)** Qm  (mm/h)ns 

Q  (mm/h) * Qmax (mm/h)ns  Qdu (min) ** Cover (%) *** N (m-1) *** c  (kg/m  3) ** M (t/ha) ** 

T2 = 3.17a T2 = 2.88a T2 = 0.59a T2 = 11.59a T2 = 394a T4a = 59a T2 = 0.69a T2 = 114.64a T2 = 4.35a 
T1 = 1.89ab T3 = 2.54a T1 = 0.45ab T1 = 9.06ab T1 = 309b T2 = 52ab T1 = 0.24b T1 = 111.63a T1 = 2.05ab 
T3 = 1.73b T1 = 2.28a  T3 = 0.38ab T3 = 7.38ab T3 = 283b T3 = 45b T3 = 0.17bc T3 = 39.42b T3 = 1.32b 
T4a = 0.75b T4a = 0.91a T4a = 0.22b T4a = 3.14b T4a = 270b T1 = 6c T4a = 0c T4a = 0.13b T4a = 0.002b 

For Land Slopes 
ΣQ (mm)ns Qm  (mm/h)ns 

Q  (mm/h)ns Qmax (mm/h)ns  Qdu (min)ns N (m-1)ns c  (kg/m  3)ns M (t/ha)ns 

S50% = 2.49 S50% = 3.14 S50% = 0.51 S50% = 10.14 S50% = 358 S70% = 0.33 S70% = 97.37 S70% = 2.36 
S60% = 1.62 S60% = 1.87 S60% = 0.39 S60% = 7.94 S60% = 307 S50% = 0.32 S50% = 58.17 S50% = 2.29 
S70% = 1.56 S70% = 1.45 S70% = 0.33 S70% = 5.29 S70% = 276 S60% = 0.17 S60% = 43.82 S60% = 1.15 

Notes: *, **, ***, ns significant at the 0.05, 0.01 and 0.001 probability levels, and not significant, respectively; and 

Similar letters means statistically not different, α = 5%. 
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Runoff plots under T2 were different in ΣQ and M from either runoff plots 

under T3 or T4a (with no difference from each other), while runoff plots under 

T1 were not different from any of the other runoff plots. Q  in runoff plots under 

T2 was different in runoff plots under T4a, while runoff plots under T1 and T3 

were not different from each other and from any of the other runoff plots.  This 

trend in Q  was similar with Qmax, though the difference was not statistically 

significant for Qmax. In Qdu, runoff plots under treatments T1, T3 and T4a were 

not different from one another, but different from runoff plots under T2. Cover 

on runoff plots under T4a was different from runoff plots under T1 and T3 (and 

different from each other), but runoff plots under T2 were not different from 

either runoff plots under T3 or T4a.  N from runoff plots under T2 was different 

from runoff plots under T1 and T4a (and different from each other), but these 

latter runoff plots were not different from runoff plots under T3. Runoff plots 

under T1 and T2 were different in c  from runoff plots under T3 and T4a, which 

were not different from one another like the first two runoff plots. ΣQ, Q , Q ,m

Qmax, Qdu and c  were not statistically different among runoff plots at different 

slopes. It appeared that N and M were not different in runoff plots at 50% and 

70% slopes, but different at 60% slopes. 

Runoff plots under T2 i.e., corn planted along the slope, consistently 

showed highest values not only in ΣQ, Q , Qdu , N, c  and M, but also in Qm

and Qmax; however, these latter runoff parameters were not significantly 

different from the other runoff plots.  This result could have been because the 

orientation of planting for runoff plots under T2 provided a ready-made pathway 

for runoff water.  At the other extreme, across the slope planting of closely 

growing peanut in hedged runoff plots (runoff plots under T4a) could had been 

the reason for the lowest observed values in ΣQ, Q , Qdu , N, c  and M, though 

values of Qm  and Qmax were not significantly different.  Surprising indeed, was 

that there was almost no difference between the bare runoff plots (runoff plots 

under T1) and runoff plots planted to corn across the slope in hedged runoff 

plots (runoff plots under T3) in terms of ΣQ, Q , Qdu, N and M (but not in c ), and 

again that there was no significant differences between Qm  and Qmax. 

Expectedly, runoff plots under T4a and T1 had the highest and the lowest 

Cover, respectively. 
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5.4.2 Statistical Transformation of Data 

Inspection of variables considered in the experiment revealed either 

variances proportional to the squares of the means, or standard deviations 

proportional to the means (e.g., for steep slope runoff plots, Table 5-7), thus 

making logarithmic transformation the most appropriate transformation to use 

(Steel and Torrie, 1980).  However, variable N had equal (or almost equal) 

means and variances and had zero values (again, for steep slope runoff plots, 

Table 5-7), making square root transformation most appropriate (Steel and 

Torrie, 1980).  These transformed (and untransformed) data were also 

considered in the correlation analyses. 

5.4.3 Correlation and Multiple Regression Analyses 

Correlation analyses were done on rainfall-related parameters like P ,  

Pmax, ΣP, maximum EI30, runoff-related parameters like ΣQ, Qm , Q , Qmax, Qdu, 

and Cover, N, c  and M and their appropriate statistically-transformed forms to 

examine any possible linear (i.e., straight line) associations among these 

variables (Simons, 1986).  Of course the existence of such associations do not 

imply a cause and effect relationship.  Table 5-8 provides such analysis for bare 

steep slope runoff plots.  Results of correlation analyses facilitate the initial 

selection of independent variables to be considered in multiple regression 

analyses to derive multiple regression model for any dependent variable. 

Appropriate forms of the regressors, which exhibited highest value of Pearson 

product-moment correlation r, except for Cover, which is physically expected to 

have an inverse relationship with respect to any of the dependent variables c , 

M and N, were selected from the result of the correlation analyses. 

Multiple regression analysis was conducted between variables 

considered to be independent (regressors), such as rainfall-related variables 

( P , Pmax, ΣP and maximum EI30), runoff-related variables (ΣQ, Q ,  Q , Qmax m

and Qdu), Slope, N and Cover, and the dependent soil erosion variables 

measured by c  and M.  Also investigated was how N was being affected by any 

of the rainfall- and runoff-related regressors, and Cover.  Initial selection of the 

appropriate form (untransformed or transformed) of the regressors, that would 
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Table 5-7  Basic statistical properties of variables collected from bare steep 

slope runoff plots in ACIAR project at ViSCA, Baybay, Leyte, the Philippines. 

Variable 
Sample 

Size 

Mean 

Value 

Minimum 

Value 

Maximu 

m Value 
Range 

Standard 

Deviation 
Variance 

Slope (%) 96 60.23 50.36 68.70 18.34 57.60 7.59 

ΣP (mm) 96 77.66 14.70 340.23 325.53 4096.40 64.00 

P  (mm/h) 96 13.35 2.02 54.24 52.22 108.60 10.42 

Pmax (mm/h) 96 98.28 42.70 176.41 133.71 1189.90 34.49 

EI30 (t-m/ha) 96 60.54 1.70 239.00 237.30 3981.30 63.10 

ΣQ (mm) 96 4.42 0.09 54.48 54.39 68.40 8.27 

Qm  (mm/h) 96 2.84 0.25 9.69 9.44 4.30 2.07 

Q  (mm/h) 96 0.82 0.05 3.64 3.60 0.50 0.69 

Qmax (mm/h) 96 9.33 0.48 41.96 41.47 56.60 7.53 

Qdu (min) 96 369.09 2.00 1412.00 1410.00 123849. 

60 

351.92 

Cover (%) 96 4.04 1.80 10.40 8.60 3.90 1.98 

N (m-1) 95 0.51 0.00 1.83 1.83 0.30 0.57 

c  (kg/m  )3 96 135.61 3.85 571.08 567.23 23135.4 

0 

152.10 

M (t/ha) 96 6.63 0.05 51.26 51.21 103.20 10.16 

Where  Slope (%) - slope of the runoff plot; 

ΣP (mm) - total rainfall depth;


P  (mm/h) - arithmetical mean rainfall rate; 


Pmax (mm/h) - maximum rainfall rate for the duration of the recorded storm 


event(s);


EI30 (t-m/ha) - maximum value of EI30 for the duration of the recorded storm


event(s);


ΣQ (mm) - total runoff depth;


Qm  (mm/h) - arithmetical mean runoff rate as defined by Ciesiolka et al (1995); 

Q  (mm/h) - arithmetical mean runoff rate; 


Qmax (mm/h) - maximum runoff rate for the duration of the recorded storm 


event(s);


Qdu (min) - duration of runoff;


Cover (%) - surface contact cover; 


N (m-1) - number of rill(s) per meter width of runoff plot;


c  (kg/m3) - average sediment concentration; and 


M (t/ha) - total soil loss. 
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Table 5-8 Pearson product-moment correlation matrix of untransformed and transformed variables collected from all bare steep slope runoff plots in 

ACIAR project at ViSCA, Baybay, Leyte, the Philippines (Note: Please refer to table 5-1 for the description of symbols used). 

Variable Slope ΣP Lg ΣP P  Lg P Pmax Lg Pmax EI30 Lg EI30 ΣQ Lg ΣQ Qm Lg Qm Q  Lg Q Qmax Lg Qmax 

N 0.09 0.16 0.10 0.52* 0.53* 0.33* 0.31* 0.20 0.34* 0.25* 0.33* 0.42* 0.44* 0.33* 0.38* 0.36* 0.43* 

Sqrt N 0.07 0.18 0.13 0.52* 0.54* 0.34* 0.32* 0.22* 0.37* 0.27* 0.35* 0.41* 0.44* 0.33* 0.38* 0.37* 0.44* 

c 0.15 -0.04 -0.09 0.37* 0.31* 0.23* 0.23* -0.03 0.07 -0.05 0.06 0.24* 0.25* 0.08 0.11 0.19 0.26* 

Lg c 0.09 0.00 -0.05 0.41* 0.43* 0.37* 0.36* 0.06 0.20 0.07 0.13 0.32* 0.33* 0.26* 0.30* 0.24* 0.31* 

M 0.10 0.45* 0.36* 0.32* 0.27* 0.21* 0.14 0.36* 0.39* 0.69* 0.70* 0.59* 0.58* 0.35* 0.40* 0.62* 0.62* 

Lg M 0.07 0.39* 0.34* 0.35* 0.33* 0.33* 0.28* 0.37* 0.45* 0.52* 0.67* 0.59* 0.61* 0.35* 0.40* 0.60* 0.67* 

Note: * significant at 0.05 probability level at α = 5%. 



Table 5-8 (continued) 

Variable Qdu Lg Qdu Cover Lg Cover N Sqrt N c  Lg c M Lg M 

N -0.01 0.03 0.02 0.05 1.00 1.00* 0.52* 0.57* 0.55* 0.63* 

Sqrt N 0.01 0.05 0.03 0.06 1.00* 1.00 0.51* 0.58* 0.56* 0.64* 

c -0.16 -0.01 0.10 0.14 0.52* 0.51* 1.00 0.88* 0.55* 0.73* 

Lg c -0.23* -0.11 0.16 0.21* 0.57* 0.58* 0.88* 1.00 0.57* 0.78* 

M 0.34* 0.35* 0.33* 0.32* 0.55* 0.56* 0.55* 0.57* 1.00 0.90* 

Lg M 0.23* 0.35* 0.30* 0.32* 0.63* 0.64* 0.73* 0.78* 0.90* 1.00 

Note: * significant at 0.05 probability level at α = 5%. 
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be likely to result in high values of the coefficient of multiple determination, R2, 

for a given dependent variable, was facilitated by the result of the previous 

correlation analyses.  R2 indicates the proportion of the total variation in the 

dependent variable, which could be explained by the derived regression model 

(Simons, 1986). 

Both the transformed and untransformed forms of the dependent 

variables c , M and N were analyzed to identify which form provided the highest 

R2. Between the resulting multiple regression models for a particular dependent 

variable and for each data group, the model with the highest value of R2 was 

selected. However, the selection of the final form of the dependent variables 

would be dictated by the form that would make physical sense, since relation 

development from a purely statistical point of view may not be the best from a 

substantive perspective.  That is, it is possible for a lot of variance to be 

explained by a regression relationship, but for this relationship not to make 

substantive sense (Cody and Smith, 1987).  Hence, the appropriate multiple 

regression model for either c  or M (or N) will emanate from candidate forms not 

only having the highest R2, but equally important, forms of the regressors that 

make physical sense like positive numerical coefficients for both rainfall-related 

and runoff-related regressors, Slope and N, but negative numerical coefficient 

for Cover.  The selection of the final form of the multiple regression model was 

facilitated by the stepwise, backward elimination, maximum R2 improvement 

and R2 -selection model-selection methods of the regression-procedure module 

of SAS-PC software (SAS, 1990). 

Finally, the result of the multiple regression analyses for c  (or Lgc ), M 

(or LgM) and N (or SqrtN) for each data set is presented in table 5-9.  All the 

data sets (as discussed in section 5.3 - Forming Data Sets. of this chapter) 

were used in the analyses to provide an idea which independent variables are 

common to both low and high slopes, and to all storm events for a particular 

dependent variable (Table 5-10). 

5.4.3.1 Multiple Regression Model for Average Sediment Concentration c 

The logarithmic transform of c  (Lgc ) was the prevailing form for the 

dependent variable c  except for data set 14 (i.e. during major storm event #2). 

Generally, rainfall- and runoff-related regressors have positive coefficients 
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Table 5-9  Result of multiple regression analyses for c  (or Lgc ), M (or LgM) 

and N (or SqrtN) for different data sets collected from ACIAR project at ViSCA, 

Baybay, Leyte, the Philippines (Note: Please refer to table 5-1 for the 

description of symbols used and to table 5-2 for the description of data set). 

For c  (or Lgc ) 
Data Set Multiple Regression Model R2 

*** 1 Lg c  = 0.17 LgPmax 
ns + 0.84 Lg Qm

* 0.99 

*** 2 Lg c  = 0.05 Slope ** + 0.04 Qm
** 0.98 

3 Lg c  = 0.52 LgPmax + 0.34 LgQmax 
*** ** 0.99 *** 

*** 4 Lg c  = 0.06 Slope - 0.002 ΣPns + 0.002 Pmax 
ns - 0.002 EI30 

ns + 0.007 ΣQns + 
0.01 Qmax 

ns 

* 0.96 

5 Lg c  = -0.007 ΣP** + 0.39 Q *** + 0.001 Qdu ** + 0.31 SqrtNns 0.93 *** 

6 Lg c  = 1.20 LgPmax + 0.15 LgQdu 
ns - 1.38 LgCover *** *** 0.80 *** 

*** 7 Lg c  = 0.01 Slope *** + 0.01 P ** + 0.08 LgEI30 
ns+ 0.88 LgQmax 

*** - 0.87 
LgCover *** + 0.36 SqrtN * 

0.85 

*** 8 Lg c  = -0.66 LgΣP** + 0.002 Pmax 
ns - 1.60 Lg Qm

* + 0.97 LgQmax 
ns - 0.84 

LgCover *** + 3.67 SqrtN *** 

0.91 

*** 9 Lg c  = - 0.02 Pmax 
* - 0.50 ΣQ* + 0.73 Qm

ns + 11.10 Q ** - 0.10 Qmax 
ns + 

0.001 Qdu 
** - 0.003 Cover ns 

0.85 

10 Lg c  = 0.009 Slope * + 0.57 Lg P * + 0.002 Pmax 
ns + 0.45 LgQmax 

* 0.93 *** 

11 Lg c  = 0.47 Lg P *** - 0.44 LgΣQ*** + 1.53 SqrtN *** 0.97 *** 

12 Lg c  = 0.68 LgΣQ  - 0.93 LgCover + 2.16 SqrtN *** *** *** 0.83 *** 

*** 13 Lg c  = 0.01 P ns - 0.005 Pmax 
* + 0.07 Qmax 

*** - 0.51 LgCover *** + 1.60 SqrtN *** 0.71 

*** 14 c  = 0.13 Slope + 0.72 Qmax  - 0.11 Cover + 416.23 N ** * ** *** 1.00 
*** 15 Lg c  = 0.006 P ns + 0.32 LgQmax * - 0.59 LgCover ** + 1.73 SqrtN *** 0.96 

*** 16 Lg c  = 0.005 Slopens + 0.22 LgQmax 
ns - 0.30 LgCover + 1.24 SqrtN * *** 0.99 

*** 17 Lg c  = 0.009 Pmax 
** + 1.42 Lg Q ns - 0.01 Cover * 0.84 

*** 18 Lg c  = 0.008 Slope + 0.93 LgΣQ  - 0.02 Cover ** *** *** 0.92 

*** 19 Lg c  = 0.004 EI30 
ns - 0.02 Cover + 1.19 SqrtN * * 0.98 

*** 20 Lg c  = -0.66 LgCover + 2.11 SqrtN ** *** 0.92 

Note: *, **, ***, ns significant at the 0.05, 0.01 and 0.001 probability levels, and 

not significant, respectively, α = 5%. 
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Table 5-9 (continued) 

For M (or LgM) 
Data Set Multiple Regression Model R2 

*** 1 LgM = 0.49 Lg Qm
*** 0.89 

** 2 LgM = 0.008 ΣQ** + 0.12 Lg Qm
* 0.92 

3 LgM = 0.43 LgΣQ*** + 0.009 Qmax 
*** - 0.02 Cover ** 0.99 *** 

*** 4 LgM = 0.00008 Pmax 
ns + 0.007 ΣQ*** + 0.008 Qm

** 0.99 

*** 5 LgM = 0.06 Slope * + 0.02 ΣQ** + 0.10 Q ns - 0.39 LgCover * 0.94 

*** 6 LgM = 0.001 Slopens - 0.009 P ** + 0.24 LgPmax 
* + 0.25 Lg Qm

ns - 0.32 

LgCover *** + 0.10 Nns 

0.65 

7 LgM = 0.63 Lg ΣQ*** - 0.41 LgCover *** + 0.62 SqrtN *** 0.87 *** 

8 LgM = - 0.78 LgΣP*** + 0.002 EI30 
* + 0.20 LgQdu 

ns 

- 0.003 Cover ** + 1.35 SqrtN *** 
0.91 *** 

9 LgM = 0.54 Q *** - 0.0007 Cover *** 0.86 *** 

10 LgM = 1.02 LgΣQ*** - 0.24 LgQdu 
*** + 0.60 SqrtN *** 0.82 *** 

*** 11 LgM = 0.004 P ** + 0.48 LgΣQ*** - 0.09 LgCover *** + 0.57 N *** 0.96 

12 LgM = 0.28 LgΣQ*** + 0.01 Qmax 
*** - 0.24 LgCover *** + 0.41 SqrtN *** 0.90 *** 

*** 13 LgM = 0.07 Qm
*** - 0.21 LgCover *** + 0.39 SqrtN *** 0.74 

14 M = 0.004 Slope ** + 0.06 ΣQ** - 0.004 Cover ** + 50.30 N *** 1.00 *** 

*** 15 LgM = 0.005 P ** + 0.72 LgΣQ*** - 0.85 LgCover *** + 0.88 SqrtN *** 0.97 

*** 16 LgM = 0.82 Lg Q ** - 0.40 LgCover *** + 1.21 SqrtN *** 0.99 

*** 17 LgM = 1.93 Lg Q *** - 0.002 Cover ** 0.95 

18 LgM = 0.001 Slopens + 0.001 EI30 
ns + 0.02 ΣQ*** - 0.005 Cover *** 0.99 *** 

19 LgM = 0.001 EI30 
ns + 0.70 LgQmax 

*** - 0.02 Cover ** + 0.21 Nns 0.97 *** 

*** 20 LgM = 0.01 Pmax 
*** + 0.51 Lg Qm

* - 0.95 LgCover *** 0.95 

Note: *, **, ***, ns significant at the 0.05, 0.01 and 0.001 probability levels, and 

not significant, respectively at α = 5%. 
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Table 5-9 (continued) 

For N (or SqrtN) 
Data Set Multiple Regression Model R2 

*** 1 SqrtN = 0.34 LgPmax 
*** + 0.04 Q * 0.99 

3 SqrtN = 0.34 LgPmax 
*** + 0.06 LgQdu 

ns - 0.01 Cover ns 0.99 *** 

5 SqrtN = 0.07 Slope *** 0.99 *** 

6 SqrtN = 0.005 Slope *** + 0.34 LgEI30 
*** + 0.25 LgQmax 

** - 0.0002 Qdu 
*** - 0.14 

LgCover *** 
0.97 *** 

*** 7 SqrtN = 0.007 Slope *** + 0.008 P *** + 0.42 Lg Q *** + 0.18 LgQdu 
*** - 0.15 

LgCover ** 
0.91 

8 SqrtN = 0.001 Pmax 
* + 0.50 LgΣQ*** + 0.20 LgQdu 

*** 0.98 *** 

*** 10 SqrtN = 0.60 Lg P *** + 0.15 LgQdu 
*** 0.88 

11 SqrtN = 0.004 Pmax 
*** + 0.49 LgQmax 

*** 0.97 *** 

*** 12 SqrtN = 0.008 Slope *** + 0.005 P *** + 0.01 Qmax 
*** + 0.07 LgQdu 

*** 0.98 

*** 13 SqrtN = 0.006 Slope *** + 0.006 P *** + 0.07 Q ** + 0.12 LgQdu 
*** 0.98 

14 SqrtN = 0.0009 Slopens + 0.004 ΣP*** + 0.01 Qmax 
*** 1.00 *** 

15 SqrtN = 0.009 Slope *** + 0.37 LgPmax 
*** + 0.31 LgQmax 

*** - 0.53 LgCover *** 0.99 *** 

16 SqrtN = 0.004 Slopens + 0.01 EI30 
*** - 0.53 LgCover *** 0.98 *** 

*** 18 SqrtN = 0.08 P * + 0.008 Pmax 
* - 0.26 LgCover *** 1.00 

19 SqrtN = 0.008 Slope *** + 0.001 ΣPns + 0.28 LgQmax 
** - 0.20 LgCover ns 0.99 *** 

*** 20 SqrtN = 0.16 P *** - 0.56 LgCover *** 0.97 

Note: *, **, ***, ns significant at the 0.05, 0.01 and 0.001 probability levels, and 

not significant, respectively at α = 5%. 
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Table 5-10  Frequency counts of independent variables from multiple regression 

analyses for dependent variables c  (or Lgc ), M (or LgM) and SqrtN for the 

three main groups of data collected from ACIAR project at ViSCA, Baybay, 

Leyte, the Philippines (Note: Please refer to table 5-1 for the description of 

symbols used and to table 5-2 for the description of data set). 

Independent 
Variables 

Low Slope Runoff Plots 
(Data Sets 1 - 5) 

Steep Slope Runoff Plots 
(Data Sets 6 - 13) 

Storm Events 
(Data Sets 14 - 20) 

Lg c LgM SqrtN Lg c LgM SqrtN c  (Lg c )  M 
(LgM) 

SqrtN 

Slope 2 1 1 2 1 4 1 (2) 1 (1) 4 

ΣP 2 2 

LgΣP  1 1 

P  2 2 3 1 1 2 

Lg P  2  1 

Pmax 1 1 4 2 1 1 1 

LgPmax 2 2 1 1 1 

EI30 1 1 1 2 1 

LgEI30  1  1 

ΣQ 1 3 1 1 (1) 

LgΣQ 1 2 4 1 1 1 

Qm
1 1 1 1 

Lg Qm
1 2 1 1 1 

Q 1 1 1 1 1 1 

Lg Q  1 1 2 

Qmax 1 1 2 1 1 1 1 

LgQmax 1 3 2 2 1 2 

Qdu 1 1 1 

LgQdu 1 1 2 5 

Cover 1 1 1 2 1 (3) 1 (3) 

LgCover 1 5 5 2 3 3 5 

N  na 2 na 1 1 (1) na 

SqrtN 1 na 5 5 na 4 2 na 

Note: na – not applicable. 
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except for data sets 4, 5, 8, 9, 11 and 13 where the former out weighted the 

latter regressors in terms of the most number of negative coefficients. 

Consistently, regressors Slope and N (or SqrtN) have positive coefficients, while 

Cover (or LgCover) has negative coefficient. Transformed forms of Cover (i.e. 

LgCover) and N (i.e. SqrtN) appeared more frequently as regressors than their 

respective untransformed forms. Overall, runoff-related regressors appeared 

more frequently in the multiple regression models for c  than their counterpart, 

namely, rainfall-related regressors.  Surprisingly, R2 ranged from a low of 0.71 

from data set #13 (i.e. data set from all hedged steep slope runoff plots planted 

to corn across the slope with peanut intercrop) to a high of 1.00 from data set 

#14 (i.e. data set from major storm event #2). 

Data set #7, a composite of data from steep slope runoff plots during 

storm events #2, #7 to #14, and, #24 to #31, when the 4 major storm events 

took place out of a total of 7 major storm events, resulted to a multiple 

regression model with R2=0.85.  This multiple regression model included the 

runoff-related regressor LgQmax and the other regressors Slope and LgCover 

which are highly significant; rainfall-related regressors P  and LgMaxEI30 which 

are very significant and not statistically significant, respectively; and the 

regressor SqrtN which is statistically significant. 

The multiple regression model for each of the 7 major storm events (data 

sets from #14 to #20) consistently included the negative-coefficient Cover (or 

LgCover) as a persistent regressor.  Regressor N (or SqrtN) appeared as a 

positive regressor in almost all of the multiple regression models except in data 

sets #17 and #18 i.e. during major storm events #16 and #18, respectively. 

Generally, runoff-related regressors outnumbered rainfall-related regressors in 

the multiple regression models for c  during these 7 major storm events. 

5.4.3.2 Multiple Regression Model for Total Soil Loss M 

Similarly, as for the average sediment concentration c , the logarithmic 

transform of M (LgM) was the prevailing form for the dependent variable M 

except for data set 14 (i.e. during major storm event #2).  Rainfall- and runoff-

related regressors were physically acceptable except for data sets #6, #8 and 

#10 were these regressors resulted into negative coefficients in the multiple 

regression models. While there was only a single occurrence of a runoff-related 
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regressor with a negative coefficient, there were two such occurrences for the 

rainfall-related regressors.  Compared with the multiple regression model for the 

average sediment concentration c , there were very much less occurrences of 

rainfall- and runoff-related regressors with negative coefficients in the multiple 

regression model for the total soil loss M.  As expected, regressors Slope and N 

(or SqrtN) have positive coefficients while Cover (or LgCover) has negative 

coefficient. LgCover and SqrtN forms were more frequent regressors than their 

untransformed forms, Cover and N, respectively.  Worth noting was the 

occurrences of runoff-related regressors which were much more frequent than 

its rainfall-related counterparts in the multiple regression models for M (or LgM). 

These regressors were less frequent in the multiple regression models for the 

average sediment concentration c  (or Lgc ). However, R2 ranged more broadly 

than for c , ranging from a low of 0.65 for data set #6 (i.e., data set from all 

steep slope runoff plots during storm events #1 and, #17 to #22) to a high of 

1.00 for the data set #14 (i.e., data set from major storm event #2). 

The absence of any rainfall-related regressor for M in data set #7 is 

notable since this set included the 4 major storm events (out of a total of 7 

major storm events that took place throughout the whole duration of in-situ data 

gathering in the ACIAR experimental area), and which resulted to an R2=0.87.  

The runoff-related regressor LgΣQ, so with LgCover and SqrtN, was a highly 

significant component of the multiple regression model for M. 

The negative-coefficient regressor Cover (or LgCover as the case may 

be), is found in every multiple regression model for each of the 7 major storm 

events (i.e., data sets from #14 to #20).  This was also the case in the multiple 

regression models for c , as was the positive-coefficient regressor N (or SqrtN) 

except in data sets #17, #18 and #20 (i.e., during major storm events #16, #18 

and #32, respectively).  During these 7 major storm events, runoff-related 

regressors appeared more frequent in the multiple regression models than 

rainfall-related regressors. 

Generally, the dominating contribution of runoff-related regressors in the 

multiple regression model for total soil loss M (or LgM) (Table 5-10), appeared 

to be consistent with the findings of other investigators who concluded that on 

steep slopes, the contribution to detachment by overland flow (termed 

entrainment in this work) can be considerable (Ellison, 1947; Woodruff, 1947; 

Meyer, 1980 and Quansah, 1982).  Only recently has the effect of runoff in soil 
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erosion has been closely investigated, since in the past much attention has 

been paid to raindrop impact as a detaching agent (Ellison, 1944; Free, 1960; 

Rose, 1960; Bubenzer and Jones, 1971; Savat and Poesen, 1981 and 

Quansah, 1981). 

5.4.3.3 Multiple Regression Model for the Number of Rills per Meter Width of 

Runoff Plot, N 

The square root transformed form of N i.e., SqrtN appeared to be the 

appropriate form for the dependent variable.  Although runoff-related regressors 

were again the dominating components in the dependent variables, their 

frequencies were not that much different from that of the rainfall-related 

regressors, an indication perhaps that both rainfall and runoff were equally 

responsible in the formation of rills as recorded post event. As expected, the 

regressor Cover, or more appropriately its transform LgCover, consistently had 

a negative coefficient.  Only the multiple regression model for N for data set #6 

(i.e., data for steep slope runoff plots during storm events #1 and, #17 to #22) 

exhibited a physically meaningless negative-coefficient runoff-related regressor. 

The R2 for the multiple regression models ranged from a low of 0.88 for data set 

#10 (i.e., data from bare steep slope runoff plots) to a high of 1.00 for data sets 

#14 and #18 (i.e., data from all runoff plots during the major storm events #2 

and #18, respectively). 

The big data set #7 (i.e., data for steep slope runoff plots during storm 

events #2, #7 to #14 and, #24 to #31) resulted to a multiple regression model 

for N, with 2 runoff-related predictors (i.e., Lg Q  and LgQdu), a rainfall-related 

predictor P , Slope and LgCover regressors, and R2=0.91.  Except for LgCover, 

which is a very significant predictor, the other predictors appeared to be highly 

significant. 

The negative-coefficient LgCover regressor appeared in the entire 

multiple regression models for N during the seven major storm events (i.e., data 

sets from #14 to #20) except in data set #14 (i.e., data for all runoff plots during 

storm event #2). 

Data sets # 2, #4, #9 and # 17 did not have multiple regression models 

for N (or SqrtN) because correlation analysis revealed absence of any 

correlation with the appropriate variables. 
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5.5 Summary of Findings from the Analyses 

The following conclusions can be made as result of various statistical 

analyses (ANOVA, multiple comparison of means and multiple regression 

analysis) done to the in-situ data collected from the experimental area: 

a) For bare runoff plots even a modest slope of about 10% affected 

runoff parameters significantly and produced very high sediment 

concentrations; 

b) Across slope planting of a row crop like corn at a slope of about 10% 

produced negligible soil loss, loss being comparable with a close 

growing crop like peanut; 

c) Along slope planting of a row crop like corn results in a large soil loss 

compared to across slope planting of same crop; 

d) Across slope planting of corn, or such planting in combination with 

peanut intercropping in hedged runoff plots were equally effective in 

the lowering of runoff related parameters, particularly ΣQ and Qmax; 

e) Across slope planting appeared to be the common reason for the 

resulting low values in Q , N,  c  and M; 

f) As expected, Cover was high in across planting of corn with peanut 

intercropping in hedged runoff plots; 

g) Along slope planting of row crop corn, which created ready-made 

pathways for surface water to run on, consequently resulted in high 

values of runoff related parameters, namely: ΣQ, Qm , Q  and Qmax; 

h) Across slope planting of corn with or without peanut intercrop in 

hedged runoff plots seemed equally effective in lowering the values of 

N, c  and M; 

i)	 Values of quantities N, c  and M were highest in “70%” slope runoff 

plot; 

j)	 Except for N, logarithmic transformations of rainfall- and rainfall-

related parameters, c and M were the most appropriate, while a 

square root transform was suitable for the N variable; 

k)	 The most suitable forms of the dependent variables c  and M are Lgc 

and LgM, respectively.  In multiple regression analysis, Lgc  and LgM 

were more frequently and more strongly a function of runoff than 
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rainfall variables or any other related regressors; hence, average 

sediment concentration c̄ and total soil loss M are mainly functions of 

positive coefficient runoff related regressors, and negatively-

coefficient surface contact cover factors, at least for the steep slopes 

considered in this study; and 

l) Apparently, the square root transform of N was the most appropriate 

form to use when investigating the relationship with rainfall- and 

runoff- related regressors and the negative regressor, LgCover. 

Relations with runoff and rainfall regressors were usually significant. 



Chapter 6  Analysis of Soil Loss Using a Physical-Process Oriented 

Water-Induced Soil Erosion Model 

6.1 Introduction 

As discussed in sections 2.3.4 (GUEST - A Physical-Process Oriented 

Water-Induced Soil Erosion Model) and 2.3.5 (Revised GUEST) of Chapter 2 

(Soil Erosion and Conservation Research), the original theory and its later 

modifications provided the bases of the original version (Rose and Hairsine 

version (1988) of GUEST) and the subsequent revisions (Misra and Rose 

(1990) and Rose et al versions (1997) of GUEST), respectively, of the 

customized computer application program GUEST. A primary purpose of 

analyzing data on runoff rate, soil loss and depositability of soil collected from 

bare runoff plots was to evaluate the soil erodibility parameter, β. The author 

had been able to translate equivalent versions of GUEST in flexible 

spreadsheet application software forms for both the original and the revised 

versions. This spreadsheet application software was used in the analysis 

presented.  Data on slope gradient (%), slope length (m), arithmetical mean 

runoff rate Qm  (mm/h) as defined by Ciesiolka et al (1995) and average 

sediment concentration c  (kg/m3) were the basic inputs to the application 

program.  Manning’s roughness coefficient n (to be discussed later) and fraction 

F of excess streampower involved in water-induced soil erosion (to be 

discussed in subsection 7.3.1 General Discussion of section 7.3 Analysis of the 

Erodibility Parameter β Computed from Rose et al Version (1997) of GUEST, 

Chapter 7 - Analysis of the Erodibility Factor β) have assumed values of 0.05 

and 0.1, respectively, while the determined value for wet sediment density σ 

was 1525.75 kg/m3 based on the soil type in the experimental area.  As 

discussed in subsection 2.3.4.1 (Overview) of section 2.3.4 (GUEST - A 

Physical-Process Oriented Water-Induced Soil Erosion Model) of Chapter 2 

(Soil Erosion and Conservation Research), threshold streampower Ωo is 

negligible (Rose et al, 1990; Rose, 1993), hence, neglected.  As the case may 

be, for “rilled” storm events information on number of rill(s) per meter width of 

runoff plot N (m-1), rill shape and dimensions (e.g., average top-, bottom- width 
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and rill depth for trapezoidal shape rill) were obtained.  Computed depth of 

overland flow using iterative procedure (please refer to equations 2-34 and 2-37 

for trapezoid- and rectangle- shape rills, respectively) was related to soil 

depositability and exposure factor (1 - C) to obtain values for the any of the 

latter parameters from any given value of the former (example of such graph is 

presented in Figure 6.1). Soil depositability (as discussed in subsection 2.3.4.3 

- Depositability, Section 2.3.4 - GUEST - A Physical-Process Oriented Water-

Induced Soil Erosion Model of Chapter 2 Soil Erosion and Conservation 

Research), one of the cornerstones of GUEST water-induced soil erosion 

theory, is derived from settling velocity characteristic of soil using modified 

bottom withdrawal tube technique (Lovell and Rose, 1988). 

Total shear stress (τ) is computed from equation 2-21, while the shear 

stress components like saltation shear (τsa) and surface shear (τs) stresses 

were obtained using equations 2-63 and 2-64, respectively. Finally, the erosive 

surface shear stress effective in eroding submerged soil sediment (τse) for sheet 

flow  (i.e., from “plane” storm event) and in rills  (i.e., “rilled” storm events) were 

computed using equations 2-70 and 2-71, respectively.  Both the measured 

average sediment concentration ( c ) and the computed sediment concentration 

at the transport limit ( c ) from bare runoff plots at various slopes considered in t 

this study were used to investigate the various forms of shear stress as 

mentioned above. 

Water-induced soil erosion in bare runoff plot was considered as the 

reference (or the control) value. Any soil management method can affect soil 

loss, and it is thought that soil loss from this reference plot would be the highest. 

These reference plots were kept bare by weeding using a bolo (Figure 6.2), an 

activity carried out between cultivation using a shovel (Figure 6.3).  The bare 

runoff plots which will be referred to simply as the "10%"-, "50%"-, "60%"- and 

"70%"- slope bare runoff plots, although actual slopes and slope lengths were 

10.02% and 11.99 m, 50.36% and 11.90 m, 61.64% and 12.46 m, and 68.70% 

and 12.15 m, respectively. 

The value of the Manning's roughness coefficient n was not measured 

directly in these experiments, and the value adopted for all the calculations was 

0.05 m-1/3 s. This value was calculated for an appropriate average Reynold’s 

number using the relationship by Kilinc and Richardson (1973).  Analysis of the 

data presented by Lawrence (1997) on the resistance to partially inundated flow 
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Figure 6.1  Effective depositability φe and exposure factor (1 – C) as a function 

of water depth D for soil at the bare runoff plot at the experimental site (For 

D ≥ 4mm, φe = 0.092 m/s and C = 0). 
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Figure 6.2 A photograph of a typical weeding operation using a bolo 

(background) and a bare runoff plot illustrating soil in a condition typical of that 

following cultivation (foreground). 
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Figure 6.3 A photograph of a typical cultivation operation using a shovel in a 

bare runoff plot.  The photo shows the resulting soil surface condition following 

cultivation. 
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indicates that it is likely that for the collected in-situ data, the use of a constant 

value of Manning’s flow resistance factor n would provide a good 

approximation.  The author believed that similar trend in the results of 

subsequent analyses would be arrived at even if a value of n = 0.1 m 1/3s was 

used, a value suggested by Presbitero et al (2001).  The value of the wet 

sediment density, σ used for all the calculations was 1525.75 kg/m3 estimated 

from the equation of the line of best fit as a function of % sand (size > 0.02 mm) 

in a particular soil type developed by Loch and Rosewell (1992). 

Data on the range of recorded values of the maximum runoff rate for the 

entire duration of the recorded storm event Qmax, particularly on the steep slope 

runoff plots would provide an idea of how high the rate of infiltration there had 

been in the experimental area.  The "60%" slope bare runoff plot yielding the 

highest range of recorded values for Qmax i.e., from 1.85 to 41.96 mm/h (at a 

maximum recorded value in Q  of 3.64 mm/h), could perhaps indicate the lowest 

range of infiltration rate, while the "70%" slope bare runoff plot yielding the 

lowest range of recorded values for Qmax, i.e. from 0.80 to 24.95 mm/h (at a 

maximum recorded value in Q of 2.38 mm/h), might be indicative of the highest 

range of infiltration rate.  The very permeable characteristic of the soil at the 

bare runoff plots can also be inferred from the runoff coefficient being in the 

range from 2.51% (during storm event #26) to 36.47% (during storm event #23) 

for the 10 % slope bare runoff plot.  Runoff coefficients for the steep slope bare 

runoff plots ranged from 0.32% (during storm event #25) to 26.21% (during 

storm event #13); from 1.77% (during storm event #1) to 25.88% (during storm 

event #13); and from 0.71% (during storm event #3) to 34.03% (during storm 

event #13) in the 50%, 60% and 70% slopes, respectively.  The maximum 

values of the runoff coefficient on the bare runoff plots at steep slopes occurred 

during a typhoon (storm event #13) which produced 160.1 mm of rain over a 

period of three days. 

From table 6.1, generally, the data collected from the instrumented bare 

runoff plots under in-situ condition were a combination of high sediment 

concentrations ranging from 3.85 kg/m3 (at "60%" slope bare runoff plot during 

storm event #4) to 571.08 kg/m3 (at "70%" slope bare runoff plot during storm 

event #9) and, from 11.94 kg/m3 (during storm event #27) to 85.2 kg/m3 (during 

storm event #19).  This data suggests that sediment contribution to the overall 

density of the runoff fluid cannot be ignored.  Depths of overland flow ranged 
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Table 6.1 Basic data on runoff-related parameters, average sediment 

concentration ( c ), number of rills per meter width of runoff plot (N) and the 

immediately observed post-storm event appearance of the bare soil surface 

collected from bare runoff plots at various slopes and storm events. 

“10%” Slope Bare Runoff Plot 

Storm 
Event # 

ΣQ 
(mm) 

Qm
(mm/h) 

Q 
(mm/h) 

Qmax 

(mm/h) Dw (mm) 
c 

(kg/m3) N (m-1) 
Plane / 
Rilled 

17 14.99 30.10 7.89 64.64 1.32 53.04 0 Plane 

22 14.08 25.77 3.64 72.89 1.20 61.89 0 Plane 

23 50.04 37.22 13.23 90.84 1.50 63.23 0 Plane 

26 1.01 5.45 0.89 12.98 0.47 11.97 0 Plane 

27 1.07 6.00 2.29 11.37 0.50 11.94 0 Plane 

28 122.71 48.66 11.05 121.40 1.76 42.64 0 Plane 

30 2.47 13.09 4.23 21.57 0.80 38.61 0 Plane 

31 5.94 6.16 1.27 18.13 0.51 20.92 0 Plane 

32 27.23 14.57 2.60 44.65 0.85 33.92 0 Plane 

18 41.63 17.94 3.02 58.27 5.91 22.61 0.21 Rilled 

19 8.62 45.02 9.76 75.53 10.51 85.20 0.21 Rilled 

20 7.16 16.17 2.24 42.47 5.04 49.51 0.21 Rilled 

21 12.82 23.79 5.13 53.18 5.99 52.67 0.42 Rilled 

Notes: ΣQ (mm) - total runoff depth; 

Qm  (mm/h) - arithmetical mean runoff rate as defined by Ciesiolka et al 

(1995); 

Q  (mm/h) - arithmetical mean runoff rate; 

Qmax (mm/h) - maximum runoff rate for the duration of the recorded storm 

event(s); and 


Dw (mm) - arithmetical mean depth of runoff water.
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Table 6.1 (continued) 

“50%” Slope Bare Runoff Plot 

Storm 
Event # 

ΣQ 
(mm) 

Qm
(mm/h) 

Q 

(mm/h) 
Qmax 

(mm/h) Dw (mm) 
c 

(kg/m3) N (m-1) 
Plane / 
Rilled 

2 4.12 1.34 0.20 8.02 0.12 9.47 0 Plane 

4 1.62 3.14 0.34 5.93 0.21 11.40 0 Plane 

14 4.76 9.40 2.55 17.97 0.40 60.60 0 Plane 

15 0.77 1.19 0.05 2.79 0.12 9.19 0 Plane 

16 4.90 1.59 0.37 5.16 0.14 11.64 0 Plane 

17 2.66 3.74 0.97 8.58 0.23 28.75 0 Plane 

21 1.55 1.17 0.38 7.46 0.11 151.29 0 Plane 

24 0.58 2.20 0.74 4.13 0.17 35.90 0 Plane 

27 0.31 1.55 0.85 3.36 0.14 48.55 0 Plane 

29 0.32 0.32 0.12 1.64 0.05 33.99 0 Plane 

30 0.37 2.33 1.39 3.36 0.17 32.94 0 Plane 

31 1.35 1.28 0.28 4.89 0.12 10.34 0 Plane 

1 1.63 1.32 0.18 4.37 0.92 218.86 0.67 Rilled 

3 0.73 0.81 0.08 4.13 2.64 17.66 0.17 Rilled 

5 1.71 1.41 0.36 7.81 1.46 252.08 0.5 Rilled 

6 2.49 2.51 0.81 6.26 2.68 41.92 0.33 Rilled 

7 5.29 2.81 1.03 9.35 1.24 206.24 0.33 Rilled 

8 5.55 3.71 0.89 26.16 1.25 266.91 0.67 Rilled 

9 2.02 3.08 1.62 8.23 1.06 306.38 1.33 Rilled 

10 5.09 8.95 1.28 28.53 1.21 354.98 1.16 Rilled 

11 4.37 4.28 0.82 21.55 0.78 171.76 1.16 Rilled 

13 41.97 6.39 2.00 20.87 1.44 57.51 0.83 Rilled 

18 8.90 2.84 0.61 27.43 1.77 10.99 0.5 Rilled 

19 1.59 3.01 0.96 10.54 0.86 45.10 1.16 Rilled 

20 1.03 1.89 0.40 4.89 1.38 22.13 0.5 Rilled 

23 4.56 3.76 1.35 12.85 0.78 221.82 1.16 Rilled 

25 0.09 0.90 0.34 2.59 0.41 55.38 1 Rilled 

28 14.92 5.17 1.75 14.89 1.44 146.51 0.67 Rilled 

32 2.94 2.65 0.28 6.70 0.51 427.40 1.83 Rilled 

Notes: ΣQ (mm) - total runoff depth; 

Qm  (mm/h) - arithmetical mean runoff rate as defined by Ciesiolka et al 

(1995); 

Q  (mm/h) - arithmetical mean runoff rate; 

Qmax (mm/h) - maximum runoff rate for the duration of the recorded storm 

event(s); and 


Dw (mm) - arithmetical mean depth of runoff water.
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Table 6.1 (continued) 

“60%” Slope Bare Runoff Plot 

Storm 
Event # 

ΣQ 
(mm) 

Qm
(mm/h) 

Q 
(mm/h) 

Qmax 

(mm/h) Dw (mm) 
c 

(kg/m3) N (m-1) 
Plane / 
Rilled 

3 2.40 3.85 0.23 33.38 0.23 5.51 0 Plane 

4 3.37 4.11 0.77 11.89 0.24 3.85 0 Plane 

12 0.90 0.61 0.26 3.31 0.08 317.82 0 Plane 

14 5.51 5.36 0.97 14.38 0.28 65.04 0 Plane 

15 1.93 0.43 0.13 1.85 0.06 5.47 0 Plane 

16 7.36 2.47 0.38 8.86 0.17 9.38 0 Plane 

17 2.37 3.75 0.97 9.51 0.22 90.67 0 Plane 

20 1.21 1.93 0.44 5.39 0.15 9.82 0 Plane 

24 1.00 2.50 1.07 5.39 0.18 18.72 0 Plane 

27 0.50 2.24 1.15 5.39 0.16 18.72 0 Plane 

29 1.49 1.10 0.40 3.96 0.11 4.76 0 Plane 

30 0.60 2.67 0.80 5.39 0.18 13.88 0 Plane 

31 2.20 1.52 0.28 6.05 0.13 6.93 0 Plane 

1 2.15 1.56 0.17 6.05 1.89 11.53 0.33 Rilled 

2 9.58 4.82 0.50 21.05 1.15 229.96 0.5 Rilled 

5 1.64 2.07 0.43 7.53 2.84 69.49 0.33 Rilled 

6 2.77 3.49 0.93 9.75 3.03 35.74 0.17 Rilled 

7 7.51 4.38 1.31 11.08 1.06 70.59 1.17 Rilled 

8 4.88 2.50 0.86 10.17 0.70 319.99 1 Rilled 

9 1.78 3.79 1.55 9.51 0.96 251.32 1 Rilled 

10 3.09 4.74 0.88 16.03 0.83 466.38 1.51 Rilled 

11 3.13 1.57 0.47 11.74 0.43 196.49 1.51 Rilled 

13 41.43 5.68 1.81 15.69 1.33 61.68 0.84 Rilled 

18 6.62 2.36 0.47 8.86 1.11 17.98 0.67 Rilled 

19 1.70 6.79 3.64 11.74 1.46 87.35 1.34 Rilled 

21 1.33 2.80 0.48 6.05 1.02 49.98 1 Rilled 

23 5.53 3.90 1.51 8.86 1.09 138.05 1 Rilled 

25 0.60 1.69 1.44 4.07 0.46 11.67 1.17 Rilled 

28 18.35 6.06 1.73 41.96 1.24 167.73 0.84 Rilled 

32 10.40 2.40 0.82 15.70 0.56 54.47 1.51 Rilled 

Notes: ΣQ (mm) - total runoff depth; 

Qm  (mm/h) - arithmetical mean runoff rate as defined by Ciesiolka et al 

(1995); 

Q  (mm/h) - arithmetical mean runoff rate; 

Qmax (mm/h) - maximum runoff rate for the duration of the recorded storm 

event(s); and 


Dw (mm) - arithmetical mean depth of runoff water.
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Table 6.1 (continued) 

“70%” Slope Bare Runoff Plot 

Storm 
Event # 

ΣQ 
(mm) 

Qm
(mm/h) 

Q 
(mm/h) 

Qmax 

(mm/h) Dw (mm) 
c 

(kg/m3) N (m-1) 
Plane / 
Rilled 

2 3.87 1.42 0.20 5.37 0.12 12.39 0 Plane 

12 0.53 0.55 0.27 2.71 0.07 23.97 0 Plane 

14 5.96 7.64 2.38 16.79 0.33 58.69 0 Plane 

15 1.49 0.26 0.11 0.80 0.04 7.39 0 Plane 

16 6.06 1.61 0.36 6.03 0.13 13.29 0 Plane 

17 1.31 1.34 0.61 4.03 0.12 31.89 0 Plane 

24 0.92 1.77 0.64 4.17 0.14 36.79 0 Plane 

27 0.21 1.02 0.53 3.50 0.10 136.11 0 Plane 

29 0.81 0.73 0.28 2.80 0.08 15.75 0 Plane 

30 0.48 2.21 1.15 3.50 0.16 33.57 0 Plane 

31 1.80 0.86 0.23 4.17 0.09 16.72 0 Plane 

1 1.88 1.23 0.18 5.17 0.76 308.68 0.66 Rilled 

3 0.72 0.85 0.11 2.84 0.60 182.50 0.66 Rilled 

4 2.35 2.10 0.54 9.02 2.44 51.62 0.17 Rilled 

5 1.31 1.61 0.38 6.03 1.38 509.14 0.33 Rilled 

6 1.61 1.39 0.44 4.17 2.13 158.61 0.17 Rilled 

7 3.85 2.20 0.70 6.03 0.56 273.32 1.33 Rilled 

8 4.29 3.86 0.77 10.65 0.76 527.87 1.33 Rilled 

9 1.75 3.75 1.48 9.98 0.78 571.08 1.16 Rilled 

10 4.11 9.69 1.03 24.95 1.04 487.02 1.66 Rilled 

11 4.57 8.25 1.76 17.64 0.94 218.42 1.66 Rilled 

13 54.48 7.23 2.32 20.99 0.91 88.62 1.33 Rilled 

18 3.66 1.25 0.25 4.83 1.99 26.15 0.17 Rilled 

19 0.90 2.89 1.35 7.31 1.07 76.71 0.83 Rilled 

20 0.76 1.24 0.25 4.17 1.21 41.07 0.33 Rilled 

21 1.22 3.56 1.06 7.37 0.67 474.57 1.66 Rilled 

23 4.69 3.32 1.17 9.32 0.89 150.05 1 Rilled 

25 0.31 1.11 0.78 2.84 0.32 120.21 1.66 Rilled 

28 17.20 5.11 1.62 22.59 1.08 179.02 1 Rilled 

32 2.55 2.57 0.37 9.32 0.87 510.66 1.33 Rilled 

Notes: ΣQ (mm) - total runoff depth; 

Qm  (mm/h) - arithmetical mean runoff rate as defined by Ciesiolka et al 

(1995); 

Q  (mm/h) - arithmetical mean runoff rate; 

Qmax (mm/h) - maximum runoff rate for the duration of the recorded storm 

event(s); and 


Dw (mm) - arithmetical mean depth of runoff water.
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from 0.04 mm (at "70%" slope bare runoff plot during storm event #15) to 3.03 

mm (at "60%" slope bare runoff plot during storm event #6) and, from 0.47 mm 

(during storm event #26) to 10.51 mm (during storm event #19), for the steep 

and low slope bare runoff plots, respectively.  Such shallow water depths 

illustrate the need for the concept of effective depositability, φe presented in sub-

subsection 2.3.5.3 (Effective Depositability, φe) of subsection 2.3.5 (Revised 

GUEST) from section 2.3 (Physical Process Models of Soil Erosion by Water) in 

Chapter 2 (Soil Erosion and Conservation Research), where soil aggregates 

could frequently be larger than the estimated mean depth of overland flow. Un-

immersed aggregates were ignored in terms of their contribution to 

depositability. The computed depths of overland flow assume all the measured 

flow to be captured by the rills in the bare runoff plots during storm events when 

post-storm records indicated the occurrence of rills. 

Storm events that caused manifest incised rills on the soil surface of the 

runoff plot (observed soon after the occurrence of the storm event, typically a 

convective storm accompanied by lightning) were referred to as "rilled"; 

otherwise, the soil surface was referred simply as "plane" (Table 6.1).  On some 

of the few occasions when it was possible and safe to be present at the 

experimental site and make visual observations, it was noted that rills active 

during the storm event were not evident at its termination, due to "drowning" of 

rills with soil sediment towards the end of the storm event when the runoff 

streampower diminished. Thus, it is probable that storm events recorded as 

exhibiting an essentially plane or un-rilled soil surface after the storm event may 

not provide a realistic description of the eroding soil surface during the storm 

event.  Indeed, some preferred pathways of overland flow would be expected to 

have existed, even if these were insufficiently defined to be described as rills. 

Despite these qualifications, analysis of the storm events recorded as "plane" 

was carried out assuming this an accurate description of the eroding soil 

surface, later this assumption will receive further comment.  It is worth noting 

that the lower and upper limits of each range of the average sediment 

concentration and depths of overland flow enumerated in the previous 

paragraph were recorded from the plane and rilled soil surfaces, respectively. 

Of the 32 storm events recorded over a two-year period, 13 storm events (i.e., 

storm events #2, from #5 to #7, from #10 to #11, from #16 to #17, #19, #23, 

#26, #28 and #32) resulted from tropical storms with recorded value of Pmax 
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greater than 100 mm/h. These storm events generally resulted in the formation 

of rilled soil surface for the bare runoff plots on steep slopes.  Generally, rilling 

resulted in rectangular-shaped rills, but storm event #9 produced trapezoidal-

shaped rills at "50%" slope bare runoff plot.  During storm events #22 and #26, 

there were observed dynamic appearances (and ensuing disappearances) of 

rills in all the bare runoff plots at steep slopes, which finally resulted in the 

disappearance of the rills as observed after the occurrence of the storm event. 

These storm events were thus recorded as having a plane soil surface. These 

“drowning” of rills formed during periods of intense rainfall rate during 

subsequent longer periods of modest rainfall rate were a common 

phenomenon. Such skepticism in the observation compels omission of these 

particular storm events from the analysis.  Very occasional and small-scale 

examples of shallow surface "mud-flows" were the only visual indication of soil 

mass movement. 

Soil erosion due to rills occur when the shear force of the causing runoff 

exceeds the ability of the soil to resist such flow’s shear and when runoff 

possesses the capacity to transport the eroded soil materials.  Hence, the 

concentrated runoff (occurring on a limited area of the land surface) due to 

random variations and irregularities of the topography of the land surface may 

have to flow for some distance downslope before rilling initiates (Meyer, 1980). 

However, upon the start of rilling, the rate rapidly increases with a greater 

accumulation of flow (Meyer, Foster and Nikolov, 1975) attributed mainly to 

increase in slope length and steepness.  Rilled storm events are “much more 

intensive and noticeable” than their counterpart, plane storm events (Meyer, 

1980). While non-rilled type of soil erosion “is relatively constant all over an 

area of sloping land” depending on soil property and the nature of land surface 

cover, rill caused soil loss varying “from none near the top of the slope (where 

all sediment is from interrill areas) to major amounts downslope (where most 

runoff is concentrated)” (Meyer, 1980). 

6.1.1 “10%” Slope Bare Runoff Plot 

Data collection for the "10%" slope runoff plot started at storm event #17 

when one of the two runoff plots was converted to bare soil. Storm events #24, 

#25 and #29 were deleted from the data collected for the "10%" slope bare 
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runoff plot either due to the absence of data on N or corrupted electronic data 

logger file wherein the particular instrumented runoff plot was included.  Tropical 

rainstorms with maximum rates of over 100 mm/h occurred in 6 of the recorded 

16 storm events, (i.e., storm events #17, #19, #23, #26 #28 and #32). It was 

during one of these storm events which gave the largest recorded values of ΣQ, 

Qm  and Qmax (all during storm event #28), Q (storm event #23), Dw and c 

(storm event #19). Only storm events #18 to #21 had resulted to a rilled soil 

surface (with N ranging from 0.21 to 0.42 rills per meter width of runoff plot). 

Rills were observed soon after the storm event.  Surprisingly the greatest value 

of ΣQ, Q ,  Q  and Qmax did not result in the formation of observed rills. m

Expectedly, the lowest recorded values for ΣQ, Q ,  Q  and Dw (all due to storm m

event #26), and Qmax and c (all due to storm event #27) occurred when the 

bare soil surface was recorded as plane.  The recorded values for Qmax of 12.98 

mm/h and c  of 11.97 kg/m3 (storm event #26), were not much different from the 

respective recorded lowest values of 11.37 mm/h and 11.94 kg/m3 (storm event 

#27) events when Pmax was greater than 100 mm/h.  In spite of storm event #26 

taking place when the recorded value of Pmax was 129 mm/h, the runoff-related 

variables ΣQ, Q ,  Q , Qmax and Dw were still relatively low. ΣQ, Q ,  Q , Qmax,m m

Dw and c range from 7.16 to 41.63 mm, from 16.17 to 45.02 mm/h, from 2.24 to 

9.76 mm/h, from 42.47 to 75.53 mm/h, from 5.04 to 10.51 mm, and from 22.61 

to 85.20 kg/m3, respectively, in rilled bare runoff plot (Table 6.2). 

6.1.2 “50%” Slope Bare Runoff Plot 

At the “50%” slope bare runoff plot, runoff-related variables ΣQ, Q , Q ,m

Qmax and Dw ranged from 0.09 to 41.97 mm, from 0.32 to 9.40 mm/h, from 0.05 

to 2.55 mm/h, from 1.64 to 28.53 mm/h, and from 0.05 to 2.68 mm, respectively, 

while c  and N ranged from 9.19 to 427.40 kg/m3, and from 0.17 to 1.83 for the 

rilled bare runoff plot, respectively.  Of the 32 storm events, 17 storm events 

resulted to the formation of rills observed soon after the event, while the rest did 

not manifest rills.  Of these 17 "rilled" storm events, 9 storm events (i.e., storm 

events from #5 to #7, from #10 to #11, #19, #23 #28 and #32) had recorded 

values of Pmax greater than 100 mm/h.  Storm event #12 was deleted from the 

list of the considered storm events due to the absence of recorded value for N. 
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Table 6.2 Minimum and maximum values of runoff-related parameters, average 

sediment concentration ( c ) and number of rills per meter width of runoff plot (N) 

for “plane” and “rilled” soil surface of bare runoff plots at various slopes. 

“Plane” Soil Surface “Rilled” Soil Surface 

Minimum 
Value 

Maximum 
Value 

Minimum 
Value 

Maximum 
Value 

“10%” Slope Bare Runoff Plot 

ΣQ (mm) 1.01 (26) 122.71 (28) 7.16 (20) 41.63 (18) 

Qm  (mm/h) 5.45 (26) 48.66 (28) 16.17 (20) 45.02 (19) 

Q  (mm/h) 0.89 (26) 13.23 (23) 2.24 (20) 9.76 (19) 

Qmax (mm/h) 11.37 (27) 121.4 (28) 42.47 (20) 75.53 (19) 

Dw (mm) 0.47 (26) 1.76 (28) 5.04 (20) 10.51 (19) 

c  (kg/m3) 11.94 (27) 63.23 (23) 22.61 (18) 85.20 (19) 

N (m-1) na na 0.21 (18 - 20) 0.42 (21) 

“50%” Slope Bare Runoff Plot 

ΣQ (mm) 0.31 (27) 4.90 (16) 0.09 (25) 41.97 (13) 

Qm  (mm/h) 0.32 (29) 9.40 (14) 0.81 (3) 8.95 (10) 

Q  (mm/h) 0.05 (15) 2.55 (14) 0.08 (3) 2.00 (13) 

Qmax (mm/h) 1.64 (29) 17.97 (14) 2.59 (25) 28.53 (10) 

Dw (mm) 0.05 (29) 0.40 (14) 0.41 (25) 2.68 (6) 

c  (kg/m3) 9.19 (15) 151.29 (21) 10.99 (18) 427.40 (32) 

N (m-1) na na 0.17 (3) 1.83 (32) 

Notes: ΣQ (mm) - total runoff depth; 

Qm  (mm/h) - arithmetical mean runoff rate as defined by Ciesiolka et al 

(1995); 

Q  (mm/h) - arithmetical mean runoff rate; 

Qmax (mm/h) - maximum runoff rate for the duration of the recorded storm 

event(s); 

Dw (mm) - arithmetical mean depth of runoff water; 

na – not applicable; and 

Values enclosed in the parenthesis are the corresponding storm events 

having the indicated values. 
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Table 6.2 (continued) 

“Plane” Soil Surface “Rilled” Soil Surface 

Minimum 
Value 

Maximum 
Value 

Minimum 
Value 

Maximum 
Value 

“60%” Slope Bare Runoff Plot 

ΣQ (mm) 0.50 (27) 7.36 (16) 0.60 (25) 41.43 (13) 

Qm  (mm/h) 0.43 (15) 5.36 (14) 1.56 (1) 6.79 (19) 

Q  (mm/h) 0.13 (15) 1.15 (27) 0.17 (1) 3.64 (19) 

Qmax (mm/h) 1.85 (15) 33.38 (3) 4.07 (25) 41.96 (28) 

Dw (mm) 0.06 (15) 0.28 (14) 0.43 (11) 3.03 (6) 

c  (kg/m3) 3.85 (4) 317.82 (12) 11.53 (1) 466.38 (10) 

N (m-1) na na 0.17 (6) 1.51 (10,11,32) 

“70%” Slope Bare Runoff Plot 

ΣQ (mm) 0.21 (27) 6.06 (16) 0.31 (25) 54.48 (13) 

Qm  (mm/h) 0.26 (15) 7.64 (14) 0.85 (3) 9.69 (10) 

Q  (mm/h) 0.11 (15) 2.38 (14) 0.11 (3) 2.32 (13) 

Qmax (mm/h) 0.80 (15) 16.79 (14) 2.84 (3,25) 24.95 (10) 

Dw (mm) 0.04 (15) 0.33 (14) 0.32 (25) 2.44 (4) 

c  (kg/m3) 7.39 (15) 136.11 (27) 26.15 (18) 571.08 (9) 

N (m-1) na na 0.17 (4,6,18) 1.66 (10,11,21,25) 

Notes: ΣQ (mm) - total runoff depth; 

Qm  (mm/h) - arithmetical mean runoff rate as defined by Ciesiolka et al 

(1995); 

Q  (mm/h) - arithmetical mean runoff rate; 

Qmax (mm/h) - maximum runoff rate for the duration of the recorded storm 

event(s);


Dw (mm) - arithmetical mean depth of runoff water;


na – not applicable; and 


Values enclosed in the parenthesis are the corresponding storm events 


having the indicated values. 
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Maximum values in Qmax (storm event #10), Dw (storm event #6), c  (storm 

event #32) and N (storm event #32) were recorded during those storm events 

where Pmax was greater than 100 mm/h.  With the deletion of storm event #26 

(where Q  has a maximum value of 3.30 mm/h) due to doubt in the observation 

of post-storm event incidence of rilling, the maximum-recorded value for Q 

appeared to had occurred during storm event #14 when Pmax was less than 100 

mm/h. Minimum values for all the variables considered (ΣQ, Q ,  Q , Qmax, Dw,m

c  and N) were recorded on storm events where Pmax was less than 100 mm/h. 

Storm events #13 and #14 resulted to maximum values in ΣQ (41.97 mm) and 

Qm (9.40 mm/h), respectively.  Storm events #15 and #29 resulted in recorded 

minimum values of Q (0.05 mm/h) and c  (9.19 kg/m3), and in Qm  (0.32 mm/h), 

Qmax (1.64 mm/h) and Dw (0.05 mm), respectively.  Storm event #3 resulted to a 

minimum value of 0.17 rills per meter width of runoff plot for N (Table 6.2). 

As can be seen from table 6.2, for "plane" or unrilled storm events, ΣQ, 

Q ,  Q , Qmax, Dw and c  had recorded values which ranged from 0.31 to 4.90 m

mm, from 0.32 to 9.40 mm/h, from 0.05 to 2.55 mm/h, from 1.64 to 17.97 mm/h, 

from 0.05 to 0.40 mm, and from 9.19 to 151.29 kg/m3, respectively.  As 

expected, considering the entire collected data for the "50%" slope bare runoff 

plot, the minimum values in Q ,  Q , Qmax, Dw and c  were recorded when the m

bare soil surface was considered plane, but not in ΣQ when the bare soil 

surface was recorded as rilled. 

For "rilled" storm events, ΣQ, Q ,  Q , Qmax, Dw, c  and N had recorded m

values, which ranged from 0.09 to 41.97 mm, from 0.81 to 8.95 mm/h, from 0.08 

to 2.00 mm/h, from 2.59 to 28.53 mm/h, from 0.41 to 2.68 mm, from 10.99 to 

427.40 kg/m3, and from 0.17 to 1.83m-1, respectively (Table 6.2).  Considering 

the entire data set for the "50%" slope bare runoff plot, maximum recorded 

values are found in any of these "rilled" storm events except for the runoff-

related variables Qm  and Q .  

6.1.3 “60%” Slope Bare Runoff Plot 

Of the recorded 32 storm events, 17 storm events produced rilled bare 

runoff plots at "60%" slope.  Storm events #16 and #17, where the recorded 
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Pmax was greater than 100 mm/h, did not end up with rilled bare soil surface, 

except for storm events #2, from #5 to #7, from #10 to #11, #19, #23, #28 and 

#32. Recorded values for ΣQ, Q ,  Q , Qmax and Dw ranged from 0.50 to 41.43 m

mm, from 0.43 to 6.79 mm/h, from 0.13 to 3.64 mm/h, from 1.85 to 41.96, and 

from 0.06 to 3.03 mm, respectively, while for c  and N, recorded values ranged 

from 3.85 to 466.38 kg/m3 and from 0.17 to 1.51 rills per meter width of runoff 

plot for the rilled runoff plot, respectively, (Table 6.2). Minimum values recorded 

for Q ,  Q , Qmax and Dw occurred during storm event #15 while for ΣQ, c  andm

N took place during storm events #27, #4 and #6, respectively.  Maximum 

recorded values for N were during storm events #10, #11 and #32, and in Qm

and Q during storm event #19, in Qmax (storm event #28), Dw (storm event #6), 

and c  (storm event #10) when Pmax was greater than 100 mm/h except for ΣQ 

(storm event #13).  As usual, all minimum values recorded for ΣQ, Q , Q ,m

Qmax, Dw and c  except N surprisingly, occurred during storm events when Pmax 

was less than 100 mm/h. 

Recorded values for ΣQ, Q ,  Q , Qmax, Dw and c  ranged from 0.50 to m

7.36 mm, from 0.43 to 5.36 mm/h, from 0.13 to 1.15 mm/h, from 1.85 to 33.38 

mm/h, from 0.06 to 0.28 mm, and from 3.85 to 317.82 kg/m3, respectively, 

during "plane" storm events (Table 6.2).  During these storm events, 

considering the entire data set for the "60%" slope bare runoff plot, the lower 

limit in each of the enumerated range of values served also as the minimum 

value for each of the respective variable. 

“Rilled” storm events have ΣQ, Q ,  Q , Qmax, Dw, c  and N which ranged m

from 0.60 to 41.43 mm, from 1.56 to 6.79 mm/h, from 0.17 to 3.64 mm/h, from 

4.07 to 41.96 mm/h, from 0.43 to 3.03 mm, from 11.53 to 466.38 kg/m3, and 

from 0.17 to 1.51 m-1, respectively, (Table 6.2).  Expectedly, the upper limit of 

each of these ranges was also the maximum recorded value for each of the 

respective variables considered in the entire collected data for this particular 

"60%" slope bare runoff plot. 

6.1.4 "70%" Slope Bare Runoff Plot 

For the "70%" slope bare runoff plot, 19 storm events out of the total of 

32 storm events considered during the two-year in-situ data collection are 
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"rilled" storm events.  As in the "50%" slope bare runoff plot, of the total of 12 

storm events with recorded values for Pmax greater than 100 mm/h, only 9 storm 

events resulted to "rilled" storm events (i.e., storm events from #5 to #7, from 

#10 to #11, #19, #23, #28 and #32).  However, storm events from #5 to #7, #19, 

#23, #28 and #32, although recording maximum values of Pmax greater than 100 

mm/h, did not exhibit variables with large values. Recorded values for ΣQ, Q ,m

Q , Qmax and Dw ranged from 0.21 to 54.48 mm, from 0.26 to 9.69 mm/h, from 

0.11 to 2.38 mm/h, from 0.80 to 24.95 mm/h, and from 0.04 to 2.44 mm, 

respectively, while for c  and N, recorded values ranged from 7.39 to 571.08 

kg/m3 and from 0.17 to 1.66 rills per meter width of runoff plot for the rilled 

runoff plot, respectively (Table 6.2). 

As in the "60%" slope bare runoff plot, minimum recorded values for ΣQ, 

Q ,  Q , Qmax, Dw and c  resulted during those storm events with Pmax less than m

100 mm/h where no rills were observed, except for storm event #3 which also 

yielded minimum recorded value in Q  but resulted to a rilled bare soil surface. 

Storm events #15 and #27, both "plane" storm events, yielded the lowest 

recorded values in Q ,  Q , Qmax, Dw and c , and in ΣQ, respectively.  Although m

storm events #2, #16 and #17 had Pmax greater than 100 mm/h, the recorded 

values for the variables ΣQ, Q ,  Q , Qmax, Dw and c  were relatively larger in m

magnitude compared to the minimum recorded values but failed to affect rilled 

bare soil surface (Table 6.2). 

Maximum recorded values in ΣQ, Q , Qmax, Dw and c  where from m

"rilled" storm events.  Storm event #10 was the only storm event with recorded 

value for Pmax greater than 100 mm/h that yielded maximum-recorded values in 

Q , Qmax and N.  Storm events #4, #9 and #13, storm events with recorded m

values in Pmax less than 100 mm/h, resulted to maximum recorded values in Dw, 

c  and ΣQ, respectively.  "Plane" storm event #14 (with maximum recorded Pmax 

less than 100 mm/h) yielded maximum-recorded value in Q .  Storm events #4, 

#6 and #18 while storm events #10, #11, #21 and #25 resulted to minimum and 

maximum-recorded values of N, respectively (Table 6.2). 

For "plane" storm events, ΣQ, Q ,  Q , Qmax, Dw and c  ranged from 0.21 m

to 6.06 mm, from 0.26 to 7.64 mm/h, from 0.11 to 2.38 mm/h, from 0.80 to 

16.79 mm/h, from 0.04 to 0.33 mm, and from 7.39 to 136.11 kg/m3, 
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respectively, (Table 6.2).  Storm events #15 and #14 resulted to minimum and 

maximum-recorded values in Q ,  Q , Qmax and Dw, respectively.  Storm event m

#27, which yielded the lowest value in ΣQ, understandably resulted to 

maximum-recorded value in c . Storm events #15 and #16, resulted to 

minimum and maximum-recorded values in c  and ΣQ, respectively. 

ΣQ, Q ,  Q , Qmax, Dw and c  ranged from 0.31 to 54.48 mm, from 0.85 m

to 9.69 mm/h, from 0.11 to 2.32 mm/h, from 2.84 to 24.95 mm/h, from 0.32 to 

2.44 mm, and from 26.15 to 571.08 kg/m3, respectively, for rilled storm events 

(Table 6.2). Storm events #3 and #25 equally produced the lowest recorded 

value for Qmax. Storm events #25 and #3 yielded the lowest recorded values in 

ΣQ, Qmax and Dw, and in Qm  and Q  (also in Qmax), respectively; while storm 

event #18 had the lowest recorded value in c . Storm event #13 gave the 

highest recorded values in ΣQ and Q .  Storm events #4 and #9 produced the 

highest recorded values in Dw and c , respectively. 

6.2 Rose and Hairsine Version (1988) of GUEST Erosion Theory 

The Rose and Hairsine version of the process oriented water-induced 

soil erosion model had been based on equation 2-29.  This version used density 

of water ρ in calculating the streampower (equation 2-22), and depositability φ, 

which considered the full settling velocity characteristics of the soil.  This soil 

included even the large-sized soil aggregates that could not be immersed in the 

computed average depth of overland flow (equation 2-34 or equation 2-37) 

resulting from particular storm events. 

A variant of this version where φe was used (but similar ρ) in place of the 

original φ was also investigated for similar dependent variables considered 

previously. 

6.3 Misra and Rose Version (1990) of GUEST Erosion Theory 

The Misra and Rose version of the process oriented water-induced soil 

erosion model considered the effect of soil sediment in the fluid density (ρe) to 

compute the streampower; it also included the settling velocity characteristics 

only of the immersed soil aggregates (φe), whose sizes were less than the 
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estimated depth of the overland flow. Equation 2-52 is used as the basis for 

this particular version of GUEST. 

The values of ct obtained using this particular model were consistently 

the biggest among the models considered. At the 70% slope runoff plot some 

of the values obtained for ct could be close to the density at saturation i.e. at 

60% gravimetric water content of about 1.6(103) kg/m3. For some storm, events 

calculated ct exceeded the theoretical maximum of 2.65(103) kg/m3, the density 

of the soil solids. Some values of ct were negative, particularly during storm 

events #15, #22 and #24. These values, obviously, are just physically 

impossible. 

The characteristic low estimated depth of overland flow (D) after any 

particular storm event was a common feature of the data collected from the 

runoff plots. This was so particularly for the steep slope experimental site. φ e 

decreases in a nonlinear and more rapid way than D.  Combination of a low 

value in D and φ e results in a low value for the term (D φ e) in equation 2-52. 

Consequently, the increase of the numerator and decrease in the denominator 

of equation 2-52 leads to an escalation in the calculated value of ct that can 

reach impossible values (either tremendously large values where calculated ct 

exceeds σ, or negative values). Clearly, ct tends to infinity as the denominator 

approaches 0. 

In equation 2-52, for even lower values of D, ct will result to a negative 

(and so meaningless) value because of the denominator. Since the term (σ - ρ ) 

is always greater than 0 because σ > ρ, the numerator would always be 

positive. Negative value of ct implies 

If the above inequality is met, ct will become negative and meaningless. 

On the other extreme, the value of ct will become tremendously large if 

the subtrahend term of the denominator of equation 2-52 is almost close to 1 

with the value of the numerator previously large because of the small value of 

the term (D φ e). The Misra and Rose (1990) version of the water induced-soil 
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erosion model becomes unstable at conditions when the estimated value of D 

was small, and this was because of its interaction with φe. 

The effects on ct when using only φe (while retaining ρ in the calculation 

of streampower), and of using only ρe (while retaining depositability, φ) were 

also investigated.  The results are presented in table 6.3.  Apparently, the effect 

of using φe (with ρ) generally resulted in relatively much larger values of ct 

compared to the effect of using ρe (with φ, calculated ct could be unrealistically 

large), but the effect was not great compared to the effect on ct when using both 

ρe and φe. Again, because of the position of φe (and D) in equation 2-52 always 

being in the denominator and its interaction with D (wherein at small D the 

resulting φe likewise will be small, making the component D φe much smaller in 

value). 

