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ABSTRACT 

The hypothesis of this thesis is that soil erodibility varies systematically with 

landscape topography. This hypothesis was tested by using a portable rainfall 

simulator to measure the relative soil erodibility at five slope positions along 

eleven slope transects on fallow agricultural land in hummocky terrain. Soil 

erodibility variations among the five slope units were examined for significant 

differences. The slope units were found to be ranked in descending order by 

mean soil erodibility as follows: shoulder, midslope, footslope, summit, 

toeslope. This systematic pattern of erodibility was evident even though 

topographic characteristics and soil properties varied substantially between the 

slope transects sampled within the small study area. Differences in erodibility 

were attributed to soil property differences along the slopes. Correlation and 

multiple regression indicated that soil properties had a stronger relationship to 

soil erodibility than did topographic variables. Particle size distribution, bulk 

density and organic matter had the most significant effect on erodibility 

variations. Aggregation measures were not found to be good indicators of soil 

erodibility. Topography was thought to influence erodibility indirectly 

through its effect on the distribution of soil properties along the slope 

transects based on the higher correlations between topographic variables and 

many soil properties. Higher correlations between erodibility and soil and 

topographic variables were found when analyzed by slope position, especially 

on the midslope. This indicates that soil properties were more uniform when 
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grouped by slope position than when considered as a single, large data set. 

This study suggested that the use of a catena approach to examine soil 

erodibility is an important consideration when studying soil erosion processes 

in agricultural landscapes. 
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1.1. Background 

Chapter 1 

INTRODUCTION 

Soil erosion by wind and water 1s a serious problem on agricultural land 

and 1s reducing soil productivity in many areas throughout the world (Lal, 

1988). The consequences of erosion can be especially serious on the Canadian 

Prairies where soils are relatively shallow and rates of soil formation are low. 

Even moderate soil losses represent a significant reduction in the quality of 

the soil resource in this environment. 

The Canadian Standing Committee on Agriculture, Fisheries and 

Forestry (1984) estimated that erosion and other types of soil degradation 

costs Canadian farmers more than $1 billion per year. This high cost 

emphasizes the importance of continuing research into the processes of soil 

erosion and the need to find solutions to the problem. 

Understanding of soil erosion processes 1s a necessary prerequisite for 

reducing soil loss. The magnitude of soil erosion can be defined as (Hudson, 

1981): 

Erosion = f(Erosivity, Erodibility). 

Erosivity is a measure of the ability or strength of erosional agents, such as 

rainfall, overland flow or wind, to erode soils. Erodibility is the soil's 
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susceptibility to eros1on, the reciprocal of its resistance. Consequently, soil 

erosion will increase if either erosivity or erodibility increases. 

The erodibility of a soil is determined by its physical and chemical 

characteristics. These include such soil properties as organic matter content, 

particle size distribution and aggregation. Past research has illustrated that 

topography influences the distribution of these soil properties 1n a landscape 

by modifying erosive forces and by affecting pedogenetic factors (Gerrard, 

1981). However, past research has given little attention to local scale 

variations in soil erodibility that result from variations in soil properties with 

topography. The literature surveyed suggested that most research into soil 

erodibility variations has focused on relationships between soil properties and 

soil erodibility. 

1.2. Scope and Purpose 

This research examined the relationships among soil erodibility, 

topography and soil properties along eleven slope transects 1n a hummocky 

moraine landscape in the Dark Brown Soil zone of Central Saskatchewan. 

The primary purpose of the research was to test the hypothesis that 

variations in soil properties along slope transects is reflected in a systematic 

variation in soil erodibility with topographic elements such as the shape, 

gradient and length of slopes, and the relative position of the soil along the 

slope. 
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1.3. Objectives 

There were three ma1n objectives to this research. The first objective 

was to measure the erodibility of the soil at sample points along slope 

transects. This was accomplished by using a portable rainfall simulator 

(1-fcQueen, 1963; Summer, 1980). The amount. of soil material removed from 

the soil surface by the simulated raindrops provided a measure of relative soil 

erodibility. 

The second objective was to define the relationship between soil 

erodibility and topographic variables such as slope gradient, length, position 

and profile curvature. 

The third objective was to explain the observed variation of soil 

erodibility with topography. This was accomplished by comparing the field 

erodibility measurements against the laboratory and field analysis of the 

physical and chemical properties of soil collected from each sample site. 
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LITERATURE REVIEW 

4 

2.1. The Soil System 

The landscape can be viewed as a complex system, of which the soil is 

a subsystem. The soil is bounded by the atmosphere and the regolith, and 

composed of individual pedons. Exchanges of matter and energy link the 

individual pedons with one another and link the soil to other subsystems 

within the landscape. These links and flows of energy and material are 

governed in part by topography. Consequently, similar topographic settings 

in the landscape tend to be subject to similar geomorphic and pedogenetic 

processes. 

landscape. 

This contributes to the development of spatial order in the 

Simonson (19"59) suggested that a soil pedon be considered as an open 

system (Figure 2-1) subject to additions, removals, trans locations and 

transformations of energy and material (gas, liquid and solid). While these 

processes occur simultaneously throughout the soil, the relative intensity of 

the processes varies from place to place producing spatial variation in soil 

properties. Jenny (1941) identified five factors which determine the nature of 

a soil of a site in the landscape. These can be taken as state factors which 

control the intensity of operation of the general pedogenic processes of 
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ADDITIONS LOSSES 

e.g. energy (radiation) e.g. energy (from sun) 
water (precipitation) 
oxygen, organic 
matter, dust • 
N, Cl and S (from 
atmosphere and 
precipitation) 

water (evapotranspiration) 
nitrogen (denitrification) 
carbon (C02 oxidation) 
nutrients (up take by plant) 

ADDITIONS LOSSES 

e.g. water e.g. water 

Figure 2-1: 

soluble salts 
iron 
silica 
carbonates 

soluble salts 
iron 
silica 
carbonates 

A soil landscape body as an 
through additions, losses, 
transformations (from Dijkerman, 

open system, influenced 
translocations and 

1974). 

Simonson (1959). The state factors (variables) are parent material, climate, 

time, organisms and relief (topography). 

If all processes operated uniformly throughout the soil system, soil 

properties would be uniform across the landscape. However, additions, 

removals, translocations and transformations are not uniform throughout the 

soil 1n either vertical or horizontal directions. This 1s largely due to 

topographic control of the hydrological regime which affects soil microclimate 

and surficial geological processes (Birkeland, 1984). The amount of water 

present 1n the soil influences vegetation growth, weathering processes and 
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leaching. Erosion and deposition of sediment by rainsplash, wash and rilling 

are also dependent on water availability. 

2 .1.1. Soil Landscape Models 

The catena model (Milne 1935, 1936) illustrates the systematic variation 

of soil properties with topography. A catena is a sequence of soils whose 

attributes differ because of variations in relief and drainage (FitzPatrick, 

1971). The processes of differentiation include: 

1. surface wash; 

2. soil creep; 

3. solution movements; 

4. rapid mass movements (Gerrard, 1981). 

Tillage practices likely influences soil property distribution through direct 

eros1on of soil by tillage in cultivated landscapes, although there 1s no 

literature available on direct tillage erosion rates. 

Two-dimensional topographic models such as the nine-unit landsurface 

model ( Conacher and Dalrymple, 1977) and the five-unit hills lope model of 

soil formation (Ruhe and Walker, 1968; Walker and Ruhe, 1968) have been 

used to express patterns of soil properties in relation to topography (Figure 

2-2). Such models provide a structure for testing hypotheses of systematic 

soil property variation with topography. 

Models of soil landscape systems are proposed on the assumption that 

similar topographic attributes such as slope shape and position are repeated 

across the pedogeomorphic surface. Geomorphic and pedogenetic processes act 



(al 

(b) 

Summit 

Nose
slope 

2 3 

I 
I 

'a 
II 
II 

9 
Toes lope 

Channe/ 

7 

Figure 2-2: Geomorphological and slope profile components of a 
drainage basin. The terminology follows that of Ruhe 
and Walker (1968). The numbers on (b) correspond to 
the units of the nine-unit landsurface model of Conacher 
and Dalrymple (1977) (from Huggett, 1982). 

1n a similar manner on similar topographic surfaces and result 1n soil spatial 

patterns being related to topography. 
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Soil development is also dependent on the relative rate of change within 

the landscape (Huggett, 1975). A changing landscape causes geomorphological 

processes to change with time producing further soil landscape variations. 

Soil property variations with topography result in variations in soil erodibility 

which affects erosion and deposition patterns. This produces a complex 

feedback system where erosion is regulated by topography and soil properties, 

and in turn affects soil properties and topography. 

2.2. Soil Property Variability with Topography 

Past studies have shown that relationships exist between topographic 

variables and soil properties. Topographic variables shown to influence soils 

include: aspect, gradient, slope length, and relative position. Relief variations 

of as little as three to ten metres may produce significant differences in soil 

properties (Walker et al., 1968). Topographic influences may result in wide 

soil property fluctuations over short distances. 

A maJor effect of topography on soil characteristics is its influence on 

the amount of effective moisture a soil body receives and/or stores over time. 

In a two-dimensional perspective, upper slope positions receive less effective 

moisture than lower slope positions because of the greater catchment area on 

lower slopes. The soil plasma moving through and across the soil may 

produce significant soil property variations over relatively short distances 

because different soil materials have different mobility rates. 

Those materials with higher mobility rates will most likely show greater 

variation in concentration throughout the soil than materials with lower 
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mobility rates. For example, salts are highly mobile and tend to be 

concentrated at depressions (water accumulation areas) while well drained 

knolls are leached of salts. In contrast, aluminum is essentially insoluble in 

certain pH conditions (Birkeland, 1984) and has a relatively uniform 

distribution in the soil. Hjulstrom {1935) found that medium to coarse sand 

(0.1 to 0.3 mm diameter) was the grain size requiring the lowest critical 

velocity to initiate erosion. The velocity required to initiate erosion increased 

with grain sizes both greater than and less than 0.5 mm. Savat and Poesen 

(1981) found similar results with grain sizes of 0.125 mm diameter having the 

least resistance to detachment by splash. Highly mobile materials should 

therefore tend to become increasingly concentrated in a downslope direction 

whereas immobile materials will most probably remain uniform across the soil 

surface. 

It is suggested that th_ose positions along a slope where the most mobile 

material is deposited, may over time become the most erodible depending on 

other influencing factors. Points above these locations would become depleted 

of erodible and transportable sediment unless, for example, supply is renewed 

by cultivation. 

2.2.1. Effect of Gradient 

Associations between slope angle and soil properties were examined by 

Fur ley ( 1968) on grass covered slopes of Cretaceous chalk parent material 

near Oxford, England. He found that the percent carbon and nitrogen was 

inversely related to gradient for all soils. For calcareous soils, such as glacial 

till, pH increased with gradient while percent silt and clay decreased with 
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gradient. These relationships suggest that as slope angle increases, smaller 

and more mobile materials are either removed from the slope or are not 

deposited on higher gradient slopes. The most statistically significant 

correlations between soil properties and gradient were found for the total 

slope or the upper slope portions. However, slope position had a stronger 

correlation with soil properties. Furley also suggested that the junction 

between upper and lower slopes (i.e. between zones of erosion and deposition) 

likely migrates up and down the slope. This junction point may vary across 

the slope as processes such as precipitation vary in form or intensity, and as 

soil properties and slope form change over time. 

As gradient increases, infiltration relative to runoff decreases due to 

gravitational forces. Therefore, steeper slopes tend to be drier, subject to less 

leaching and have thinner solums (Daniels et al., 1971). Drier conditions may 

also result in less weathering which would further decrease the amount of silt 

and clay in the soil relative to sand and larger sediment. Reduced moisture 

levels may also reduce the plant cover and result in lower soil organic matter. 

Westin (1976) found that as slope increased organic matter contents 

decreased and pH increased on semi-arid soils in North Dakota. The pH 

change with gradient in both acidic and calcareous soils is due to less 

leaching on steeper slopes which allows the acidic or basic constituents to 

remain in situ. 