These unrealistic values of ct obtained when using both ρe and φe 

seemed to suggest a modification to the theory in which Misra and Rose (1990) 

version of water-induced soil erosion model had been based originally. 

To provide idea of the effect of varying soil depositability, the original φe 

was substituted (using the same ρe as before) with φ and similar dependent 

variables were calculated. 

6.4 Rose et al Version (1997) of GUEST Erosion Theory 

As the depth of overland flow, D, decreased for any a particular storm 

event, so does the effective depositability, φe. In addition, φe becomes less than 

φ when D falls below the size of the larger soil aggregates used in determining 

the settling velocity characteristic of the soil. When such larger soil aggregates 

are not fully immersed, (although they may move by rolling along the soil 

surface or by mass movement under the action of gravity), they will serve as 

cover to the eroding soil surface by allowing the water to flow around them. 

Neglecting the cover effect provided by these larger soil aggregates would tend 

to overestimate ct. 

The very high sediment concentrations and very low computed depths of 

overland water recorded at the experimental site, particularly at the steep slope 

runoff plots which led to the development of a theory by Rose et al (1997), 

indicated that a significant fraction of the streampower might be used in 

providing momentum to re-entrained saltating particles, so reducing the 
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Table 6.3  Values of the measured average sediment concentration ( c ) and the 

average sediment concentration at the transport limit ( c ) using varioust 

versions and variants of the GUEST - a customized computer application 

program based on a physical process oriented model for water-induced soil 

erosion as applied to bare runoff plots at various storm events and slopes. 

“10%” Slope Bare Runoff Plot 

Storm 
Event # 

c 
(kg/m3) 

ct  (kg/m3) 

Rose and Rose and Misra and Misra and Rose et al 
Hairsine Hairsine Rose Rose version 
Version Version Version Version (1997) 
(1988) (1988) but (1990) (1990) but 

using φe using φ 
17 53.04 47.88 58.49 60.70 49.36 52.16 
18 22.61 114.60 114.60 123.40 123.40 115.21 
19 85.2 152.36 152.36 168.33 168.33 155.70 
20 49.51 106.57 106.57 114.14 114.14 106.76 
21 52.67 108.18 108.18 116.00 116.00 108.70 
22 61.89 45.00 56.95 59.04 46.29 49.52 
23 63.23 52.13 61.04 63.45 53.87 56.05 
26 11.97 24.16 53.69 55.55 24.53 30.08 
27 11.94 25.12 53.42 55.25 25.52 31.04 
28 42.64 58.02 64.89 67.62 60.20 61.30 
30 38.61 34.32 53.22 55.04 35.07 39.80 
31 20.92 25.38 53.35 55.19 25.79 31.31 
32 33.92 35.82 53.52 55.37 36.63 41.17 

Notes: φ (m/s) - depositability of the soil sediment; and 

φe (m/s) - effective depositability of the soil sediment. 
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Table 6.3 (continued) 

“50%” Slope Bare Runoff Plot 

Storm 
Event # 

c 
(kg/m3) 

ct  (kg/m3) 

Rose and Rose and Misra and Misra and Rose et al 
Hairsine Hairsine Rose Rose version 
Version Version Version Version (1997) 
(1988) (1988) but (1990) (1990) but 

using φe using φ 
1 218.86 193.40 570.95 885.88 219.88 247.83 
2 9.47 55.89 983.95 2540.19 57.91 69.21 
3 17.66 219.55 350.32 448.05 254.32 261.95 
4 11.4 67.28 972.27 2463.81 70.22 99.35 
5 252.08 201.11 492.62 710.57 229.90 268.08 
6 41.92 258.64 409.62 549.87 308.29 310.32 
7 206.24 211.15 590.50 933.84 243.11 290.71 
8 266.91 207.02 574.18 893.67 237.66 284.05 
9 306.38 175.40 562.33 865.29 196.91 252.08 
10 354.98 207.37 591.94 937.45 238.11 286.23 
11 171.76 156.79 657.55 1113.41 173.75 224.85 
13 57.51 226.69 560.60 861.22 263.95 305.76 
14 60.6 104.32 801.99 1601.92 111.56 153.51 
15 9.19 45.65 1165.47 4248.36 46.99 67.20 
16 11.64 51.27 1103.10 3522.47 52.96 75.57 
17 28.75 72.13 941.98 2278.16 75.52 106.53 
18 10.99 275.84 493.95 713.34 333.05 347.59 
19 45.1 190.68 584.29 918.41 216.37 256.34 
20 22.13 242.31 513.72 755.32 285.37 312.83 
21 151.29 52.90 1040.26 2952.86 54.70 73.13 
23 221.82 182.37 607.09 976.03 205.73 246.93 
24 35.9 68.17 926.14 2187.65 71.20 94.52 
25 55.38 187.55 707.44 1264.38 212.35 250.11 
27 48.55 92.18 926.98 2192.35 97.79 118.60 
28 146.51 411.06 681.24 1183.06 552.45 597.68 
29 33.99 49.10 1224.48 5153.79 50.65 61.77 
30 32.94 108.50 868.69 1892.09 116.36 140.63 
31 10.34 85.44 956.67 2366.00 90.24 109.58 
32 427.4 215.31 686.38 1198.64 248.65 289.70 

Notes: φ (m/s) - depositability of the soil sediment; and 

φe (m/s) - effective depositability of the soil sediment. 
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Table 6.3 (continued) 

“60%” Slope Bare Runoff Plot 

Storm 
Event # 

c 
(kg/m3) 

ct  (kg/m3) 

Rose and Rose and Misra and Misra and Rose et al 
Hairsine Hairsine Rose Rose version 
Version Version Version Version (1997) 
(1988) (1988) but (1990) (1990) but 

using φe using φ 
1 11.53 268.02 843.44 1776.26 321.71 302.79 
2 229.96 238.44 1112.58 3620.94 280.01 262.47 
3 5.51 130.09 915.10 2127.02 141.55 150.00 
4 3.85 133.51 906.33 2080.28 145.61 154.15 
5 69.49 424.13 574.51 894.47 576.33 565.97 
6 35.74 593.98 790.43 1556.46 942.59 846.76 
7 70.59 336.80 692.15 1216.34 426.17 415.67 
8 319.99 264.16 723.27 1315.85 316.16 318.21 
9 251.32 321.83 701.33 1244.98 402.48 395.04 
10 466.38 294.15 709.51 1271.00 360.11 357.70 
11 196.49 192.89 780.60 1518.79 219.22 227.31 
13 61.68 392.27 706.05 1259.95 519.05 495.57 
14 65.04 148.48 872.56 1910.53 163.60 172.42 
15 5.47 53.92 1336.19 7951.90 55.79 60.00 
16 9.38 108.96 980.40 2516.67 116.89 124.54 
17 90.67 128.75 918.63 2146.24 139.98 148.38 
18 17.98 280.55 717.13 1295.65 339.93 358.40 
19 87.35 324.15 692.36 1217.01 406.12 418.72 
20 9.82 80.64 1173.93 4363.02 84.90 96.42 
21 49.98 265.08 719.95 1304.89 317.48 337.20 
23 138.05 280.02 726.78 1327.49 339.16 357.86 
24 18.72 89.43 1122.54 3728.59 94.71 107.40 
25 11.67 365.81 731.33 1342.76 473.71 510.48 
27 18.72 188.60 885.79 1975.12 213.70 272.87 
28 167.73 683.19 806.71 1620.83 1188.95 944.39 
29 4.76 141.70 989.18 2575.37 155.41 204.71 
30 13.88 202.33 864.18 1870.83 231.49 292.54 
31 6.93 161.63 938.53 2258.06 179.72 233.83 
32 54.47 413.40 718.59 1300.43 556.69 568.80 

Notes: φ (m/s) - depositability of the soil sediment; and 

φe (m/s) - effective depositability of the soil sediment. 
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Table 6.3 (continued) 

“70%” Slope Bare Runoff Plot 

Storm 
Event # 

c 
(kg/m3) 

ct  (kg/m3) 

Rose and Rose and Misra and Misra and Rose et al 
Hairsine Hairsine Rose Rose version 
Version Version Version Version (1997) 
(1988) (1988) but (1990) (1990) but 

using φe using φ 
1 308.68 237.46 854.21 1824.72 278.66 278.18 
2 12.39 73.89 1432.70 13273.27 77.46 80.80 
3 182.5 198.25 862.18 1861.49 226.17 193.53 
4 51.62 430.14 783.70 1530.55 587.48 538.50 
5 509.14 321.26 770.95 1482.66 401.59 349.66 
6 158.61 389.33 747.74 1399.16 513.90 466.28 
7 273.32 192.07 889.08 1991.57 218.15 186.42 
8 527.87 233.77 844.40 1780.53 273.59 234.11 
9 571.08 237.23 844.91 1782.80 278.35 238.15 
10 487.02 285.26 823.24 1689.00 346.87 297.53 
11 218.42 268.55 829.99 1717.65 322.47 276.25 
13 88.62 264.79 837.18 1748.73 317.06 271.38 
14 58.69 138.92 1023.76 2823.68 152.07 129.72 
15 7.39 35.89 1846.40 -12338.59 36.71 31.26 
16 13.29 74.46 1315.86 7282.47 78.07 66.55 
17 31.89 69.29 1358.51 8813.87 72.42 61.73 
18 26.15 546.14 1064.13 3153.60 827.55 898.86 
19 76.71 405.95 1107.25 3565.13 543.26 575.85 
20 41.07 430.35 1086.30 3356.66 587.88 624.59 
21 474.57 310.77 1186.12 4536.28 385.33 408.45 
23 150.05 370.26 1143.28 3967.66 481.19 509.30 
24 36.79 112.14 1750.62 -19449.66 120.56 128.04 
25 120.21 303.53 1135.79 3878.98 374.26 427.78 
27 136.11 141.46 1512.30 25904.53 155.12 183.70 
28 179.02 658.89 1096.28 3453.87 1117.23 1130.89 
29 15.75 123.74 1600.87 495061.91 134.07 159.07 
30 33.57 192.73 1338.34 8028.75 219.01 257.38 
31 16.72 132.31 1555.53 49443.90 144.19 170.93 
32 510.66 554.36 1024.88 2832.19 846.58 886.18 

Notes: φ (m/s) - depositability of the soil sediment; and 

φe (m/s) - effective depositability of the soil sediment. 
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streampower effective in erosion.  Some of this reduced effective streampower 

would be dissipated in flowing around incompletely immersed larger soil 

sediments, only the remaining fraction being available for erosion. Equation 2

73, which incorporated the effects of the exposure factor (1 – C), density of the 

sediment laden water ρ e, saltation shear stress and the usual effective 

depositability φ e, was the basis of the Rose et al version (1997) of GUEST 

(results of which are also given in Table 6.3). To compute ct for “plane” storm 

events, the multiplying factor b (i.e., ratio of bottom width to wetted perimeter) is 

equal to 1 and the hydraulic radius R is equal to the equivalent depth of 

overland flow D (giving equation 2-74); however, for “rilled” storm events ct can 

be determined depending on the geometrical shape of the rills (either 

trapezoidal or rectangular). 

The exposure factor (1 – C) defined by equation 2-67 (as well as φ e) was 

calculated from the settling velocity characteristic of the soil sampled from the 

bare runoff plots at the experimental site. The Rubey-Watson relationship 

between the settling velocity, ν fi and the effective particle diameter, dei, was also 

used. Digman (1984) provided the equation by Rubey-Watson relationship as, 

3 ] 2 1 2[ 48 .3 µ + 0884.0 ρ g(ρ ρ − ) d − 87.1 µ
= p eν f 265. 0 ρ de 

where, 


ν f - settling velocity; 


µ - dynamic viscosity of water; 


ρ - density of water;


g - acceleration due to the pull of gravity;


ρ p - effective particle density; and 


de - effective particle diameter. 


Equating d i.e., the maximum diameter of soil particles involved in the 

entrainment (and re-entrainment) processes, with D allows the estimation of 

maximum v and ultimately the calculation of (1 – C) and φ e.  By definition, both 

the exposure factor (1 – C) and the effective depositability φ e tend to zero 

together with D.  Also, (1 – C) tends to 1, and φ e to φ as D increases.  The 

dynamic viscosity of water µ , varies a little with temperature (µ ≈ 0.894(10-3) Pa

s at 25Ε C).  Particle density ρ s has a strong effect on the Rubey-Watson 

relationship (Lisle, Coughlan and Rose, 1996).  Results from the use of the 
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Rubey-Watson relationship are in reasonable agreement with those used in 

CREAMS (Knisel, 1980).  Both approaches allow the effect of ρs on settling 

velocity to be considered.  The Rubey-Watson model was chosen for 

conversion of particle size to settling velocity because the algorithm is partly 

based on physical processes involved in sedimentation.  Also, when aggregate 

diameter is approximately # 0.05 mm, the model reduces to Stokes law 

(Ciesiolka and Coughlan, 1995). 

1 − C
Even if, as implied by equation 2-72, c t ∝ , as D decreases, both 

φe 

(1 – C) and φe are reduced, so that the effect on ct of varying D in isolation is not 

immediately apparent, particularly at very low values of D. 

Soil samples from each of the bare runoff plots in all slopes at the 

experimental site were periodically collected for the MBWT (an acronym for 

Modified Bottom Withdrawal Tube) technique to determine the settling velocity 

characteristic.  The curves of best fit for the exposure factor (1 – C), and the 

effective depositability φe, as a function of water depth D were best described by 

a linearizable nonlinear regression of the form y = 1 - eax and a polynomial 

regression of at most degree 4 passing through the origin.  These regression 

equations were incorporated with the spreadsheet form of the GUEST model to 

provide the corresponding values of (1 – C) and φe at any computed D. An 

example of the graph relating (1 – C), φe and D is shown in figure 6.1 for 

D ≤ 4mm, where 4mm was the approximate size of the largest soil aggregate 

stable to wetting with φe = 0.092 m/s.  Presbitero et al (2001) showed that the 

ratio of exposure factor (1 – C) to effective depositability φe varies in a 

consistent and approximately slope-independent manner with flow velocity. 

The total shear stress τ, the saltation stress τsa, and finally, the surface 

shear stress τs, were calculated for each storm event using equations 2-21, 2

63 and 2-64, respectively.  The erosive surface shear stresses τse, for "plane" 

and "rilled" storm events were computed from equations 2-70 and 2-71, 

respectively.  Finally, the estimated values of ct in each storm event were 

calculated using equation 2-74 for "plane" storm events, and using either 

equation 2-73 (after R and b, from A and Wp, have been computed for 

trapezoid-shaped rill), or equation 2-75 (for rectangular-shaped rill) for "rilled" 
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storm events depending on the resulting geometrical shape of the cross-section 

of the rills formed.  The results of these computations are presented in table 6.4. 

The computed ratios of τsa/τ and τsa/τs describe the proportion of the 

saltation shear stress with respect to the total surface shear stress effective in 

runoff entrainment and re-entrainment processes, respectively, using both the 

average sediment concentration c , and the sediment concentration at the 

transport limit ct . These ratios are presented in table 6.5.  When the ratios τsa/τ 

and τsa/τs were curve-fitted to c , the results were consistently of the form y =a x 

(i.e., slope-no intercept form of a straight line) in all the bare runoff plots, and 

consistently of the power form y =a xb when curve-fitted to ct  except for the 

"10%" slope bare runoff plot which followed the slope-no intercept form of the 

straight line (Table 6.6; Figures 6.4, 6.5, 6.6 and 6.7). The curve fitting analysis 

was opted to pass through the origin for the obvious physical reason that no 

sediment concentration results from the absence of any applied shear stress. 

The "fit" for each curve was significant at 0.001 probability level with R2 ranging 

from 0.90 to 0.97 and from 0.89 to 0.97 using c  and c , respectively.  Theset 

derived relationships simply indicated the importance of the contribution made 

by saltation shear stress in the resulting sediment concentration from water-

induced soil erosion process.  The apparent linear relationship between the c 

and the ratios τsa/τ and τsa/τs is indicative of the increasing contribution of τsa in 

the overall water-induced soil erosion mechanism as c  increases.  With c = ct 

these relationships are non-linear (Figures 6.6 and 6.7). 

From the bare runoff plot of about 10% slope, the ratio τsa/τ ranged from 

0.70% to 4.66% and from 1.75% to 6.84% for c  and c , respectively.  The ratio t 

τsa/τs ranged from 0.71% to 4.89% and from 1.78% to 7.34% for c  and c ,t

respectively.  The upper limits of the ratios were for storm events that resulted 

in the formation of rills observable after the occurrence of the event, except 

when c was used in the computation.  For storm events #17, #22 and #23, 

however, computed values for ct  were lower than the observed c , an 

indication of mass movement which actually had been observed by the author 

to take place in some instances, even at such a modest slope of about 10%.  As 

discussed in Chapter 3 (The Experimental Methods) of this dissertation, it was 

unfortunate that this bare runoff plot was artificially constructed on top of a 
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Table 6.4  Calculated values of total shear stress (τ), saltation shear stress (τsa), 

surface shear stress (τs) and effective surface shear stress (τse) for the measured 

average sediment concentration ( c ) and sediment concentration at the transport limit 

( c ) from all bare runoff plots for various storm events and slopes. t 

“10%” Slope Bare Runoff Plot 

Storm 
Event # 

c 
(kg/m 3) 

c t 
(kg/m 3) 

τ ( c ) 
(Pa) 

τsa ( c ) 
(Pa) 

τs ( c ) 
(Pa) 

τse ( c ) 
(Pa) 

τ ( c t ) 

(Pa) 

τsa ( c t ) 

(Pa) 

τs ( c t ) 

(Pa) 

τse ( c t ) 

(Pa) 

17 53.04 52.16 1.34 0.05 1.28 1.15 1.34 0.05 1.28 1.15 
18 22.61 115.21 5.61 0.07 5.54 5.54 5.93 0.37 5.57 5.57 
19 85.2 155.70 9.99 0.39 9.60 9.60 10.40 0.71 9.69 9.69 
20 49.51 106.76 4.93 0.14 4.78 4.78 5.10 0.31 4.79 4.79 
21 52.67 108.70 5.65 0.17 5.48 5.48 5.84 0.34 5.50 5.50 
22 61.89 49.52 1.22 0.06 1.17 1.02 1.22 0.04 1.17 1.03 
23 63.23 56.05 1.53 0.07 1.46 1.35 1.52 0.06 1.46 1.35 
26 11.97 30.08 0.47 0.00 0.46 0.26 0.47 0.01 0.46 0.26 
27 11.94 31.04 0.50 0.00 0.49 0.29 0.50 0.01 0.49 0.29 
28 42.64 61.30 1.77 0.06 1.72 1.64 1.79 0.08 1.71 1.63 
30 38.61 39.80 0.80 0.02 0.78 0.59 0.80 0.02 0.78 0.59 
31 20.92 31.31 0.51 0.01 0.50 0.29 0.51 0.01 0.50 0.29 
32 33.92 41.17 0.86 0.02 0.83 0.64 0.86 0.03 0.83 0.64 
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Table 6.4 (continued) 

“50%” Slope Bare Runoff Plot 

Storm 
Event # 

c 
(kg/m 3) 

c t 
(kg/m 3) 

τ ( c ) 
(Pa) 

τsa ( c ) 
(Pa) 

τs ( c ) 
(Pa) 

τse ( c ) 
(Pa) 

τ ( c t ) 

(Pa) 

τsa ( c t ) 

(Pa) 

τs ( c t ) 

(Pa) 

τse ( c t ) 

(Pa) 

1 218.86 247.83 4.99 0.31 4.68 1.89 5.07 0.35 4.71 1.91 
2 9.47 69.21 0.62 0.00 0.62 0.04 0.64 0.00 0.64 0.04 
3 17.66 261.95 10.90 0.10 10.80 7.86 12.54 1.46 11.07 8.06 
4 11.40 99.35 1.04 0.00 1.03 0.10 1.09 0.01 1.08 0.11 
5 252.08 268.08 7.74 0.67 7.07 3.63 7.80 0.71 7.09 3.64 
6 41.92 310.32 11.87 0.25 11.62 8.50 13.80 1.83 11.97 8.76 
7 206.24 290.71 6.80 0.45 6.35 2.91 7.12 0.63 6.49 2.97 
8 266.91 284.05 7.03 0.58 6.45 2.97 7.09 0.62 6.47 2.98 
9 306.38 252.08 6.21 0.52 5.68 2.30 6.03 0.43 5.60 2.27 

10 354.98 286.23 7.17 0.74 6.43 2.89 6.92 0.60 6.33 2.84 
11 171.76 224.85 4.19 0.18 4.01 1.27 4.32 0.24 4.08 1.30 
13 57.51 305.76 7.18 0.15 7.03 3.57 8.25 0.82 7.43 3.78 
14 60.60 153.51 2.06 0.02 2.04 0.37 2.17 0.06 2.12 0.38 
15 9.19 67.20 0.58 0.00 0.58 0.03 0.60 0.00 0.60 0.03 
16 11.64 75.57 0.69 0.00 0.69 0.05 0.72 0.00 0.71 0.05 
17 28.75 106.53 1.16 0.00 1.16 0.12 1.22 0.02 1.20 0.13 
18 10.99 347.59 8.25 0.04 8.21 5.42 9.97 1.23 8.74 5.77 
19 45.10 256.34 4.26 0.06 4.20 1.71 4.80 0.34 4.47 1.82 
20 22.13 312.83 6.56 0.06 6.51 3.70 7.74 0.80 6.93 3.94 
21 151.29 73.13 0.62 0.01 0.61 0.04 0.59 0.00 0.59 0.04 
23 221.82 246.93 4.30 0.25 4.05 1.53 4.36 0.28 4.08 1.54 
24 35.90 94.52 0.85 0.00 0.85 0.08 0.88 0.01 0.87 0.08 
25 55.38 250.11 2.07 0.02 2.05 0.66 2.32 0.11 2.21 0.71 
27 48.55 118.60 0.69 0.00 0.69 0.08 0.72 0.01 0.71 0.09 
28 146.51 597.68 7.53 0.32 7.21 5.35 9.47 1.31 8.16 6.05 
29 33.99 61.77 0.27 0.00 0.27 0.01 0.27 0.00 0.27 0.01 
30 32.94 140.63 0.88 0.00 0.87 0.13 0.93 0.02 0.92 0.14 
31 10.34 109.58 0.60 0.00 0.60 0.07 0.64 0.01 0.63 0.07 
32 427.40 289.70 3.13 0.25 2.88 1.09 2.92 0.17 2.75 1.04 
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Table 6.4 (continued) 

“60%” Slope Bare Runoff Plot 

Storm 
Event # 

c 
(kg/m 3) 

c t 
(kg/m 3) 

τ ( c ) 
(Pa) 

τsa ( c ) 
(Pa) 

τs ( c ) 
(Pa) 

τse ( c ) 
(Pa) 

τ ( c t ) 

(Pa) 

τsa ( c t ) 

(Pa) 

τs ( c t ) 

(Pa) 

τse ( c t ) 

(Pa) 

1 11.53 302.79 10.47 0.04 10.44 3.41 12.36 0.93 11.43 3.73 
2 229.96 262.47 7.84 0.36 7.47 1.60 7.97 0.41 7.56 1.62 
3 5.51 150.00 1.38 0.00 1.38 0.21 1.50 0.03 1.47 0.23 
4 3.85 154.15 1.43 0.00 1.43 0.23 1.57 0.04 1.53 0.24 
5 69.49 565.97 14.84 0.40 14.45 12.64 19.24 3.22 16.02 14.02 
6 35.74 846.76 17.33 0.23 17.10 15.23 25.89 5.51 20.38 18.16 
7 70.59 415.67 6.50 0.15 6.34 3.42 7.83 0.90 6.93 3.74 
8 319.99 318.21 4.97 0.40 4.58 1.83 4.97 0.39 4.57 1.82 
9 251.32 395.04 6.60 0.48 6.12 3.10 7.11 0.76 6.35 3.21 

10 466.38 357.70 6.36 0.73 5.62 2.56 6.02 0.56 5.46 2.48 
11 196.49 227.31 2.86 0.12 2.74 0.73 2.91 0.14 2.77 0.74 
12 317.82 69.44 0.54 0.01 0.53 0.03 0.47 0.00 0.47 0.03 
13 61.68 495.57 8.14 0.18 7.96 4.96 10.25 1.43 8.83 5.50 
14 65.04 172.42 1.75 0.02 1.73 0.32 1.86 0.05 1.80 0.33 
15 5.47 60.00 0.37 0.00 0.37 0.02 0.38 0.00 0.38 0.02 
16 9.38 124.54 1.06 0.00 1.06 0.13 1.14 0.02 1.12 0.13 
17 90.67 148.38 1.43 0.02 1.41 0.21 1.48 0.03 1.45 0.22 
18 17.98 358.40 6.59 0.04 6.55 2.97 7.97 0.79 7.18 3.26 
19 87.35 418.72 8.88 0.27 8.61 4.71 10.62 1.30 9.32 5.09 
20 9.82 96.42 0.91 0.00 0.91 0.07 0.96 0.01 0.95 0.07 
21 49.98 337.20 6.17 0.10 6.07 2.58 7.24 0.66 6.58 2.80 
23 138.05 357.86 6.95 0.29 6.66 2.97 7.83 0.76 7.07 3.15 
24 18.72 107.40 1.07 0.00 1.07 0.10 1.13 0.01 1.12 0.10 
25 11.67 510.48 2.77 0.01 2.76 1.63 3.62 0.37 3.26 1.92 
27 18.72 272.87 1.01 0.00 1.00 0.27 1.16 0.04 1.12 0.31 
28 167.73 944.39 8.07 0.39 7.68 6.99 11.61 2.20 9.41 8.56 

29 4.76 204.71 0.65 0.00 0.65 0.12 0.73 0.02 0.71 0.13 
30 13.88 292.54 1.11 0.00 1.11 0.33 1.31 0.05 1.25 0.37 
31 6.93 233.83 0.79 0.00 0.79 0.18 0.90 0.03 0.88 0.20 
32 54.47 568.80 3.46 0.05 3.41 2.26 4.53 0.53 3.99 2.65 
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Table 6.4 (continued) 

“70%” Slope Bare Runoff Plot 

Storm 
Event # 

c 
(kg/m 3) 

c t 
(kg/m 3) 

τ ( c ) 
(Pa) 

τsa ( c ) 
(Pa) 

τs ( c ) 
(Pa) 

τse ( c ) 
(Pa) 

τ ( c t ) 

(Pa) 

τsa ( c t ) 

(Pa) 

τs ( c t ) 

(Pa) 

τse ( c t ) 

(Pa) 

1 308.68 278.18 5.93 0.43 5.50 1.64 5.84 0.39 5.44 1.62 
2 12.39 80.80 0.81 0.00 0.81 0.04 0.84 0.01 0.84 0.05 
3 182.50 193.53 4.44 0.19 4.25 0.89 4.47 0.20 4.26 0.89 
4 51.62 538.50 15.68 0.31 15.36 9.43 20.28 3.28 17.00 10.44 
5 509.14 349.66 11.69 1.65 10.04 4.18 10.81 1.13 9.68 4.02 
6 158.61 466.28 14.53 0.84 13.69 7.73 17.06 2.46 14.60 8.25 
7 273.32 186.42 4.35 0.26 4.10 0.80 4.15 0.18 3.98 0.78 
8 527.87 234.11 6.71 0.78 5.93 1.53 5.79 0.35 5.44 1.40 
9 571.08 238.15 6.98 0.87 6.12 1.60 5.91 0.36 5.55 1.45 

10 487.02 297.53 8.93 1.10 7.83 2.60 8.12 0.67 7.45 2.48 
11 218.42 276.25 7.07 0.43 6.64 2.04 7.30 0.55 6.75 2.07 
12 23.97 42.67 0.46 0.00 0.46 0.01 0.47 0.00 0.47 0.01 
13 88.62 271.38 6.38 0.17 6.21 1.86 7.07 0.52 6.56 1.96 
14 58.69 129.72 2.29 0.02 2.26 0.27 2.38 0.05 2.33 0.28 
15 7.39 31.26 0.29 0.00 0.29 0.00 0.30 0.00 0.29 0.00 
16 13.29 66.55 0.87 0.00 0.87 0.04 0.90 0.01 0.89 0.04 
17 31.89 61.73 0.79 0.00 0.79 0.03 0.81 0.00 0.80 0.04 
18 26.15 898.86 12.60 0.09 12.51 8.06 19.34 3.09 16.25 10.47 
19 76.71 575.85 7.29 0.13 7.16 3.05 9.46 0.96 8.49 3.62 
20 41.07 624.59 8.00 0.08 7.92 3.69 10.83 1.22 9.62 4.49 
21 474.57 408.45 5.74 0.42 5.32 1.56 5.56 0.36 5.20 1.53 
23 150.05 509.30 6.41 0.20 6.21 2.30 7.72 0.67 7.05 2.61 
24 36.79 128.04 0.94 0.00 0.94 0.06 0.99 0.01 0.98 0.07 
25 120.21 427.78 2.27 0.04 2.23 0.70 2.68 0.15 2.53 0.80 
27 136.11 183.70 0.71 0.01 0.71 0.08 0.73 0.01 0.72 0.08 
28 179.02 1130.90 7.88 0.32 7.57 5.49 12.09 1.99 10.10 7.32 
29 15.75 159.07 0.54 0.00 0.54 0.05 0.59 0.01 0.59 0.05 
30 33.57 257.38 1.07 0.00 1.07 0.18 1.22 0.03 1.19 0.20 
31 16.72 170.93 0.60 0.00 0.60 0.06 0.66 0.01 0.65 0.07 
32 510.66 886.18 7.45 0.70 6.75 4.36 8.77 1.21 7.56 4.89 
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Table 6.5  Computed values for ratio between saltation shear stress (τsa) and 

τsathe total shear stress (τ) i. e., , and the ratio between saltation shear stress 
τ 

and the surface shear stress (τs) i. e., saτ 
τ

 using measured average sediment 
s 

concentration ( c ) and sediment concentration at the transport limit ( c ) for the t 

bare runoff plots at various slopes. 

“10%” Slope Bare Runoff Plot 

Storm 
Event # 

c  (kg/m  3) 
tc  (kg/m  3) τsa / τ (%) 

for c 
τsa /τs (%) 

for c 
τsa /τ (%) 

for ct 

τsa /τs (%) 

for ct 

17 53.04 52.16 3.93 4.09 3.87 4.03 

18R 22.61 115.21 1.29 1.30 6.20 6.61 

19R 85.2 155.70 3.90 4.06 6.84 7.34 

20R 49.51 106.76 2.91 3.00 6.06 6.45 

21R 52.67 108.70 2.95 3.04 5.89 6.26 

22 61.89 49.52 4.55 4.76 3.66 3.80 

23 63.23 56.05 4.66 4.89 4.15 4.33 

26 11.97 30.08 0.70 0.71 1.75 1.78 

27 11.94 31.04 0.72 0.73 1.85 1.89 

28 42.64 61.30 3.16 3.26 4.49 4.70 

30 38.61 39.80 2.69 2.76 2.77 2.85 

31 20.92 31.31 1.26 1.28 1.88 1.91 

32 33.92 41.17 2.41 2.46 2.91 2.99 

Note: R - with post-storm event occurrence of rill(s). 
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Table 6.5 (continued) 

“50%” Slope Bare Runoff Plot 

Storm 
Event # 

c  (kg/m  3) 
tc  (kg/m  3) τsa / τ (%) 

for c 
τsa /τs (%) 

for c 
τsa /τ (%) 

for ct 

τsa /τs (%) 

for ct 

1R 218.86 247.83 6.23 6.64 6.94 7.46 

2 9.47 69.21 0.10 0.10 0.69 0.70 

3R 17.66 261.95 0.91 0.91 11.67 13.21 

4 11.40 99.35 0.14 0.14 1.17 1.19 

5R 252.08 268.08 8.62 9.44 9.09 10.00 

6R 41.92 310.32 2.08 2.13 13.26 15.29 

7R 206.24 290.71 6.56 7.02 8.83 9.69 

8R 266.91 284.05 8.28 9.03 8.73 9.57 

9R 306.38 252.08 8.45 9.24 7.16 7.71 

10R 354.98 286.23 10.31 11.49 8.61 9.43 

11R 171.76 224.85 4.34 4.53 5.51 5.83 

13R 57.51 305.76 2.15 2.20 9.95 11.05 

14 60.60 153.51 1.10 1.12 2.65 2.72 

15 9.19 67.20 0.08 0.08 0.56 0.56 

16 11.64 75.57 0.11 0.11 0.70 0.70 

17 28.75 106.53 0.38 0.38 1.34 1.36 

18R 10.99 347.59 0.47 0.47 12.37 14.12 

19R 45.10 256.34 1.39 1.41 7.02 7.55 

20R 22.13 312.83 0.86 0.87 10.36 11.56 

21 151.29 73.13 1.33 1.35 0.67 0.68 

23R 221.82 246.93 5.88 6.24 6.45 6.90 

24 35.90 94.52 0.43 0.43 1.09 1.11 

25R 55.38 250.11 1.13 1.14 4.57 4.79 

27 48.55 118.60 0.54 0.54 1.26 1.28 

28R 146.51 597.68 4.28 4.47 13.88 16.11 

29 33.99 61.77 0.21 0.21 0.37 0.38 

30 32.94 140.63 0.43 0.43 1.71 1.74 

31 10.34 109.58 0.11 0.11 1.09 1.10 

32R 427.40 289.70 7.87 8.54 5.72 6.07 

Note: R - with post-storm event occurrence of rill(s). 
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Table 6.5 (continued) 

“60%” Slope Bare Runoff Plot 

Storm 
Event # 

c  (kg/m  3) 
tc  (kg/m  3) τsa / τ (%) 

for c 
τsa /τs (%) 

for c 
τsa /τ (%) 

for ct 

τsa /τs (%) 

for ct 

1R 11.53 302.79 0.34 0.34 7.54 8.16 

2R 229.96 262.47 4.61 4.84 5.18 5.46 

3 5.51 150.00 0.09 0.09 2.30 2.36 

4 3.85 154.15 0.07 0.07 2.41 2.47 

5R 69.49 565.97 2.66 2.74 16.74 20.10 

6R 35.74 846.76 1.34 1.36 21.29 27.05 

7R 70.59 415.67 2.35 2.40 11.47 12.95 

8R 319.99 318.21 7.96 8.65 7.93 8.61 

9R 251.32 395.04 7.33 7.90 10.69 11.97 

10R 466.38 357.70 11.56 13.07 9.36 10.32 

11R 196.49 227.31 4.16 4.34 4.73 4.96 

12 317.82 69.44 2.25 2.30 0.56 0.57 

13R 61.68 495.57 2.18 2.23 13.91 16.15 

14 65.04 172.42 1.18 1.19 2.93 3.02 

15 5.47 60.00 0.04 0.04 0.43 0.43 

16 9.38 124.54 0.13 0.13 1.66 1.68 

17 90.67 148.38 1.43 1.45 2.26 2.31 

18R 17.98 358.40 0.60 0.60 9.86 10.94 

19R 87.35 418.72 3.06 3.16 12.28 13.99 

20 9.82 96.42 0.11 0.11 1.04 1.05 

21R 49.98 337.20 1.58 1.60 9.08 9.99 

23R 138.05 357.86 4.24 4.42 9.75 10.81 

24 18.72 107.40 0.23 0.23 1.26 1.28 

25R 11.67 510.48 0.30 0.30 10.08 11.21 

27 18.72 272.87 0.29 0.29 3.63 3.76 

28R 167.73 944.39 4.83 5.08 18.91 23.33 

29 4.76 204.71 0.06 0.06 2.19 2.24 

30 13.88 292.54 0.23 0.23 4.09 4.26 

31 6.93 233.83 0.09 0.09 2.77 2.85 

32R 54.47 568.80 1.48 1.50 11.78 13.35 

Note: R - with post-storm event occurrence of rill(s). 
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Table 6.5 (continued) 

“70%” Slope Bare Runoff Plot 

Storm 
Event # 

c  (kg/m  3) 
tc  (kg/m  3) τsa / τ (%) 

for c 
τsa /τs (%) 

for c 
τsa /τ (%) 

for ct 

τsa /τs (%) 

for ct 

1R 308.68 278.18 7.31 7.89 6.70 7.18 

2 12.39 80.80 0.12 0.12 0.74 0.75 

3R 182.50 193.53 4.30 4.49 4.53 4.75 

4R 51.62 538.50 2.01 2.05 16.17 19.29 

5R 509.14 349.66 14.08 16.39 10.46 11.68 

6R 158.61 466.28 5.75 6.10 14.40 16.82 

7R 273.32 186.42 5.89 6.26 4.21 4.40 

8R 527.87 234.11 11.60 13.12 5.97 6.34 

9R 571.08 238.15 12.39 14.15 6.10 6.50 

10R 487.02 297.53 12.34 14.07 8.29 9.04 

11R 218.42 276.25 6.12 6.52 7.50 8.11 

12 23.97 42.67 0.17 0.17 0.30 0.30 

13R 88.62 271.38 2.64 2.71 7.29 7.87 

14 58.69 129.72 1.07 1.08 2.26 2.32 

15 7.39 31.26 0.04 0.04 0.16 0.16 

16 13.29 66.55 0.14 0.14 0.69 0.69 

17 31.89 61.73 0.31 0.32 0.60 0.60 

18R 26.15 898.86 0.71 0.72 15.96 18.99 

19R 76.71 575.85 1.76 1.79 10.17 11.32 

20R 41.07 624.59 1.00 1.01 11.22 12.64 

21R 474.57 408.45 7.30 7.87 6.49 6.94 

23R 150.05 509.30 3.08 3.18 8.68 9.50 

24 36.79 128.04 0.30 0.30 0.98 0.99 

25R 120.21 427.78 1.85 1.88 5.59 5.92 

27 136.11 183.70 1.07 1.08 1.41 1.43 

28R 179.02 1130.89 4.00 4.17 16.49 19.74 

29 15.75 159.07 0.12 0.12 1.09 1.10 

30 33.57 257.38 0.37 0.37 2.50 2.56 

31 16.72 170.93 0.13 0.13 1.24 1.26 

32R 510.66 886.18 9.35 10.31 13.77 15.97 

Note: R - with post-storm event occurrence of rill(s). 
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Table 6.6 Curves of best fit for ratio between saltation shear stress (τsa) and the 

τsatotal shear stress (τ) i. e., , and the ratio between saltation shear stress and 
τ 

the surface shear stress (τs) i. e., saτ 
τ

 using measured average sediment 
s 

concentration ( c ) and sediment concentration at the transport limit ( c ) for the t 

bare runoff plots at various slopes. 

a) Using c  (kg/m3) 

Slope (%) Curve of Best Fit for 
τsa / τ (%) 

R2 Curve of Best Fit for 
τsa / τs (%) 

R2 

10 6.28(10-2) c  0.97*** 6.51(10-2) c  0.97*** 

50 2.60(10-2) c  0.94*** 2.82(10-2) c  0.94*** 

60 2.25(10-2) c  0.90*** 2.44(10-2) c  0.90*** 

70 2.21(10-2) c  0.96*** 2.47(10-2) c  0.96*** 

b) Using c  (kg/m3)t

Slope (%) Curve of Best Fit for 
τsa / τ (%) 

R2 Curve of Best Fit for 
τsa / τs (%) 

R2 

10 5.52(10-2) ct 0.97*** 5.84(10-2) ct 0.97*** 

50 2.50(10-4) ct 
1.83 0.95*** 1.85(10-4) ct 

1.90 0.95*** 

60 1.27(10-3) ct 
1.48 0.95*** 8.61(10-4) ct 

1.56 0.95*** 

70 2.20(10-3) ct 
1.35 0.89*** 1.74(10-3) ct 

1.41 0.89*** 

***Note:  - significant at 0.001 probability level at α = 5%. 
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Figure 6.4  Giving variation of the ratio between saltation shear stress (τsa) and 

τsathe total shear stress (τ) i.e., in percentage (%) with measured average 
τ

sediment concentration ( c ) for the bare runoff plots at various slopes. 
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Figure 6.4 (continued) 
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Figure 6.4 (continued)
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Figure 6.4 (continued) 
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Figure 6.5  Giving variation of the ratio between saltation shear stress (τsa) and 

τsathe surface shear stress (τs) i.e., in percentage (%) with measured average 
τs 

sediment concentration ( c ) for the bare runoff plots at various slopes. 



6-43 
Figure 6.5 (continued) 
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Figure 6.5 (continued)
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Figure 6.5 (continued) 
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Figure 6.6  Giving variation of the ratio between saltation shear stress (τsa) and 

τsathe total shear stress (τ) i.e., in percentage (%) with sediment concentration 
τ

at the transport limit ( c ) for the bare runoff plots at various slopes. t 
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Figure 6.6 (continued) 
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Figure 6.6 (continued)
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Figure 6.6 (continued) 
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Figure 6.7  Giving variation of the ratio between saltation shear stress (τsa) and 

τsathe surface shear stress (τs) i.e., in percentage (%) with sediment 
τs 

concentration at the transport limit ( c ) for the bare runoff plots at varioust 

slopes. 
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Figure 6.7 (continued) 
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Figure 6.7 (continued)
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Figure 6.7 (continued) 
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relatively impermeable soil base which perhaps might have caused the runoff 

water that initially infiltrated to exfiltrate back to the soil surface, possibly 

increasing sediment concentration and erosion. 

Storm events #9, #10 (both "rilled" storm events) and #21 gave values 

for ct lower than the observed c  for the bare runoff plot at about 50%. Mass 

movement and/or rolling of large soil particles were actually observed by the 

author, not only in the 50% slope bare runoff plot, but also with the other bare 

runoff plots at slopes of about 60% and about 70%.  The upper limits of the 

ratios τsa/τ and τsa/τs, using either c  or c , were calculated for "rilled" storm t 

events (storm events #10 and #28).  Lower limits resulted from "plane" storm 

events (storm events #15 and #29).  Using c , the ratios τsa/τ and τsa/τs ranged 

from 0.08% to 10.31% and from 0.08% to 11.49%, respectively, while using c  ,t

the respective ratios ranged from 0.37% to 13.88% and from 0.38% to 16.11%. 

The "plane" storm event #15 (60% slope) resulted in lower limit values 

for the ratios τsa/τ and τsa/τs using either c  or ct .  Storm events #8, #10 (both 

"rilled" storm events) and #12 had computed values for ct lower than the 

observed c . Because of the dynamic nature of rill formation (and 

disappearance), there is a very strong suspicion that rills "imprinted" on the soil 

surface of the bare runoff plot could be buried by the end of the storm event, 

when rill measurement was made.  Although it would be a big task to keep track 

of rill activity during the actual storm event, it appears that information on rill 

made after the storm event took place tended to under estimate what took 

place. Storm event #21 at "50%" slope bare runoff plot (with c  of 151.29 

kg/m3), and storm event #12 of "60%" slope bare runoff plot (with c  of 317.82 

kg/m3) were recorded as "plane" storm events in spite of having relatively large 

values of c . Until a better method of quantifying rill dynamics had been 

developed, this limitation should always be considered in interpreting results of 

the analysis of field collected data. Using c , the ratios τsa/τ and τsa/τs ranged 

from 0.04% to 11.56% and from 0.04% to 13.07%, respectively.  Using ct 

resulted in ranges from 0.43% to 21.29% and from 0.43% to 27.05% for similar 

respective ratios.  As observed in the "50%" slope bare runoff plot, the upper 

limits of the ratios resulted from "rilled" storm events (storm events #6 and #10). 
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"Rilled" storm events #5 and #28 at the "70%" slope bare runoff plot gave 

the upper limits for the range of values of the ratios τsa/τ and τsa/τs, while the 

"plane" storm event #15 consistently resulted in the values of the lower limits for 

similar ratios.  No "plane" storm event resulted in any value of c  greater than 

the computed c , which occurred for "rilled" storm events #1, #5, #7 to #10 and t 

#21. Mass movement and/or rolling of larger soil aggregates at this relatively 

steep slope, as observed by the author, were likely reasons for values of c 

larger than the computed ct .  The ratios τsa/τ and τsa/τs using c  ranged from 

0.04% to 14.08% and from 0.04% to 16.39%, while when using c , the same t 

ratios ranged from 0.16% to 16.49% and from 0.16% to 19.74%. 

High values of R2 showed tight relationship between τse (and τ) and c  or 

ct  (Table 6.7). 

As expected from equations 2-21 and 2-63, saltation shear stress (τsa) 

will become increasingly important relative to the total shear stress (τ) as the 

sediment concentration increases.  However, as shown in equation 2-63, τsa 

depends on V, φe and c, and unless c = ct, there is no general relationship 

among the variables V, φe and c alone, as shown for overland flow by Hairsine 

and Rose (1992a, b).  Variation in these relationships due to the effect of other 

factors, such as soil strength, is the cause of the scatter of the plot between the 

ratio τsa/τ versus c  (Figure 6.4). 

At the transport limiting condition (i.e., where c = ct) at a particular slope 

S, and hydraulic radius R, equations 2-21 with 2-50 show that τ will be an 

analytic function of ct. In addition, at this condition, equation 2-63 shows that τsa 

as a function of V, φe and ct. As shown in equation 2-74, the equation used to 

calculate ct for storm events that leave the soil surface un-rilled (i.e., plane or 

sheet flow) ct is a function of V.  This function will vary somewhat if the flow is in 

rills. Thus, neglecting the effect of flow geometry, it follows that τsa is a function 

of V and φe, and thus of V, since φe is a function of D (Figure 6.1), which in turn 

is a function of V involving R from the Manning's velocity equation.  Hence, it 

follows from the theory that a close relationship would be expected between ct 

and the ratio τsa/τ calculated for c = ct, as is shown in figure 6.6.  The main 

cause of the minor fluctuations in the form of this relationship is due to variation 

in the flow geometry.  It may be noted that the relationship in figure 6.6, where 
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Table 6.7  Curves of best fit for effective shear stress (τse) and the total shear 

stress (τ) using measured average sediment concentration ( c ) for the bare 

runoff plots at various slopes. 

Slope (%) Curve of Best Fit for τse (Pa) R2 

10 9.62(10-1) τ 0.999*** 

50 1.16(10-1) τ1.75 0.99*** 

60 1.42(10-1) τ1.62 0.94*** 

70 7.99(10-2) τ1.74 0.96*** 

***Note:  - significant at 0.001 probability level at α = 5%. 
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the curve of best fit is of the power form y = a xb, is tighter than in figure 6.4 

where the curve of best fit is described by y = a x when the shear stresses were 

calculated for the measured average sediment concentration c ; the reason for 

the scatter in the latter was given previously. 

In wind erosion, τ sa is very much greater than τ s, with virtually all the 

shear stress provided by the wind being used in providing the momentum 

acquired by the saltating particles (Bagnold, 1941). Data collected from this in-

situ experiment has shown that although τ sa is significant at higher sediment 

concentrations, it is not completely dominant as in wind erosion.  For the 

average sediment concentration measured in this field experiment, the 

maximum value of the ratio τ sa/τ s is 16.39% for which the corresponding ratio 

τ sa/τ is 14.08% during the "rilled" storm event #5 at the "70%" slope bare runoff 

plot (Table 6.5). 

Significant though the saltation stress τ sa is at the high average sediment 

concentration measured in this field experiment, the effect of the exposure 

factor (1 – C) was commonly even more important, especially for storm event 

with very shallow calculated water depth.  Uncertainty in evaluating the effective 

surface shear stress τ se, especially at very shallow flow is recognized. 

The reasonably tight relationship between τ se and τ calculated for the 

measured average sediment concentration c , particularly for the bare runoff 

plots at steep slopes (Figure 6.8), would be expected for the following reasons. 

Combining equation 2-69 and τ s = τ - τ sa gives the expression for the 

effective surface shear stress τ se i.e., 

)τ = ( τ − τ )( 1− b C se sa 

The relationship between τ sa and τ depends on c and other factors, as 

shown in figure 6.4.  However, τ sa is no more than 14.08% of τ at measured c , 

so that from the above derived equation for τ se, a relationship between τ se and τ , 

as shown in figure 6.8 would be expected, strongly dependent on the exposure 

factor (1 – C). 

6.5 Summary of Findings from the Analyses 

a) The steep slope experimental site in particular had a very high rate of 

infiltration; 



6-58 
Figure 6.8  The relationship between the effective surface shear stress (τse) and 

the total shear stress (τ) with both shear stresses calculated at the measured 

average sediment concentration ( c ) for the bare runoff plots at various slopes. 
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Figure 6.8 (continued) 
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Figure 6.8 (continued)
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Figure 6.8 (continued) 
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b) Soil loss is commonly associated with a very high sediment 

concentration; and, the contribution of soil sediment to the overall 

density of the runoff fluid can not be ignored; 

c)	 The characteristic shallow computed depth of overland flow on the 

steep slope runoff plots indicated the need to consider the concept of 

effective depositability in the development of physical process based 

model of water – induced soil erosion; 

d) As actually observed, rill activity is very dynamic during occurrence of 

storm runoff events, and active rills were not necessarily evident 

towards the end of the event, failing to become permanently 

imprinted; 

e) In the actual field situation, it appears that rills formed during period of 

intense rainfall rate can commonly disappear during the following 

longer periods of modest rainfall rates; 

f)	 Soil surface described as “plane” i.e., with no post-storm event 

presence of rills, and “rilled” were associated respectively with low 

and high values of runoff-related parameters (e.g., ΣQ, Q ,  Q , Qmax,m

and Dw) and c ; 

g) Under situations of very high sediment concentration and shallow 

computed depth of overland flow, the use of Rose and Hairsine 

(1988) version of GUEST is inappropriate.  This original theory 

employed density of water ρ, in calculating streampower and 

depositability φ, which considered the full settling velocity 

characteristic of the soil (including even the large-sized soil 

aggregates that could not be immersed in the computed average 

depth of overland flow); 

h) The Misra and Rose Version (1990) of GUEST considered the effect 

of soil sediment in the fluid density ρe (effective fluid density), to 

compute the streampower, and restricted the settling velocity 

characteristic by considering only the immersed soil aggregates.  The 

effective depositability φe, was calculated for sediment whose sizes 

were less than the estimated depth of overland flow. The combined 

situation of very high computed sediment concentration and very 

shallow computed depth of overland flow resulted in computed 
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sediment concentration at the transport limit ct, which was either close 

to the density of soil saturation, exceeded the theoretical maximum 

value or led to negative values - all conditions which were physically 

meaningless if not impossible; 

i) The effect of using φe (with ρ) generally resulted in relatively much 

larger values of ct compared to the effect of using ρe (with φ), but the 

effect was not great compared to the effect on ct when using both ρe 

and φe; 

j)	 The very high sediment concentrations and very shallow calculated 

overland water depths recorded at the experimental site, raised the 

possibility that a significant fraction of streampower might be used in 

providing momentum to re-entrained saltating particles, so reducing 

the streampower effective in soil erosion; 

k)	 The curves of best fit for the exposure factor (1 - C) and the effective 

depositability φe, as a function of water depth D were best described 

by linearizable nonlinear regression of the form y = 1 - eax and a 

polynomial regression of at most degree 4 passing through the origin; 

l)	 The ratio of the exposure factor (1 – C) to effective depositability φe 

varied in a consistent and approximately slope-independent manner 

with flow velocity; 

m) For bare steep slope runoff plots, the curves of best fit with c  and ct 

for the ratios of saltation shear stress (τsa) to total surface shear 

stress (τ), (τsa/τ) and the ratio to surface shear stress (τs), (τsa/τs) 

were consistently of the forms y = a x, and y = a xb, respectively; 

n) For the bare “10%” slope runoff plot, the curves of best fit for the 

ratios τsa/τ and τsa/τs with c followed the form y = a x; t 

o) Saltation shear stress was greatest in situations of high sediment 

concentration and low computed depth of overland flow; 

p) High values of c  were associated with high values of τsa; 

q) “Plane” and “rilled” storm events resulted in low and high ratios of 

τsa/τ and τsa/τs with c  and c , respectively; t 

r)	 Mass movement and/or rolling of larger soil aggregates at relatively 

steep slopes, as observed in the field, could be the reason why 

measured values of c  would be larger than the computed c ;t
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s) 	“Rilled” storm events commonly resulted in values of c  greater than 

in c ;t

t)	 Scatter of the plot between the ratio τsa/τ and c  could be due to the 

effect of other factors such as soil strength; 

u) There was a very close relationship between the effective surface 

shear stress (τse) and τ calculated for c  in the bare runoff plots at 

steep slopes; and 

v)	 The relationship between τse and τ would be strongly dependent on 

exposure factor (1 – C), a more important consideration than saltation 

stress effects, especially for storm event with very shallow calculated 

water depth. 



Chapter 7  Analysis of the Erodibility Factor β 

7.1	 Comparison of Various Versions and Variants of GUEST - A Process 

Oriented Water-Induced Soil Erosion Model 

The purpose of this section is to compare the outcome of using variants 

of the program GUEST developed during the course of the experimental 

program. 

7.1.1 Using Sediment Concentration at the Transport Limit ct 

The Rose and Hairsine version (1988) of GUEST is described in section 

6.2. The Misra and Rose version (1990a) introduced the concept of effective 

depositability (φe, described in section 6.3).  As described in section 6.3, the 

concept of an effective fluid density, ρe, was also introduced. The effect on the 

calculation of sediment concentration at the transport limit ( c ) of introducing ρet 

or φe into the program is illustrated in figure 7.1.  Results are shown separately 

for each plot.  Results for ct  (not shown in Figure 7.1) for storm events #2, #15, 

#24, #27, #29 and #31 on the "70%"slope bare runoff plot were either negative 

or incredibly large when using the Misra and Rose version of GUEST.  With  

these exclusions, the different plots in figure 7.1 show the effect of changing φ 

to φe and ρ to ρe in the case of the Rose and Hairsine, and Misra and Rose 

versions of GUEST. In each case, the comparison is made by plotting the 

results of using versions involved in the historical development of GUEST 

against those of the most recent version (Rose et al 1997) as abscissa. 

Generally, in all the bare runoff plots, the variant of Rose and Hairsine 

(Δ) and the Misra and Rose (�) versions tend to approach the other versions at 

high values of ct . Apparently, the Rose and Hairsine (Ο) and the variant of 

Misra and Rose (◊) versions consistently behaved almost similarly with the 

Rose et al version (1997), indicative of the lessened influence of ρe at lower 

values of c ,.  At high values of c , results in figure 7.1 show that ρe appeared t t 

to be influential.  The use of φe instead of φ appeared to be highly influential at 
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Figure 7.1  Comparison of computed values of sediment concentration at the 

transport limit tc , from different variants of GUEST -a physical process oriented 

model for water-induced soil erosion as applied to bare runoff plots at various 

slopes. 
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Figure 7.1 (continued) 
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Figure 7.1 (continued) 
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Figure 7.1 (continued) 
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the lower values of ct  (and hence at lower values of computed depth of 

overland flow, D). The Rose and Hairsine (Ο) and its variant (Δ) versions, and 

the Misra and Rose (�) and its variant (◊) versions were consistent in their 

differences in behavior.  The consistent similar behavior of the Rose and 

Hairsine (Ο) and the variant of Misra and Rose (◊) versions in all the bare runoff 

plots seemed to demonstrate the ineffective influence of ρe at lower values of 

ct .  At the "10%" slope bare runoff plot, ρe appeared to be ineffective up to 

about 100 kg/m3 of c , while this limit is about 300 kg/m3 for the bare runoff t 

plots at the steep slopes.  Although very evident in the "10%" slope bare runoff 

plot but not at the steep slopes, there seemed to be a region in the range of 

values of ct  where there is a transition from the lessening influence of φe and 

the increasing influence of ρe. This is the portion of the scatterplot where the 

values of ct  for the Rose and Hairsine (Ο) and its variant (Δ) versions, and the 

Misra and Rose (�) and its variant (◊) versions coincide. 

In conclusion, the apparent trend seemed to be an increasing importance 

of φe at lower values of ct and of ρe at increasing values of c , for all the bare t 

runoff plots in all slopes. 

7.1.2 Using Erodibility Parameter β 

In figure 7.2, the values of beta obtained using the four variants of 

program GUEST involved in its historical development are plotted as ordinate 

against the value of beta obtained using the most recent version (Rose et al, 

1997) as abscissa.  Generally as β increases in all the bare runoff plots for 

which results are plotted, the influence of ρe increases as shown by the 

separation in the scatterplot of the symbols representing β calculated from Rose 

and Hairsine (Ο) and the variant of Misra and Rose (◊) versions, and the variant 

of Rose and Hairsine (Δ) and the Misra and Rose (�) versions (Figure 7.2). As 

noted for ct  (Figure 7.1), Rose and Hairsine (Ο) and the variant of Misra and 

Rose (◊) appeared to give values of β similar to that computed from the Rose et 

al version (1997) of GUEST. The largest discrepancies in β from that of the 

Rose et al version (1997) were for versions which used φe instead of φ (i.e., 

variant of Rose and Hairsine (Δ), and the Misra and Rose (�)). 
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Figure 7.2  Comparison of computed values of erodibility parameter β, from 

different versions and variants of GUEST -a physical process oriented model for 

water-induced soil erosion as applied to bare runoff plots at various slopes. 



7-8 
Figure 7.2 (continued) 
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Figure 7.2 (continued) 

 



7-10 

 

Figure 7.2 (continued) 
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7.2 The Effect of Neglecting Saltation Shear Stress 

Equation 2-72 incorporates the effect of C, ρe, and saltation shear stress.  

This equation reduces to the form for ct given by equations 2-24 or 2-29 in 

Hairsine and Rose (1992a, b) if water depth D is sufficiently great to immerse all 

the erodible soil sediments so that φe = φ, and C = 0 so that the exposure factor 

(1− C) =1, and also if it is assumed that ρe = ρ, and that the saltation shear 

stress is negligible. 

The percentage differences among the values of ct  computed from the 

Rose and Hairsine (1988) and the Rose et al (1997) versions of GUEST for all 

the bare runoff plots in all the slopes considered in this experiment are 

presented in table 7.1. 

The percentage difference between the values of ct  computed from 

these two versions in the "10%" slope bare runoff plot ranged from 0.18% 

during the "rilled" storm event #20 (Dw = 5.04 mm), to 19.67% for the "plane" 

storm event #26 (Dw = 0.47 mm), respectively.  For the "50%" slope bare runoff 

plot, the percentage difference ranged from 16.18% during the "rilled" storm 

event #3 (Dw = 2.64 mm) to 32.29% during the "plane" storm event #17 

(Dw = 0.23 mm); while for the "60%" slope bare runoff plot, the percentage 

difference ranged from 9.15% during the "rilled" storm event #2 (Dw = 1.15 mm), 

to 30.88% during the "plane" storm events #27 (Dw = 0.16 mm) and #31 

(Dw = 0.13 mm).  It appeared consistently that the lowest value in the range of 

the percentage difference was computed in the "rilled" storm event with a big 

value of computed Dw, while the highest difference was in the "plane" storm 

event (with a small value of computed Dw).  However, a different pattern 

appeared in the "70%" slope bare runoff plot, where the percentage difference 

ranged from 0.15% to 41.74% from both "rilled" storm events #8 

(Dw = 0.76 mm) and #28 (Dw = 1.08 mm), respectively. Also, "rilled" storm 

events #3 and #7, for 70% slope, and "plane" storm events #14 to #17, all 

resulted to negative values of the percentage difference, indicating that the 

computed values of ct  from the Rose and Hairsine version (1988) is of greater 

magnitude than from the Rose et al version (1997). 

The apparent deficiency in the Rose and Hairsine version (1988) is 

commonly most pronounced when applied to experiments with shallow water 
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Table 7.1 Values of the average sediment concentration at the transport limit 

( c ) and their differences using the Rose and Hairsine (1988) and Rose et al t 

(1997) versions of GUEST -a physical process oriented model for water-

induced soil erosion as applied to bare runoff plots at various storm events and 

slopes. 

"10%" Slope Bare Runoff Plot 

Storm 
Event # 

Dw (mm) tc  (kg/m3) Difference (%) 

Rose and 
Hairsine 

Version (1988) 

Rose et al 
Version (1997) 

17 1.32 47.88 52.16 8.20 
18R 5.91 114.60 115.21 0.53 
19R 10.51 152.36 155.70 2.15 
20R 5.04 106.57 106.76 0.18 
21R 5.99 108.18 108.70 0.48 
22 1.20 45.00 49.52 9.14 
23 1.50 52.13 56.05 7.00 
26 0.47 24.16 30.08 19.67 
27 0.50 25.12 31.04 19.08 
28 1.76 58.02 61.30 5.35 
30 0.80 34.32 39.80 13.78 
31 0.51 25.38 31.31 18.92 
32 0.85 35.82 41.17 13.01 

Notes: R – with post-storm event occurrence of rill (s); and 

Dw (mm) - arithmetical mean depth of runoff water. 
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Table 7.1 (continued) 

"50%" Slope Bare Runoff Plot 

Storm 
Event # 

Dw (mm) tc  (kg/m3) Difference (%) 

Rose and 
Hairsine 

Version (1988) 

Rose et al 
Version (1997) 

1R 0.92 193.40 247.83 21.96 
2 0.12 55.89 69.21 19.24 
3R 2.64 219.55 261.95 16.18 
4 0.21 67.28 99.35 32.28 
5R 1.46 201.11 268.08 24.98 
6R 2.68 258.64 310.32 16.65 
7R 1.24 211.15 290.71 27.37 
8R 1.25 207.02 284.05 27.12 
9R 1.06 175.40 252.08 30.42 

10R 1.21 207.37 286.23 27.55 
11R 0.78 156.79 224.85 30.27 
13R 1.44 226.69 305.76 25.86 
14 0.40 104.32 153.51 32.05 
15 0.12 45.65 67.20 32.07 
16 0.14 51.27 75.57 32.15 
17 0.23 72.13 106.53 32.29 
18R 1.77 275.84 347.59 20.64 
19R 0.86 190.68 256.34 25.62 
20R 1.38 242.31 312.83 22.54 
21 0.12 52.90 73.13 27.65 
23R 0.78 182.37 246.93 26.15 
24 0.17 68.17 94.52 27.87 
25R 0.41 187.55 250.11 25.01 
27 0.14 92.18 118.60 22.28 
28R 1.44 411.06 597.68 31.22 
29 0.05 49.10 61.77 20.52 
30 0.17 108.50 140.63 22.85 
31 0.12 85.44 109.58 22.03 
32R 0.51 215.31 289.70 25.68 

Notes: R – with post-storm event occurrence of rill (s); and 

Dw (mm) – arithmetical mean depth of runoff water. 
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Table 7.1 (continued) 

"60%" Slope Bare Runoff Plot 

Storm 
Event # 

Dw (mm) tc  (kg/m3) Difference (%) 

Rose and 
Hairsine 

Version (1988) 

Rose et al 
Version (1997) 

1R 1.89 268.02 302.79 11.48 
2R 1.15 238.44 262.47 9.15 
3 0.23 130.09 150.00 13.27 
4 0.24 133.51 154.15 13.39 
5R 2.84 424.13 565.97 25.06 
6R 3.03 593.98 846.76 29.85 
7R 1.06 336.80 415.67 18.97 
8R 0.70 264.16 318.21 16.99 
9R 0.96 321.83 395.04 18.53 

10R 0.83 294.15 357.70 17.77 
11R 0.43 192.89 227.31 15.14 
13R 1.33 392.27 495.57 20.84 
14 0.28 148.48 172.42 13.89 
15 0.06 53.92 60.00 10.15 
16 0.17 108.96 124.54 12.51 
17 0.22 128.75 148.38 13.23 
18R 1.11 280.55 358.40 21.72 
19R 1.46 324.15 418.72 22.58 
20 0.15 80.64 96.42 16.37 
21R 1.02 265.08 337.20 21.39 
23R 1.09 280.02 357.86 21.75 
24 0.18 89.43 107.40 16.73 
25R 0.46 365.81 510.48 28.34 
27 0.16 188.60 272.87 30.88 
28R 1.24 683.19 944.39 27.66 
29 0.11 141.70 204.71 30.78 
30 0.18 202.33 292.54 30.84 
31 0.13 161.63 233.83 30.88 
32R 0.56 413.40 568.80 27.32 

Notes: R – with post-storm event occurrence of rill (s); and 

Dw (mm) – arithmetical mean depth of runoff water. 
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Table 7.1 (continued) 

"70%" Slope Bare Runoff Plot 

Storm 
Event # 

Dw (mm) tc  (kg/m3) Difference (%) 

Rose and 
Hairsine 

Version (1988) 

Rose et al 
Version (1997) 

1R 0.76 237.46 278.18 14.64 
2 0.12 73.89 80.80 8.55 
3R 0.60 198.25 193.53 -2.44 
4R 2.44 430.14 538.50 20.12 
5R 1.38 321.26 349.66 8.12 
6R 2.13 389.33 466.28 16.50 
7R 0.56 192.07 186.42 -3.03 
8R 0.76 233.77 234.11 0.15 
9R 0.78 237.23 238.15 0.39 

10R 1.04 285.26 297.53 4.13 
11R 0.94 268.55 276.25 2.79 
13R 0.91 264.79 271.38 2.43 
14 0.33 138.92 129.72 -7.09 
15 0.04 35.89 31.26 -14.78 
16 0.13 74.46 66.55 -11.87 
17 0.12 69.29 61.73 -12.26 
18R 1.99 546.14 898.86 39.24 
19R 1.07 405.95 575.85 29.50 
20R 1.21 430.35 624.59 31.10 
21R 0.67 310.77 408.45 23.91 
23R 0.89 370.26 509.30 27.30 
24 0.14 112.14 128.04 12.42 
25R 0.32 303.53 427.78 29.05 
27 0.10 141.46 183.70 23.00 
28R 1.08 658.89 1130.89 41.74 
29 0.08 123.74 159.07 22.21 
30 0.16 192.73 257.38 25.12 
31 0.09 132.31 170.93 22.59 
32R 0.87 554.36 886.18 37.44 

Notes: R – with post-storm event occurrence of rill (s); and 

Dw (mm) – arithmetical mean depth of runoff water. 
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depths (so that C > 0 and φ > φe), and with high sediment concentrations which 

make saltation stress and ρe more important.  It is recommended that the more 

exact and general version of Rose et al (1997) should be used, since it 

considers effects which can become significant in more extreme or shallow 

water depth situations. 

7.3 	 Analysis of the Erodibility Parameter β Computed from Rose et al Version 

(1997) of GUEST 

7.3.1 General Discussion 

The computed values of β for the recorded storm events are presented in 

table 7.2.  Data collected from the bare runoff plot at 10% slope during storm 

events #24, #25 and #29 were excluded either due to incomplete or defective 

data collected by the electronic logger; while the collected data during storm 

events #22 and #26 from all the bare runoff plots at steep slopes were not 

considered due to uncertainty in the recording of rill information after the 

occurrence of the storm events.  Due to insufficient information on rills, data on 

bare runoff plot at 50% slope was excluded during storm event #12.  Values of β 

ranged from a low of 0.268 for the 60% slope runoff plot during storm event #4 

(20-21/06/90) to a high of 1.359 for the same runoff plot during the later storm 

event #12 (11-17/10/90) (Table 7.2).  The variation of β with time was similar in 

all the bare runoff plots (Figure 7.3). An exception was during storm event #1 to 

storm event #3 for the bare runoff plot at 60% slope compared with the other 

bare runoff plots.  Only this runoff plot received cultivation prior to the 

commencement of the first data gathering, and this may be the reason for this 

disparate behavior in the value of β in the first 3 recorded storm events. 

Visual observations by field research staff and by the author report 

during storm events #1 - #3, #5, #7 - #11, #14, #17, #21 - #23 and #27 - #32 on 

the bare steep slope runoff plots often showed localized formations of viscous-

like flow deposits of fine sediment (Table 7.2).  These deposits could form 

anywhere over the soil surface and are illustrated in figures 7.4 and 7.5.  These 

deposits appear to have a thickness of from about 10 to 20 mm. Such shallow 

localized mudflows (as they may be called) led to a substantial volume of soil in 

the collection trough (Figure 7.5).  The formation of localized mudflows were 
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Table 7.2  Summary of data and computed beta (β) values for all slopes 

investigated on ACIAR project at ViSCA, Baybay, Leyte, the Philippines for the 

period 1989 - 1992a. Event date and event number (in brackets) are given. 

ΣQ (mm) Qm (mm/h) Cover (%) N (m-1) c  (kg/m3) M (t/ha) β 
(unitless) 

Date(s):b 09-11/10/89 (1) ΣP (mm): 121.8 P  (mm/h): 7.5 Pmax (mm/h): 85.7 

50 % 1.63 1.32 3 0.67 218.86 4.16 0.977mr 

60 % 2.15 1.56 3 0.33 11.53 0.25 0.428 
70 % 1.88 1.23 4 0.66 308.68 7.28 1.018mr 

Date(s): 08-09/01/90 (2) ΣP (mm): 154.2 P  (mm/h): 7.7 Pmax (mm/h): 129.2 

50 % 4.12 1.34 7 0 9.47 0.39 0.531c 

60 % 9.58 4.82 10 0.50 229.96 25.94 0.976mr 

70 % 3.87 1.42 7 0 12.39 0.48 0.573c 

Date(s): 11-14/06/90 (3) ΣP (mm): 101.3 P  (mm/h): 5.3 Pmax (mm/h): 79.8 

50 % 0.73 0.81 8 0.17 17.66 0.13 0.516c 

60 % 2.40 3.85 10 0 5.51 0.13 0.341c 

70 % 0.72 0.85 6 0.66 182.50 1.49 0.989c;mr 

Date(s): 20-21/06/90 (4) ΣP (mm): 50.6 P  (mm/h): 9.2 Pmax (mm/h): 95.8 

50 % 1.62 3.14 4 0 11.40 0.19 0.529 
60 % 3.37 4.11 4 0 3.85 0.13 0.268 
70 % 2.35 2.10 5 0.17 51.62 1.26 0.627 
Date(s): 27-28/06/90 (5) ΣP (mm): 33.4 P  (mm/h): 10.6 Pmax (mm/h): 128.0 

50 % 1.71 1.41 5 0.50 252.08 5.16 0.989mr 

60 % 1.64 2.07 4 0.33 69.49 1.19 0.669 
70 % 1.31 1.61 8 0.33 509.14 10.01 1.064mr 

Date(s): 20-23/07/90 (6) ΣP (mm): 72.5 P  (mm/h): 15.8 Pmax (mm/h): 160.3 

50 % 2.49 2.51 3 0.33 41.92 1.07 0.651w 

60 % 2.77 3.49 4 0.17 35.74 1.01 0.530w 

70 % 1.61 1.39 5 0.17 158.61 2.85 0.825w 

Date(s): 13-14/09/90 (7) ΣP (mm): 131.1 P  (mm/h): 29.0 Pmax (mm/h): 144.1 

50 % 5.28 2.81 4 0.33 206.24 12.62 0.939c;mr 

60 % 7.51 4.38 2 1.17 70.59 5.56 0.706c 

70 % 3.85 2.20 3 1.33 273.32 12.82 1.073c;mr 

Date(s): 04-05/10/90 (8) ΣP (mm): 70.0 P  (mm/h): 12.1 Pmax (mm/h): 79.8 

50 % 5.55 3.71 6 0.67 266.91 17.95 0.989mr 

60 % 4.88 2.50 2 1.00 319.99 19.76 1.001mr 

70 % 4.29 3.86 3 1.33 527.87 34.62 1.149mr 

Date(s): 05-06/10/90 (9) ΣP (mm): 16.4 P  (mm/h): 32.9 Pmax (mm/h): 79.8 

50 % 2.02 3.08 6 1.33 306.38 7.74 1.035mr 

60 % 1.78 3.79 3 1.00 251.32 5.36 0.924mr 

70 % 1.75 3.75 4 1.16 571.08 15.97 1.160mr 

Date(s): 06-07/10/90 (10) ΣP (mm): 29.8 P  (mm/h): 54.2 Pmax (mm/h): 144.1 

50 % 5.09 8.95 6 1.16 354.98 23.55 1.038mr 

60 % 3.09 4.74 3 1.51 466.38 20.76 1.045mr 

70 % 4.11 9.69 4 1.66 487.02 29.40 1.087mr 

Date(s): 07-08/10/90 (11) ΣP (mm): 43.0 P  (mm/h): 14.3 Pmax (mm/h): 128.0 

50 % 4.37 4.28 6 1.16 171.76 8.46 0.950mo 

60 % 3.13 1.57 4 1.51 196.49 7.06 0.973mo 

70 % 4.57  8.25 5 1.66 218.42 11.65 0.958mo 

Date(s):d 11-17 /10/90 (12) ΣP (mm): 43.7 P  (mm/h): 6.3 Pmax (mm/h): 63.7 

60 % 0.90 0.61 5 0 317.82 3.61 1.359mo 

70 % 0.53 0.55 5 0 23.97 0.13 0.846 
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Table 7.2 (continued) 

ΣQ (mm) Qm (mm/h) Cover (%) N (m-1) c  (kg/m3) M (t/ha) β 
(unitless) 

Date(s): 12-14 /11/90 (13) ΣP (mm): 160.1 P  (mm/h): 7.0 Pmax (mm/h): 63.7 

50 % 41.97 6.39 6 0.83 57.51 25.08 0.708 
60 % 41.43 5.68 5 0.84 61.68 26.63 0.664 
70 % 54.48 7.23 10 1.33 88.62 51.26 0.800 
Date(s): 15-19/11/90 (14) ΣP (mm): 55.3 P  (mm/h): 5.2 Pmax (mm/h): 79.8 

50 % 4.76 9.40 8 0 60.60 3.00 0.815mo 

60 % 5.51 5.36 5 0 65.04 3.74 0.811mo 

70 % 5.96 7.64 10 0 58.69 3.64 0.837mo 

Date(s): 25-26/02/91 (15) ΣP (mm): 53.7 P  (mm/h): 2.8 Pmax (mm/h): 47.7 

50 % 0.77 1.19 3 0 9.19 0.07 0.527c 

60 % 1.93 0.43 2 0 5.47 0.11 0.415c 

70 % 1.49 0.26 3 0 7.39 0.11 0.581c 

Date(s): 12-13/03/91 (16) ΣP (mm): 213.8 P  (mm/h): 10.9 Pmax (mm/h): 111.9 

50 % 4.90 1.59 3 0 11.64 0.57 0.567w 

60 % 7.36 2.47 2 0 9.38 0.69 0.464w 

70 % 6.06 1.61 3 0 13.29 0.81 0.616w 

Date(s): 28/06-01/07/91 (17) ΣP (mm): 63.7 P  (mm/h): 13.0 Pmax (mm/h): 128.0 

10 % 14.99 30.10 6 0 53.04 8.24 1.004mr 

50 % 2.66 3.74 4 0 28.75 0.78 0.719 
60 % 2.37 3.75 3 0 90.67 2.28 0.901mr 

70 % 1.31 1.34 3 0 31.89 0.43 0.840 
Date(s): 08-10/07/91 (18) ΣP (mm): 154.6 P  (mm/h): 6.7 Pmax (mm/h): 79.8 

10 % 41.63 17.94 6 0.21 22.61 9.55 0.657 
50 % 8.90 2.84 4 0.50 10.99 0.99 0.410 
60 % 8.82 2.36 3 0.67 17.98 1.20 0.491 
70 % 3.66 1.25 3 0.17 26.15 0.97 0.480 
Date(s): 15-16/07/91 (19) ΣP (mm): 36.5 P  (mm/h): 32.6 Pmax (mm/h): 144.1 

10 % 8.62 45.02 6 0.21 85.20 7.78 0.881 
50 % 1.59 3.01 4 1.16 45.10 0.74 0.687 
60 % 1.70 6.79 3 1.34 87.35 1.58 0.740 
70 % 0.90 2.89 3 0.83 76.71 0.73 0.683 
Date(s): 19-20/07/91 (20) ΣP (mm): 46.9 P  (mm/h): 12.4 Pmax (mm/h): 79.8 

10 % 7.16 16.17 6 0.21 49.51 3.66 0.835w 

50 % 1.03 1.89 4 0.50 22.13 0.23 0.539w 

60 % 1.21 1.93 3 0 9.82 0.12 0.500w 

70 % 0.76 1.24 3 0.33 41.07 0.32 0.577w 

Date(s): 02-05/08/91 (21) ΣP (mm): 61.5 P  (mm/h): 9.1 Pmax (mm/h): 95.8 

10 % 12.82 23.79 6 0.42 52.67 6.99 0.845 
50 % 1.55 1.17 4 0 151.29 2.60 1.169mr 

60 % 1.33 2.80 3 1.00 49.98 0.69 0.672 
70 % 1.22 3.56 3 1.66 474.57 8.40 1.025mr 

Date(s):e  09-12/08/91 (22) ΣP (mm): 43.2 P  (mm/h): 5.1 Pmax (mm/h): 95.8 

10 % 14.08 25.77 5 0 61.89 9.08 1.057mr 

Date(s): 30/08-02/09/91 (23) ΣP (mm): 137.2 P  (mm/h): 20.8 Pmax (mm/h): 176.4 

10 % 50.04 37.22 5 0 63.23 33.01 1.030mr 

50 % 4.56 3.76 4 1.16 221.82 11.84 0.981mr 

60 % 5.53 3.90 2 1.00 138.05 8.39 0.838 
70 % 4.69 3.32 4 1.00 150.05 7.81 0.804 
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Table 7.2 (continued) 

ΣQ (mm) Qm (mm/h) Cover (%) N (m-1) c  (kg/m3) M (t/ha) β 
(unitless) 

Date(s):f 11-12/09/91 (24) ΣP (mm): 40.6 P  (mm/h): 14.8 Pmax (mm/h): 95.8 

50 % 0.58 2.20 4 0 35.90 0.21 0.787c 

60 % 1.00 2.50 2 0 18.72 0.19 0.626c 

70 % 0.92 1.77 5 0 36.79 0.35 0.743c 

Date(s):f 03 –04/10/91 (25) ΣP (mm): 28.4 P  (mm/h): 17.9 Pmax (mm/h): 95.8 

50 % 0.09 0.90 2 1.00 55.38 0.05 0.727 
60 % 0.60 1.69 2 1.17 11.67 0.07 0.394 
70 % 0.31 1.11 5 1.66 120.21 0.40 0.790 
Date(s):e 04-07/10/91 (26) ΣP (mm): 40.3 P  (mm/h): 12.4 Pmax (mm/h): 144.1 

10 % 1.01 5.45 5 0 11.97 0.12 0.729c 

Date(s): 08-09/10/91 (27) ΣP (mm): 18.0 P  (mm/h): 21.6 Pmax (mm/h): 79.8 

10 % 1.07 6.00  5 0 11.94 0.13 0.722 
50 % 0.31 1.55 2 0 48.55 0.16 0.813 
60 % 0.50 2.24 2 0 18.72 0.09 0.522 
70 % 0.21 1.02 5 0 136.11 0.31 0.942mr 

Date(s): 04-06/11/91 (28) ΣP (mm): 340.2 P  (mm/h): 25.8 Pmax (mm/h): 176.4 

10 % 122.71 48.66 17 0 42.64 53.83 0.912mr 

50 % 14.92 5.17 4 0.67 146.51 24.18 0.780 
60 % 18.35 6.06 3 0.84 167.73 34.58 0.748 
70 % 17.20 5.11 8 1.00 179.02 34.89 0.738 
Date(s):f 12-18/11/91 (29) ΣP (mm): 48.4 P  (mm/h): 3.6 Pmax (mm/h): 79.8 

50 % 0.32 0.32 2 0 33.99 0.11 0.855mr 

60 % 1.49 1.10 2 0 4.76 0.07 0.293 
70 % 0.81 0.73 3 0 15.75 0.13 0.544 
Date(s): 18-19/11/91 (30) ΣP (mm): 24.4 P  (mm/h): 15.1 Pmax (mm/h): 95.8 

10 % 2.47 13.09 6 0 38.61 0.98 0.992mr 

50 % 0.37 2.33 2 0 32.94 0.12 0.707 
60 % 0.60 2.67 2 0 13.88 0.08 0.463 
70 % 0.48 2.21 3 0 33.57 0.16 0.633 
Date(s): 22-25/11/91 (31) ΣP (mm): 74.1 P  (mm/h): 7.8 Pmax (mm/h): 79.8 

10 % 5.94 6.16 6 0 20.92 1.26 0.883mr 

50 % 1.35 1.28 3 0 10.34 0.14 0.497 
60 % 2.20 1.52 2 0 6.93 0.15 0.355 
70 % 1.80 0.86 3 0 16.72 0.30 0.548 
Date(s): 17-22/06/92 (32) ΣP (mm): 183.6 P  (mm/h): 10.0 Pmax (mm/h): 144.1 

10 % 27.23 14.57 5 0 33.92 9.45 0.948mr 

50 % 2.94 2.65 4 1.83 427.40 17.46 1.069mr 

60 % 10.04 2.40 2 1.51 54.47 5.67 0.630 
70 % 2.55 2.57 2 1.33 510.66 19.57 0.919mr 
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Table 7.2 (continued) 

Notes: a - Notations used in column headings: 

β - soil erodibility parameter, i.e., unitless; 

c  - average sediment concentration in kg/m3; 

Cover - surface contact cover in %; 

M - soil loss in tonne/ha; 

N - number of rill(s) per meter width of runoff plot in m-1; 

Pmax - maximum rainfall rate in mm/h; 

ΣP - total rainfall depth in mm; 

Qm  - arithmetical mean runoff rate as defined by Ciesiolka et al (1995) in 

mm/h; and 


ΣQ - effective runoff depth in mm. 


b - duration of the recorded storm event(s); the first recorded storm event 


for 10% slope runoff plot was on 29 June, 1991. 


c - cultivated prior to numbered erosive storm event. 


d - Bare runoff plot at 50% slope was not considered due to absence of


data on rill information.


e - All bare runoff plots at steep slopes were not considered due to 


observational uncertainty in rilling.


f - Bare runoff plot at 10% slope was not considered either due to 


incomplete collected data or defective data recorded by the electronic 


logger.


w - weeded prior to numbered erosive storm event. 


mo - mudflow observed by senior author. 


mr - mudflow reported by field staff.
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Figure 7.3  Plot of erodibility parameter β, against time for 2-year period of in-

situ data gathering for each of the bare runoff plots at various slopes.  Bare 

runoff plots were either manually cultivated ( ) or weeded (Δ) in between storm 

events as needs arose. 
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Figure 7.4  A photograph of viscous-like deposits of fine sediment in 70% slope 

bare runoff plot. 
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Figure 7.5  A photograph of viscous-like soil deposits prior to the formation of 

rills. 
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quickly followed by the formation of rills which appeared to be initiated 

whenever a momentary increase in rainfall rate occurred.  Rolling of gravel or 

large soil aggregates along the soil surface downslope was also a common 

phenomenon at the experimental site (Figure 7.6). A rolling motion was 

possibly associated with the high slope and the nature of the soil, which was 

friable but exhibited stable aggregates (Presbitero and Rose, 2002).  On 

occasions when mudflows were observed, calculated values of β were near to 

or even greater than 1.  Surprisingly, in most of these storm events, the 

reported number of rills, N, was 0 (Table 7.2) for reasons discussed in 

section 6.1 (Introduction) of Chapter 6 (Analysis of Soil Loss Using a Physical-

Process Oriented Water-Induced Soil Erosion Model). Figure 7.7 exhibits a 

large amount of soil loss (and thus, a large value of β) after the erosive storm 

event #27 of 08-09/10/91 which occurred in the absence of conspicuous post-

storm event rills. 

In situations where the very local mudflow and aggregate rolling occurred 

as illustrated in figures 7.5 and 7.6, soil movement could not be attributed 

entirely to the transporting ability of water.  Gravity acting directly on the soil 

body or individual soil aggregates or gravel could be the energy source for 

downslope movement.  The values of β during such events were found to be 

near to or greater than 1. A value of β ∃ 1 is an indication that other 

mechanisms such as net downslope soil splash due to rainfall impact, mass 

movement or soil aggregate, or gravel rolling may have occurred. Certainly, the 

theoretical basis of the application program GUEST which provided the values 

of β did not consider mass movement, surface rolling or any other gravity-aided 

processes to be active (Rose, 1993).  Steep slopes are conducive to net 

downslope rainfall splash of soil, and the contribution from rainfall impact may 

be a further reason for β > 1 at lower stream powers, a possibility supported by 

data analysis in four case studies by Yu et al (1999b). 

1
Since ct is directly proportional to F and β is proportional to , the

c ln t 

value calculated for β depends in a muted inverse manner on the value of F, 

which has been determined experimentally (Hairsine and Rose, 1992a, b; 

Proffitt, Hairsine and Rose, 1993).  The values of β were calculated assuming 

that the fraction F, of excess streampower involved in soil erosion is 0.1.  This 

value for F is supported for Ω > 0.8 W/m2 approximately in the controlled
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Figure 7.6  A photograph of gravel contribution to bedload. 
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Figure 7.7  A photograph of 70% slope bare runoff plot showing soil loss without 

any rills formed during storm event of 08-09/10/91. 
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environment experiments of Proffitt, Hairsine and Rose (1993).  However, 

assuming β could not exceed unity in these same carefully controlled 

experiments, the data was interpreted as indicating a steady rise in the value of 

F to between 0.2 and 0.25 as Ω decreased towards 0 from about 0.8 W/m2. 

Acceptance of this dependence of F on Ω at lower streampowers would yield 

lower values of β in such circumstances.  This is one possible reason why a 

number of "rilled" storm events have value of β > 1 (Presbitero et al, 2001). 

Information on rills was determined after each erosive storm event when 

it was assumed that the maximum rill dimension achieved during the erosive 

storm event would be displayed (Figure 7.8).  During an erosion event the 

dimensions of a rill (and even possibly the number of rills) would be expected to 

increase with time.  It is also feasible that some limited concentration of 

overland flow may have occurred but was not recorded as a rill. Also it is likely 

that some rills present during the storm event were not obvious following the 

erosion event when recording of the presence (or absence) of rills was made. 

Even if well defined rills do not develop, preferred pathways of runoff flow over 

the surface of runoff plots are very likely to occur.  Since post-event rill 

information is used in the analysis as though this applied during the entire 

event, this leads to uncertainty in the calculated version of β, with both 

underestimation and overestimation of β being possible because of information 

limitations of this type. 

Whilst values of β significantly greater than 1 may be real and indicate 

the operation of other processes in addition to those sought to be described in 

the theory, there is also another possible interpretation at least for some events.  

An alternative possibility is that although there was no evidence of rills following 

some storm events, it could have been that rills were present, and, importantly, 

present during the most active period of the erosion event.  If so, then a lower 

value of ct would be calculated assuming sheet flow, and thus a higher value of 

β would result. Uncertainty on the presence or absence of rills could have been 

removed had someone always been present during all storm events, a situation 

which is infeasible and unsafe.  Despite these considerations, note the higher 

value of β for the 70% slope relative to results for other slopes in storm event 

#3, even though the 70% slope bare runoff plot had the highest recorded value 

for N (Table 7.2).  Perhaps because of this uncertainty in rill data, the value of β 
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Figure 7.8  A photograph of typical rills from 70% slope bare runoff plot after 

erosive storm event of 03-05/10/1990. 



7-29 
when no rills were observed was very variable.  The considerable variability in β 

could well result from the unrealistic assumption of uniform sheet flow for those 

runoff plots where no rills remained for observation after the erosive storm 

event. 

If the practical observational limitations on rill presence and 

characteristics could be overcome, then theoretically little if any relationship 

between β and N would be expected.  However, figure 7.9 shows considerable 

scatter in the plot of β against N possibly due in part to uncertainty in the 

presence and characteristics of rills or concentrations in flow. Despite this 

extensive scatter, there is a possible tendency for β to increase with N. The 

assumption that measurement on N and rill dimensions made after the erosive 

storm event adequately describe the undoubtedly dynamic behavior of rill 

development (and perhaps demise) during the erosive storm event is one likely 

source of the scatter of data on β for rilled erosive storm events (Fentie, Rose 

and Coughlan, 1997). 

For "rilled" erosive storm events, the corresponding calculated values of 

β were much more coherent than was the case for "plane" erosive storm 

events. For "rilled" erosive storm events, there is a trend for the values of β to 

decline as Ω increased (Presbitero et al, 2001).  Conceptually, β should not 

exceed 1, assuming no contribution from net downslope splash of soil due to 

rainfall impact, downslope rolling of soil aggregates or mass movement, and 

that soil erosion is due to overland flow alone.  This theoretical limit of unity for β 

has received support in field experiments in a variety of countries with a wide 

range of soil types, though with more modest slopes than at ViSCA 

experimental site.  The value of β in such experiments rarely exceeded 1 as 

recorded in Soil Technology (1995), Coughlan and Rose (1997) and Yu et al 

(1999b).  At the 30%-slope Chiang Rai, Thailand experimental site, Yu et al 

(1999b) found β tended to decrease with peak runoff rate from values above 1 

to below 1 in a manner somewhat similar to that in the ViSCA experimental site 

(Presbitero et al, 2001). 

Rose et al (1997) showed that increasing the value of Manning's n has a 

direct though muted effect on the calculated value of β. The use of a constant 

value of Manning's n in the data analysis, though not without support, both 

conceptually and from on-site experimentation, would also be a source of some 
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Figure 7.9  Scatterplot of soil erodibility parameter, β versus number of rills per 

meter width of runoff plot, N. 
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uncertainty in the calculated value of β. Despite such support for greater 

constancy of surface roughness factor n with a partially submerged soil surface 

compared with the fully submerged situation, Manning’s n would still vary 

somewhat with flow rate within any runoff event, with runoff characteristics 

between runoff events, and between sites for the same runoff event (Presbitero 

et al, 2001). 

7.3.2 Effect of Cultivation and Weeding on Soil Erodibility Parameter β 

After an erosive event in which a significant number of deep rills 

developed, the bare runoff plots were cultivated using a shovel inserted to an 

approximate depth of 15 cm with the excavated soil placed upslope, producing 

a quite rough surface (see the foreground in figures 6.1 and 6.2).  Such 

cultivation avoided the development of permanent preferred pathways 

associated with rill formation.  The flow velocity and hence the streampower is 

increased by the concentration of flow in rills, thus increases the ability of 

overland flow to entrain soil (Rose, 1993).  Weeds which grew in the bare runoff 

plots were either simply pulled out by hand or dug with a large knife and pulled 

and shook vigorously to separate the adhering soil from the weeds, then 

removed from the runoff plot. This operation is being carried out in the 

background in figure 6.1.  Such management of the bare runoff plots, combined 

with some possible soil consolidation between such disturbance, could be one 

reason for variation in values of β through time in successive erosion events. 

Prior to the first recorded storm event, only the bare runoff plot at 60% 

slope was cultivated while the other bare runoff plots at 50% and 70% slopes 

remained uncultivated.  The first recorded storm event of 09-11/10/89 resulted 

in greater rill density (N) and larger values of c  (and M) for the uncultivated 

bare runoff plots at slopes of 50% and 70% than for the cultivated 60% slope 

bare runoff plot (Table 7.2). To remove the rills formed during the previous 

erosive storm event, these 50% and 70% slope bare runoff plots were cultivated 

on 12/10/89, while the 60% slope bare runoff plot was left undisturbed. These 

cultivated 50% and 70% slope bare runoff plots showed reduced soil loss in the 

following erosive storm event #2 of 08-09/01/90, as indicated by much lower 

values of c  and β than the 60% slope bare runoff plot (Table 7.2).  The value of 

β for the 60% slope bare runoff plot in storm event #2 was much higher than for 
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the other bare runoff plots, being similar to the values of β for the other two bare 

runoff plots during the previous erosive storm event #1.  Prior to erosive storm 

event #2, the uncultivated surface of the 60% slope bare runoff plot was 

observed to have patches of a deposited layer of soil particles on its surface 

(Figure 7.10). These local deposits of fine (about 0.5 mm in size) sediment may 

have been formed as fragments of soil aggregates (formed from the previous 

cultivation prior to storm event #1) weathered with time, with their presence 

causing much greater soil loss and higher value of β in the succeeding erosive 

storm event #2.  Similarly, the cultivation carried out on all the bare runoff plots 

a month after the erosive storm event #2 of 08-09/01/90 decreased the value of 

β for the 50% and 60% slope bare runoff plots, but unexpectedly, β increased 

(with N) for the 70% slope bare runoff plot for the following storm event #3 of 

11-14/06/90. 

The general pattern of variation in β is for β to be somewhat lower than 

the average for an erosion event following soon after cultivation (or weeding). 

Tillage methods that leave the soil surface so rough and cloddy, apart from 

limiting crust formation by maintaining part of the surface in a non-saturated 

condition, may also provide significant surface storage potential that can pond 

major quantities of rainfall excess which may reduce erosion appreciably.  The 

amount of tillage and soil moisture at tillage could affect the sediment size 

distribution of aggregated soils (Meyer, 1980; Ciesiolka and Coughlan, 1995). 

However, as time proceeds following cultivation, the value of β tends to 

increase.  This could indicate weathering and breakdown of the previously 

formed soil aggregate from cultivation providing a supply of fine sediment, 

causing an increase in c  and hence, β. Since the source of fine sediment can 

become exhausted, its supply can not be sustained for an indefinite period, so 

then lower values of β might be expected.  Such reduction in the value of β 

could also indicate soil strengthening due to consolidation and increased 

cohesion (Rose, 1993), and perhaps soil armoring (when soil surface is 

characterized by very stable soil aggregates, large sand or gravel). 

The value of β can be reduced by an increase in soil strength (Rose, 

1993).  However, cultivation would be expected to decrease soil strength, not 

increase it, and in any case cultivation and weeding operations were quite 

frequent in these field experiments.  Even if strength variations are unimportant, 
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Figure 7.10  A photograph of 60% slope bare runoff plot showing patches of 

deposited layer of soil particles. 
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the value of β can also be reduced by an increase in depositability (Rose et al, 


1990; Rose, 1993). 


A hypothesis to explain these general features of variation in β is as 

follows: Hand cultivation of runoff plots was carried out using a shovel at least a 

day after every erosive storm event to remove any rills which had formed.  At 

the time of this cultivation the soil was still quite moist, and therefore this activity 

of wet cultivation could have increased aggregation by the production of large 

soil clods which upon drying tend to become structurally very stable. Large 

aggregates have greater settling velocity, hence, depositability. The very stable 

large soil clods could create a tortuous path for the runoff thus dissipating its 

inherent streampower as its moves downslope.  The reduced streampower 

would decrease the ability of the overland flow to entrain and re-entrain 

sediment (Rose et al, 1990; Rose, 1993).  Increased roughness and reduced 

velocity may also encourage infiltration (Johnson, Mannering and Moldenhauer, 

1979), thus decreasing the magnitude of runoff that could be made available for 

eroding soil (Ross, 1989).  However, since hydrologic behavior was directly 

measured, the consequences of any such possible effects of cultivation would 

be reflected in the data obtained, and therefore have been taken into account in 

the calculation of β. 

Structurally very stable soil clods are expected to increase soil 

depositability, and dissipated streampower would result in lower values of β. 

Also, larger soil clods limit the availability of the more erodible fines.  However, 

as these soil clods weather through time, they yield finer soil aggregates of 

lower depositability, thus increasing β. 

All steep-slope bare runoff plots were weeded eighteen days before the 

storm event #6 of 20-23/07/90, and the values of β were less than for the 

previous storm event #5 (Figure 7.3).  The weeding operation causes 

unavoidable trampling of the soil surface, consequently compacting the soil 

surface to some extent, and thus weeding possibly could have a similar 

influence on β as that described above as associated with cultivation. 

Storm event #7 of 13-14/09/90 occurred about a month after cultivation, 

and values of β increased relative to the values for the prior storm event #6 

(Figure 7.3).  This behavior thus was not in accord with the general pattern 

described above.  However, values of N for 60% and 70% slope bare runoff 

plots were high for storm event #7 compared with storm event #6, which may 
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provide an explanation of this apparently aberrant behavior, though N was 

unaltered for the 50% slope bare runoff plot in both storm events. 

The values of β also decreased in the erosive storm event #15 of 25-

26/02/91 following cultivation of the steep slope bare runoff plots after the 

erosive storm event #14 of 15-19/11/90.  However, a slight increase in the 

values of β in these steep slopes bare runoff plots was observed in storm event 

#16 of 12-13/03/91 which occurred about a month after weeding but again, a 

decrease in storm event #20 of 19-20/07/91, when weeding operation was done 

4 days before this latter storm event took place (and so with the 10% slope bare 

runoff plot). Two days after the erosive storm event #23 of 30/08-02/09/91, 

which gave high values of β, all the bare runoff plots were cultivated, and the 

value of β decreased in the following erosive storm event #24 on 11-12/09/91. 

In general then, all these observations indicate that wet cultivation or 

weeding operation that disturbs the soil surface (particularly if the latter is done 

only a few days before the occurrence of a particular storm event) generally 

tends to decrease the values of c , M and β. A hypothesis using the concept of 

change in soil aggregate size and depositability was given above as to why 

rougher and better-aggregated soil surface produced by cultivation or weeding 

operations could be associated with a reduced value of β. However, weeding 

operation done some time after a particular storm event can cause the 

availability of readily erodible fines as a result of the vigorous shaking of weeds 

to separate the adhering soil after pulling them out of the bare runoff plot.  The 

availability of such readily erodible fines could had caused an increase in the 

value of β sometimes found for the next storm event. 

It is a common observation in the literature that increased erodibility (and 

hence, soil loss) follows mechanical cultivation of stronger, more compact soil 

and due to large and significant reduction of soil strength (e.g., Soane and 

Pidgeon, 1975). The relatively frequent cultivation and weeding carried out to 

remove rills and weeds from these bare runoff plots makes explanation of 

changes in β in terms of changes in soil strength less likely, and indeed such 

changes are not in the direction expected if soil strength changes were 

important to erosion.  Changes in depositability or related soil characteristics 

are suggested as a more likely and plausible explanation of change in β. 
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Much of the literature on cultivation-erodibility interactions is concerned 

with mechanical cultivation.  Secondary cultivation such as disking, harrowing, 

rolling and rotavating pulverizes the surface soil (Russel, 1977; Ross, 1989), 

and thus would be expected to significantly decrease both the soil’s strength 

and effective depositability due to the resulting deterioration in aggregate 

stability (Soane and Pidgeon, 1975; Ross, 1989).  However, the nature of 

cultivation in this experiment was very different to mechanical cultivation as it 

was carried out using a shovel after every highly erosive storm event that 

formed rills (Presbitero and Rose, 2002).  Such cultivation resulted in a very 

rough soil surface condition, with heaps of soil being formed of order 10 cm in 

height approximately, also resulting in the formation of large aggregates with 

minimal breakdown into smaller and finer aggregates (see the foreground in 

figures 4.36, 6.1 and 6.2).  Wet soil when cultivated leads to soil structure 

deterioration, increase in bulk density due to consequent compaction or 

puddling, and formation of plough pan or plow sole (Hillel, 1980; Ross, 1989). 

Young, Römkens and McCool (1990) mentioned the modification of soil 

structure and the change in the size distribution of soil aggregate as a result of 

soil mixing during the cultivation process, with soil aggregates either broken up 

or “consolidated into larger aggregates, depending on the soil moisture content 

at the time of tillage”.  As tillage activity influences soil density, thus, also the 

soil’s hydrologic characteristic. 

Figure 7.3 shows a general pattern of an increasing followed by 

decreasing values of β. Consider the pattern in storm events #7 to #13, storm 

events #15 to #18 and storm events #20 to #23. Each of these series of storm 

events was preceded by cultivation or weeding (Figure 7.3). During these storm 

events β tended to increase with time since disturbance and then decrease .The 

increase may be due to weathering of clods formed at cultivation or weeding. 

The subsequent decrease in β may be due to a reduction in the supply of the 

available fines, which have low depositability, or perhaps soil armoring 

(Figure 7.11), a phenomenon considered earlier.  Either of these two 

possibilities tends to decrease the soil erodibility factor β. 
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Figure 7.11  A photograph of soil armoring. 
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7.3.3 	 Multiple Regression Analyses Including Erodibility Parameter β as a 

Regressor for c  (or Log c ), M (or Log M) and N (Sqrt N) 

Logarithmic transformation becomes appropriate if the variables being 

considered for multiple regression analyses have either variances proportional 

to the squares of their means or standard deviations proportional to their 

respective means (Steel and Torrie, 1980).  Also, this particular transformation 

equalizes the variances and the appropriate transformation when some of the 

considered values are less than 10 (Steel and Torrie, 1980).  However, a 

square root transformation is most appropriate for observations with values of 0 

and less than 10 and values following approximately the Poisson distribution, 

for which the mean and the variance are (or almost) equal (Steel and Torrie, 

1980).  Thus, all the rainfall-, runoff-related variables, Cover, erodibility 

parameter β, the dependent variables c  and M, characterized as having either 

their variances proportional to the squares of their means or standard deviations 

proportional to their respective means (Table 7.3), were logarithmically 

transformed prior to correlation and the following multiple regression analyses. 

However, since all the recorded values of N were less than 10 and there were 

values of 0 (Table 7.3), a square root transformation was deemed appropriate. 

In order to exhaust all possible forms of regressor-candidates and 

dependent variables for the following multiple regression analyses, correlation 

analyses were conducted for both the transformed and untransformed forms of 

all the variables considered in the experiment for all the bare runoff plots in all 

the slopes (Appendix Table 7.1).  Appropriate forms of the regressors having 

the largest absolute values of the Pearson product-moment correlation 

coefficient were selected as potential regressors for the dependent variable 

being considered. The candidate regressors for the following multiple 

regression analyses are presented in appendix table 7.2. 

The result of the multiple regression analyses for c  (or Logc ), M (or 

LogM) and N (or SqrtN) is presented in table 7.4. In all the bare runoff plots at 

various slopes, the logarithmic form of c appeared to be the appropriate form 

for the dependent variable c  because of the consistently large values of the 

coefficient of multiple determination, R2, almost equal to 1 (Table 7.4). 

According to Simons (1986), R2 indicates the proportion of the total variation in 
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Table 7.3  Basic statistical properties of variables collected from bare runoff 

plots at various slopes in ACIAR project at ViSCA, Baybay, Leyte, the 

Philippines. 

For "10%" Slope Bare Runoff Plot 

Variable Sample 
Size 

Mean 
Value 

Minimum 
Value 

Maximum 
Value 

Range Standard 
Deviation 

Variance 

ΣP (mm) 13 79.70 14.70 275.52 260.82 75.68 5727.66 

P  (mm/h) 13 13.31 4.60 32.58 27.98 8.01 64.18 
Pmax (mm/h) 13 102.40 71.37 157.93 86.56 32.16 1034.02 
EI30 (t-m/ha) 13 55.73 9.00 239.00 230.00 67.17 4511.60 
ΣQ (mm) 13 23.83 1.01 122.71 121.70 33.43 1117.61 

Qm  (mm/h) 13 22.30 5.45 48.66 43.22 14.49 210.03 

Q  (mm/h) 13 5.17 0.89 13.23 12.34 4.01 16.07 
Qmax (mm/h) 13 52.92 11.37 121.40 110.03 32.78 1074.55 
Qdu (min) 13 269.31 28.00 828.00 800.00 265.55 70519.40 
Cover (%) 13 6.32 5.00 17.14 12.14 3.27 10.70 
N (m-1) 13 0.08 0.00 0.42 0.42 0.14 0.02 
β (unitless) 13 0.88 0.66 1.06 0.40 0.13 0.02 
c  (kg/m  )3 13 42.17 11.94 85.20 73.26 21.81 475.61 
M (t/ha) 13 11.08 0.12 53.83 53.71 15.40 237.24 

For "50%" Slope Bare Runoff Plot 

Variable Sample 
Size 

Mean 
Value 

Minimum 
Value 

Maximum 
Value 

Range Standard 
Deviation 

Variance 

ΣP (mm) 29 87.34 16.43 340.23 323.80 71.82 5157.70 

P  (mm/h) 29 14.81 2.83 54.24 51.41 11.15 124.30 
Pmax (mm/h) 29 106.45 47.74 176.41 128.67 34.04 1159.00 
EI30 (t-m/ha) 29 71.12 4.20 239.00 234.80 65.73 4320.70 
ΣQ (mm) 29 4.42 0.09 41.97 41.88 7.86 61.70 

Qm  (mm/h) 29 2.92 0.32 9.40 9.08 2.21 4.90 

Q  (mm/h) 29 0.79 0.05 2.55 2.50 0.63 0.40 
Qmax (mm/h) 29 10.01 1.64 28.53 26.89 7.93 62.80 
Qdu (min) 29 378.21 16.00 1257.00 1241.00 349.17 121919.90 
Cover (%) 29 4.23 2.00 8.00 6.00 1.73 3.00 
N (m-1) 29 0.48 0.00 1.83 1.83 0.53 0.30 
β (unitless) 29 0.78 0.41 1.17 0.76 0.21 0.00 
c  (kg/m  )3 29 112.68 9.19 427.40 418.21 120.22 14451.80 
M (t/ha) 29 5.85 0.05 25.08 25.03 8.23 67.70 
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Table 7.3 (continued) 

For "60%" Slope Bare Runoff Plot 

Variable Sample 
Size 

Mean 
Value 

Minimum 
Value 

Maximum 
Value 

Range Standard 
Deviation 

Variance 

ΣP (mm) 30 77.53 14.70 275.52 260.82 63.15 3988.00 

P  (mm/h) 30 13.39 2.02 54.00 51.99 10.54 111.20 
Pmax (mm/h) 30 93.58 42.70 157.93 115.23 35.19 1238.40 
EI30 (t-m/ha) 30 61.25 1.70 239.00 237.30 63.85 4076.40 
ΣQ (mm) 30 5.11 0.50 41.43 40.93 7.85 61.70 

Qm  (mm/h) 30 3.10 0.43 6.79 6.36 1.63 2.70 

Q  (mm/h) 30 0.89 0.13 3.64 3.52 0.71 0.50 
Qmax (mm/h) 30 11.02 1.85 41.96 40.10 8.54 72.90 
Qdu (min) 30 412.27 25.00 1377.00 1352.00 376.22 141541.70 
Cover (%) 30 3.35 1.80 10.40 8.60 2.06 4.20 
N (m-1) 30 0.53 0.00 1.51 1.51 0.57 0.30 
β (unitless) 30 0.66 0.27 1.36 1.09 0.26 0.10 
c  (kg/m  )3 30 93.70 3.85 466.38 462.53 117.68 13849.20 
M (t/ha) 30 5.90 0.07 34.58 34.51 9.48 89.80 

For "70%" Slope Bare Runoff Plot 

Variable Sample 
Size 

Mean 
Value 

Minimum 
Value 

Maximum 
Value 

Range Standard 
Deviation 

Variance 

ΣP (mm) 30 77.53 14.70 275.52 260.82 63.15 3988.00 

P  (mm/h) 30 13.39 2.02 54.00 51.99 10.54 111.20 
Pmax (mm/h) 30 93.58 42.70 157.93 115.23 35.19 1238.40 
EI30 (t-m/ha) 30 61.25 1.70 239.00 237.30 63.85 4076.40 
ΣQ (mm) 30 4.52 0.21 54.48 54.27 9.97 99.30 

Qm  (mm/h) 30 2.75 0.26 9.69 9.43 2.47 6.10 

Q  (mm/h) 30 0.78 0.11 2.38 2.28 0.63 0.40 
Qmax (mm/h) 30 7.97 0.80 24.95 24.15 6.34 40.30 
Qdu (min) 30 362.93 24.00 1412.00 1388.00 362.64 131509.20 
Cover (%) 30 4.67 2.00 10.00 8.00 2.03 4.10 
N (m-1) 30 0.61 0.00 1.66 1.66 0.64 0.40 
β (unitless) 30 0.82 0.48 1.16 0.68 0.20 0.00 
c  (kg/m  )3 30 178.06 7.39 571.08 563.69 188.18 35410.00 
M (t/ha) 30 8.62 0.11 51.26 51.15 13.04 170.00 
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Table 7.3 (continued) 

Notes: ΣP (mm) - total rainfall depth; 

P  (mm/h) - arithmetical mean rainfall rate; 

Pmax (mm/h) - maximum rainfall rate for the duration of the recorded 

storm event(s); 

EI30 (t-m/ha) - maximum value of EI30 for the duration of the recorded 

storm event(s); 

ΣQ (mm) - total runoff depth; 

Qm  (mm/h) - arithmetical mean runoff rate as defined by Ciesiolka et al 

(1995); 

Q  (mm/h) - arithmetical mean runoff rate; 

Qmax (mm/h) - maximum runoff rate for the duration of the recorded storm 

event(s);


Qdu (min) - duration of runoff;


Cover (%) - surface contact cover; 


β (unitless) - erodibility parameter; 


N (m-1) - number of rill(s) per meter width of runoff plot; 


c  (kg/m3) - average sediment concentration; and 


M (t/ha) - total soil loss. 




7-42 
Table 7.4  Result of multiple regression analyses for c  (or Lgc ), M (or LgM) 

and N (or SqrtN) for all bare runoff plots at various slopes. 

For c  (or Lgc ) 

Slope 
(%) Multiple Regression Model R2 

10 Lg c  = -0.35 LgPmax 
* + 0.66 Lg Q max 

*** - 0.18 LgQdu 
** + 0.67 

SqrtN** + 3.94 Lgβ*** 0.999*** 

50 Lg c  = 0.31 LgΣQ** - 0.22 LgQdu  + 0.50 SqrtN  + 6.74 Lgβ****** ** 0.993*** 

60 Lg c  = 0.37 LgΣQ*** - 0.21 LgQdu  + 0.32 SqrtN  +7.45 Lgβ****** ** 0.995*** 

70 Lg c  = -0.07 LgQdu 
ns + 0.72 SqrtN  + 1.72 β****** 0.989*** 

For M (or LgM) 

Slope 
(%) Multiple Regression Model R2 

10 LgM = 0.52 LgΣQ*** + 0.008 Qmax 
*** - 0.44 LgCover ** + 0.19 βns 0.998*** 

50 
LgM = 1.64 LgΣQ*** + 0.51 Lg Qm

ns - 2.15 Lg Q ** - 0.54 
LgQdu 

*** 

+ 0.22 SqrtNns + 1.21 β*** 

0.937*** 

60 LgM = -0.19 LgEI30 
* + 1.47 LgΣQ*** - 0.37 LgQdu 

*** 

+ 3.71 Lgβ*** 0.937*** 

70 LgM = 1.01 LgΣQ*** + 0.48 Lg Qm
ns - 1.53 LgCover *** + 1.22 

β*** 0.928*** 
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Table 7.4 (continued) 

For N (or SqrtN) 

Slope 
(%) Multiple Regression Model R2 

10 SqrtN = 0.32 LgPmax 
** + 0.12 LgQmax 

ns - 0.01 Coverns 0.983*** 

50 SqrtN = 0.41 Lg P ** + 0.23 LgΣQ* + 0.48 β* 0.959*** 

60 
SqrtN = -0.002 ΣPns + 0.50 Lg P ns + 0.0007 Pmax 

ns 

+ 0.11 LgEI30 
ns + 0.48 LgΣQns -1.41 Lg Qm

* + 1.00 Lg Q ns 

+ 0.42 LgQmax 
ns + 0.06 LgQdu 

ns + 0.28 Lgβns 

0.974*** 

70 SqrtN = 1.12 Lg Q ** + 0.19 LgQdu 
* - 0.62 LgCover * + 0.92 β*** 0.966*** 
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Table 7.4 (continued) 

Notes: Slope - slope of the runoff plot; 

ΣP (mm) - total rainfall depth; 


P  (mm/h) - arithmetical mean rainfall rate; 


Pmax (mm/h) - maximum rainfall rate for the duration of the recorded 


storm event(s);


EI30 (t-m/ha) - maximum value of EI30 for the duration of the recorded 


storm event(s);


ΣQ (mm) - total runoff depth; 


Qm  (mm/h) - arithmetical mean runoff rate as defined by Ciesiolka et al


(1995); 


Q  (mm/h) - arithmetical mean runoff rate; 


Qmax (mm/h) - maximum runoff rate for the duration of the recorded storm 


event(s);


Qdu (min) - duration of runoff;


Cover (%) - surface contact cover; 


N (m-1) - number of rill(s) per meter width of runoff plot; 


β (unitless) - erodibility parameter; 


c  (kg/m3) - average sediment concentration; 


M (t/ha) - total soil loss; 

Prefix Lg means common logarithmic (i.e., to the base 10) transform of 

the appropriate variable; 

Prefix Sqrt means square root transform of the appropriate variable; and 
* ** *** , , , ns significant at the 0.05, 0.01 and 0.001 probability levels, and 

not significant, respectively at α = 5%. 
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the dependent variable which could be explained by the derived regression 

model. The logarithmic form of the regressor Qdu (i.e. LgQdu) consistently 

resulted in negative coefficients in all the bare runoff plots.  This negative 

coefficient presumably indicates that, other factors being similar, a longer runoff 

duration decreased c  and M.  For similar ΣQ, a larger Qdu would imply a 

decreased rate of runoff, so the result is physically plausible.  Except for the 

bare runoff plot at about 70% slope, the erodibility parameter β, as a regressor 

was of the logarithmic form.  The square root transform form of N was a 

consistent positive regressor in all the bare runoff plots (Table 7.4). 

The logarithmic transform form for M was the consistent form for the 

dependent variable M.  Except for the bare runoff plot at about 60% slope, the 

regressor β was used in its untransformed form.  As before, the regressor LgQdu 

resulted in negative coefficients.  The negative sign for the regressors Lg Q  and 

LgEI30 for the bare runoff plots at 50% and 60% slopes does not have physical 

meaning. 

7.3.4 Multiple Regression Analyses for Erodibility Parameter β 

The result of the correlation analyses in the previous section was the 

basis for the selection of the regressors for β. Similar criteria as discussed 

previously were used in the selection of the regressors for β. The finally 

selected regressors are presented in table 7.5. 

The result of the multiple regression analysis with β as the dependent 

variable is presented in table 7.6.  Erodibility parameter β was found to be a 

function of the rainfall related logarithmically transformed parameter Pmax 

(except in the bare runoff plot at 60% slope), runoff related logarithmically 

transformed parameter Qmax, and to either the untransformed and square root 

transformed N (Table 7.6). 

As discussed in section 7.3.1 (General Discussion) of this chapter, a 

dependence of β on N is not expected on theoretical grounds, since the 

analysis recognizes the effect of rilling on streampower. However, the 

observational limitations on N have been recognized, and the limitations of N in 

describing the dynamic behavior of rills during an erosion event have been 

discussed. Figure 7.9 showed considerable scatter and only the possibility of a 
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Table 7.5  Independent variables considered in the multiple regression analyses 

for dependent variable β (Lgβ) in all the bare runoff plots at various slopes. 

For "10%" Slope Bare Runoff Plot 

Dependent 
variable Independent variables 

β LgΣP, P , LgPmax, LgEI30, LgΣQ, Lg mQ , Lg  Q , LgQmax, LgQdu, 
LgCover, N 

Lgβ LgΣP, P , LgPmax, LgEI30, LgΣQ, Lg Qm, Lg Q , LgQmax, LgQdu, 
LgCover, N 

For "50%" Slope Bare Runoff Plot 

Dependent 
variable Independent variables 

β ΣP, Lg P , LgPmax, LgEI30, LgΣQ, Qm, Lg Q , LgQmax, LgQdu, Cover, N 

Lgβ ΣP, Lg P , LgPmax, LgEI30, LgΣQ, mQ , Lg  Q , LgQmax, LgQdu, Cover, N 

For "60%" Slope Bare Runoff Plot 

Dependent 
variable Independent variables 

β ΣP, P , Pmax, LgEI30, LgΣQ, mQ , Lg  Q , LgQmax, LgQdu, Cover, N 

Lgβ ΣP, P , Pmax, LgEI30, LgΣQ, mQ , Lg  Q , LgQmax, LgQdu, Cover, SqrtN 

For "70%" Slope Bare Runoff Plot 

Dependent 
variable Independent variables 

β ΣP, Lg P , LgPmax, LgEI30, LgΣQ, Lg mQ , Lg  Q , LgQmax, LgQdu, Cover, 
SqrtN 

Lgβ ΣP, Lg P , LgPmax, LgEI30, LgΣQ, Lg mQ , Lg  Q , LgQmax, LgQdu, Cover, 
SqrtN 
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Table 7.5 (continued) 

Notes: ΣP (mm) - total rainfall depth; 

P  (mm/h) - arithmetical mean rainfall rate; 

Pmax (mm/h) - maximum rainfall rate for the duration of the recorded 

storm event(s); 

EI30 (t-m/ha) - maximum value of EI30 for the duration of the recorded 

storm event(s); 

ΣQ (mm) - total runoff depth; 

Qm  (mm/h) - arithmetical mean runoff rate as defined by Ciesiolka et al 

(1995); 

Q  (mm/h) - arithmetical mean runoff rate; 

Qmax (mm/h) - maximum runoff rate for the duration of the recorded storm 

event(s);


Qdu (min) - duration of runoff;


Cover (%) - surface contact cover; 


N (m-1) - number of rill(s) per meter width of runoff plot; 


β (unitless) - erodibility parameter; 


c  (kg/m3) - average sediment concentration; 


M (t/ha) - total soil loss; 


Prefix Lg means common logarithmic (i.e., to the base 10) transform of


the appropriate variable; and 


Prefix Sqrt means square root transform of the appropriate variable. 
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Table 7.6  Result of multiple regression analyses for β (or Lgβ) for all bare 

runoff plots at various slopes. 

Slope 
(%) Multiple Regression Model R2 

10 β = 0.32 LgPmax 
** - 0.20 LgEI30 

ns + 0.33 LgQmax 
* 0.990*** 

50 β = 0.35 LgPmax 
*** + 0.15 N* 0.951*** 

60 β = 8.75 (10-3) P ns + 0.51 LgQmax 
*** 0.864*** 

70 β = 0.21 LgPmax 
** + 0.40 SqrtN*** 0.964*** 
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Table 7.6 (continued) 

Notes: Slope - slope of the runoff plot; 

ΣP (mm) - total rainfall depth; 


P  (mm/h) - arithmetical mean rainfall rate; 


Pmax (mm/h) - maximum rainfall rate for the duration of the recorded 


storm event(s);


EI30 (t-m/ha) - maximum value of EI30 for the duration of the recorded 


storm event(s);


ΣQ (mm) - total runoff depth; 


Qm  (mm/h) - arithmetical mean runoff rate as defined by Ciesiolka et al


(1995); 


Q  (mm/h) - arithmetical mean runoff rate; 


Qmax (mm/h) - maximum runoff rate for the duration of the recorded storm 


event(s);


Qdu (min) - duration of runoff;


Cover (%) - surface contact cover; 


N (m-1) - number of rill(s) per meter width of runoff plot; 


β (unitless) - erodibility parameter; 


c  (kg/m3) - average sediment concentration; 


M (t/ha) - total soil loss; 


Prefix Lg means common logarithmic (i.e., to the base 10) transform of


the appropriate variable; 


Prefix Sqrt means square root transform of the appropriate variable; and 

* ** *** , , , ns significant at the 0.05, 0.01 and 0.001 probability levels, and 

not significant, respectively at α = 5%. 
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weak dependence of β on N evidently picked up in the multiple regression 

analysis for 50% and 70% slope in table 7.6. 

The dependence of β on rainfall factors shown in table 7.6 could well be 

due to the definition of β, which assumes a dominance of flow-driven over 

rainfall-driven soil erosion which may not be complete for the ViSCA data. 

Indeed the commonly very shallow water depths inferred for these experiments 

would suggest that addition to sediment concentration by rainfall impact could 

be significant as discussed in section 4.10 (Contribution of Rainfall Detachment 

(and Re-detachment) to the Sediment Concentration of Sediment from Bare 

Runoff Plots) of Chapter 4 (General Features of the In-Situ Collected Data). 

As discussed earlier in this chapter, β would be expected to be directly 

influenced by soil characteristics which could change dynamically due to 

cultivation, weeding, surface weathering, changes in aggregate size and settling 

velocity characteristics, and due to the erosion and deposition processes under 

investigation. However, due to resource and technique limitations, there was no 

detailed measurement of these dynamic factors, which therefore could not be 

included in multiple regression analysis such as illustrated in table 7.6.  This 

area of research is a challenge to future studies. 

7.4	 The Effects of Exposure Factor and Combined Saltation Shear Stress and 

Sediment Enhancement of Fluid Density on Sediment Concentration at the 

Transport Limit 

A systematic theory for evaluating overland flow hydraulics for 

incompletely submerged rough surfaces had not yet been developed 

(Lawrence, 1997).  Lawrence (1997) developed a heuristic model for the 

variation in frictional resistance experienced by flow over a partially inundated 

surface covered by varying densities of uniform hemispherical resistance 

elements. From this heuristic model, frictional resistance was found to be 

related to the inundation ratio defined as the ratio of water depth to the radius of 

the hemispherical resistance element (Lawrence, 1997).  This heuristic model of 

resistance can be generalized by considering a continuous range of element 

sizes, as in the previous development for the exposure factor (1 – C). For an 

incomplete inundation of the rough surface, there are two classes of roughness 

elements or aggregates, namely: first, there will be a range of smaller size 
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classes that are completely inundated, offering resistance component fa, and 

second, a range of larger class sizes only partly immersed, offering a resistance 

component fb. At shallow water depths compared to the scale of the larger 

aggregates, fb is much greater than fa, but as water depths increases, fb 

decreases and fa increases, so that the total resistance given by (fa + fb) can be 

approximately constant. A similar conclusion is reached whatever shape of 

aggregate might be assumed. 

Given the uncertainty also in the heuristic theory for the cover (C) or 

exposure (1 – C) factors, it may be said that, to a considerable extent, the ratio 

1(1− C) 
approaches the constant value of , and that there is some 

φ φe e 

approximate cancellation of other terms due to ρe and saltation stress in terms 

of their effect on ct. Presbitero et al (2001) showed in the ViSCA in-situ 

experiment that the ratio 
(1− C) 

is mostly between 9 and 14, a variation of 
φe 

about a factor of 1.5, though the exact value of this ratio is uncertain at very low 

values of water depth or velocity. 

Although (1 – C) and φe both increase with water depth D, for obvious 

physical reasons, there appears no a priori reason, except the nature of the 

theory, why the ratio of these two factors should vary as little as it does as water 

depth (or velocity) changes.  Nor is there any a priori reason to expect that 

effects of saltation shear stress (τsa) and density of sediment-laden water (ρe) 

should very approximately cancel each other out, though it is conceptually clear 

that they should be opposing factors in their effect on ct. Thus, despite the 

significant difference in the effects of saltation shear stress and the sediment 

enhancement of fluid density, the combination of both effects causes only minor 

change in ct  (Presbitero et al, 2001). 

Despite this interesting outcome of very approximate cancellation by the 

exposure factor (1 – C) of the effect of effective depositability φe, and of saltation 

shear stress by sediment enhancement of fluid density, this outcome could only 

be established by the original development of theory for the exposure factor (1 – 

C), and effects of saltation shear stress and sediment enhancement of fluid 

density, and its quantitative application (Rose et al, 2001 and Presbitero et al, 

2001).  Whilst this approximate cancellation of effects has been established 

only for the ViSCA in-situ collected data, this data was obtained in rather 
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extreme situations of high slopes, very high sediment concentration and shallow 

depths where the role of these newly investigated factors is likely to be more 

pronounced than would be commonly expected in field situations. Whilst the 

effect of these factors diminishes at greater water depths and more commonly 

observed sediment concentrations, their inclusion in the GUEST and GUEPS 

family of customized application softwares (Yu and Rose, 1997) is designed to 

enhance their generality of application. 

Presbitero et al (2001) investigated in detail the variations in the 

calculated values of the sediment concentration at the transport limit ct, as 

affected by the exposure factor (1 – C) and, by the combined effect of saltation 

shear stress and sediment enhancement of fluid density.  Using the Rose et al 

version (1997) of GUEST, there appeared a modest difference between the 

calculated values of ct with and without the combined effect of saltation shear 

stress and sediment enhancement of fluid density.  Such small difference was 

not surprising because of two primary reasons, namely: i) the opposing nature 

of the effect of saltation shear stress and sediment enhancement of fluid 

density, i.e., the enclosed term in the denominator of equation 2-73, is the only 

factor of difference between such calculations of ct; and ii) the range in value of 

such adjustment factor is in itself modest.  However, calculated values of ct 

using Rose and Hairsine (1988) version, were much less than that from Rose et 

al version (1997) without the adjustment factor term. These findings revealed 

(1− C)
the relatively greater effect of the factor  over that of the combined effect 

φe 

of saltation shear stress and sediment enhancement of fluid density term on the 

calculated values of the sediment concentration at the transport limit ct. The 

discrepancy between calculated values of ct using Rose et al version (1997) 

(with the adjustment factor) and, Rose and Hairsine version (1988) increases 

with the values of ct calculated from the former version (up to about 100 kg/m3), 

beyond which the former version exceeds the latter version in the calculated 

values of ct by up to about 40 kg/m3. Presbitero et al (2001) concluded that from 

the theory involved in such variations in the behavior of the calculated values of 

ct (which are rather coherent for the ViSCA data set) could alter with soil type, 

possibly only to a modest amount, though this needs further investigation. 
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7.5 Summary of Findings from the Analyses 

a) The influence of sediment-laden fluid density ρe, was in direct 

proportion with the values of sediment concentration at the transport 

limit c ;t

b) The influence of effective depositability φe, was inversely related with 

ct (and hence, at lower values of computed depth of overland flow, 

D); 

c) Apparently, there seemed to be a region (particularly for the bare 

“10%” slope) in the range of values of ct  where there was a transition 

zone characterized with decreasing influence of φe but an increasing 

influence of ρe; 

d) The influence of ρe was in direct proportion with the computed values 

of the erodibility parameter β; 

e) The largest discrepancies in β from that of the Rose et al version 

(1997) (which incorporated saltation shear stress among others in 

view of the very high sediment concentration and shallow computed 

depth of overland flow - principal features of the experimental site) 

were from versions of GUEST that used φe alone; 

f)	 Under situations of high sediment concentration and shallow 

computed water depths, the Rose and Hairsine version (1988) (that 

used sediment-free density of water ρ and full settling velocity 

characteristic of soil via depositability φ) appeared to be deficient in 

calculating c , thus making consideration of saltation shear stress t 

and ρe very important through the more exact and general Rose et al 

version (1997) of GUEST; 

g) Interpretation of changes in soil erodibility could be made 

meaningfully through values of computed erodibility factor β; 

h) Formation of localized mudflow was immediately followed by rill 

formation which appeared to be initiated by momentary increase in 

rainfall rate; 

i)	 Calculated values of β were near to or even greater than 1 when 

localized mudflows and rolling of gravel or large soil aggregates were 

observed; 
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j)	 The corresponding calculated values of β were much more coherent 

for “rilled” than for “plane” storm events; 

k) 	Values of erodibility parameter β (hence, c  and M) tend to be lower 

than the average for a soil erosion event following wet cultivation 

which increased aggregation by production of large soil clods that 

tend to become structurally very stable upon drying and have greater 

settling velocity or depositability; 

l)	 Negative-coefficient logarithmic form of the regressor Qdu could be 

interpreted as longer runoff duration decreased c and M assuming 

other factors to be similar; 

m) In the multiple regression analysis, erodibility parameter β, was a 

function of logarithm transform of Pmax and Qmax, and to either 

untransformed or square root transformed N; and 

n) Factor 
(1− C) 

(from equation 2-72, the basis of Rose et al version 
φe 

(1997) of GUEST) has greater effect than the combined effect of 

saltation shear stress and sediment-laden fluid density on the 

calculated sediment concentration at the transport limit. 



Chapter 8  Surface Hydrology and Infiltration 

8.1 Introduction 

As mentioned in Chapter 4 (General Features of the In-Situ Collected 

Data), runoff in all plots is only a small percentage of rainfall, an indication of the 

very porous nature of soil in the experimental site (Appendix Table 4.1). The 

depth of rainfall recorded in appendix table 4.1 represented the total amount of 

rain that the experimental area received from the start until the end of any 

particular storm event.  However, of great interest is the total amount of rain that 

fell on any runoff plot starting from the instant runoff occurred until the cessation 

of any particular storm event.  Such total amount of rainfall that fell during the 

period of runoff would be called runoff-producing rainfall. Obviously, this runoff 

producing rainfall will always be less than the total rainfall depth recorded from 

the very start until the end of any given storm event. 

Recalling from Chapter 3 (The Experimental Methods), recording 

electronic Robinson-type loggers in the experimental area were used to collect 

data from the pluviometers and the runoff tipping buckets installed in each of 

the runoff plots.  Each of the two pluviometers in the experimental area had 

been linked to a specific set of runoff plots.  The collected data downloaded 

from the loggers were first transformed to flow rate by a customized computer 

program DATALOG. These transformed data were further analyzed using 

customized application software DATAMATE which produced an output that 

included a storm event summary giving information on rainfall, duration of 

rainfall, runoff-producing rainfall and total runoff.  Table 8.1 presents the 

summary of collected data on runoff-producing rainfall for each recorded storm 

event while the other outputs from DATAMATE have been presented already in 

Chapter 4 (General Features of the In-Situ Collected Data) (Appendix 

Table 4.1). The apparent differences in the values of runoff-producing rainfall in 

each of the runoff plots in every storm event could be due to varying behavior of 

the plots in producing runoff. 

On each of the bare runoff plots at slope of about 50% and 60%, 

throughflow was measured at depth of about 0.20 m at the base of the bottom 
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Table 8.1 Summary of collected data on runoff-producing rainfall in mm from ACIAR project at ViSCA, Baybay, Leyte, the Philippines for 

the period 1989-1992. 

Slope 10% a 50% 60% 70% 
Treatments T1 T2 T1 T2 T3 T4 T1 T2 T3 T4 T1 T2 T3 T4 
Date of Storm Event 

09-11/10/89 114.74 109.78 96.67 110.13 110.84 110.84 117.22 111.55 116.51 111.19 105.88 116.51 116.51 116.16 
08-09/01/90 149.63 143.59 141.82 142.89 140.76 142.53 151.40 141.11 149.99 136.52 146.79 150.69 150.69 152.11 
11-14/06/90 84.90 94.96 88.09 91.52 78.04 85.44 83.72 88.35 74.27 86.24 75.69 81.36 76.87 72.85 
20-21/06/90 44.80 49.83 50.09 48.51 38.42 49.03 43.62 49.56 43.62 48.77 34.13 33.89 33.89 43.62 
27-28/06/90 25.87 27.05 27.05 31.31 23.86 23.86 27.06 23.86 25.87 23.86 25.87 25.87 24.68 24.68 
20-23/07/90 56.37 48.62 57.66 57.40 49.68 39.54 61.35 51.01 49.01 55.54 57.56 56.37 52.11 51.86 
13-14/09/90 117.78 127.68 129.80 129.80 129.80 126.36 118.01 128.48 118.01 125.57 118.01 109.49 118.01 117.78 
04-05/10/90 59.00 65.71 63.06 65.44 65.71 65.71 58.53 62.54 56.64 56.44 57.35 59.47 59.24 57.35 
05-06/10/90 9.48 10.33 10.33 12.72 11.39 9.27 13.52 12.72 10.43 9.27 11.38 9.48 10.43 8.53 
06-07/10/90 18.36 17.84 17.84 22.38 20.24 20.24 20.26 20.29 18.36 22.38 18.36 20.26 18.36 18.36 
07-08/10/90 33.27 37.44 18.04 37.70 35.32  33.04 35.59 32.80 34.27 32.80 36.35 33.04 32.80 
11-17/10/90 19.63 19.84 17.73 28.83 12.70 30.69 26.49 21.16 23.18 24.34 18.45 20.34 28.62 20.81 
12-14/11/90 157.26 141.52 139.40 142.57 140.46 137.02 158.44 139.14 157.97 139.40 156.08 158.68 159.15 157.97 
15-19/11/90 42.86 51.90 52.43 51.11 51.90 51.37 45.93 50.58 45.46 51.37 42.38 44.51 44.28 43.10 
25-26/02/91 42.08 51.29 50.76 52.08 46.27 49.17 42.31 51.02 42.08 51.55 42.31 41.84 41.84 41.84 
12-13/03/91 182.74 208.81 199.30 207.49 199.82 201.15 187.94 190.31 187.94 200.09 181.08 183.92 190.06 187.23 

28/06-01/07/91 35.59 46.96 47.50 51.75 44.32 53.07 40.33 46.96 38.43 45.91 38.43 39.15 33.22 36.53 
08-10/07/91 125.68 133.70 133.43 134.23 133.70 133.96 128.75 133.96 124.02 129.73 126.62 126.62 120.95 124.73 
15-16/07/91 25.47 28.20 26.34 26.34 28.20 28.20 29.05 28.20 29.05 26.34 23.80 22.37 23.80 23.80 
19-20/07/91 30.31 34.17 36.29 35.76 33.10 32.04 31.26 32.04 27.46 32.04 30.31 32.68 28.42 27.46 
02-05/08/91 41.97 42.70 41.10 48.79 44.29 52.23 42.67 43.23 29.16 33.68 36.52 43.15 36.05 35.58 
09-12/08/91 31.03 41.05 38.94 38.41 35.75 32.05 35.05 40.26 33.63 35.22 34.81 34.81 33.16 31.98 

30/08-02/09/91 103.72 131.39 129.00 129.00 124.20 126.87 107.78 129.00 107.78 131.39 107.78 107.78 107.78 109.92 
11-12/09/91 24.67 29.98 31.31 31.31 36.35 31.31 27.28 29.98 29.41 29.98 26.33 25.62 24.67 27.99 
03-04/10/91 9.95 16.70 11.66 12.19 16.70 11.66 13.04 11.66 13.04 12.99 13.98 15.16 11.38 13.76 
04-07/10/91 21.10 24.90 18.26 20.92 20.39 19.33 21.34 22.26 18.48 19.59 16.81 16.81 18.71 13.48 



Table 8.1 (continued) 

Slope 10% a 50% 60% 70% 
Treatments T1 T2 T1 T2 T3 T4 T1 T2 T3 T4 T1 T2 T3 T4 
Date of Storm Event 

08-09/10/91 9.24 10.06 11.13 10.06 8.74 8.74 11.38 11.13 7.34 8.74 8.29 8.29 8.29 8.29 
04-06/11/91 268.42 336.27 324.63 334.42 334.15 312.98 272.68 323.58 269.37 324.37 265.35 266.77 266.53 265.35 
12-18/11/91 3.31 26.17 29.10 29.09 28.82 29.09 3.31 30.42 8.05 25.65 36.67 36.43 37.37 35.48 
18-19/11/91 17.32 22.02 19.38 18.85 10.36 11.96 15.90 23.34 13.54 23.34 15.90 13.30 18.03 11.64 
22-25/11/91 51.10 67.46 64.03 61.90 70.12 70.65 56.54 53.18 56.53 54.22 50.38 55.83 59.62 54.88 
17-22/06/92 29.86 42.90 110.52 148.90 130.61 126.10 30.10 88.29 29.15 28.63 130.11 135.56 134.61 120.38 

Note: a - Prior to storm event of 28/06-01/07/91 both runoff plots at 10% slope were under treatment T2. 
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retaining wall of the runoff plot (Figure 8.1). Throughflow was also measured at 

the vacant but vegetated area of land between the bare and hedged runoff plots 

with slope of about 60% (Figure 8.2). 

8.2 The Selection of the Data Set 

In this chapter, consideration will be given only to the data for storm 

events of 08-09/01/90, the storm events from 13-14/09/90 to 15-19/11/90, and 

storm events from 11-12/09/91 to 22-25/11/91.  Also, for inclusion into the 

analyses in this chapter are storm events from 04-05/10/90 to 07-08/10/90, 12-

14/11/90, 04-06/11/91 and 12-18/11/91 since a bigger proportion of the total 

recorded storm events (17 storm events out of a total of 32 recorded storm 

events) and big storm events occurred during these periods. For all these 

storm events, the steep slope runoff plots were either kept bare (T1), planted to 

corn along the prevailing slope (T2), across the slope in hedged runoff plots 

(T3), or similar to T3 but with peanut intercrop (T4). 

Runoff-producing rainfall appears to vary from each of the runoff plots 

perhaps due to the apparent differences in their behavior in responding to 

various storm events, and the treatments and land slopes into which they were 

subjected (Table 8.1).  The result of the analyses of variance (ANOVA) of the 

effect of these treatments (and land slopes) on runoff-producing rainfall and 

runoff using split plot in randomized complete block experimental design is 

presented in table 8.2. 

ANOVA of runoff-producing rainfall events showed insignificant effects of 

treatments and land slopes.  Statistically insignificant difference in the runoff-

producing rainfall again reinforced the previous statement made regarding the 

similarity in the recording characteristics of the two pluviometers located in the 

experimental site. This may be compared with Chapter 5 (Statistical Analysis of 

Data), where treatments and slopes were shown to have very highly significant 

and insignificant effects on runoff, respectively.  In both the variables runoff-

producing rainfall and runoff, there have been no statistical interaction between 

the treatments and the approximate slopes of the runoff plots.  For purpose of 

comparison with the previous findings, the following paragraph reviews some of 

the important conclusions derived from the result of the ANOVA for the same 

data set as carried out in Chapter 5 (Statistical Analysis of Data). 
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Figure 8.1 Photographs of throughflow interceptor drains at (a) 50%- and (b) 

60%-slope bare runoff plots. 

(a) 
(b) 
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Figure 8.2  A photograph of a throughflow interceptor drain at the vacant but 

vegetated land between the bare and hedged runoff plots with slope of about 

60%. 
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Table 8.2  Analysis of variance (ANOVA) of the effect of treatments and three 

steep land slopes on runoff-producing rainfall for storm event 08-09/01/90, 

storm events from 13-14/09/90 to 15-19/11/90 and storm events from 11-

12/09/91 to 22-25/11/91.  Land slopes approximately 50%, 60% and 70%. 

Source SS df MS F-statistic Pr 
Main Plots 

Blocks 1087285.50 15 72485.70 
Slope 835.49 2 417.74 1.36 0.27ns 

Main Plot Error 9209.26 30 306.98 
Treatment 132.31 3 44.10 1.26 0.29ns 

Treatment x Slope 262.25 6 43.71 1.25 0.29ns 

Error 4731.79 135 35.05 
Total 1102456.59 191 

Duncan's Multiple Range Test for Treatment 
Error mean square = 35.05 
Degrees of freedom = 135 
Significance level = 5% 
LSD 0.05 = 2.39 

Rank Treatment Mean n Non-significant ranges 
1 2 66.8 48 a 
2 4 65.6 48 a 
3 3 65.2 48 a 
4 1 64.6 48 a 

Duncan's Multiple Range Test for Slope 
Error mean square = 306.98 
Degrees of freedom = 30 
Significance level = 5% 
LSD 0.05 = 6.33 

Rank Slope Mean n Non-significant ranges 
1 50% 68.3 64 a 
2 60% 64.9 64 a 
3 70% 63.3 64 a 
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Notes: SS - sum of squares; 

df - degrees of freedom; 

MS - mean square; 

F-statistic – ratio of MS for a given source of variation to MS of error 

term; 

Pr - significance level; 

LSD – Least Significant Difference; 
ns- not statistically significant; 

Significance level, α = 5%; 

n -  number of observations; and 

Similar letters means statistically not different, α = 5%. 
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Runoff plots under treatment T2 where corn was planted down the slope 

expectedly yielded the highest total runoff depth, even greater than that from 

the bare runoff plots.  Such down the slope planting of row-crop corn resulted in 

the formation of ready-made pathways for the runoff, pathways not so readily 

available in the bare and the other runoff plots planted across slope.  Also, not 

surprisingly, hedged runoff plots planted across the slope with corn and 

intercropped with peanut (T4) produced the lowest average total depth of runoff. 

Because of the somewhat "artificial" condition created by down the slope 

planting of row-crop corn, results from bare runoff plots and runoff plots under 

treatment T4 will be the subject of investigation in this chapter.  These very 

different conditions, namely, bare and vegetated surfaces, were expected to 

provide a contrasting comparison.  Runoff plots on "50%" slope were selected 

for analysis.  Results for treatment T4 during storm event of 07-08/10/90 was 

excluded from the following analysis because of corrupted logger data. 

8.3 Analysis of the Data Set 

Total depths of rainfall, throughflow, runoff-producing rainfall and runoff, 

and the percentage difference between the total depths of rainfall and the 

runoff-producing rainfall, and the ratio of runoff to runoff-producing rainfall for 

the bare and hedged (and intercropped) runoff plots for the chosen set of storm 

events are presented in table 8.3.  The proportion of the total depth of runoff-

producing rainfall converted into total depth of runoff in every storm event is 

presented in figure 8.3.  The ratio of runoff to the runoff-producing rainfall 

ranged from 0.60% to 30.11% and from 0.62% to 7.91% for the bare and, the 

hedged and intercropped runoff plots, respectively (Table 8.3). Such resultant 

lower range in the percentage amount of rainfall converted into runoff for the 

hedged runoff plot could be attributed to the presence of hedges plus the 

peanut intercrop (in an already inherently porous soil) though further 

investigation is needed.  Indeed, closely growing vegetation represented in this 

case by the shrubby growth characteristic of peanut must have decreased 

further the proportion of rainfall which could had been transformed into runoff. 

However, rainfall interception might not be of much significance in substantial 

rainfalls. 
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Table 8.3  Summary of collected data on total depths of rainfall ΣP, throughflow TF, runoff-producing rainfall ΣPQ, runoff ΣQ in mm and 

ratios of (ΣP - ΣPQ)/ ΣP and ΣQ/ ΣPQ in % from ACIAR project at ViSCA, Baybay, Leyte, the Philippines for "50%" slope bare  (T1) and 

hedged with peanut intercrop (T4) runoff plots. 

Parameter ΣP (mm) TF (mm) ΣPQ (mm) ΣQ (mm) (ΣP – ΣPQ)/ΣP Ratio (%) ΣQ/ ΣPQ Ratio (%) 

Treatment T1 T1 T4 T1 T4 T1 T4 T1 T4 

Date of Storm Event 

(1) 08-09/01/90 144.3 141.8 142.5 4.12 1.99 1.73 1.25 2.91 1.40 
(2) 13-14/09/90 131.1 1.84 129.8 126.4 5.29 1.74 0.99 3.59 4.08 1.38 
(3) 04-05/10/90 70.0 0.73 63.1 65.7 5.55 1.13 9.86 6.14 8.80 1.72 
(4)   05-06/10/90 16.4 0.09 10.3 9.3 2.02 0.29 37.20 43.29 19.61 3.12 
(5)   06-07/10/90 29.8 0.13 17.8 20.2 5.09 1.60 40.27 32.21 28.60 7.92 
(6)   11-17/10/90 43.7 0.01 17.7 30.7 0.54 0.26 59.50 29.75 3.05 0.85 
(7)   12-14/11/90 144.2 0.11 139.4 137.0 41.97 8.60 3.33 4.99 30.11 6.28 
(8) 15-19/11/90 55.3 0.03 52.4 51.4 4.76 1.04 5.24 7.05 9.08 2.02 
(9)   11-12/09/91 40.6 0.40 31.3 31.3 0.58 0.33 22.91 22.91 1.85 1.05 
(10) 03-04/10/91 28.4 0.07 11.7 11.7 0.09 0.13 58.80 58.80 0.77 1.11 
(11) 04-07/10/91 40.3 0.01 18.3 19.3 0.11 0.12 54.59 52.11 0.60 0.62 
(12) 08-09/10/91 18.0 0.01 11.1 8.7 0.31 0.06 38.33 51.67 2.79 0.69 
(13) 04-06/11/91 340.2 13.34 324.6 313.0 14.92 9.58 4.59 8.00 4.60 3.06 
(14) 12-18/11/91 48.4 0.04 29.1 29.1 0.32 0.39 39.88 39.88 1.10 1.34 
(15) 18-19/11/91 24.4 0.25 19.4 12.0 0.37 0.29 20.49 50.82 1.91 2.42 
(16) 22-25/11/91 74.1 0.37 64.0 70.7 1.35 0.92 13.63 4.59 2.11 1.30 



Figure 8.3  Bar graphs for chosen set of collected data giving total depths of runoff-producing rainfall ΣPQ and runoff ΣQ in mm from 

ACIAR project at  ViSCA, Baybay, Leyte, the Philippines for “50%” slope bare (T1) and hedged (with peanut intercrop) (T4) runoff plots. 
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The percentage difference between the recorded total depth of rainfall 

and the runoff-producing rainfall from DATAMATE ranged in the bare runoff plot 

from 0.99% to 59.50%, and from 1.25% to 58.80% for the hedged runoff plot 

(Table 8.3).  These ranges of values may indicate the degree of pre-wetting 

required by these runoff plots prior to the inception of runoff. 

The runoff-producing rainfall in the hedged runoff plot (67.43 mm) is very 

similar with that in the bare runoff plot (67.62 mm).  A simple Student t-test for 

the equality of two means revealed no statistically significant difference in the 

runoff-producing rainfall between the two runoff plots.  This outcome was 

consistent with the previous result of the ANOVA for runoff-producing rainfall. 

Throughflow is normally very low, and even the high values are not well 

related to runoff: storm event #7 (12-14/11/90) had ΣQ of 41.97 mm with TF of 

0.11 mm compared with storm event #13 (04-06/11/91) which had ΣQ of 14.92 

mm with TF of 13.34 mm (Table 8.3).  Scatterplot of runoff against throughflow 

indicate the degree of scatter between these parameters (Figure 8.4). 

Regressing runoff with throughflow resulted in no useful relationship. 

The scatterplots for the total depths of runoff-producing rainfall against 

the total runoff for both the data sets are shown in figure 8.5.  Curves of best fit 

defined for these scatterplots are of the square root form ( y = a + b x  where a 

and b are numerical coefficients) relating the independent variable, runoff-

producing rainfall ΣPQ with the dependent variable, runoff ΣQ (Figure 8.5).  

Worth noting from each of the plots is the presence of a certain "threshold" 

value for the runoff-producing rainfall before the commencement of runoff 

(about 10.9 mm and 16.6 mm for the bare and the hedged but intercropped 

runoff plots, respectively).  Apparently, hedging and intercropping the runoff plot 

increased the requirement for rainfall to saturate the soil prior to the start of 

runoff. The results of the ANOVA for the regression between the runoff-

producing rainfall and runoff for both runoff plots are presented in table 8.4. 

The apparent presence of "threshold" values for both runoff plots seem to 

suggest that the differences in the observed runoff arise from the differences in 

the infiltration characteristics of the already saturated surface soil in the runoff 

plots. 

The scatterplots for the average rainfall rate against the ratio of the total 

runoff to the runoff-producing rainfall for both bare and hedged (but with peanut 

intercrop) runoff plots at about 50% slope are shown in figure 8.6.  Appropriate 
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Figure 8.4  Scatterplot of collected data on total depths of runoff ΣQ and 

throughflow TF in mm from ACIAR project at ViSCA, Baybay, Leyte, the 

Philippines for “50%” slope bare (T1) runoff plot. 
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Figure 8.5 Scatterplots and curves of best fit for collected data on total depths 

of runoff-producing rainfall ΣPQ and runoff ΣQ in mm from ACIAR project at 

ViSCA, Baybay, Leyte, the Philippines for "50%" slope bare (T1) and hedged 

(with peanut intercrop) (T4) runoff plots. 
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Figure 8.5 (continued) 
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Table 8.4 Analysis of variance (ANOVA) for the regression analyses between 

total depths of runoff-producing rainfall ΣPQ and runoff ΣQ in mm for "50%" 

slope bare (T1) and hedged with peanut intercrop (T4) runoff plots. 

For "50%" Slope Bare (T1) Runoff Plot 

Source SS df MS F-statistic Pr 
Total 1637.99 15 
Regression  

ΣPQ 537.74 1 537.74 6.84 0.02* 

Error 1100.25 14 78.59 

R2 = 0.33 

For "50%" Slope Hedged (With Intercrop) (T4) Runoff Plot 

Source SS df MS F-statistic Pr 
Total 128.36 15 
Regression  

ΣPQ 86.50 1 86.50 28.93 0.0001*** 

Error 41.87 14 2.99 

R2 = 0.67 
Note: *, *** significant at the 0.05 and 0.001 probability levels at α = 5%. 

Legends: SS - sum of squares; 

df - degrees of freedom; 

MS - mean square; 

F-statistic – ratio of MS for a given source of variation to MS of error 

term; and 

Pr - significance level. 
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Figure 8.6  Scatterplots and curves of best fit for collected data on average 

rainfall rate P in mm/h and the ratio of runoff to runoff-producing rainfall 

ΣQ/ΣPQ in % from ACIAR project at ViSCA, Baybay, Leyte, the Philippines for 

"50%" slope bare (T1) and hedged (with peanut intercrop) (T4) runoff plots. 



8-18 

Figure 8.6 (continued)
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curves of best fit for these scatterplots are of the linear slope form i.e., without 

y-intercept (or y = m x where m is a numerical coefficient and the slope of the 

equation), and are shown in figure 8.6. 

8.4 Summary of Findings from the Analyses 

a) Throughflow in the experimental area was normally very low and 

even the few high values recorded are not well related to overland 

flow; 

b) The curves of best fit for the scatterplots of the total depths of runoff-

producing rainfall versus total runoff followed square root form: 

y = a + b x ½ where a and b are numerical coefficients; 

c) Apparently, a certain “threshold” value was present for the runoff-

producing rainfall before the start of runoff; 

d) Apparently, hedging and intercropping the runoff plot increased the 

requirement for rainfall to saturate the soil prior to the commencement 

of runoff; and 

e) The apparent presence of “threshold” value seemed to suggest that 

the difference in the observed runoff arises from the difference in the 

infiltration characteristic of the previously saturated surface soil (in the 

runoff plot). 



Chapter 9  Effect of Treatments on the Average Sediment Concentration 

c 

9.1 Introduction 

Tables 3.5 and 3.6 summarized treatments in relation to storm events. 