A recent study by King et al. (1983) of a prairie landscape in central 

Saskatchewan found no consistent relationships between soil development and 

slope gradient or length. While they found that no single slope parameter 
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was adequate in explaining soil-landscape relationships on its own, it was 

concluded that slope position was important and that all slope parameters 

were seen to influence soil development to some degree. 

2. 2. 2. Effect of Slope Position and Shape 

Consistent correlations between topography and soils are often found by 

subdividing the entire slope into identifiable components, each dominated by 

different processes. Furley (1968) showed that both percent carbon and 

percent silt and clay less than 0.02 mm was lower on midslopes than on 

summits and footslopes for soils examined near Oxford, England. These 

variations between upper convex and linear slopes and lower concave slopes 

reflect differences in the processes occurring at each location (Fur ley, 1971). 

Furley also suggested that erosion and transport are dominant on upper 

slopes while deposition and transport are predominant on lower slopes. The 

pattern of erosion and deposition also changes pedologic processes which 

results in further soil property variations with topography. 

Furley (1971) found the greatest concentration of several soil components 

(pH, O.M. content, % fines and exchangeable ions) at the top and bottom of 

gentle slopes. This was seen to be the result of erosion and transport being 

dominant on upper slopes, while transport and deposition are dominant on 

lower slopes. Fur ley ( 1971) indicated that slope position was more important 

than gradient for explaining soil property variations. 

In general, water eroston increases downslope from the summit as shear 

stress increases as a result of a greater water supply from a larger catchment 

area. This trend continues until gradient decreases somewhere near the 
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midslope/footslope boundary and deposition begins to exceed erosion. Above 

this boundary the soil will experience net losses while below it experiences net 

gain provided there is no channel at the base of the slope. This is supported 

by de Jong et al. (1983) and Martz (1986) who examined net soil loss and 

gain variations with topography at sites near Saskatoon, Saskatchewan using 

measurements of Cesium-137 1n the soils. They found upper slopes to be 

sites of net loss and lower slopes to sites of net gain. However, they 

suggested that losses tended to decrease downslope as a result of wind erosion 

of slope crests (de Jong et al., 1983). 

King et al. (1983), working in an agricultural area 1n central 

Saskatchewan, subdivided slopes into convex, short rectilinear, concave and 

depressional units and examined t.he ·soil properties of each unit. They found 

that the slope parameter that best explained the distribution of soils was 

slope position. The crests and upper slopes were dominated by Regosolic, 

Calcareous and shallow Orthic soils, the middle slope by Orthic soils and the 

lower slopes and depressions by Gleysolic and Eluviated soils. Generally, soils 

were shallow on upper slope convexities and deeper in lower slope concavities. 

A sharp gradation was found between deep and shallow soils near the 

beginning of the concave lower slope. Similar trends in soil properties along 

slope profiles are not confined to Saskatchewan soils. 

Soil property variations found by Walker and Ruhe (1968) with slope 

position in closed depressions on glacial drift soils in Central Iowa are similar 

to those found by Furley (1971). Mean particle size was found to be at a 

minimum at summits, maximum at shoulders, variable at backslopes, 
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decreasing at footslopes and at a minimum at toeslopes. Organic carbon was 

at a maximum at summits, minimum at shoulders, increased downslope to the 

toeslope where it was again at a maximum. 

Closed drainage systems often display stronger correlations between slope 

form or position and soil properties than open drainage systems. This is 

because flowlines are directed towards the centre of the depression creating 

concentric distributions of soil properties within the basin (Walker and Ruhe, 

1968; Malo et al., 1974). 

Research by Malo et al. (1974) on cultivated glacial till soils in a closed 

drainage system in North Dakota found that particle size distributions 

reflected erosion/sedimentation processes with the geometric mean size 

decreasing from summit to toeslope. The weighted mean of the percentage of 

particles > 2 mm diameter increased from summit to shoulder and thereafter 

decreased downslope. The amount of organic carbon in the A horizon 

decreased to a m1n1mum from summit to shoulder then increased 

logarithmically from shoulder to toeslope. A quadratic equation was found to 

describe the relationship between depth to < 1% organic carbon and landscape 

position from shoulder to toeslope. They also suggest that the percent 

organic content is related to erosion processes, while the depth to < 1% 

organic carbon indicates a translocation process within the soil. Both of these 

properties are found to be at a minimum at the shoulder of the slope, which 

was taken to indicate that erosion is at a maximum and that downslope 

translocation is fully initiated at shoulder positions. 

Open drainage systems permit soil materials to be transported both 
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downslope and down valley. This is most probably why correlations between 

soil properties and topography are sometimes poor. Downslope flowlines will 

overlap with downvalley flowlines at some point along a slope. This increases 

the complexity of soil property distribution. For example, clay content may 

tend to increase downslope but it may suddenly show a sharp decrease as 

other processes begin to dominate the soil pedon. Data on free iron content 

from research by Huddleston and Riecken (1973) on loess soil in Western 

Iowa displayed increasing quantities downslope to a maximum at the bottom 

of the backslope followed by subsequent decreases downslope. The bottom of 

slopes are, therefore, not always accumulation zones (Young, 1969). 

2.3. Rainsplash Erosion 

2.3.1. The Process 

Prior to the early forties the bulk of water erosion was thought to be 

caused by overland flow (sheetwash or rill erosion). The important role of 

raindrop impact as an erosional process was first recognized by Laws (1940) 

and termed rainsplash by Ellison (1945). Wind can also affect the rainsplash 

process by introducing a horizontal force to the drops. 

Raindrop impact usually only accounts for a small percentage of the 

sediment actually transported downslope, but it is nevertheless important in 

detaching particles from the soil mass for subsequent transport by sheetwash 

(Luk, 1979; Morgan, 1978). Erosion has been found to increase with the 

depth of water on the surface up to a depth of approximately one raindrop 

diameter, after which splash effectiveness decreases (Palmer, 1963). This is 

probably due to the force of the drops imparting turbulence to the water and 
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increasing erosion and transport in thin water layers. Thicker water layers 

dissipate the energy of the drops, thus decreasing the erosion potential of the 

falling drops (Morgan, 1986). 

2. 3. 2. Rainfall Erosivity 

"Rainfall erosivity is the potential ability of rain to cause eros1on and is 

a function of the physical characteristics of rainfall" (Hudson, 1981, p. 62). 

The erosive capacity of rainsplash depends on the level of kinetic energy of 

rainfall, which is directly related to median drop size, storm intensity and 

duration. Median drop size has been found to increase with increases In 

storm intensity (Laws and Parsons, 1943). High intensity storms of short or 

long duration and low intensity storms of long duration all have potential for 

erosion. Low intensity storms of short duration present low risk, as little 

splash or wash erosion develops (Morgan, 1977). High intensity storms are 

erosive due to their large drop sizes which have more kinetic energy and are 

able to detach soil particles more readily. Rainsplash erosion is significant 

under these conditions. Low intensity storms of long duration are dominated 

by wash erosion because the erosive capacity of the falling drops is relatively 

small. 

Erosivity indices based on rainfall properties are often used to make 

spatial comparisons of erosivity or to estimate potential erosion risks. 

Erosivity indices provide a method of comparison between natural rainfall and 

simulated rainfall. Two indices found to correlate well with soil loss include 

the EI index (Wischmeier et al., 1958) and the KE >25 index (Free, 1952). 

The EI index is a product of the kinetic energy of the storm and the greatest 
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average intensity in any thirty minute period during a storm. Free (1952) 

found that an intensity of 25 mm hr- 1 represented the threshold between non

erosive and erosive storms. He found a high correlation between the total 

kinetic energy of all rain falling at greater than 25 mm hr-1 and soil loss on 

small plots (r= 0.92) from two years of data. 

One of the most widely used rainfall erosivity indices is the Universal 

Soil Loss Equation (U.S.L.E.) R factor (Wischmeier and Smith, 1978). 

Several other studies have used the U.S.L.E. or similar procedures to calculate 

erosivity values for Canada (Wall et al., 1983), the prairie provinces (Stolte 

and Wigham, 1985) and Saskatoon (Kachanoski and de Jong, 1985). Wall et 

al. (1983) calculated the value of R for a number of stations across Canada 

from 2 year-6 hour rainfall events using the procedure presented by Ateshian 

(1974). Stolte and Wigham (1985) calculated storm kinetic energies and 

average storm interval from hourly precipitation data. Kachanoski and de 

Jong (1985) used a similar procedure but the results were based on a 12 year 

tipping bucket rainfall record for Saskatoon using the Wischmeier and Smith 

(1978) method. Both Stolte and Wigham (1985) and Kachanoski and de 

Jong (1985) found that Wall et al. (1983) overestimated erosivity by about 

two times because they calculated R values from generalized rainfall 

distribution curves rather than from actual data. 
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2.4. Soil Properties Influencing Erodibility 

The physical and chemical properties of a soil determine its erodibility. 

Each property can have a positive or negative effect on erodibility, and this 

effect may vary depending on the relative quantity of other soil constituents. 

Many soil properties have been found to affect soil erodibility. However, the 

literature surveyed suggested that aggregation, particle size distribution and 

organic matter content are the most important. 

2.4.1. Aggregation 

Aggregate stability 1s probably one of the most important soil properties 

influencing soil erodibility. Several studies have shown that the percentage of 

water stable aggregates (>0.5 mm) in a soil correlates negatively with soil 

loss and erodibility (Bryan, 1974; Luk, 1979). Smaller aggregates may be 

moved by erosional agents as a whole but larger aggregates must first be 

broken down to a smaller size to enable erosional agents to transport them. 

Poorly aggregated soils may have high erodibilities for two reasons. First, 

smaller soil particles are more easily removed by erosive forces (i.e. splash 

and wash). Second, the formation of a filtration pavement may form when 

surficial pores become sealed by silts and clays. This reduces infiltration 

rates and may result in a film of ponded water forming on the surface which 

may increase erosion by both splash and wash if the water layer is thinner 

than the diameter of a raindrop (Palmer, 1963) or reduce erosion once this 

threshold depth is surpassed. Aggregate stability has been shown to have a 

higher correlation with soil loss than either clay or organic content (Bryan, 

1974). 
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In contrast, Summer (1980) found that aggregate stability and erodibility 

were positively correlated on alpine soils in the Colorado Front Range from 

which vegetation had been removed. She suggested that soils with stable 

aggregates have more surface exposed to splash, lower densities due to 

increased organic content, more pore spaces not sealed by fines, and are less 

cohesive. Consequently, erodibility increases as aggregation increases because 

splash can effectively break down and transport these aggregates. Soils that 

are poorly aggregated will seal quickly and pond water creating a buffer 

which will dissipate the energy of splash (Summer, 1980). Sheetwash is likely 

absent when simulated rainfall is applied to a small sample area and may 

result in greater surface sealing as fmer particles are not transported away. 

This may not be a problem when sample area is of sufficient size as may be 

the case in the studies by Bryan (1974) and Luk (1979). 

The distribution of water stable aggregates is usually determined through 

wet-sieve analysis (Yoder, 1936) or by counting the number of drops required 

to allow a single aggregate to pass through a specified sieve (McCalla, 1944) . 

. Both methods may be limited in their assessment of natural processes. 

2.4. 2. Textural Separates 

Bryan ( 1976) found that the significance of soil textural separates on 

erodibility has been exaggerated in the past. Silt and clay separates have 

been found to have low correlations with splash detachment and aggregate 

stability (Bryan, 1974; Summer, 1980). Exceptions occur with the presence of 

swelling clays. The influence of clay may be dependent on organ1c carbon 

content. As found by Luk (1979), soils with organic matter contents near 2 
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to 3% produced high negative correlations between erodibility and clay. 

Higher organic carbon contents (>7.6%) resulted in a direct relationship with 

soil loss. Luk suggested that this is related to the development of water 

resistant soil characteristics. Clays and silts often exhibit low correlations 

with detachability because the cohesive forces between these particles can be 

affected by the presence or absence of other soil constituents. While clay 

content alone is not a good predictor of erodibility, highly erodible soils 

usually have restricted clay contents of 9 to 30% or less (Evans, 1980). This 

is because of the lack of cohesion between soil particles when clay contents 

are low. 

Larger sediments (coarse sands and gravels) display decreasing 

erodibilities as size increases because more energy is requir~d ·to detach and 

entrain such particles. In addition, soils with coarse textures generally have 

higher infiltration rates resulting In less runoff and consequently less wash 

erosion. Soils with high gravel contents rarely seal because gravel surface 

armouring is prevalent (Summer, 1980). However, soils of coarser texture 

generally have less cohesion which may result in greater erosion. Bryan 

(1974) found that splash loss was greatest on loamy sands and sandy loams 

followed in rank by loams, sandy clay loams, clay loams, silt loams and clay. 

After measunng soil loss during the first half hour from simulated 

rainfall on Iowa soils, Gabriels and Moldenhauer (1978) found that the 

greatest soil loss occurred on a fine sandy soil, intermediate loss on a silt 

loam and silt clay loam, and the least loss on a silty clay. Poesen (1981) 

showed that the susceptibility of a soil to erosion increased with decreasing 
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grain diameter until a critical grain stze was reached at approximately 0.1 

mm. Below this size, resistance increased. These results were based on 

rainfall simulation experiments on several soils of different median grain 

diameter. 

Onstad and Young (1982) also found that the total soil loss rate (by 

interrill and rill erosion) was generally greater on the coarser than finer 

textured soils using rainfall simulation on three Pacific Northwest soils and 

three Midwest soils. 

2.4.3. Organic Matter 

Organics, particularly humic substances, increase aggregate size and 

surface area but decrease bulk density and sealing susceptibility. Soils with 

less than 3.5% organic matter are generally considered erodible in the U.S. 

because of low cohesion (Smith et al., 1954). Soils with higher organic 

matter and clay contents have more stable aggregates because of strong 

colloidal bonding (Greenland, 1965a, 1965b). Summer (1980) has suggested 

that the development of low density aggregates in the presence of organic 

matter may actually increase splash erodibility. 

The type of organ1c material 1s also thought to be important in 

determining the erodibility of a soil. The water resistant properties of some 

organ1c constituents such as fats and lipids introduce more variability into 

organic matter-erodibility relationships (Bryan, 1976). 
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2.5. Erodibility Measurements and Indices 

Erodibility is the vulnerability of the soil to erosion and is dependent 

primarily on the properties of the soil (Selby, 1982). Researchers have 

attempted to measure soil erodibility for more than 50 years. The methods 

or approaches to the problem have varied substantially. 

Erodibility is a dynamic property with variations occurring over time in 

response to changing soil conditions. Short term changes may result from 

changes 1n soil moisture content, while longer term variations may be due to 

changes 1n organic matter and grain size distribution. Erodibility is also a 

function of the erosive force of the rain acting upon the soil. Morgan (1983) 

found that erodibility and erosivity were not independent of one another, by 

testing soils under simulated rainfall for three different erosivity conditions. 

Measurement of erodibility is therefore quite complex and requires that a 

number of simplifying assumptions be made. These assumptions relate 

primarily to rainfall parameters when using simulated rain and to soil 

conditions when laboratory testing is undertaken. 

Erodibility has been measured by subjecting the soil to stress and 

observing the response. This includes monitoring natural rainfall (Ellison, 

1944) and simulated rainfall (Bryan, 1979) on soil plots. The response 1s the 

loss of soil by rainsplash and/or wash. Simulated rainfall techniques are 

either of the gravity driven type (McQueen, 1963) or pressure type (Bryan 

and de Ploey, 1983). Simulated rainfall is advantageous in that it does not 

restrict the research to relying on unpredictable rainfall events. Ideally, 

rainfall application should be based on regional rainfall characteristics such as 

kinetic energies and intensities. 
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Erodibility indices have been to developed to attempt to predict soil 

erosion responses from soil properties. Soil properties found to affect 

erodibility are formulated into an index to provide a method of comparing 

the erodibility between soils. Bryan (1968) tested a number of indices and 

found that soil aggregate stability and distribution found by wet sieving were 

best correlated to soil loss under simulated rainfall. 

Erodibility indices correlate either negatively or positively with 

erodibility. Negatively correlative indices measure the strength or aggregation 

of the soil, while positively correlative indices measure a soil's weakness or 

state of dispersion. It is important to note that indices are only relative 

measures primarily useful for comparisons between soils. They should not be 

used as direct measures of actual or potential erosion values. 

Erodibility indices can be classified by two criteria (Morgan, 1986). The 

first distinction involves the location of the testing. Field tests are performed 

on soil in situ or on soil plots. Lab testing requires that the soil be 

transported to the lab and disturbed to some degree. The second criterion 

inv:olves the type of test. Static indices measure erodibility based on soil 

properties during a single moment 1n time. Dynamic indices are 

measurements taken over a time period and usually involve simulated rainfall 

or aggregation testing. 

These two criteria result in four categories of indices (Table 2-1). Many 

early indices were of the static lab type. However, most of the contemporary 

indices fall into either the dynamic lab or dynamic field categories. These 

two testing methodologies simulate processes occurring during actual erosion. 



Table 2-1: A listing of selected erodibility indices. 

STATIC LAB TESTS: 

Dispersion Ratio 

Clay Ratio 

Modified Clay 

Ratio 

Surface Aggregation 
Ratio 

STATIC FIELD TESTS: 

Erodibility 

Index 

DYNAMIC LAB TESTS: 

Water Stable 

Aggregate Content 

Water Drop· 

Test 1 

Water Drop 

Test 2 

DYNAMIC FIELD TESTS: 

U.S.L.E. Erodibility 

Index (K) 

Field Erodibility 

Index 

%silt + %clay in undispersed soil 

total dispersed %silt + %clay 

%sand + %silt 
%clay 

%sand + %silt 

%clay + %OM 

surface area of particles >0.05 mm 

amount of aggregated silt + clay 

1 

mean shearing resistance * permeability 

% W.S.A. >0.05 mm 

% of aggregates destroyed by a 

preselected number of drops 

number of drops required to breakdown 

an aggregate of predetermined size 

soil loss per unit EI30 

soil splash loss by 

simulated rainfall 
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Middleton ( 1930) 

Bouyocos (1935) 

Bryan (1968} 

Anderson (1954) 

Chorley (1959) 

Bryan (1968) 

Bruce-Okine 
and Lal (1975) 

Grieve (1980) 

Wischmeier and 

Mannering (1969) 

Summer ( 1980) 
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It is important to note that these procedures have limitations and still requ1re 

that a number of assumptions be made. 

Bryan (1968) evaluated a number of indices within the static and 

dynamic lab categories. He found that the percentage of water stable 

aggregates in the >0.5 mm and >3.0 mm size range were the best indices of 

erodibility. Index evaluation was based on its correlation to soil loss from a 

prepared lab soil plot subjected to simulated rainfall. 

Dynamic field testing indices are thought to be the best indices of 

erodibility because they provide the closest simulation to the actual processes. 

Static measurements are only rough indicators of erodibility and fail to 

account for the many soil properties that affect soil erodibility. 



3.1. Site Location 

Chapter 3 

STUDY SITE 

The study site is located in the Strawberry Hills which are a part of 

the Minichinas Hills Uplands (Figure 3-1) in the Interior Plains Physiographic 

region of Canada (Acton and Ellis, 1978). The agricultural field in which the 

sampling transects were located is approximately 13 kilometres northeast of 

Saskatoon, Saskatchewan, in the Northeast Quarter, Section 20, Township 37, 

Range 3, west of the 3rd Meridian. 

Sampling transects were located on the sideslopes of depressions in the 

field. Eleven transects were selected and an effort was made to include the 

range of slope characteristics found at the site, and to choose simple slopes 

on which the summit, shoulder, midslope, footslope and toeslope units could 

be identified. 

25 
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Figure 3-1: Map of Southern Saskatchewan and physiography of the 
region surrounding the Strawberry Hills. 

3.2. Physical Characteristics of the Site 

3.2.1. Topography 

The Strawberry Hills are an isolated upland area surrounded by low 

relief glacio-lacustrine plains and covered by hummocky moraine deposits with 

a rolling knob and kettle topography. The elevation of the Hills ranges from 

530 to a maximum of 615 metres asl. There is no external regional drainage. 

Local topography in the area is gently to moderately rolling with slopes 

up to 15% (Figure 3-2 and Figure 3-3). Transects were located on the 

sides lopes of depressions within a quarter section of land (Figure 3-4) 
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Scale = 1:60,000 Date of photography = 1978 

Figure 3-2: Aerial photograph stereogram of the study site area. 
Study site location is outlined. 

Transect relief vanes between 2 and 7 metres with lengths from 30 to 

75 metres (Figure 3-5). Gradients, measured from the summit to the toeslope 

of the transects, range from approximately 5 to 13%. Maximum midslope 

gradients, measured over 4 metres , have values up to 21%. 

3 .2 .2. Surficial Geology and Soils 

Christiansen (1970) indicated that the Strawberry Hills are hummocky 

moraine deposited by stagnating 1ce during the last glaciation of the study 

area. Glacial ice retreated from the area about 12,000 years ago, depositing 

the Battleford Formation. These deposits comprise the parent material of the 

present soils . The parent material is medium to moderately fine textured 

unsorted glacial till which is moderately to strongly calcareous . 
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Figure 3-3: Photograph of topography at the study site. 

Soil survey maps (Acton and Ellis, 1978) show that the soil at the site 

1s of the Weyburn Association. This association consists of dominantly 

Chernozemic Dark Brown soils formed under grassland vegetation on the 

glacial till parent material. Soil associations are mapping categories that 

include the entire range of soil series found on similar types of parent 

material under similar climatic conditions. Associations are sub-divided into 

soil map units on the basis of differences in the type and amount of Soil 

Series (Acton and Ellis, 1978). 

The site 1s located within the W4 soil map unit (Figure 3-4). The 

dominant soil senes for W 4 1s Orthic Dark Brown with Calcareous Dark 

Brown and Orthic Regosols soils considered significant. Calcareous and 
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Figure 3-4: Soils map of study site Section with interpreted soil 
boundaries within the field and approximate contour map 
showing transect locations. 

Regosolic soils are generally found on knolls and ridges. Orthic Dark Brown 

soils were found on the lower slopes while some Gleysols were found in poorly 

drained depressional areas. The common pattern of association between soils 

and topography is shallow soils on convex upper slopes, deeper soils on 

concave lower slopes and gleyed soils in depressions (King et al., 1983). The 
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Figure 3-5: Slope transects profiles. 
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textural class of Series W 4 is classified as loam. It is formed on unpatterned 

moraine with slopes between 6 and 9%, moderately sloping to gently rolling 

topography, and is very to exceedingly stony. 

Soil textures (loam and sandy loam) and slope gradients (5-13%) 

measured during the study compare favourably with the regional pattern. 

Although the soils map shows that all the transects are located within the 

W 4 series (Figure 3-4), field observations indicated that soils were still quite 

variable within the study site by both transect and slope position. The W2 

soil series margins are very close to the study site which may explain some of 

the between transect variability. 

3.2.3. Land Use 

The site, although not statistically representative, 1s typical of the 

reg1on. It is agricultural land presently under a cereal crop-summerfallow-

rotation that has been cultivated for approximately 50 years. 

While in fallow, the soil is highly susceptible to erosion as there is no 

surficial cover to protect it against removal by water and wind. The practice 

of summerfallow may contribute to increased soil erodibility by breaking down 

soil aggregates through frequent tillage. Figure 3-6 shows the extent of water 

erosion on one slope of the study site. Chin (1972) analyzed the effect of 

cultivation on hillslopes and suggested that water is a significant erosive agent 

on such landscapes in Saskatchewan. Depending on the farm implement used, 

soil surface roughness may be reduced and cause a corresponding increase in 

runoff velocities and erosion (Evans, 1980). 



32 

Figure 3-6: Water eros10n on a hills lope at site. 