One of the two-runoff plots (i and j) situated at about 10% slope was kept bare 

from midway of the data-gathering period (i.e., storm event #17). When storm 

events #1 and #17 to #22 took place, the runoff plots on steep slopes were 

either kept bare (T1), planted to corn in across-slope orientation (T2a) without 

(T3) or with (T4) peanut intercropping, and with the latter two treatments in 

hedged runoff plots.  For storm events #2, #7 to #14 and #24 to #31, the runoff 

plot treatments were as before except that the corn was planted in up and down 

or along-slope orientation (T2).  Big storm events, namely storm events #2, #8 

to #11, #13 and #28 took place when the non-hedged runoff plots (except the 

bare runoff plots) had up and down slope planting of corn.  Storm events #3 to 

#6 occurred when the runoff plot treatments were as for the latter set of storm 

events, except that the intercropped peanut was planted in across-slope 

orientation in the hedged runoff plots (T4a) (Table 3.6).  The complete list of 

treatments used in steep slope runoff plots is given in table 3.6. 

Only the storm events superscripted with “A” in table 3.6 produced data 

sets amenable to the statistical analysis of variance (ANOVA) and the 

accompanying multiple comparison of means of the variable c . However, 

multiple comparison of means analysis will be done only when ANOVA for land 

slopes or treatments reveals any statistical difference.  Appendix table 9.1 

shows the results of the ANOVA, while table 9.1 presents the results of the 

multiple comparison of means. The ANOVA revealed the absence of any 

significant interactions between the treatments and land slopes as they affect 

the average sediment concentration and total soil loss in all the considered 

storm events (Appendix Table 9.1). 
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Table 3.5  Summary of experimental treatments used in the study for low slope 

runoff plots. 

Storm Event # Runoff Plot i Runoff Plot j 

1 and 2 Planted to corn in across the slope orientation 

3 to 6 Planted to peanut in 
across the slope 
orientation 

Planted to corn in 
across the slope 
orientation 

7 to 14 Planted to corn in up 
and down the slope 
orientation 

Planted to corn in 
across the slope 
orientation 

15 and 16 Planted to upland rice in across the slope 
orientation 

17 to 22 and 24 to 31 Bare Planted to corn in 
across the slope 
orientation 

23 Bare; cleared of weeds 
and stones 

Covered with cut corn 
stubbles and weeds 

32 Bare; almost 2 months 
old after weeding 
operation 

Covered with cut corn 
stubbles 
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Table 3.6 Summary of experimental treatments used in the study for steep 

slope runoff plots. 

Treatments Description 

T1 Kept bare 
T2 Planted to corn (Zea mays) along slope 
T2a Planted to corn across slope 
T2b Planted to sweet potato (Ipomea batatas) across slope 
T3 Planted to corn across slope in hedged runoff plots 
T4 Similar to treatment T3 with peanut (Arachis hypogaea) 

intercrop 
T4a Planted to peanut across slope in hedged runoff plots 

Storm Event # Treatments 

1 and 17 to 22 T1, T2a, T3, T4 

2, 7 to 14 and 24 to 31 T1, T2, T3, T4 

3 to 6 T1, T2, T3, T4a 

15 and 16 T1, T2b, Hedged runoff plots used T2b 

23 T1 (just cleared of weeds and stones), 
Other runoff plots were covered with cut corn 
stubbles and weeds 
Note: Storm event took place almost 1 week after 
harvest 

32 T1 (almost 2 months after weeding operation), 
Other runoff plots were covered with cut corn 
stubble 

Note: A – Data collected during these storm events were subjected to the 

Analysis of Variance (ANOVA). 
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Table 9.1  Multiple comparison of means of the effect of treatments and land slopes on the average sediment concentration c  (kg/m3) 

and total soil loss M (t/ha) on steep slopes using Duncan Multiple Range Test (DMRT) during various storm events (Notes: Treatments: 

T1 – kept bare, T2 - planted to corn (Zea mays) along slope; .T2a - planted to corn across slope; T3 - planted to corn across slope in 

hedged runoff plots; T4 - similar to treatment T3 with peanut (Arachis hypogaea) intercrop; and T4a - planted to peanut across slope in 

hedged runoff plots) 

For c 

Storm Event # Treatments Land Slope 
1 and 17 to 22 T1 = 135.25a *** T2a = 28.09b *** T3 = 0.71b *** T4 = 0.15b ***  S70% = 58.93ns  S50% = 35.01ns  S60% = 29.21ns 

2, 7 to 14 and 24 to 31 T1 = 162.61a *** T2 = 79.37b *** T3 = 33.25c *** T4 = 21.66c ***  S70% = 97.46a **  S60% = 64.52b **  S50% = 60.68b ** 

3 to 6 T2 = 114.64a ** T1 = 111.63a ** T3 = 39.42b ** T4a = 0.13b **  S70% = 97.37ns  S50% = 58.17ns  S60% = 43.82ns 

For M 

Storm Event # Treatments Land Slope 
1 and 17 to 22 T1 = 3.02a *** T2a = 0.28b *** T3 = 0.004b *** T4 =0.001b ***  S70% = 1.27ns  S50% = 0.73ns  S60% = 0.48ns 

2, 7 to 14 and 24 to 31 T1 = 8.48a *** T2 = 5.66b *** T3 = 1.61c *** T4 = 0.49c ***  S70% = 5.54a *  S50% = 3.36b *  S60% = 3.28b * 

3 to 6 T2 = 4.35a ** T1 = 2.05ab ** T3 = 1.32b ** T4a = 0.002b **  S70% = 2.36ns  S50% = 2.29ns  S60% = 1.15ns 

Notes: *, **, ***, ns significant at the 0.05, 0.01 and 0.001 probability levels, and not significant, respectively at significance level, α = 5%; 

and 

Similar letters means statistically not different, α = 5%. 
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9.2	 Storm Events in Steep Slopes Subject to Analyses of Variance and 

Multiple Comparison of Means 

9.2.1 Storm Events #1 and, #17 to #22 

Apparently, whether corn alone was planted across-slope (T2a), or with 

(T4) and without (T3) peanut intercrop on hedged runoff plots, the effects of 

these treatments on the average sediment concentration were statistically 

similar (Table 9.1).  In terms of reducing the average sediment concentration, 

across-slope planting of corn in hedged runoff plots without the peanut intercrop 

is as effective as with the peanut intercrop. 

Land slope appeared to be ineffective in influencing the average 

sediment concentration, as it was statistically similar in all three steep slopes 

considered in the experiment.  However, differences in slope were modest 

(about 50% to about 70%). 

The effect of the treatments was similar for both the average sediment 

concentration and the total soil loss; however, the effect of land slope on total 

soil loss at 50% slope was similar with either of the runoff plots at 60% and 70% 

slopes but the statistical difference for these latter slopes was not all that 

significant (Table 9.1). 

9.2.2 Storm Events #2, #7 to #14 and #24 to #31 

Not surprisingly, for both the average sediment concentration and the 

total soil loss, runoff plots planted to corn across-slope in hedged runoff plots 

with (T4) or without (T3) the peanut intercrop were statistically similar. 

However, for the same parameters, average sediment concentration and the 

total soil loss, the effect of these treatments were different from either the runoff 

plots which were kept bare (T1) or planted to corn up and down the slope (T2). 

The average sediment concentration and the total soil loss from the bare (T1) 

runoff plots were statistically different from any of the other runoff plots (T2, T3 

and T4). In terms of reducing the average sediment concentration, for hedged 

runoff plots planted to corn across-slope, the presence of a peanut intercrop 

made no significant difference.  Planting the runoff plots with corn along-slope 

resulted in a high average sediment concentration, though this was not as high 

as when runoff plots were kept bare.  Somewhat surprisingly, the average 
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sediment concentrations were similar in runoff plots at land slopes of about 50% 


and 60% but different from the 70% land slopes. 


Apparently, treatments and land slopes have similar effects on both the 

average sediment concentration and total soil loss (Table 9.1). 

9.2.3 Storm Events #3 to #6 

Hedged runoff plots solely planted to peanut across-slope resulted in 

average sediment concentration statistically similar to hedged runoff plots 

planted to corn across-slope.  Runoff plots planted to corn up and down the 

slope gave the highest average sediment concentration, but not statistically 

different from that of the bare runoff plot.  Ready made pathways for the runoff 

resulting from the up and down the slope planting of corn could have caused 

the relatively high value in the average sediment concentration, sometimes 

even higher than in the bare runoff plots which might have been expected to 

yield the highest value of average sediment concentration. 

The limited range of land slopes investigated (on the three steep runoff 

plots) appeared to have no influence on the average sediment concentration 

and total soil loss, which were similar for all slopes (Table 9.1). Of course, this 

does not imply slope is unimportant in soil erosion. 

The effect of treatments on total soil loss was similar to the effect on 

average sediment concentration. Surprisingly, the total soil loss for the bare 

runoff plots and runoff plots planted to corn along-slope were similar to losses 

from the hedged across-slope runoff plots planted to corn or solely to peanut. 

Summarizing, the effect of treatments on both the average sediment 

concentration c and the total soil loss M for the above considered storm events 

generally follow the trend: T1 > T2 > T3 = T4a. 

9.3	 The Effect of Surface Contact Cover on the Average Sediment 

Concentration c 

Prediction of soil loss from physical process-oriented model such as 

GUEST requires that values of ct and β must be modified to take account of the 

effect of surface treatment.  One standard approach is to correct the calculated 

values of average sediment concentration from bare runoff plot cb  for the 
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strong effect of surface contact cover (Cover) in reducing the average sediment 

concentration c . However, bare runoff plots, which are rough cultivated, cannot 

be compared readily in terms of configuration with runoff plots planted either 

along or across their prevailing slopes, or with hedged runoff plots also planted 

across-slope with or without peanut intercrop.  Furthermore, the effect of 

hedgerows is difficult to assess purely as cover, particularly as the hedgerow is 

at the very base of the runoff plot. For these reasons, although c  for 

treatments sometimes follow the commonly found “exponential decay” form 

related to cover; there are many exceptions to this rule for individual storm 

events. 

An analysis of the frequency of occurrence of less common or 

unexpected cases (on the basis of cover) is given in table 9.2.  The average 

sediment concentration c (as well as the total soil loss M) in hedged runoff 

plots under treatment T3 exceeded that in the bare runoff plots (T1) at 50% and 

60% slopes during storm event #6 when the hedged runoff plots somehow 

“failed”, even when such runoff plots were planted to corn across-slope. Also, 

the 70% slope-hedged runoff plot planted to corn across-slope coupled with 

peanut intercrop (T4) gave way during storm event #30 resulting to large values 

of c and M compared with the bare runoff plot (T1).  Of great interest too, was 

the large number of occurrences of bigger values of c  and M in runoff plots 

planted to corn along-slope (T2) as compared with bare runoff plots (T1), during 

storm events #2 to #14 and #24 to #31, totaling to 19 and 22, respectively 

(Table 9.2). Take note that when storm events #1 and #17 to #22 occurred, the 

cropped runoff plots were planted with corn across-slope (T2a) (Table 3.6). 

This series of storm events shows that along-slope planting of row crop (such 

as corn in this case), can result in greater soil loss than from a bare soil surface.  

There were 3 occurrences which resulted in values of M for hedged runoff plots 

planted to corn across-slope with peanut intercrop (T4) being bigger than that 

observed for hedged runoff plots planted in similar manner but in the absence of 

the peanut intercrop (T3) (Table 9.2).  However, during storm events #1, #2, #7 

to #14, #17 to #22 and #24 to #31, 19 occurrences were recorded when values 

of c  in runoff plots under T4 were bigger compared with runoff plots under T3 

(Table 9.2). 
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Table 9.2  Frequency of occurrence of unexpected cases for average sediment 

concentration c  (kg/m3) and total soil loss M (t/ha) on all steep slope runoff 

plots (i.e., at "50%", "60%" and "70%" slopes) during various storm events. 

For c

 All Storm 
Events (32; 

96) 

All Large 
Storm 

Events (10; 
30) 

Storm 
Events #1 
and #17 to 
#22 (7; 21) 

Storm 
Events #2, 
#7 to #14 

and #24 to 
#31 (17; 51) 

Storm 
Events #3 to 

#6 (4; 12) 

T2 > T1 23 3 2 11 8 

T3 > T1 2 0 0 0 2 

T3 > T2 8 5 0 6 2 

T4 > T1 1 0 0 1 0 

T4 > T2 3 2 0 3 0 

T4 > T3 25 9 7 12 2 

For M 

 All Storm 
Events (32; 

96) 

All Large 
Storm 

Events (10; 
30) 

Storm 
Events #1 
and #17 to 
#22 (7; 21) 

Storm 
Events #2, 
#7 to #14 

and #24 to 
#31 (17; 51) 

Storm 
Events #3 

to #6 (4; 12) 

T2 > T1 25 3 2 14 8 

T3 > T1 2 0 0 0 2 

T3 > T2 3 1 0 2 1 

T4 > T1 1 0 0 1 0 

T4 > T2 0 0 0 0 0 

T4 > T3 3 1 0 3 0 

Treatments: T1 – kept bare; 

T2 – planted to corn (Zea mays) along slope#; 

T3 – planted to corn across slope in hedged runoff plots; and 

T4 – similar to treatment T3 with peanut (Arachis hypogaea) intercrop#. 
# - With some minor modifications (Please refer to Tables 3.5 and 3.6 

reproduced for this chapter). 

Values enclosed in the parenthesis are the total storm events for the particular 

item and the total number of observations for the entire total storm events, 

respectively.  Observations were made from the "50%", "60%" and "70%" steep 

slope runoff plots. 
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As mentioned previously, the different nature of the rough cultivated 

surface of the bare runoff plots made for difficulty in validly comparing results 

with the other runoff plots.  The effect of hedgerows was investigated in terms of 

their surface contact cover.  An exhaustive regression analysis was carried out 

between sediment concentration c  and the ratio bc c  (where cb is the average 

sediment concentration of the reference bare runoff plot).  For cover distributed 

more uniformly over the soil surface than hedgerows, an “exponential-decay” 

type of relationship between bc c  and surface contact cover is commonly found 

(Freebairn, Wockner and Silburn, 1986).  However, the results of this type of 

analysis did not lead to useful relationships for the treatment T3 and T4 of those 

experiments involving hedgerows.  Thus, the effect of hedgerows does not 

appear to be adequately described in terms solely of the fractional surface 

cover they provide. 

A somewhat more coherent relationship was found if (un-normalized) 

average sediment concentration was plotted against surface contact cover 

(denoted Cover in figures 9.1 and 9.2).  When all treatments are combined, an 

approximate relationship of the “exponential-decay” type emerges (Figure 9.2). 

That this form of regression equation appeared to fit better the relationship 

between the surface contact cover and the average sediment concentration is 

an observation which was consistent with the findings of Freebairn, Wockner 

and Silburn (1986) when surface cover was regressed with sediment 

concentration.  Such a non-linear relationship indicates that the flow-driven 

processes of entrainment and re-entrainment dominate over the rainfall-driven 

processes of detachment and re-detachment which tend to yield more linear 

relationships (Rose, 1993). 

A close examination of these curves of best fit in figures 9.1 and 9.2 

appears to show that the fitted lines (both for linear and exponential forms of the 

regression equations) intersect the Cover-axis at less than 100% surface 

contact covers.  This intersection is at about 52% and 65% for the hedged 

runoff plots under treatments T3 and T4, respectively (Figure 9.1).  This implies 

that no significant soil sediment is eroded even though some percentage of the 

soil surface is still exposed to the combined erosive actions of rainfall and 

runoff.  This result may be due to the exclusion of hedgerows in the overall 

evaluation of the surface contact cover (normally, made before the occurrence 

of any storm), although the percentage cover could be considered as 
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Figure 9.1  Curves of best fit for collected data on surface contact cover Cover in % and average sediment concentration c  in kg/m3 from 

ACIAR project at  ViSCA, Baybay, Leyte, the Philippines for all hedged runoff plots under treatments T3 (planted to corn (Zea mays) 

across slope in hedged runoff plots) and T4 (similar to treatment T3 with peanut (Arachis hypogaea) intercrop or solely planted to peanut 

across slope in hedged runoff plots). 
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Figure 9.2  Curve of best fit for collected data on surface contact cover Cover in 

% and average sediment concentration c  in kg/m3 from ACIAR project at  

ViSCA, Baybay, Leyte, the Philippines for all runoff plots. 
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reasonably substantial at that particular situation.  The results in figure 9.1 may 

be interpreted as indicating that although the contribution of hedgerows to 

surface contact cover has been considered negligible, they may nevertheless 

be effective in substantially reducing soil loss (and sediment concentration) in 

most situations.  The substantial root system in closely planted hedgerows 

would be expected to aid in soil consolidation.  In addition, the impedance to 

overland flow provided by the hedgerow stems (and any weeds and trapped 

litter) would provide the opportunity for net deposition of all but fine sediment. 

Loch and Donnollan (1988) investigated the effect of surface cover by stubble 

on sediment concentration by rain-flow erosion and found a negative linear 

relationship between concentration of sediment in overland flow and surface 

cover. The fitted line intercepted the axis for stubble surface cover at 

approximately 64% surface cover.  The failure to consider other sources of 

surface cover like ponded water, in the calculation of the percentage surface 

cover that was based only on observations of stubble mulch prior to rain was 

the suspect reason for such value of the intercept (Loch and Donnollan, 1988). 

These figures (Figures 9.1 and 9.2) appear to show that even when 

Cover is low (e.g., storm events #7 and #8), c  for runoff plots under treatments 

T3 and T4 is reduced to very low levels.  This observation is accentuated more 

by a nonlinear relationship between cover and sediment concentration than if 

the relationship was linear.  This suggests that these treatments, which include 

hedgerows, have other effects which have not been included in Cover, but 

which have a dramatic effect in reducing c .  This matter is considered in the 

next section.  However, figures 9.2 and 9.3 confirm the general conclusion that 

20% to 30% surface contact cover is sufficient to reduce c  to low levels 

(Freebairn and Wockner, 1986; Rogers and Schumm, 1991; Paningbatan, 

personal communication). A mulch cover does not need to be complete in 

order to reduce soil erosion to small fraction of its value without cover (Meyer, 

Wischmeier and Foster, 1970; Meyer, Johnson and Foster, 1972; Rose, 1988; 

Stocking, 1988).  The reported relation between sediment yield and percentage 

ground cover has been either in linear or exponential form, with investigations 

normally done on surfaces of initially more than 20% cover (Elwell and 

Stocking, 1976; Elwell, 1981; Foster et al, 1981; Laflen and Colvin, 1981; 

Hussein and Laflen, 1982). 
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Figure 9.3 Curve of best fit for collected data on surface contact cover Cover in 

% and average sediment concentration c  in kg/m3 from ACIAR project at 

ViSCA, Baybay, Leyte, the Philippines for all runoff plots (at various treatments 

and slopes) during big storm events of #2, #8 to #11, #13, #16, #18, #28 and 

#32 (Notes: Please refer to section 4.5 (Occurrence or Timing of Storm Events) 

of Chapter 4 (General Features of the In-Situ Collected Data) for the 

“operational definition” of a “big storm event” and Appendix Table 4.2). 
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The commonly assumed relationship between vegetative cover and soil 

loss or sediment yield is of an inverse type, where a decreasing value of the 

former will mean an increasing value for the latter, until a maximum value is 

reached when the land surface becomes bare.  Shaxson (1981) showed that 

the relationship between splash erosion and percentage cover was curvilinear 

so that a unit increase in cover at very low percentage covers had a much 

greater effect in reducing erosion than a unit increase when cover is more 

plentiful.  This negative exponential relationship has been reasonably well 

established for covers in contact with the soil surface such as mulches 

(Wischmeier, 1975), crop residues (Laflen and Colvin, 1981), stones (Van Asch, 

1980) and grass (Land and McCaffrey, 1984).  While Schumm (1977) 

suggested that at some low value of vegetative cover erosion rates are 

minimally affected, other investigators like DePloy, Savat and Moeyerons 

(1976) and Morgan et al (1986) reported that in some circumstances even at 

some low percentage of vegetative ground cover, soil erosion and sediment 

yield will increase to a maximum value. Apparently, the effect of vegetative 

cover on soil erosion can be divided into two phases, wherein there appears to 

be a decreased influence of vegetation on soil loss at low values of vegetative 

cover in the initial phase, followed by an exponential rate of decrease in soil 

loss from thereon.  However, Meyer, Wischmeier and Foster (1970) and, Meyer, 

Johnson and Foster (1972) found that even a small amount of vegetative cover 

can significantly decrease soil loss.  These differences are significant and have 

important practical implications for land management and agriculture (Rogers 

and Schumm, 1991). 

Apart from being protected against rainfall impact, a soil surface that is 

overlaid with cover in close contact with the soil surface (called, surface contact 

cover) has runoff energy dissipated by: “i) absorbing flow shear forces that 

would otherwise be expended on the soil; ii) reducing effective slope steepness 

by causing runoff to meander as it flows downslope; and iii) increasing the 

hydraulic roughness of the flow surface”, thus appreciably decreasing rill 

erosion and essentially eliminating interrill erosion (Meyer, 1980). 

Freebairn (1992) added that cover reduces soil erosion by: i) decreasing 

the runoff volume through soil surface protecting stubble, hence minimizing 

breakdown of soil aggregate, surface compaction due to raindrops, and the 
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disappearance of soil pores responsible for water transmission or surface 

sealing, ii) decreasing the rate of soil detachment which are available for soil 

transport, and iii) reduction of the velocity of runoff through water transversing a 

more sinuous way through surface contact cover.  Surface cover facilitates high 

infiltration rate by absorbing the energy of impacting raindrops, maintains 

surface water storage by keeping the “integrity of surface microrelief” and 

improving the time for free water infiltration through higher rates of interflow 

(Boughton and Freebairn, 1981).  According to Freebairn (1992) surface cover 

of over 30% appear to be sufficient for soil erosion control since the “steepest 

part of the cover-soil loss relationship is associated with cover levels of less 

than 30%, a consequence of soil loss being the product of runoff and sediment 

concentration, both related to cover” 

9.4 Effect of Hedgerows on Soil Loss 

Previous sections have shown that hedgerows have had a significant 

effect in reducing ΣQ and c , and hence a very large effect on M in runoff plots 

under both treatment T3, and also T4 (where the effectiveness of hedgerows 

was enhanced by additional cover in the alleys). 

The soil loss that occurs from hedgerow system is very sporadic, and is 

# 0.1 t/ha (normally 0) in 19 and 16 of the recorded 32 storm events for "50%"-

and "60%" slope runoff plots, and "70%" slope runoff plot, respectively, under 

treatment T4 (Table 9.3).  This observation occurred during storm events #1 to 

#2, #7 to #14, #17 to #22 and #24 to #31 when these hedged runoff plots were 

planted to corn across-slope with peanut intercrop (T4) (Table 3.6).  For only 2 

storm events (#10 and #28), 3 storm events (#10, #11 and #13) and 5 storm 

events (#8 to #11, #13 and #28) at "50%"-, "60%"- and "70%" slope runoff plots 

under treatment T4, respectively, is soil loss per storm event > 0.1 t/ha.  An 

extreme value of 10.39 t/ha was measured for the "70%" slope runoff plot under 

treatment T4 for storm event #10. 

During storm events #1 to #14, #17 to #22 and #24 to #31, three of the 

hedged runoff plots were planted to corn across slope (T3) (Table 3.6). 

Treatment T3 is slightly less effective than T4 (Table 9.4).  For 19, 21 and 20 

out of the recorded 32 storm events in the three steep "50%"-, "60%"- and 

"70%" slope runoff plots under treatment T3, respectively, soil loss is negligible 
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Table 9.3  Occurrences of storm events at different range values for soil loss M 

(t/ha) during storm events #1 to #2, #7 to #14,  #17 to #22 and #24 to #31 for 

hedged runoff plots planted to corn across-slope with peanut intercrop (i.e., 

under treatment T4) at "50%", "60%" and "70%" slopes. 

M = 0 

Slope (%) Storm Event # 

50 2, 7, 8, 9, 12, 17, 18, 19, 20, 21, 22, 24, 25, 26, 27, 29, 30 

60 2, 7, 8, 9, 17, 18, 19, 20, 21, 22, 24, 25, 26, 27, 29, 30, 31 

70 1, 2, 7, 17, 18, 19, 20, 21, 22, 24, 25, 26, 27, 29, 30, 31 

0.1 > M > 0 

50 1, 31 

60 1, 28 

70 

1 > M > 0.1 

50 28 

60 13 

70 8, 9 

2 > M > 1 

50 

60 11 

70 13 

3 > M > 2 

50 10 

60 10 

70 28 

M > 4 

50 

60 

70 10, 11 
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Table 9.4  Occurrences of storm events at different range values for soil loss M 

(t/ha) during storm events #1 to #14, #17 to #22 and #24 to #31 for hedged 

runoff plots planted to corn across-slope (i.e., under treatment T3) at "50%", 

"60%" and "70%" slopes. 

M = 0 

Slope (%) Storm Event # 

50 2, 3, 17, 18, 20, 21, 22, 24, 25, 26, 27, 29, 31 

60 2, 3, 5, 7, 17, 18, 19, 20, 21, 22, 24, 25, 26, 27, 29, 30, 31 

70 2, 3, 5, 17, 18, 19, 20, 21, 22, 24, 25, 26, 27, 30, 31 

1 > M > 0 

50 1, 4, 5, 7, 19, 30 

60 1, 4, 8, 12 

70 1, 4, 7, 28, 29 

2 > M > 1 

50 9 

60 9 

70 6, 8, 9 

3 > M > 2 

50 8, 13 

60 13 

70 13 

4 > M > 3 

50 

60 11, 28 

70 

M > 4 

50 6, 10, 11, 28 

60 6, 10 

70 10, 11 
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i.e., # 1 t/ha (normally 0) (Table 9.4).  For 7 storm events (#6, #8 to #11, #13 

and #28), 6 storm events (#6, #9 to #11, #13 and #28) and 6 storm events (#6, 

#8 to #11 and #13) for "50%"-, "60%"- and "70%" slope runoff plots under 

treatment T3, respectively, soil loss per storm event was >1 t/ha (Table 9.4). 

Soil loss per storm event was >1 t/ha except during storm events #15 to #16 

(when all the hedged runoff plots were planted across-slope to sweet potato) 

and, #23 and #32 (when all the hedged runoff plots were just covered with cut 

corn stubble). As for treatment T4, the extreme soil loss was from storm event 

#10 with 20.58 t/ha lost from runoff plot at "70%" slope under treatment T3. 

Apparently, hedgerows from runoff plots under treatment T3 (which were not as 

well protected by surface contact cover in the alley) became less effective 

earlier in the rainy season in 1990 than runoff plots under treatment T4. Storm 

event #6 resulted in soil loss greater than 1 t/ha but less than 2 t/ha, for hedged 

"70%" slope runoff plot under treatment T3. 

There is an apparent general relationship between soil loss in the 

hedgerow systems and observations that rilling occurred.  This is illustrated in 

table 9.5 for events that caused soil loss to be greater than 1 t/ha in runoff plots 

under either treatment T3 or T4.  Storm event #13 was initiated by a "super"-

typhoon (the strongest storm ever recorded throughout the entire duration of 

data gathering for this experiment).  This typhoon caused the "failure" of the 

hedged runoff plots under treatment T3 (in particular) in all slopes. Because of 

this particular storm event there had been a very strong suspicion that rills were 

active but were "drowned" in sediment before rill recordings were made, as has 

been observed also from other runoff plots. 

Of the total of 32 storm events, 25, 26 and 27 storm events did not result 

to post-storm event formation of rills in "50%"-, "60%"- and "70%" slope runoff 

plots under treatments T3, respectively.  For treatment T4, in comparison, of 27, 

30 and 29 storm events in "50%"-, "60%"- and "70%" slope runoff plots, 

respectively, rilling was apparently absent. However, storm event #19 

manifested minor rilling in the "50%" slope runoff plots under both treatments T3 

and T4, while in storm event #32, rilling occurred only in the "50%" slope runoff 

plot under treatment T4. Particularly, in the last instance, rilling caused a large 

increase in c  but ΣQ remained small so M was not increased to significant 

level. 
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Table 9.5  Descriptive data on observed rills for storm events yielding soil loss 

M (t/ha) greater than 1 t/ha for hedged runoff plots planted to corn across-slope 

(i.e., under treatment T3 during storm events #1 to #14, #17 to #22 and #24 to 

#31) and with peanut intercrop (i.e., under treatment T4 during storm events #1 

to #2, #7 to #14, #17 to #22 and #24 to #31) at "50%", "60%" and "70%" 

slopes. 

 Treatment 
Storm Event T3 T4 

# M > 1 t/ha 
Rills 
Observed ? 

M > 1 t/ha 
Rills 
Observed ? 

6 Yes Yes na na 
8 Yes Yes No No 
9 Yes Yes No No 

10 Yes Yes Yes Yes 
11 Yes Yes Yes Yes 
13 Yes No Yes No 
28 Yes Yes Yes Yes 

Note: na – not applicable 
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The conspicuous strong relationship between rill formation and 

significant soil loss from hedgerows is associated with hedgerow "failure". 

Runoff was observed to breach the litter barrier at the base of the hedgerow in a 

localized position leading to concentrated flow and extension of rills upslope 

from the base of the hedgerow.  This type of failure illustrates the importance of 

proper establishment and maintenance of hedgerow systems.  Protection by 

hedgerows (or grass strips) can provide effective longer term protection (in the 

absence of an adequate level of surface contact cover), though they can break 

down or be overwhelmed in more extreme storm events, when soil loss can 

then be very high (Rose, 1998b). 

This picture is further re-enforced by an analysis of storm events #8 to 

#11 shown in table 9.6.  These represented data from four (4) consecutive days 

of an elongated rainfall event caused by a localized storm. The storm event is 

unique in two ways: i) although rainfall was relatively small (about 155 mm over 

4 days compared with about 2,600 mm over the total measurement period), soil 

loss was about 70 t/ha on the average for all runoff plots under treatment T1 

compared with about 200 t/ha for the total period; and ii) measurements of 

runoff and soil loss are available for the 4 individual days (except for "50%" 

slope runoff plot under treatment T4 during storm event #11 where data were 

missing).  Also, it had been over a month since a significant runoff event had 

occurred. 

Measured sediment concentration c , total runoff depth ΣQ and the 

number of rills per meter plot width N measured after the storm event for all 

steep slope treatments during storm events #8 to #11 are shown in table 9.6. 

For runoff plots under treatment T4 values of c  were almost zero with "50%" 

and "60%" slopes during the first two days  (i.e., storm events #8 and #9), while 

c  for runoff plot at "70%" slope were a little higher on the last two days. 

In runoff plots under treatment T3 for all steep slopes, values of c  were 

never reduced to zero (e.g., for "50%" slope runoff plot under treatment T3, the 

consecutive values of c  over four days were 42.97, 69.31, 168.08 and 104.44 

kg/m3, respectively). Values of c  in the runoff plots under treatment T3 for all 

steep slopes are always significant as rills formed on the first day (i.e., storm 

event #8). 
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Table 9.6  Summary of collected data on sediment concentration c  (kg/m3), 

total runoff depth ΣQ (mm) and number of rills per meter runoff plot width N (m 

1) for all steep slope runoff plots during storm events #8 to #11 from ACIAR 

project at ViSCA, Baybay, Leyte, the Philippines. 

"50%" Slope 

Storm Event # 

Treatment-T1 8 9 10 11 

c  (kg/m3) 266.91 306.38 354.98 171.76 

ΣQ (mm) 5.55 2.02 5.09 4.37 

N (m-1) 0.67 1.33 1.16 1.16 

Treatment-T2 

c  (kg/m3) 126.01 89.53 165.72 81.70 

ΣQ (mm) 11.36 4.17 10.08 8.73 

N (m-1) 0.83 0.66 1.00 1.00 

Treatment-T3 

c  (kg/m3) 42.97 69.31 168.08 104.44 

ΣQ (mm) 4.99 2.29 7.13 6.31 

N (m-1) 0.50 0.50 1.16 1.16 

Treatment-T4 

c  (kg/m3) 0.06 0.37 151.89 Missing data 

ΣQ (mm) 1.13 0.29 1.60 Missing data 

N (m-1) 0 0 0.50 Missing data 

Treatments: T1 – kept bare; 

T2 – planted to corn (Zea mays) along slope; 

T3 – planted to corn across slope in hedged runoff plots; and 

T4 – similar to treatment T3 with peanut (Arachis hypogaea) 

intercrop. 
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Table 9.6 (continued) 

"60%" Slope 

Storm Event # 

Treatment-T1 8 9 10 11 

c  (kg/m3) 319.99 251.32 466.38 196.49 

ΣQ (mm) 4.88 1.78 3.09 3.13 

N (m-1) 1.00 1.00 1.51 1.51 

Treatment-T2 

c  (kg/m3) 181.76 145.83 229.31 98.35 

ΣQ (mm) 7.47 3.17 7.45 6.60 

N (m-1) 0.83 0.66 1.33 1.33 

Treatment-T3 

c  (kg/m3) 10.61 99.04 139.52 73.65 

ΣQ (mm) 1.77 1.00 3.88 4.44 

N (m-1) 0.33 0.33 0.50 0.50 

Treatment-T4 

c  (kg/m3) 0.04 0.13 154.12 88.87 

ΣQ (mm) 1.12 0.29 1.26 1.52 

N (m-1) 0 0 0.50 0.50 

Treatments: T1 – kept bare; 

T2 – planted to corn (Zea mays) along slope; 

T3 – planted to corn across slope in hedged runoff plots; and 

T4 – similar to treatment T3 with peanut (Arachis hypogaea) 

intercrop. 
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Table 9.6 (continued) 

"70%" Slope 

Storm Event # 

Treatment-T1 8 9 10 11 

c  (kg/m3) 527.87 571.08 487.02 218.42 

ΣQ (mm) 4.29 1.75 4.11 4.57 

N (m-1) 1.33 1.16 1.66 1.66 

Treatment-T2 

c  (kg/m3) 199.33 141.39 209.31 107.88 

ΣQ (mm) 10.91 4.6 10.57 10.58 

N (m-1) 1.33 1.16 1.50 1.50 

Treatment-T3 

c  (kg/m3) 55.15 122.44 332.55 146.58 

ΣQ (mm) 1.77 1.00 4.84 5.02 

N (m-1) 0.17 0.50 1.33 1.33 

Treatment-T4 

c  (kg/m3) 10.10 27.01 292.54 134.52 

ΣQ (mm) 1.35 0.43 2.87 3.35 

N (m-1) 0 0 1.49 1.49 

Treatments: T1 – kept bare; 

T2 – planted to corn (Zea mays) along slope; 

T3 – planted to corn across slope in hedged runoff plots; and 

T4 – similar to treatment T3 with peanut (Arachis hypogaea) 

intercrop. 
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Evidently, rilling appears necessary to move soil sediment off the runoff 

plots in both treatments T3 and T4 with the exception of the runoff plot at "70%" 

slope. Apparently, flow velocities on the rills were sufficiently high that not all 

soil sediment was trapped and deposited in the litter band of these hedged 

runoff plots. 

9.5 Alley Cropping 

Alley cropping is a type of farming system where crops are cultivated 

between hedgerows formed by planting leguminous shrub and tree species in 

rows along the contour (Kang and Wilson, 1987; Kang and Ghuman,1991).  In a 

broader sense, alley cropping includes cropping in alleys formed by hedgerows 

of grass species and natural vegetation (Fujisaka, 1993).  Alley cropping is also 

known as hedgerow intercropping (Young, 1989). 

Kang and Ghuman (1991) suggest that alley cropping has emerged from 

farmer efforts over generations to improve the traditional bush fallow farming 

systems. Fallowing systems proved sustainable when fallows are long enough 

(Young, 1989).  Alley cropping can be viewed as an improved bush fallow 

system in which the cropping and fallow phases take place concurrently (Kang, 

Reynolds and Attah-Krah, 1984; Kang and Wilson, 1987).  From the farmers 

perspective, alley cropping systems retain the main functions of bush fallows 

including nutrient cycling, protection from erosion, weed suppression and the 

production of firewood and staking materials (Kang, Wilson and Sipkens, 1981; 

Kang and Wilson, 1987).  Alley cropping is potentially more efficient than 

rotational fallow systems because only 15% to 25% of total land area is 

occupied by the tree component compared to over 50% for fallow systems 

(Young, 1989).  Within rotational systems, alley cropping allows longer cropping 

periods and enables an increase in the overall intensity of land use (Kang, 

Reynolds and Attah-Krah, 1984; Kang and Wilson, 1987). 

Kang and Wilson (1987), Young (1989), and Lal (1990) presented 

comprehensive reviews of various forms of alley cropping.  Perennial shrub and 

tree legumes are preferred over herbaceous legumes for hedgerows because 

few herbaceous legumes can survive the dry seasons that usually precede crop 

planting in tropical areas (Kang and Wilson, 1987).  Double rows have become 

standard in specific forms of the technology including SALT (Sloping 
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Agricultural Land Technology) developed and promoted by the Mindanao 

Baptist Rural Life Center (MBRLC) (Watson and Laquihon, 1986) because they 

represent a compromise between providing effective barrier to erosion and 

minimizing the amount of arable land occupied by hedgerows (Young,1989).  A 

main feature of alley cropping systems is the periodic pruning of hedgerows to 

reduce shading of the alley crops (Kang and Wilson, 1987) and provide green 

manure or fodder (Watson and Laquihon, 1986; Londhe et al, 1989).  Hedgerow 

prunings are organic source of fertilizer for alley crops, replicating the process 

of litter fall in the nutrient cycling process of natural forests (PCARRD, 1991a) 

(PCARRD means Philippine Council for Agriculture, forestry and natural 

Resources Research and Development). 

Hedgerows are components of alley cropping in the Philippine uplands. 

The crops cultivated in the alleys are those normally planted in a particular area. 

In the Philippine uplands and elsewhere, corn and upland rice are the primary 

subsistence crops.  The most common hedgerow species is Leucaena 

leucocephala (Kang and Wilson, 1987; Young, 1989), locally known as “ipil-ipil”. 

Many other species have been tried as hedgerows species, including Gliricidia 

sepium, Flemingia congesta, Cassia spp., Calliandra spp., Desmodium spp., 

other Leucaena spp. and Sesbania spp. (Kang and Wilson, 1987; Mercado, 

Tumacas and Garrity, 1989; Paningbatan and Guinto, 1989; Young, 1989; 

Maclean et al, 1992; Soriano, 1993).  Gliricidia sepium has widely replaced 

Leucaena leucocephala in South-East Asia because of the latter’s susceptibility 

to a psyllid, Heteropsylla cubana, which devastated plantings in 1985 (Garrity, 

1991).  Gliricidia sepium is also better adapted to the acid soils of the Philippine 

uplands than Leucaena leucocephala (Kent, 1985; Garrity, Mercado and Solera, 

1992).  Hedgerow species vary in their rate of biomass production, rate of litter 

decomposition and ability to withstand pruning (Duguma, Kang and Okali, 1988; 

Young, 1989). Hedgerow species with high rates of litter decomposition make 

nutrients rapidly available for crop growth but afford shorter periods of 

protection from raindrop impact following pruning (Young, 1989).  Mixes of 

hedgerow species can be used to achieve a balance between maintaining soil 

cover and efficient nutrient release (Young, 1989). 

Alley cropping systems reduce erosion in a number of ways.  Hedgerows 

serve as physical barriers to overland water flow, reducing the velocity of runoff 
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and enhancing infiltration (Lal, 1988b; Young, 1989; PCARRD, 1992). 

Hedgerow prunings reduce the velocity of overland flows by imparting 

roughness to the soil surface (Paningbatan and Guinto, 1989). By maintaining 

high levels of soil organic matter, alley cropping enhances the infiltration and 

water holding capacity of soils, reducing the volume of runoff (Lal, 1988b; 

Young, 1989; PCARRD, 1991a; PCARRD, 1992).  Organic matter also serves 

as a cementing agent to promote soil aggregation (PCARRD, 1991a). 

Hedgerow prunings protect the cultivated alleys from raindrop impact, reducing 

the detachment of soil particles (Lal, 1984; Paningbatan and Guinto, 1989; 

Doolette and Smyle, 1990; PCARRD, 1991a). 

Results of a laboratory experiment conducted by Guinto (1989) indicate 

that Gliricidia sepium and Leucaena leucocephala mulch can reduce erosion 

rates by 92% and 90%, respectively, compared to bare soil. In combination, 

hedgerows and prunings filter sediments from overland flows (Lal, 1988b). 

Hedgerows also induce terrace formation within 18 months (Maclean et al, 

1992) to 3 years (Paningbatan and Guinto, 1989).  Terraces form as soil moves 

downwards from the upper part of cropping alleys following animal tillage 

(Garrity, Mercado and Solera, 1992) or as sediment eroded from the upper part 

of the cropping alleys is re-deposited behind the hedgerow barriers (Kent, 1985; 

Young, 1989; Garrity, 1991; Fujisaka, 1993).  Once established, these terraces 

operate like mechanically formed terraces to decrease runoff volume and 

velocity by reducing slope length and gradient.  Roots of hedgerows anchor soil 

masses to the substrate (PCARRD, 1991a). 

Lal (1988b) found that once established, hedgerows of Leucaena 

leucocephala and Gliricidia sepium reduce erosion in the order of 80% to 90% 

compared to conventional plowing.  The lowest rate of erosion with Gliricidia 

sepium hedgerows at 2m spacing was 134 times less than the highest rate from 

conventional plowing (Lal, 1988b).  Kang and Ghuman (1991) found that alley 

cropping with Gliricidia sepium hedgerows at 2m to 4m spacings reduced 

erosion to 4.8 t/ha and 22.1 t/ha, respectively over a single cropping season 

compared to 66 t/ha on a conventionally tilled plot. Leucaena leucocephala 

hedges reduced erosion even further to 2.6 t/ha and 10.7 t/ha at 2m and 4m 

spacings, respectively (Kang and Ghuman, 1991).  Lal (1989b) found that 

hedgerows of Leucaena leucocephala and Gliricidia sepium reduced erosion 

relative to conventional plough tillage by 92% and 86%, respectively. 
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A disadvantage of alley cropping compared to structural erosion control 

measures is that it may take up to a year for hedgerows to establish and 

become fully effective (Lal, 1988b; PURC, 1990). Alley cropping may be 

cheaper to establish than structural measures but pruning is a major ongoing 

labor cost (Londhe et al, 1989; Young, 1989).  However, alley cropping may 

reduce labor requirement relative to shifting cultivation systems by reducing 

clearing costs (Nair, 1990).  Weeding and cultivation costs may be reduced 

because cultivable land area is reduced by the area occupied by the hedgerows 

(Hoekstra, 1983).  The fact that the area occupied by hedgerows cannot be 

used to cultivate crops is sometimes viewed as a disadvantage of alley cropping 

(Londhe et al, 1989). Loss of production due to reduced cropped area may be 

balanced by greater productivity from the remaining cropped area.  PCARRD 

(1992) found that alley cropping resulted in a net reduction in production relative 

to farmer’s practice on a site with relatively fertile soils, but a net increase due to 

alley cropping on a site with relatively infertile soils. 

Another disadvantage of alley cropping compared to structural soil 

conservation measures is that hedgerow species may compete with alley crops 

(Garrity, 1991).  The productivity of alley crop rows immediately adjacent to 

hedgerows has been observed to be depressed (Lal, 1989a; PCARRD, 1992). 

This has been attributed to competition for sunlight, nutrients and soil moisture 

(Lal, 1989a; Garrity, 1991; PCARRD, 1992).  Pruning the hedgerows 

significantly reduces shading of food crops (Kang, Reynolds and Attah-Krah, 

1984), though competition for soil moisture between hedgerows and alley crops 

is mainly a problem during drought (Lal, 1989a).  Lal (1989a) reports that 

hedgerows can increase damage to crops by sheltering birds and rodents. 

Partly because of these disadvantages, results from trials studying the 

impact of alley cropping on soil productivity are less conclusive than those 

focusing on the reduction in erosion.  Lal (1988b) reported slightly lower yields 

of corn from alley cropping trials of Leucaena leucocephala and Gliricidia 

sepium compared to conventional plough and zero-till farming.  Lal (1989c) 

stated that alley cropping slowed declining yields but did not halt the decline. 

Lal (1989a) found that over a 6-year period, alley cropping with Leucaena 

leucocephala and Gliricidia sepium hedgerows resulted in corn yields about 

10% lower than average yields from conventional plough and zero-till plots. 
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The reduction in corn yields was nearly proportional to the area occupied by 

hedgerows (Lal, 1989a).  In contrast, Kang and Ghuman (1991) found that alley 

cropped corn in hedges of Gliricidia sepium and Leucaena leucocephala were 

33% and 45% greater, respectively than conventionally tilled plots, and 26% 

and 37% greater, respectively than no till plots.  Kang, Grimme and Lawson 

(1985) updating the initial findings of Kang, Wilson and Sipkens (1981) reported 

that alley cropping and mulching with Leucaena leucocephala was able to 

maintain corn yields at around 2t/ha/year for 5 years.  In contrast, yields on the 

control plots on which prunings were not retained diminished to less than 0.3 

t/ha/year within 3 years (Kang et al, 1985).  Yamoah, Agboola and Wilson 

(1986) found that alley cropping and mulching with Gliricidia sepium and 

Flemingia macrophylla hedgerows generally increased yields over the control 

corn monoculture plots. 

9.5.1 Alley Cropping in the Philippine Uplands 

Research and extension efforts promoting soil conservation in Philippine 

uplands advocated alley cropping because of strong experimental evidence of 

its effectiveness in mitigating erosion of soil.  At Claveria, on the island of 

Mindanao, Fujisaka (1993) reported that contour hedgerows of Gliricidia sepium 

and napier grass reduced soil loss from 200 t/ha/year to 20 t/ha/year.  Alley 

cropping systems with hedgerows of Acacia villosa, Gliricidia sepium and 

Leucaena leucocephala consistently reduced runoff and sediment loads as 

compared to corn monoculture (Soriano, 1993).  Paningbatan and Maglinao 

(1993) found that hedgerows of Gliricidia sepium and napier grass reduced soil 

loss from 118 to less than 10 t/ha/year in the first year of establishment, and to 

practically zero over the next two years in the alley cropping system, while 

erosion was significant in observation plots which followed traditional farmer’s 

practice of along-slope plowing.  In an experiment using corn as alley crop and 

Desmanthus virgatus as the hedgerow, 127 t/ha of soil were lost from 

observation plots using traditional farmer practice of clean cultivation through up 

and down slope plowing, 40 t/ha soil lost in alley cropping without mulching the 

hedgerows’ prunings, 3 t/ha soil lost in alley cropping with mulching hedgerows’ 

prunings, and 0.2 t/ha soil lost when zero tillage was used in the cropping alleys 

(Paningbatan and Guinto, 1989). 
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A six-year evaluation was carried out of an alley cropping system 

developed by MBRLC in Kinuskusan near Bansalan, Davao del Sur, Mindanao. 

Cumulative soil loss was found to be about 60 times less for alley cropping as 

compared to conventional zero-till observation plots, with an annual soil loss 

averaging 3.4 t/h for the former and 194.3 t/ha for the latter (MBRLC, undated). 

O’Sullivan (1985) found the MBRLC alley cropping system with mulching 

reduced erosion by up to 60% compared to traditional monocropping of corn. 

There is evidence that alley cropping can maintain or enhance soil 

productivity in the Philippine uplands, especially on sites that otherwise become 

infertile as erosion proceeds.  The PCARRD Committee for Agro-forestry (1986) 

reported that alley cropping with Leucaena leucocephala increased corn yields 

from 300 to 1500 kg/ha/year in Cebu, Central Visayas.  At San Jose, Tarlac in 

Central Luzon, Soriano (1993) found that corn yield was consistently higher in 

alley cropping plots with hedgerows of Gliricidia sepium and Acacia villosa 

compared to plots of corn monoculture.  Kent (1985) found corn yields in 

Zamboanga del Sur, Mindanao, were significantly improved by introducing alley 

cropping with Leucaena leucocephala. Alley cropping of corn with hedgerows 

of napier grass and Gliricidia sepium at Los Baños, Laguna, Luzon, resulted in 

higher yields of corn compared to farmer’s practice, despite a one sixth 

reduction in cropping area occupied by the hedgerows (Paningbatan and 

Maglinao, 1993).  MBRLC (undated) reported that SALT yielded more corn per 

unit area planted than conventional zero-till farming.  Overall, SALT yielded less 

corn than conventional zero-till corn cultivation until the 5th year of cropping due 

to a reduction in cultivable area occupied by hedgerows (MBRLC, undated). 

From the 5th year onwards however, declining productivity of the conventional 

plots meant that SALT produced the same overall amount of corn from less 

than half the area available for cropping, along with an array of perennial crops 

(MBRLC, undated).  O’Sullivan (1985) reported that a trial of SALT in 

Zamboanga del Sur, Mindanao, resulted in consistently improved corn yields. 

Maclean et al (1992) concluded that upland rice and corn yields were 

significantly increased by Gliricidia sepium biomass incorporation in an alley 

cropping trial near Claveria, Mindanao. 
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9.5.2 Adoption of Alley Cropping in the Philippine Uplands 

Despite the many extension efforts, and the apparent success of 

experimental trials, soil conservation technologies including alley cropping are 

not widely adopted by farmers. 

The most commonly cited constraints to the adoption of soil conservation 

technologies in the Philippine uplands all relate to the lack of resources. 

Shortages of labor, planting materials, tools and draught animal power are 

commonly cited as constraints to soil conservation in upland farming systems 

(Dolom, 1990; Garrity, 1991; Fujisaka, 1993).  The adoption of alley cropping 

may be inhibited by the large initial labor investment and the on-going drain on 

labor resources required to maintain an effective pruning regime (Kent, 1985; 

Garrity, 1991; Garrity, Kummer and Guiang, 1993).  Difficulties in obtaining 

planting materials and the degree of technical backup required have been 

identified as potential constraints to the adoption of alley cropping (Londhe et al, 

1989; Garrity, 1991; Garrity, Kummer and Guiang, 1993).  It has been 

suggested that adoption of soil conservation technologies in the Philippine 

uplands is negatively correlated to the distance of the farm from the operator’s 

home (Dolom, 1990). 

Absence of a problem is another reason suspected for non-adoption of 

soil conservation technologies in some areas of the Philippines (Fujisaka, 

1991).  Fujisaka (1991) reports that farmers in South Cotabato (Mindanao) did 

not maintain or expand alley cropping because the volcanic soils of the area 

showed little sign of erosion.  New technologies may have some inherent 

problems that discourage adoption (Fujisaka, 1991).  Non-uniform slopes may 

have constrained adoption of alley cropping in Claveria, Cebu in Visayas and 

South Cotabato in Mindanao because alley widths are not uniform along their 

length, making land preparation and the establishment of row crops more 

difficult (Fujisaka, 1991).  Insecure tenure has long been thought to constrain 

adoption of soil conservation in the Philippine uplands because tenants have no 

guarantee that they will be able to capture the benefits of long term land 

improvements (Fujisaka, 1991). 

9.6 Summary of Findings from the Analyses 
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a) Across slope planting of corn in hedged runoff plots with and without 

peanut intercrop were equally effective in reducing the average 

sediment concentration ( c ) and total soil loss (M); 

b) Corn planted across slope in hedged runoff plot and peanut solely 

planted in similar manner and in similar type of runoff plot ensued 

similar values of c ; 

c) In the event of failure of the hedgerow, hedged runoff plots planted to 

corn across slope yielded c  and M as high as from the bare runoff 

plot; 

d) Along slope planting of row crop corn resulted in higher values of c 

and M than from a bare soil surface; 

e) The non-linear relationship between c  and surface contact cover 

indicated that flow-driven processes of entrainment (and re-

entrainment) dominated over the rainfall driven processes of 

detachment (and re-detachment); 

f) Curves of best fit of average sediment concentration c  to surface 

contact cover intersected the Cover-axis at well less than 100%; 

g) Even when percentage of surface contact cover was low (about 20% 

to 30%), c  was reduced to very low levels; 

h) Hedgerows reduced ΣQ, c  and M; 

i) Hedgerow “failure” (manifested by runoff breaching the litter barrier at 

the base of the hedgerow in a localized position, leading to 

concentrated flow and extension of rills upslope from base of 

hedgerow) revealed a strong relationship between rill formation and 

M; and 

j) Apparently, flow velocities on the rills were sufficiently high that not all 

soil sediment was trapped and deposited in the litter band of hedged 

runoff plots resulting in high soil loss during hedgerow “failure”. 



Chapter 10  Some Practical Issues on Steep Slopes Cultivation 

10.1 Directional Storm Event and Slope Gradient 

At the ViSCA experimental site rainfall was measured by pluviometer and 

non-recording rain gauge located on top of the slope.  There was no statistical 

difference on the recorded rainfall of the two pluviometers. However, because 

of slope steepness there are doubts about the incident rainfall per unit runoff 

plot area. 

If we assume that the average angle of incidence of rainfall is vertical, 

rainfall per unit runoff plot area is ΣP Cosθ where θ is slope.  When working with 

steep slopes, the issue of reconciling the difference between the slope length 

and horizontal length becomes important.  Rainfall intensity and field areas are 

normally recorded and calculated based on projected area i.e., horizontal plane.  

Hence, any measurement made along the slope should be corrected to 

horizontal length before any erosion predictions are made (El-Swaify, Garnier 

and Lo, 1987).  The possible error can have an effect on say, the calculation of 

infiltration characteristics. 

Since the slopes considered in the ViSCA experimental site are but 

modest (about 50% to 70% slopes), field area was simply calculated along the 

slope length instead of the horizontal length.  Since the projected area along the 

horizontal plane will be smaller in value vis-a-vis area measured along the 

slope, any parameter expressed per unit projected area will be bigger in 

magnitude than when expressed with respect to the latter area. However, it 

would be worth investigating any difference that might arise if projected area 

would be used instead. 

Lal (1990) presented another important but less understood aspect of 

slopes that is the interaction between storm direction and the slope aspect in 

relation to soil erosion downslope for different slope gradients. Bryan (1979) 

reported that soil erosion on steeplands is not as effective as on gentle to rolling 

landscape. 



10-2 
10.2 Accuracy of Runoff Calculation Where Runoff Is A Very Small Proportion 

of Rainfall 

i) Runoff tipping bucket calibration 

When runoff is but a very small proportion of rainfall (as it is in very 

permeable areas), problems arise when tips are less than a rate of 1 tip per 

minute.  Calculations from runoff of this kind become of uncertain accuracy. 

ii) Correction for incident rainfall can be high proportion of total tips 

Despite these concerns, runoff data reveals that in all cases where 

ΣQ > 0.4mm, the expected result is obtained that ΣQ (T1) > ΣQ (T4).  This 

suggest that ΣQ values even as low as 0.2-0.4 mm can be treated with 

confidence. Histogram of runoff amounts to at least 0.1mm interval might be of 

more concern. 

iii) Use of average sediment concentration as an input to equilibrium theory 

There is an exponential-decay type of relationship between the average 

sediment concentration and time during an erosion event.  If ΣQ is very small, 

there may be concern that equilibrium conditions may not been reached.  Also, 

the fact that cb seems to be dominated by entrainment may suggest that 

equilibrium is attained. 

iv) Cultivation will change Manning’s n, which is left constant in the GUEST 

calculation. 

If there is cultivation, Manning’s roughness coefficient n can probably 

change over the approximate range of 0.025 to 0.06.  Such a change in n will 

affect the calculated value of β. However, Presbitero et al (2001) revealed in 

the hydraulic analysis made by Yu et al (1997), a close constancy in hydraulic 

lag for the ViSCA data, and hence, a likewise close constancy in Manning’s n of 

about 0.1 m-1/3s. There is some uncertainty in the site-to-site and event-to-

event variation of this value.  However, in this study, a value instead of 0.05 m-

1/3s was used for n. 
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v) Dw on steep slope is not the distance of particle settling.  Strictly this distance 

Dwis  which is  > Dw. 
cos θ

This is not considered a significant problem because of the uncertainty in 

sedimentation depth at Dw < maximum water stable aggregate size.  Dw and 

Manning’s roughness coefficient n are also affected by cultivation and the 

stacking pattern of aggregates. 

10.3 Surface Contact Cover Equivalent of Hedgerow 

As argued in Chapter 9 (Effect of Treatments on the Average Sediment 

Concentration c ), surface contact cover is not an adequate indicator of the 

effectiveness of hedgerows in reducing soil loss.  Their effectiveness appears to 

be not in surface contact cover as normally measured, but in other 

characteristics.  Hedgerows appear to increase infiltration, slow down flow 

velocity and help maintain soil in place.  Hence, although they may contribute 

little to surface contact cover, hedgerows can be very effective in reducing soil 

loss in all but rather extreme events, when they can fail to prevent the 

development of major rills, resulting in high soil loss. 

The inadequacy of evaluating the effect of hedgerows in terms of surface 

contact cover could be why the simple average sediment concentration c  was 

c
better related to surface contact cover rather than with the ratio  (where c  is  b

cb 

the average sediment concentration of the reference bare runoff plot). 

10.4 On Assessment of Number of Rills per Meter Width of Runoff Plot N 

Evaluating N after the occurrence of a particular storm event could be in 

error due to the evidence of rills being removed by sediment infilling. If an 

actually "rilled" storm event is recorded as a "plane" storm event due to the 

disappearance of rills by the time N was recorded, considerable error in the 

value of β can result. 

10.5 Slope Gradient and Slope Length 
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For steep slopes, the effects of slope gradient and slope length on soil 

loss might differ from an extrapolation from results on gentler slopes.  Regular 

slopes of uniform soil characteristics are exception rather than the rule. The 

origin of overland flow, threshold slopes for varying soil types where rills are 

transformed into gullies, effects of slope gradient for different shapes, lengths 

and slope aspects, and roles of interflow on soil erosion and runoff are but 

some issues worth investigating (Lal, 1990). 

At the ViSCA experimental site, experimental slopes were uniform but 

this situation might not be true under actual field situations. Whether gullies 

could develop in slope length greater than 12 m (the slope length of the runoff 

plot) is worth investigating.  The possible occurrence and effect of exfiltration 

suspected to occur in some steep runoff plots should be further studied. The 

representative slope length for a particular slope gradient should be identified to 

arrive at valid conclusions for studies involving the effect of hedgerows. 

Identification of range of slope gradient where the surface contact cover effect 

of an intercrop will be effective should be studied.  De Ploey, Savat and 

Moeyersons (1976) found that flow concentrations between plant stems of Poa 

annual grass increased erosion compared with bare loess soil on slopes greater 

than 8.5Ε, thus indicating that plant cover may not always work in the expected 

manner.  This finding supports the idea that vegetative approaches to erosion 

control need to be supplemented on steeper slopes.  However, Morgan (1987) 

mentioned that it is unlikely that the experimental set-up used by De Ploey, 

Savat and Moeyersons (1976) allowed sufficient emphasis to be given to the 

role of the root network.  Morgan (1987) mentioned that steepland agriculture 

should also incorporate agro-forestry or tree crops, where vegetative ground 

cover on the soil surface is assisted by a dense lateral root mat.  Tree canopies 

with no ground cover and with dominantly vertical root structure will not provide 

a satisfactory basis for erosion control in steepland agriculture (Morgan, 1987). 

10.6 Rainfall-induced and Runoff-induced erosion on Steep Slopes 

Bryan (1979) argued that on steep compared to gentle slopes there 

could be great differences in the interaction (or change on it) between rainfall 

and runoff, say in the specific combination (or range) of raindrop diameter and 

thickness of overland flow that results in maximum soil erosion. Such 
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interaction has not been widely studied for different soils, rainfall regimes, and 

slope angles (Lal, 1990). 



Chapter 11  Conclusions 

This chapter recapitulates the significant findings from Chapter 4 

(General Features of the In-Situ Collected Data) to Chapter 9 (Effect of 

Treatments on the Average Sediment Concentration c ) of this thesis. 

11.1 Chapter 4 - General Features of the In-Situ Collected Data 

a) High values of M and c were associated with high values of runoff 

related parameters like ΣQ, Qm , Q  and Qmax , and low values of 

Cover; 

b) Large values of M and c  were associated with non-zero values of N, 

a measure of rill formation which happened to get permanently 

imprinted on the soil surface; 

c)	 Up and down or along slope planting of a crop like corn appeared to 

provide the ready-made pathways for the passage of runoff, hence 

encouraging flow-driven soil erosion; 

d) Bare plots produced high values of total runoff, M and c ; 

e) Overland water flow in ready-made downslope pathways consequent 

with the along slope planting of row crop like corn could be more 

effective in causing high values of M and c  than the effect of runoff 

water alone on bare soil surfaces; 

f)	 Across slope planting of corn coupled with closely growing intercrop 

like peanut in this case, and in hedged runoff plots produced almost 

zero if not negligible soil loss; 

g) Across slope planting of corn was effective in reducing soil loss; 

h) Application of stubble as soil cover in combination with across slope 

planting and hedge rows afforded protection against soil loss 

particularly in steep slopes;  

i)	 Hedged runoff plots with or without intercropping, despite producing 

high values of runoff related parameters lost negligible amounts of 

soil, indicating the soil conserving effect of this treatment; 
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j)	 Maximum surface cover (both aerial and contact) resulted from 

hedged runoff plots in combination with closely growing intercrop on a 

across slope planting; 

k)	 Lowest values of runoff related parameters (as well as N, c  and M) 

were associated with combined across slope planting with closely 

growing intercrop in hedged runoff plots, while bare runoff plots 

resulted into highest readings in the mentioned parameters; 

l)	 High infiltration was suspected to occur at the hedgerow portion of 

hedged runoff plots; 

m) Surface cover (aerial and contact) decreased soil loss; 

n) Total soil loss increased with slope; 

o) Storm (tropical typhoon)-generated M and c  were usually of large 

magnitude, at least for this experiment; 

p) A number of individual storm events that produced large amount of 

soil loss determine the overall total soil loss yield for a given total 

duration of storm events; 

q) High total soil loss coupled with low values of the runoff component 

resulted in increase of c ; 

r)	 Total soil loss M appeared as a better parameter to be regressed with 

surface cover rather than c  because of the highly discretional nature 

of the latter (value of c  was greatly affected by large total soil loss 

from a small equivalent runoff depth); 

s)	 Large soil loss was recorded even in the ostensible absence of post 

storm event visually observed rill formation; 

t) 	 Owing to the dynamic nature of rill activity, rill formation followed a 

short duration but intense erosion phase, and could disappear in the 

following long duration phase of less intense erosion unless the rill 

became permanently imprinted on the soil surface; 

u) At least for this particular experiment, soil loss was due more to 

runoff-erosive processes rather than rainfall impact; 

v)	 In runoff dominated soil erosion processes, a contact type of soil 

cover (including both living and dead vegetative cover close enough 

to the soil surface to impede overland flow) is more significant in 

curtailing soil erosion than surface cover as measured aerially; 
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w) The contribution of suspended load to the total soil loss was 

negligible. Thus, storm events resulting in high amount of bed load 

will likewise ensue large values of total soil loss; 

x) As total soil loss increased, proportion of suspended load to bed load 

decreased; and 

y) Manual cultivation of wet soil resulted in the formation of big and 

relatively stable soil clods that serve to prevent formation of rills in the 

subsequent storm event, thus minimizing soil erosion. 

11.2 Chapter 5 - Statistical Analysis of Data 

a) For bare runoff plots even a modest slope of about 10% affected 

runoff parameters significantly and produced very high sediment 

concentrations; 

b) Across slope planting of a row crop like corn at a slope of about 10% 

produced negligible soil loss, loss being comparable with a close 

growing crop like peanut; 

c)	 Along slope planting of a row crop like corn results in a large soil loss 

compared to across slope planting of same crop; 

d) Across slope planting of corn, or such planting in combination with 

peanut intercropping in hedged runoff plots were equally effective in 

the lowering of runoff related parameters, particularly ΣQ and Qmax; 

e) Across slope planting appeared to be the common reason for the 

resulting low values in Q , N,  c  and M; 

f)	 As expected, Cover was high in across planting of corn with peanut 

intercropping in hedged runoff plots; 

g) Along slope planting of row crop corn, which created ready-made 

pathways for surface water to run on, consequently resulted in high 

values of runoff related parameters, namely: ΣQ, Qm , Q  and Qmax; 

h) Across slope planting of corn with or without peanut intercrop in 

hedged runoff plots seemed equally effective in lowering the values of 

N, c  and M; 

i)	 Values of quantities N, c  and M were highest in “70%” slope runoff 

plot; 
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j)	 Except for N, logarithmic transformations of rainfall- and rainfall-

related parameters, c and M were the most appropriate, while a 

square root transform was suitable for the N variable; 

k)	 The most suitable forms of the dependent variables c  and M are Lgc 

and LgM, respectively.  In multiple regression analysis, Lgc  and LgM 

were more frequently and more strongly a function of runoff than 

rainfall variables or any other related regressors; hence, average 

sediment concentration c̄ and total soil loss M are mainly functions of 

positive coefficient runoff related regressors, and negatively-

coefficient surface contact cover factors, at least for the steep slopes 

considered in this study; and 

l)	 Apparently, the square root transform of N was the most appropriate 

form to use when investigating the relationship with rainfall- and 

runoff- related regressors and the negative regressor, LgCover. 

Relations with runoff and rainfall regressors were usually significant. 

11.3 Chapter 6 - Analysis of Soil Loss Using a Physical-Process Oriented 

Water-Induced Soil Erosion Model 

a) The steep slope experimental site in particular had a very high rate of 

infiltration; 

b) Soil loss is commonly associated with a very high sediment 

concentration; and, the contribution of soil sediment to the overall 

density of the runoff fluid can not be ignored; 

c)	 The characteristic shallow computed depth of overland flow on the 

steep slope runoff plots indicated the need to consider the concept of 

effective depositability in the development of physical process based 

model of water – induced soil erosion; 

d) As actually observed, rill activity is very dynamic during occurrence of 

storm runoff events, and active rills were not necessarily evident 

towards the end of the event, failing to become permanently 

imprinted; 

e) In the actual field situation, it appears that rills formed during period of 

intense rainfall rate can commonly disappear during the following 

longer periods of modest rainfall rates; 



11-5 
f) Soil surface described as “plane” i.e., with no post-storm event 

presence of rills, and “rilled” were associated respectively with low 

and high values of runoff-related parameters (e.g., ΣQ, Q ,  Q , Qmax,m

and Dw) and c ; 

g) Under situations of very high sediment concentration and shallow 

computed depth of overland flow, the use of Rose and Hairsine 

(1988) version of GUEST is inappropriate.  This original theory 

employed density of water ρ, in calculating streampower and 

depositability φ, which considered the full settling velocity 

characteristic of the soil (including even the large-sized soil 

aggregates that could not be immersed in the computed average 

depth of overland flow); 

h) The Misra and Rose Version (1990) of GUEST considered the effect 

of soil sediment in the fluid density ρe (effective fluid density), to 

compute the streampower, and restricted the settling velocity 

characteristic by considering only the immersed soil aggregates.  The 

effective depositability φe, was calculated for sediment whose sizes 

were less than the estimated depth of overland flow. The combined 

situation of very high computed sediment concentration and very 

shallow computed depth of overland flow resulted in computed 

sediment concentration at the transport limit ct, which was either close 

to the density of soil saturation, exceeded the theoretical maximum 

value or led to negative values - all conditions which were physically 

meaningless if not impossible; 

i)	 The effect of using φe (with ρ) generally resulted in relatively much 

larger values of ct compared to the effect of using ρe (with φ), but the 

effect was not great compared to the effect on ct when using both ρe 

and φe; 

j)	 The very high sediment concentrations and very shallow calculated 

overland water depths recorded at the experimental site, raised the 

possibility that a significant fraction of streampower might be used in 

providing momentum to re-entrained saltating particles, so reducing 

the streampower effective in soil erosion; 
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k)	 The curves of best fit for the exposure factor (1 - C) and the effective 

depositability φe, as a function of water depth D were best described 

by linearizable nonlinear regression of the form y = 1 - eax and a 

polynomial regression of at most degree 4 passing through the origin; 

l)	 The ratio of the exposure factor (1 – C) to effective depositability φe 

varied in a consistent and approximately slope-independent manner 

with flow velocity; 

m) For bare steep slope runoff plots, the curves of best fit with c  and ct 

for the ratios of saltation shear stress (τsa) to total surface shear 

stress (τ), (τsa/τ) and the ratio to surface shear stress (τs), (τsa/τs) 

were consistently of the forms y = a x, and y = a xb, respectively; 

n) For the bare “10%” slope runoff plot, the curves of best fit for the 

ratios τsa/τ and τsa/τs with c followed the form y = a x; t 

o) Saltation shear stress was greatest in situations of high sediment 

concentration and low computed depth of overland flow; 

p) High values of c  were associated with high values of τsa; 

q) “Plane” and “rilled” storm events resulted in low and high ratios of 

τsa/τ and τsa/τs with c  and c , respectively; t 

r)	 Mass movement and/or rolling of larger soil aggregates at relatively 

steep slopes, as observed in the field, could be the reason why 

measured values of c  would be larger than the computed c ;t

s) 	“Rilled” storm events commonly resulted in values of c  greater than 

in c ;t

t)	 Scatter of the plot between the ratio τsa/τ and c  could be due to the 

effect of other factors such as soil strength; 

u) There was a very close relationship between the effective surface 

shear stress (τse) and τ calculated for c  in the bare runoff plots at 

steep slopes; and 

v)	 The relationship between τse and τ would be strongly dependent on 

exposure factor (1 – C), a more important consideration than saltation 

stress effects, especially for storm event with very shallow calculated 

water depth. 
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11.4 On Physical Process-Oriented Model of Water-induced Soil Erosion 

The following factors (which were ignored in the development of the 

original theory for sediment concentration at the transport limit, ct, by Hairsine 

and Rose (1992a, b) were evaluated in the calculation of ct, namely: i) the 

increase in overland flow density due to the presence of significant amount of 

eroded soil sediment (i.e., fluid density enhancement by the presence of soil 

sediment in the overland flow); ii) the decrease in the average settling velocity 

of soil sediment in very shallow runoff flow depths (i.e., reduction of 

depositability due to the very shallow water depths caused by very low runoff 

rates); iii) the effect of only partial inundation of the soil surface in such shallow 

runoff flow depths (i.e., effect of exposure factor); and iv) the reduction in the 

effective surface stress causing erosion due to the momentum absorption in the 

saltation of eroding soil particles (i.e., effect of saltation shear stress).  Theory 

was developed for each of these four factors and then applied to in-situ data 

collected from high slopes characterized with very low runoff rates, very shallow 

runoff flow depths and high soil sediment concentrations, conditions favoring 

the potential importance of these four factors. 

a) Saltation shear stress needs to be considered in determining the 

resultant surface shear stress effective in water-induced soil erosion, 

because of its possible significance at the very high sediment 

concentrations measured in the steep slope experiments.  Even at 

high sediment concentrations, the approximate theory indicated that 

saltation stress in water-induced erosion will not play the dominant 

role which it does in wind-induced erosion. 

b) Very shallow flows, where not all the potentially erodible sediment 

participates in soil erosion through lack of inundation are quite 

common. The very high infiltration rates characteristic of the steep 

slope runoff plots ensured that shallow flows were common in the 

ViSCA experiments, especially when lack of evidence of rilling implied 

sheet flow assumptions to be appropriate.  With shallow flows theory 

indicated that the following two factors would play an important role in 

determining sediment concentration, namely: i) partial inundation of 

the soil surface; and ii) reduction in effective depositability due to the 

shallow calculated water depths.  Partial inundation implies that shear 



11-8 
stress is shared between the larger non-submerged sediment 

(assumed to be non-erodible) and the smaller erodible immersed 

sediment. 

The simple nature of the model used to develop shallow-flow theory is 

acknowledged.  However, more developed models of surface microtopography 

were beyond the scope of this work. 

c) At higher sediment concentrations in the very shallow overland flow in 

high-slope areas, eroded soil sediments increase the density of the 

runoff fluid. 

d) Though each factor individually had a substantial influence on ct, in 

combination a considerable degree of cancellation was found to occur 

between the enhancement of fluid density due to the high soil 

sediment concentration and the effect of saltation shear stress, and 

between the reduction of depositability due to the very shallow runoff 

depth and the effect of the exposure factor. 

e) Though this outcome could not be foretold prior to the development of 

theory and its application, the original theory of Hairsine and Rose ( 

1992a, b) has been shown to provide a good approximation, even in 

a context where substantial modification by the listed individual 

factors is physically required. 

f) The modification to the original theory of Hairsine and Rose (1992a, b) 

has established a theory of more general application for the 

calculation of ct, and of an estimate of soil erodibility β based on 

relating measured soil sediment concentration to ct. 

g) The combination of exposure and effective depositability factors, when 

compared with the combined effect of saltation shear stress and 

sediment enhancement of fluid density, had a greater effect on values 

of calculated ct. 

11.5 Chapter 7 - Analysis of the Erodibility Factor β 

a) The influence of sediment-laden fluid density ρe, was in direct 

proportion with the values of sediment concentration at the transport 

limit c ;t
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b) The influence of effective depositability φe, was inversely related with 

ct (and hence, at lower values of computed depth of overland flow, 

D); 

c) Apparently, there seemed to be a region (particularly for the bare 

“10%” slope) in the range of values of ct  where there was a transition 

zone characterized with decreasing influence of φe but an increasing 

influence of ρe; 

d) The influence of ρe was in direct proportion with the computed values 

of the erodibility parameter β; 

e) The largest discrepancies in β from that of the Rose et al version 

(1997) (which incorporated saltation shear stress among others in 

view of the very high sediment concentration and shallow computed 

depth of overland flow - principal features of the experimental site) 

were from versions of GUEST that used φe alone; 

f)	 Under situations of high sediment concentration and shallow 

computed water depths, the Rose and Hairsine version (1988) (that 

used sediment-free density of water ρ and full settling velocity 

characteristic of soil via depositability φ) appeared to be deficient in 

calculating c , thus making consideration of saltation shear stress t 

and ρe very important through the more exact and general Rose et al 

version (1997) of GUEST; 

g) Interpretation of changes in soil erodibility could be made 

meaningfully through values of computed erodibility factor β; 

h) Formation of localized mudflow was immediately followed by rill 

formation which appeared to be initiated by momentary increase in 

rainfall rate; 

i) Calculated values of β were near to or even greater than 1 when 

localized mudflows and rolling of gravel or large soil aggregates were 

observed; 

j) The corresponding calculated values of β were much more coherent 

for “rilled” than for “plane” storm events; 

k) Values of erodibility parameter β (hence, c  and M) tend to be lower 

than the average for a soil erosion event following wet cultivation 
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which increased aggregation by production of large soil clods that 

tend to become structurally very stable upon drying and have greater 

settling velocity or depositability; 

l)	 Negative-coefficient logarithmic form of the regressor Qdu could be 

interpreted as longer runoff duration decreased c and M assuming 

other factors to be similar; 

m) In the multiple regression analysis, erodibility parameter β, was a 

function of logarithm transform of Pmax and Qmax, and to either 

untransformed or square root transformed N; and 

n) Factor 
(1− C) 

(from equation 2-72, the basis of Rose et al version 
φe 

(1997) of GUEST) has greater effect than the combined effect of 

saltation shear stress and sediment-laden fluid density on the 

calculated sediment concentration at the transport limit. 