3.3. Study Area Climate 

The regional climate is cold continental with summer maxima for both 

temperature and precipitation. Saskatoon's climate is classified as Dfb in the 

Koeppen system. The moisture reg1me 1s transitional between semiarid and 

subhumid (Chakravarti, 1969) . The following discussion 1s based on 

Atmospheric Environment Service 30 year normals (1951-80) for Saskatoon, 

the nearest climatological station (Atmospheric Environment Service, 1983). 
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3.3.1. Temperature and Precipitation 

The annual mean daily temperature 1s 1.6°C with a January mean of 

-19.3°C and a July mean of 18.5°C (Figure 3-7). 

JAN FEB W.R APR loiAY JUN JUL AUG SEP Ocr NOV DEC 

WONnf 
* Mean Temperature • Yean Maximum o Wean Minimum 

Figure 3-7: Mean monthly temperature at Saskatoon (Atmospheric 
Environment Service, 1983). 

Mean annual precipitation at Saskatoon is 349 mm of which 70% falls 

as rain and. 30% as snow (Atmospheric Environment Service, 1983). The 

annual distribution of precipitation displays a distinct summer maximum with 

the highest mean monthly precipitation of (59 mm) falling in June (Figure 

3-8). While up to 84 mm of precipitation has been observed over a 24 hour 

period (Atmospheric Environment Service, 1982), most storms deliver less 

than 10 mm per day. Days with greater than 25 mm of rain are relatively 

rare (Table 3-1). Rainfall intensity-duration data show that as duration 

decreases, intensity increases (Table 3-2). McKay (1970) observed that for 

short durations (i.e. 5 minutes to 1 hour) Canadian Prairie rainfall intensities 

compare with world record values. 
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Figure 3-8: Mean monthly precipitation at Saskatoon (Atmospheric 
Environment Service, 1983). 

Table 3-1: Mean number of days with occurrences of rain at 
Saskatoon (Atmospheric Environment Service, 1983). 

Mar Apr May Jun Jul Aug Sep Oct Nov 

.2:_0.21mm 5 8 11 11 9 8 3 1 

>10 mm 1 2 1 1 1 

>25 mm 

The majority of annual and growing season precipitation is accounted 

for by large scale frontal activity (Bryson and Hare, 197 4). However, smaller 

scale local convection showers can supply important amounts of summer 

rainfall (Hare and Thomas, 1979). 
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Table 3-2: Rainfall intensities (mm hr-1)for selected return periods 
(years) and durations (minutes) (Maybank and 
Bergsteinsson, 1970). 

DURATION RETURN PERIOD 
2 5 10 25 

5 81 ISO 154 198 

10 64 102 125 155 

so S2 52 65 81 

60 20 S1 41 51 

3.3.2. Water Erosivity 

Wall et al. (1983) found the Saskatoon Region to have a U.S.L.E. 

rainfall erosivity index (R) of 850 SI units, among the lowest in Canada .. 

Using a different procedure for calculation of the R factor in the Universal 

Soil Loss Equation, Stolte and Wigham (1985) calculate that Saskatoon has 

an R factor value of only 400. Kachanoski and de Jong (1985) found that 

the R value for Saskatoon, calculated from a 12 year record using the method 

outlined by Wischmeier and Smith (1978), averaged 340. They concluded 

that the R value derived by Wall et al. (1983) was too high by about two 

times because Wall et al. used generalized rainfall distribution curves and not 

actual precipitation data. 

Wall et al. (1983) based their calculations on 2 year - 6 hour rainfall 

values while Stolte and Wigham (1985) used hourly precipitation and 

maximum 30 minute intensity data. The 6 hour rainfall data overestimate R 
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because they include rainfall that is of insufficient intensity to cause 

significant erosion. Although the Saskatoon area has one of the lowest R 

values in North America, exposed summerfallow fields and cereal crops during 

early growth in hummocky terrain can have high potential for water erosion. 

In addition, Stolte and Wigham (1985) found that most of the accumulated R 

factor over a year is derived from a few intense storms. An average of 40% 

of the total R value occurs during the most intense storm for the year 

(Kachanoski and de Jong, 1985). 



Chapter 4 

INSTRUMENTATION AND PROCEDURES 

4.1. Sampling Design and Procedure 

Each of the eleven slopes was surveyed in profile at 2 metre intervals. 

Once each transect was located and surveyed, the extent of each slope unit 

was determined from a cross-profile diagram. The summit was taken as the 

top of the slope, the shoulder as the convex portion below the summit, the 

midslope as the linear portion or junction. between the upper convexity and 

lower concavity, the footslope as the upper portion of the concavity and the 

toes lope as the nearly level and lower portion of the concavity. Erodibility 

testing was conducted at the approximate centre of the slope unit. Of the 

eleven slope transects sampled, ten (transects A through J) were tested twice 

and one (transect K) tested once. 

4.2. Rainfall Simulator 

The instrument used to measure soil erodibility was a portable rainfall

simulator infiltrometer or rainulator (Adams et al., 1957; McQueen, 1963). 

This device measures the detachability of the soil by collecting the soil 

particles removed from the surface by rainsplash. The rainulator used in this 

study was similar in design to that of Summer {1982) and Harden {1988). 

This particular rainulator design was selected for the following reasons: 
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1. The rainulator is portable and required only one person for 
operation. 

2. The set up is simple and quite rapid. 

3. The windscreen allows the operation of the rainulator under 
somewhat adverse weather conditions. 

4. The drop size generated by the rainulator was within the upper 
range of those found in natural conditions. Laws (1941) found 
that natural raindrops occur up to 6 mm diameter and that 
intensity increased with median drop size. 

5. Summer (1982) showed that the instrument is as accurate and as 
consistent as other rainulator-infiltrometer systems. The soil 
detachability compared favourably with those from other systems. 

6. The water requirement per experiment, 1.6 litres, is relatively 
small. 
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The rainulator is limited to a single drop size rather than the range 

found in natural rainfall or other simulation systems. The large drop size 

(5.4 mm) is compensated for by a short fall height {1.5 m). As a result, 

drops do not attain their terminal velocity. 

The total kinetic energy applied to the soil in the experiment equals 

26.66 Joules. The kinetic energy generated by a natural storm with duration 

of 60 minutes and an intensity of 20 mm hr-1 on the same area is equal to 

9.85 Joules. This calculation was based on a mean terminal velocity of 7.02 

m s-1 for the natural rainfall and 5.15 m s- 1 for the simulated rain (Laws, 

1941; Laws and Parsons, 1943). A natural storm with these characteristics 

has a return period of two years for Saskatoon (Maybank and Bergsteinsson, 

1970). Differences in kinetic energy values can be attributed to differences in 

both drop size distribution and terminal velocity but are primarily due to the 

five times larger quantity of water applied as simulated rainfall compared to 
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the 20 mm hr-1 storm over 60 minutes. The kinetic energy per mm of water 

for the simulated rainfall equals only 0.27 Joules compared to 0.49 Joules for 

the natural rainfall. 

The rainulator consisted of four major components: (1) a sediment and 

runoff system; (2) a supporting tripod and windscreen; (3) a rainulator; and 

(4) a reservoir and control unit (Figures 4-1 and 4-2). 

4.2.1. Sediment and Runoff System 

The sediment and runoff system consisted of a splash cup and a 

sediment suction tube. The splash cup was designed after Morgan (1978) 

without a divider to separate upslope and downslope components. The area 

of soil surface area exposed at the central opening of the cup was 0.02 m 2. 

Splash cups were made of polyvinyl-chloride (PVC) pipe with a 16 em inside 

diameter (I.D.) inner cylinder and a 26 em I.D. outer cylinder connected by 

PVC board (Figure 4-3). The trough between the inner and outer cylinder is 

3 em deep and 4 em wide. This provides a storage area for runoff and 

sediment. The inner cylinder penetrates the soil to a depth of 8 em reducing 

lateral movement of water infiltrating the soil from the experiment. The 

height of the outside cylinder is 12.5 em above the soil surface. In order to 

avoid return flow from the trough to the soil surface, excess water in the 

trough was siphoned into a plexiglass tube with a gas hand pump. This also 

provided a rough estimate of infiltration. 



1.5 m 

Windscreen & 

Support Tube 
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Reservoir & Flow 

Suction Tube 

Figure 4-1: Portable Rainfall Simulator (after McQueen, 1963; 
Summer, 1982). 



Figure 4-2: Photograph of the rainfall simulator set up m the field 
during an experiment. 

SIDE VIEW TOP VIEW 

26 em 

16 em 

16 em 

Figure 4-3: Splash cup design (after Morgan, 1978). 
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4.2.2. Support and Windscreen 

The windscreen served as support for the drop former and water 

reservoir. It also acted to protect falling drops from wind disturbance. The 

screen consisted of a 1.37 m length of 16 em diameter PVC pipe. It was 

supported by a custom-made clamp which allowed the pipe to be moved 

vertically and horizontally. Tripod legs attached to the clamp for support, 

permitted easy adjustment of the height and level of the rainulator. This 

allowed the rainulator to be centred over the opening in the splash cup and 

adjusted to the appropriate height above the ground surface. The bottom of 

the windscreen sits approximately 10 em above the soil and 2.5 em below the 

outer cylinder of the splash cup. This ensured that falling drops landed on 

the plot and were not deflected by the wind. 

4.2.3. Drop Former 

The drop former formed simulated drops on the ends of wires inserted 

into glass capillary tubes and rested 1.5 m above the soil surface (Figure 4-4). 

This component consisted of a length of PVC pipe (16 em I.D.) which was 

flared at the base to allow it to fit over the support pipe. It could be 

rotated easily so drops were not concentrated on one spot. Ninety-one 2.5 

em long glass tubes were set in concentric circles into a 1 em thick plexiglass 

disk set into the drop former pipe. The capillary tubing had an I.D. of 1 

mm and the inserted steel wire was 0.9 mm in diameter. A narrow strip of 

PVC pipe was cut away above the drop former disk and replaced with 

transparent plastic in order to monitor water levels in the drop former. 

Rainfall intensity was controlled by adjusting the head of water above the 

capillary tubes. Increasing the head resulted in greater intensity. 
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Figure 4-4: Drop former, reservoir and flow control unit of the 
rainfall simulator. 

Drops of approximately 5.4 mm equivalent spherical diameter were 

produced by the drop formers. A single capillary tube raindrop former was 

used in the lab to measure drop diameter by finding the weight of ten drops 

over five trials. The average weight of a single drop and the equation for 

sp~erical volume were used to calculate equivalent spherical drop. diameter. 

4.2.4. Reservoir and Flow Control Unit 

The final component is the water reservoir and flow control unit. The 

control unit regulates water flow from the reservoir to the drop former in two 

ways. A clamp on the tube between the water reservoir and the drop former 

provided gross, first order regulation of flow into the drop former. A bubbler 

tube provided more precise, second order regulation of flow (Figure 4-4). 
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The reservoir was an 8 litre Nalgene container with an outlet in the 

bottom, and a hole in the top to which the bubbler tube is connected. The 

bubbler tube acted as a pressure head regulator by creating a partial vacuum 

in the reservoir. 

The bubbler tube was a short plexiglass tube with two outlets at the 

top. One outlet was attached to the reservoir. A long tube, extending from 

the top to near the bottom inside of the bubbler tube, was attached to the 

other outlet. Adjustments to the water level in the tube controlled flow from 

the reservoir to the drop former. The higher the water level in the tube the 

more restricted the flow from the reservo1r. 

4.3. Rainulator Test Procedure 

Each test required approximately 70-90 minutes from set-up to 

completion (Table 4-1). A complete transect (five sites) was sampled in a 

day to minimize changing soil moisture conditions. 

The soil material removed by splash was caught in the splash cup 

(Figure 4-5). The splash sample was filtered, oven dried and weighed. The 

weight of soil particles detached by splash and collected in the splash cup 

provided an erodibility index value for each sample site. This value is 

expressed in units of g m-2 cm-1 of rainfall. It is a measure of soil response 

to the application of a standard stress (10 em of simulated rainfall) and it is 

used to compare the soil response from site to site. It is not an absolute or 

potential erosion value, but rather a measure of relative soil erodibility. 

Problems were encountered 1n achieving similar intensities from one 



Table 4-1: Soil erodibility testing procedure. 

1. Select an undisturbed site within one to two metres of the surveyed slope unit 
location. Insert splash cup into the soil slowly and carefully to mm1m1ze 
disturbance of the soil crust. As the cup is pushed into the soil, remove soil from 
underneath the trough and outer cylinder of the cup. 

2. Pre-wet the rainulator drop former and fill reservoir with distilled water. 

3. Place the support component (tripod and windscreen} above the cup. Level tripod 
and centre windscreen over the sample area. 

4. Place the drop former and reservoir on top of the windscreen. Set up the 
sediment suction tube. 

5. Record soil, air and water tempe:atures and water level in reservoir. 

6. Fill the drop former with about 2 em of water and start clock. 

7. Monitor water levels in drop former and reservoir and record levels about every 
five minutes. Flow is adjusted from the reservoir if necessary in order to attempt 
to complete experiment in about 60 minutes. 

8. Record site observations during experiment. 

9. Rotate drop formers every five to ten minutes to avoid concentrating drops on 
single spot. 

10. Pump excess water out of splash cup trough and into sediment suction tube at 
necessary intervals and record total water in tube. 

11. Terminate the experiment when ten centimetres of water has been applied to the 
plot. 

12. Carefully remove splash cup from soil and wash collected sediment from . both it 
and the sediment tube into a container for subsequent filtering and drying in lab. 
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experiment to the next. This was due to changing viscosity of the water 

flowing through the capillary tubing caused by varying temperatures 

throughout the day. The mean intensity was 97.5 mm hr- 1 with a standard 

deviation of 15.4 mm hr-1. Intensities ranged from 69.0 to 142.9 mm hr-1. 

Generally, as temperature increased, a smaller head of water was required to 

maintain flow through the capillary tubes. Therefore, given a constant head 

of water, warmer water resulted 1n higher intensities. This did not seem to 



Figure 4-5: Photographs of a splash cup before and after rainfall 
simulation. 
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have a significant effect on the quantity of splashed material as the 

correlation between it and intensity was poor (r = -0.11). 

The small plot size may not be entirely representative of the slope unit. 

However, this potential problem of within site variability was offset by 

running duplicate tests on all but one transect. Transect J was sampled only 

once due to time constraints. Another source of error was disturbance of the 

plot when inserting the splash cup. However, disturbance seemed minimal. 

This supports McQueen's (1963) statement that driving in the plot frame does 

not significantly disrupt the soil on cultivated agricultural land. Edge effects, 

with respect to lateral movement of infiltrating water on the plot, are 

minimized by the inner cylinder of the splash cup penetrating the soil to a 

depth of 8 em. 

4.3.1. Site Descriptions 

This data was collected as a supplement to the research as most of the 

information is not in a quantitative format. At each sample site a bulk soil 

sample was collected within a metre of the test site, then stored and air 

dried for later laboratory analysis. A short length of 16 em I.D. PVC pipe 

was pushed into the soil, and the surficial 5 em of soil extracted. The 

volume of the sample was 0.001 m3. This sample was analyzed for particle 

size, degree of aggregation, bulk density, organic matter and carbonate content 

analysis. 

A soil pit was dug at each site to determine solum thickness which was 

taken as depth to till. Horizon thicknesses were measured by visual 

inspection. Other site observations included: 



• slope position stoniness (both size of stones and relative 
abundance) 

• field hand texture 

• surficial soil characteristics (gravimetric moisture content, degree of 
crusting, aggregation and plot cover) 

• relative amount of ponding upon completion of experiment 

• amount and type of material exposed by simulated rainfall. 

4.3.2. Laboratory Procedures 
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Bulk soil samples from the upper 5 em of the soil and the splash 

samples were returned to the lab for mechanical and chemical analysis. 

Samples were allowed to air dry at room temperature and then weighed to 

determine bulk density. A coning and quartering method was used to 

subsample for the individual analysis discussed below. 

Both splash and bulk soil samples were analyzed to determine particle 

size. Aggregation properties of the bulk samples were tested as well. For 

soil sample particle size analysis, the > 2 mm fraction was first removed. The 

hydrometer method was used to determine silt and clay fractions, and sand 

sizes were subsequently determined by mechanical sieving (McKeague, 1978). 

The only pretreatment of samples consisted of dispersion with Na(P03) 6. 

Splash samples received the same treatment except that particles >2 mm 

were not removed in order to examine the en tire range of particles eroded 

from the soil. A slight loss of clay occurred when the splash samples were 

removed from suspension in the filtering process. The retention size of the 

filter paper was 6 microns which would allow some fine silt and clay particles 

to filter out. However, this amount was thought to be minimal because two 
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filters were used in each case and very little material was observed passing 

through the filters. 

Aggregation properties of soil samples were analyzed by wet and dry 

sieving. The 600 to 700 g samples were dry sieved to determine the 

percentage of material >0.5 mm and >2 mm. The dry sieving procedure was 

modified to minimize aggregate breakdown during the separation of particle 

sizes by the sieve-shaker. This was done by operating the sieve-shaker for 

only 2 minutes and not using the tapper arm of the machine. 

Gravel and aggregates >5 mm and straw retained on the 2 mm sieve 

were removed prior to subsequent wet sieving. This sample was transferred 

to a 12.5 em diameter 2 mm sieve, flood wetted, soaked for 20 minutes and 

then wet sieved for 15 minutes following the procedure of Grieve (1979). 

Water used for wet sieving was at room temperature and sieves were lifted a 

total distance of 3 em under water at 17 cycles per minute. 

Sieves were removed from the water and material remaining on the sieve 

was oven dried and weighed. This material was then dry sieved once more 

to determine which portion was made up of soil aggregates and which 

consisted of pebbles. This results in two measures: 1) the total percentage of 

water stable aggregates and 2) the same measure less a correction for stones. 

The latter measure may be unnecessary as Grieve (1979) states stones behave 

as stable aggregates. 

Organic matter and carbonate contents of bulk samples were determined. 

Samples were first dry sieved and the <0.5 mm diameter fraction retained. 
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Organic matter content was calculated us1ng a modified Walkley-Black method 

(McKeague, 1978). This technique determines the amount of organic carbon 

present by measuring the amount of potassium dichromate reduced by the 

organ1c carbon present. Organic carbon is converted to organic matter. 

Carbonate content was determined by a gravimetric method (McKeague, 

1978). A 1 to 10 g sample was added to a hydrochloric acid ferrous chloride 

solution. Weight loss of C02 less evaporation loss determined on a blank run 

was used for calculation of CaC03 equivalent. 

The U .S.L.E. erodibility factor (K) was calculated for each of the 

samples using the formula method (Wischmeier and Smith, 1978). Only the 

first approximation of K was calculated which uses the percent silt plus very 

fine sand, percent clay and percent organ1c matter. Soil structure and 

permeability data were not collected and the final K factor could not be 

calculated. This may not have changed the values significantly because many 

agricultural soils have similar structure and permeability (Wischmeier and 

Smith, 1978). 



Chapter 5 

Results 

5.1. Summary Statistics 

Summary statistics were calculated for the entire data set, for individual 

transects and for each slope position. Statistics were calculated for variables 

measured at the site and in the lab, for both bulk soil samples and splash 

samples. For those transects where replicate rainsplash simulation tests were 

completed (i.e. ten of the eleven transects), measurements of the test related 

variables were averaged. These variables were SPLSH, MOIST, RNOFF, 

INTSY, SPEBB, SSAND, SSILT, SCLAY and SMEDN. A description of the 

variables for which summary statistics were calculated is given in Table 5-l. 

5.1.1. Summary Statistics for all Data 

Summary statistics of variables for the entire data set are g1ven in 

Table 5-2. SPLSH values ranged from 129.7 g m-2 cm-1 to 429.7 g m-2 cm-1, 

with a mean value of 241.2 g m-2 cm-1. The distribution has a slight 

positive skewness. Soil textures are dominantly sandy loam and loam (sand 

52.8%, silt 36.2% clay 11 %) . Sand and silt contents are quite variable, as 

indicated by the relatively high standard deviations, among both transects and 

slope positions. The clay ratio or coarse:fine ratio is almost 10 to 1. 

WSA TL 1s greater than WSASL because the large pnmary particles 
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Table 5-l: Description of variables. 

VARIABLE 

SPLSH 
SAND 
SILT 
CLAY 
MEDN 
CLRAT 
OM 
CARB 

BDENS 
DRY.5 
DRY2 
WSATL 
WSASL 
KFACT 
SOLUM 
MOIST 
RNOFF 
INTSY 
SPEBB 
SSAND 
SSILT 
SCLAY 
SMEDN 
PROF 
GRAD 
DIST 
RELF 
SRLF 
SLEN 
SGRD 

UNITS 

g/m2/cm 

% 
% 
% 

mm 

% 
% 

gjcm3 

% 
% 
% 
% 

em 

% 
em 

cm/hr 

% 
% 
% 
% 

mm 

degrees/m 
degrees 

m 

m 

m 

m 

degrees 

DESCRIPTION 

splash loss by simulated rain per em of rain 

sand in bulk sample (0.063 mm - 2.0 mm) 

silt in bulk sample (0.002 mm - 0.063 mm) 

clay in bulk sample ( <0.002 mm) 

median particle size of bulk sample 

clay ratio: (%sand + %silt) / %clay 

organic matter content of bulk sample 

carbonate content of bulk sample 

bulk density of surficial 5 em 

dry sieved material >0.5 mm, <2 mm diameter 

dry sieved material > 2 mm, < 5 mm 

water stable aggregates >2 mm, <5 mm 

W.S.A. >2 mm less primary particles >2 mm 

U.S.L.E. erodibility factor, K (first approximation) 

solum thickness 

gravimetric moisture content of soil 

quantity of runoff during experiment 

intensity of simulated rainfall 

pebbles in splash sample 

sand in splash sample 

silt in splash sample 

clay in splash sample 

median particle size of splash sample 

profile curvature 

slope gradient at slope position 

distance from summit to slope position 

elevation below summit 

total slope relief from summit to toeslope 

slope length from summit to toeslope 

total slope gradient 
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were removed for WSASL calculation. WSA TL is the mass of water stable 

aggregates as ~ percentage of the mass of the dry aggregates measuring 2 to 

5 mm in diameter. Therefore, if the water stable aggregate measures are 

taken as ratio of the entire soil sample, WSA TL is less than 14% and 

WSASL is less than 4%. This indicates that the soils have poor water stable 

aggregation characteristics. 
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Table 5-2: Summary statistics of variables for all sample sites. 

Mean St.Dev. Min. Max. c.v. Skewness 
SPLSH 241.2 67.5 129.7 429.7 28.0 0.42 
SAND 52.8 13.0 24.2 80.1 24.7 -0.04 
SILT 36.2 10.5 14.5 59.2 29.1 0.22 
CLAY 11.0 4.1 3.8 19.8 37.6 0.22 
MEDN 0.085 0.049 0.018 0.205 57.7 0.84 
CLRAT 9.71 4.91 4.05 25.32 50.61 1.36 
OM 2.78 1.42 0.86 5.73 51.17 0.50 
CARB 5.15 5.73 0.17 19.35 111.18 1.04 
BDENS 1.32 0.20 0.92 1.68 14.9 -0.08 
DRY.5 28.1 3.9 20.0 36.0 14.0 0.32 
DRY2 19.4 8.5 5.7 49.7 43.8 1.19 
WSATL 69.1 28.1 10.0 99.8 40.6 -0.76 
WSASL 19.2 15.1 2.1 72.0 78.4 1.99 
KFACT 22.8 3.7 13.5 32.6 16.3 0.14 
SOLUM 24.8 16.4 6.0 80.0 66.1 1.18 
MOIST 7.9 5.4 2.3 24.6 69.3 1.72 
INTSY 96.8 12.5 71.4 133.3 12.9 0.82 
RNOFF 4.4 1.5 1.8 6.8 33.9 -0.24 
SPEBB 1.0 1.0 0.0 5.3 102.9 1.77 
SSAND 55.4 15.0 16.3 85.9 27.1 -0.26 
SSILT 36.7 14.5 10.9 73.2 39.3 0.49 
SCLAY 6.9 3.8 1.8 17.6 55.6 0.91 
SMEDN 0.103 0.062 0.012 0.270 59.8 0.92 
RELF 1.99 1.85 0.00 7.21 92.77 0.69 
GRAD 3.93 3.50 0.00 12.30 89.11 0.54 
DIST 20.7 17.3 0.0 65.5 83.4 0.45 
PROF 0.09 0.71 -1.43 1.86 *** 0.64 

***not applicable 

Splash sample particle size distribution is very similar to that of the 

bulk samples. The only differences are that pebbles were measured 1n the 

splash samples and that the splash samples seem to be somewhat deficient in 

clay. The difference between the mean clay content of the two samples is 

4.1 %. This difference may be due to loss in the filtering process in the lab. 