11.6 Chapter 8 - Surface Hydrology and Infiltration 

a) Throughflow in the experimental area was normally very low and 

even the few high values recorded are not well related to overland 

flow; 

b) The curves of best fit for the scatterplots of the total depths of runoff-

producing rainfall versus total runoff followed square root form: 

y = a + b x ½ where a and b are numerical coefficients; 

c) Apparently, a certain “threshold” value was present for the runoff-

producing rainfall before the start of runoff; 

d) Apparently, hedging and intercropping the runoff plot increased the 

requirement for rainfall to saturate the soil prior to the commencement 

of runoff; and 

e) The apparent presence of “threshold” value seemed to suggest that 

the difference in the observed runoff arises from the difference in the 

infiltration characteristic of the previously saturated surface soil (in the 

runoff plot). 
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11.7 Chapter 9 - Effect of Treatments on the Average Sediment Concentration 

c 

a) Across slope planting of corn in hedged runoff plots with and without 

peanut intercrop were equally effective in reducing the average 

sediment concentration ( c ) and total soil loss (M); 

b) Corn planted across slope in hedged runoff plot and peanut solely 

planted in similar manner and in similar type of runoff plot ensued 

similar values of c ; 

c)	 In the event of failure of the hedgerow, hedged runoff plots planted to 

corn across slope yielded c  and M as high as from the bare runoff 

plot; 

d) Along slope planting of row crop corn resulted in higher values of c 

and M than from a bare soil surface; 

e) The non-linear relationship between c  and surface contact cover 

indicated that flow-driven processes of entrainment (and re-

entrainment) dominated over the rainfall driven processes of 

detachment (and re-detachment); 

f)	 Curves of best fit of average sediment concentration c  to surface 

contact cover intersected the Cover-axis at well less than 100%; 

g) Even when percentage of surface contact cover was low (about 20% 

to 30%), c  was reduced to very low levels; 

h)	 Hedgerows reduced ΣQ, c  and M; 

i) Hedgerow “failure” (manifested by runoff breaching the litter barrier at 

the base of the hedgerow in a localized position, leading to 

concentrated flow and extension of rills upslope from base of 

hedgerow) revealed a strong relationship between rill formation and 

M.  If surface mulches of viney vegetations bridge across developing 

rill channel boundaries, runoff scour erosion may become serious 

underneath such materials (Meyer, 1980).  Mulch that floats away 

also loses its ability to protect the soil against erosion; and 

j)	 Apparently, flow velocities on the rills were sufficiently high that not all 

soil sediment was trapped and deposited in the litter band of hedged 

runoff plots resulting in high soil loss during hedgerow “failure”. 
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Cultivation, which will result in the removal of rills formed by previous 

storm event, will decrease soil loss (and sediment concentration) in the 

following storm event.  Wet cultivation appears to strengthen the soil against 

soil loss from the next storm event. 

11.8 On the Effect of Surface Contact Cover on Average Sediment 

Concentration c 

a.	 Only about 20% to 30% surface contact cover is sufficient to reduce 

c  to low levels assuming cover to be well distributed over the runoff 

plot surface; 

b.	 An "exponential-decay" form of relationship existed between surface 

contact cover and the average sediment concentration from the non-

bare soil runoff plots.  Conventional normalizing with respect to 

sediment concentration from a reference bare soil runoff plot did not 

improve the relationship, possibly due to the effect of hedgerows; and 

c. 	Such a non-linear relationship is indicative of the dominating runoff 

processes of entrainment and re-entrainment compared to rainfall-

driven processes of detachment and re-detachment which, if 

dominant, lead to more linear relationships (Rose, 1993). 



List of References 

Ahmad, N. and A. J. Roblin, 1971.  Crusting of River Estate soil, Trinidad, and 

its effect on gaseous diffusion, percolation and seedling emergence.  J. Soil 

Sci. 22, 23-31. 

Ahmad, N. and E. Brechner, 1974.  Soil erosion on three Tobago soils.  Trop. 

Agric. 51, 313-324. 

Ahmad, N. and T. C. Sheng, 1988.  Land capability and land use of the 

steeplands of St. Lucia.  Organization of American States, St. Lucia. 

Ahmad, N., 1987.  Steepland agriculture in the humid tropics In Steepland 

Agriculture in the Humid Tropics by T. H. Tay, A. M. Mokhtaruddin and A. B. 

Zahari (eds.), Proc. Intern. Conf. Steepland Agric. Humid Tropics, Kuala 

Lumpur, Malaysia, 805-832. 

Ahmad, N., 1990.  Soil management on hillsides in the humid tropics In 

Development of Conservation Farming on Hillslopes by W. C. Moldenhauer, 

N. W. Hudson, T. C. Sheng and San-Wei Lee (eds.), Soil and Water


Conservation Society, Ankeny, Iowa, U. S. A., pp. 101-111. 


Aina, P. O., R. Lal and G. S. Taylor, 1977.  Soil and crop management in 

relation to soil erosion in the rainforest of Western Nigeria.  pp. 75-82 In Soil 

Erosion: Prediction and Control.  Proc. of a National Conference on Soil 

Erosion.  Purdue University.  24-26 May 1977. 

Alberts, E. E., J. M. Laflen, W. J. Rawls, J. R. Simanton and M. A. Nearing, 

1989. Soil component In USDA-Water erosion prediction project: hillslope 

profile model documentation by L. J. Lane and M. A. Nearing (eds.), NSERL 

Rpt. No. 2.  Nat. Soil Erosion Res. Lab.  Agr. Res. Serv., U. S. Dept. Agr. W. 

Lafayette, Indiana, U. S. A. 

Amezquita, E. C. and W. M. Forsythe, 1975.  La probabilidad diaria de las 

lluvias y la frecuencia horaria de su inicio como criterio para manejo de 

aguas y suelos en Turrialba, Costa Rica.  V Congreso Latino Americano De 

la Ciencia Del Suelo.  IV Coloquio.  Nacional sobre suelos.  Agosto 1975.  

Medellin, Colombia. 

Anderson, J. R. and J. Thampapillai, 1990.  	Soil conservation in developing 

countries-project and policy intervention.  Policy and Research Series No. 8, 

The World Bank, Washington, D. C., U. S. A. 



Reference - 2 
Arledge, J. E., 1988.  Demonstration and extension of soil and water 

conservation principles in Latin America In Conservation Farming on Steep 

Lands by W. C. Moldenhauer and N. W. Hudson (eds.), Soil and Water 

Conservation Society, World Association of Soil and Water Conservation, 

Ankeny, Iowa, U. S. A., pp. 166-171. 

Armon, M. N., 1984.  Soil erosion and degradation in southeastern Nigeria in 

relation to biophysical and socio-economic factors.  PhD thesis, University of 

Ibadan, Ibadan, Nigeria. 

Arnoldus, H. M. J., 1977a.  Methodology used to determine the maximum 

potential average annual soil loss due to sheet and rill erosion in Morocco.  

FAO Soils Bull. 34, 39-51. 

Arnoldus, H. M. J., 1977b. Predicting soil losses due to sheet and rill erosion.  

FAO Conserv. Guide 1:99-124. 

Arnoldus, H. M. J., 1980.  An approximation of the rainfall factor in the USLE In 

Assessment of Erosion by M. De Boodt and D. Gabriels (eds.), Wiley, 

Chichester, U. K., 127-132. 

ASAE, 1985. Erosion and Productivity.  ASAE Publication 8185.  St. Joseph, 

Michigan, U. S. A. 

ASCE, 1975.  Sedimentation Engineering, ASCE, New York, U. S. A. 

Ateshian, J. K. H., 1974.  Estimation of rainfall erosion index.  J. Irr. Drainage 

Div. 100, 293-307. 

Ayres, Q. C., 1936.  Soil erosion and its control. McGraw-Hill, New York, N. Y., 

365 pp. 

Bagnold, R. A., 1941.  The physics of blown sand and desert dunes.  Chapman 

and Hall, London.  265pp. 

Bagnold, R. A., 1966.  An approach to the sediment transport problem from 

general physics.  U.S. Geol. Survey. Prof. Paper, 422-J. 

Bagnold, R. A., 1977.  Bedload transport by natural rivers.  Water Resour. Res. 

13, 303-311. 

Barbier, E. B., 1990.  The farm-level economics of soil conservation: the 

uplands of Java, Land Economics, 66:2, 199-211, May 1990. 

Basa, V. F., 1982. Land classification in the Philippines In Research Library 

and Information Division of the National Research Council of the Philippines 

(ed.), Proceedings of Symposium on Land Use in Upland Areas.  Bulletin # 



Reference - 3 
89, National Research Council of the Philippines, Valenzuela Hall, Bicutan, 

Tagiug, Metro-Manila, Philippines, 1-12. 

Baver, L.D., 1933.  Some factors affecting erosion.  Agric. Eng. 14, 51-52. 

Beasley, D. B., 1977.  ANSWERS: A mathematical model for simulating the 

effects of land use and management on water quality.  PhD thesis, Purdue 

University, West Lafayette, Indiana, U. S. A., 266pp. 

Beasley, R. P., 1972.  Erosion and sediment pollution control, The Iowa State 

University Press, Ames, Iowa, U. S. A. 

Bennett, H. H., F. G. Bell and B. D. Robinson, 1951. Raindrops and erosion.  

Circular 895, U. S. D. A. 

Bennett, J. P., 1974. Concepts of mathematical modelling of sediment yield. 

Water Resources Research 10(3): 485-492. 

Benvenuti, D. N., 1988.  Community participation in soil and water conservation 

In Conservation Farming on Steep Lands by W. C. Moldenhauer and N. W. 

Hudson (eds.), Soil and Water Conservation Society, World Association of 

Soil and Water Conservation, Ankeny, Iowa, U. S. A., pp. 247-253. 

Bergsma, E., 1980.  Provisional rain-erosivity map of the Netherlands In 

Assessment of Erosion by M. De Boodt and D. Gabriels (eds.), Wiley, 

Chichester, U. K., 121-125. 

Boada, E. L., 1988. Incentive policies and forest use in the Philippines In Public 

Policies and the Misuse of Forest Resources by R. C. Repetto and M. Gillis 

(eds.), Cambridge University. 

Bolline, A., 1985. Adjusting the universal soil loss equation for use in Western 

Europe In Soil Erosion and Conservation by S. A. El-Swaify, W. C. 

Moldenhauer and A. Lo (eds.), Soil Conservation Society of America, 

Ankeny, Iowa, U. S. A., 206-213. 

Bolline, A., A. Laurant,  P. Rosseau, J. M. Panwels, D. Gabriels and J. 

Aelterman, 1980.  Provisional rain erosivity map of Belgium In Assessment of 

Erosion by M. De Boodt and D. Gabriels (eds.), Wiley, Chichester, U. K., 

111-120. 

Bols, P. L., 1978.  The iso-erodent map of Java and Madura.  Soil Research 

Institute, Bogor, Indonesia.  38 pp. 

Bonell, M., M. M. Hufschmidt and J. S. Gladwell, 1993.  Hydrology and Water 

Management in the Humid Tropics: Hydrological Research Issues and 



Reference - 4 
Strategies for Water Management.  Cambridge University Press, Cambridge, 

U. K., 500 pp. 

Bonell, M. and J. Williams, 1986.  Infiltration and re-distribution of overland flow 

and sediment on a low-relief landscape in semi-arid tropical Queensland In 

Forest Hydrology and Watershed Management by R. H. Swanson, P. Y. 

Bernier and P. D. Woodward (eds.), IAHS Publ. No. 167, 199-211. 

Borst, H. L. and R. Woodburn, 1940.  	Rain simulator studies of the effect of 

slope on erosion and runoff 1938.  A preliminary report.  TP-36, USDA-SCS.  

U. S. Government Printing Office, Washington, D. C. 

Borst, H. L., A. G. McCall and F. G. Bell, 1945.  Investigations in erosion control 

and the reclamation of eroded land at the Northwest Appalachian 

Conservation Experiment Station, Zonesville, Ohio, 1934-42.  USDA Tech. 

Bull. 888, 95pp. 

Boughton, W. C. and D. M. Freebairn, 1981.  Variations in unit hydrographs on 

a very small agricultural catchment.  Aust. J. Soil Res. 19, 121-131. 

Brady, N. C., and R. R. Weil, 1999.  The Nature and Properties of Soils, 12th 

ed., Prentice Hall, Upper Saddle River, New Jersey, U. S. A., 870 pp. 

Brown, L. R., 1984.  The global loss of topsoil.  J. Soil Water Conserv., 39(3): 

162-165. 

Browning, G. M., C. L. Parish and J. A. Glass, 1947.  A method for determining 

the use and limitation of rotations and conservation practices in control of soil 

erosion in Iowa.  Jour. Am. Soc. Agron. 39, 65-73. 

Browning, G. M., R. A. Norton, A. G. McCall and F. G. Bell, 1948.  

Investigations in erosion control and the reclamation of eroded land at the 

Missouri Valley Loess Conservation Experiment Station, Clarinda, Iowa, 

1931-42.  USDA Tech. Bull. 959, 88pp. 

Bruce, R. C., 1985.  	Assessment of some soil erosion prediction models for 

application to the Philippines In Soil Erosion Management by E. T. Craswell, 

J. V. Remenyi and L. G. Nallana (eds.), Proceedings of a workshop held at 

PCARRD, Los Baños, Laguna, Philippines, 3-5 December 1984, ACIAR 

Proceedings Series No. 6, ACIAR, Canberra, Australia. 

Bruijnzeel, L. A., 1990.  Hydrology of moist tropical forests and effects of 

conversion: a state of knowledge review, UNESCO IHP, Humid Tropics 

Program, Paris. 



Reference - 5 
Bryan, R. B., 1979.  The influence of slope angle on soil entrainment by 

sheetwash and rainsplash.  Earth Surf. Processes 4, 43-58. 

Bubenzer, G. D. and B. A. Jones, 1971.  Drop size and impact velocity effects 

on the detachment of soils under simulated rainfall. Transactions of the 

American Society of Agricultural Engineers, 14, 625-628. 

Bubenzer, G. D., 1979.  Rainfall characteristics important for simulation.  p. 22

34 In Proc. Rainfall Simulator Workshop, Tucson, Arizona, 14-15 Jan 1985, 

USDA-SEA ARM-W-10. Soc. Range. Manage., Denver, Colorado, U. S. A. 

Bureau of Forest Development, 1982.  Forestry statistics for the Philippines.  

Bureau of Forest Development, Diliman, Quezon City, the Philippines. 

C.T.F.T./Burkina Faso, 1974.  Report de synthese 1973. C. T. F. T. I. Ministre 

de l'Agriculture de Burkina Faso, Ouagadougou. 

Cabrido, C. A., 1985.  An assessment of national soil erosion control 

management programs in the Philippines In Soil Erosion Management by E. 

T. Craswell, J. V. Remenyi and L. G. Nallana (eds.), Proceedings of a 


workshop held at PCARRD, Los Baños, Laguna, the Philippines, 3-5 


December 1984, ACIAR Proceedings Series No. 6, ACIAR, Canberra, 


Australia. 


Cagampang, F. V., F. M. Eslava, S. M. Mariano, N. T. Baguinon, G. Rio-

Abarquez and R. B. Dorado, 1984.  A study of upland soil conservation 

strategies in selected areas of the Philippines.  Department of Social 

Forestry, U. P. at Los Baños, College, Laguna, the Philippines. 

Caine, N. and P. K. Mool, 1982.  Landslides in the Kalpu Khola drainage, 

middle mountains, Nepal.  Mountain Res. Dev. 2(2):157-173. 

Calhoun, T. E., R. W. Arnold, M. J. Mausbach and B. T. Birdwell, 1988.  Soil 

taxonomy and steep lands In Conservation Farming on Steep Lands by W. 

C. Moldenhauer and N. W. Hudson (eds.), Soil and Water Conservation 

Society, World Association of Soil and Water Conservation, Ankeny, Iowa, U. 

S. A., pp. 172-176. 

Carter, V. G. and T. Dale, 1974.  Topsoil and civilization, University of 

Oklahoma Press, Norman, Oklahoma, U. S. A. 

Celestino, A. F. and F. P. Elliot, 1986. 	Hilly land farming systems in the 

Philippines: an assessment. Farming Systems and Soil Resources Institute, 

College of Agriculture, U. P. at Los Baños, College, Laguna, the Philippines. 



Reference - 6 
Celestino, A. F., 1985.  Farming systems approach to soil erosion control and 

management In Soil Erosion Management by E. T. Craswell, J. V. Remenyi 

and L. G. Nallana (eds.), Proceedings of a workshop held at PCARRD, Los 

Baños, Laguna, the Philippines, 3-5 December, 1984, ACIAR Proceeding 

Series No. 6, ACIAR, Canberra, Australia. 

CGIAR, 1990.  Report of the Fifty Third Meeting of the Consultative Group on 

International Agricultural Research, Washington, D. C., U. S. A. 

Chang, H. W. and J. C. Hill, 1976.  Computer modeling of erodible flood 

channels and deltas.  J. Hydraul. Div. ASCE 102 (HY10), 1461-1477. 

Charreau, C., 1969.  Influence des techniques culturales sur le developement 

du ruissellement et de l'erosion en Casamance. VIIe Congress International 

du Genie Rural, C. N. R. A., Bambey, Senegal. 

Chisci, G., 1981. Upland erosion: evaluation and measurement.  Erosion and 

Sediment Transport Measurement.  Proceedings of the Florence 

Symposium, June 1981.  IAHS Publ. No. 133, 331-349. 

Chisci, G., M. Sfalanga and D. Torri, 1985. An experimental model for 

evaluating soil erosion on a single rainstorm basis In Soil Erosion and 

Conservation by S. A. El-Swaify, W. C. Moldenhauer and A. Lo (eds.), Soil 

Conservation Society of America, Ankeny, Iowa, U. S. A., 558-565. 

Chisholm, A., 1987.  Abatement of land degradation: regulations versus 

economic incentives In Land Degradation: Problems and Policies by A. 

Chisholm and R. Dumsday (eds.), Cambridge University Press, Sydney, 

Australia, 223-247. 

Chow, V. T., 1959.  Open-channel hydraulics.  McGraw-Hill Book Co., 680pp. 

Chromec, F. W., S. A. El-Swaify and A. Lo, 1988.  Erosion problems and 

research in Hawaii.  Topics in Applied Resource Management in the Tropics, 

143-174, DITSL. 

Ciesiolka, C. A. A. and K. J. Coughlan, 1995.  A framework for research on soil 

erosion by water.  ACIAR Publication X-95, Australian Centre for 

International Agricultural Research, December, 1995. 

Ciesiolka, C. A. A., K. J. Coughlan, C. W. Rose, M. C. Escalante, G. Mohd. 

Hashim, E. P. Paningbatan Jr. and S. Sombatpanit, 1995.  Methodology for 

multi-country study of soil erosion management.  Soil Technology, Vol. 8, No. 

3, December 1995, 179-192. 



Reference - 7 
Cochrane, H. C. and P. C. Huszar, 1988.  Assessing economic benefits of soil 

conservation: Indonesia’s upland model farm program In Conservation 

Farming on Steep Lands by W. C. Moldenhauer and N. W. Hudson (eds.), 

Soil and Water Conservation Society, World Association of Soil and Water 

Conservation, Ankeny, Iowa, U. S. A., pp. 93-106. 

Cody, R.P. and J. K. Smith, 1987.  Applied Statistics and the SAS Programming 

Language. Second Edition. Elsevier Science Publishing Co., Inc.. 655 

Avenue of the Americas, New York, New York 10010, U. S. A. 

Cook, H. L., 1936. The nature and controlling variables of the water erosion 

process.  Soil Science Society of America Proc. 1, 487-494. 

Cook, M. G., 1988.  Soil conservation on steep lands in the tropics In 

Conservation Farming on Steep Lands by W. C. Moldenhauer and N. W. 

Hudson (eds.), Soil and Water Conservation Society, World Association of 

Soil and Water Conservation, Ankeny, Iowa, U. S. A., pp.18-22. 

Cooley, K. R. and J. R. Williams, 1985.  Applicability of the universal soil loss 

equation (USLE) and modified USLE to Hawaii In Soil Erosion and 

Conservation by S. A. El-Swaify, W. C. Moldenhauer and A. Lo (eds.), Soil 

Conservation Society of America, Ankeny, Iowa, U. S. A., 509-522. 

Coughlan, K. J. and C. W. Rose, 1997.  A new soil conservation methodology 

and application to cropping systems in tropical steeplands.  ACIAR Technical 

Report 40, ACIAR, Canberra, Australia. 

Croley II, T.E., 1982.  Unsteady overland flow sedimentation.  J. Hydrol. 56, 

325-346. 

Crosson, P. R. and A. T. Stout, 1983.  Productivity effects of cropland erosion in 

the United States.  Resources for the Future, Washington, D. C., U. S. A. 

Cruz, C. J. and I. Zosa-Feranil, 1988.  Policy implications of population pressure 

in Philippine uplands.  Paper prepared for the World Bank - CIDA Study on 

Forestry, Fisheries and Agricultural Resource Management. 

Cruz, C. J., I. Zosa-Feranil and C. L. Goce, 1988.  Population pressure and 

migration: implications for upland development in the Philippines.  Journal of 

Philippine Development, XV No. 1, 15-46. 

Cruz, W. D. and C. Gibbs, 1990.  Resource policy reform in the context of 

population pressure: the Philippines and Nepal. American Journal of 

Agricultural Economics, 72:5,1264-1268, December, 1990. 



Reference - 8 
Cruz, W. D., H. A. Francisco and Z. T. Conway, 1988a.  The on-site and 

downstream costs of soil erosion, Working Paper Series 88-11, Philippines 

Institute for Development Studies, Manila, the Philippines. 

Cruz, W. D., H. A. Francisco and Z. T. Conway, 1988b.  The on-site and 

downstream costs of soil erosion in the Magat and Pantabangan watersheds, 

Journal of Philippine Development XV, No. 1, 85-111. 

Curtis, D. C., 1976.  A deterministic urban storm water and sediment discharge 

model In Proceedings of International Symposium on Urban Hydrology, 

Hydraulics and Sediment Control, University of Kentucky, Lexington, 

Kentucky, U. S. A., 151-162. 

Dangler, E. W. and S. A. El-Swaify, 1976.  Erosion of selected Hawaii soils by 

simulated rainfall.  Soil Sci. Soc. Am. J. 40, 769-773. 

Dangler, E. W., S. A. El-Swaify, L. R. Ahuja and A. P. Barnett, 1976.  Erodibility 

of selected Hawaii soils by rainfall simulation.  ARS W-35, ARS/USDA-

University of Hawaii Agricultural Experiment Station, Honolulu, Hawaii, U. S. 

A. 

Danish Hydraulic Institute, 1986.  Soil erosion, phase I: development of soil 

erosion model. Danish Hydraulic Institute, Agern Alle, DK-2970, Horsholm, 

Denmark. 

DAR,1987.  Salient features of CARP, Department of Agrarian Reform, Quezon 

City, the Philippines. 

David, W. P., 1988.  Soil and water conservation planning: policy issues and 

recommendations.  Journal of Philippine Development, XV, No. 1, 47-84. 

de la Cruz, R. E. and N. T. Vergara, 1987.  Protective and ameliorative roles of 

agroforestry In Agroforestry in the Humid Tropics-its Protective and 

Ameliorative Roles to Enhance Productivity and Sustainability by N. T. 

Vergara and N. D. Briones (eds.), Environment and Policy Institute, East-

West Center, Honolulu and Southeast Asian Regional Center for Graduate 

Study and Research in Agriculture, U. P. at Los Baños, College, Laguna, the 

Philippines, 39. 

De Ploey, J., J. Savat and J. Moeyersons, 1976.  	The differential impact of 

some soil factors on flow, runoff creep and rainwash.  Earth Surf. Proc. 1, 

151-161. 



Reference - 9 
DeCoursey, D. G. and L. D. Meyer, 1976.  Philosophy of erosion simulation for 

land use management In Soil Erosion: Prediction and Control, Soil Conserv. 

Soc. Amer., Special Pub. 21, 193-200. 

DENR, 1992. A report on Philippine environment and development: issues and 

strategies. Department of Environment and Natural Resources, Quezon City, 

Philippines. 

DePloy, J., J. Savat and D. Moeyerons, 1976.  The differential impact of some 

soil loss factors on flow, runoff creep and rainwash.  Earth Surf. Process 1, 

151-161. 

Dickson, R. E., B. C. Langley and C. E. Fisher, 1940.  Water and soil 

conservation experiments at Spur, Texas.  Texas Agr. Exp. Sta. Bull. No. 

587, 67pp. 

Digman, S. L., 1984.  Fluvial Hydrology.  W. H. Freeman & Co., New York, U. S. 

A. 

Diseker, E. G. and R. E. Yoder, 1936.  Sheet erosion studies on Cecil clay.  

Agr. Exp. Sta. Ala. Polytech. Inst. Bull. No. 245, 52pp. 

Dissmayer, G. E. and G. R. Foster, 1980.  A guide for predicting sheet and rill 

erosion on forest land, Technical Publication SA-TP 11.  Forest Service, 

USDA, Atlanta, Georgia, U. S. A. 

Dissmayer, G. E. and G. R. Foster, 1981.  Estimation of the cover-management 

factor (C) in the universal soil loss equation for forest conditions. J. Soil 

Water Conserv., 36:235-240. 

Dissmayer, G. E. and G. R. Foster, 1985.  Modifying the universal soil loss 

equation for forest lands In Soil Erosion and Conservation by S. A. El-Swaify, 

W. C. Moldenhauer and A. Lo (eds.), Soil Conservation Society of America, 

Ankeny, Iowa, U. S. A., pp. 480-495. 

Dolom, B., 1990.  Determinants of soil conservation measure adoption among 

upland farmers of selected integrated social forestry projects in regions VII 

and VIII. Msc Thesis, University of the Philippines at Los Baños, College, 

Laguna, the Philippines. 

Doolette, J. B. and J. W. Smyle, 1990. Soil and moisture conservation 

techniques: review of literature In Watershed Development in Asia, 

Strategies and Technologies by J. B. Doolette and W. B. Magrath (eds.), 

World Bank Technical Paper No. 127, The World Bank, Washington, D. C., 

U. S. A. 



Reference - 10 
Dorner, P. and C. Thiesenhusen, 1990.  Selected land reform in East and 

Southeast Asia: Their origins and impacts, Asia-Pacific Economic Literature, 

March Issue, 4:1, 65-95. 

Douglas, M. G., 1988.  Integrating conservation into farming systems: The 

Malawi experience In Conservation Farming on Steep Lands by W. C. 

Moldenhauer and N. W. Hudson (eds.), Soil and Water Conservation Society, 

World Association of Soil and Water Conservation, Ankeny, Iowa, U. S. A., 

pp. 215-227. 

Duguma, B., B. T. Kang and D. U. U. Okali, 1988.  Effect of pruning intensities 

of three woody leguminous species grown in alley cropping with maize and 

cowpea on an alfisol.  Agroforestry Systems 6, 19-35. 

Dulet, F. L. and O. E. Hays, 1932.  The effect of the degree of slope on runoff 

and soil erosion.  J. Agric. Res. 45(6), 349-360. 

Edwards, K., 1987.  Runoff and soil loss studies in New South Wales.  

Technical Handbook No. 10.  Soil Conservation Service of New South Wales 

(NSW) and Macquarie University, Sydney, NSW, Australia. 

Eliot, J., 1760. Essays upon field husbandry in New England. Edes and Gill, 

Boston, Massachusetts, U. S. A. 

Elliot, W. J. and J. M. Laflen, 1993.  A process-based rill erosion model.  Trans. 

ASAE 36(1): 65-72. 

Elliot, W. J., A. M. Leibenow, J. M. Laflen and K. D. Kohl, 1989.  A compendium 

of soil erodibility data from WEPP cropland soil field erodibility experiments 

1987 and 1988. NSERL Rpt. No. 3.  Nat. Soil Erosion Res. Lab.  Agr. Res. 

Serv., U. S. Dept. Agr. W. Lafayette, Indiana, U. S. A. 

Ellison, W. D., 1944.  Studies of raindrop erosion studies.  Agric. Eng. 25, 131

136, 181-182. 

Ellison, W. D., 1947.  Soil erosion studies. Parts I to VII. Agric. Eng. 28, 145

146, 197-201, 245-248, 297-300, 349-351, 402-405, 442-450. 

Ellison, W. D., 1952.  Raindrop energy and soil erosion.  Empire J. Exp. Agr. 20. 

El-Swaify, S. A., 1990.  Research needs and applications to reduce erosion and 

sedimentation in the tropics.  Research Needs and Applications to Reduce 

Erosion and Sedimentation in Tropical Steeplands.  Proceedings of the Fiji 

Symposium, June 1990.  IAHS-AISH Publ. No. 192, 3-13. 



Reference - 11 
El-Swaify, S. A., 1993.  Soil erosion and conservation in the humid tropics In 

World Soil Erosion and Conservation by D. Pimentel (ed.), Cambridge 

University Press, Cambridge, U. K. 

El-Swaify, S. A., C. L. Garnier and A. Lo, 1987.  Recent advances in soil and 

water conservation in steep land in the humid tropics In Steepland Agriculture 

in the Humid Tropics by T. H. Tay, A. M. Mokhtaruddin and A. B. Zahari 

(eds.), Proc. Intern. Conf. Steepland Agric. in Humid Tropics, Kuala Lumpur, 

Malaysia, 265-308. 

El-Swaify, S. A., E. W. Dangler and C. L. Armstrong, 1982.  Soil erosion by 

water in the tropics.  HITAHR-CTAHR Research Extension Series 24, 

University of Hawaii Institute of Tropical Agriculture and Human Resources, 

173 pp. 

El-Swaify, S. A., P. Pathak, T. J. Rego and S. Singh, 1985.  Soil management 

for optimized productivity under rainfed condition in the semi-arid tropics.  

Adv. Soil Sci. 1, 1-64. 

Elwell, H. A. and M. A. Stocking, 1973.  Rainfall parameters for soil loss 

estimation in a subtropical climate.  J. Agric. Eng. Res. 18(3): 167-177. 

Elwell, H. A. and M. A. Stocking, 1975.  Parameters for estimating annual runoff 

and soil loss from agricultural lands in Rhodesia.  Water Resources Res. 

11(4): 601-605. 

Elwell, H. A. and M. A. Stocking, 1976.  Vegetal cover to estimate soil erosion 

hazard in Rhodesia.  Geoderma 15, 61-70. 

Elwell, H. A., 1977. A soil loss estimation for southern Africa. Res. Bull. No. 22, 

Causeway, Rhodesia (Zimbabwe), Dept. Of Conservation and Extension. 

Elwell, H. A., 1981.  A soil loss estimation technique for Southern Africa In Soil 

Conservation-Problems and Prospects by R. P. C. Morgan (ed.), 

Proceedings of Conservation 80.  The International Conference on Soil 

Conservation held at the National College of Agricultural Engineering, Silsoe, 

Bedford, U. K., 21-25 July, 1980. 

Evett, S. R. and G. R. Dutt, 1985.  Effect of slope and rainfall intensity on 

erosion from sodium dispersed, compacted earth microcatchments.  Soil Sci. 

Soc. Am. J. 49, 202-206. 

Fagi, A. M., and C. Mackie, 1988.  Watershed management in Java’s uplands: 

past experience and future directions In Conservation Farming on Steep 

Lands by W. C. Moldenhauer and N. W. Hudson (eds.), Soil and Water 



Reference - 12 
Conservation Society, World Association of Soil and Water Conservation, 

Ankeny, Iowa, U. S. A., pp. 254-264. 

Falayi, O. and R. Lal, 1979.  Effect of aggregate size and mulching on 

erodibility, crusting and crop emergence In Soil Physical Properties and Crop 

Production in the Tropics by R. Lal and D. J. Greenland (eds.), John Wiley 

and Sons, U. K., pp. 87-93. 

Fan, J. C., 1987.  Measurements of erosion on highway slopes and use of the 

Universal Soil Loss Erosion Equation.  Ph.D. diss., Purdue Univ., West 

Lafayette, Indiana, U. S. A. 

FAO, 1988. Watershed management and field manual-slope treatment 

measures and practices.  Conservation Guide 13/3, Rome, Italy. 

FAO/UNEP/UNESCO, 1979a.  A Provisional Methodology for Soil Degradation 

Assessment, FAO, Rome, Italy. 

Federer, W. T., 1955.  Experimental Design-Theory and Application. The 

Macmillan Company, New York, U. S. A. 

Fentie, B., C. W. Rose, K. J. Coughlan and C. A. A. Ciesiolka, 1997.  The role 

of the geometry and frequency of rectangular rills in the relationship between 

sediment concentration and streampower.  Australian Journal of Soil 

Research 35, 1359-1377. 

Finkner, S. C., M. A. Nearing, G. R. Foster and J. E. Gilley, 1989.  A simplified 

equation for modeling sediment transport capacity.  Trans. ASAE 32(5): 

1545-1550. 

Fleming, G., 1981.  The sediment problem related to engineering In 

Proceedings of Southeast Asian Regional Symposium on Problems of Soil 

Erosion and Sedimentation by T. Tingsanchali and H. Eggers (eds.), pp. 3

14, Asian Institute of Technology, Bangkok, Thailand. 

Fleming, W. M., 1983.  Phewa Tal catchment management program: benefits 

and costs of forestry and soil conservation in Nepal In Forest and Watershed 

Development and Conservation in Asia and the Pacific by L. S. Hamilton 

(ed.), Westview Press, Boulder, Colorado, U. S. A., 217-288. 

Follet, R. F. and B. A. Stewart, 1985.  Soil erosion and crop productivity.  ASA, 

CSSA, SSSA. 533 pp, Madison, U. S. A. 

Food and Agriculture Organization, United Nations, 1979b.  Agriculture towards 

the year 2000. Rome, Italy. 



Reference - 13 
Forrester, J. E., 1970.  Industrial Dynamics.  MIT Press, Cambridge, 

Massachusetts, U. S. A., 464pp. 

Foster, G. R.  and L. J. Lane, 1981. Simulation of erosion and sediment yield 

from field-sized areas In Tropical Agricultural Hydrology by R. Lal and E. W. 

Russell (eds.), Wiley, 375-394. 

Foster, G. R.  and L. J. Lane, 1987. User Requirement: USDA-WEPP (Draft 

6.3).  National Soil Erosion Research Laboratory, West Lafayette, Indiana, U. 

S. A. 57 

Foster, G. R. and L. D. Meyer, 1972a.  Transport of soil particles by shallow 

flow.  Trans. ASAE 15(1): 99-102. 

Foster, G. R. and L. D. Meyer, 1972b.  A closed-form soil erosion equation for 

upland areas In Sedimentation: Symposium to honor Professor H. A. Einstein 

by H. W. Shen (ed.): 12, 1-19, Ft. Collins, Colorado, U. S. A. 

Foster, G. R. and L. D. Meyer, 1975.  Mathematical simulation of upland erosion 

by fundamental erosion mechanics In Present and Prospective Technology 

for Predicting Sediment Yields and Sources.  Proc. of Sediment Yield 

Workshop.  U.S. Department of Agriculture Sedimentation Laboratory, 

Oxford, Mississippi, 28-30 November 1972, ARS-S-40.  Agricultural 

Research Service, U.S. Dept. of Agriculture, Washington, D. C., U. S. A., 

190-207. 

Foster, G. R. and L. F. Huggins, 1976. Deposition of sediment by overland flow 

on concave slopes In Soil Erosion Prediction and Control.  Special 

Publication No. 21.  Soil Conservation Society of America, Ankeny, Iowa, U. 

S. A., 167-182. 

Foster, G. R. and L. J. Lane, 1983.  	Erosion by concentrated flow in farm fields 

In Proceedings of the D. B. Simons Symposium on Erosion and 

Sedimentation: 9.52-9.82, Colorado State University, Ft. Collins, Colorado, U. 

S. A. 

Foster, G. R. and L. J. Lane, 1987.  Beyond the USLE: Advancements in soil 

erosion prediction In Future Developments in Soil Science Research.  Soil 

Science Society of America, Madison, Wisconsin, U. S. A., pp. 315-326. 

Foster, G. R. and W. H. Wischmeier, 1974.  Evaluating irregular slopes for soil 

loss prediction.  Trans. ASAE 17(2): 305-309. 

Foster, G. R., 1979.  Sediment yield from farm yields: the universal soil loss 

equation and on farm 208 plan implementation In Universal Soil Loss 



Reference - 14 
Equation: Past, Present and Future by D. M. Kral (ed.), SSSA Special 

Publication 8, Soil Science Society of America, Madison, Wisconsin, U. S. A., 

17-24. 

Foster, G. R., 1982.  Modeling the erosion process In Hydrologic Modeling of 

Small Watersheds by C. T. Haan, H. P. Johnson and D. L. Brakensiek (eds.), 

ASAE Monograph No. 5, St. Joseph, Michigan, U. S. A., 297-380. 

Foster, G. R., 1982a.  Relation of USLE factors to erosion on rangeland In 

Proceedings of the Workshop on Estimating Erosion and Sediment Yield on 

Rangelands, Tuczon, Arizona, 7-9 March, 1981, USDA-ARS, ARM-W-26, 

USDA, pp. 17-35. 

Foster, G. R., 1982b.  Modeling the erosion process In Hydrologic Modeling of 

Small Watersheds by C. T. Haan, H. P. Johnson and D. L. Brakensiek (eds.), 

ASAE Monograph No. 5, St. Joseph, Michigan, U. S. A., 297-380. 

Foster, G. R., 1987.  User Requirement: USDA-Water Erosion Prediction 

Project.  NSERL Rpt. No. 1.  Nat. Soil Erosion Res. Lab.  Agr. Res. Serv., U. 

S. Dept. Agr. W. Lafayette, Indiana, U. S. A. 

Foster, G. R., 1988.  Modeling soil erosion and sediment yield In Soil Erosion 

Research Methods by R. Lal (ed.), Soil and Water Conservation Society, 

Ankeny, Iowa, U. S. A., 97-117. 

Foster, G. R., 1990.  Major developments in prediction of soil erosion by water 

In Soil Management for Sustainability by R. Lal and F. J. Pierce (eds.), Soil 

and Water Conservation Society, Ames, Iowa, U. S. A. 

Foster, G. R., 1991.  Advances in wind and water erosion prediction.  J. Soil 

Water Conserv., January-February 1991, pp. 27-29. 

Foster, G. R., J. R. Simanton, K. G. Renard, L. J. Lane and H. B. Osborn, 1981.  

Discussion of “Application of the Universal Soil Loss Equation to Rangeland 

on a Per-storm Basis”.  J. Range Management 34, 161-165. 

Foster, G. R., L. D. Meyer and C. A. Onstad, 1973.  Erosion equations derived 

from modeling principles.  Unpublished Paper 73-2550. ASAE, St. Joseph, 

Michigan, U. S. A. 

Foster, G. R., L. D. Meyer and C. A. Onstad, 1977a.  An erosion equation 

derived from basic erosion principles.  Trans. ASAE 20:678-682. 

Foster, G. R., L. D. Meyer and C. A. Onstad, 1977b.  	A runoff erosivity factor 

and variable slope length exponents for soil loss estimates.  Trans. ASAE 

20(40):683-687. 



Reference - 15 
Foster, G. R., L. J. Lane and J. D. Nowlin, 1980.  A model to estimate sediment 

yield from field sized areas: selection of parameter values In CREAMS – A 

Field Scale Model for Chemicals, Runoff and Erosion from Agricultural 

Management Systems.  Vol. II: User Manual.  Chapter 2: 193-195.  

Conservation Research Report No. 26.  USDA-SEA. 

Foster, G. R., L. J. Lane, J. D. Nowlin, J. M. Laflen and R. A. Young, 1980.  A 

model to estimate sediment yield from field sized areas: Development of 

model In CREAMS - Vol. I. Model documentation.  USDA-SEA Conserv. 

Rep. 26, 36-64. 

Foster, G. R., L. J. Lane, J. D. Nowlin, J. M. Laflen and R. A. Young, 1981.  

Estimating erosion and sediment from field - sized areas.  Trans. ASAE 24, 

1253-1262. 

Foster, G. R., L. J. Lane, M. A. Nearing, S. C. Finkner and D. C. Flanagan, 

1989. Erosion component In USDA-Water Erosion Prediction Project : 

Hillslope Profile Model Documentation by L. J. Lane and M. A. Nearing 

(eds.), NSERL Report. No. 2, National Soil Erosion Research Laboratory, 

USDA-ARS, West Lafayette, Indiana, U. S. A. 

Foster, G. R., R. A. Young and W. H. Neibling, 1985.  Sediment distribution for 

non-point source pollution analysis.  Trans. ASAE 29, 133-136. 

Foster, G. R., R. E. Smith, W. G. Knisel and T. E. Hakonson, 1983.  Modeling 

the effectiveness of on-site sediment controls.  Paper No. 83-2092.  ASAE, 

St. Joseph, Michigan, U. S. A. 

Foster, G. R., W. H. Neibling and R. A. Natterman, 1982.  A programmable 

rainfall simulator.  Paper 82-2570.  ASAE, St. Joseph, Michigan, U. S. A. 

Foster, L. R. and G. L. Martin, 1969.  Effect of unit weight and slope on erosion.  

J. of the Irrig. and Drainage Div., Proc. of the ASCE, Vol. 95, No. IR4, 551

561. 

Fournier, F. and S. Henin, 1959.  A new climatic formula for evaluating the 

specific degradation of soil.  C. R. Acad. Sci. 248, 1694-1699. 

Fournier, F., 1956.  The effect of climatic factors on soil erosion: Estimates of 

solids transported in suspension in runoff.  Assoc. Int. Hydrol. Publ. 38:6. 

Fournier, F., 1967.  Research on soil erosion and soil conservation in Africa. 

Soils Africians 12, 53-96. 

Francisco, H. A., 1994. 	Upland soil resources of the Philippines: resource 

assessment and accounting for soil depreciation.  Workshop Paper No. 6, 



Reference - 16 
Environmental and Natural Resources Accounting Project, Phase II, Final 

Workshop.  INNOTECH, Quezon City, the Philippines, March 16, 1994. 

Free, G. R., 1960.  Erosion characteristics of rainfall. Agricultural Engineering 

41, 447-449, 455. 

Freebairn, D. M. and C. W. Rose, 1982.  Integration and extrapolation of field 

erosion research using a physically based erosion/deposition model.  

Queensland Department of Primary Industries.  Report Q082014. 

Freebairn, D. M. and G. H. Wockner, 1986.  A study of soil erosion on Vertisols 

of the Eastern Darling Downs, Queensland.  II. The effect of soil, rainfall and 

flow conditions on suspended sediment losses.  Aust. J. Soil Res. 24, 159

172. 

Freebairn, D. M., 1992.  Managing resources-the soil resource: erosion, stubble 

management and catchment.  Proceedings of the 6th Australian Society of 

Agronomy Conference, Armidale, 1992, Australia.  38-47. 

Freebairn, D. M., G. H. Wockner and D. M. Silburn, 1986.  Effects of catchment 

management on runoff, water quality and yield potential from vertisols.  

Agricultural Water Management 12, 1-19.  Elsevier Science Publishers B. V., 

Amsterdam, The Netherlands. 

Frye, W. W., S. A. Ebelhar, L. W. Murdock and R. L. Blevins, 1982. Soil erosion 

effects on properties and productivity of two Kentucky soils.  Soil Sci. Soc. 

Am. J. 46, 1051-1055. 

Fujisaka, S., 1991.  Thirteen reasons why farmers do not adopt innovations 

intended to improve the sustainability of upland agriculture In Evaluation for 

Sustainable Land Management in Developing World, Proceedings of the 

International Workshop on Evaluation for Sustainable Land Management in 

Developing World, 15-21 September 1991, IBSRAM, Chiang Rai, Thailand. 

Fujisaka, S., 1993.  A case of farmer adaptation and adoption of contour 

hedgerows for soil conservation.  Expt. Agric. 29, 97-105. 

Gabriels, D., J. M. Pauwels and M. De Boodt, 1975.  The slope gradient as it 

affects the amount and size distribution of soil loss material from runoff on silt 

loam aggregates.  Mededelingen Fakulteit Landbouwwetenschappen.  State 

Univ., Ghent, Belgium, 40:1333-1338. 

Galabert, J. and E. Millogo, 1973. Indice d'erosion de la pluie en Haute Volta C. 

T. F. T., Ouagadougou. 



Reference - 17 
Gard, L. E. and C. A. Van Doren, 1949.  Soil losses as affected by cover, 

rainfall and slope.  Soil Sci. Soc. Am. Proc. 14, 374-378. 

Garrity, D. P., 1991.  Sustainable land use systems for the sloping uplands of 

Southeast Asia.  Technologies for Sustainable Agriculture in the Tropics. 

Garrity, D. P., A. Mercado and C. Solera, 1992.  The nature of species 

interference and soil changes in contour hedgerow systems on sloping acidic 

lands. 

Garrity, D. P., D. M. Kummer and E. S. Guiang, 1993.  The Philippines In 

Sustainable Agriculture and the Environment in the Humid Tropics by the 

Committee on Sustainable Agriculture and the Environment in the Humid 

Tropics, Board on Agriculture and Board on Science and Technology for 

International Development and National Research Council (eds.), National 

Academy Press, Washington D. C., U. S. A. 

Gilmour, D. A., 1986.  Reforestation or afforestation of open lands: A Nepal 

perspective In Land Use, Watersheds and Planning in the Asia Pacific 

Region, FAO Regional Office for Asia and the Pacific, Bangkok, Thailand, 

158-169. 

Gomez, K. A. and A. A. Gomez, 1984.  Statistical Procedures for Agricultural 

Research. 2nd ed., An International Rice Research Institute Book. John Wiley 

and Sons, Inc., New York, U. S. A. 

Goodell, G., 1987. The Philippines In The Peasant Betrayed - Agriculture and 

Land Reform in the Third World by J. P. Powelson and R. Stock (eds.), 

Lincoln Institute of Land Policy, Boston, Massachusetts, U. S. A. 

Govers, G. and J. W. A. Poesen, 1988.  Assessment of the interrill and rill 

contributions to total soil loss from an upland field plot.  Geomorphology 1, 

343-354. 

Green, W. H. and G. A. Ampt, 1911.  Studies in soil physics.  I. The flow of air 

and water through soils.  J. Agr. Sci. 4, 1-24. 

Greenland, D. J., 1977.  The magnitude and importance of the problem In Soil 

Conservation and Management in the Humid Tropics by D. J. Greenland and 

R. Lal (eds.), John Wiley and Sons Ltd., Chichester, U. K., 3-7. 

Griffin, M. L., D. B. Beasley, J. J. Fletcher and G. R. Foster, 1988.  Estimating 

soil loss on topographically nonuniformed field and farm units.  J. Soil and 

Water Conserv. 43, 326-331. 



Reference - 18 
Guartsma, R., M. L. Paez and O. Rodriguez, 1981.  Rainfall erosion indexes 

estimated from daily precipitation amount.  ASAE Paper 81-2530, Central 

Univ. of Venezuela, Argentina. 

Guinto, D. F., 1989.  Effectiveness of leguminous mulches in reducing soil 

erosion on steep slopes. Msc Thesis, University of the Philippines at Los 

Baños, College, Laguna, the Philippines. 

Hahn, D. T., W. C. Moldenhauer and C. B. Roth, 1985.  Slope gradient effects 

on erosion of reclaimed soil.  Trans. ASAE 28(3): 805-808. 

Hairsine, P. B. and C. W. Rose, 1991.  Rainfall detachment and deposition: 

Sediment transport in the absence of flow-driven processes.  Soil Sci. Soc. 

Am. J. 55, 320-324. 

Hairsine, P. B. and C. W. Rose, 1992a.  Modelling water erosion due to 

overland flow using physical principles: 1. Sheet flow.  Water Resour. Res. 

28, 237-243. 

Hairsine, P. B. and C. W. Rose, 1992b.  Modelling water erosion due to 

overland flow using physical principles: 2. Rill flow.  Water Resour. Res. 28, 

245-250. 

Hairsine, P. B. and G. McTainsh, 1986.  The Griffith Tube: A simple settling 

tube for the measurement of settling velocity of soil aggregates.  AES 

Working Paper 3/86.  Griffith University, Nathan Campus, Queensland 4111, 

Australia. 

Hairsine, P. B. and R. A. Hook, 1995.  Relating soil erosion by water to the 

nature of the soil surface In Sealing, Crusting and Hardsetting Soils: 

Productivity and Conservation by H. B. So, G. D. Smith, S. R. Raine, B. M. 

Schafer and R. J. Loch (eds.), Aust. Soc. Sci., Queensland Branch, Australia, 

pp. 77-91. 

Hallsworth, E. G., 1987.  Anatomy, physiology and psychology of erosion.  

Wiley Interscience Publication, London. John Wiley and Sons. 

Hammond, Jerry, 1988.  International activities of the Soil Conservation Service 

In Conservation Farming on Steep Lands by. W. C. Moldenhauer and N. W. 

Hudson (eds.), Soil and Water Conservation Society, World Association of 

Soil and Water Conservation, Ankeny, Iowa, U. S. A., pp. 70-74. 

Harmon, W. C. and L. D.Meyer, 1978.  Cover, slope and rain intensity affect 

interrill erosion. Proc. 1978 Mississippi Water Resources Conference 9-16. 



Reference - 19 
Harper, D. E. and S. A. El-Swaify, 1988.  Sustainable agricultural development 

in North Thailand: conservation as a component of success in assistance 

projects In Conservation Farming on Steep Lands by W. C. Moldenhauer and 

N. W. Hudson (eds.), Soil and Water Conservation Society, World 

Association of Soil and Water Conservation, Ankeny, Iowa, U. S. A., pp. 77

92. 

Hashim, G. Mohd., C. A. A. Ciesiolka, W. A. Yusoff, W. N. Nafis, M. R. Mispan, 

C. W. Rose, and K. J. Coughlan, 1995.  Soil erosion processes in sloping 

land in the East Coast of Peninsular Malaysia. Soil Technol., 8:215-233. 

Hayami, Y. and V. W. Ruttan, 1985.  Agricultural development - an international 

perspective.  Revised and Expanded Edition, The John Hopkins University 

Press, Baltimore, U. S. A. 

Hayami, Y., C. C. David, P. Flores and M. Kikuchi, 1976.  Agricultural growth 

against a land resource constraint: the Philippines experience.  Australian 

Journal of Agricultural Economics, 20:3, 144-159, December, 1976. 

Hays, O. E., A. G. McCall and F. G. Bell, 1949.  Investigations in erosion control 

and the reclamation of eroded land at the Upper Mississippi Valley 

Conservation Experiment Station near La Crosse, Wisconsin, 1933-43.  

USDA Tech. Bull. No. 973, 87pp. 

Henderson, F. M. and R. A. Wooding, 1964.  Overland flow from a steady 

rainfall of finite duration.  J. Geophys. Res. 69(8): 1531-1540. 

Heusch, B., 1984.  Fifty years of terracing in North Africa. 10th International 

Congress on Agricultural Engineering, Budapest, 1(6): pp. 50-57. 

Hill, H. O., W. J. Peevy. A. G. McCall and F. G. Bell, 1944.  Investigations in 

erosion control and reclamation of eroded land at the Blackland Conservation 

Experiment Station, Temple, Texas, 1931-41.  USDA Tech. Bull. 859, 109pp. 

Hillel, D., 1980. Fundamentals of Soil Physics.  Academic Press Inc., New 

York, N. Y., U. S. A. 

Hoekstra, D. A., 1983.  An economic analysis of a simulated alley cropping 

system for semi-arid conditions using micro-computers.  Agroforestry 

Systems 1, 335-345. 

Holý, M., 1980.  Erosion and Environment In Environmental Sciences and 

Applications, Volume 9, by Asit K. Biswas and Margaret R. Biswas (eds.), 

Pergamon Press Ltd., A. Wheaton & Co. Ltd., Exeter, Great Britain. 



Reference - 20 
Holý, M., V. Svetlosanov, Z. Handová, Z. Kos, J. Váska and K. Vrána, 1982.  

Procedures, numerical parameters and coefficients of the CREAMS model: 

application and verification in Czechoslovakia.  Int. Inst. Appl. Syst. Anal. 

Collaborative Paper CP-82-23. 

Horton, R. E., 1945.  Erosional development of streams and their drainage 

basins: Hydrological approach to quantitative morphology.  Geol. Soc. Am. 

Bull. 56, 275-370. 

Hudson, N. W. and D. C. Jackson, 1959.  Results achieved in the measurement 

of erosion and runoff in southern Rhodesia.  Proc. Inter-African Soils 

Conference Compte Rendus 3, 575-583. 

Hudson, N. W., 1957.  Erosion control research. Progress report on 

experiments at Henderson Research Station, 1953-1956.  Rhodesia Agr.  J. 

54, 297-323. 

Hudson, N. W., 1971.  Soil Conservation, Cornell University Press, Ithaca, New 

York, U. S. A. 

Hudson, N. W., 1981.  Soil Conservation, 2nd edition, Batsford, London, United 

Kingdom. 

Hudson, N. W., 1982.  Soil conservation research and training requirements in 

developing tropical countries In Soil Erosion and Conservation in the Tropics 

by W. Kussow, S. A. El-Swaify and J. Mannering (eds.), American Society of 

Agronomy and Soil Science of America, 677 South Segoe Road, Madison, 

Wisconsin 53711, U. S. A. 

Hudson, N. W., 1987.  Changing soil conservation strategies In Steepland 

Agriculture in the Humid Tropics by T. H. Tay, A. M. Mokhtaruddin and A. B. 

Zahari (eds.), Proc. Intern. Conf. Steepland Agric. Humid Tropics, Kuala 

Lumpur, Malaysia, 39-72. 

Hudson, N. W., 1988a.  Tilting at windmills or fighting real battles In 

Conservation Farming on Steep Lands by W. C. Moldenhauer and N. W. 

Hudson (eds.), Soil and Water Conservation Society, World Association of 

Soil and Water Conservation, Ankeny, Iowa, U. S. A., pp. 3-8. 

Hudson, N. W., 1988b.  Conservation practices and runoff water disposal on 

steep lands In Conservation Farming on Steep Lands by W. C. Moldenhauer 

and N. W. Hudson (eds.), Soil and Water Conservation Society, World 

Association of Soil and Water Conservation, Ankeny, Iowa, U. S. A., pp. 117

128. 



Reference - 21 
Hurni, H., 1986.  Guidelines for development agents on soil conservation in 

Ethiopia.  Community Forests and Soil Conservation Development 

Department (CFSCDD).  Min. of Agric., Ethiopia. 

Hurni, H., 1988.  Options for conservation of steep lands in subsistence 

agricultural systems In Conservation Farming on Steep Lands by W. C. 

Moldenhauer and N. W. Hudson (eds.), Soil and Water Conservation Society, 

World Association of Soil and Water Conservation, Ankeny, Iowa, U. S. A., 

pp. 33-44. 

Hussein, M. H. and J. M. Laflen, 1982. Effects of crop canopy and residue on 

rill and interrill soil erosion. Am. Soc. Agric. Eng. Trans. 22, 1310-1315. 

Israelsen, C. E., C. G. Clyde, J. E. Fletcher, E. K. Israelsen, F. W. Haws, P. E. 

Packer and E. E. Farmer, 1980.  Erosion Control During Highway 

Construction – Manual on Principles and Practices.  National Cooperative 

Highway Research Program Report 221, Transportation Research Board, 

National Research Council, Washington D. C., U. S. A., 23pp. 

Jamal, T., A. M. Mokhtaruddin and M. Wan Sulaiman, 1984.  Use of rain height 

as an erosivity index to estimate soil erosion.  Fifth ASEAN Soil Conference, 

10-23 June 1984, DLD, Bangkok, Thailand, pp. E7.1 - E7.11. 

John, B. C., 1988.  A review of watershed development projects in South Korea, 

Indonesia, Jamaica, and Ethiopia In Conservation Farming on Steep Lands 

by W. C. Moldenhauer and N. W. Hudson (eds.), Soil and Water 

Conservation Society, World Association of Soil and Water Conservation, 

Ankeny, Iowa, U. S. A., pp. 150-165. 

Johnson, C. B., J. W. Mannering and W. C. Moldenhauer, 1979.  Influence of 

surface roughness and, clod size and stability on soil and water losses.  Soil 

Sci. Soc. Am. J. 43(4), 772-777. 

Jones, L. A., 1932. Engineers and the control of erosion.  Trans. ASAE 26(1): 

15-16. 

Julien, P. Y. and D. B. Simons, 1985.  Sediment transport capacity of overland 

flow.  Trans. ASAE 28, 755-762. 

Kairiukstis, L. and G. Golubev, 1982.  Application of the CREAMS model as part 

of an overall system for optimizing environmental management in Lithuania, 

USSR: first experiments In European and United States Case Studies in 

Application of the CREAMS Model by V. Svetlosanov and W. G. Knisel 



Reference - 22 
(eds.), Int. Inst. Appl. Syst. Anal. Collaborative Proceedings Series CP-82-

S11, Luxenburg, Austria, 99-119. 

Kang, B. T. and B. S. Ghuman, 1991.  Alley cropping as a sustainable system 

In Development of Conservation Farming on Hillslopes by W. C. 

Moldenhauer, N. W. Hudson, T. C. Sheng and S. W. Lee (eds.), Soil and 

Water Conservation Society, Ankeny, Iowa, U. S. A. 

Kang, B. T. and G. F.Wilson, 1987.  The development of alley cropping as a 

promising agroforestry technology In Agroforestry - A Decade of 

Development by H. A. Steppler and P. K. R. Nair (eds.), International Council 

for Research in Agroforestry, Nairobi, Kenya. 

Kang, B. T., G. F. Wilson and L. Sipkens, 1981.  Alley cropping maize (Zea 

mays L.) and leucaena (Leucaena leucocephala Lam.) in Southern Nigeria.  

Plant and Soil 63, 165-179. 

Kang, B. T., H. Grimme and T. L. Lawson, 1985.  Alley cropping sequentially 

cropped maize and cowpea with leucaena on a sandy soil in Southern 

Nigeria.  Plant and Soil 85, 267-277. 

Kang, B. T., L. Reynolds and A. N. Atta-Krah, 1984.  Alley farming.  Advances 

in Agronomy 43, 315-359. 

Kent, T., 1985.  Development and extension of the agroforestry/hillside farming 

programme in Zamboanga del Sur, the Philippines.  AIDAB, Melbourne, 

Australia. 

Kilinc, M and E. V. Richardson, 1973. Mechanics of soil erosion from overland 

flow generated by simulated rainfall.  Hydrology Papers No. 63, Colorado 

State University, Fort Collins, Colorado, U. S. A. 

Kim, S. and J. A. Dixon, 1986.  Economic valuation of environmental quality 

aspects of upland agricultural projects in Korea In Economic Valuation 

Techniques for the Environment - A Case Study Workbook by J. A. Dixon 

and M. M. Hufschmidt (eds.), The John Hopkins University Press, Baltimore, 

U. S. A. 

King, K. F. S., 1979.  Agroforestry and land utilization of fragile ecosystems.  

Forest Ecology and Management 2(3): 161-168. 

Kirkby, M. J., 1980.  Modeling water erosion processes In Soil Erosion by M. J. 

Kirkby and R. P. C. Morgan (eds.), Wiley, Chichester, U. K., 183-216. 

Knisel, W. G. and V. Svetlosanov, 1982.  	Review of case studies of CREAMS 

model application In European and United States Case Studies in Application 



Reference - 23 
of the CREAMS Model by V. Svetlosanov and W. G. Knisel (eds.), Int. Inst. 

Appl. Syst. Anal. Collaborative Proceedings Series CP-82-S11, Luxenburg, 

Austria, 121-35. 

Knisel, W. G., 1980.  CREAMS: a field scale model for chemicals, runoff and 

erosion from agricultural management systems.  USDA Conserv. Res. 

Report 26. 

Knoblauch, H. C. and G. D. Brill, 1940. Preliminary report of investigations at 

the Marlboro Soil Conservation Experiment Station, New Jersey, U. S. A., 

21pp. 

Krusckopf, H. H., 1943.  The effect of slope on soil erosion.  University of 

Missouri Agr. Exp. Sta. Res. Bull. 363, 24pp. 

Kummer, D. M., 1984.  Upland degradation and attempts at upland 

development in the Philippines, Policy Paper No. 12, Forestry Development 

Center, UPLB-College of Forestry, College, Laguna, the Philippines. 

Kummer, D. M., 1992a.  Deforestation in the postwar Philippines.  Ateneo de 

Manila University Press. Manila, the Philippines. 

Kummer, D. M., 1992b.  Upland agriculture: the land frontier and forest decline 

in the Philippines.  Agroforestry Systems. 18, 31-46. 

Laflen, J. M. and T. S. Colvin, 1981.  Effect of crop residue on soil loss from 

continuous row cropping.  Am. Soc. Agric. Eng. Trans. 24, 605-609. 

Laflen, J. M., G. R. Foster and C. A. Onstad, 1985.  Simulation of individual-

storm soil loss for modeling the impact of soil erosion on crop productivity In 

Soil Erosion and Conservation by S. A. El-Swaify, W. C. Moldenhauer and A. 

Lo (eds.), Soil Conservation Society of America, Ankeny, Iowa, U. S. A., 285

295. 

Laflen, J. M., L. J. Lane and G. R. Foster, 1991a.  WEPP - A new generation of 

erosion prediction technology. J. Soil Water Conserv., 46, 334-338. 

Laflen, J. M., W. J. Elliot, J. R. Simanton, C. S. Holzhey and K. D. Kohl, 1991.  

WEPP- Soil erodibility experiments for rangeland and cropland soils. J. Soil 

Water Conserv., 46, 39-44. 

Lal, R., 1974.  Soil erosion and shifting agriculture.  Soils Bulletin 24, FAO, 

Rome, Italy. 

Lal, R., 1976a. Soil erosion on alfisols in Western Nigeria.  III. Effects of rainfall 

characteristics.  Geoderma 16(15): 389-401. 



Reference - 24 
Lal, R., 1976b.  Soil erosion problems on an Alfisol in western Nigeria and their 

control.  Monograph No. 1, IITA, Ibadan, Nigeria. 

Lal, R., 1977. Analysis of factors affecting rainfall erosivity and soil erodibility In 

Soil Conservation and Management in the Humid Tropics by D. J. Greenland 

and R. Lal (eds.), John Wiley and Sons Ltd., Chichester, U. K., 49-56. 

Lal, R., 1984.  Soil erosion from tropical arable lands and its control.  Advances 

in Agronomy 37, 183-248. 

Lal, R., 1986.  Soil surface management in the tropics for intensive land use 

and high sustained production.  Adv. Soil Sci. 5, 2-101. 

Lal, R., 1987a. Effects of soil erosion on crop production.  CRC Critical 

Reviews in Plant Science 5, 303-367. 

Lal, R., 1987b.  Research needs on steepland and how to accomplish them.  

Paper to Conference on Soil and Water Conservation on Steep Land.  March 

1987, San Juan, Puerto Rico. 

Lal, R., 1988a.  Soil erosion research on steep lands In Conservation Farming 

on Steep Lands by W. C. Moldenhauer and N. W. Hudson (eds.), Soil and 

Water Conservation Society, World Association of Soil and Water 

Conservation, Ankeny, Iowa, U. S. A., pp. 45-53. 

Lal, R., 1988b.  Soil erosion control with alley cropping.  Proceedings of the 5th 

International Soil Conservation Conference - Land Conservation for Future 

Generations.  18 - 29 January, 1988, 237-245, Bangkok, Thailand. 

Lal, R., 1989a.  Agroforestry systems and soil surface management of a tropical 

alfisol I: Soil moisture and crop yields.  Agroforestry Systems 8, 7-29. 

Lal, R., 1989b.  Agroforestry systems and soil surface management of a tropical 

alfisol II: Water runoff, soil erosion and nutrient loss. Agroforestry Systems 8, 

97-111. 

Lal, R., 1989c.  Potential of agroforestry as a sustainable alternative to shifting 

cultivation: concluding remarks.  Agroforestry Systems 8, 239-242. 

Lal, R., 1990.  Soil Erosion in the Tropics: Principles and Management.  

McGraw - Hill Inc., New York, U. S. A. 

Lal, R., 1995.  Sustainable management of soil resources in the humid tropics, 

United Nations University Press, The United Nations University, 53-70, 

Jingumae, 5-chome, Shibuya-ku, Tokyo 150, Japan. 



Reference - 25 
Lamb, J., Jr., J. S. Andrews and A. F. Gustafson, 1944.  Experiments in the 

control of soil erosion in southern New York.  Cornell University Agr. Exp. 

Sta. Bull. 811, 32pp. 

Land, R. D. and L. A. H. McCaffrey, 1984.  Ground cover: its effects on soil loss 

from grazed runoff plots, Gunnedah, J. Soil Conserv. Serv., N. S. W. 40, 56

61. 

Lane, L. J. and M. A. Nearing (eds.), 1989.  Water Erosion Prediction Project: 

Landscape Profile Model Documentation.  NSERL Rep. 2.  Natl. Soil Erosion 

Res. Lab., USDA-ARS, Purdue Univ., West Lafayette, Indiana, U. S. A. 

Lane, L. J., M. H. Nichols, L. R. Levick and M. R. Kidwell, 2000.  Chapter 10: A 

simulation model for erosion and sediment yield at the hillslope scale In 

Landscape Erosion and Evolution Modeling by R. Harmon and W. Doe 

(eds.), Kluwel Academic Publishers, Boston, Massachusetts, U. S. A., 1-32. 

Langdale, G. W. and W. D. Schrader, 1982.  	Soil erosion effects on soil 

productivity of cultivated cropland In Determinants of Soil Loss Tolerance by 

B. L. Schmidt, K. R. Allmaras, J. V. Mannering and R. I. Papendick (eds.), 

41-51, ASA Spec. Pub. 45, Am. Soc. Agron., Madison, Wisconsin, U. S. A. 

Lara, F. and H. R. Morales, 1990.  The peasant movement and the challenge of 

rural democratization in the Philippines.  Journal of Development Studies, 

26:4, 143-162, July, 1990. 

Lattanzi, A. R., L. D. Meyer and M. F. Baumgardner, 1974.  Influence of mulch 

rate and slope steepness on interrill erosion. Soil Sci. Soc. Am. J. 38, 946

950. 

Lawrence, D. S., 1997.  Macroscale surface roughness and frictional resistance 

in overland flow.  Earth Surface Processes and Landforms 22, 365-382. 

Laws, J. O., 1940.  Recent studies in raindrops and erosion.  Agric. Eng. 21, 

431-433. 

Lehmann, E. W., 1917.  Terracing to prevent soil erosion.  Trans. ASAE 11(1): 

78-87. 

Liao, M., S. Hu, H. Lu, and K. Tsai, 1988.  	Evolution of soil conservation 

practices on step lands in Taiwan In Conservation Farming on Steep Lands 

by W. C. Moldenhauer and N. W. Hudson (eds.), Soil and Water 

Conservation Society, World Association of Soil and Water Conservation, 

Ankeny, Iowa, U. S. A., pp. 233-241. 



Reference - 26 
Liao, M-C and W-L Wu, 1987.  Soil conservation on steeplands in Taiwan.  

Chinese Soil and Water Conservation Society, Taipei, Taiwan. 

Liebenow, A. M., W. J. Elliot, J. M. Laflen and K. D. Kohl, 1990.  Interrill 

erodibility: collection and analysis of data from cropland soils.  Trans. ASAE 

33(6): 1882-1888. 

Lillard, J. H., 1941. Effect of crops and slopes on rates of runoff and total soil 

loss.  Agric. Eng. 22(11): 396-398, 406. 

Lillard, J. H., H. T. Rogers and J. Elson, 1941.  Effects of slope, character of 

soil, rainfall and cropping treatments on erosion losses from Dunmore silt 

loam. Va. Agr. Exp. Sta. Tech. Bull. 72, 32pp. 

Lim, J. S., Y. K. Chan and K. F. Loh, 1987.  Soils on steepland in peninsular 

Malaysia In Steepland Agriculture in the Humid Tropics by T. H. Tay, A. M. 

Mokhtaruddin and A. B. Zahari (eds.), Proc. Intern. Conf. Steepland Agric. 

Humid Tropics, Kuala Lumpur, Malaysia. 

Lisle, I. G., K. J. Coughlan and C. W. Rose, 1996.  Gudpro 3.1: A Program for 

Calculating Particle Size and Settling Velocity Characteristics.  User Guide 

and Reference Manual. ENS Working Paper 7/96.  Faculty of Environmental 

Sciences, Griffith University, Nathan Campus, Queensland 4111, Australia. 

Liu, B. Y., and K. L. Tang, 1987.  Slope gradient classification and distribution of 

the slope gradient of Wangdog watershed.  Bull. Soil Water Conserv. 7(3): 

59-64. 

Liu, B. Y., M. A. Nearing and L. M. Risse, 1994. Slope gradient effects on soil 

loss for steep slopes.  Trans. ASAE 37(6): 1835-1840. 

Liu, B. Y., M. A. Nearing, P. J. Shi and Z. W. Jia, 2000.  Slope length effects on 

soil loss for steep slopes.  Soil Sci. Soc. Am. J. 64, 1759-1763. 

Lo, K. F. A., 1990. Erosion problems and research needs of tropical soils.  

Research Needs and Applications to Reduce Erosion and Sedimentation in 

Tropical Steeplands.  Proceedings of the Fiji Symposium, June 1990.  IAHS

AISH Publ. No. 192, 24-34. 

Loch, R. J.  and C. J. Rosewell, 1992.  Laboratory methods for measurement of 

soil erodibilities (K factors) for the universal soil loss equation.  Aust., J. Soil 

Res. 30, 233-248. 

Loch, R. J. and D. M. Freebairn, 1985.  Methods for measuring soil erosion: 

some results from subtropical and tropical Queensland In Soil Erosion 

Management by E. T. Craswell, J. V. Remenyi and L. G. Nallana (eds.), 



Reference - 27 
Proceedings of a Workshop held at PCARRD, Los Baños, Philippines, 3-5 

December 1984, ACIAR Proceedings Series No. 6, ACIAR, Canberra, 

Australia. 

Loch, R. J. and T. E. Donnollan, 1988. Effects of the amount of stubble mulch 

and overland flow on erosion of a cracking clay soil under simulated rain.  

Aust. J. Soil Res. 26, 661-672. 

Londhe, S. R., N. P. Pascual, K. Van Wagner, F. Gabunada and R. S. 

Pomeroy, 1989.  Adoption and economic viability of the Sloping Agricultural 

Land Technology on small upland farms, Eastern Visayas, the Philippines. 

Lovejoy, S. B. and T. L. Napier, 1986.  Conserving soil: sociological insights. J. 

Soil and Water Conser 41(5): 304-310. 

Lovejoy, S. B. and T. L. Napier, 1988.  Institutional constraints to soil 

conservation on steep lands In Conservation Farming on Steep Lands by W. 

C. Moldenhauer and N. W. Hudson (eds.), Soil and Water Conservation 

Society, World Association of Soil and Water Conservation, Ankeny, Iowa, U. 

S. A., pp. 107-114. 

Lovell, C. J. and C. W. Rose, 1988.  Measurement of soil aggregate settling 

velocities. I. A modified bottom withdrawal tube method.  Aust. J. Soil Res. 

26, 55-71. 

Lovell, C. J. and C. W. Rose, 1991.  Wake-capture effects observed in a 

comparison of methods to measure particles settling velocity beyond 

Stokes�s range.  J. Sedimentary Petrology 61, 575-582. 

Low, K. F., 1967.  Estimating potential erosion hazard in developing countries. 

J. Soil Water Conserv., 22, 147-148. 

Lugo, A. E. and S. Brown, 1991.  Comparing tropical and temperate forests, pp. 

319-330 In Comparative Analysis of Ecosystems by J. Cole, G. Lovett and S. 

Findlay (eds.), New York: Springer Verlag. 

Maclean, R. H., J. A. Litsinger, K. Moody and A. K. Watson, 1992.  The impact 

of alley cropping Gliricidia sepium and Cassia spectabilis on upland rice and 

maize production.  Agroforestry Systems 20, 213-228. 

Manrique, L. A., 1993.  Technology for soil erosion assessment in the tropics: a 

review.  Commun. Soil Sci. Plant Anal., 24(9 & 10): 1033-1064. 

Matthews, A. A. and P. K. Makepeace, 1981.  A new slant on soil erosion 

control.  Cane Grow. Q. Bull. 45:43-47. 



Reference - 28 
MBRLC, undated.  TEST SALT: A six-year side by side comparison of a SALT 

and non-SALT project.  Mindanao Baptist Rural Life Center (MBRLC), 

Kinuskusan, Davao del Sur, the Philippines. 

McCool, D. K., G. O. George, M. Freckleton, C. L. Douglas, Jr., and R. I. 

Papendick, 1993.  Topographic effect on erosion from cropland in the 

Northwestern Wheat Region. Trans. ASAE 36(4): 1067-1071. 

McCool, D. K., G. R. Foster, C. K. Mutchler and L. D. Meyer, 1989.  Revised 

slope length factor for the Universal Soil Loss Equation.  Trans. ASAE 32, 

1571-1576. 

McCool, D. K., J. F. Zuzel, J. D. Istok, G. E. Formanek, M. Molnau and K. E. 

Saxton and L. F. Elliott, 1987b.  Erosion processes and prediction for the 

Pacific Northwest.  Proc. of the 1986 National STEEP Symposium, Spokane, 

Washington, U. S. A., May 20-21, 1986. 

McCool, D. K., L. C. Brown, G. R. Foster, C. K. Mutchler and L. D. Meyer, 

1987a. Revised slope steepness factor for the Universal Soil Loss Equation.  

Trans. ASAE 30(5): 1387-1396. 

McDonald, R. C., R. F. Isbell, J. G. Speight, J. Walker and M. S. Hopkins, 1984.  

Australian soil and land survey.  Field Handbook.  Inkata Press, Melbourne, 

Australia. 

McIsaac, G. F., J. K. Mitchell and M. C. Hirschi, 1987.  Slope steepness effects 

on soil loss from disturbed lands.  Trans. ASAE 30(4): 1005-1013. 

Mercado, A. R., A. M. Tumacas and D. P. Garrity, 1989.  The establishment and 

performance of tree legume hedgerows in farmers� fields in a sloping acid 

upland environment. 

Mesfin, Wolde-Mariam, 1984.  Rural vulnerability to famine in Ethiopia: 1958

1977, Vikas Publishing House, Sahibabad, India, 191 pp. 

Meyer, L. D.  and W. H. Wischmeier, 1969.  Mathematical simulation of the 

process of soil erosion by water.  Trans. ASAE 12(6): 754-758, 762. 

Meyer, L. D. and D. L. McCune, 1958.  Rainfall simulator for runoff plots.  Agric. 

Eng. 39, 644-648. 

Meyer, L. D. and E. J. Monke, 1965.  Mechanics of soil erosion by rainfall and 

overland flow.  Trans. ASAE 8(4): 572-580. 

Meyer, L. D. and W. C. Harmon, 1979.  Multiple-intensity rainfall simulator for 

erosion research on row sideslopes.  ASAE 22,100-103. 



Reference - 29 
Meyer, L. D. and W. C. Harmon, 1984.  Susceptibility of agricultural soils to 

interrill erosion. Soil Sci. Soc. Am. J. 48, 1152-1157. 

Meyer, L. D. and W. C. Harmon, 1985.  Sediment losses from cropland furrows 

of different gradients.  Trans. ASAE 12: 448-453, 461. 

Meyer, L. D. and W. C. Harmon, 1989.  How row-sideslope length and 

steepness affect sideslope erosion.  Trans. ASAE 32, 639-644. 