Another explanation is that less clay was detached and transported by the 

falling drops because more clay is to be found in the larger aggregates which 
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are not broken down or transported by the drops. A third explanation is 

that the surficial 2 em, which was the approximate maximum depth of soil 

affected by the falling drops, is deficient in clay compared to the additional 3 

em below this level which was included in the bulk samples. This implies 

that the two samples may not be directly comparable and that a more 

appropriate bulk sampling depth could have been used. 

The largest primary particles transported by the simulated rainfall were 

2 to 5 mm in diameter. The weight of these pebbles reached a maximum of 

0.2 to 0.35 g with many weighing between 0.05 to 0.15 g. The mass of a 

single drop was approximately 0.35 g. 

The mean values of the topographic variables for the entire data set are 

not very meaningful. The high standard deviations and coefficients of 

variation indicate that these variables have a wide range of values within the 

study site transects. 

5.1.2. Summary Statistics by Transect 

Topographic variables were determined from field survey data. Transect 

profiles are displayed in Figure 3-1. Table 5-3 gives the mean values of 

topographic and selected soil property variables for these 11 transects. 

Topographic characteristics varied between transects with overall slope 

gradients ranging from 2. 7° to 8.6°, slope lengths ranging from 35 m to 65 

m, and total slope relief ranging from 2 m to 7.2 m. This variability 1n 

slope properties is representative of the landscape at the study site. 

The soil properties are the mean values of five samples, one from each 
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Table 5-3: Transect topographic and selected soil property means 
and (standard deviations), n=5. 

Transect SGRD SLEN SRELF SPLSH SAND SILT CLAY OM KFACT 
A 2.7° 42.0 1.96 163.5 38.0 47.7 14.4 4.0 25.9 

(36.0) (11. 8) (10.3) (1. 9) (1.1) (3.0) 
B 4.7° 47.0 3.81 187.1 45.3 42.3 12.3 3.2 24.9 

(32.4) (7 .3) (6.0) (1. 6) (0.7) (1.4) 
c 4.3° 46.0 3.45 180.3 44.1 45.2 10.7 3.2 27.9 

(19.0) (10. 8) (8.3) (3.2) (1.3) (2 .5) 
D 5.1° 35.0 3.10 235.3 53.5 37.3 9.2 2.0 25.5 

(31.9) (12 .4) (11. 5) (4.2) (1.2) (4.2) 
E 8.6° 37.0 5.57 240.5 58.0 33.1 8.9 2.3 22.4 

( 49 .4) (5.3) (5.7) (2.7) (1.4) (1. 3) 
F 6.3° 65.5 7.21 244.7 45.8 39.3 14.9 2.9 23.3 

(52.7) (5.5) (4.9) (3.5) (1. 5) (1.0) 
G 7.9° 28.0 3.90 265.9 54.0 35.4 10.7 3.0 22.6 

(25.9) (5.1) (3.7) (4.9) (1. 5) (1.9) 
H 5.4° 52.0 4.95 266.8 63.6 28.5 7.8 2.1 20.9 

( 47 .1) (9.4) (8.8) (1. 6) (1. 7) (1.3) 
I 4.3° 40.0 3.02 304.9 63.0 26.7 10.3 1.9 19.7 

(59.1) (9 .3) (6.2) (4.8) (1.3) (1.8) 
J 3.7° 50.0 3.21 324.0 66.7 25.1 8.2 2.7 16.1 

(77.9) (21. 3) (15.3) (6 .1) (1.8) (2. 6) 
K 6.1° 38.0 4.04 239.5 49.0 37.1 13.9 3.3 21.5 

(95.0) (6.7) (7.4) (3.5) (1. 6) (0.6) 

of the slope units sampled - summit, shoulder, midslope, footslope and 

toeslope. Soil properties varied by transect with sand contents from 38 to 

67%, silt from 25 to 48% and clay from 8 to 15%. Organic matter content 

varied from 1.9 to 4.0%. Mean splash loss was also quite variable between 

transects with values ranging from 163.5 to 324.0 g m-2 cm-1. In general, as 

mean splash loss increased so did the standard deviation, and higher splash 

losses are associated with greater sand contents. High splash loss values are 

also inversely related to K values. 
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5.1.3. Summary Statistics by Slope Position 

Variable means and standard deviations are presented by slope position 

in Table 5-4. Selected variables are displayed graphically in Figures 5-l and 

5-2. SAND and SILT are relatively constant for the upper four slope 

positions with sand decreasing and silt increasing at the toeslope. CLAY 

decreases from the shoulder to the footslope then increases at the toeslope. 

Higher CLAY on the summit and shoulder is probably a result of cultivation 

and the shallow solum depths. Clay from the till layer is mixed with solum 

when the soil is cultivated. The toeslope has higher clay contents because it 

is a zone of deposition for wind and water deposits. It also would have a 

greater rate of weathering with the higher moisture contents. As a result of 

the changes in soil texture along the slope, MEDN increases slightly from the 

summit to the footslope and then falls sharply at the toeslope. 

The downslope trend of decreasing particle size 1s also reflected in the 

soil textures (i.e. finer textured soils at lower slope positions). The frequency 

of textures by slope position is shown in Table 5-5. Coarser textured soils 

are most commonly found at the midslope and footslope positions while the 

finest textures are dominant at the toeslope. 

0 M increased steadily from the shoulder to the toes lope, from 1. 71% to 

4.86%, respectively. The reverse was true for CARB as it decreased from the 

summit to the footslope. BDENS remains relatively constant over the 

summit, shoulder and midslope and decreases thereafter. 

KF ACT did not show significant variations between the slope positions. 
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Table 5-4: Means and (standard deviations) of variables by slope 
position. 

Variable Summit Shoulder MidsloEe FootsloEe ToesloEe 
SPLSH 229.0 276.1 268.3 243.1 189.2 

(59. 9) (79.3) (65 .0) (58.3) (42.8) 
SAND 54.1 54.7 59.6 57.0 38.7 

(12. 5) (11.7) (9.8) (10. 8) (10. 9) 
SILT 33.8 32.8 30.4 34.9 49.0 

(9.5) (9 .2) (7.7) (8.3) (7. 6) 
CLAY 12.1 12.5 10.1 8.1 12.3 

(4.4) (4.0) (2. 9) (2.8) (5.0) 
MEDN 0.090 0.089 0.102 0.102 0.044 

(0.054) (0.050) (0.048) (0.048) (0.022) 
CLRAT 8.63 8.03 9.88 12.88 9.13 

(4.42) (3.80) (3. 85) (5.42) (5.94) 
OM 1.86 1.71 2.13 3.32 4.86 

(1. 00) (0. 66) (0.75) (0.84) (0. 65) 
CARB 9.58 8.37 5.15 1.13 1.50 

(6.3) (6.63) (4.91) (0.83) (1.73) 
BDENS 1.38 1.39 1.41 1.30 1.12 

(0.18) (0.17) (0.18) (0.16) (0.15) 
DRY.5 28.5 28.8 27.2 26.7 29.4 

(4.8) (4.5) (2.9) (3.5) (3.8) 
DRY2 19.1 19.4 19.5 17.3 21.8 

(5.6) (4.0) (4.2) (11. 4) (13. 6) 
WSATL 75.9 81.0 77.5 70.5 40.4 

(21. 4) (15.3) (19.1) (31.6) (31.7) 
WSASL 16.0 20.9 25.0 24.7 9.6 

(7. 7) (16 .5) (19. 7) (17 .1) (5.2) 
KFACT 23.2 23.1 22.2 22.0 23.4 

(4.2) (4.5) (3.8) (2.5) (3.8) 
SOLUM 10.3 12.8 29.8 39.4 31.8 

(3. 6) (4. 7) (19. 2) (12. 2) (13. 9) 
MOIST 6.0 5.9 5.5 8.1 13.7 

(2.8) (2. 7) (2. 9) (5.0) (7.8) 
RNOFF 4.7 4.5 4.0 3~9 4.7 

(1. 2) (1. 6) (1.6) (1.5) (1. 6) 
DIST 0.0 7.3 20.1 32.5 43.7 

(0.0) (2.8) (6.2) (7.9) (10.1) 
GRAD 0.0 5.5 8.1 4.7 1.3 

(0.0) (2.0) (2 .8) (2.3) (1. 3) 
RELF 0.00 0.37 2.15 3.41 4.02 

(0.00) (0.24) (0. 93) (1.19) (1. 43) 
PROF 0.76 0.51 -0.16 -0.26 -0.42 

(0.61) (0.61) (0. 76) (0.32) (0.42) 
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Figure 5-l: Means and standard deviations of selected soil property 
variables by slope position. 
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Figure 5-2: Means and standard deviations of selected soil property 
and topographic variables by slope position. 
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Table 5-5: Frequency of soil textures by slope position. 

Summit Shoulder Midslo~e Footslo~e Toeslo~e 
Loamy Sand 1 1 2 
Sandy Loam 3 4 6 7 2 
Loam 6 6 3 4 3 
Silt Loam 1 6 

In fact, there appears to be a weak inverse relationship between KF ACT and 

SPLSH. The high silt contents on the toeslope and low organic matter at 

the summit and shoulder account for the marginally higher values of K than 

on the midslope and footslope. 

Soil erodibility (SPLSH) was measured as the mass of soil removed from 

the plot by the simulated rainfall. Repetitions for each plot are averaged, 

then converted to soil loss in g m-2 cn1-l of rainfall. Soil loss is expressed 

per centimetre of rain because the amount of rainfall applied was held 

constant at 10 em while the duration and intensity varied slightly by 

experiment. 

Figure 5-3 displays the frequency distribution of SPLSH for the entire 

data set and by slope position. SPLSH replications were not averaged for 

these plots. The distribution 1s approximately normal with values ranging 

when all observations are grouped together. The distributions for each slope 

unit are quite different from one another. The highest SPLSH values are on 

the shoulder although the values for this slope position are evenly distributed 

over a large range. Most of the lowest values are found on the toeslope 

which also has the smallest range of values. 
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Figure 5-3: Frequency histograms of SPLSH for all observations and 
by slope position. 
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Summary statistics for the variable SPLSH are given 1n Table 5-6 for 

the entire data set and by slope position. 

Table 5-6: Summary statistics of SPLSH for entire data set and by 
slope position. 

Overall Summit Shoulder Midslope Footslope Toeslope 

Mean 241.1 229.0 276.1 268.3 243.1 189.2 

St.Dev. 67.5 59.9 79.3 65.0 58.3 42.8 

Min. 129.7 156.4 190.4 156.7 129.7 129.9 

Max. 429.7 343.5 429.7 359.0 307.0 261.6 

Skew. 0.42 0.56 0.75 -0.039 -1.00 0.01 

c.v. 28.0 26.2 28.7 24.2 24.0 22.6 

D:Normal 0.065 

W:Normal 0.940 0.910 0.958 0.889 0.946 

n 55 11 11 11 11 11 

Splash loss increased from the summit to the shoulder, and decreased from 

the shoulder to the toeslope (Figure 5-4). A similar trend can be noted 1n 

the standard deviations and coefficients of variation for each slope unit. 

The shoulder has the greatest variability while the toeslope shows the 

least. Normality test statistics (D statistic for entire data set, W statistic for 

separate slope units) indicate that the data is approximately normal (SAS 

Institute Inc., 1985a). 

The texture of the splashed soil material in this study reflects the 

dominant particle size class at each slope position. At the upper four slope 
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Figure 5-4: Splash loss by slope position (mean and 1 standard 
deviation). 

positions, more sand is found 1n the splash sample than in the bulk sample. 

The toeslope, where silt content is dominant, has more silt in the splash 

sample than the bulk sample (Figure 5-5). For all slope positions, percent 

clay in the splash sample is approximately 5% less than the bulk sample. 

5.2. Analysis 

5.2.1. Correlation Structure 

Pearson's correlation coefficients between site variables are presented in 

Table 5-7. SPLSH has strong correlations with many of the soil property 

variables, weak correlations with topographic variables and non-significant 

correlations with two of three experimental variables (MOIST and INTSY). 

SILT has the highest correlation with SPLSH but EDENS, SAND, and 
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Figure 5-5: Comparison of mean percent sand, silt and clay between 
bulk and splash samples by slope position. 

MEDN have only slightly weaker correlations. Greater silt contents may 

improve aggregate stability sufficiently to decrease splash detachment and 

erosion although the correlations between the water stable aggregate measures 

(WSATL and WSASL) and SILT fail to support this as both have strong 

negative correlations. Generally, greater SPLSH is associated with increasing 

particle size. Larger particles such as sand would be more vulnerable to 

splash forces because of the insufficient quantity of fines and organic matter 

to provide cohesion and form water stable aggregates. The weak, positive 

correlation between RNOFF and SPLSH is probably a result of ponded water 

increasing detachability of soil particles from the surface. 

Only GRAD and DIST, of the four topographic variables, have 

significant correlations with SPLSH. GRAD is positively correlated while 
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Table 5-7: Pearson correlation coefficient matrix for data set (n=55). 

SILT 

CLAY 

·MEDN 

CLRAT 

OM 

CARB 

BDENS 

SOLUM 

DRY.5 

DRY2 

WSATL 

WSASL 

KFACT 

MOIST 

INTSY 

RNOFF 

GRAD 

DIST 

RELF 

PROF 

SPLSH 

-.961 

-.710 

.954 

.679 

-.645 

**** 

.828 

**** 

**** 

-.432 

.836 

.586 

-.675 

-.282 

**** 

**** 

.316 

-.361 

**** 

**** 

.729 

SAND 

WSASL .542 

-.423 

**** 

**** 

**** 

.285 

-.521 

-.341 

**** 

.487 

-.899 

-.487 

.751 

-.336 

-.860 

**** 

**** 

.308 

-.804 

-.550 

.713 

.318 

**** 

**** 

-.336 

.462 

.319 

-.303 

-.774 

SILT 

-.415 

-.294 

**** 

**** 

**** 

**** 

**** 

**** 

-.723 

-.903 

**** 

.390 

·.423 

**** 

.290 

.581 

-.592 

-.450 

.315 

**** 

**** 

**** 

**** 

**** 

**** 

**** 

.727 

-.577 

**** 

.778 

**** 

**** 

-.383 

.764 

.622 

-.701 

-.302 

**** 

**** 

**** 

·.288 

**** 

**** 

**** 

·.329 

.394 

.286 

**** 

-.480 

.546 

.462 

-.440 

**** 

**** 

**** 

**** 

**** 

**** 

**** 

•. 330 . 705 .405 

CLAY MED N CLRA T 

**** 

**** 

·.334 

**** 

**** 

**** 

**** 

**** 

.422 

**** 

.484 

.630 

**** 

-.621 

·.757 

.413 

**** 

**** 

·.640 

-.333 

**** 

.545 

**** 

**** 

·.276 

.766 

.658 

·.567 

-.538 

OM 

**** 

**** 

**** 

**** 

**** 

.384 

-.512 

.464 

**** 

**** 

**** 

**** 

**** 

**** 

.526 

**** 

·.576 

-.458 

.639 

**** 

**** 

**** 

.708 

.399 

-.514 

**** 

**** 

**** 

.381 

-.474 

-.271 

.384 

**** 

**** 

**** 

**** 

-.295 

**** 

**** 

**** 

**** 

.571 

.497 

-.411 

**** 

**** 

-.384 

**** 

.410 

**** 

.379 

**** 

**** 

**** 

**** 

.270 .715 **** **** 

CARB BDENS SOLUM DRY.5 

**** 

**** **** 

**** **** 

**** **** 

.890 

-.530 -.465 

-.601 

-.329 

**** 

**** 

**** 

**** 

**** 

**** 

**** 

**** 

**** 

DRY2 

KFACT 

MOIST 

INTSY 

RNOFF 

GRAD 

DIST 

RELF 

PROF 

SPLSH .608 

WSATL 

.487 

WSASL 

-.627 

KFACT 

**** **** 

MOIST INTSY 

.357 

RNOFF 

.367 

GRAD 

-.297 

DIST 

**** **** 

RELF PROF 

**** not significant at the 95% confidence level 

DIST is negatively correlated with SPLSH. Increasing gradient is associated 

with greater particle size and less organic matter content while the opposite is 

true of distance from the summit position. 

stronger if more transects had been sampled. 

Correlations might have been 
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Table 5-8 gives the correlation coefficients between SPLSH and all the 

other variables by slope position. Only SAND, SILT and MEDN variables 

are significant at the 90% level for all five slope positions. In general, the 

summit and shoulder positions exhibit lower and fewer significant correlations 

than the lower three slope positions. This may reflect the importance of 

other variables not measured such as pebble and stone abundance. Other 

variables that are highly correlated with SPLSH at the lower three slope 

positions include: CLAY, CLRAT, BDENS, DRY2, WSATL and RNOFF. 

Table 5-8: Pearson's correlation coefficients (r) between SPLSH and 
other variables by slope position ( n= 11). 

Variable Summit Shoulder Midslo~e Footslo~e Toeslo~e 

SAND .595* .584* .777* .808* .662* 
SILT -.612* -.747* -.786* -.810* -.570* 
CLAY -.367* .012 -.536* -.720* -.572* 
MEDN .634* .543* .891* .736* .624* 
CLRAT .596* .325 .588* .547* .591* 
OM -.400 -.347 -.788* -.493 -.264 
CARB .074 .344 .243 .365 -.083 
BDENS .675* .514 .866* .751* .527* 
DRY.5 .153 .171 -.297 -.232 .523* 
DRY2 .206 .282 .174 -.676* - .595*. 
WSATL .136 .281 .842* .781* .703* 
WSASL .141 .510 .467 .504 .000 
KFACT -.547* -.872* -.859* -.830* -.112 
SOLUM -.302 -.425 .559* .631* -.054 
MOIST -.261 -.223 .053 .182 .524* 
INTSY -.163 .237 -.046 -.516 -.245 
RNOFF .185 .381 .631* .744* .515 
GRAD .000 -.317 .487 .304 -.079 
DIST .000 -.127 -.227 -.194 -.274 
RELF .000 -.284 .182 .291 .174 
PROF -.197 .366 .419 .019 -.074 

(*significant at the 90% confidence level, n=11) 
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KF ACT is significantly correlated with SPLSH at all slope positions 

except for the toeslope. Unexpectedly, all of these correlations are negative. 

This indicates a strong inverse relationship between the two variables. It 

may also suggest that the K factor is not an accurate assessment of soil 

erodibility for these soils. 

None of the 4 topographic variables are significantly correlated with 

SPLSH at the 90% level at any of the slope positions. The highest 

correlation coefficient 1s 0.487 for GRAD at the midslope position. 

Correlations at the summit for GRAD, DIST and RELF are all zero because 

all of these variables have a value of 0.0 at the summit. 

5.2.2. Multiple Regression 

To determine which variables had the greatest influence on SPLSH a 

stepwise multiple regression was performed using the Stepwise Procedure in 

SAS (SAS Institute Inc., 1985b). Variables are presented in order of entry 

into the equations for all results. An explanation (R2) of 71.7% was achieved 

with ten variables (Table 5-9) of the eighteen entered into the calculation. 

SILT accounts for the majority of the statistical variation in SPLSH 

with an explanation level of 60%. The next three variables entered into the 

regression account for only an additional 5.9%. The remaining six variables 

add only 5.8% explanation and of these CLAY accounts for 2. 7%. Only 

SILT and CLAY are significant at the 5% level and at the 10% significance 

level, only RNOFF is added. 

When only the four topographic variables are used 1n a stepwise 
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Table 5-9: Stepwise regression results when all variables are entered 
with SPLSH as the dependent variable. 

Number In Variable r2 R2 F Prob>F 
1 SILT 0.600 0.600 79.60 0.0001 
2 RNOFF 0.027 0.627 3.78 0.0574 
3 WSASL 0.019 0.647 2.77 0.1022 
4 BDENS 0.012 0.659 1.81 0.1840 
5 SOLUM 0.009 0.668 1.29 0.2621 
6 GRAD 0.004 0.672 0.63 0.4316 
7 CLRAT 0.003 0.675 0.44 0.5125 
8 CLAY 0.027 0.702 4.16 0.0471 
9 MOIST 0.007 0.709 1.11 0.2988 

10 CARB 0.008 0.717 1.30 0.2605 

Table 5-10: A stepwise regression of the topographic variables with 
SPLSH as the dependent variable. 

Number In Variable r2 R2 F Prob>F 
1 GRAD 0.135 0.135 8.27 0.0058 
2 DIST 0.085 0.220 5.67 0.0210 
3 PROF 0.025 0.245 1.68 0.2003 
4 RELF 0.011 0.256 0.76 0.3878 

regress1on, an R2 of 25% is achieved (Table 5-10). GRAD and DIST 

represent the most significant topographic variables but only GRAD is 

significant at the 90% confidence level. 

All three of the experiment specific variables are significant at the 90% 

confidence level when regressed against SPLSH (Table 5-11). However, these 

variables only account for a total of 29.9% of the variance in SPLSH. 

A stepwise regression us1ng only the soil property variables (Table 5-12) 

results in an R 2 of 67.3% with 7 variables introduced into the equation. 

This is not much lower than when all variables are considered. Thus, soil 
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Table 5-11: A stepwise regression of experiment specific variables 
with SPLSH as the dependent variable. 

Number In Variable 
1 RNOFF 
2 MOIST 
3 INTSY 

0.128 
0.123 
0.049 

0.128 
0.250 
0.299 

F 
7.76 
8.50 
3.52 

Prob>F 
0.0074 
0.0052 
0.0662 

properties account for most of the variance in SPLSH and are considered to 

be the most important direct control on soil erodibility. Topographic 

parameters influence erodibility indirectly by affecting soil property variations. 

Table 5-12: A stepwise regression of the soil property variables with 
SPLSH as the dependent variable. 

Number In 
1 
2 
3 
4 
5 
6 
7 

Variable 
SILT 
BDENS 
OM 
CLAY 
CLRAT 
WSASL 
DRY2 

0.600 
0.009 
0.011 
0.014 
0.020 
0.010 
0.009 

0.600 
0.610 
0.620 
0.634 
0.654 
0.664 
0.673 

F 
79.60 

1.24 
1.44 
1.84 
2.83 
1.44 
1.30 

Prob>F 
0.0001 
0.2706 
0.2345 
0.1807 
0.0987 
0.2359 
0.2600 

Variables such as SAND, OM and CARB do not appear in the multiple 

regression equations because these variables have high correlations with SILT 

and BDENS which themselves are highly correlated with SPLSH. The failure 

of some variables to appear in the regression does not mean that they are 

not important, only that other variables account for their variance with 

SPLSH and may measure similar soil properties. 
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5.2.3. Analysis of Variance 

Analysis of variance (AN OVA) was used to determine if there are 

significant differences in SPLSH between transects and slope positions. Table 

5-13 shows the five groupings that result from an ANOV A by transect. 

Three general groups of low (A,B,C), moderate (D,E,F ,G,H,K), and high (I,J) 

erodibilities can be recognized, even though these groups are not significantly 

different from one another. 

Table 5-13: Analysis of variance of SPLSH by transect, least 

Transect 
J 
I 
H 
G 
F 
E 
K 
D 
B 
c 
A 

significant difference = 53.0, n=5. 