Meyer, L. D., 1980.  Modelling conservation practices In Soil Conservation-

Problems and Prospects by R. P. C. Morgan (ed.), Proceedings of 

Conservation 80.  The International Conference on Soil Conservation held at 

the National College of Agricultural Engineering, Silsoe, Bedford, U. K., 21-25 

July, 1980. 

Meyer, L. D., 1981.  How rain intensity affects interrill erosion.  Trans. ASAE 

24(6): 1472-1475. 

Meyer, L. D., 1982.  Soil erosion research leading to development of the 

universal soil loss equation In Proceedings of the Workshop on Estimating 

Erosion and Sediment Yield on Rangelands, Tuczon, Arizona, 7-9 March, 

1981, USDA-ARS, ARM-W-26, USDA, pp. 1-16. 

Meyer, L. D., C. B. Johnson and G. R. Foster, 1972.  Stone and woodchip 

mulches for erosion control on construction sites.  J. Soil and Water 

Conservation 27, 264-269. 

Meyer, L. D., D. G. Decoursey and M. J. M. Römkens, 1976. Soil erosion 

concepts and misconceptions.  Proc. of the Third Federal Interagency 

Sedimentation Conference: 2.1-2.12, Sedimentation Committee of the Water 

Resources Council.  P8-245 100, Denver, Colorado, U. S. A. 

Meyer, L. D., G. R. Foster and M. J. M. Römkens, 1975. Source of soil eroded 

by water from upland slopes In Present and Prospective Technology for 

Predicting Sediment Yields and Sources.  Proc. of Sediment Yield Workshop. 

U.S. Department of Agriculture Sedimentation Laboratory, Oxford, 

Mississippi, 28-30 November 1972, ARS-S-40.  Agricultural Research 

Service, U.S. Dept. of Agriculture, Washington, D. C., U. S. A., 177-189. 

Meyer, L. D., G. R. Foster and S. Nikolov, 1975.  Effect of flow rate and canopy 

on rill erosion. Trans. Am. Soc. Agr. Engrs. 18, 905-911. 

Meyer, L. D., W. H. Wischmeier and G. R. Foster, 1970.  Mulch rates required 

for erosion control on steep slopes.  Proc. Soil Soc. Sci. Amer. 34, 928-931. 



Reference - 30 
Meyer, R. E., 1988.  The USAID approach to soil conservation assistance 

programs In Conservation Farming on Steep Lands by W. C. Moldenhauer 

and N. W. Hudson (eds.), Soil and Water Conservation Society, World 

Association of Soil and Water Conservation, Ankeny, Iowa, U. S. A., pp. 63

69. 

Miller, F. P., W. D. Rasmussen and L. D. Meyer, 1985.  	Historical perspective of 

soil erosion in the United States In Soil Erosion and Crop Productivity by R. 

F. Follett and B. A. Stewart (eds.), American Society of Agronomy, Inc., Crop 

Science Society of America, Inc., Soil Science Society of America, Inc., 

Madison, Wisconsin, U. S. A. 

Misra, R. K. and C. W. Rose, 1989.  Manual for the use of program GUEST. 

Div. of Australian Environmental Studies, Griffith University, Nathan Campus, 

Queensland 4111, Australia. 

Misra, R. K. and C. W. Rose, 1990a.  Manual for use of program GUEST 

(Griffith University Erosion System Template).  Div. of Australian 

Environmental Studies, Griffith University, Nathan Campus, Queensland 

4111, Australia, 1-62. 

Misra, R. K. and C. W. Rose, 1990b.  GUDPRO (Version 1.2) Manual for IBM

PC users.  Div. of Australian Environmental Studies, Griffith University, 

Nathan Campus, Queensland 4111,, Australia. 

Misra, R. K. and C. W. Rose, 1995.  An examination of the relationship between 

erodibility parameters and soil strength.  Aust. J. Soil Res. 33, 715-732. 

Misra, R. K. and C. W. Rose, 1996.  Application and sensitivity analysis of 

process-based erosion model GUEST.  European J. Soil Sci. 47, 593-604. 

Mitchell, J. K. and G. D. Bubenzer, 1980.  Soil loss estimation In Soil Erosion by 

M. J. Kirkby and R. P. C. Morgan (eds.), pp. 17-62, Wiley, Chichester,


England. 


Moberg, J. P., 1972.  Some soil fertility problems in the west lake region of 

Tanzania, including the effects of different forms of cultivation on the fertility 

of some ferralsols.  East Afric. For. J. 37, pp 35-46. 

Moldenhauer, W. C and N. W. Hudson (eds.), 1988.  Conservation farming on 

steeplands.  Soil and Water Conservation Society, World Association of Soil 

and Water Conservation, Ankeny, Iowa, U. S. A. 

Moldenhauer, W. C. and G. R. Foster, 1980.  Empirical studies of soil 

conservation techniques and design procedures In Soil Conservation



Reference - 31 
Problems and Prospects by R. P. C. Morgan (ed.), Proceedings of 

Conservation 80.  The International Conference on Soil Conservation held at 

the National College of Agricultural Engineering, Silsoe, Bedford, U. K., 21-25 

July, 1980. 

Moore, I. D. and G. J. Burch, 1986a.  Modeling erosion and deposition: 

topographic effects.  Trans. ASAE 29, 1624-1630, 1640. 

Moore, I. D. and G. J. Burch, 1986b.  Physical basis of the length-slope factor in 

the Universal Soil Loss Equation.  Soil Sci. Soc. Am. J. 50, 1294-1298. 

Moore, I. D. and J. P Wilson, 1992.  Length-slope factors for the Revised 

Universal Soil Loss Equation: simplified method of estimation.  J. Soil and 

Water Conserv. 47(5): 423-428. 

Morgan, C., 1983.  The non-independence of rainfall erosivity and soil 

erodibility.  Earth Surface Processes Landforms 8(4): 323-338. 

Morgan, R. P. C. and D. A. Davidson (eds.), 1986.  Soil erosion and 

conservation.  Longman Scientific and Technical, Longman Group U. K. 

Limited, Longman House, Burnt Mill, Harlow, Essex CM20 2JE, U. K. 

Morgan, R. P. C. and H. J. Finney, 1985.  Drag coefficients of single crop rows 

and their implications for wind erosion control.  Paper to Int. Conf. British 

Geomorphological Research Group, Manchester, U. K. 

Morgan, R. P. C., 1974.  Estimating regional variations in soil erosion hazard in 

Peninsular Malaysia, Malaya Nat. J. 28:94-106. 

Morgan, R. P. C., 1987.  Evaluating the role of vegetation in soil erosion control 

with implications for steepland agriculture in the tropics In Steepland 

Agriculture in the Humid Tropics by T. H. Tay, A. M. Mokhtaruddin and A. B. 

Zahari (eds.), Proc. Intern. Conf. Steepland Agric. in Humid Tropics, Kuala 

Lumpur, Malaysia, 401-423. 

Morgan, R. P. C., H. J. Finney, H. Lavee, E. Merritt and C. A. Noble, 1986.  

Plant cover effects on hillslope runoff and erosion: evidence from two 

laboratory experiments In Hillslope Processes by A. D. Abrahams (ed.), 

Binghamton Symposia in Geomorphology No. 16, Allen and Unwin, London, 

U. K., 77-90. 

Morgan, R. P. C., J. N. Quinton, R. E. Smith, G. Govers, J. W. A. Poesen, G. 

Chisel and D. Torri, 1998. The EUROSEM Model In Modelling Soil Erosion 

by Water by J. Boardman and D. Favis-Mortlock (eds.), Springer, published 



Reference - 32 
in co-operation with NATO Scientific Affairs Division (NATO ASI Series: 

Series1, Global and Environmental Change) Vol.55, 389-398. 

Murphree, C. E. and C. K. Mutchler, 1981.  Verification of the slope factor in the 

Universal Soil Loss Equation for low slopes.  J. Soil and Water Conserv., 

36(5), 300-302. 

Musgrave, G. W., 1947.  The quantitative evaluation of factors in water erosion-

a first approximation.  J. Soil and Water Conserv. 2(3): 133-138, 170. 

Mutchler, C. K. and C. E. Murphree, 1981.  Prediction of erosion on flatlands In 

Soil Conservation by R. P. C. Morgan (ed.), 321-327, Wiley, Chichester, U. 

K. 

Mutchler, C. K. and C. E. Murphree, 1985.  Experimentally derived modification 

of the USLE In Soil Erosion and Conservation by S. A. El-Swaify, W. C. 

Moldenhauer and A. Lo (eds.), Soil Conservation Society of America, 

Ankeny, Iowa, U. S. A., 523-527. 

Mutchler, C. K. and W. C. Moldenhauer, 1963.  Applicator for laboratory rainfall 

simulation.  ASAE 6, 220-222. 

Mutchler, C. K., 1963.  Runoff plot design and installation for soil erosion 

studies.  USDA, Agricultural Research Service Publication, ARS 41-79. 

Nair, P. K. R., 1990.  The prospects for agroforestry in the tropics.  World Bank 

Technical Paper No. 131, The World Bank, Washington, D. C., U. S. A. 

Nangju, D., 1990.  Management of hillslopes for sustainable agriculture In 

Development of Conservation Farming on Hillslopes by W. C. Moldenhauer, 

N. W. Hudson, T. C. Sheng and San-Wei Lee (eds.), Soil and Water


Conservation Society, Ankeny, Iowa, U. S. A., pp. 35-42. 


Napier, T. L., A. S. Napier and M. A. Tucker, 1991.  The social, economic and 

institutional factors affecting adoption of soil conservation practices: the 

Asian experience. Soil and Tillage Research, 20, 365-382. 

National Research Council Transportation Research Board (NRCTRB), 1980.  

Erosion control during highway construction - Manual on principles and 

practices.  Nat. Coop. Highway Res. Program Report 221. 

Neal, J. H., 1938a.  	Effect of degree of slope and rainfall characteristics on 

runoff and soil erosion.  Agric. Eng. 19(5): 213-217. 

Neal, J. H., 1938b.  The effects of degree of slope and rainfall characteristics on 

runoff and erosion.  Univ. Missouri Agric. Exp. Sta. Res. Bull. 280, 47pp. 



Reference - 33 
Nearing, M. A., 1997.  A single continuous function for slope steepness 

influence on soil loss.  Soil Sci. Soc. Am. J. 61, 917-919. 

Nearing, M. A., G. R. Foster, L. J. Lane and S. C. Finkner, 1989.  A process-

based soil erosion model for USDA-water erosion prediction project 

technology.  Transaction of the ASAE Vol. 32(5): 1587-1593. 

Nearing, M. A., L. D. Norton, D. A. Bulgakov, G. A. Larionor, L. T. West and K. 

M. Dontsova, 1997.  Hydraulics and erosion in eroding rills.  Water 


Resources Research 33, 865-876. 


Nearing, M. A., L. J. Lane and V. L. Lopes, 1994.  Modelling soil erosion In Soil 

Erosion Research Methods by R. Lal (ed.), Soil and Water Conservation 

Society, Ankeny, Iowa, U. S. A., 127-156. 

Nearing, M. and L. J. Lane, 1990.  Modeling fundamental soil erosion and 

sedimentation processes on field and watershed scales In Soil Erosion 

Research Methods by R. Lal (ed.), 2nd ed., Soil and Water Conservation 

Society, Ankeny, Iowa, U. S. A. 

Negev, M., 1967.  	A sediment model on a digital computer.  Tech. Rep. 76.  

Dep. of Civil Engineering, Stanford Univ., Stanford, California, U. S. A. 

Norton, L. D., 1988.  Soil erosion and conservation on steep volcanic soils of 

Santiago Island, Cape Verde In Conservation Farming on Steep Lands by W. 

C. Moldenhauer and N. W. Hudson (eds.), Soil and Water Conservation 

Society, World Association of Soil and Water Conservation, Ankeny, Iowa, U. 

S. A., pp. 271-272. 

Nouh, M., 1990.  The self armouring process under steady flow conditions.  

Earth Surface Processes and Landforms 15, 357-364. 

NRC, 1993. Sustainable Agriculture and the Environment in the Humid Tropics, 

National Research Council, Washington, D. C., U. S. A., 702 pp. 

Olson, G. W., 1981.  Archaeology: Lessons on future soil use. J. Soil Water 

Conserv., 36(5): 261-264. 

Onchev, N. G., 1985.  Universal index for calculating rainfall erosivity In Soil 

Erosion and Conservation by S. A. El-Swaify, W. C. Moldenhauer and A. Lo 

(eds.), Soil Conservation Society of America, Ankeny, Iowa, U. S. A., 424

431. 

Onstad, C. A. and G. R. Foster, 1975.  	Erosion modeling on a watershed.  

Trans. ASAE 18(2): 288-292. 



Reference - 34 
Onstad, C. A., C. K. Mutchler and A. J. Bowie, 1977. Predicting sediment 

yields.  Soil Erosion and Sedimentation Symposium Proceedings, St. Joseph, 

Michigan, Am. Soc. Agric. Engrs., 43-58. 

Ostle, B. and R. W. Mensing, 1975.  Statistics in Research (Basic Concepts and 

Techniques for Research Workers). 3rd ed. The Iowa State University Press, 

Ames, Iowa, United States of America. 

O'Sullivan, T., 1985.  Farming systems and soil management: the Philippines - 

Australian development assistance program experience In Soil Erosion 

Management by E. T. Craswell, J. V. Remenyi and L. G. Nallana (eds.), 

Proceedings of a Workshop held at PCARRD, Los Baños, the Philippines, 3

5 December 1984, ACIAR Proceedings Series No. 6, ACIAR, Canberra, 

Australia. 

Packer, P. E., 1951.  An approach to watershed protection criteria.  J. Forest, 

49, 639-644. 

Pandey, A. N., P. C. Pathak and J. S. Singh, 1983.  Water, sediment and 

nutrient movement in forested and non-forested catchments in Kumaun, 

Himalaya.  For. Ecol. Manage. 7, 29. 

Paningbatan, E. P. and A. R. Maglinao, 1993.  Management and rehabilitation 

of degraded hillylands in the Philippines - a country report for International 

Board for Soil Research and Management (IBSRAM) network on 

management of sloping land for sustainable agriculture.  Presented to the 5th 

Annual IBSRAM Meeting of the ASIALAND Network on Management of 

Sloping Lands for Sustainable Agriculture at Guiyang, Guizhou, China, 

September 1-7, 1993. 

Paningbatan, E. P. and D. F. Guinto, 1989.  Use of barriers, alley cropping and 

agroforestry for sustainable agriculture In PACIFICLAND Workshop on the 

Establishment of Soil Management Experiments on Sloping Lands at Aiyura, 

Papua New Guinea, 22 September - 2 October 1989.  IBSRAM Technical 

Notes #4. 

PCARRD, 1986. The Philippine recommends for agroforestry.  PCARRD 

Technical Bulletin Series No. 59, PCARRD, Los Baños, Laguna, the 

Philippines. 

PCARRD, 1991a. State of the art bibliography of agroforestry research in the 

Philippines. Forestry SOA and AB Series No 8/1991, PCARRD, Los Baños, 

Laguna, the Philippines. 



Reference - 35 
PCARRD, 1991b. State of the art bibliography.  Soil and water conservation in 

the Philippine upland watersheds, Forestry SOA and AB series No. 9/1991, 

PCARRD, Los Baños, Laguna, the Philippines. 

PCARRD, 1992. Management and rehabilitation of degraded hillylands - 

terminal report of the PCARRD/IBSRAM Project, PCARRD, Los Baños, 

Laguna, the Philippines. 

Pimentel, D., 1976.  Land degradation: Effects on food and energy resources.  

Science 194, 149-155. 

Platford, G. G., 1983.  The use of the CREAMS computer model to predict 

water, soil and chemical losses from sugarcane fields and to improve 

recommendations for soil protection.  Proc. of the 57th Annual Congress, 

South African Sugar Technologists Association, Johannesburg, South Africa, 

144-150. 

Pope, J. B., J. C. Archer, P. R. Johnson, A. G. McCall and F. G. Bell, 1946.  

Investigations in erosion control and the reclamation of eroded sandy clay 

lands of Texas, Arkansas, and Louisiana at the Conservation Experiment 

Station, Tyler, Texas, 1931-40.  USDA Tech. Bull. 916, 76pp. 

Presbitero, A. L. and C. W. Rose, 2002.  Effects of farm practices on soil 

erosion on steep slopes (In preparation). 

Presbitero, A. L., C. W. Rose, B. Yu, K. J. Coughlan, B. Fentie and C. A. A. 

Ciesiolka, 2001.  Applying new GUEST erosion theory developments to 

measurements from a steep-slope Philippine site (Submitted to the Australian 

Journal of Soil Research). 

Presbitero, A. L., M. C. Escalante, C. W. Rose, K. J. Coughlan and C. A. 

Ciesiolka, 1995. Erodibility evaluation and the effect of land management 

practices on soil erosion from steep slopes in Leyte, the Philippines.  Soil 

Technology 8(3): 205-213. 

Proffitt, A. P. B. and C. W. Rose, 1991a.  Soil erosion processes. I. The relative 

importance of rainfall detachment and runoff entrainment.  Aust. J. Soil Res. 

29, 671-683. 

Proffitt, A. P. B. and C. W. Rose, 1991b.  Soil erosion processes.  II. Settling 

velocity characteristics of eroded sediment.  Aust. J. Soil Res. 29, 685-695. 

Proffitt, A. P. B. and C. W. Rose, 1992.  Relative contributions to soil loss by 

rainfall detachment and runoff entrainment In Erosion, Conservation and 

Small-Scale Farming by H. Hurni and K. Tato (eds.), Walsworth Publishing 



Reference - 36 
Comapny Inc., 306N Kansas Ave., Maceline, Misssouri, 6458, U. S. A., pp. 

75-90. 

Proffitt, A. P. B., 1989. The influence of rainfall detachment, runoff entrainment 

and sediment deposition processes on sediment concentration and settling 

velocity characteristics of eroded soil.  Unpub. PhD thesis, Griffith University, 

Nathan Campus, Queensland 4111, Australia. 

Proffitt, A. P. B., P. B. Hairsine and C. W. Rose, 1993.  Modeling soil erosion by 

overland flow: Application over a range of hydraulic conditions.  Trans., 

ASAE 36, 1743-1753. 

PURC, 1990. Soil erosion control measures for the uplands.  Philippine Upland 

Resource Center, Manila, the Philippines. 

Purnell, M. F., 1986.  Application of the FAO framework for land evaluation for 

conservation and land-use planning in sloping areas: potentials and 

constraints In Land Evaluation for Land-Use Planning and Conservation in 

Sloping Areas by W. Siderius (ed.), Publication 40, International Institute for 

Land Reclamation and Improvement, Wageningen, The Netherlands, 17-31. 

Quansah, C., 1981.  The effect of soil type, slope, rain intensity and their 

interactions on splash detachment and transport. Journal of Soil Science 32, 

215-224. 

Quansah, C., 1982.  Laboratory experimentation for the statistical derivation of 

equations for soil erosion modelling and soil conservation design. 

Unpublished Ph. D. thesis, National College of Agricultural Engineering, 

Silsoe, England. 

Quisumbing, A. R., 1988.  Agrarian reform and rural poverty in the Philippines.  

The Philippine Economic Journal, 27:1 & 2, 149-168. 

Renard, K. G., G. R. Foster, G. A. Weesies and J. P. Porter, 1991.  RUSLE-

Revised Universal Soil Loss Equation.  J. Soil and Water Conserv. 46(1): 30

33. 

Renard, K. G., G. R. Foster, G. A. Weesies, D. K. McCool and D. C. Yoder 

(coordinators), 1997.  Predicting soil erosion by water: a guide to 

conservation planning with Revised Universal Soil Loss Equation (RUSLE). 

USDA Agric. Handbook 703, U.S. Gov. Print. Office, Washington, D. C., U. S. 

A. 

Renard, K. G., G. R. Foster, G. A. Weesies, D. K. McCool and D. C. Yoder, 

1993. Predicting soil erosion by water.  A guide to conservation planning 



Reference - 37 
with the Revised Universal Soil Loss Equation (RUSLE).  Agric. Handbook 

703, USDA. Agric. Res. Serv. 

Renard, K. G., J. M. Laflen, G. R. Foster and D. K. McCool, 1994.  The revised 

universal soil loss equation In Soil Erosion Research Methods by R. Lal (ed.), 

Soil and Water Conservation Society, Ankeny, Iowa, U. S. A., 105-124. 

Renard, K. G., J. R. Simanton and H. B. Osborn, 1974.  Applicability of the 

universal soil loss equation to semi-arid rangeland conditions in the 

Southwest In Hydrology and Water Resources in Arizona and the Southwest, 

American Water Resources Association, Arizona Section and Arizona 

Academy of Science, Hydrology Section, Proceedings of April 19-20 Meeting, 

Flagstaff, Arizona, U. S. A. 4, 18-31. 

Renner, F. G., 1936.  Conditions influencing erosion on the Boise River 

watershed.  USDA Tech. Bull. 528, 32pp. 

Reyes, E. A., 1991.  The role of rural non-farm employment in Philippine 

development.  Working Paper Series, 91-04, Philippine Institute for 

Development Studies, Manila, the Philippines. 

Robertson, J. A., J. J. Cassidy and M. H. Chaundry, 1988.  Hydraulic 

Engineering, Houghton Mifflin Co., Boston, Massachusetts, U. S. A., 662pp. 

Rogers, R. D. and S. A. Schumm, 1991.  The effect of sparse vegetative cover 

on erosion and sediment yield.  Journal of Hydrology 123, 19-24. 

Roose, E. J., 1975.  Erosion et ruissellement en Afrique de l’ouest. Vingt 

annees de mesures en petites parcelles experimentales. Abidlan: ORSTOM. 

Roose, E. J., 1977a.  Application of the Universal Soil Loss Equation of 

Wischmeier and Smith in West Africa In Soil Conservation and Management 

in the Humid Tropics by D. J. Greenland and R. Lal (eds.), John Wiley and 

Sons Ltd., Chichester, U. K., 177-187. 

Roose, E. J., 1977b.  Use of the Universal Soil Loss Equation to predict erosion 

in West Africa In Soil Erosion - Prediction and Control by G.R. Foster (ed.), 

SCSA Special Publication 21, Ankeny, Iowa, U. S. A., 60-74. 

Roose, E., 1988.  Soil and water conservation lessons from steep-slope farming 

in French-speaking countries of Africa In Conservation Farming on Steep 

Lands by W. C. Moldenhauer and N. W. Hudson (eds.), Soil and Water 

Conservation Society, World Association of Soil and Water Conservation, 

Ankeny, Iowa, U. S. A., pp. 129-139. 



Reference - 38 
Roose, E., 1996.  Land husbandry-components and strategy.  FAO Soils, 

Bulletin 70.  Soil Resources Management and Conservation Service, Land 

and Water Development Division, Food and Agriculture Organisation of the 

United Nations. 

Rose, C. W. 1993.  Erosion and sedimentation In Hydrology and Water 

Management in the Humid Tropics-Hydrological Research Issues and 

Strategies for Water Management by M. Bonell, M. M. Hufschmidt and J. S. 

Galdwell (eds.), UNESCO, Cambridge University Press, Cambridge, U. K., 

301-343. 

Rose, C. W. 1998b.  Water and wind erosion - causes, impacts and reversing 

measures.  Advances in GeoEcology 31, 247-256. 

Rose, C. W. and P. B. Hairsine, 1988.  Processes of water erosion In Flow and 

Transport in the Natural Environment: Advances and Applications, Springer-

Verlag, Berlin, 312-326. 

Rose, C. W. and R. C. Dalal, 1988.  Erosion and runoff of nitrogen In Advances 

in nitrogen cycling in agricultural ecosystems by J. R. Wilson (ed.), C. A. B. 

International: Wallingford, U. K., 212-233. 

Rose, C. W., 1960.  Soil detachment caused by rainfall. Soil Science Vol. 89, 

No. 1, January, 1960, 28-35. 

Rose, C. W., 1985.  Developments in soil erosion and deposition models In 

Advances in Soil Science 2, Springer-Verlag, New York, U. S. A., 1-63. 

Rose, C. W., 1988.  Research progress on soil erosion processes and a basis 

for soil conservation practices In Soil Erosion Research Methods by R. Lal 

(ed.), Soil and Water Conservation Society, Ankeny, Iowa, U. S. A., 119-139. 

Rose, C. W., 1989.  Soil conservation: from processes to practices to policies.  

Research Lecture Series. Griffith University, Nathan Campus, Queensland 

4111, Australia. 

Rose, C. W., 1993.  Erosion and sedimentation In Hydrology and Water 

Management in the Humid Tropics-Hydrological Research Issues and 

Strategies for Water Management by M. Bonell, M. M. Hufschmidt and J. S. 

Galdwell (eds.), UNESCO, Cambridge University Press, Cambridge, U. K., 

301-343. 

Rose, C. W., 1998a.  Modeling erosion by water and wind In Methods for 

Assessment of Soil Degradation by R. Lal, W. H. Blum, C. Valentine and B. 

A. Stewart (eds.), CRC Press, New York, 57-88. 



Reference - 39 
Rose, C. W., 1998b.  Water and wind erosion-causes, impacts and reversing 

measures. Advances in GeoEcology 31, 247-256. 

Rose, C. W., B. Yu, A. L. Presbitero, K. J. Coughlan, B. Fentie and C. A. A. 

Ciesiolka, 2001.  New GUEST erosion theory developments for shallow flows 

and high sediment concentrations (Submitted to the Australian Journal of Soil 

Research). 

Rose, C. W., J. R. Williams, G. C. Sander and D. A. Barry, 1983b.  A 

mathematical model of soil erosion and deposition processes.  I. Theory for a 

plane land element.  Soil Sci. Soc. Am. J. 47, 991-995. 

Rose, C. W., J. Y. Parlange, G. C. Sander, S. Y. Campbell and D. A. Barry, 

1983a. A kinematic flow approximation to runoff on a plane: an approximate 

analytical solution.  J. Hydrol. 62, 363-369. 

Rose, C. W., K. J. Coughlan, C. A. A. Ciesiolka and B. Fentie, 1997.  Program 

GUEST (Griffith University Erosion System Template) In A New Soil 

Conservation Methodology and Application to Cropping Systems In Tropical 

Steeplands by K. J. Coughlan and C. W. Rose (eds.), pp. 34-58.  ACIAR 

Technical Report 40, ACIAR, Canberra, Australia. 

Rose, C. W., P. B. Hairsine, A. P. B. Proffitt and R. K. Misra, 1990.  Interpreting 

the role of soil strength in erosion processes In Soil Erosion-Experiments and 

Models by R. B. Bryan (ed.), CATENA SUPPLEMENT 17, 153-165. 

Rose, C. W., W. L. Hogarth, G. Sanders, I. Lisle, P. B. Hairsine and J. Y. 

Parlange, 1994.  Modellng processes of soil erosion by water, Trends in 

Hydrology 1, 443-452. 

Ross, S., 1989.  Soil Processes: A Systematic Approach.  Routledge, Chapman 

and Hall, Inc., New York, N.Y., U. S. A. 

Rowlison, D. L. and G. L. Martin, 1971.  Rational method for describing slope 

erosion.  J. Irrigation and Drainage Div. ASCE 97, 39-50. 

Rubio-Montoya, D. and K. W. Brown, 1984.  Erodibility of strip-mine spoils. Soil 

Sci. 138, 365-373. 

Rudra, R. P., W. T. Dickinson and G. J. Wall, 1985.  Application of the 

CREAMS model in southern Ontario conditions.  Trans. ASAE 28: 1233

1240. 

Russel, R. S., 1977.  Plant Root Systems: Their Function and Interaction with 

Soil. McGraw-Hill, London, U. K. 



Reference - 40 
Russel, S. D., 1986. Mountain people in the Philippines: ethnographic 

contributions to upland development In Man, Agriculture and Tropical Forest-

Change and Development in the Philippine Uplands by S. Fujisaka, P. E. 

Sajise and R. A. del Castillo (eds.), Winrock International, Morrilton, U. S. A. 

Sabhasri, S., 1978. Effects of forest fallow cultivation on forest production and 

soil In Farmers in the Forest by P. Kunstadter, E. C. Chapman and S. 

Sabhasri (eds.), East-West Center, Honolulu, Hawaii, U. S. A., 160-184. 

Sajise, P. E. and D. J. Ganapin, 1991.  An overview of upland development in 

the Philippines In Technologies for Sustainable Agriculture on Marginal 

Uplands in Southeast Asia by G. Blair and R. Lefroy (eds.), Proceedings of a 

seminar held at Ternate, Cavite, Philippines, 10-14 December 1990, ACIAR 

Proceedings Series No. 33, ACIAR, Canberra, Australia. 

Salati, E., T. E. Lovejoy and P. B. Vose, 1983.  Precipitation and water recycling 

in tropical forests.  Environmentalist 3: 67-72. 

Sallaway, M. M., 1979.  Soil erosion studies in the Mackay district. Proc. 

Australian Society Sugar Cane Technology, 1979 Congress, Brisbane, 

Queensland, Australia, 125-132. 

Sanchez, P. A. and S. W. Buol, 1975.  Soils of the tropics and the world food 

crisis.  Science 188, 598-603. 

Sanders, D. W., 1988a.  Soil and water conservation on steep lands: a 

summary of workshop discussions In Conservation Farming on Steep Lands 

by W. C. Moldenhauer and N. W. Hudson (eds.), Soil and Water 

Conservation Society, World Association of Soil and Water Conservation, 

Ankeny, Iowa, U. S. A., pp. 275-282. 

Sanders, D. W., 1988b.  Food and Agriculture Organization activities in soil 

conservation In Conservation Farming on Steep Lands by W. C. 

Moldenhauer and N. W. Hudson (eds.), Soil and Water Conservation Society, 

World Association of Soil and Water Conservation, Ankeny, Iowa, U. S. A., 

pp. 54-62. 

Sanders, D. W., 1988c.  The Eppalock catchment project: a soil conservation 

success story In Conservation Farming on Steep Lands by W. C. 

Moldenhauer and N. W. Hudson (eds.), Soil and Water Conservation Society, 

World Association of Soil and Water Conservation, Ankeny, Iowa, U. S. A., 

pp. 228-232. 



Reference - 41 
Sanders, D. W., 1992.  Soil Conservation: Strategies and Policies In Soil 

Conservation for Survival by K. Tato and H. Hurni (eds.), Soil and Water 

Conservation Society, World Association of Soil and Water Conservation, 

Ankeny, Iowa, U. S. A. 

Savat, J. and J. Poesen, 1981.  Detachment and transportation of loose 

sediments by raindrop splash. Part II: Detachability and Transportability 

Measurements. CATENA 8, 19-41. 

Schertz, D. L., 1983.  The basis of soil loss tolerances.  J. Soil and Water 

Conser. 38, 10-14. 

Schumm, S. A., 1977. The Fluvial System.  John Wiley & Sons Inc., New York, 

U. S. A., 338pp. 

Sfeir-Younis, A. and A. K. Dragun, 1993.  Land and soils management: 

technology, economics and institutions.  Westview Press, Boulder. 

Shaxson, T. F., 1981.  	Reconciling social and technical needs in conservation 

work on village farmlands In Soil Conservation: Problems and Prospects by 

R. P. C. Morgan (ed.), Willey, Chichester, 385-397. 

Shaxson, T. F., 1988.  Conserving soil by stealth In Conservation Farming on 

Steep Lands by. W. C. Moldenhauer and N. W. Hudson (eds.), Soil and 

Water Conservation Society, World Association of Soil and Water 

Conservation, Ankeny, Iowa, U. S. A., pp. 9-17. 

Shaxson, T. F., N. W. Hudson and W. C. Moldenhauer, 1988.  Land husbandry 

for soil and water conservation.  Based on discussions at the Workshop on 

Soil Conservation on Steep Land, Puerto Rico, March 1987, Soil 

Conservation Society of America. 

Sheng, T. C. and J. R. Meiman, 1988.  Planning and implementing soil 

conservation projects In Conservation Farming on Steep Lands by W. C. 

Moldenhauer and N. W. Hudson (eds.), Soil and Water Conservation Society, 

World Association of Soil and Water Conservation, Ankeny, Iowa, U. S. A., 

pp. 25-32. 

Sheng, T. C., 1982.  	Erosion problems associated with cultivation in humid 

tropical hilly regions In Soil Erosion and Conservation in the Tropics by W. 

Kussow, S. A. El-Swaify and J. Mannering (eds.), American Society of 

Agronomy and Soil Science of America, 677 South Segoe Road, Madison, 

Wisconsin 53711, U. S. A. 



Reference - 42 
Sheng, T. C., 1986.  Watershed conservation.  A collection of papers for 

developing countries. Chinese Soil and Water Conservation Society, Taipei, 

Taiwan and Colorado State University, Fort Collins, Colorado, U. S. A. 

Sheng, T. C., 1988.  Demonstrating conservation practices on steep lands in 

Jamaica In Conservation Farming on Steep Lands by W. C. Moldenhauer 

and N. W. Hudson (eds.), Soil and Water Conservation Society, World 

Association of Soil and Water Conservation, Ankeny, Iowa, U. S. A., pp. 207

214. 

Simanton, J. R., L. T. West and M. A. Weltz, 1987.  Rangeland experiments for 

the water erosion prediction project.  Paper No. 87-2545.  ASAE, St. Joseph, 

Michigan, U. S. A. 

Simons, B., 1986.  CoStat Statistical Software Manual.  CoHort Software, 

Berkeley, California, U. S. A. 

Simons, D. B., R. M. Li and T. J. Ward, 1977.  A simple procedure for 

estimating on-site erosion In Proceedings of International Symposium on 

Urban Hydrology, Hydraulics and Sediment Control, University of Kentucky, 

Lexington, Kentucky, U. S. A., 95-102. 

Singer, M. J. and J. Blackard, 1982.  Slope angle-interrill soil loss relationships 

for slopes up to 50%.  Soil Sci. Soc. Am. J. 46(6): 1270-1273. 

Smith, D. D. and D. M. Whitt, 1947.  Estimating soil losses from field areas of 

claypan soil.  Soil Sci. Soc. Am. Proc. 12, 485-490. 

Smith, D. D. and D. M. Whitt, 1948.  Evaluating soil losses from field areas.  

Agr. Eng. 29, 394-396. 

Smith, D. D. and W. H. Wischmeier, 1957.  Factors affecting sheet and rill 

erosion.  Trans. Am. Geophys. Union 38(6): 889-896. 

Smith, D. D., 1941.  Interpretation of soil conservation data for field use.  Agr. 

Eng. 22, 173-175. 

Smith, D. D., 1958.  Factors affecting rainfall erosion and their evaluation.  

International Association of Scientific Hydrology Pub. 43, 97-107. 

Smith, D. D., D. M. Whitt, A. W. Zingg, A. G. McCall and F. G. Bell, 1945.  

Investigations in erosion control and the reclamation of eroded Shelby and 

related soils at the Conservation Experiment Station, Bethany, Missouri, 

1930-42.  USDA Tech. Bull. 883, 175pp. 

Snedecor, G. W. and W. G. Cochran, 1980.  Statistical Methods. 7th ed. The 

Iowa State University Press, Ames, Iowa, United States of America. 



Reference - 43 
Soane, B. D. and J. D. Pidgeon, 1975.  Tillage requirements in relation to soil 

physical properties.  Soil Science 119(5), 376-384. 

Soil Conservation Society of America (SCSA), 1982.  Resource conservation 

glossary, 3rd ed., Soil Conservation Society of America, Ankeny, Iowa, U. S. 

A., p. 193. 

Soil Technology, 1995.  Special Issue: Soil Erosion and Conservation by C. W. 

Rose (ed.) Vol. 8, No. 3, Elsevier: Amsterdam. 

Soriano H. M., 1993. Soil fertility and corn (Zea mays L.) yield under alley 

cropping agroforestry scheme involving selected MPTS as hedgerows.  

Paper presented to the International Symposium on Multipurpose Tree 

Species (MPTS) for Rural Livelihood on May 3-6, 1993 at the Holiday Inn, 

Manila, the Philippines. 

Srikhajon, M., A. Somrang, P. Pramojanee, S. Pradabwit and C. 

Anecksamphant, 1984. Application of the Universal Soil Loss Equation for 

Thailand In Proc. 5th ASEAN Soil Conf., DLD, Bangkok, Thailand, E8.1-

E8.15. 

Starkel, L., 1972.  The role of catastrophic rainfall in shaping of the relief of the 

lower Himalaya (Darjeeling Hills).  Geogr. Pol. 21:103-147. 

Statistics for Applied Sciences (SAS), 1990.  SAS/STAT User's Guide, Release 

6.03 Edition. SAS Institute Inc. SAS Circle. Box 8000, Cary, North Carolina 

27512-8000, U. S. A. 

Steel, R. G. D. and J. H. Torrie, 1980. Principles and Procedures of Statistics 

A Biometrical Approach.  McGraw - Hill Book Company, U. S. A. 

Stocking, M. A. and H. A. Elwell, 1976.  Rainfall erosivity over Rhodesia.  Trans. 

Instit. Brit. Geogr. 1(2): 231-245. 

Stocking, M. A., 1977.  Rainfall Energy in Erosion: Some Problems and 

Applications.  Research Discussion Paper 13, Dept of Geology, University of 

Edinburgh. 

Stocking, M. A., 1984.  Erosion and soil productivity: a review.  Food and 

Agriculture Organisation Consultants Working Paper No. 1, Soil Conservation 

Programme, Land and Water Development Division, Food and Agriculture 

Organisation, Rome, Italy. 

Stocking, M. A., 1988.  	Assessing vegetative cover and management effects In 

Soil Erosion Research Methods by R. Lal (ed.), Soil and Water Conservation 

Society, Ankeny, Iowa, U. S. A., 163-185. 



Reference - 44 
Stocking, M. J., 1985.  Erosion-induced loss in soil productivity: Trends in 

research and international cooperation.  Paper to 4th International 

Conference on Soil Conservation, Maracay, Venezuela. November, 1985. 

Stone, J. J., V. L. Lopes and L. J. Lane, 1990. Water erosion prediction project 

(WEPP) watershed model: hydrologic and erosion calculations.  Watershed 

planning and analysis in action.  Proceedings of the symposium sponsored 

by the Committee on Watershed Management, ASAE, Durango, Colorado, U. 

S. A., 184-190. 

Sumner, M. E., 1995.  Soil crusting: chemical and physical processes, the view 

forward from Georgia, 1991 In Sealing, Crusting and Hardsetting Soils: 

Productivity and Conservation by H. B. So, G. D. Smith, S. R. Raine, B. M. 

Schafer and R. J. Loch (eds.), Aust. Soc. Sci., Queensland Branch, Australia, 

pp. 1-14. 

Tato, K. and H. Hurni (eds.), 1989.  Soil conservation for survival.  Soil and 

Water Conservation Society, World Association of Soil and Water 

Conservation, Ankeny, Iowa, U. S. A. 

Temenio, N. P., 1980.  Soil classification of ViSCA, Baybay, Leyte, Philippines. 

Region 8 of the Bureau of Soils, Department of Agriculture and Food, 

Tacloban City, Leyte, Philippines. 

The World Bank, 1989.  Philippine environment and natural resource 

management study - a World Bank country study.  The World Bank, 

Washington, D. C., U. S. A. 

Thomas, D. B., 1988.  	Conservation of cropland on steep slopes in eastern 

Africa In Conservation Farming on Steep Lands by W. C. Moldenhauer and 

N. W. Hudson (eds.), Soil and Water Conservation Society, World 

Association of Soil and Water Conservation, Ankeny, Iowa, U. S. A., pp. 140

149. 

Thomas, G. W., 1988.  Elephant grass for soil erosion control and livestock feed 

In Conservation Farming on Steep Lands by W. C. Moldenhauer and N. W. 

Hudson (eds.), Soil and Water Conservation Society, World Association of 

Soil and Water Conservation, Ankeny, Iowa, U. S. A., pp. 188-193. 

Thomas, W. A., 1976.  	Scour and deposition in rivers and reservoirs.  HEC-6, 

Hydrologic Engineering Center, U. S. Army Corps of Engineers. 



Reference - 45 
Thompson, R. D., A. M. Mannion, C. W. Mitchell, M. Parry and J. R. G. 

Townshend, 1986.  Processes in physical geography. Longman, London, U. 

K. 

Toth, A. and Z. Fekete, 1974. The effects of agriculture on the surrounding of 

Lake Balatan.  Wallingford, U. K., IAHS Publ. 13, 36-39. 

Tracy, F. C., 1988.  The natural resources management project in Honduras In 

Conservation Farming on Steep Lands by W. C. Moldenhauer and N. W. 

Hudson (eds.), Soil and Water Conservation Society, World Association of 

Soil and Water Conservation, Ankeny, Iowa, U. S. A., pp. 265-268. 

Troeh, F. R., J. A. Hobbs and R. L. Donahue, 1991.  Soil and water 

conservation. Prentice-Hall, Inc., Englewood Cliffs, New Jersey, U. S. A. 

Trustrum, N. A. and J. G. Hawley, 1986.  Conversion of forest land in grazing: A 

New Zealand perspective on the effects of landslide erosion on hill country 

productivity In Landuse, Watersheds and Planning in the Asia-Pacific Region, 

RAPA Report 1986/3, FAO Regional Office for Asia and the Pacific, 

Bangkok, Thailand, 73-93. 

U. S. Department of Agriculture (USDA), 1972.  National Engineering 

Handbook: Section 4-Hydrology.  Soil Conservation Service, U. S. Dept. Agr., 

Washington, D. C., U. S. A. 

U. S. Department of Agriculture (USDA), 1980.  CREAMS - A field scale model 

for chemicals, runoff and erosion from agricultural management systems.  

Volumes I and II. Cons. Res. Rpt. 26, Sci. Edu. Admin., U. S. Dept. Agr., 

Washington, D. C., U. S. A. 

U. S. Department of Agriculture (USDA), 1984.  User’s guide for the CREAMS 

computer model.  Tech. Release 72. Soil Conservation Service, U. S. Dept. 

Agr., Washington, D. C., U. S. A. 

Utomo, W. H. and N. Mahmud, 1984.  The possibility of using the Universal Soil 

Loss Equation in mountainous areas of east Java with humus-rich andosols 

In Proc. 5th ASEAN Conference, DLD, Bangkok, Thailand, E5.1-E5.13. 

Van Asch, Th. W. J., 1980.  	Water erosion on slopes and landsliding in a 

Mediterranean landscape.  Utrechtse Geografische Studies 20. 

Van Mullem, J. A. 1990.  Application of the CREAMS model at a contaminated 

industrial site.  J. Soil Water Conserv., 45, 577-580. 



Reference - 46 
Van Vuuren, W. E., 1982.  Prediction of sediment yield for mountainous basins 

in Colombia, South America.  IAHS Publication 137, Washington, D. C., U. S. 

A., 313-325. 

Van Wambeke, A., 1992.  Soils of the Tropics: Properties and Appraisal.  New 

York: McGraw Hill, Inc., 343 pp. 

Veloz, R. A. and T. J. Logan, 1988.  Erosion research on steep lands in the 

Dominican Republic In Conservation Farming on Steep Lands by W. C. 

Moldenhauer and N. W. Hudson (eds.), Soil and Water Conservation Society, 

World Association of Soil and Water Conservation, Ankeny, Iowa, U. S. A., 

pp. 269-270. 

Vonk, J., 1988. Soil conservation in Peru In Conservation Farming on Steep 

Lands by W. C. Moldenhauer and N. W. Hudson (eds.), Soil and Water 

Conservation Society, World Association of Soil and Water Conservation, 

Ankeny, Iowa, U. S. A., pp. 242-246. 

Watson, D. A.  and J. M. Laflen, 1986. Soil strength, slope and rainfall intensity 

effects on interrill erosion.  Trans. ASAE 29(1): 98-102. 

Watson, H. R. and W. A. Laquihon, 1986.  Sloping Agricultural Land 

Technology (SALT): a social forestry model in the Philippines In Community 

Forestry: Lessons from Case Studies in Asia and the Pacific Region by Y. S. 

Rao, M. W. Hoskins, N. T. Vergara and C. P. Castro (eds.), FAO/East-West 

Center, Bangkok, Thailand/Honolulu, U. S. A. 

Weltz, M. A., M. R. Kidwell and H. D. Fox, 1998.  Influence of abiotic and biotic 

factors in measuring and modeling soil erosion on rangelands: state of 

knowledge.  J. Range Manage., 51, 482-495. 

Wenner, C. G., 1988.  The Kenyan model of soil conservation In Conservation 

Farming on Steep Lands by W. C. Moldenhauer and N. W. Hudson (eds.), 

Soil and Water Conservation Society, World Association of Soil and Water 

Conservation, Ankeny, Iowa, U. S. A., pp. 197-206. 

Wenner, L. G., 1980.  Soil conservation in Kenya.  Min. of Agric., Nairobi, 

Kenya. 

Wilkinson, G. E., 1975.  Rainfall characteristics and soil erosion in the rainforest 

area of Western Nigeria, Exp. Agric. 11:247-255. 

Williams, J. and M. Bonell, 1987.  Computation of infiltration properties from the 

surface hydrology of large field plots In Proc. Int. Conf. Infiltration Dev. Appl. 



Reference - 47 
by Yu-Si Fok (ed.), Water Res. Center, University of Hawaii, Honolulu, 

Hawaii, 272-281. 

Williams, J. R. and H. D. Berndt, 1976.  Sediment yield prediction based on 

watershed hydrology.  Unpublished Paper 76-2535, ASAE, St. Joseph, 

Michigan, U. S. A. 

Williams, J. R., 1975.  Sediment yield prediction with Universal Soil Loss 

Equation using runoff energy factor In Present and Prospective Technology 

for Predicting Sediment Yields and Sources.  Proc. of Sediment Yield 

Workshop.  U.S. Department of Agriculture Sedimentation Laboratory, 

Oxford, Mississippi, 28-30 November 1972, ARS-S-40.  Agricultural 

Research Service, U.S. Dept. of Agriculture, Washington, D. C., U. S. A., 

244-252. 

Williams, J. R., C. A. Jones and P. T.Dyke, 1984.  A modeling approach to 

determining the relationship between erosion and soil productivity.  Trans. 

ASAE 27(1): 129-144. 

Williams, J. R., K. G. Renard and P. T.Dyke, 1983.  EPIC - A new method for 

assessing erosion’s effect on soil productivity.  J. Soil Water Conserv., 38(5): 

381-383. 

Williams, J. R., P. T. Dyke and C. A. Jones, 1982.  EPIC - A model for 

assessing the effects of erosion on soil productivity In Proc. Third Int. Conf. 

on State-of-the-Art in Ecological Modeling, International Society for 

Ecological Modeling. 

Williams, L. S. and B. J. Walter, 1988.  Controlled-erosion terraces in 

Venezuela In Conservation Farming on Steep Lands by W. C. Moldenhauer 

and N. W. Hudson (eds.), Soil and Water Conservation Society, World 

Association of Soil and Water Conservation, Ankeny, Iowa, U. S. A., pp. 177

187. 

Wischmeier, W. H. and D. D. Smith, 1978.  Predicting rainfall erosion losses: A 

guide to conservation planning.  USDA Agriculture Handbook 537, Science 

and Education Administration, Agric. Res. Serv., U. S. Department of 

Agriculture, Washington, D. C., 58 pp. 

Wischmeier, W. H. and D. D. Smith, 1958.  Rainfall energy and its relationship 

to soil loss.  Trans. Am. Geophys. Union. 39, 285-291. 



Reference - 48 
Wischmeier, W. H. and D. D. Smith, 1965.  Predicting rainfall-erosion losses 

from cropland east of the Rocky Mountains.  Agric. Handbook 282, USDA. 

Agric. Res. Serv., 47pp. 

Wischmeier, W. H., 1955.  Punched cards record runoff and soil loss data.  

Agric. Eng. 36, 664-666. 

Wischmeier, W. H., 1962.  Rainfall erosion potential.  Agric. Eng. 43, 212-214, 

225. 

Wischmeier, W. H., 1975.  Estimating the soil loss equation’s cover and 

management factor for undisturbed areas In Present and Prospective 

Technology for Predicting Sediment Yields and Sources.  Proc. of Sediment 

Yield Workshop.  U.S. Department of Agriculture Sedimentation Laboratory, 

Oxford, Mississippi, 28-30 November 1972, ARS-S-40.  Agricultural 

Research Service, U.S. Dept. of Agriculture, Washington, D. C., U. S. A., 58 

pp. 

Wischmeier, W. H., 1976.  Use and misuse of the Universal Soil Loss Equation.  

J. Soil Water Conserv., 31(1): 5-9. 

Wischmeier, W. H., D. D. Smith and R. E. Uhland, 1958. Evaluation of factors 

in the soil-loss equation.  Agric. Eng. 39, 458-462. 

Wollny, E., 1890.  Untersuchungen uber das verhalten der atmospharischen 

niederschlage zur pflanze und zum boden. Forsch. Geb. Agriphys. 13, 316

365 (Reported by L. D. Baver. 1938. Ewald Wollny- a pioneer in soil and 

water conservation research.  Proceedings Soil Science Society of America 

3, 330-333). 

Wood, D., 1993.  Forests to fields - restoring tropical lands to agriculture, Land 

Use Policy, 10:2, 91-107. 

Woodruff, C. M., 1947.  Erosion in relation to rainfall, crop cover and slope on a 

green house plot. Soil Science Society of American Proceedings 12, 475

478. 

Yalin, Y. S., 1963.  An expression for bedload transportation.  J. Hydraul. Div. 

ASCE 89 (HY3), 221-250. 

Yamoah, C. F., A. A. Agboola and G. F. Wilson, 1986.  Nutrient contribution and 

maize performance in alley cropping systems.  Agroforestry Systems 4, 247

254. 

Yang, C. T., 1972.  	Unit stream power and sediment transport.  J. Hydraul. Div. 

Am. Soc. Civ. Eng. 78 (HY10), 1805-1826. 



Reference - 49 
Young, R. A. and C. K. Mutchler, 1969.  Soil movement on irregular slopes.  

Water Resour. Res. 5, 1048-1089. 

Young, R. A., 1984.  Agroforestry for Soil Conservation.  Science and Practice 

of Agroforestry.  International Centre for Research in Agro-Forestry. 

Young, R. A., 1989.  Agroforestry for soil conservation.  CAB International, 

Wallingford. 

Young, R. A., C. A. Onstad, D. D. Bosch and W. P. Anderson, 1989.  AGNPS: A 

non-point source pollution model for evaluating agricultural lands. J. Soil 

Water Conserv., 44(2): 168-173. 

Young, R. A., M. J. M. Römkens and D. K. McCool, 1990.  Temporal variations 

in soil erodibility In Soil Erosion - Experiments and Models by R.B. Bryan 

(ed.), CATENA SUPPLEMENT 17, 41-53. 

Yu, B. and C. W. Rose, 1997.  A program for calculating the soil erodibility 

parameter β and predicting the amount of soil loss using GUEST 

methodology. ENS Working Paper 3/97.  Faculty of Environmental Sciences, 

Griffith University, Nathan Campus, Queensland 4111, Australia. 

Yu, B., A. Sajjapongse, D. Yin, Z. Eusof, C. Anecksamphant, C. W. Rose, and 

U. Cakurs, 1999b.  Application of a physically based soil erosion model, 

GUEST, in the absence of data on runoff rates.  II. Four case studies from 

China, Malaysia and Thailand. Australian Journal of Soil Research 37, 13

31. 

Yu, B., C. W. Rose, K. J. Coughlan and B. Fentie, 1997.  Plot-scale rainfall-

runoff characteristics and modeling at six sites in Australia and Southeast 

Asia.  Transactions of the American Society of Agricultural Engineers 40, 

1295-1303. 

Ziemer, O’Loughlin and Hamilton (eds.), 1990.  	Proceedings of Fiji Symposium, 

June 1990. IAHS Publ. No. 192. 

Zingg, A. W., 1940.  Degree and length of land slope as it affects soil loss in 

runoff.  Agric. Eng. 21(2): 59-64. 





Appendices 



Appendix - 2 
Appendix Figure 3.1  Flow chart of processing data from electronic logger. 



Appendix - 3 
Appendix Table 3.1  Customized application softwares that provided 

parameters used in the data preparation. 

Parameter Application Software Used 
EI30 (t-m/ha) 1) Arrums via *.rep output file; or 

2) Sfilter via spreadsheet version of *.dlm output file 
ΣP (mm) 1) Datalog via spreadsheet version of *.dlm output file; or 

2) Datalog via *.txt output file; or 
3) Arrums via *.rep output file; or 
4) Datamate via spreadsheet version of *.prn output file 

P  (mm/h) 1) Arrums via *.rep output file; or 
2) Datamate via spreadsheet version of *.prn output file 

Pmax (mm/h) 1) Datalog via spreadsheet version of *.dlm output file; or 
2) Datalog via *.txt output file 

ΣQ (mm) 1) Datalog via spreadsheet version of *.dlm output file; or 
2) Datalog via *.txt output file; or 
3) Arrums via *.rep output file; or 
4) Datamate via spreadsheet version of *.prn output file 

Q  (mm/h) 1) Arrums via *.rep output file; or 
2) Datamate via spreadsheet version of *.prn output file 

Q̄ m (mm/h) Datamate via spreadsheet version of *.prn output file 
Qmax (mm/h) 1) Datalog via spreadsheet version of *.dlm output file; or 

2) Datalog via *.txt output file; or 
3) Arrums via *.rep output file; or 
4) Sfilter via spreadsheet version of *.dlm output file 

Qdu (min) 1) Arrums via *.rep output file; or 
2) Datamate via spreadsheet version of *.prn output file 
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Appendix Table 4.1  Summary of collected data on rainfall (P) and runoff (Q) from ACIAR 

project at ViSCA, Baybay, Leyte, the Philippines for the period 1989-1992a. 

ΣQ (mm) Q  (mm/h) 
mQ  (mm/h) Qmax (mm/h) 

Slope T1 T2 T3 T4 T1 T2 T3 T4 T1 T2 T3 T4 T1 T2 T3 T4 

(1) Date(s):
b 

09-11/10/89 ΣP (mm): 121.8(G1);115.4(G2) P  (mm/h): 7.5(G1);7.3(G2) Pmax (mm/h): 64.1(G1);85.7(G2) EI30 (t-m/ha): 94.6(G1);82.2(G2) 

10%
c 1.36 1.82 0.10 0.15 1.07 0.85 2.90 2.86 

50% 1.63 1.54 1.14 0.90 0.18 0.15 0.11 0.07 1.32 0.55 0.54 0.45 4.37 3.44 2.64 1.76 

60% 2.15 1.92 0.96 0.88 0.17 0.16 0.11 0.08 1.56 0.90 1.05 0.80 6.05 4.73 2.19 2.64 

70% 1.88 1.59 0.72 1.08 0.19 0.11 0.06 0.10 1.23 1.39 0.37 0.62 5.17 4.78 1.71 2.33 

(2) Date(s): 08-09/01/90 ΣP (mm): 154.2(G1);144.3(G2) P  (mm/h): 7.7(G1);6.9(G2) Pmax (mm/h): 129.2(G1);107.4(G2) EI30 (t-m/ha): 74.0(G1);98.2(G2) 

10% 4.23 2.61  0.25 0.13  2.22 0.73  10.50 5.10  

50% 4.12 5.17 2.72 1.99 0.20 0.27 0.14 0.10 1.34 1.57 2.15 1.14 8.02 8.52 4.30 3.29 

60% 9.58 4.57 0.92 1.98 0.50 0.23 0.08 0.10 4.82 1.33 0.43 0.72 21.05 7.20 1.15 3.91 

70% 3.87 2.78 1.60 1.29 0.20 0.15 0.09 0.10 1.42 1.24 0.43 0.52 5.37 4.78 1.71 1.58 

(3) Date(s): 11-14/06/90 ΣP (mm): 89.9(G1);101.3(G2) P  (mm/h): 5.2(G1);5.3(G2) Pmax (mm/h): 71.4(G1);79.8(G2) EI30 (t-m/ha): 34.0(G1);42.1(G2) 

10% 3.80 0.97  0.36 0.08  3.10 0.27  18.57 2.21  

50% 0.73 1.26 0.62 0.52 0.08 0.11 0.05 0.06 0.81 0.82 0.47 0.42 4.13 5.21 3.58 1.56 

60% 2.40 0.78 0.41 0.42 0.23 0.08 0.08 0.05 3.85 0.32 0.69 0.16 33.38 3.06 2.19 0.73 

70% 0.72 1.78 0.42 0.32 0.11 0.19 0.10 0.07 0.85 0.60 0.25 0.12 2.84 5.12 0.53 0.48 

(4) Date(s): 20-21/06/90 ΣP (mm): 50.6(G1);50.6(G2) P  (mm/h): 9.2(G1);8.1(G2) Pmax (mm/h): 95.8(G1);95.8(G2) EI30 (t-m/ha): 42.1(G1);38.3(G2) 

10% 11.25 2.06  2.17 0.34  11.63 2.11  51.83 7.22  

50% 1.62 2.75 1.35 1.35 0.34 0.49 0.25 0.21 3.14 3.43 0.50 0.80 5.93 14.48 2.90 3.65 

60% 3.37 1.12 2.20 1.28 0.77 0.22 0.50 0.20 4.11 1.34 1.70 1.13 11.89 6.50 8.24 2.02 

70% 2.35 2.68 1.67 1.75 0.54 0.58 0.34 0.36 2.10 3.63 1.00 0.90 9.02 11.49 3.31 3.90 

(5) Date(s): 27-28/06/90 ΣP (mm): 32.1(G1);33.4(G2) P  (mm/h): 10.0(G1);10.6(G2) Pmax (mm/h): 114.6(G1);128.0(G2) EI30 (t-m/ha): 29.0(G1);30.9(G2) 

10% 9.23 2.12  2.08 0.45  17.58 2.02  56.52 7.71  

50% 1.71 3.56 0.93 0.58 0.36 0.63 0.32 0.21 1.41 2.25 2.48 0.81 7.81 17.74 5.89 3.70 

60% 1.64 0.98 0.53 0.51 0.43 0.23 0.20 0.17 2.07 0.77 1.20 0.93 7.53 6.56 3.75 4.08 

70% 1.31 1.51 0.50 0.43 0.38 0.38 0.18 0.16 1.61 1.20 1.10 0.74 6.03 6.42 2.80 4.04 

(6) Date(s): 20-23/07/90 ΣP (mm): 69.7(G1);72.5(G2) P  (mm/h): 15.7(G1);15.8(G2) Pmax (mm/h): 157.9(G1);160.3(G2) EI30 (t-m/ha): 113.9(G1);121.4(G2) 

10% 25.97 6.85 3.61 0.80 50.99 9.82 90.40 22.08 

50% 2.49 10.49 9.26 0.61 0.81 2.50 1.52 0.21 2.51 10.54 18.73 1.11 6.26 28.25 47.38 3.86 

60% 2.77 4.96 1.72 0.78 0.93 0.64 0.65 0.85 3.49 5.12 1.46 1.52 9.75 16.57 5.14 5.61 

70% 1.61 6.22 1.17 0.48 0.44 1.01 0.33 0.13 1.39 4.61 0.86 2.22 4.17 17.70 2.80 4.04 

(7) Date(s): 13-14/09/90 ΣP (mm): 119.2(G1);131.1(G2) P  (mm/h): 21.1(G1);29.0(G2) Pmax (mm/h): 143.5(G1);144.1(G2) EI30 (t-m/ha): 172.3(G1);218.6(G2) 

10% 7.71 8.34 1.67 2.00 5.08 4.49 18.57 11.00 

50% 5.29 5.61 1.81 1.74 1.03 1.30 0.33 0.40 2.81 2.93 1.30 1.15 9.35 9.81 4.32 3.78 

60% 7.51 2.79 1.58 1.80 1.31 0.83 0.53 0.48 4.38 2.03 1.24 1.53 11.08 5.22 3.57 6.38 

70% 3.85 6.68 1.74 2.06 0.70 1.42 0.46 0.36 2.20 3.88 1.98 1.29 6.03 12.63 4.84 3.65 

(8) Date(s): 04-05/10/90 ΣP (mm): 63.3(G1);70.0(G2) P  (mm/h): 10.6(G1);12.1(G2) Pmax (mm/h): 71.4(G1);79.8(G2) EI30 (t-m/ha): 41.9(G1);51.7(G2) 

10% 13.86 5.35 1.71 0.80 12.43 2.95 39.27 14.33 

50% 5.55 11.36 4.99 1.13 0.89 1.79 0.81 0.22 3.71 7.53 3.10 0.72 26.16 57.08 18.88 2.27 

60% 4.88 7.47 1.77 1.12 0.86 1.39 0.31 0.20 2.50 4.48 0.97 0.65 10.17 13.62 2.19 2.39 

70% 4.29 10.91 1.77 1.35 0.77 1.42 0.32 0.23 3.86 9.51 1.46 0.84 10.65 63.70 5.52 2.32 



Appendix - 5 
Appendix Table 4.1 (continued) 

ΣQ (mm) Q  (mm/h) mQ  (mm/h) Qmax (mm/h) 

Slope T1 T2 T3 T4 T1 T2 T3 T4 T1 T2 T3 T4 T1 T2 T3 T4 

(9) Date(s): 05-06/10/90 ΣP (mm): 14.7(G1);16.4(G2) P  (mm/h): 28.5(G1);32.9(G2) Pmax (mm/h): 71.4(G1);79.8(G2) EI30 (t-m/ha): 688.8(G1);744.3(G2) 

10% 4.69 2.12 7.61 1.74 15.7 4.78 35.66 11.98 

50% 2.02 4.17 2.29 0.29 1.62 7.58 2.37 0.44 3.08 9.17 4.32 0.72 8.23 16.72 9.74 2.27 

60% 1.78 3.17 1.00 0.29 1.55 3.46 1.18 0.25 3.79 6.12 1.76 0.95 9.51 14.34 6.52 3.15 

70% 1.75 4.60 1.00 0.43 1.48 4.76 1.94 0.72 3.75 8.39 3.37 1.13 9.98 21.85 6.86 2.99 

(10) Date(s): 06-07/10/90 ΣP (mm): 27.9(G1);29.8(G2) P  (mm/h): 54(G1);54.2(G2) Pmax (mm/h): 143.5(G1);144.1(G2) EI30 (t-m/ha): 46.0(G1);52.5(G2) 

10% 10.32 3.94 2.42 1.33 50.7 18.77 75.09 32.61 

50% 5.09 10.08 7.13 1.60 1.28 11.63 10.19 0.44 8.95 33.30 30.36 2.07 28.53 58.01 52.95 8.79 

60% 3.09 7.45 3.88 1.26 0.88 3.89 2.74 0.98 4.74 21.04 8.22 1.65 16.03 42.30 26.00 4.08 

70% 4.11 10.57 4.84 2.87 1.03 7.46 1.06 4.65 9.69 35.67 10.63 5.67 24.95 70.62 31.13 11.73 

(11) Date(s): 07-08/10/90 ΣP (mm): 40.9(G1);43.0(G2) P  (mm/h): 14.3(G1);13.7(G2) Pmax (mm/h): 114.6(G1);128.0(G2) EI30 (t-m/ha): 57.5(G1);63.5(G2) 

10% 11.33 5.35 1.70 2.49 42.03 15.91 75.97 43.96 

50% 4.37 8.73 6.31 0.82 3.21 1.41 4.28 15.37 23.57 21.55 31.75 48.17 

60% 3.13 6.60 4.44 1.52 0.47 3.00 0.78 0.32 1.57 9.88 7.43 2.63 11.74 38.81 30.84 8.92 

70% 4.57 10.58 5.02 3.35 1.76 7.56 1.74 0.79 8.25 24.70 9.06 8.95 17.64 61.63 35.61 17.70 

(12) Date(s): 11-17/10/90 ΣP (mm): 39.3(G1);43.7(G2) P  (mm/h): 5.3(G1);6.3(G2) Pmax (mm/h): 42.7(G1);63.7(G2) EI30 (t-m/ha): 3.9(G1);4.9(G2) 

10% 0.34 0.40 0.16 0.16 1.12 0.36 2.79 0.70 

50% 0.54 3.20 0.21 0.26 0.20 1.04 0.07 0.19 0.25 3.67 0.22 0.32 0.48 12.05 3.16 0.56 

60% 0.90 2.41 0.43 0.46 0.27 0.62 0.17 0.19 0.61 2.14 0.41 0.63 3.31 11.46 1.00 0.98 

70% 0.53 3.18 0.38 0.57 0.27 0.97 0.10 0.27 0.55 3.28 0.58 0.64 2.71 14.00 1.44 1.74 

(13) Date(s): 12-14/11/90 ΣP (mm): 160.1(G1);144.2(G2) P  (mm/h): 7.0(G1);5.8(G2) Pmax (mm/h): 42.7(G1);63.7(G2) EI30 (t-m/ha): 93.4(G1);97(G2) 

10% 70.00 44.60 3.37 1.89 10.62 6.77 36.09 24.53 

50% 41.97 75.22 30.78 8.60 2.00 3.13 1.29 0.39 6.39 9.26 4.61 1.17 20.87 27.75 15.20 5.39 

60% 41.43 49.69 26.41 10.93 1.81 3.35 1.08 0.48 5.68 7.45 4.02 1.30 15.69 18.74 21.76 4.65 

70% 54.48 75.66 15.43 25.68 2.32 3.07 0.60 1.71 7.23 9.46 2.21 5.24 20.99 31.40 11.09 17.38 

(14) Date(s): 15-19/11/90 ΣP (mm): 47.4(G1);55.3(G2) P  (mm/h): 4.5(G1);5.2(G2) Pmax (mm/h): 71.4(G1);79.8(G2) EI30 (t-m/ha): 30.2(G1);41.6(G2) 

10% 4.27 1.98  1.10 0.40  6.21 2.90  18.13 8.20  

50% 4.76 4.88 0.57 1.04 2.55 1.30 0.26 0.27 9.40 7.11 1.18 3.95 17.97 19.24 3.53 11.65 

60% 5.51 3.98 0.77 1.95 0.97 1.46 0.22 0.43 5.36 5.42 1.17 42.91 14.38 11.46 5.83 78.78 

70% 5.96 7.15 0.70 1.63 2.38 1.13 0.13 0.32 7.64 8.55 0.43 2.50 16.79 20.28 3.06 4.79 

(15) Date(s): 25-26/02/91 ΣP (mm): 43.7(G1);53.7(G2) P  (mm/h): 2.0(G1);2.8(G2) Pmax (mm/h): 42.7(G1);47.7(G2) EI30 (t-m/ha): 1.8(G1);4.2(G2) 

10% 3.51 0.72 0.17 0.06 2.15 0.34 9.50 0.97 

50% 0.77 0.73 0.63 0.51 0.05 0.04 0.04 0.03 1.19 0.29 0.09 0.20 2.79 0.92 0.17 1.05 

60% 1.93 0.94 2.06 0.76 0.13 0.06 0.13 0.06 0.43 0.29 0.50 0.24 1.85 0.94 1.20 0.68 

70% 1.49 1.61 0.66 1.12 0.11 0.10 0.04 0.07 0.26 0.17 0.07 0.18 0.80 0.51 0.13 0.90 

(16) Date(s): 12-13/03/91 ΣP (mm): 191.7(G1);213.8(G2) P  (mm/h): 10.0(G1);10.9(G2) Pmax (mm/h): 100.1(G1);111.9(G2) EI30 (t-m/ha): 239(G1);239(G2) 

10% 44.9 47.20 2.77 2.78 18.27 24.40 57.40 67.14 

50% 4.90 3.63 1.63 1.35 0.37 0.31 0.14 0.16 1.59 1.54 0.98 1.15 5.16 5.96 2.75 4.62 

60% 7.36 1.97 2.71 2.61 0.38 0.22 0.18 0.21 2.47 1.27 1.27 1.13 8.86 3.78 5.14 5.61 

70% 6.06 5.53 3.40 2.35 0.36 0.29 0.20 0.16 1.61 1.49 1.02 1.28 6.03 7.11 4.84 4.04 
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Appendix Table 4.1 (continued) 

ΣQ (mm) Q  (mm/h) mQ  (mm/h) Qmax (mm/h) 

Slope T1 T2 T3 T4 T1 T2 T3 T4 T1 T2 T3 T4 T1 T2 T3 T4 

(17) Date(s): 28/06-01/07/91 ΣP (mm): 50.8(G1);63.7(G2) P  (mm/h): 12.1(G1);13.0(G2) Pmax (mm/h): 114.6(G1);128.0(G2) EI30 (t-m/ha): 16.5(G1);24.9(G2) 

10%
d 14.99 3.61 7.89 1.67 30.10 4.89 64.64 11.00 

50% 2.66 1.28 0.42 0.55 0.97 0.62 0.19 0.26 3.74 2.20 0.62 0.79 8.58 5.96 3.53 3.04 

60% 2.37 0.22 0.77 0.66 0.97 0.16 0.41 0.28 3.75 0.80 1.24 1.06 9.51 2.57 4.44 4.36 

70% 1.31 1.70 0.53 0.47 0.61 0.85 0.69 0.69 1.34 2.39 1.66 1.37 4.03 5.81 4.84 4.09 

(18) Date(s): 08-10/07/91 ΣP (mm): 130.9(G1);154.6(G2) P  (mm/h): 6.7(G1);6.3(G2) Pmax (mm/h): 71.4(G1);79.8(G2) EI30 (t-m/ha): 121.7(G1);94.3(G2) 

10% 41.63 13.4 3.02 0.85 17.94 5.88 58.27 22.80 

50% 8.90 6.94 3.92 3.20 0.61 0.52 0.19 0.28 2.84 1.79 1.22 1.92 27.43 8.57 3.42 3.54 

60% 6.62 3.68 0.75 3.37 0.47 0.18 0.06 0.25 2.36 0.91 0.67 0.87 8.86 6.30 2.88 4.29 

70% 3.66 5.46 0.95 0.25 0.25 0.34 0.08 0.03 1.25 1.72 0.72 0.38 4.83 5.81 2.38 1.66 

(19) Date(s): 15-16/07/91 ΣP (mm): 31.0(G1);36.5(G2) P  (mm/h): 32.6(G1);30.8(G2) Pmax (mm/h): 129.0(G1);144.1(G2) EI30 (t-m/ha): 53.5(G1);73.6(G2) 

10% 8.62 3.04 9.76 3.15 45.02 9.46 75.53 22.08 

50% 1.59 0.91 0.53 0.30 0.96 0.82 0.50 1.13 3.01 3.87 2.83 2.82 10.54 7.56 5.81 4.62 

60% 1.70 0.17 0.95 0.40 3.64 0.60 2.19 1.41 6.79 1.14 4.24 2.23 11.74 1.61 9.56 4.08 

70% 0.90 1.24 0.38 0.38 1.35 2.66 0.60 1.27 2.89 4.24 2.09 2.86 7.31 7.11 3.48 4.71 

(20) Date(s): 19-20/07/91 ΣP (mm): 39.1(G1);46.9(G2) P  (mm/h): 10.8(G1);12.4(G2) Pmax (mm/h): 71.4(G1);79.8(G2) EI30 (t-m/ha): 21.6(G1);31.3(G2) 

10% 7.16 2.80 2.24 0.74 16.17 3.80 42.47 14.33 

50% 1.03 0.57 0.13 0.11 0.40 0.25 0.04 0.07 1.89 2.05 0.56 1.41 4.89 5.21 1.34 1.51 

60% 1.21 0.22 0.33 0.13 0.44 0.11 0.12 0.10 1.93 0.53 1.95 0.87 5.39 3.06 2.19 1.63 

70% 0.76 1.09 0.31 0.15 0.25 0.35 0.10 0.05 1.24 1.74 1.47 0.39 4.17 5.81 2.38 1.66 

(21) Date(s): 02-05/08/91 ΣP (mm): 51.2(G1);61.5(G2) P  (mm/h): 9.1(G1);8.9(G2) Pmax (mm/h): 85.7(G1);95.8(G2) EI30 (t-m/ha): 27.9(G1);39.6(G2) 

10% 12.82 1.79  5.13 0.62  23.79 3.20  53.18 8.20  

50% 1.55 0.88 0.44 0.63 0.38 0.42 0.51 0.31 1.17 2.20 1.63 1.09 7.46 5.96 2.75 3.58 

60% 1.33 0.28 0.19 0.20 0.48 0.23 0.42 0.26 2.80 1.29 1.11 0.91 6.05 3.06 1.50 1.63 

70% 1.22 1.71 0.36 0.21 1.06 0.69 0.68 0.19 3.56 2.67 1.36 1.41 7.37 7.80 3.28 2.32 

(22) Date(s): 09-12/08/91 ΣP (mm): 36.5(G1);43.2(G2) P  (mm/h): 4.6(G1);5.1(G2) Pmax (mm/h): 85.7(G1);95.8(G2) EI30 (t-m/ha): 11.6(G1);16(G2) 

10% 14.08 2.25  3.64 0.36  25.77 2.07  72.89 8.20  

50% 1.91 0.97 0.30 0.26 0.33 0.28 0.10 0.37 1.28 1.35 0.74 0.82 4.89 3.69 2.12 2.27 

60% 1.86 0.26 0.41 0.27 0.39 0.11 0.13 0.15 2.88 1.27 1.35 1.10 8.86 2.57 2.88 3.15 

70% 1.95 1.17 0.34 0.23 0.43 0.26 0.43 0.24 2.74 1.60 1.29 0.98 8.65 4.43 3.06 2.99 

(23) Date(s): 30/08-02/09/91 ΣP (mm): 115.6(G1);137.2(G2) P  (mm/h): 20.1(G1);20.8(G2) Pmax (mm/h): 143.5(G1);176.4(G2) EI30 (t-m/ha): 96.9(G1);130.1(G2) 

10% 50.04 7.30 13.23 1.12 37.22 3.83 90.84 16.72 

50% 4.56 2.71 1.17 1.19 1.35 0.73 0.32 0.26 3.76 2.09 1.32 1.61 12.85 5.96 5.02 4.62 

60% 5.53 0.57 1.04 1.04 1.51 0.22 0.30 0.31 3.90 1.29 1.52 1.30 8.86 3.78 5.14 4.85 

70% 4.69 4.72 2.03 1.27 1.17 1.09 0.47 0.41 3.32 2.75 1.42 1.60 9.32 8.49 5.33 4.71 

(24) Date(s): 11-12/09/91 ΣP (mm): 33.2(G1);40.6(G2) P  (mm/h): 10.3(G1);14.8(G2) Pmax (mm/h): 71.4(G1);95.8(G2) EI30 (t-m/ha): 38(G1);59.1(G2) 

10% 0.54 0.29 0.34 0.23 0.91 0.78 1.92 1.72 

50% 0.58 0.68 0.48 0.33 0.74 0.60 0.35 0.41 2.20 1.34 1.49 0.96 4.13 2.20 4.32 1.51 

60% 1.00 0.14 0.47 0.35 1.07 0.26 0.34 0.33 2.50 0.57 1.49 1.44 5.39 1.14 2.19 2.39 

70% 0.92 0.93 0.52 0.34 0.64 0.74 1.25 0.73 1.77 2.62 2.05 1.52 4.17 5.12 5.52 2.32 
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Appendix Table 4.1 (continued) 

ΣQ (mm) Q  (mm/h) mQ  (mm/h) Qmax (mm/h) 

Slope T1 T2 T3 T4 T1 T2 T3 T4 T1 T2 T3 T4 T1 T2 T3 T4 

(25) Date(s): 03-04/10/91 ΣP (mm): 23.0(G1);28.4(G2) P  (mm/h): 15.5(G1);17.9(G2) Pmax (mm/h): 85.7(G1);95.8(G2) EI30 (t-m/ha): 9.4(G1);14.3(G2) 

10% 0.26 0.33 0.50 0.25 0.76 1.24 2.36 1.72 

50% 0.09 0.35 0.38 0.13 0.34 0.91 0.33 0.46 0.90 1.35 0.87 0.82 2.59 2.20 2.12 1.51 

60% 0.60 0.08 0.46 0.34 1.44 0.27 1.10 0.85 1.69 0.47 1.37 1.43 4.07 1.14 2.88 3.15 

70% 0.31 0.52 0.45 0.31 0.78 0.50 1.04 0.85 1.11 1.54 2.17 0.96 2.84 3.21 4.84 2.32 

(26) Date(s): 04-07/10/91 ΣP (mm): 35.3(G1);40.3(G2) P  (mm/h): 8.1(G1);12.4(G2) Pmax (mm/h): 129.0(G1);144.1(G2) EI30 (t-m/ha): 9(G1);12(G2) 

10% 1.01 0.42  0.89 0.40  5.45 1.48  12.98 3.97  

50% 0.11 0.70 0.24 0.12 3.30 0.44 0.16 0.12 2.59 0.58 0.24 0.89 3.61 2.96 1.17 3.86 

60% 0.57 0.09 0.26 0.16 0.58 0.17 0.32 0.44 1.98 1.03 0.33 0.66 6.21 1.52 2.35 2.55 

70% 0.22 0.55 0.16 0.18 0.17 0.32 1.92 3.60 0.76 0.94 1.55 1.90 2.84 4.43 2.12 2.00 

(27) Date(s): 08-09/10/91 ΣP (mm): 14.7(G1);18.0(G2) P  (mm/h): 18.8(G1);21.6(G2) Pmax (mm/h): 71.4(G1);79.8(G2) EI30 (t-m/ha): 9.5(G1);14.1(G2) 

10% 1.07 0.21  2.29 0.45  6.00 0.88  11.37 1.72  

50% 0.31 0.44 0.05 0.06 0.85 0.78 0.17 0.14 1.55 1.66 0.82 0.92 3.36 6.71 1.34 1.51 

60% 0.50 0.12 0.13 0.10 1.15 0.42 0.28 0.21 2.24 0.61 0.75 0.25 5.39 3.06 1.50 1.63 

70% 0.21 0.45 0.14 0.16 0.53 0.90 0.47 0.44 1.02 1.75 0.77 1.38 3.50 5.12 1.71 2.32 

(28) Date(s): 04-06/11/91 ΣP (mm): 275.5(G1);340.2(G2) P  (mm/h): 21.8(G1);25.8(G2) Pmax (mm/h): 157.9(G1);176.4(G2) EI30 (t-m/ha): 239.0(G1);239(G2) 

10% 122.71 65.19 11.06 5.29 48.66 27.28 121.40 62.78 

50% 14.92 13.48 16.21 9.58 1.75 1.14 1.45 0.99 5.17 4.29 8.81 3.70 14.89 22.22 29.89 15.24 

60% 18.35 2.43 6.74 2.72 1.73 0.34 0.65 0.26 6.06 1.67 2.52 1.99 41.96 4.33 8.17 4.85 

70% 17.20 49.92 7.27 4.99 1.62 4.46 0.70 0.49 5.11 37.54 2.53 2.12 22.59 106.54 7.37 5.38 

(29) Date(s): 12-18/11/91 ΣP (mm): 39.3(G1);48.4(G2) P  (mm/h): 3.1(G1);3.6(G2) Pmax (mm/h): 57.0(G1);79.8(G2) EI30 (t-m/ha): 1.7(G1);4.5(G2) 

10% 0.85 0.37 0.27 0.05 0.61 0.21 3.22 1.55 

50% 0.32 0.48 0.44 0.39 0.12 0.18 0.20 0.06 0.32 0.57 0.33 0.20 1.64 2.94 2.12 2.27 

60% 1.49 0.10 1.01 0.41 0.40 0.14 0.35 0.10 1.10 2.43 1.29 0.11 3.96 3.06 4.25 0.87 

70% 0.81 1.09 1.37 0.91 0.28 0.19 0.35 1.21 0.73 0.51 0.77 1.26 2.80 3.25 3.09 3.68 

(30) Date(s): 18-19/11/91 ΣP (mm): 19.7(G1);24.4(G2) P  (mm/h): 13.4(G1);15.1(G2) Pmax (mm/h): 71.4(G1);95.8(G2) EI30 (t-m/ha): 15.3(G1);23.5(G2) 

10% 2.47 1.16  4.23 2.90  13.09 3.81  21.57 7.22  

50% 0.37 1.04 0.38 0.29 1.39 1.95 0.99 0.58 2.33 3.50 2.46 2.44 3.36 5.21 3.53 3.86 

60% 0.60 0.31 0.30 0.25 0.80 0.23 0.78 0.12 2.67 1.47 1.53 0.82 5.39 3.06 5.14 1.63 

70% 0.48 0.70 0.39 0.45 1.15 2.21 0.63 1.00 2.21 3.39 1.49 2.93 3.50 5.12 4.16 6.05 

(31) Date(s): 22-25/11/91 ΣP (mm): 62.2(G1);74.1(G2) P  (mm/h): 5.2(G1);7.8(G2) Pmax (mm/h): 71.4(G1);79.8(G2) EI30 (t-m/ha): 11.8(G1);17.6(G2) 

10% 5.94 2.78  1.27 0.44  6.16 0.95  18.13 2.94  

50% 1.35 3.24 0.23 0.92 0.28 0.47 0.04 0.16 1.28 2.65 0.51 0.60 4.89 7.45 2.90 1.51 

60% 2.20 1.21 1.53 0.50 0.28 0.24 0.18 0.18 1.52 0.98 0.56 0.52 6.05 3.05 5.83 2.39 

70% 1.80 1.54 0.99 0.72 0.23 0.24 0.12 0.15 0.86 1.03 0.50 1.02 4.17 4.43 4.84 2.99 

(32) Date(s): 17-22/06/92 ΣP (mm): 173.7(G1);183.6(G2) P  (mm/h): 9.9(G1);10.0(G2) Pmax (mm/h): 129.0(G1);144.1(G2) EI30 (t-m/ha): 90.2(G1);101.5(G2) 

10% 27.23 6.65 2.60 0.55 14.57 1.73 44.65 12.48 

50% 2.94 3.27 1.49 0.63 0.28 0.22 0.10 0.08 2.65 1.87 0.72 0.77 6.70 11.30 4.32 1.71 

60% 10.40 5.26 4.98 2.76 0.82 0.49 0.49 0.45 2.40 1.34 1.28 0.85 15.70 6.65 8.59 2.25 

70% 2.55 2.04 0.98 0.45 0.37 0.16 0.12 0.30 2.57 1.19 0.93 0.80 9.32 5.12 4.84 1.66 
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Notes: a - Notations used 

EI30 - maximum value of EI30 for the duration of the recorded storm 


event(s) in t-m/ha; 


ΣP - total rainfall depth in mm; 


P  - arithmetical mean rainfall rate in mm/h; 


Pmax - maximum rainfall rate for the duration of the recorded storm 


event(s) in mm/h; 


ΣQ - total runoff depth in mm; 


Q  - arithmetical mean runoff rate in mm/h; 

Qm  - arithmetical mean runoff rate as defined by Ciesiolka et al (1995) in 

mm/h; and 

Qmax - maximum runoff rate for the duration of the recorded storm 

event(s) in mm/h. 

b - Duration of recorded storm event(s). 

G1 - recording-type rain gauge #1; and 


G2 - recording-type rain gauge #2. 


c - Both the "10%" slope runoff plots were subjected to treatment T2; and 

d - One of the "10%" slope runoff plots was subjected to treatment T1. 
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Appendix Table 4.2  Summary of collected data on Cover (%), N (m-1), c  (kg/m3) and M 

(tonne/ha) from ACIAR project at ViSCA, Baybay, Leyte, the Philippines for the period 1989

1992a. 

Cover (%) N (m -1) c  (kg/m3) M (tonne/ha) 

Slope T1 T2 T3 T4 T1 T2 T3 T4 T1 T2 T3 T4 T1 T2 T3 T4 

(1) Date(s):
 b

 09-11/10/89 

10%
c 65 84 0 0 1.66 1.35 0.02 0.02 

50% 3 75 59 82 0.67 0.33 0 0 218.86 6.11 0.63 0.74 4.16 0.09 0.01 0.01 

60% 3 64 57 84 0.33 0 0 0 11.53 7.86 0.65 0.65 0.25 0.15 0.01 0.01 

70% 4 33 52 84 0.66 0 0 0 308.68 16.69 1.14 0.28 7.28 0.27 0.01 0.00 

(2) Date(s): 08-09/01/90 

10% 58 71 0 0 0.71 0.91 0.03 0.02 

50% 7 77 59 69 0 0 0 0 9.47 3.87 0.06 0.05 0.39 0.20 0.00 0.00 

60% 10 75 74 80 0.50 0 0 0 229.96 3.00 0.12 0.08 25.94 0.14 0.00 0.00 

70% 7 57 64 76 0 0 0 0 12.39 15.71 0.05 0.23 0.48 0.44 0.00 0.00 

(3) Date(s): 11-14/06/90 

10% 20 24 0.42 0 4.08 6.00 0.16 0.06 

50% 8 65 34 40 0.17 0.66 0 0 17.66 83.04 0.02 0.03 0.13 1.11 0.00 0.00 

60% 10 69 51 50 0 0 0 0 5.51 14.49 0.01 0.05 0.13 0.11 0.00 0.00 

70% 6 44 47 43 0.66 0.83 0 0 182.5 64.7 0.01 0.01 1.49 1.20 0.00 0.00 

(4) Date(s): 20-21/06/90 

10% 28 40 0.28 0 7.62 1.20 0.86 0.02 

50% 4 70 51 68 0 0.66 0 0 11.40 129.30 0.48 0.26 0.19 3.88 0.01 0.00 

60% 4 78 48 60 0 0 0 0 3.85 19.94 1.06 0.50 0.13 0.23 0.02 0.01 

70% 5 39 63 57 0.17 0.66 0 0 51.62 30.11 2.43 0.58 1.26 0.82 0.04 0.01 

(5) Date(s): 27-28/06/90 

10% 39 58 0.21 0 26.73 1.06 2.51 0.02 

50% 5 70 54 74 0.50 0.83 0 0 252.08 196.19 36.73 0.01 5.16 8.02 0.35 0.00 

60% 4 79 61 81 0.33 0.50 0 0 69.49 175.10 0.05 0.03 1.19 1.94 0.00 0.00 

70% 8 44 63 77 0.33 0.83 0 0 509.14 228.86 0.02 0.01 10.01 4.07 0.00 0.00 

(6) Date(s): 20-23/07/90 

10% 28 31 0 0 23.22 3.12 6.12 0.21 

50% 3 26 29 45 0.33 1.00 1.00 0 41.92 63.15 98.46 0.01 1.07 6.91 9.75 0.00 

60% 4 29 18 57 0.17 1.00 0.67 0 35.74 170.87 204.47 0.02 1.01 9.54 4.06 0.00 

70% 5 13 26 57 0.17 1.33 0.33 0 158.61 199.98 129.24 0.03 2.85 14.31 1.65 0.00 

(7) Date(s): 13-14/09/90 

10% 6 10 0 0 8.69 1.92 0.67 0.16 

50% 4 7 8 10 0.33 0 0 0 206.24 16.50 1.20 0.05 12.62 0.94 0.02 0.00 

60% 2 9 8 9 1.17 0 0 0 70.59 58.85 0.05 0.02 5.56 1.71 0.00 0.00 

70% 3 3 7 8 1.33 1.33 0 0 273.32 258.12 3.60 0.18 12.82 20.75 0.06 0.00 

(8) Date(s): 04-05/10/90 

10% 9 10 0 0 38.94 2.37 5.54 0.13 

50% 6 7 6 9 0.67 0.83 0.50 0 266.91 126.01 42.97 0.06 17.95 15.60 2.21 0.00 

60% 2 7 7 10 1.00 0.83 0.33 0 319.99 181.76 10.61 0.04 19.76 15.41 0.19 0.00 

70% 3 5 8 9 1.33 1.33 0.17 0 527.87 199.33 55.15 10.10 34.62 25.02 1.01 0.14 
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Appendix Table 4.2 (continued) 

Cover (%) N (m -1) c  (kg/m3) M (tonne/ha) 

Slope T1 T2 T3 T4 T1 T2 T3 T4 T1 T2 T3 T4 T1 T2 T3 T4 

(9) Date(s): 05-06/10/90 

10% 10 11 0.35 0 27.14 5.88 1.30 0.13 

50% 6 8 8 11 1.33 0.66 0.50 0 306.38 89.53 69.31 0.37 7.74 3.97 1.66 0.00 

60% 3 10 8 12 1.00 0.66 0.33 0 251.32 145.83 99.04 0.13 5.36 5.11 1.06 0.00 

70% 4 6 11 13 1.16 1.16 0.50 0 571.08 141.39 122.44 27.01 15.97 7.17 1.33 0.12 

(10) Date(s): 06-07/10/90 

10% 10 11 0 0 53.25 15.57 5.69 0.62 

50% 6 8 8 11 1.16 1.00 1.16 0.50 354.98 165.72 168.08 151.89 23.55 18.74 13.47 2.70 

60% 3 10 8 12 1.51 1.33 0.50 0.50 466.38 229.31 139.52 154.12 20.76 20.10 5.96 2.16 

70% 4 6 11 13 1.66 1.50 1.33 1.49 487.02 209.31 332.55 292.54 29.40 25.64 20.58 10.39 

(11) Date(s): 07-08/10/90 

10% 10 11 0 0 49.68 17.80 5.82 0.96 

50% 6 10 12 1.16 1 1.16 171.76 81.70 104.44 8.46 7.54 7.07 

60% 4 14 10 16 1.51 1.33 0.5 0.5 196.49 98.35 73.65 88.87 7.06 6.94 3.44 1.43 

70% 5 6 12 15 1.66 1.5 1.33 1.49 218.42 107.88 146.58 134.52 11.65 12.28 8.14 4.94 

(12) Date(s): 11-17/10/90 

10% 11 12 0 0 

50% 6 14 13 19 0 0 0 13.91 1.14 0.89 0.08 0.04 0.00 

60% 5 19 12 30 0 0 0 0 317.82 1.29 17.62 3.61 0.03 0.08 

70% 5 8 22 19 0 0 0 0 23.97 11.39 0.13 0.37 

(13) Date(s): 12-14/11/90 

10% 14 20 0 0 8.16 4.73 5.75 2.12 

50% 6 36 30 56 0.83 0 0 0 57.51 8.71 7.52  25.08 6.59 2.33 

60% 5 25 33 69 0.84 0 0 0 61.68 13.12 10.82 3.14 26.63 6.57 2.88 0.34 

70% 10 13 49 62 1.33 0 0 0 88.62 8.93 13.90 7.45 51.26 6.80 2.16 1.92 

(14) Date(s): 15-19/11/90 

10% 24 22 0 0 7.96 4.11 0.34 0.08 

50% 8 19 33 52 0 0 0 0 60.60 4.01 3.00 0.20 

60% 5 23 31 50 0 0 0 0 65.04 7.27 3.74 0.29 

70% 10 15 42 62 0 0 0 0 58.69 5.29 3.64 0.38 

(15) Date(s): 25-26/02/91 

10% 15 50 0 0 38.61 9.24 1.39 0.07 

50% 3 55 53 72 0 0 0 0 9.19 7.18 0.05 0.06 0.07 0.05 0.00 0.00 

60% 2 78 59 76 0 0 0 0 5.47 4.56 0.06 0.11 0.04 0.00 

70% 3 37 78 68 0 0 0 0 7.39 3.47 0.29 0.06 0.11 0.06 0.00 0.00 

(16) Date(s): 12-13/03/91 

10% 15 50 0 0 42.29 11.09 19.52 5.27 

50% 3 55 53 72 0 0 0 0 11.64 8.70 0.12 0.04 0.57 0.32 0.00 0.00 

60% 2 78 59 76 0 0 0 0 9.38 16.17 0.04 0.03 0.69 0.32 0.00 0.00 

70% 3 37 78 68 0 0 0 0 13.29 6.70 0.04 0.09 0.81 0.37 0.00 0.00 
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Appendix Table 4.2 (continued) 

Cover (%) N (m -1) c  (kg/m3) M (tonne/ha) 

Slope T1 T2 T3 T4 T1 T2 T3 T4 T1 T2 T3 T4 T1 T2 T3 T4 

(17) Date(s): 28/06-01/07/91 

10%
d 6 50 0 0 53.04 8.53 8.24 0.31 

50% 4 35 38 43 0 0 28.75 21.92 0.01 0.10 0.78 0.28 0.00 0.00 

60% 3 41 40 39 0 0 0 0 90.67 76.93 0.10 0.02 2.28 0.18 0.00 0.00 

70% 3 18 30 44 0 0 0 0 31.89 25.95 0.21 0.09 0.43 0.45 0.00 0.00 

(18) Date(s): 08-10/07/91 

10% 6 50 0.21 0 22.61 2.67 9.55 0.36 

50% 4 35 38 43 0.50 0 0 0 10.99 6.34 0.06 0.11 0.99 0.44 0.00 0.00 

60% 3 41 40 39 0.67 0 0 0 17.98 5.23 0.03 0.04 1.20 0.19 0.00 0.00 

70% 3 18 38 44 0.17 0 0 0 26.15 12.05 0.09 0.09 0.97 0.66 0.00 0.00 

(19) Date(s): 15-16/07/91 

10% 6 50 0.21 0 85.20 8.20 7.78 0.25 

50% 4 35 38 43 1.16 0 0.33 0.17 45.10 24.49 10.71 0.05 0.74 0.23 0.06 0.00 

60% 3 41 40 39 1.34 0 0 0 87.35 69.78 0.08 0.09 1.58 0.12 0.00 0.00 

70% 3 18 38 44 0.83 0.17 0 0 76.71 78.18 0.15 0.14 0.73 1.02 0.00 0.00 

(20) Date(s): 19-20/07/91 

10% 6 50 0.21 0 49.51 4.01 3.66 0.11 

50% 4 35 38 43 0.50 0 0 0 22.13 14.79 0.18 0.11 0.23 0.09 0.00 0.00 

60% 3 41 40 39 0 0 0 0 9.82 21.16 0.07 0.08 0.12 0.05 0.00 0.00 

70% 3 18 38 44 0.33 0 0 0 41.07 13.06 0.24 0.10 0.32 0.14 0.00 0.00 

(21) Date(s): 02-05/08/91 

10% 6 50 0.42 0 52.67 4.90 6.99 0.09 

50% 4 35 38 43 0 0 0 0 151.29 22.37 0.08 0.08 2.60 0.20 0.00 0.00 

60% 3 41 40 39 1.00 0 0 0 49.98 41.59 0.13 0.07 0.69 0.12 0.00 0.00 

70% 3 18 38 44 1.66 0 0 0 474.57 23.10 0.18 0.14 8.40 0.40 0.00 0.00 

(22) Date(s): 09-12/08/91 

10% 5 77 0 0 61.89 4.81 9.08 0.11 

50% 4 12 22 84 0 0 0 0 371.76 22.33 0.01 0.04 9.39 0.22 0.00 0.00 

60% 2 16 72 82 0 0 0 0 277.81 48.17 0.03 0.01 6.32 0.13 0.00 0.00 

70% 4 9 74 75 0 0 0 0 487.12 31.74 0.13 0.05 13.95 0.38 0.00 0.00 

(23) Date(s): 30/08-02/09/91 

10% 5 77 0 0 63.23 4.70 33.01 0.34 

50% 4 12 22 84 1.16 0 0 0 221.82 15.50 0.06 0.05 11.84 0.42 0.00 0.00 

60% 2 16 72 82 1.00 0 0 0 138.05 45.34 0.09 0.07 8.39 0.27 0.00 0.00 

70% 4 9 74 75 1.00 0.17 0 0 150.05 43.29 0.12 0.09 7.81 2.10 0.00 0.00 

(24) Date(s): 11-12/09/91 

10% 21.89 2.59 0.12 0.01 

50% 4 15 25 86 0 0 0 0 35.90 29.01 0.38 0.16 0.21 0.20 0.00 0.00 

60% 2 20 74 82 0 0 0 0 18.72 129.90 0.05 0.19 0.20 0.00 0.00 

70% 5 10 74 76 0 0 0 0 36.79 30.48 0.04 0.09 0.35 0.29 0.00 0.00 
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Appendix Table 4.2 (continued) 

Cover (%) N (m -1) c  (kg/m3) M (tonne/ha) 

Slope T1 T2 T3 T4 T1 T2 T3 T4 T1 T2 T3 T4 T1 T2 T3 T4 

(25) Date(s): 03-04/10/91 

10% 5 28 0 0 12.30 2.18 0.03 0.01 

50% 2 7 15 20 1.00 0 0 0 55.38 18.09 0.28 0.09 0.05 0.06 0.00 0.00 

60% 2 11 16 18 1.17 0 0 0 11.67 51.11 0.05 0.04 0.07 0.04 0.00 0.00 

70% 5 4 15 13 1.66 0 0 0 120.21 58.28 0.21 0.18 0.40 0.32 0.00 0.00 

(26) Date(s): 04-07/10/91 

10% 5 28 0 0 11.97 5.52 0.12 0.02 

50% 2 7 15 20 0 0 0 0 227.02 26.00 0.05 0.08 0.29 0.19 0.00 0.00 

60% 2 11 16 18 0 0 0 0 13.57 117.75 0.05 0.05 0.08 0.11 0.00 0.00 

70% 5 4 15 13 0 0 0 0 206.86 38.22 0.11 0.19 0.53 0.22 0.00 0.00 

(27) Date(s): 08-09/10/91 

10% 5 28 0 11.94 11.67 0.13 0.02 

50% 2 7 15 20 0 0 0 0 48.55 19.20 0.03 0.04 0.16 0.09 0.00 0.00 

60% 2 11 16 18 0 0 0 0 18.72 69.75 0.06 0.04 0.09 0.09 0.00 0.00 

70% 5 4 15 13 0 0 0 0 136.11 35.98 0.22 0.14 0.31 0.17 0.00 0.00 

(28) Date(s): 04-06/11/91 

10% 17 44 0 0 42.64 5.53 53.83 3.62 

50% 4 19 30 45 0.67 0.66 0.83 0.33 146.51 94.87 63.36 8.80 24.18 13.64 10.72 0.85 

60% 3 20 28 47 0.84 0.33 0.33 0 167.73 56.38 53.97 1.61 34.58 1.42 3.77 0.04 

70% 8 5 20 34 1.00 1.33 0 0.50 179.02 75.69 7.88 48.06 34.89 39.76 0.58 2.48 

(29) Date(s): 12-18/11/91 

10% 6 34 0 0 19.37 8.72 0.17 0.03 

50% 2 22 36 53 0 0 0 0 33.99 17.03 0.11 0.11 0.11 0.08 0.00 0.00 

60% 2 21 23 50 0 0 0 0 4.76 88.13 0.11 0.10 0.07 0.09 0.00 0.00 

70% 3 5 26 37 0 0 0 0 15.75 14.16 0.49 0.10 0.13 0.16 0.01 0.00 

(30) Date(s): 18-19/11/91 

10% 6 34 0 0 38.61 5.64 0.98 0.07 

50% 2 22 36 53 0 0 0 0 32.94 73.19 23.84 0.23 0.12 0.80 0.09 0.00 

60% 2 21 23 50 0 0 0 0 13.88 35.28 0.46 0.15 0.08 0.11 0.00 0.00 

70% 3 5 26 37 0 0 0 0 33.57 57.71 0.59 80.36 0.16 0.42 0.00 0.38 

(31) Date(s): 22-25/11/91 

10% 6 41 0 0 20.92 2.00 1.26 0.06 

50% 3 34 45 55 0 0 0 0 10.34 30.80 0.08 2.20 0.14 1.02 0.00 0.02 

60% 2 29 31 58 0 0 0 0 6.93 23.71 0.13 0.22 0.15 0.29 0.00 0.00 

70% 3 17 31 43 0 0 0 0 16.72 11.82 0.05 0.11 0.30 0.18 0.00 0.00 

(32) Date(s): 17-22/06/92 

10% 5 46 0 0 33.92 2.11 9.45 0.14 

50% 4 2 18 15 1.83 0.83 0 0.33 427.40 327.38 22.33 42.08 17.46 13.63 0.34 0.27 

60% 2 9 47 42 1.51 0.33 0 0 54.47 104.28 0.10 0.04 5.67 5.89 0.00 0.00 

70% 2 2 25 40 1.33 1.5 0 0 510.66 348.74 0.08 0.10 19.57 9.22 0.00 0.00 
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Notes: a - Notations used 

c  - average sediment concentration in kg/m3; 


Cover - surface contact cover in %; 


M - total soil loss in tonne/ha; and 


N - number of rill(s) per meter width of runoff plot in m-1. 


b - Duration of recorded storm event(s).


c - Both the "10%" slope runoff plots were subjected to treatment T2; and 


d - One of the "10%" slope runoff plots was subjected to treatment T1.




Appendix - 14 
Appendix Table 4.1a  Summary of collected data on rainfall (P) and runoff (Q) for 10% slope 

runoff plots from ACIAR project at ViSCA, Baybay, Leyte, the Philippines for the period 1989

1992a (Note: Runoff Plots i and j were planted to corn in across the slope orientation). 

ΣQ (mm) Q  (mm/h) 
mQ  (mm/h) Qmax (mm/h) 

Slope Runoff Plot i Runoff Plot j Runoff Plot i Runoff Plot j Runoff Plot i Runoff Plot j Runoff Plot i Runoff Plot j 

(1) Date(s):
 b 

09-11/10/89 ΣP (mm): 121.8(G1);115.4(G2) P  (mm/h): 7.5(G1);7.3(G2) Pmax (mm/h): 64.1(G1);85.7(G2) EI30 (t-m/ha): 94.6(G1);82.2(G2) 

10% 1.36 1.82 0.10 0.15 1.07 0.85 2.90 2.86 

(2) Date(s): 08-09/01/90 ΣP (mm): 154.2(G1);144.3(G2) P  (mm/h): 7.7(G1);6.9(G2) Pmax (mm/h): 129.2(G1);107.4(G2) EI30 (t-m/ha): 74.0(G1);98.2(G2) 

10% 4.23 2.61 0.25 0.13 2.22 0.73 10.50 5.10 

Notes: a - Notations used 

EI30 - maximum value of EI30 for the duration of the recorded storm 


event(s) in t-m/ha; 


ΣP - total rainfall depth in mm; 


P  - arithmetical mean rainfall rate in mm/h; 


Pmax - maximum rainfall rate for the duration of the recorded storm 


event(s) in mm/h; 


ΣQ - total runoff depth in mm; 


Q  - arithmetical mean runoff rate in mm/h; 


Qm  - arithmetical mean runoff rate as defined by Ciesiolka et al (1995) in


mm/h; and 


Qmax - maximum runoff rate for the duration of the recorded storm 


event(s) in mm/h. 


b - Duration of recorded storm event(s). 

G1 - recording-type rain gauge #1; and 


G2 - recording-type rain gauge #2. 




Appendix - 15 
Appendix Table 4.2a  Summary of collected data on Cover (%), N (m-1), c  (kg/m3) and M 

(tonne/ha) for 10% slope runoff plots from ACIAR project at ViSCA, Baybay, Leyte, the 

Philippines for the period 1989-1992a (Note: Runoff Plots i and j were planted to corn in across 

the slope orientation). 

Cover (%) N (m -1) c  (kg/m3) M (tonne/ha) 

Slope Runoff Plot i Runoff Plot j Runoff Plot i Runoff Plot j Runoff Plot i Runoff Plot j Runoff Plot i Runoff Plot j 

(1) Date(s):
 b

 09-11/10/89 

10% 65 84 0 0 1.66 1.35 0.02 0.02 

(2) Date(s): 08-09/01/90 

10% 58 71 0 0 0.71 0.91 0.03 0.02 

Notes: a - Notations used 

c  - average sediment concentration in kg/m3; 


Cover - surface contact cover in %; 


M - total soil loss in tonne/ha; and 


N - number of rill(s) per meter width of runoff plot in m-1. 


b - Duration of recorded storm event(s). 
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Appendix Table 4.1b  Summary of collected data on rainfall (P) and runoff (Q) for 10% slope 

runoff plots from ACIAR project at ViSCA, Baybay, Leyte, the Philippines for the period 1989

1992a (Notes: Runoff Plot i – planted to peanut (Arachis hypogaea) in across the slope 

orientation; Runoff Plot j - planted to corn (Zea mays) in across the slope orientation). 

ΣQ (mm) Q  (mm/h) 
mQ  (mm/h) Qmax (mm/h) 

Slope Runoff Plot i Runoff Plot j Runoff Plot i Runoff Plot j Runoff Plot i Runoff Plot j Runoff Plot i Runoff Plot j 

(3) Date(s):
 b

 11-14/06/90 ΣP (mm): 89.9(G1);101.3(G2) P  (mm/h): 5.2(G1);5.3(G2) Pmax (mm/h): 71.4(G1);79.8(G2) EI30 (t-m/ha): 34.0(G1);42.1(G2) 

10% 3.80 0.97 0.36 0.08 3.10 0.27 18.57 2.21 

(4) Date(s): 20-21/06/90 ΣP (mm): 50.6(G1);50.6(G2) P  (mm/h): 9.2(G1);8.1(G2) Pmax (mm/h): 95.8(G1);95.8(G2) EI30 (t-m/ha): 42.1(G1);38.3(G2) 

10% 11.25 2.06 2.17 0.34 11.63 2.11 51.83 7.22 

(5) Date(s): 27-28/06/90 ΣP (mm): 32.1(G1);33.4(G2) P  (mm/h): 10.0(G1);10.6(G2) Pmax (mm/h): 114.6(G1);128.0(G2) EI30 (t-m/ha): 29.0(G1);30.9(G2) 

10% 9.23 2.12 2.08 0.45 17.58 2.02 56.52 7.71 

(6) Date(s): 20-23/07/90 ΣP (mm): 69.7(G1);72.5(G2) P  (mm/h): 15.7(G1);15.8(G2) Pmax (mm/h): 157.9(G1);160.3(G2) EI30 (t-m/ha): 113.9(G1);121.4(G2) 

10% 25.97 6.85 3.61 0.80 50.99 9.82 90.40 22.08 

Notes: a - Notations used 

EI30 - maximum value of EI30 for the duration of the recorded storm 


event(s) in t-m/ha; 


ΣP - total rainfall depth in mm; 


P  - arithmetical mean rainfall rate in mm/h; 


Pmax - maximum rainfall rate for the duration of the recorded storm 


event(s) in mm/h; 


ΣQ - total runoff depth in mm; 


Q  - arithmetical mean runoff rate in mm/h; 


Qm  - arithmetical mean runoff rate as defined by Ciesiolka et al (1995) in


mm/h; and 


Qmax - maximum runoff rate for the duration of the recorded storm 


event(s) in mm/h. 


b - Duration of recorded storm event(s). 

G1 - recording-type rain gauge #1; and 


G2 - recording-type rain gauge #2. 
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Appendix Table 4.2b  Summary of collected data on Cover (%), N (m-1), c  (kg/m3) and M 

(tonne/ha) for 10% slope runoff plots from ACIAR project at ViSCA, Baybay, Leyte, the 

Philippines for the period 1989-1992a (Notes: Runoff Plot i – planted to peanut (Arachis 

hypogaea) in across the slope orientation; Runoff Plot j - planted to corn (Zea mays) in 

across the slope orientation). 

Cover (%) N (m -1) c  (kg/m3) M (tonne/ha) 

Slope Runoff Plot i Runoff Plot j Runoff Plot i Runoff Plot j Runoff Plot i Runoff Plot j Runoff Plot i Runoff Plot j 

(3) Date(s):
 b

 11-14/06/90 

10% 20 24 0.42 0 4.08 6.00 0.16 0.06 

(4) Date(s): 20-21/06/90 

10% 28 40 0.28 0 7.62 1.20 0.86 0.02 

(5) Date(s): 27-28/06/90 

10% 39 58 0.21 0 26.73 1.06 2.51 0.02 

(6) Date(s): 20-23/07/90 

10% 28 31 0 0 23.22 3.12 6.12 0.21 

Notes: a - Notations used 

c  - average sediment concentration in kg/m3; 


Cover - surface contact cover in %; 


M - total soil loss in tonne/ha; and 


N - number of rill(s) per meter width of runoff plot in m-1. 


b - Duration of recorded storm event(s). 
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Appendix Table 4.1c  Summary of collected data on rainfall (P) and runoff (Q) for 10% slope 

runoff plots from ACIAR project at ViSCA, Baybay, Leyte, the Philippines for the period 1989

1992a (Notes: Runoff Plot i – planted to corn (Zea mays) in up and down the slope orientation; 

Runoff Plot j - planted to corn in across the slope orientation). 

ΣQ (mm) Q  (mm/h) 
mQ  (mm/h) Qmax (mm/h) 

Slope Runoff Plot i Runoff Plot j Runoff Plot i Runoff Plot j Runoff Plot i Runoff Plot j Runoff Plot i Runoff Plot j 

(7) Date(s):
 b

 13-14/09/90 ΣP (mm): 119.2(G1);131.1(G2) P  (mm/h): 21.1(G1);29.0(G2) Pmax (mm/h): 143.5(G1);144.1(G2) EI30 (t-m/ha): 172.3(G1);218.6(G2) 

10% 7.71 8.34 1.67 2.00 5.08 4.49 18.57 11.00 

(8) Date(s): 04-05/10/90 ΣP (mm): 63.3(G1);70.0(G2) P  (mm/h): 10.6(G1);12.1(G2) Pmax (mm/h): 71.4(G1);79.8(G2) EI30 (t-m/ha): 41.9(G1);51.7(G2) 

10% 13.86 5.35 1.71 0.80 12.43 2.95 39.27 14.33 

(9) Date(s): 05-06/10/90 ΣP (mm): 14.7(G1);16.4(G2) P  (mm/h): 28.5(G1);32.9(G2) Pmax (mm/h): 71.4(G1);79.8(G2) EI30 (t-m/ha): 688.8(G1);744.3(G2) 

10% 4.69 2.12 7.61 1.74 15.7 4.78 35.66 11.98 

(10) Date(s): 06-07/10/90 ΣP (mm): 27.9(G1);29.8(G2) P  (mm/h): 54(G1);54.2(G2) Pmax (mm/h): 143.5(G1);144.1(G2) EI30 (t-m/ha): 46.0(G1);52.5(G2) 

10% 10.32 3.94 2.42 1.33 50.7 18.77 75.09 32.61 

(11) Date(s): 07-08/10/90 ΣP (mm): 40.9(G1);43.0(G2) P  (mm/h): 14.3(G1);13.7(G2) Pmax (mm/h): 114.6(G1);128.0(G2) EI30 (t-m/ha): 57.5(G1);63.5(G2) 

10% 11.33 5.35 1.70 2.49 42.03 15.91 75.97 43.96 

(12) Date(s): 11-17/10/90 ΣP (mm): 39.3(G1);43.7(G2) P  (mm/h): 5.3(G1);6.3(G2) Pmax (mm/h): 42.7(G1);63.7(G2) EI30 (t-m/ha): 3.9(G1);4.9(G2) 

10% 0.34 0.40 0.16 0.16 1.12 0.36 2.79 0.70 

(13) Date(s): 12-14/11/90 ΣP (mm): 160.1(G1);144.2(G2) P  (mm/h): 7.0(G1);5.8(G2) Pmax (mm/h): 42.7(G1);63.7(G2) EI30 (t-m/ha): 93.4(G1);97(G2) 

10% 70.00 44.60 3.37 1.89 10.62 6.77 36.09 24.53 

(14) Date(s): 15-19/11/90 ΣP (mm): 47.4(G1);55.3(G2) P  (mm/h): 4.5(G1);5.2(G2) Pmax (mm/h): 71.4(G1);79.8(G2) EI30 (t-m/ha): 30.2(G1);41.6(G2) 

10% 4.27 1.98 1.10 0.40 6.21 2.90 18.13 8.20 

Notes: a - Notations used 

EI30 - maximum value of EI30 for the duration of the recorded storm 


event(s) in t-m/ha; 


ΣP - total rainfall depth in mm; 


P  - arithmetical mean rainfall rate in mm/h; 


Pmax - maximum rainfall rate for the duration of the recorded storm 


event(s) in mm/h; 


ΣQ - total runoff depth in mm; 


Q  - arithmetical mean runoff rate in mm/h; 


Qm  - arithmetical mean runoff rate as defined by Ciesiolka et al (1995) in


mm/h; and 


Qmax - maximum runoff rate for the duration of the recorded storm 


event(s) in mm/h. 


b - Duration of recorded storm event(s). 

G1 - recording-type rain gauge #1; and 


G2 - recording-type rain gauge #2. 
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Appendix Table 4.2c  Summary of collected data on Cover (%), N (m-1), c  (kg/m3) and M 

(tonne/ha) for 10% slope runoff plots from ACIAR project at ViSCA, Baybay, Leyte, the 

Philippines for the period 1989-1992a (Notes: Runoff Plot i – planted to corn (Zea mays) in 

up and down the slope orientation; Runoff Plot j - planted to corn in across the slope 

orientation). 

Cover (%) N (m -1) c  (kg/m3) M (tonne/ha) 

Slope Runoff Plot i Runoff Plot j Runoff Plot i Runoff Plot j Runoff Plot i Runoff Plot j Runoff Plot i Runoff Plot j 

(7) Date(s):
 b

 13-14/09/90 

10% 6 10 0 0 8.69 1.92 0.67 0.16 

(8) Date(s): 04-05/10/90 

10% 9 10 0 0 38.94 2.37 5.54 0.13 

(9) Date(s): 05-06/10/90 

10% 10 11 0.35 0 27.14 5.88 1.30 0.13 

(10) Date(s): 06-07/10/90 

10% 10 11 0 0 53.25 15.57 5.69 0.62 

(11) Date(s): 07-08/10/90 

10% 10 11 0 0 49.68 17.80 5.82 0.96 

(12) Date(s): 11-17/10/90 

10% 11 12 0 0 

(13) Date(s): 12-14/11/90 

10% 14 20 0 0 8.16 4.73 5.75 2.12 

(14) Date(s): 15-19/11/90 

10% 24 22 0 0 7.96 4.11 0.34 0.08 

Notes: a - Notations used 

c  - average sediment concentration in kg/m3; 


Cover - surface contact cover in %; 


M - total soil loss in tonne/ha; and 


N - number of rill(s) per meter width of runoff plot in m-1. 


b - Duration of recorded storm event(s). 
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Appendix Table 4.1d  Summary of collected data on rainfall (P) and runoff (Q) for the 10% 

slope runoff plots from ACIAR project at ViSCA, Baybay, Leyte, the Philippines for the 

period 1989-1992a (Notes: Runoff Plots i and j – planted to upland rice (Oryza sativa) in 

across the slope orientation). 

ΣQ (mm) Q  (mm/h) 
mQ  (mm/h) Qmax (mm/h) 

Slope Runoff Plot i Runoff Plot j Runoff Plot i Runoff Plot j Runoff Plot i Runoff Plot j Runoff Plot i Runoff Plot j 

(15) Date(s):
 b

 25-26/02/91 ΣP (mm): 43.7(G1);53.7(G2) P  (mm/h): 2.0(G1);2.8(G2) Pmax (mm/h): 42.7(G1);47.7(G2) EI30 (t-m/ha): 1.8(G1);4.2(G2) 

10% 3.51 0.72 0.17 0.06 2.15 0.34 9.50 0.97 

(16) Date(s): 12-13/03/91 ΣP (mm): 191.7(G1);213.8(G2) P  (mm/h): 10.0(G1);10.9(G2) Pmax (mm/h): 100.1(G1);111.9(G2) EI30 (t-m/ha): 239(G1);239(G2) 

10% 44.9 47.20 2.77 2.78 18.27 24.40 57.40 67.14 

Notes: a - Notations used 

EI30 - maximum value of EI30 for the duration of the recorded storm 


event(s) in t-m/ha; 


ΣP - total rainfall depth in mm; 


P  - arithmetical mean rainfall rate in mm/h; 


Pmax - maximum rainfall rate for the duration of the recorded storm 


event(s) in mm/h; 


ΣQ - total runoff depth in mm; 


Q  - arithmetical mean runoff rate in mm/h; 


Qm  - arithmetical mean runoff rate as defined by Ciesiolka et al (1995) in


mm/h; and 


Qmax - maximum runoff rate for the duration of the recorded storm 


event(s) in mm/h. 


b - Duration of recorded storm event(s). 

G1 - recording-type rain gauge #1; and 


G2 - recording-type rain gauge #2. 




Appendix - 21 
Appendix Table 4.2d  Summary of collected data on Cover (%), N (m-1), c  (kg/m3) and M 

(tonne/ha) for the 10% slope runoff plots from ACIAR project at ViSCA, Baybay, Leyte, the 

Philippines for the period 1989-1992a (Notes: Runoff Plots i and j – planted to upland rice 

(Oryza sativa) in across the slope orientation). 

Cover (%) N (m -1) c  (kg/m3) M (tonne/ha) 

Slope Runoff Plot i Runoff Plot j Runoff Plot i Runoff Plot j Runoff Plot i Runoff Plot j Runoff Plot i Runoff Plot j 

(15) Date(s):
 b

 25-26/02/91 

10% 15 50 0 0 38.61 9.24 1.39 0.07 

(16) Date(s): 12-13/03/91 

10% 15 50 0 0 42.29 11.09 19.52 5.27 

Notes: a - Notations used 

c  - average sediment concentration in kg/m3; 


Cover - surface contact cover in %; 


M - total soil loss in tonne/ha; and 


N - number of rill(s) per meter width of runoff plot in m-1. 


b - Duration of recorded storm event(s). 
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Appendix Table 4.1e  Summary of collected data on rainfall (P) and runoff (Q) for the 10% 

slope runoff plots from ACIAR project at ViSCA, Baybay, Leyte, the Philippines for the 

period 1989-1992a (Notes: Runoff Plot i – bare; Runoff Plot j – planted to corn (Zea mays) in 

across the slope orientation). 

ΣQ (mm) Q  (mm/h) 
mQ  (mm/h) Qmax (mm/h) 

Slope Runoff Plot i Runoff Plot j Runoff Plot i Runoff Plot j Runoff Plot i Runoff Plot j Runoff Plot i Runoff Plot j 

(17) Date(s):
 b

 28/06-01/07/91 ΣP (mm): 50.8(G1);63.7(G2) P  (mm/h): 12.1(G1);13.0(G2) Pmax (mm/h): 114.6(G1);128.0(G2) EI30 (t-m/ha): 16.5(G1);24.9(G2) 

10% 14.99 3.61 7.89 1.67 30.10 4.89 64.64 11.00 

(18) Date(s): 08-10/07/91 ΣP (mm): 130.9(G1);154.6(G2) P  (mm/h): 6.7(G1);6.3(G2) Pmax (mm/h): 71.4(G1);79.8(G2) EI30 (t-m/ha): 121.7(G1);94.3(G2) 

10% 41.63 13.4 3.02 0.85 17.94 5.88 58.27 22.80 

(19) Date(s): 15-16/07/91 ΣP (mm): 31.0(G1);36.5(G2) P  (mm/h): 32.6(G1);30.8(G2) Pmax (mm/h): 129.0(G1);144.1(G2) EI30 (t-m/ha): 53.5(G1);73.6(G2) 

10% 8.62 3.04 9.76 3.15 45.02 9.46 75.53 22.08 

(20) Date(s): 19-20/07/91 ΣP (mm): 39.1(G1);46.9(G2) P  (mm/h): 10.8(G1);12.4(G2) Pmax (mm/h): 71.4(G1);79.8(G2) EI30 (t-m/ha): 21.6(G1);31.3(G2) 

10% 7.16 2.80 2.24 0.74 16.17 3.80 42.47 14.33 

(21) Date(s): 02-05/08/91 ΣP (mm): 51.2(G1);61.5(G2) P  (mm/h): 9.1(G1);8.9(G2) Pmax (mm/h): 85.7(G1);95.8(G2) EI30 (t-m/ha): 27.9(G1);39.6(G2) 

10% 12.82 1.79 5.13 0.62 23.79 3.20 53.18 8.20 

(22) Date(s): 09-12/08/91 ΣP (mm): 36.5(G1);43.2(G2) P  (mm/h): 4.6(G1);5.1(G2) Pmax (mm/h): 85.7(G1);95.8(G2) EI30 (t-m/ha): 11.6(G1);16(G2) 

10% 14.08 2.25 3.64 0.36 25.77 2.07 72.89 8.20 

(24) Date(s): 11-12/09/91 ΣP (mm): 33.2(G1);40.6(G2) P  (mm/h): 10.3(G1);14.8(G2) Pmax (mm/h): 71.4(G1);95.8(G2) EI30 (t-m/ha): 38(G1);59.1(G2) 

10% 0.54 0.29 0.34 0.23 0.91 0.78 1.92 1.72 

(25) Date(s): 03-04/10/91 ΣP (mm): 23.0(G1);28.4(G2) P  (mm/h): 15.5(G1);17.9(G2) Pmax (mm/h): 85.7(G1);95.8(G2) EI30 (t-m/ha): 9.4(G1);14.3(G2) 

10% 0.26 0.33 0.50 0.25 0.76 1.24 2.36 1.72 

(26) Date(s): 04-07/10/91 ΣP (mm): 35.3(G1);40.3(G2) P  (mm/h): 8.1(G1);12.4(G2) Pmax (mm/h): 129.0(G1);144.1(G2) EI30 (t-m/ha): 9(G1);12(G2) 

10% 1.01 0.42 0.89 0.40 5.45 1.48 12.98 3.97 

(27) Date(s): 08-09/10/91 ΣP (mm): 14.7(G1);18.0(G2) P  (mm/h): 18.8(G1);21.6(G2) Pmax (mm/h): 71.4(G1);79.8(G2) EI30 (t-m/ha): 9.5(G1);14.1(G2) 

10% 1.07 0.21 2.29 0.45 6.00 0.88 11.37 1.72 

(28) Date(s): 04-06/11/91 ΣP (mm): 275.5(G1);340.2(G2) P  (mm/h): 21.8(G1);25.8(G2) Pmax (mm/h): 157.9(G1);176.4(G2) EI30 (t-m/ha): 239.0(G1);239(G2) 

10% 122.71 65.19 11.06 5.29 48.66 27.28 121.40 62.78 

(29) Date(s): 12-18/11/91 ΣP (mm): 39.3(G1);48.4(G2) P  (mm/h): 3.1(G1);3.6(G2) Pmax (mm/h): 57.0(G1);79.8(G2) EI30 (t-m/ha): 1.7(G1);4.5(G2) 

10% 0.85 0.37 0.27 0.05 0.61 0.21 3.22 1.55 

(30) Date(s): 18-19/11/91 ΣP (mm): 19.7(G1);24.4(G2) P  (mm/h): 13.4(G1);15.1(G2) Pmax (mm/h): 71.4(G1);95.8(G2) EI30 (t-m/ha): 15.3(G1);23.5(G2) 

10% 2.47 1.16 4.23 2.90 13.09 3.81 21.57 7.22 

(31) Date(s): 22-25/11/91 ΣP (mm): 62.2(G1);74.1(G2) P  (mm/h): 5.2(G1);7.8(G2) Pmax (mm/h): 71.4(G1);79.8(G2) EI30 (t-m/ha): 11.8(G1);17.6(G2) 

10% 5.94 2.78 1.27 0.44 6.16 0.95 18.13 2.94 
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Notes: a - Notations used 

EI30 - maximum value of EI30 for the duration of the recorded storm 


event(s) in t-m/ha; 


ΣP - total rainfall depth in mm; 


P  - arithmetical mean rainfall rate in mm/h; 


Pmax - maximum rainfall rate for the duration of the recorded storm 


event(s) in mm/h; 


ΣQ - total runoff depth in mm; 


Q  - arithmetical mean runoff rate in mm/h; 


Qm  - arithmetical mean runoff rate as defined by Ciesiolka et al (1995) in


mm/h; and 


Qmax - maximum runoff rate for the duration of the recorded storm 


event(s) in mm/h. 


b - Duration of recorded storm event(s). 

G1 - recording-type rain gauge #1; and 


G2 - recording-type rain gauge #2. 
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Appendix Table 4.2e  Summary of collected data on Cover (%), N (m-1), c  (kg/m3) and M 

(tonne/ha) for 10% slope runoff plots from ACIAR project at ViSCA, Baybay, Leyte, the 

Philippines for the period 1989-1992a (Notes: Runoff Plot i – bare; Runoff Plot j – planted to 

corn (Zea mays) in across the slope orientation). 

Cover (%) N (m -1) c  (kg/m3) M (tonne/ha) 

Slope Runoff Plot i Runoff Plot j Runoff Plot i Runoff Plot j Runoff Plot i Runoff Plot j Runoff Plot i Runoff Plot j 

(17) Date(s):
 b

 28/06-01/07/91 

10% 6 50 0 0 53.04 8.53 8.24 0.31 

(18) Date(s): 08-10/07/91 

10% 6 50 0.21 0 22.61 2.67 9.55 0.36 

(19) Date(s): 15-16/07/91 

10% 6 50 0.21 0 85.20 8.20 7.78 0.25 

(20) Date(s): 19-20/07/91 

10% 6 50 0.21 0 49.51 4.01 3.66 0.11 

(21) Date(s): 02-05/08/91 

10% 6 50 0.42 0 52.67 4.90 6.99 0.09 

(22) Date(s): 09-12/08/91 

10% 5 77 0 0 61.89 4.81 9.08 0.11 

(24) Date(s): 11-12/09/91 

10% 21.89 2.59 0.12 0.01 

(25) Date(s): 03-04/10/91 

10% 5 28 0 0 12.30 2.18 0.03 0.01 

(26) Date(s): 04-07/10/91 

10% 5 28 0 0 11.97 5.52 0.12 0.02 

(27) Date(s): 08-09/10/91 

10% 5 28 0 11.94 11.67 0.13 0.02 

(28) Date(s): 04-06/11/91 

10% 17 44 0 0 42.64 5.53 53.83 3.62 

(29) Date(s): 12-18/11/91 

10% 6 34 0 0 19.37 8.72 0.17 0.03 

(30) Date(s): 18-19/11/91 

10% 6 34 0 0 38.61 5.64 0.98 0.07 

(31) Date(s): 22-25/11/91 

10% 6 41 0 0 20.92 2.00 1.26 0.06 

Notes: a - Notations used 

c  - average sediment concentration in kg/m3; 


Cover - surface contact cover in %; 


M - total soil loss in tonne/ha; and 


N - number of rill(s) per meter width of runoff plot in m-1. 


b - Duration of recorded storm event(s). 
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Appendix Table 4.1f  Summary of collected data on rainfall (P) and runoff (Q) for 10% slope 

runoff plots from ACIAR project at ViSCA, Baybay, Leyte, the Philippines for the period 

1989-1992a (Notes: Runoff Plot i – bare; Runoff Plot j – covered with corn (Zea mays) 

stubbles). 

ΣQ (mm) Q  (mm/h) 
mQ  (mm/h) Qmax (mm/h) 

Slope Runoff Plot i Runoff Plot j Runoff Plot i Runoff Plot j Runoff Plot i Runoff Plot j Runoff Plot i Runoff Plot j 

(23) Date(s):
 b

 30/08-02/09/91 ΣP (mm): 115.6(G1);137.2(G2) P  (mm/h): 20.1(G1);20.8(G2) Pmax (mm/h): 143.5(G1);176.4(G2) EI30 (t-m/ha): 96.9(G1);130.1(G2) 

10% 50.04 7.30 13.23 1.12 37.22 3.83 90.84 16.72 

(32) Date(s): 17-22/06/92 ΣP (mm): 173.7(G1);183.6(G2) P  (mm/h): 9.9(G1);10.0(G2) Pmax (mm/h): 129.0(G1);144.1(G2) EI30 (t-m/ha): 90.2(G1);101.5(G2) 

10% 27.23 6.65 2.60 0.55 14.57 1.73 44.65 12.48 

Notes: a - Notations used 

EI30 - maximum value of EI30 for the duration of the recorded storm 


event(s) in t-m/ha; 


ΣP - total rainfall depth in mm; 


P  - arithmetical mean rainfall rate in mm/h; 


Pmax - maximum rainfall rate for the duration of the recorded storm 


event(s) in mm/h; 


ΣQ - total runoff depth in mm; 


Q  - arithmetical mean runoff rate in mm/h; 


Qm  - arithmetical mean runoff rate as defined by Ciesiolka et al (1995) in


mm/h; and 


Qmax - maximum runoff rate for the duration of the recorded storm 


event(s) in mm/h. 


b - Duration of recorded storm event(s). 

G1 - recording-type rain gauge #1; and 


G2 - recording-type rain gauge #2. 
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Appendix Table 4.2f Summary of collected data on Cover (%), N (m-1), c  (kg/m3) and M 

(tonne/ha) for 10% slope runoff plots from ACIAR project at ViSCA, Baybay, Leyte, the 

Philippines for the period 1989-1992a (Notes: Runoff Plot i – bare; Runoff Plot j – covered 

with corn (Zea mays) stubbles). 

Cover (%) N (m -1) c  (kg/m3) M (tonne/ha) 

Slope Runoff Plot i Runoff Plot j Runoff Plot i Runoff Plot j Runoff Plot i Runoff Plot j Runoff Plot i Runoff Plot j 

(23) Date(s):
 b

 30/08-02/09/91 

10% 5 77 0 0 63.23 4.70 33.01 0.34 

(32) Date(s): 17-22/06/92 

10% 5 46 0 0 33.92 2.11 9.45 0.14 

Notes: a - Notations used 

c  - average sediment concentration in kg/m3; 


Cover - surface contact cover in %; 


M - total soil loss in tonne/ha; and 


N - number of rill(s) per meter width of runoff plot in m-1. 


b - Duration of recorded storm event(s). 
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Appendix Table 4.1g Summary of collected data on rainfall (P) and runoff (Q) for all steep 

slope runoff plots from ACIAR project at ViSCA, Baybay, Leyte, the Philippines for the 

period 1989-1992a (Notes: Treatments are as follow: T1 – kept bare, T2a – planted to corn 

(Zea mays) across slope; T3 – planted to corn across slope in hedged runoff plots, and T4 – 

similar to T3 with peanut (Arachis hypogaea) intercrop). 

ΣQ (mm) Q  (mm/h) 
mQ  (mm/h) Qmax (mm/h) 

Slope T1 T2a T3 T4 T1 T2a T3 T4 T1 T2a T3 T4 T1 T2a T3 T4 

(1) Date(s):
 b 

09-11/10/89 ΣP (mm): 121.8(G1);115.4(G2) P  (mm/h): 7.5(G1);7.3(G2) Pmax (mm/h): 64.1(G1);85.7(G2) EI30 (t-m/ha): 94.6(G1);82.2(G2) 

50% 1.63 1.54 1.14 0.90 0.18 0.15 0.11 0.07 1.32 0.55 0.54 0.45 4.37 3.44 2.64 1.76 

60% 2.15 1.92 0.96 0.88 0.17 0.16 0.11 0.08 1.56 0.90 1.05 0.80 6.05 4.73 2.19 2.64 

70% 1.88 1.59 0.72 1.08 0.19 0.11 0.06 0.10 1.23 1.39 0.37 0.62 5.17 4.78 1.71 2.33 

(17) Date(s): 28/06-01/07/91 ΣP (mm): 50.8(G1);63.7(G2) P  (mm/h): 12.1(G1);13.0(G2) Pmax (mm/h): 114.6(G1);128.0(G2) EI30 (t-m/ha): 16.5(G1);24.9(G2) 

50% 2.66 1.28 0.42 0.55 0.97 0.62 0.19 0.26 3.74 2.20 0.62 0.79 8.58 5.96 3.53 3.04 

60% 2.37 0.22 0.77 0.66 0.97 0.16 0.41 0.28 3.75 0.80 1.24 1.06 9.51 2.57 4.44 4.36 

70% 1.31 1.70 0.53 0.47 0.61 0.85 0.69 0.69 1.34 2.39 1.66 1.37 4.03 5.81 4.84 4.09 

(18) Date(s): 08-10/07/91 ΣP (mm): 130.9(G1);154.6(G2) P  (mm/h): 6.7(G1);6.3(G2) Pmax (mm/h): 71.4(G1);79.8(G2) EI30 (t-m/ha): 121.7(G1);94.3(G2) 

50% 8.90 6.94 3.92 3.20 0.61 0.52 0.19 0.28 2.84 1.79 1.22 1.92 27.43 8.57 3.42 3.54 

60% 6.62 3.68 0.75 3.37 0.47 0.18 0.06 0.25 2.36 0.91 0.67 0.87 8.86 6.30 2.88 4.29 

70% 3.66 5.46 0.95 0.25 0.25 0.34 0.08 0.03 1.25 1.72 0.72 0.38 4.83 5.81 2.38 1.66 

(19) Date(s): 15-16/07/91 ΣP (mm): 31.0(G1);36.5(G2) P  (mm/h): 32.6(G1);30.8(G2) Pmax (mm/h): 129.0(G1);144.1(G2) EI30 (t-m/ha): 53.5(G1);73.6(G2) 

50% 1.59 0.91 0.53 0.30 0.96 0.82 0.50 1.13 3.01 3.87 2.83 2.82 10.54 7.56 5.81 4.62 

60% 1.70 0.17 0.95 0.40 3.64 0.60 2.19 1.41 6.79 1.14 4.24 2.23 11.74 1.61 9.56 4.08 

70% 0.90 1.24 0.38 0.38 1.35 2.66 0.60 1.27 2.89 4.24 2.09 2.86 7.31 7.11 3.48 4.71 

(20) Date(s): 19-20/07/91 ΣP (mm): 39.1(G1);46.9(G2) P  (mm/h): 10.8(G1);12.4(G2) Pmax (mm/h): 71.4(G1);79.8(G2) EI30 (t-m/ha): 21.6(G1);31.3(G2) 

50% 1.03 0.57 0.13 0.11 0.40 0.25 0.04 0.07 1.89 2.05 0.56 1.41 4.89 5.21 1.34 1.51 

60% 1.21 0.22 0.33 0.13 0.44 0.11 0.12 0.10 1.93 0.53 1.95 0.87 5.39 3.06 2.19 1.63 

70% 0.76 1.09 0.31 0.15 0.25 0.35 0.10 0.05 1.24 1.74 1.47 0.39 4.17 5.81 2.38 1.66 

(21) Date(s): 02-05/08/91 ΣP (mm): 51.2(G1);61.5(G2) P  (mm/h): 9.1(G1);8.9(G2) Pmax (mm/h): 85.7(G1);95.8(G2) EI30 (t-m/ha): 27.9(G1);39.6(G2) 

50% 1.55 0.88 0.44 0.63 0.38 0.42 0.51 0.31 1.17 2.20 1.63 1.09 7.46 5.96 2.75 3.58 

60% 1.33 0.28 0.19 0.20 0.48 0.23 0.42 0.26 2.80 1.29 1.11 0.91 6.05 3.06 1.50 1.63 

70% 1.22 1.71 0.36 0.21 1.06 0.69 0.68 0.19 3.56 2.67 1.36 1.41 7.37 7.80 3.28 2.32 

(22) Date(s): 09-12/08/91 ΣP (mm): 36.5(G1);43.2(G2) P  (mm/h): 4.6(G1);5.1(G2) Pmax (mm/h): 85.7(G1);95.8(G2) EI30 (t-m/ha): 11.6(G1);16(G2) 

50% 1.91 0.97 0.30 0.26 0.33 0.28 0.10 0.37 1.28 1.35 0.74 0.82 4.89 3.69 2.12 2.27 

60% 1.86 0.26 0.41 0.27 0.39 0.11 0.13 0.15 2.88 1.27 1.35 1.10 8.86 2.57 2.88 3.15 

70% 1.95 1.17 0.34 0.23 0.43 0.26 0.43 0.24 2.74 1.60 1.29 0.98 8.65 4.43 3.06 2.99 

Notes: a - Notations used 

EI30 - maximum value of EI30 for the duration of the recorded storm 


event(s) in t-m/ha; 


ΣP - total rainfall depth in mm; 


P  - arithmetical mean rainfall rate in mm/h; 


Pmax - maximum rainfall rate for the duration of the recorded storm 


event(s) in mm/h; 


ΣQ - total runoff depth in mm; 
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Q  - arithmetical mean runoff rate in mm/h; 

Qm  - arithmetical mean runoff rate as defined by Ciesiolka et al (1995) in 

mm/h; and 

Qmax - maximum runoff rate for the duration of the recorded storm 

event(s) in mm/h. 

b - Duration of recorded storm event(s). 

G1 - recording-type rain gauge #1; and 


G2 - recording-type rain gauge #2. 




Appendix - 29 
Appendix Table 4.2g  Summary of collected data on Cover (%), N (m-1), c  (kg/m3) and M 

(tonne/ha) for all steep slope runoff plots from ACIAR project at ViSCA, Baybay, Leyte, the 

Philippines for the period 1989-1992a (Notes: Treatments are as follow: T1 – kept bare, T2a 

– planted to corn (Zea mays) across slope; T3 – planted to corn across slope in hedged 

runoff plots, and T4 – similar to T3 with peanut (Arachis hypogaea) intercrop). 

Cover (%) N (m -1) c  (kg/m3) M (tonne/ha) 

Slope T1 T2a T3 T4 T1 T2a T3 T4 T1 T2a T3 T4 T1 T2a T3 T4 

(1) Date(s):
 b

 09-11/10/89 

50% 3 75 59 82 0.67 0.33 0 0 218.86 6.11 0.63 0.74 4.16 0.09 0.01 0.01 

60% 3 64 57 84 0.33 0 0 0 11.53 7.86 0.65 0.65 0.25 0.15 0.01 0.01 

70% 4 33 52 84 0.66 0 0 0 308.68 16.69 1.14 0.28 7.28 0.27 0.01 0.00 

(17) Date(s): 28/06-01/07/91 

50% 4 35 38 43 0 0 28.75 21.92 0.01 0.10 0.78 0.28 0.00 0.00 

60% 3 41 40 39 0 0 0 0 90.67 76.93 0.10 0.02 2.28 0.18 0.00 0.00 

70% 3 18 30 44 0 0 0 0 31.89 25.95 0.21 0.09 0.43 0.45 0.00 0.00 

(18) Date(s): 08-10/07/91 

50% 4 35 38 43 0.50 0 0 0 10.99 6.34 0.06 0.11 0.99 0.44 0.00 0.00 

60% 3 41 40 39 0.67 0 0 0 17.98 5.23 0.03 0.04 1.20 0.19 0.00 0.00 

70% 3 18 38 44 0.17 0 0 0 26.15 12.05 0.09 0.09 0.97 0.66 0.00 0.00 

(19) Date(s): 15-16/07/91 

50% 4 35 38 43 1.16 0 0.33 0.17 45.10 24.49 10.71 0.05 0.74 0.23 0.06 0.00 

60% 3 41 40 39 1.34 0 0 0 87.35 69.78 0.08 0.09 1.58 0.12 0.00 0.00 

70% 3 18 38 44 0.83 0.17 0 0 76.71 78.18 0.15 0.14 0.73 1.02 0.00 0.00 

(20) Date(s): 19-20/07/91 

50% 4 35 38 43 0.50 0 0 0 22.13 14.79 0.18 0.11 0.23 0.09 0.00 0.00 

60% 3 41 40 39 0 0 0 0 9.82 21.16 0.07 0.08 0.12 0.05 0.00 0.00 

70% 3 18 38 44 0.33 0 0 0 41.07 13.06 0.24 0.10 0.32 0.14 0.00 0.00 

(21) Date(s): 02-05/08/91 

50% 4 35 38 43 0 0 0 0 151.29 22.37 0.08 0.08 2.60 0.20 0.00 0.00 

60% 3 41 40 39 1.00 0 0 0 49.98 41.59 0.13 0.07 0.69 0.12 0.00 0.00 

70% 3 18 38 44 1.66 0 0 0 474.57 23.10 0.18 0.14 8.40 0.40 0.00 0.00 

(22) Date(s): 09-12/08/91 

50% 4 12 22 84 0 0 0 0 371.76 22.33 0.01 0.04 9.39 0.22 0.00 0.00 

60% 2 16 72 82 0 0 0 0 277.81 48.17 0.03 0.01 6.32 0.13 0.00 0.00 

70% 4 9 74 75 0 0 0 0 487.12 31.74 0.13 0.05 13.95 0.38 0.00 0.00 

Notes: a - Notations used 

c  - average sediment concentration in kg/m3; 


Cover - surface contact cover in %; 


M - total soil loss in tonne/ha; and 


N - number of rill(s) per meter width of runoff plot in m-1. 


b - Duration of recorded storm event(s). 
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Appendix Table 4.1h Summary of collected data on rainfall (P) and runoff (Q) for all steep 

slope runoff plots from ACIAR project at ViSCA, Baybay, Leyte, the Philippines for the 

period 1989-1992a (Notes: Treatments are as follow: T1 – kept bare, T2 – planted to corn 

(Zea mays) along slope; T3 – planted to corn across slope in hedged runoff plots, and T4 – 

similar to T3 with peanut (Arachis hypogaea) intercrop). 

ΣQ (mm) Q  (mm/h) 
mQ  (mm/h) Qmax (mm/h) 

Slope T1 T2 T3 T4 T1 T2 T3 T4 T1 T2 T3 T4 T1 T2 T3 T4 

(2) Date(s):
 b

 08-09/01/90 ΣP (mm): 154.2(G1);144.3(G2) P  (mm/h): 7.7(G1);6.9(G2) Pmax (mm/h): 129.2(G1);107.4(G2) EI30 (t-m/ha): 74.0(G1);98.2(G2) 

50% 4.12 5.17 2.72 1.99 0.20 0.27 0.14 0.10 1.34 1.57 2.15 1.14 8.02 8.52 4.30 3.29 

60% 9.58 4.57 0.92 1.98 0.50 0.23 0.08 0.10 4.82 1.33 0.43 0.72 21.05 7.20 1.15 3.91 

70% 3.87 2.78 1.60 1.29 0.20 0.15 0.09 0.10 1.42 1.24 0.43 0.52 5.37 4.78 1.71 1.58 

(7) Date(s): 13-14/09/90 ΣP (mm): 119.2(G1);131.1(G2) P  (mm/h): 21.1(G1);29.0(G2) Pmax (mm/h): 143.5(G1);144.1(G2) EI30 (t-m/ha): 172.3(G1);218.6(G2) 

50% 5.29 5.61 1.81 1.74 1.03 1.30 0.33 0.40 2.81 2.93 1.30 1.15 9.35 9.81 4.32 3.78 

60% 7.51 2.79 1.58 1.80 1.31 0.83 0.53 0.48 4.38 2.03 1.24 1.53 11.08 5.22 3.57 6.38 

70% 3.85 6.68 1.74 2.06 0.70 1.42 0.46 0.36 2.20 3.88 1.98 1.29 6.03 12.63 4.84 3.65 

(8) Date(s): 04-05/10/90 ΣP (mm): 63.3(G1);70.0(G2) P  (mm/h): 10.6(G1);12.1(G2) Pmax (mm/h): 71.4(G1);79.8(G2) EI30 (t-m/ha): 41.9(G1);51.7(G2) 

50% 5.55 11.36 4.99 1.13 0.89 1.79 0.81 0.22 3.71 7.53 3.10 0.72 26.16 57.08 18.88 2.27 

60% 4.88 7.47 1.77 1.12 0.86 1.39 0.31 0.20 2.50 4.48 0.97 0.65 10.17 13.62 2.19 2.39 

70% 4.29 10.91 1.77 1.35 0.77 1.42 0.32 0.23 3.86 9.51 1.46 0.84 10.65 63.70 5.52 2.32 

(9) Date(s): 05-06/10/90 ΣP (mm): 14.7(G1);16.4(G2) P  (mm/h): 28.5(G1);32.9(G2) Pmax (mm/h): 71.4(G1);79.8(G2) EI30 (t-m/ha): 688.8(G1);744.3(G2) 

50% 2.02 4.17 2.29 0.29 1.62 7.58 2.37 0.44 3.08 9.17 4.32 0.72 8.23 16.72 9.74 2.27 

60% 1.78 3.17 1.00 0.29 1.55 3.46 1.18 0.25 3.79 6.12 1.76 0.95 9.51 14.34 6.52 3.15 

70% 1.75 4.60 1.00 0.43 1.48 4.76 1.94 0.72 3.75 8.39 3.37 1.13 9.98 21.85 6.86 2.99 

(10) Date(s): 06-07/10/90 ΣP (mm): 27.9(G1);29.8(G2) P  (mm/h): 54(G1);54.2(G2) Pmax (mm/h): 143.5(G1);144.1(G2) EI30 (t-m/ha): 46.0(G1);52.5(G2) 

50% 5.09 10.08 7.13 1.60 1.28 11.63 10.19 0.44 8.95 33.30 30.36 2.07 28.53 58.01 52.95 8.79 

60% 3.09 7.45 3.88 1.26 0.88 3.89 2.74 0.98 4.74 21.04 8.22 1.65 16.03 42.30 26.00 4.08 

70% 4.11 10.57 4.84 2.87 1.03 7.46 1.06 4.65 9.69 35.67 10.63 5.67 24.95 70.62 31.13 11.73 

(11) Date(s): 07-08/10/90 ΣP (mm): 40.9(G1);43.0(G2) P  (mm/h): 14.3(G1);13.7(G2) Pmax (mm/h): 114.6(G1);128.0(G2) EI30 (t-m/ha): 57.5(G1);63.5(G2) 

50% 4.37 8.73 6.31 0.82 3.21 1.41 4.28 15.37 23.57 21.55 31.75 48.17 

60% 3.13 6.60 4.44 1.52 0.47 3.00 0.78 0.32 1.57 9.88 7.43 2.63 11.74 38.81 30.84 8.92 

70% 4.57 10.58 5.02 3.35 1.76 7.56 1.74 0.79 8.25 24.70 9.06 8.95 17.64 61.63 35.61 17.70 

(12) Date(s): 11-17/10/90 ΣP (mm): 39.3(G1);43.7(G2) P  (mm/h): 5.3(G1);6.3(G2) Pmax (mm/h): 42.7(G1);63.7(G2) EI30 (t-m/ha): 3.9(G1);4.9(G2) 

50% 0.54 3.20 0.21 0.26 0.20 1.04 0.07 0.19 0.25 3.67 0.22 0.32 0.48 12.05 3.16 0.56 

60% 0.90 2.41 0.43 0.46 0.27 0.62 0.17 0.19 0.61 2.14 0.41 0.63 3.31 11.46 1.00 0.98 

70% 0.53 3.18 0.38 0.57 0.27 0.97 0.10 0.27 0.55 3.28 0.58 0.64 2.71 14.00 1.44 1.74 

(13) Date(s): 12-14/11/90 ΣP (mm): 160.1(G1);144.2(G2) P  (mm/h): 7.0(G1);5.8(G2) Pmax (mm/h): 42.7(G1);63.7(G2) EI30 (t-m/ha): 93.4(G1);97(G2) 

50% 41.97 75.22 30.78 8.60 2.00 3.13 1.29 0.39 6.39 9.26 4.61 1.17 20.87 27.75 15.20 5.39 

60% 41.43 49.69 26.41 10.93 1.81 3.35 1.08 0.48 5.68 7.45 4.02 1.30 15.69 18.74 21.76 4.65 

70% 54.48 75.66 15.43 25.68 2.32 3.07 0.60 1.71 7.23 9.46 2.21 5.24 20.99 31.40 11.09 17.38 

(14) Date(s): 15-19/11/90 ΣP (mm): 47.4(G1);55.3(G2) P  (mm/h): 4.5(G1);5.2(G2) Pmax (mm/h): 71.4(G1);79.8(G2) EI30 (t-m/ha): 30.2(G1);41.6(G2) 

50% 4.76 4.88 0.57 1.04 2.55 1.30 0.26 0.27 9.40 7.11 1.18 3.95 17.97 19.24 3.53 11.65 

60% 5.51 3.98 0.77 1.95 0.97 1.46 0.22 0.43 5.36 5.42 1.17 42.91 14.38 11.46 5.83 78.78 

70% 5.96 7.15 0.70 1.63 2.38 1.13 0.13 0.32 7.64 8.55 0.43 2.50 16.79 20.28 3.06 4.79 
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Appendix Table 4.1h (continued) 

ΣQ (mm) Q  (mm/h) mQ  (mm/h) Qmax (mm/h) 

Slope T1 T2 T3 T4 T1 T2 T3 T4 T1 T2 T3 T4 T1 T2 T3 T4 

(24) Date(s): 11-12/09/91 ΣP (mm): 33.2(G1);40.6(G2) P  (mm/h): 10.3(G1);14.8(G2) Pmax (mm/h): 71.4(G1);95.8(G2) EI30 (t-m/ha): 38(G1);59.1(G2) 

50% 0.58 0.68 0.48 0.33 0.74 0.60 0.35 0.41 2.20 1.34 1.49 0.96 4.13 2.20 4.32 1.51 

60% 1.00 0.14 0.47 0.35 1.07 0.26 0.34 0.33 2.50 0.57 1.49 1.44 5.39 1.14 2.19 2.39 

70% 0.92 0.93 0.52 0.34 0.64 0.74 1.25 0.73 1.77 2.62 2.05 1.52 4.17 5.12 5.52 2.32 

(25) Date(s): 03-04/10/91 ΣP (mm): 23.0(G1);28.4(G2) P  (mm/h): 15.5(G1);17.9(G2) Pmax (mm/h): 85.7(G1);95.8(G2) EI30 (t-m/ha): 9.4(G1);14.3(G2) 

50% 0.09 0.35 0.38 0.13 0.34 0.91 0.33 0.46 0.90 1.35 0.87 0.82 2.59 2.20 2.12 1.51 

60% 0.60 0.08 0.46 0.34 1.44 0.27 1.10 0.85 1.69 0.47 1.37 1.43 4.07 1.14 2.88 3.15 

70% 0.31 0.52 0.45 0.31 0.78 0.50 1.04 0.85 1.11 1.54 2.17 0.96 2.84 3.21 4.84 2.32 

(26) Date(s): 04-07/10/91 ΣP (mm): 35.3(G1);40.3(G2) P  (mm/h): 8.1(G1);12.4(G2) Pmax (mm/h): 129.0(G1);144.1(G2) EI30 (t-m/ha): 9(G1);12(G2) 

50% 0.11 0.70 0.24 0.12 3.30 0.44 0.16 0.12 2.59 0.58 0.24 0.89 3.61 2.96 1.17 3.86 

60% 0.57 0.09 0.26 0.16 0.58 0.17 0.32 0.44 1.98 1.03 0.33 0.66 6.21 1.52 2.35 2.55 

70% 0.22 0.55 0.16 0.18 0.17 0.32 1.92 3.60 0.76 0.94 1.55 1.90 2.84 4.43 2.12 2.00 

(27) Date(s): 08-09/10/91 ΣP (mm): 14.7(G1);18.0(G2) P  (mm/h): 18.8(G1);21.6(G2) Pmax (mm/h): 71.4(G1);79.8(G2) EI30 (t-m/ha): 9.5(G1);14.1(G2) 

50% 0.31 0.44 0.05 0.06 0.85 0.78 0.17 0.14 1.55 1.66 0.82 0.92 3.36 6.71 1.34 1.51 

60% 0.50 0.12 0.13 0.10 1.15 0.42 0.28 0.21 2.24 0.61 0.75 0.25 5.39 3.06 1.50 1.63 

70% 0.21 0.45 0.14 0.16 0.53 0.90 0.47 0.44 1.02 1.75 0.77 1.38 3.50 5.12 1.71 2.32 

(28) Date(s): 04-06/11/91 ΣP (mm): 275.5(G1);340.2(G2) P  (mm/h): 21.8(G1);25.8(G2) Pmax (mm/h): 157.9(G1);176.4(G2) EI30 (t-m/ha): 239.0(G1);239(G2) 

50% 14.92 13.48 16.21 9.58 1.75 1.14 1.45 0.99 5.17 4.29 8.81 3.70 14.89 22.22 29.89 15.24 

60% 18.35 2.43 6.74 2.72 1.73 0.34 0.65 0.26 6.06 1.67 2.52 1.99 41.96 4.33 8.17 4.85 

70% 17.20 49.92 7.27 4.99 1.62 4.46 0.70 0.49 5.11 37.54 2.53 2.12 22.59 106.54 7.37 5.38 

(29) Date(s): 12-18/11/91 ΣP (mm): 39.3(G1);48.4(G2) P  (mm/h): 3.1(G1);3.6(G2) Pmax (mm/h): 57.0(G1);79.8(G2) EI30 (t-m/ha): 1.7(G1);4.5(G2) 

50% 0.32 0.48 0.44 0.39 0.12 0.18 0.20 0.06 0.32 0.57 0.33 0.20 1.64 2.94 2.12 2.27 

60% 1.49 0.10 1.01 0.41 0.40 0.14 0.35 0.10 1.10 2.43 1.29 0.11 3.96 3.06 4.25 0.87 

70% 0.81 1.09 1.37 0.91 0.28 0.19 0.35 1.21 0.73 0.51 0.77 1.26 2.80 3.25 3.09 3.68 

(30) Date(s): 18-19/11/91 ΣP (mm): 19.7(G1);24.4(G2) P  (mm/h): 13.4(G1);15.1(G2) Pmax (mm/h): 71.4(G1);95.8(G2) EI30 (t-m/ha): 15.3(G1);23.5(G2) 

50% 0.37 1.04 0.38 0.29 1.39 1.95 0.99 0.58 2.33 3.50 2.46 2.44 3.36 5.21 3.53 3.86 

60% 0.60 0.31 0.30 0.25 0.80 0.23 0.78 0.12 2.67 1.47 1.53 0.82 5.39 3.06 5.14 1.63 

70% 0.48 0.70 0.39 0.45 1.15 2.21 0.63 1.00 2.21 3.39 1.49 2.93 3.50 5.12 4.16 6.05 

(31) Date(s): 22-25/11/91 ΣP (mm): 62.2(G1);74.1(G2) P  (mm/h): 5.2(G1);7.8(G2) Pmax (mm/h): 71.4(G1);79.8(G2) EI30 (t-m/ha): 11.8(G1);17.6(G2) 

50% 1.35 3.24 0.23 0.92 0.28 0.47 0.04 0.16 1.28 2.65 0.51 0.60 4.89 7.45 2.90 1.51 

60% 2.20 1.21 1.53 0.50 0.28 0.24 0.18 0.18 1.52 0.98 0.56 0.52 6.05 3.05 5.83 2.39 

70% 1.80 1.54 0.99 0.72 0.23 0.24 0.12 0.15 0.86 1.03 0.50 1.02 4.17 4.43 4.84 2.99 

Notes: a - Notations used 

EI30 - maximum value of EI30 for the duration of the recorded storm 


event(s) in t-m/ha; 


ΣP - total rainfall depth in mm; 


P  - arithmetical mean rainfall rate in mm/h; 


Pmax - maximum rainfall rate for the duration of the recorded storm 


event(s) in mm/h; 


ΣQ - total runoff depth in mm; 


Q  - arithmetical mean runoff rate in mm/h; 
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Qm  - arithmetical mean runoff rate as defined by Ciesiolka et al (1995) in 

mm/h; and 

Qmax - maximum runoff rate for the duration of the recorded storm 

event(s) in mm/h. 

b - Duration of recorded storm event(s). 

G1 - recording-type rain gauge #1; and 


G2 - recording-type rain gauge #2.
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Appendix Table 4.2h  Summary of collected data on Cover (%), N (m-1), c  (kg/m3) and M 

(tonne/ha) for all steep slope runoff plots from ACIAR project at ViSCA, Baybay, Leyte, the 

Philippines for the period 1989-1992a (Notes: Treatments are as follow: T1 – kept bare, T2 – 

planted to corn (Zea mays) along slope; T3 – planted to corn across slope in hedged runoff 

plots, and T4 – similar to T3 with peanut (Arachis hypogaea) intercrop). 

Cover (%) N (m -1) c  (kg/m3) M (tonne/ha) 

Slope T1 T2 T3 T4 T1 T2 T3 T4 T1 T2 T3 T4 T1 T2 T3 T4 

(2) Date(s):
 b

 08-09/01/90 

50% 7 77 59 69 0 0 0 0 9.47 3.87 0.06 0.05 0.39 0.20 0.00 0.00 

60% 10 75 74 80 0.50 0 0 0 229.96 3.00 0.12 0.08 25.94 0.14 0.00 0.00 

70% 7 57 64 76 0 0 0 0 12.39 15.71 0.05 0.23 0.48 0.44 0.00 0.00 

(7) Date(s): 13-14/09/90 

50% 4 7 8 10 0.33 0 0 0 206.24 16.50 1.20 0.05 12.62 0.94 0.02 0.00 

60% 2 9 8 9 1.17 0 0 0 70.59 58.85 0.05 0.02 5.56 1.71 0.00 0.00 

70% 3 3 7 8 1.33 1.33 0 0 273.32 258.12 3.60 0.18 12.82 20.75 0.06 0.00 

(8) Date(s): 04-05/10/90 

50% 6 7 6 9 0.67 0.83 0.50 0 266.91 126.01 42.97 0.06 17.95 15.60 2.21 0.00 

60% 2 7 7 10 1.00 0.83 0.33 0 319.99 181.76 10.61 0.04 19.76 15.41 0.19 0.00 

70% 3 5 8 9 1.33 1.33 0.17 0 527.87 199.33 55.15 10.10 34.62 25.02 1.01 0.14 

(9) Date(s): 05-06/10/90 

50% 6 8 8 11 1.33 0.66 0.50 0 306.38 89.53 69.31 0.37 7.74 3.97 1.66 0.00 

60% 3 10 8 12 1.00 0.66 0.33 0 251.32 145.83 99.04 0.13 5.36 5.11 1.06 0.00 

70% 4 6 11 13 1.16 1.16 0.50 0 571.08 141.39 122.44 27.01 15.97 7.17 1.33 0.12 

(10) Date(s): 06-07/10/90 

50% 6 8 8 11 1.16 1.00 1.16 0.50 354.98 165.72 168.08 151.89 23.55 18.74 13.47 2.70 

60% 3 10 8 12 1.51 1.33 0.50 0.50 466.38 229.31 139.52 154.12 20.76 20.10 5.96 2.16 

70% 4 6 11 13 1.66 1.50 1.33 1.49 487.02 209.31 332.55 292.54 29.40 25.64 20.58 10.39 

(11) Date(s): 07-08/10/90 

50% 6 10 12 1.16 1 1.16 171.76 81.70 104.44 8.46 7.54 7.07 

60% 4 14 10 16 1.51 1.33 0.5 0.5 196.49 98.35 73.65 88.87 7.06 6.94 3.44 1.43 

70% 5 6 12 15 1.66 1.5 1.33 1.49 218.42 107.88 146.58 134.52 11.65 12.28 8.14 4.94 

(12) Date(s): 11-17/10/90 

50% 6 14 13 19 0 0 0 13.91 1.14 0.89 0.08 0.04 0.00 

60% 5 19 12 30 0 0 0 0 317.82 1.29 17.62 3.61 0.03 0.08 

70% 5 8 22 19 0 0 0 0 23.97 11.39 0.13 0.37 

(13) Date(s): 12-14/11/90 

50% 6 36 30 56 0.83 0 0 0 57.51 8.71 7.52  25.08 6.59 2.33 

60% 5 25 33 69 0.84 0 0 0 61.68 13.12 10.82 3.14 26.63 6.57 2.88 0.34 

70% 10 13 49 62 1.33 0 0 0 88.62 8.93 13.90 7.45 51.26 6.80 2.16 1.92 

(14) Date(s): 15-19/11/90 

50% 8 19 33 52 0 0 0 0 60.60 4.01 3.00 0.20 

60% 5 23 31 50 0 0 0 0 65.04 7.27 3.74 0.29 

70% 10 15 42 62 0 0 0 0 58.69 5.29 3.64 0.38 
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Appendix Table 4.2h (continued) 

Cover (%) N (m -1) c  (kg/m3) M (tonne/ha) 

Slope T1 T2 T3 T4 T1 T2 T3 T4 T1 T2 T3 T4 T1 T2 T3 T4 

(24) Date(s): 11-12/09/91 

50% 4 15 25 86 0 0 0 0 35.90 29.01 0.38 0.16 0.21 0.20 0.00 0.00 

60% 2 20 74 82 0 0 0 0 18.72 129.90 0.05 0.19 0.20 0.00 0.00 

70% 5 10 74 76 0 0 0 0 36.79 30.48 0.04 0.09 0.35 0.29 0.00 0.00 

(25) Date(s): 03-04/10/91 

50% 2 7 15 20 1.00 0 0 0 55.38 18.09 0.28 0.09 0.05 0.06 0.00 0.00 

60% 2 11 16 18 1.17 0 0 0 11.67 51.11 0.05 0.04 0.07 0.04 0.00 0.00 

70% 5 4 15 13 1.66 0 0 0 120.21 58.28 0.21 0.18 0.40 0.32 0.00 0.00 

(26) Date(s): 04-07/10/91 

50% 2 7 15 20 0 0 0 0 227.02 26.00 0.05 0.08 0.29 0.19 0.00 0.00 

60% 2 11 16 18 0 0 0 0 13.57 117.75 0.05 0.05 0.08 0.11 0.00 0.00 

70% 5 4 15 13 0 0 0 0 206.86 38.22 0.11 0.19 0.53 0.22 0.00 0.00 

(27) Date(s): 08-09/10/91 

50% 2 7 15 20 0 0 0 0 48.55 19.20 0.03 0.04 0.16 0.09 0.00 0.00 

60% 2 11 16 18 0 0 0 0 18.72 69.75 0.06 0.04 0.09 0.09 0.00 0.00 

70% 5 4 15 13 0 0 0 0 136.11 35.98 0.22 0.14 0.31 0.17 0.00 0.00 

(28) Date(s): 04-06/11/91 

50% 4 19 30 45 0.67 0.66 0.83 0.33 146.51 94.87 63.36 8.80 24.18 13.64 10.72 0.85 

60% 3 20 28 47 0.84 0.33 0.33 0 167.73 56.38 53.97 1.61 34.58 1.42 3.77 0.04 

70% 8 5 20 34 1.00 1.33 0 0.50 179.02 75.69 7.88 48.06 34.89 39.76 0.58 2.48 

(29) Date(s): 12-18/11/91 

50% 2 22 36 53 0 0 0 0 33.99 17.03 0.11 0.11 0.11 0.08 0.00 0.00 

60% 2 21 23 50 0 0 0 0 4.76 88.13 0.11 0.10 0.07 0.09 0.00 0.00 

70% 3 5 26 37 0 0 0 0 15.75 14.16 0.49 0.10 0.13 0.16 0.01 0.00 

(30) Date(s): 18-19/11/91 

50% 2 22 36 53 0 0 0 0 32.94 73.19 23.84 0.23 0.12 0.80 0.09 0.00 

60% 2 21 23 50 0 0 0 0 13.88 35.28 0.46 0.15 0.08 0.11 0.00 0.00 

70% 3 5 26 37 0 0 0 0 33.57 57.71 0.59 80.36 0.16 0.42 0.00 0.38 

(31) Date(s): 22-25/11/91 

50% 3 34 45 55 0 0 0 0 10.34 30.80 0.08 2.20 0.14 1.02 0.00 0.02 

60% 2 29 31 58 0 0 0 0 6.93 23.71 0.13 0.22 0.15 0.29 0.00 0.00 

70% 3 17 31 43 0 0 0 0 16.72 11.82 0.05 0.11 0.30 0.18 0.00 0.00 

Notes: a - Notations used 

c  - average sediment concentration in kg/m3; 


Cover - surface contact cover in %; 


M - total soil loss in tonne/ha; and 


N - number of rill(s) per meter width of runoff plot in m-1. 


b - Duration of recorded storm event(s). 
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Appendix Table 4.1i  Summary of collected data on rainfall (P) and runoff (Q) for all steep 

slope runoff plots from ACIAR project at ViSCA, Baybay, Leyte, the Philippines for the 

period 1989-1992a (Notes: Treatments are as follow: T1 – kept bare, T2 – planted to corn 

(Zea mays) along slope; T3 – planted to corn across slope in hedged runoff plots, and T4a – 

planted to peanut (Arachis hypogaea) across slope in hedged runoff plots). 

ΣQ (mm) Q  (mm/h) 
mQ  (mm/h) Qmax (mm/h) 

Slope T1 T2 T3 T4a T1 T2 T3 T4a T1 T2 T3 T4a T1 T2 T3 T4a 

(3) Date(s):
 b

 11-14/06/90 ΣP (mm): 89.9(G1);101.3(G2) P  (mm/h): 5.2(G1);5.3(G2) Pmax (mm/h): 71.4(G1);79.8(G2) EI30 (t-m/ha): 34.0(G1);42.1(G2) 

50% 0.73 1.26 0.62 0.52 0.08 0.11 0.05 0.06 0.81 0.82 0.47 0.42 4.13 5.21 3.58 1.56 

60% 2.40 0.78 0.41 0.42 0.23 0.08 0.08 0.05 3.85 0.32 0.69 0.16 33.38 3.06 2.19 0.73 

70% 0.72 1.78 0.42 0.32 0.11 0.19 0.10 0.07 0.85 0.60 0.25 0.12 2.84 5.12 0.53 0.48 

(4) Date(s): 20-21/06/90 ΣP (mm): 50.6(G1);50.6(G2) P  (mm/h): 9.2(G1);8.1(G2) Pmax (mm/h): 95.8(G1);95.8(G2) EI30 (t-m/ha): 42.1(G1);38.3(G2) 

50% 1.62 2.75 1.35 1.35 0.34 0.49 0.25 0.21 3.14 3.43 0.50 0.80 5.93 14.48 2.90 3.65 

60% 3.37 1.12 2.20 1.28 0.77 0.22 0.50 0.20 4.11 1.34 1.70 1.13 11.89 6.50 8.24 2.02 

70% 2.35 2.68 1.67 1.75 0.54 0.58 0.34 0.36 2.10 3.63 1.00 0.90 9.02 11.49 3.31 3.90 

(5) Date(s): 27-28/06/90 ΣP (mm): 32.1(G1);33.4(G2) P  (mm/h): 10.0(G1);10.6(G2) Pmax (mm/h): 114.6(G1);128.0(G2) EI30 (t-m/ha): 29.0(G1);30.9(G2) 

50% 1.71 3.56 0.93 0.58 0.36 0.63 0.32 0.21 1.41 2.25 2.48 0.81 7.81 17.74 5.89 3.70 

60% 1.64 0.98 0.53 0.51 0.43 0.23 0.20 0.17 2.07 0.77 1.20 0.93 7.53 6.56 3.75 4.08 

70% 1.31 1.51 0.50 0.43 0.38 0.38 0.18 0.16 1.61 1.20 1.10 0.74 6.03 6.42 2.80 4.04 

(6) Date(s): 20-23/07/90 ΣP (mm): 69.7(G1);72.5(G2) P  (mm/h): 15.7(G1);15.8(G2) Pmax (mm/h): 157.9(G1);160.3(G2) EI30 (t-m/ha): 113.9(G1);121.4(G2) 

50% 2.49 10.49 9.26 0.61 0.81 2.50 1.52 0.21 2.51 10.54 18.73 1.11 6.26 28.25 47.38 3.86 

60% 2.77 4.96 1.72 0.78 0.93 0.64 0.65 0.85 3.49 5.12 1.46 1.52 9.75 16.57 5.14 5.61 

70% 1.61 6.22 1.17 0.48 0.44 1.01 0.33 0.13 1.39 4.61 0.86 2.22 4.17 17.70 2.80 4.04 

Notes: a - Notations used 

EI30 - maximum value of EI30 for the duration of the recorded storm 


event(s) in t-m/ha; 


ΣP - total rainfall depth in mm; 


P  - arithmetical mean rainfall rate in mm/h; 


Pmax - maximum rainfall rate for the duration of the recorded storm 


event(s) in mm/h; 


ΣQ - total runoff depth in mm; 


Q  - arithmetical mean runoff rate in mm/h; 


Qm  - arithmetical mean runoff rate as defined by Ciesiolka et al (1995) in


mm/h; and 


Qmax - maximum runoff rate for the duration of the recorded storm 


event(s) in mm/h. 


b - Duration of recorded storm event(s). 

G1 - recording-type rain gauge #1; and 


G2 - recording-type rain gauge #2. 
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Appendix Table 4.2i  Summary of collected data on Cover (%), N (m-1), c  (kg/m3) and M 

(tonne/ha) for all steep slope runoff plots from ACIAR project at ViSCA, Baybay, Leyte, the 

Philippines for the period 1989-1992a (Treatments are as follow: T1 – kept bare, T2 – 

planted to corn (Zea mays) along slope; T3 – planted to corn across slope in hedged runoff 

plots, and T4a – planted to peanut (Arachis hypogaea) across slope in hedged runoff plots). 

Cover (%) N (m -1) c  (kg/m3) M (tonne/ha) 

Slope T1 T2 T3 T4a T1 T2 T3 T4a T1 T2 T3 T4a T1 T2 T3 T4a 

(3) Date(s):
 b

 11-14/06/90 

50% 8 65 34 40 0.17 0.66 0 0 17.66 83.04 0.02 0.03 0.13 1.11 0.00 0.00 

60% 10 69 51 50 0 0 0 0 5.51 14.49 0.01 0.05 0.13 0.11 0.00 0.00 

70% 6 44 47 43 0.66 0.83 0 0 182.5 64.7 0.01 0.01 1.49 1.20 0.00 0.00 

(4) Date(s): 20-21/06/90 

50% 4 70 51 68 0 0.66 0 0 11.40 129.30 0.48 0.26 0.19 3.88 0.01 0.00 

60% 4 78 48 60 0 0 0 0 3.85 19.94 1.06 0.50 0.13 0.23 0.02 0.01 

70% 5 39 63 57 0.17 0.66 0 0 51.62 30.11 2.43 0.58 1.26 0.82 0.04 0.01 

(5) Date(s): 27-28/06/90 

50% 5 70 54 74 0.50 0.83 0 0 252.08 196.19 36.73 0.01 5.16 8.02 0.35 0.00 

60% 4 79 61 81 0.33 0.50 0 0 69.49 175.10 0.05 0.03 1.19 1.94 0.00 0.00 

70% 8 44 63 77 0.33 0.83 0 0 509.14 228.86 0.02 0.01 10.01 4.07 0.00 0.00 

(6) Date(s): 20-23/07/90 

50% 3 26 29 45 0.33 1.00 1.00 0 41.92 63.15 98.46 0.01 1.07 6.91 9.75 0.00 

60% 4 29 18 57 0.17 1.00 0.67 0 35.74 170.87 204.47 0.02 1.01 9.54 4.06 0.00 

70% 5 13 26 57 0.17 1.33 0.33 0 158.61 199.98 129.24 0.03 2.85 14.31 1.65 0.00 

Notes: a - Notations used 

c  - average sediment concentration in kg/m3; 


Cover - surface contact cover in %; 


M - total soil loss in tonne/ha; and 


N - number of rill(s) per meter width of runoff plot in m-1. 


b - Duration of recorded storm event(s). 
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Appendix Table 4.1j  Summary of collected data on rainfall (P) and runoff (Q) for all steep 

slope runoff plots from ACIAR project at ViSCA, Baybay, Leyte, the Philippines for the 

period 1989-1992a (Notes: Treatments are as follow: T1 – kept bare, T2b – planted to sweet 

potato (Ipomea batatas) across slope; T3 – planted to sweet potato (Ipomea batatas) across 

slope in hedged runoff plots, and T4 – similar to T3). 

ΣQ (mm) Q  (mm/h) 
mQ  (mm/h) Qmax (mm/h) 

Slope T1 T2b T3 T4 T1 T2b T3 T4 T1 T2b T3 T4 T1 T2b T3 T4 

(15) Date(s):
 b

 25-26/02/91 ΣP (mm): 43.7(G1);53.7(G2) P  (mm/h): 2.0(G1);2.8(G2) Pmax (mm/h): 42.7(G1);47.7(G2) EI30 (t-m/ha): 1.8(G1);4.2(G2) 

10% 3.51 0.72 0.17 0.06 2.15 0.34 9.50 0.97 

50% 0.77 0.73 0.63 0.51 0.05 0.04 0.04 0.03 1.19 0.29 0.09 0.20 2.79 0.92 0.17 1.05 

60% 1.93 0.94 2.06 0.76 0.13 0.06 0.13 0.06 0.43 0.29 0.50 0.24 1.85 0.94 1.20 0.68 

70% 1.49 1.61 0.66 1.12 0.11 0.10 0.04 0.07 0.26 0.17 0.07 0.18 0.80 0.51 0.13 0.90 

(16) Date(s): 12-13/03/91 ΣP (mm): 191.7(G1);213.8(G2) P  (mm/h): 10.0(G1);10.9(G2) Pmax (mm/h): 100.1(G1);111.9(G2) EI30 (t-m/ha): 239(G1);239(G2) 

10% 44.9 47.20  2.77 2.78  18.27 24.40   57.40 67.14  

50% 4.90 3.63 1.63 1.35 0.37 0.31 0.14 0.16 1.59 1.54 0.98 1.15 5.16 5.96 2.75 4.62 

60% 7.36 1.97 2.71 2.61 0.38 0.22 0.18 0.21 2.47 1.27 1.27 1.13 8.86 3.78 5.14 5.61 

70% 6.06 5.53 3.40 2.35 0.36 0.29 0.20 0.16 1.61 1.49 1.02 1.28 6.03 7.11 4.84 4.04 

Notes: a - Notations used 

EI30 - maximum value of EI30 for the duration of the recorded storm 


event(s) in t-m/ha; 


ΣP - total rainfall depth in mm; 


P  - arithmetical mean rainfall rate in mm/h; 


Pmax - maximum rainfall rate for the duration of the recorded storm 


event(s) in mm/h; 


ΣQ - total runoff depth in mm; 


Q  - arithmetical mean runoff rate in mm/h; 


Qm  - arithmetical mean runoff rate as defined by Ciesiolka et al (1995) in


mm/h; and 


Qmax - maximum runoff rate for the duration of the recorded storm 


event(s) in mm/h. 


b - Duration of recorded storm event(s). 

G1 - recording-type rain gauge #1; and 


G2 - recording-type rain gauge #2. 
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Appendix Table 4.2j  Summary of collected data on Cover (%), N (m-1), c  (kg/m3) and M 

(tonne/ha) for all steep slope runoff plots from ACIAR project at ViSCA, Baybay, Leyte, the 

Philippines for the period 1989-1992a (Notes: Treatments are as follow: T1 – kept bare, T2b 

– planted to sweet potato (Ipomea batatas) across slope; T3 – planted to sweet potato 

(Ipomea batatas) across slope in hedged runoff plots, and T4 – similar to T3). 

Cover (%) N (m -1) c  (kg/m3) M (tonne/ha) 

Slope T1 T2b T3 T4 T1 T2b T3 T4 T1 T2b T3 T4 T1 T2b T3 T4 

(15) Date(s):
 b

 25-26/02/91 

50% 3 55 53 72 0 0 0 0 9.19 7.18 0.05 0.06 0.07 0.05 0.00 0.00 

60% 2 78 59 76 0 0 0 0 5.47 4.56 0.06 0.11 0.04 0.00 

70% 3 37 78 68 0 0 0 0 7.39 3.47 0.29 0.06 0.11 0.06 0.00 0.00 

(16) Date(s): 12-13/03/91 

50% 3 55 53 72 0 0 0 0 11.64 8.70 0.12 0.04 0.57 0.32 0.00 0.00 

60% 2 78 59 76 0 0 0 0 9.38 16.17 0.04 0.03 0.69 0.32 0.00 0.00 

70% 3 37 78 68 0 0 0 0 13.29 6.70 0.04 0.09 0.81 0.37 0.00 0.00 

Notes: a - Notations used 

c  - average sediment concentration in kg/m3; 


Cover - surface contact cover in %; 


M - total soil loss in tonne/ha; and 


N - number of rill(s) per meter width of runoff plot in m-1. 


b - Duration of recorded storm event(s). 
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Appendix Table 4.1k  Summary of collected data on rainfall (P) and runoff (Q) for all steep 

slope runoff plots from ACIAR project at ViSCA, Baybay, Leyte, the Philippines for the 

period 1989-1992a (Notes: All runoff plots were not planted and covered with cut corn 

stubble or weeds). 

ΣQ (mm) Q  (mm/h) 
mQ  (mm/h) Qmax (mm/h) 

Slope T1 T2 T3 T4 T1 T2 T3 T4 T1 T2 T3 T4 T1 T2 T3 T4 

(23) Date(s):
 b

 30/08-02/09/91 ΣP (mm): 115.6(G1);137.2(G2) P  (mm/h): 20.1(G1);20.8(G2) Pmax (mm/h): 143.5(G1);176.4(G2) EI30 (t-m/ha): 96.9(G1);130.1(G2) 

10% 50.04 7.30  13.23 1.12  37.22 3.83  90.84 16.72  

50% 4.56 2.71 1.17 1.19 1.35 0.73 0.32 0.26 3.76 2.09 1.32 1.61 12.85 5.96 5.02 4.62 

60% 5.53 0.57 1.04 1.04 1.51 0.22 0.30 0.31 3.90 1.29 1.52 1.30 8.86 3.78 5.14 4.85 

70% 4.69 4.72 2.03 1.27 1.17 1.09 0.47 0.41 3.32 2.75 1.42 1.60 9.32 8.49 5.33 4.71 

(32) Date(s): 17-22/06/92 ΣP (mm): 173.7(G1);183.6(G2) P  (mm/h): 9.9(G1);10.0(G2) Pmax (mm/h): 129.0(G1);144.1(G2) EI30 (t-m/ha): 90.2(G1);101.5(G2) 

10% 27.23 6.65 2.60 0.55 14.57 1.73 44.65 12.48 

50% 2.94 3.27 1.49 0.63 0.28 0.22 0.10 0.08 2.65 1.87 0.72 0.77 6.70 11.30 4.32 1.71 

60% 10.40 5.26 4.98 2.76 0.82 0.49 0.49 0.45 2.40 1.34 1.28 0.85 15.70 6.65 8.59 2.25 

70% 2.55 2.04 0.98 0.45 0.37 0.16 0.12 0.30 2.57 1.19 0.93 0.80 9.32 5.12 4.84 1.66 

Notes: a - Notations used 

EI30 - maximum value of EI30 for the duration of the recorded storm 


event(s) in t-m/ha; 


ΣP - total rainfall depth in mm; 


P  - arithmetical mean rainfall rate in mm/h; 


Pmax - maximum rainfall rate for the duration of the recorded storm 


event(s) in mm/h; 


ΣQ - total runoff depth in mm; 


Q  - arithmetical mean runoff rate in mm/h; 


Qm  - arithmetical mean runoff rate as defined by Ciesiolka et al (1995) in


mm/h; and 


Qmax - maximum runoff rate for the duration of the recorded storm 


event(s) in mm/h. 


b - Duration of recorded storm event(s). 

G1 - recording-type rain gauge #1; and 


G2 - recording-type rain gauge #2. 
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Appendix Table 4.2k  Summary of collected data on Cover (%), N (m-1), c  (kg/m3) and M 

(tonne/ha) for all steep slope runoff plots from ACIAR project at ViSCA, Baybay, Leyte, the 

Philippines for the period 1989-1992a (Notes: All runoff plots were not planted and covered 

with cut corn stubble or weeds). 

Cover (%) N (m -1) c  (kg/m3) M (tonne/ha) 

Slope T1 T2 T3 T4 T1 T2 T3 T4 T1 T2 T3 T4 T1 T2 T3 T4 

(23) Date(s):
 b

 30/08-02/09/91 

10% 5 77 0 0 63.23 4.70 33.01 0.34 

50% 4 12 22 84 1.16 0 0 0 221.82 15.50 0.06 0.05 11.84 0.42 0.00 0.00 

60% 2 16 72 82 1.00 0 0 0 138.05 45.34 0.09 0.07 8.39 0.27 0.00 0.00 

70% 4 9 74 75 1.00 0.17 0 0 150.05 43.29 0.12 0.09 7.81 2.10 0.00 0.00 

(32) Date(s): 17-22/06/92 

10% 5 46 0 0 33.92 2.11 9.45 0.14 

50% 4 2 18 15 1.83 0.83 0 0.33 427.40 327.38 22.33 42.08 17.46 13.63 0.34 0.27 

60% 2 9 47 42 1.51 0.33 0 0 54.47 104.28 0.10 0.04 5.67 5.89 0.00 0.00 

70% 2 2 25 40 1.33 1.5 0 0 510.66 348.74 0.08 0.10 19.57 9.22 0.00 0.00 

Notes: a - Notations used 

c  - average sediment concentration in kg/m3; 


Cover - surface contact cover in %; 


M - total soil loss in tonne/ha; and 


N - number of rill(s) per meter width of runoff plot in m-1. 


b - Duration of recorded storm event(s). 
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Appendix Table 4.3  Multiple comparison of means of the ratio of average 

sediment concentration from net-rainfall detachment tray, c  (kg/m3) andd

average sediment concentration from bare runoff plots, c  (kg/m3) i.e., cdb cb 

(unitless) for all levels of land slope using Student-Newman-Keuls (SNK) test. 

Slope (%) bd cc ns 

60 0.26 
50 0.18 
70 0.12 
10 0.08 

Note: ns – not significant at α = 5%. 
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Appendix Table 7.1 Pearson product-moment correlation matrix of untransformed and transformed variables collected from all bare steep slope 

runoff plots in ACIAR project at ViSCA, Baybay, Leyte, the Philippines. 

Variable Slope ΣP Lg ΣP P  Lg P Pmax Lg Pmax EI30 Lg EI30 ΣQ Lg ΣQ Qm Lg Qm Q  Lg Q Qmax Lg Qmax 

N 0.00 -0.16 -0.04 0.03 0.001 -0.27 -0.26 -0.05 0.15 -0.14 0.07 0.13 0.24 -0.02 0.08 0.07 0.23 

Sqrt N 0.00 -0.16 -0.04 0.04 0.01 -0.28 -0.26 -0.04 0.16 -0.14 0.08 0.14 0.24 -0.02 0.08 0.07 0.23 

β 0.00 -0.05 0.03 0.50 0.41 0.32 0.35 0.08 0.27 0.10 0.37 0.78* 0.84* 0.68* 0.74* 0.64* 0.74* 

Lg β 0.00 0.08 0.17 0.37 0.31 0.28 0.30 0.16 0.35 0.20 0.50 0.76* 0.87* 0.66* 0.75* 0.68* 0.81* 

M 0.00 0.83* 0.73* 0.40 0.42 0.70* 0.65* 0.89* 0.77* 0.96* 0.82* 0.76* 0.67* 0.76* 0.70* 0.87* 0.70* 

Lg M 0.00 0.73* 0.78* 0.30 0.28 0.59* 0.58* 0.77* 0.83* 0.80* 0.96* 0.84* 0.88* 0.77* 0.78* 0.96* 0.96* 

Note: * significant at 0.05 probability level at α = 5%. 



Appendix Table 7.1 (continued) 

Variable Qdu Lg Qdu Cover Lg Cover N Sqrt N β Lg β c  Lg c M Lg M 

N 0.01 0.06 -0.12 -0.07 1.00 1.00* -0.37 -0.36 0.30 0.30 -0.17 0.10 

Sqrt N 0.02 0.06 -0.12 -0.07 1.00* 1.00 -0.38 -0.37 0.31 0.30 -0.17 0.10 

β -0.20 -0.02 0.03 0.05 0.30 0.31 0.61* 0.62* 1.00 0.96* 0.28 0.58* 

Lg β -0.06 0.14 0.11 0.13 0.30 0.30 0.69* 0.70* 0.96* 1.00 0.35 0.67* 

M 0.49 0.51 0.81* 0.79* -0.17 -0.17 0.30 0.30 0.28 0.35 1.00 0.84* 

Lg M 0.56* 0.66* 0.54 0.53 0.10 0.10 0.43 0.43 0.58* 0.67* 0.84* 1.00 

Note: * significant at 0.05 probability level at α = 5%. 
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Appendix Table 7.2 Independent variables considered in the multiple 

regression analyses for dependent variables c  (or Lgc ), M (or LgM) and N (or 

SqrtN) in all the bare runoff plots at various slopes. 

For "10%" Slope Bare Runoff Plot 

Dependent 
variable 

Independent variables 

c LgΣP, P , LgPmax, LgEI30, LgΣQ, Lg mQ , Lg  Q , LgQmax, LgQdu, 
Cover, SqrtN, Lgβ 

Lg c LgΣP, P , LgPmax, LgEI30, LgΣQ, Lg mQ , Lg  Q , LgQmax, LgQdu, 
Cover, SqrtN, Lgβ 

M ΣP, Lg P , Pmax, EI30, ΣQ, Qm , Q , Qmax, LgQdu, LgCover, N, 
Lgβ 

LgM LgΣP, P , Pmax, LgEI30, LgΣQ, Lg Qm , Lg Q , Qmax, LgQdu, 
LgCover, SqrtN, β 

N LgΣP, P , LgPmax, LgEI30, LgΣQ, Lg Qm , Lg Q , LgQmax, LgQdu, 
Cover, Lgβ 

SqrtN LgΣP, P , LgPmax, LgEI30, LgΣQ, Lg mQ , Lg  Q , LgQmax, LgQdu, 
Cover, Lgβ 

For "50%" Slope Bare Runoff Plot 

Dependent 
variable 

Independent variables 

c ΣP, P , Pmax, LgEI30, LgΣQ, Lg mQ , Lg  Q , LgQmax, LgQdu, 
Cover, N, β 

Lg c ΣP, Lg P , Pmax, LgEI30, LgΣQ, Lg Qm , Lg Q , LgQmax, LgQdu, 
Cover, SqrtN, Lgβ 

M ΣP, P , Pmax, LgEI30, LgΣQ, Lg Qm , Lg Q , LgQmax, LgQdu, 
Cover, SqrtN, Lgβ 

LgM ΣP, P , Pmax, LgEI30, LgΣQ, Lg Qm , Lg Q , LgQmax, LgQdu, 
Cover, SqrtN, β 

N ΣP, Lg P , Pmax, LgEI30, LgΣQ, Lg mQ , Lg  Q , LgQmax, LgQdu, 
Cover, β 

SqrtN ΣP, Lg P , Pmax, LgEI30, LgΣQ, Lg Qm , Lg Q , LgQmax, LgQdu, 
Cover, β 
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Appendix Table 7.2 (continued) 

For "60%" Slope Bare Runoff Plot 

Dependent 
variable 

Independent variables 

c ΣP, P , Pmax, LgEI30, LgΣQ, Qm , Lg Q , LgQmax, LgQdu, Cover, 
N, β 

Lg c ΣP, Lg P , Pmax, LgEI30, LgΣQ, mQ , Lg  Q , LgQmax, LgQdu, 
Cover, SqrtN, Lgβ 

M ΣP, P , Pmax, LgEI30, LgΣQ, Qm , Lg Q , Qmax, Qdu, Cover, SqrtN, 
Lgβ 

LgM ΣP, P , Pmax, LgEI30, LgΣQ, Qm , Lg Q , LgQmax, LgQdu, Cover, 
SqrtN, Lgβ 

N ΣP, Lg P , Pmax, LgEI30, LgΣQ, Lg Qm , Lg Q , LgQmax, Qdu, 
Cover, Lgβ 

SqrtN ΣP, Lg P , Pmax, LgEI30, LgΣQ, Lg mQ , Lg  Q , LgQmax, LgQdu, 
Cover, Lgβ 

For "70%" Slope Bare Runoff Plot 

Dependent 
variable 

Independent variables 

c ΣP, Lg P , LgPmax, LgEI30, LgΣQ, Lg Qm , Lg Q , LgQmax, LgQdu, 
LgCover, SqrtN, β 

Lg c ΣP, Lg P , LgPmax, LgEI30, LgΣQ, Lg mQ , Lg  Q , LgQmax, LgQdu, 
LgCover, SqrtN, β 

M ΣP, P , Pmax, LgEI30, LgΣQ, Lg Qm , Q , Qmax, Qdu, LgCover, 
SqrtN, β 

LgM ΣP, Lg P , Pmax, LgEI30, LgΣQ, Lg Qm , Lg Q , LgQmax, LgQdu, 
LgCover, SqrtN, β 

N ΣP, Lg P , Pmax, LgEI30, LgΣQ, Lg Qm , Lg Q , LgQmax, LgQdu, 
LgCover, β 

SqrtN ΣP, Lg P , Pmax, LgEI30, LgΣQ, Lg mQ , Lg  Q , LgQmax, LgQdu, 
LgCover, β 
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Appendix Table 7.2 (continued) 

Notes: ΣP (mm) - total rainfall depth; 

P  (mm/h) - arithmetical mean rainfall rate; 


Pmax (mm/h) - maximum rainfall rate for the duration of the recorded 


storm event(s);


EI30 (t-m/ha) - maximum value of EI30 for the duration of the recorded 


storm event(s);


ΣQ (mm) - total runoff depth; 


Qm  (mm/h) - arithmetical mean runoff rate as defined by Ciesiolka et al 

(1995); 

Q  (mm/h) - arithmetical mean runoff rate; 


Qmax (mm/h) - maximum runoff rate for the duration of the recorded storm 


event(s);


Qdu (min) - duration of runoff;


Cover (%) - surface contact cover; 


N (m-1) - number of rill(s) per meter width of runoff plot; 


β (unitless) - erodibility parameter; 


c  (kg/m3) - average sediment concentration; 


M (t/ha) - total soil loss; 


Prefix Lg means common logarithmic (i.e., to the base 10) transform of


the appropriate variable; and 


Prefix Sqrt means square root transform of the appropriate variable. 
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Appendix Table 9.1  Analysis of variance (ANOVA) of the effect of treatments 

and land slopes on average sediment concentration c  (kg/m3) and total soil 

loss M (t/ha) on steep slope runoff plots during various storm events. 

For c 

1) Storm Events 1 and 17 to 22 

Source SS df MS F-statistic Pr 
Main Plots 

Blocks 83475.70 6 13912.62 
Slope 13897.32 2 6948.66 2.84 0.098ns 

Main Plot Error 29373.41 12 2447.78 
Treatment 259175.76 3 86391.92 14.26 0.00*** 

Treatment x Slope 47818.66 6 7969.78 1.32 0.27ns 

Error 327115.77 54 6057.70 
Total 760856.62 83 

Duncan's Multiple Range Test for Treatment 
Error mean square = 6057.70 
Degrees of freedom = 54 
Significance level = 5% 
LSD 0.05 = 48.16 

Rank Treatment Mean n Non-significant ranges 
1 1 135.25 21 a 
2 2 28.09 21 b 
3 3 0.71 21 b 
4 4 0.15 21 b 

Duncan's Multiple Range Test for Slope 
Error mean square = 2447.78 
Degrees of freedom = 12 
Significance level = 5% 
LSD 0.05 = 28.81 

Rank Slope Mean n Non-significant ranges 
1 70% 58.93 28 a 
2 50% 35.01 28 a 
3 60% 29.21 28 a 
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Appendix Table 9.1 (continued) 

2) Storm Events 2, 7 to 14 and 24 to 31 

Source SS df MS F-statistic Pr 
Main Plots 

Blocks 768391.46 11 69853.77 
Slope 39236.31 2 19618.16 6.03 0.01** 

Main Plot Error 71604.45 22 3254.75 
Treatment 442134.28 3 147378.09 28.58 0.00*** 

Treatment x Slope 27206.48 6 4534.41 0.88 0.51ns 

Error 510522.89 99 5156.80 
Total 1859095.88 143 

Duncan's Multiple Range Test for Treatment 
Error mean square = 5156.80 
Degrees of freedom = 99 
Significance level = 5% 
LSD 0.05 = 33.58 

Rank Treatment Mean n Non-significant ranges 
1 1 162.61 36 a 
2 2 79.37 36 b 
3 3 33.25 36 c 
4 4 21.66 36 c 

Duncan's Multiple Range Test for Slope 
Error mean square = 3254.75 
Degrees of freedom = 22 
Significance level = 5% 
LSD 0.05 = 24.15 

Rank Slope Mean n Non-significant ranges 
1 70% 97.46 48 a 
2 60% 64.52 48 b 
3 50% 60.68 48 b 
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Appendix Table 9.1 (continued) 

3) Storm Events 3 to 6 

Source SS df MS F-statistic Pr 
Main Plots 

Blocks 85394.51 3 28464.84 
Slope 24580.17 2 12290.09 2.95 0.13ns 

Main Plot Error 24985.04 6 4164.17 
Treatment 113916.76 3 37972.25 6.29 0.002** 

Treatment x Slope 62103.65 6 10350.61 1.72 0.16ns 

Error 162875.38 27 6032.42 
Total 473855.52 47 

Duncan's Multiple Range Test for Treatment 
Error mean square = 6032.42 
Degrees of freedom = 27 
Significance level = 5% 
LSD 0.05 = 65.06 

Rank Treatment Mean n Non-significant ranges 
1 2 114.64 12 a 
2 1 111.63 12 a 
3 3 39.42 12 b 
4 4 0.13 12 b 

Duncan's Multiple Range Test for Slope 
Error mean square = 4164.17 
Degrees of freedom = 6 
Significance level = 5% 
LSD 0.05 = 55.83 

Rank Slope Mean n Non-significant ranges 
1 70% 97.37 16 a 
2 50% 58.17 16 a 
3 60% 43.82 16 a 
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Appendix Table 9.1 (continued) 

For M 

1) Storm Events 1 and 17 to 22 

Source SS df MS F-statistic Pr 
Main Plots 

Blocks 50.07 6 8.34 
Slope 9.02 2 4.51 3.76 0.05ns 

Main Plot Error 14.39 12 1.20 
Treatment 135.84 3 45.28 12.22 0.00*** 

Treatment x Slope 20.05 6 3.34 0.90 0.50ns 

Error 200.11 54 3.71 
Total 429.48 83 

Duncan's Multiple Range Test for Treatment 
Error mean square = 3.71 
Degrees of freedom = 54 
Significance level = 5% 
LSD 0.05 = 1.19 

Rank Treatment Mean n Non-significant ranges 
1 1 3.02 21 a 
2 2 0.28 21 b 
3 3 0.00 21 b 
4 4 0.00 21 b 

Duncan's Multiple Range Test for Slope 
Error mean square = 1.20 
Degrees of freedom = 12 
Significance level = 5% 
LSD 0.05 = 0.64 

Rank Slope Mean n Non-significant ranges 
1 70% 1.27 28 a 
2 50% 0.73 28 ab 
3 60% 0.48 28 b 
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Appendix Table 9.1 (continued) 

2) Storm Events 2, 7 to 14 and 24 to 31 

Source SS df MS F-statistic Pr 
Main Plots 

Blocks 4833.37 12 402.78 
Slope 170.38 2 85.19 3.77 0.04* 

Main Plot Error 541.68 24 22.57 
Treatment 1591.19 3 530.40 14.42 0.00*** 

Treatment x Slope 177.12 6 29.52 0.80 0.57ns 

Error 3972.00 108 36.78 
Total 11285.74 155 

Duncan's Multiple Range Test for Treatment 
Error mean square = 36.78 
Degrees of freedom = 108 
Significance level = 5% 
LSD 0.05=2.72 

Rank Treatment Mean n Non-significant ranges 
1 1 8.48 39 a 
2 2 5.66 39 b 
3 3 1.61 39 c 
4 4 0.49 39 c 

Duncan's Multiple Range Test for Slope 
Error mean square = 22.57 
Degrees of freedom = 24 
Significance level = 5% 
LSD 0.05 = 1.92 

Rank Slope Mean n Non-significant ranges 
1 70% 5.54 52 a 
2 50% 3.36 52 b 
3 60% 3.28 52 b 
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Appendix Table 9.1 (continued) 

3) Storm Events 3 to 6 

Source SS df MS F-statistic Pr 
Main Plots 

Blocks 123.03 3 41.01 
Slope 14.71 2 7.35 4.83 0.06ns 

Main Plot Error 9.14 6 1.52 
Treatment 119.23 3 39.74 4.67 0.01** 

Treatment x Slope 28.90 6 4.82 0.57 0.75ns 

Error 229.65 27 8.51 
Total 524.66 47 

Duncan's Multiple Range Test for Treatment 
Error mean square = 8.51 
Degrees of freedom = 27 
Significance level = 5% 
LSD 0.05 = 2.44 

Rank Treatment Mean n Non-significant ranges 
1 2 4.35 12 a 
2 1 2.05 12 ab 
3 3 1.32 12 b 
4 4 0.00 12 b 

Duncan's Multiple Range Test for Slope 
Error mean square = 1.52 
Degrees of freedom = 6 
Significance level = 5% 
LSD 0.05 = 1.07 

Rank Slope Mean n Non-significant ranges 
1 70% 2.36 16 a 
2 50% 2.29 16 a 
3 60% 1.15 16 b 
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Appendix Table 9.1 (continued) 

Notes: SS - sum of squares; 

df - degrees of freedom; 

MS - mean square; 

F-statistic – ratio of MS for a given source of variation to MS of error 

term; 

Pr - significance level; 

LSD – Least Significant Difference; 
ns- not statistically significant; 
*- significant at 0.05 probability level; 
**- significant at 0.01 probability level; 
***- significant at 0.001 probability level; 


Significance level, α = 5%; 


n -  number of observations; and 


Similar letters means statistically not different, α = 5%. 






List of Symbols Used 

Chapter 2 – Soil Erosion and Conservation Research 

A – cross-sectional area of flow in the rill 

As – average soil loss per unit area 

Asp – specific catchment area 

At – total land area where runoff took place 

a – first-order reaction coefficient 

b – multiplying factor that indicates the fractional part of the shear stress 

acting on the deposited layer assumed to be in the bottom of the rill i.e., 

Wb


W
p 

c

ac and bc – constants which are functions of rainfall intensity, soil and 

cover 

C – fraction of the soil surface as viewed from above which is not 

inundated by a particular depth of overland flow or covered by 

unsubmerged soil particles or aggregates 

Ci – fraction of the soil surface (viewed in plan) which is occupied by soil 

sediment in the general size class i 

(1 – C) – exposure factor i.e., fraction of the soil surface which contains 

the submerged soil particles assumed to be involved in water induced 

soil erosion 

Ca – canopy cover adjustment factor 

Cu – cover and management factor 

c – concentration of soil sediments in the flow (volume of soil sediments 

per volume of runoff flow) 

ci – sediment concentration of soil particles in the size or settling velocity 

class i 

c - average sediment concentration throughout a particular soil erosion 

event 

ct – sediment concentration at the transport limit 

t  - average sediment concentration at the transport limit 

D – depth of overland flow 



Symbols - 2 
Dc – rill detachment capacity of the clear flowing water 

Df – rill detachment rate (i.e., rill erosion) 

Di – interrill detachment rate (i.e. interrill erosion which is assumed to be 

independent of x) 

Dp – rate of deposition 

DT – total depth of the trapezoid-shape rill 

d – diameter of the particle 

di – diameter of assumed spherical-shape soil particle of size class i 

EI – EI30 value of storm 

ei – rate of rainfall detachment for soil particles of size class i 

edi – rate of rainfall re-detachment for soil particles of size class i 

F – fractional part of the difference (Ω - Ωo) that is effective in 

entrainment and re-entrainment processes of water-induced soil erosion 

i.e., F (Ω - Ωo) - “effective excess streampower” 

f – a non-dimensional factor 

G – volumetric flow rate per rill 

Gf – rill sediment flux 

Ga – ground cover adjustment factor 

g – acceleration due to the pull of gravity 

h – flow depth on bare smooth soil 

I – an arbitrary number of subdivisions of soil sediments in the original 

soil matrix into size classes of equal mass or number of sediment size 

ranges 

Ie – effective rainfall intensity 

J – specific energy of entrainment 

K – soil erodibility factor 

Ki – interrill erodibility 

Kr – rill erodibility parameter due to hydraulic shear 

kt – transport coefficient 

L – slope length factor 

Li – total distance traveled by saltating soil particle i until it comes to rest 

Mdi – mass per unit area of soil sediments in the deposited layer in any 

general size class i 
I 

Mdt – total mass per unit area of the deposited layer i.e., ∑Mdi 
i=1 



Symbols - 3 
Ms – total mass of dry soil sediment (sum of bed load and suspended 

load) 

Mt – total mass of the mixture of water and soil sediment 

m – portion of the I settling velocity classes of potentially erodible soil 

sediments in the original soil matrix, each of equal mass which are 

submerged 

mc – fitted regression constant or slope length exponent from USLE 

mf – a parameter that indicates the state of flow (e.g., mf = 5/3 ≈ 2 for 

turbulent flow) 

mi – mass of sedimentary particle i 

ms – slope on the slope-intercept form of straight line 

mw – equivalent mass of volume of water displaced by saltating particle 

N – number of rills per unit width 

Ndi – number of soil particles per unit area of size class i in the deposited 

layer 

n – Manning’s roughness coefficient 

nb – value of Manning’s roughness coefficient n for bare soil 

nc – fitted regression coefficient 

ni – number of soil particles per unit volume of the fluid with mass of soil 

particles in that class being mi 

nr – value of Manning’s roughness coefficient n for rough or vegetated 

surfaces 

P – supporting conservation practice factor 

Q – runoff rate per unit land area 

Qp – peak runoff rate 

Qt – runoff 

Qw – discharge rate per unit area 

q – volumetric flow rate per unit slope width or volumetric water flux per 

unit land width 

qs – sediment load per unit time per unit width i.e., sediment flux per unit 

width of plane 

qsi- flux of saltating soil particles per unit width of flow in sediment size 

class i 

qw – rate of runoff per unit width or water flux 



Symbols - 4 
R – hydraulic radius 

Ru – rainfall erosivity factor 

Rs – rill spacing 

ri – rate of runoff entrainment for soil particles of size class i 

rri – rate of runoff re-entrainment for soil particles of size class i 

S – slope of the plane i.e., sine of angle of land surface inclination 

Sa – slope adjustment factor 

Sf – friction slope 

Sg – specific gravity of the particle 

Sr – slope of the land surface towards the a nearby rill 

Su – slope steepness factor 

s – percent slope (equals 100 tan θ or 100 sin θ depending on 

discussion) 

so – hydraulic gradient or rill bottom slope 

Tc – rill sediment transport capacity 

t – time 

tr – total duration of the runoff event 

u* - friction velocity of the overland flow 

V – mean velocity of the overland flow 

Vs – total volume occupied by the soil sediment 

Vt – total volume of water-soil sediment mixture 

Vw – total volume occupied by water 

Vτ – shear velocity 

vi – characteristic settling velocity of soil particles of size range i 

vs – mean fall velocity of the soil particles 

Wb – bottom width of rill 

Wp – wetted perimeter of the rill 

Ws – length of wetted sidewalls of the rill 

WT – top width of the trapezoid-shape rill 

WR – top width of the rectangle-shape rill 

w – rill width 

x – downslope distance from the top of the plane or slope length 

Yc – critical lift force obtained from extrapolation in the Shields’ diagram 

y – flow depth 



Symbols - 5 
Greek Symbols 

α i – factor that recognizes that a saltating soil particle may not rise to the 

full depth of overland flow 

β - soil erodibility parameter 

εi – volume of sedimentary particle i 

φ - average velocity of settling of soil sediment i.e., sediment 

“depositability” 
m 

φ e – effective depositability i.e., ∑ vi 

i= 1 m 

γ - specific weight of water i.e., “weight density” equal to 9.81(103) N/m3 

κ - ratio of rill erosion to interrill erosion 

λ - horizontal slope length 

ν f – settling velocity of soil sediment 

θ – slope angle in degrees 

ρ – density of water 

ρe – density of the sediment-laden water 

ρ w – mass density of the fluid 

ρ s – mass density of the soil sediments 

σ – wet sediment density 

τ - total shear stress exerted by overland flow on the soil surface or 

hydraulic flow total shear stress acting on the soil particles 

τ c – threshold shear stress 

τ s – surface shear stress 

τ sa – saltation shear stress which is contributed by soil particles 

τ se – component of τ s effective in eroding soil sediments of size smaller 

than the runoff water depth D 

υ - experimentally determined parameter equals to 0.5 for rainfall 

conditions or 1.0 for non-rainfall or snowmelt conditions 

Ω - streampower 

Ω o – threshold streampower 

Ω se – streampower incorporating the effect of saltation stress i.e., 

Ω τ = Vse se 



Symbols - 6 
I 

ξ - mass-weighted mean settling velocity of soil sediment i.e., ∑ vi 

i=1 I 

Chapter 3 – The Experimental Methods 

Cover – surface contact cover in % 

c  - average sediment concentration in kg/m3 

EI30 – maximum value of EI30 for the duration of the recorded storm 

event(s) in t-m/ha 

M – total soil loss in tonne/ha 

N – number of rill(s) per meter width of runoff plot in m-1 

Pmax – maximum rainfall rate for the duration of the recorded storm 

event(s) in mm/h 

P  - arithmetical average rainfall rate in mm/h 

ΣP – total rainfall depth in mm 

Qdu – duration of runoff for the recorded storm event(s) in min 

Qmax – maximum runoff rate for the duration of the recorded storm 

event(s) in mm/h 

Q  - arithmetical mean runoff rate in mm/h 

Qm  - average mean runoff rate as defined by Ciesiolka et al (1995) in 

mm/h 

ΣQ – total runoff depth in mm 


TP – typhoon 


TS – tropical storm 


Treatments:  T1 - kept bare 


T2 - planted to corn (Zea mays) along slope 

T2a - planted to corn across slope 

T2b - planted to sweet potato (Ipomea batatas) across 

slope 

T3 - planted to corn across slope in hedged runoff plots 

T4 - similar to treatment T3 with peanut (Arachis hypogaea) 

intercrop 

T4a - planted to peanut across slope in hedged runoff plots 

ViSCA – Visayas State College of Agriculture (now Leyte State 

University) 



Symbols - 7 

Chapter 4 – General Features of the In-Situ Collected Data 

ACIAR – Australian Centre for International Agricultural Research 

Cover – surface contact cover in % 

c  - average sediment concentration in kg/m3 

cb  - average sediment concentration from bare runoff plots 

cd  - average sediment concentration from net rainfall detachment tray 

EI30 – maximum value of EI30 for the duration of the recorded storm 

event(s) in t-m/ha 

M – total soil loss in tonne/ha 

N – number of rill(s) per meter width of runoff plot in m-1 

Pmax – maximum rainfall rate for the duration of the recorded storm 

event(s) in mm/h 

P  - arithmetical average rainfall rate in mm/h 

ΣP – total rainfall depth in mm 

Qdu – duration of runoff for the recorded storm event(s) in min 

Qmax – maximum runoff rate for the duration of the recorded storm 

event(s) in mm/h 

Q  - arithmetical mean runoff rate in mm/h 

Qm  - average mean runoff rate as defined by Ciesiolka et al (1995) in 

mm/h 

ΣQ – total runoff depth in mm 

BL – bed load 

SL – suspended load 

TP – typhoon 

TS – tropical storm 

ViSCA – Visayas State College of Agriculture (now Leyte State 

University) 

G1 – recording-type rain gauge #1 

G2 – recording-type rain gauge #2 

P1 – pluviometer #1 

P2 – pluviometer #2 

α - level of significance 



Symbols - 8 
* ** *** ns , , , – significant at the 0.05, 0.01 and 0.001 probability levels, and 

not significant, respectively 

Treatments:  T1 - kept bare 

T2 - planted to corn (Zea mays) along slope 

T2a - planted to corn across slope 

T2b - planted to sweet potato (Ipomea batatas) across 

slope 

T3 - planted to corn across slope in hedged runoff plots 

T4 - similar to treatment T3 with peanut (Arachis hypogaea) 

intercrop 

T4a - planted to peanut across slope in hedged runoff plots 

Chapter 5 – Statistical Analysis of Data 

ACIAR – Australian Centre for International Agricultural Research 

ANOVA – Analysis of Variance 

Cover – surface contact cover in % 

c  - average sediment concentration in kg/m3 

DMRT – Duncan Multiple Range Test 

EI30 – maximum value of EI30 for the duration of the recorded storm 

event(s) in t-m/ha 

M – total soil loss in tonne/ha 

N – number of rill(s) per meter width of runoff plot in m-1 

Pmax – maximum rainfall rate for the duration of the recorded storm 

event(s) in mm/h 

P  - arithmetical average rainfall rate in mm/h 

ΣP – total rainfall depth in mm 

Qdu – duration of runoff for the recorded storm event(s) in min 

Qmax – maximum runoff rate for the duration of the recorded storm 

event(s) in mm/h 

Q  - arithmetical mean runoff rate in mm/h 

Qm  - average mean runoff rate as defined by Ciesiolka et al (1995) in 

mm/h 

ΣQ – total runoff depth in mm 


Slope (%) – slope of the runoff plot 




Symbols - 9 
TP – typhoon 


TS – tropical storm 


Treatments:  T1 - kept bare 


T2 - planted to corn (Zea mays) along slope 

T2a - planted to corn across slope 

T2b - planted to sweet potato (Ipomea batatas) across 

slope 

T3 - planted to corn across slope in hedged runoff plots 

T4 - similar to treatment T3 with peanut (Arachis hypogaea) 

intercrop 

T4a - planted to peanut across slope in hedged runoff plots 

ViSCA – Visayas State College of Agriculture (now Leyte State 

University) 

Prefix Lg – common logarithmic (i.e., to the base 10) transform of the 

appropriate variable 

Prefix Sqrt – square root transform of the appropriate variable 

P1 – pluviometer #1 

P2 – pluviometer #2 

α - level of significance 
* ** *** ns , , , – significant at the 0.05, 0.01 and 0.001 probability levels, and 

not significant, respectively 

R2 – coefficient of multiple determination 

na – not applicable 

Chapter 6 – Analysis of Soil Loss Using a Physical-Process Oriented Water-
Induced Soil Erosion Model 

b – multiplying factor that indicates the fractional part of the shear stress 

acting on the deposited layer assumed to be in the bottom of the rill i.e., 

Wb


W
p 

C – fraction of the soil surface as viewed from above which is not 

inundated by a particular depth of overland flow or covered by 

unsubmerged soil particles or aggregates 



c

Symbols - 10 
(1 – C) – exposure factor i.e., fraction of the soil surface which contains 

the submerged soil particles assumed to be involved in water induced 

soil erosion 

c - average sediment concentration throughout a particular soil erosion 

event 

ct – sediment concentration at the transport limit 

t  - average sediment concentration at the transport limit 

D – depth of overland flow 

Dw – arithmetical mean depth of runoff water in mm 

de - effective particle diameter 

F – fractional part of the difference (Ω - Ωo) that is effective in 

entrainment and re-entrainment processes of water-induced soil erosion 

i.e., F (Ω - Ωo) - “effective excess streampower” 

f – a non-dimensional factor 

g – acceleration due to the pull of gravity 

N – number of rill(s) per meter width of runoff plot in m-1 

n – Manning’s roughness coefficient 

na – not applicable 

Pmax – maximum rainfall rate for the duration of the recorded storm 

event(s) in mm/h 

Qmax – maximum runoff rate for the duration of the recorded storm 

event(s) in mm/h 

Q  - arithmetical mean runoff rate in mm/h 

Qm  - average mean runoff rate as defined by Ciesiolka et al (1995) in 

mm/h 

ΣQ – total runoff depth in mm 

R – hydraulic radius 

R2 – coefficient of multiple determination 

S – slope of the plane i.e., sine of angle of land surface inclination 

V – mean velocity of the overland flow 

Wb – bottom width of rill 

Wp – wetted perimeter of the rill 

Greek Symbols 



Symbols - 11 
α - level of significance 

φ - average velocity of settling of soil sediment i.e., sediment 

“depositability” 
m 

φe – effective depositability i.e., ∑ vi 

i=1 m 

µ - dynamic viscosity of water 

νf – settling velocity of soil sediment 

ρ – density of water 

ρe – density of the sediment-laden water 

ρp - effective particle density 

σ – wet sediment density 

τ - total shear stress exerted by overland flow on the soil surface or 

hydraulic flow total shear stress acting on the soil particles 

τs – surface shear stress 

τsa – saltation shear stress which is contributed by soil particles 

τse – component of τs effective in eroding soil sediments of size smaller 

than the runoff water depth D 
* ** *** ns , , , – significant at the 0.05, 0.01 and 0.001 probability levels, and 

not significant, respectively 

Chapter 7 – Analysis of the Erodibility Factor β 

ACIAR – Australian Centre for International Agricultural Research 

Cover – surface contact cover in % 

c  - average sediment concentration in kg/m3 

EI30 – maximum value of EI30 for the duration of the recorded storm 

event(s) in t-m/ha 

M – total soil loss in tonne/ha 

N – number of rill(s) per meter width of runoff plot in m-1 

Pmax – maximum rainfall rate for the duration of the recorded storm 

event(s) in mm/h 

P  - arithmetical average rainfall rate in mm/h 

ΣP – total rainfall depth in mm 

Qdu – duration of runoff for the recorded storm event(s) in min 



Symbols - 12 
Qmax – maximum runoff rate for the duration of the recorded storm 

event(s) in mm/h 

Q  - arithmetical mean runoff rate in mm/h 

Qm  - average mean runoff rate as defined by Ciesiolka et al (1995) in 

c

mm/h 

ΣQ – total runoff depth in mm 

Slope – slope of the runoff plot 

ViSCA – Visayas State College of Agriculture (now Leyte State 

University) 

Prefix Lg – common logarithmic (i.e., to the base 10) transform of the 

appropriate variable 

Prefix Sqrt – square root transform of the appropriate variable 

P1 – pluviometer #1 

P2 – pluviometer #2 

C – fraction of the soil surface as viewed from above which is not 

inundated by a particular depth of overland flow or covered by 

unsubmerged soil particles or aggregates 

(1 – C) – exposure factor i.e., fraction of the soil surface which contains 

the submerged soil particles assumed to be involved in water induced 

soil erosion 

c - average sediment concentration throughout a particular soil erosion 

event 

ct – sediment concentration at the transport limit 

t  - average sediment concentration at the transport limit 

Dw – arithmetical mean depth of runoff water in mm 

F – fractional part of the difference (Ω - Ωo) that is effective in 

entrainment and re-entrainment processes of water-induced soil erosion 

i.e., F (Ω - Ωo) - “effective excess streampower” 

fa – resistance component of completely inundated smaller-sized soil 

aggregates 

fb – resistance component of partly immersed large-sized soil aggregates 

na – not applicable 

R2 – coefficient of multiple determination 



Symbols - 13 
Greek Symbols 

α - level of significance 

β - erodibility parameter 

φ - average velocity of settling of soil sediment i.e., sediment 

“depositability” 
m 

φe – effective depositability i.e., ∑ vi 

i=1 m 

ρ – density of water


ρe – density of the sediment-laden water

* ** *** ns , , , – Significant at the 0.05, 0.01 and 0.001 probability levels, and 

not significant, respectively 

Chapter 8 – Surface Hydrology and Infiltration 

ACIAR – Australian Centre for International Agricultural Research 

ANOVA – Analysis of Variance 

df – degrees of freedom 

EI30 – maximum value of EI30 for the duration of the recorded storm 

event(s) in t-m/ha 

F-statistic – ratio of MS for a given source of variation to MS of error term 

MS – mean square 

n -  number of observations 

Pmax - maximum rainfall rate for the duration of the recorded storm 

event(s) in mm/h; 

Pr – significance level 

P  - arithmetical average rainfall rate in mm/h 

ΣP – total rainfall depth in mm 

ΣPQ – runoff-producing rainfall in mm 

Qmax - maximum runoff rate for the duration of the recorded storm 

event(s) in mm/h. 

Q  - arithmetical mean runoff rate in mm/h; 

Qm  - arithmetical mean runoff rate as defined by Ciesiolka et al (1995) in 

mm/h 

ΣQ – total runoff depth in mm 



Symbols - 14 
R2 – coefficient of multiple determination 

SS – sum of squares 

TF – throughflow 

Treatments:  T1 - kept bare 

T4 - planted to corn across slope in hedged runoff plots 

with peanut (Arachis hypogaea) intercrop 

ViSCA – Visayas State College of Agriculture (now Leyte State 

University) 
* ** *** ns , , , – Significant at the 0.05, 0.01 and 0.001 probability levels, and 

not significant, respectively 

G1 - recording-type rain gauge #1 

G2 - recording-type rain gauge #2 

Greek Symbol 

α - level of significance 

Chapter 9 – Effect of Treatments on the Average Sediment Concentration c 

ACIAR – Australian Centre for International Agricultural Research 

ANOVA – Analysis of Variance 

Cover – surface contact cover in % 

c  - average sediment concentration in kg/m3 

df – degrees of freedom 

DMRT – Duncan Multiple Range Test 

F-statistic – ratio of MS for a given source of variation to MS of error term 

M – total soil loss in tonne/ha 

MS – mean square 

N – number of rill(s) per meter width of runoff plot in m-1 

n -  number of observations 

Pr – significance level 

ΣQ – total runoff depth in mm 

R2 – coefficient of multiple determination 

SS – sum of squares 

Treatments:  T1 - kept bare 

T2 - planted to corn (Zea mays) along slope 



Symbols - 15 
T2a - planted to corn across slope 

T2b - planted to sweet potato (Ipomea batatas) across 

slope 

T3 - planted to corn across slope in hedged runoff plots 

T4 - similar to treatment T3 with peanut (Arachis hypogaea) 

intercrop 

T4a - planted to peanut across slope in hedged runoff plots 

ViSCA – Visayas State College of Agriculture (now Leyte State 

University) 
* ** *** ns , , , – Significant at the 0.05, 0.01 and 0.001 probability levels, and 

not significant, respectively 

Greek Symbol 

α - level of significance 


	Title
	Declaration
	Dedication
	Acknowledgment
	Abstract
	List of Figures
	List of Tables
	Table of Contents
	02Chapter1.pdf
	Soil Erosion and Conservation
	Importance of Soil Conservation
	Introduction
	Soil Conservation Strategies

	Nature of Soil Erosion
	Definition of Soil Erosion
	Soil Erosion Process
	Soil Erosion in the Humid Tropics
	Definition of the Humid Tropics
	Agrometeorology in the Humid Tropics
	Characteristics of Soils in the Humid Tropics


	The Steeplands
	Soil Erosion on the Steeplands
	The Philippine Uplands
	Introduction
	Soil Erosion in the Philippines
	Soil Erosion in the Philippine Uplands
	Some Causes of Soil Erosion in the Philippine Uplands
	Deforestation
	Demographic Pressure
	Poverty
	Landlessness
	Failure of Agrarian Reform Program
	Mismanagement of Upland Resource



	Aims of the Study


	03Chapter2.pdf
	Soil Erosion and Conservation Research
	History of Soil Conservation Research
	Review of Literature on the Effect of Slope and Slope Length on Erosion
	Introduction
	Slope Gradient Effect on Soil Loss
	Slope Length Effect on Soil Loss

	Physical Process Models of Soil Erosion by Water
	CREAMS
	Upland Erosion Model
	WEPP
	GUEST - A Physical-Process Oriented Water-Induced Soil Erosion Model
	Overview
	The Effect of Soil Strength on Sediment Concentration
	Depositability
	Soil Erodibility Parameter, (
	Relative Contribution of Runoff Entrainment (and Re-Entrainment) to Soil Loss

	Revised GUEST
	Definition for Sediment Concentration, c
	Definition for Density of Sediment-Laden Water, ?e
	Effective Depositability, (e
	General Expression for Modified ct
	Incorporating Saltation Shear Stress in Water-Induced Soil Erosion Dominated by Runoff Entrainment and Re-Entrainment Processes
	Quantifying Partial Inundation of Soil Surface Roughness Elements
	Exposure Factor with Saltation Shear Stress in Water-Induced Soil Erosion Dominated by Runoff Entrainment and Re-Entrainment Processes




	04Chapter3.pdf
	The Experimental Methods
	Experimental Location
	Soil Type and Terrain
	Agrometeorological Characteristic
	Runoff Plot Construction and Characteristics
	Lower Slope Runoff Plots
	Steep Slope Runoff Plots

	Runoff Plot Description and Data Collection
	Experimental Treatments
	Lower Slope Runoff Plots
	Steep Slope Runoff Plots

	Cultural Practices for Main and Intercrop Production
	Planting
	Fertilizer Application
	Weeding and Cultivation
	Harvesting

	Data Preparation and Processing


	05Chapter4.pdf
	General Features of the In-Situ Collected Data
	Variation in the Recorded Rainfall by the ACIAR Experimental Site and the Local Agrometeorology Station
	Basic Characteristics of the Data
	Low Slope Runoff Plots
	Storm Events #1 to #2, and #15 to #16
	Storm Events #3 to #6
	Storm Events #7 to #14
	Storm Events #17 to #31
	Storm Events #23 and #32

	Steep Slope Runoff Plots
	Storm Events #1 and, #17 to #22
	Storm Events #2, #7 to #14, and #24 to #31
	Storm Events #3 to #6
	Storm Events #15 to #16
	Storm Events #23 and #32


	Variation in the Experimental Treatments
	Minimum and Maximum Values for Each of the Parameters Considered in the Experiment
	Occurrence or Timing of Storm Events
	Total Runoff SQ from the Runoff Plots
	Low Slope Runoff Plots
	Steep Slope Runoff Plots

	Soil Loss M from the Runoff Plots
	Sediment Concentration � from the Runoff Plots
	Low Slope Runoff Plots
	Steep Slope Runoff Plots

	Soil Loss M and Number of Rills per Meter Width of Runoff Plot N
	Low Slope Runoff Plots
	Steep Slope Runoff Plots

	Contribution of Rainfall Detachment (and Re-detachment) to the Sediment Concentration of Sediment from Bare Runoff Plots
	Suspended Load (SL), Bed Load (BL) and Total Soil Loss (M)
	Low Slope Runoff Plot
	Steep Slope Runoff Plots

	Effect of Cultivation
	Summary of Observations


	06Chapter5.pdf
	Statistical Analysis of Data
	Introduction
	Statistical Comparison of Two Pluviometers
	Forming Data Sets
	Statistical Analyses of Data
	Analysis of Variance (ANOVA) and Multiple Comparison of Means
	Low Slope Runoff Plots
	Steep Slope Runoff Plots
	Storm Events #1 and, #17 to #22
	Storm Events #2, #7 to #14 and #24 to #31
	Storm Events #3 to #6


	Statistical Transformation of Data
	Correlation and Multiple Regression Analyses
	Multiple Regression Model for Average Sediment Concentration
	Multiple Regression Model for Total Soil Loss M
	Multiple Regression Model for the Number of Rills per Meter Width of Runoff Plot, N


	Summary of Findings from the Analyses


	07Chapter6.pdf
	Analysis of Soil Loss Using a Physical-Process Oriented Water-Induced Soil Erosion Model
	Introduction
	“10%” Slope Bare Runoff Plot
	“50%” Slope Bare Runoff Plot
	“60%” Slope Bare Runoff Plot
	"70%" Slope Bare Runoff Plot

	Rose and Hairsine Version (1988) of GUEST Erosion Theory
	Misra and Rose Version (1990) of GUEST Erosion Theory
	Rose et al Version (1997) of GUEST Erosion Theory
	Summary of Findings from the Analyses


	08Chapter7.pdf
	Analysis of the Erodibility Factor ß
	Comparison of Various Versions and Variants of GUEST - A Process Oriented Water-Induced Soil Erosion Model
	Using Sediment Concentration at the Transport Limit
	Using Erodibility Parameter ß

	The Effect of Neglecting Saltation Shear Stress
	Analysis of the Erodibility Parameter ( Computed from Rose et al Version (1997) of GUEST
	General Discussion
	Effect of Cultivation and Weeding on Soil Erodibility Parameter (
	Multiple Regression Analyses Including Erodibility Parameter ( as a Regressor for � (or Log �), M (or Log M) and N (Sqrt N)
	Multiple Regression Analyses for Erodibility Parameter (

	The Effects of Exposure Factor and Combined Saltation Shear Stress and Sediment Enhancement of Fluid Density on Sediment Concentration at the Transport Limit
	Summary of Findings from the Analyses


	09Chapter8.pdf
	Surface Hydrology and Infiltration
	Introduction
	The Selection of the Data Set
	Analysis of the Data Set
	Summary of Findings from the Analyses


	10Chapter9.pdf
	Effect of Treatments on the Average Sediment Concentration
	Introduction
	Storm Events in Steep Slopes Subject to Analyses of Variance and Multiple Comparison of Means
	Storm Events #1 and, #17 to #22
	Storm Events #2, #7 to #14 and #24 to #31
	Storm Events #3 to #6

	The Effect of Surface Contact Cover on the Average Sediment Concentration
	Effect of Hedgerows on Soil Loss
	Alley Cropping
	Alley Cropping in the Philippine Uplands
	Adoption of Alley Cropping in the Philippine Uplands

	Summary of Findings from the Analyses


	11Chapter10.pdf
	Some Practical Issues on Steep Slopes Cultivation
	Directional Storm Event and Slope Gradient
	Accuracy of Runoff Calculation Where Runoff Is A Very Small Proportion of Rainfall
	Surface Contact Cover Equivalent of Hedgerow
	On Assessment of Number of Rills per Meter Width of Runoff Plot N
	Slope Gradient and Slope Length
	Rainfall-induced and Runoff-induced erosion on Steep Slopes


	12Chapter11.pdf
	Conclusions
	Chapter 4 - General Features of the In-Situ Collected Data
	Chapter 5 - Statistical Analysis of Data
	Chapter 6 - Analysis of Soil Loss Using a Physical-Process Oriented Water-Induced Soil Erosion Model
	On Physical Process-Oriented Model of Water-induced Soil Erosion
	Chapter 7 - Analysis of the Erodibility Factor ß
	Chapter 8 - Surface Hydrology and Infiltration
	Chapter 9 - Effect of Treatments on the Average Sediment Concentration
	On the Effect of Surface Contact Cover on Average Sediment Concentration


	13References.pdf
	List of References
	Appendices
	List of Symbols Used