Mean 
324.0 
304.9 
266.9 
265.9 
244.7 
240.5 
239.5 
235.3 
187.1 
180.3 
163.5 

Grouping 
A 
AB 

BC 
BC 
c 
c 
CD 
CD 

DE 
E 
E 

Transects A,B,C and D are near the margin of a different soil 

association according to the regional soil map (Acton and Ellis, 1978). 

Generally, the soil is of finer texture and has less relief than the other 

transects. The finer texture likely results in greater aggregation and a lower 

soil erodibility. Transects H, I and J have the greatest mean sand contents 

(63.0 to 66.7%) the lowest mean silt contents (25.1 to 28.5%) and some of 

the lower mean clay contents (7.8 to 10.7%) (Table 5-3). This combination 

results in the highest erodibilities, perhaps due to the lack of sufficient fine 

particles affecting aggregation. 
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An ANOV A by slope position (Table 5-14) produced 3 groups with one 

slope position overlapping between the high and moderate categories. 

Table 5-14: Analysis of variance of SPLSH by slope position,least 

Slope Position 
SHOULDER 
MID SLOPE 
FOOTSLOPE 
SUMMIT 
TOESLOPE 

significant difference - 35.7, n=11. 

Mean 
276.1 
268.3 
243.1 
229.0 
189.2 

Grouping 
A 
A 
AB 
B 
c 

The shoulder and midslope positions display the greatest soil erodibility with 

the footslope overlapping. Again high erodibility is associated with high mean 

sand contents (54.7 and 59.6% for shoulder and midslope, respectively) and 

low silt contents (32.8 and 30.4% respectively) (Table 5-4). They also have 

low organic matter contents and high bulk densities. 

Lower erodibility on the summit may be due to higher clay contents 

which result from cultivation. The shallow depth to till results in cultivation 

bringing till material, which has a higher clay content, to the surface. Poor 

infiltration due to shallow solum thickness may also produce armouring by 

ponded water. Also, visual inspection suggested that there were generally 

more pebbles and stones at the summit which the falling drops would be 

unable to remove. These would protect smaller particles underneath from 

removal. 



Chapter .6 

DISCUSSION 

6.1. Erodibility Testing Procedure 

Two potential experimental control problems were found during the 

erodibility testing procedure. The first problem was that of variations in 

simulated rainfall intensity caused by air temperatures fluctuating throughout 

the day which changed water viscosity. This affected water flow and the 

formation of drops through the capillary tubing. The significance of these 

variations with time is difficult to assess and the problem was one of the 

inherent constraints of the equipment and methodology. The correlation 

coefficient between soil loss and intensity is very low and insignificant at the 

0.05% level. Consequently, it is believed that variations in simulated rainfall 

intensity did not affect soil loss. 

Soil moisture content variations along slope transects, both during the 

course of testing a transect (6 to 8 hours) a?d between replicate testing (2 to 

10 days), were thought to be a second problem of experimental control. This 

was a potential problem because erodibility has been shown to vary with soil 

moisture (Chorley, 1959). However, .low and insignificant correlation of soil 

moisture with erodibility suggests that soil moisture content variations were 

not a factor in this study. This was probably due to the large volume of 

72 
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water applied as rainfall (10 em) which likely negated the influence of 

antecedent soil moisture variations on soil loss. Other soil properties 

measured were thought to have remained essentially constant during the 

testing period and between replicate testing. 

6.2. Soil Property Variations with Topography 

This research has shown that there are notable differences in soil 

properties between the five slope positions and that several soil properties 

correlate significantly with topographic parameters (Tables 5-4, 5-7). In 

general, downslope trends along the transects were that of increasing organic 

matter, soil moisture, and silt, and of decreasing sand, bulk density and 

carbonates. These trends were especially significant between the footslopes 

and toeslopes. These trends are similar to those reported locally by King et 

al. (1983) and Gregorich and Anderson (1985) and by Walker and Ruhe 

(1968) .and Malo et al. (1974) in other prairie environments. In addition, 

similar trends have been reported in very different environments (Fur ley, 

1971). 

The two dry aggregate measures and the K factor displayed no 

significant relationship to topography. Water stable aggregate testing revealed 

that aggregation was generally greater on the shoulders, midslopes and 

footslope and notably low on the toeslopes. This relationship was the reverse 

of the expected trend based on the literature surveyed. 

The other topographic parameters (GRAD, DIST, RELF, and PROF) 

have only weak relationships with a few of the soil properties measured. 
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Only OM and BDENS have significant correlations at the 95% level with all 

4 topographic variables and some of these are still quite low. The results are 

similar to those of King et al. (1983) who found no consistent relationship 

between soil properties and both slope gradient and length. However, the 

correlation coefficients do indicate that as GRAD increases, SAND and 

BDENS increase and SILT and OM decrease. Relationships might have been 

stronger if the selected slopes had more similar topographic characteristics. 

However, the observations appear to reflect the natural variability of the 

hummocky terrain. 

The above trends are similar to those found by Malo et al. (1974) and 

Walker and Ruhe (1968). Malo et al. (1974) examined soil property variation 

on a cultivated loam/clay loam soil formed on glacial drift in North Dakota 

and found the shoulder to be the zone of maximum erosion for several 

reasons: 

1. lowest organic matter content; 

2. depth to > 1.4 g cm-3 bulk density was minimum at shoulder; 

3. greatest weighted mean percent of particles >2 mm; 

4. phi standard deviations of phi means greatest (material most 
poorly sorted, where more uniform on lower slopes concluded 
sedimentation); 

5. highest percent sand and least percent clay. 

\Valker and Ruhe (1968) found the maximum mean particle s1ze and the 

minimum organic carbon at the shoulder and backslope. Therefore, 

topography-soil property results suggests that the summit, shoulder, midslope 

and footslope should all be quite erodible because of high sand contents and 
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bulk densities and low organic matter levels. The toeslope should be much 

less erodible with lower bulk densities and higher organic matter contents. 

6.3. Effects of Soil Properties on Erodibility 

The pattern of soil property variation along the slopes appeared to have 

resulted in a systematic pattern of soil erodibility variation along the slopes. 

A wide range of soil properties have been identified as indicators of soil 

erodibility by other researchers (Bryan, 1968). However, soil properties may 

have varying relationships with erodibility depending on the presence or 

absence of other soil material and the relative amounts of such material. 

Therefore, no single soil property or combination of properties is necessarily 

the best indicator of soil erodibility for all soils. 

There has been a lack of standardization of testing procedures for both 

erodibility and soil property measurements (especially water stable aggregation 

tests) which makes comparison between studies difficult. However, it was still 

possible to obtain a general understanding of erodibility and soil property 

relationships. Those variables found to have the greatest statistical 

association with soil erodibility include particle sizes and texture, organic 

matter content, and bulk density. 

6.3.1. Particle Size and Texture 

Median soil particle size and texture generally became coarser from the 

summit and shoulder to the midslope and footslope. Toeslopes had much 

finer textured soils (Tables 5-4, 5-5). Coarser textured soils tended to be 

more erodible, as has been found in many other studies (Gabriels and 
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Moldenhauer, 1978; Poesen, 1981; Onstad and Young, 1982; Pall et al., 1982). 

Bryan (1974) found that splash loss was greatest on loamy sands and sandy 

loams followed in rank by loams, sandy clay loams, clay loams, silt loams 

and clay. In his research sand content had the highest correlation with 

splash loss (r= 0.55) on Alberta soils tested in the lab. Silt and clay had 

correlation coefficients of -0.30 and -0.48, respectively. 

Fine sand has been found to be the most mobile, easily detached, 

particle size (Hjulstrom, 1935; Poesen, 1981; Farres, 1987). H these particles 

are transported downslope, then the slope position on which this sediment is 

deposited would likely become the most erodible. This may be the case in 

this research. Sand contents are highest on the shoulder, midslope and 

footslope positions where the largest soil erodibility values were found. The 

high erodibility of sand size sediments agrees with earlier studies (Poesen, 

1981; Onstad and Young, 1982). 

The particle size distribution along the slope likely contributed to the 

pattern of erodibility given SPLSH's high correlations with SAND, SILT and 

CLAY. This may be explained by the possible formation of an eros1on 

pavement at the summits, the formation of a filtration pavement at the 

toeslopes and the failure for either to form at the shoulders, midslopes and 

foots lopes. 

Sand content is high at the summit but field observations indicate a 

greater number of pebbles and stones at this slope position which may have 

resulted in the formation of an erosion pavement (Shaw, 1929). This results 

when mobile sediment is detached and transported out of an area leaving 
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larger sediments which raindrops are unable to remove. Thin solums at the 

summit may have also influenced soil losses by reducing infiltration and 

resulting in the development of a ponded water layer on the soil surface 

sooner than at the other four slope positions which had thicker solums. This 

layer of ponded water would protect the soil from removal by the drops as 

found by Palmer (1963), Savat and Poesen (1981) and Poesen (1981). Higher 

clay contents found at the summit may not have influenced soil cohesion 

greatly because of the low organic matter contents and poor aggregation 

observed at this slope position. 

This study found that soils at lower slope positions have a higher 

proportion of fines (silts and clays) than those at upper slope positions. This 

can result in the formation of a filtration pavement (Poesen, 1981) when fine 

textured particles move into the pore spaces of the upper few mm of the soil 

due to splash erosion. This increases the cohesion and decreases the 

infiltration capacity of the soil surface. The formation of the filtration 

pavement or seal has a negative impact on detachment by rainsplash. This 

is because it reduces infiltration rates resulting in water ponding on the 

surface which protects the soil surface from the direct force of falling 

raindrops. This process may have occurred at the toeslope, and would be 

one of the reasons for its lower soil erodibility. This would agree with the 

results of Gabriels and Moldenhauer (1978) who found that the relative 

amount of silt in the top layer of the soil increased from prior to experiment 

commencement to the end of the test when the surface seal was sampled. 

Coarser sediments are more resistant to eros1on because they tend to 
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form eroston pavements. Finer sediments are more cohesive and form 

filtration pavements. Fine well sorted sand has been found to be the least 

resistant to detachment by splash (Poesen, 1981) and fails to form either an 

erosion pavement or filtration pavement when subjected to falling drops. 

In this study, the midslope and foots lope sediment tended to be better 

sorted, and may have resulted in the high erodibilities at these slope 

positions. These two slope units also had the highest infiltration rates which 

suggests that the development of a film of water probably occurred later than 

at other sites or failed to develop at all. This would result in greater splash 

erosion at these two slope units because the soil would not be protected by a 

film of water. Higher infiltration rates were likely a result of the higher sand 

contents and thicker solums than the the other slope units. Sediment size 

sorting was probably a result of selective erosion, transport and deposition of 

sediment. Field evidence suggests that these two slope positions are locations 

of sediment deposition which may contribute to higher erodibility values. 

Previously eroded material may be more readily eroded because it would be 

less aggregated and thus have a greater supply of erodible soil than non

eroded soil. 

The texture of the splashed sediment in this study reflects the dominant 

particle size class or modal fraction at each slope position. At the upper four 

slope positions, more sand is found in the splash sample than in the bulk 

sample. At the toeslope, where the soil's silt content was greater than the 

sand content, there was more silt in the splash sample than the bulk sample 

(Figure 5-5). This trend of exportation of the modal grain size fraction of 

the soil by splash corresponds with results found by Poesen (1981). 
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For all slope positions, percent clay 1n the splash sample was 

approximately 5% less than the bulk sample. This is comparable with the 

results of Gabriels and Moldenhauer (1978) who found that the percent of 

sediment <0.002 mm diameter did not change significantly with time during 

rainfall simulation experiments where both splash and wash were measured. 

This difference in clay content between the two samples might also be 

attributed to the loss of some clay in the filtering process. 

Silt was the best single variable index of erodibility in this study as it 

had the highest correlation with soil loss (r= -0.747). This is similar to the 

results of Bradford et al. (1987) who found total silt content had a 

correlation coefficient of -0.81 with soil loss due to splash. The high 

correlation was considered to reflect the effect of silts on surface sealing. 

Sand also had a high correlation with soil loss but is insignificant in the 

multiple regression because of its high correlation coefficient with silt (r= 

-0.960). 

The clay ratio (Bouyocos, 1935) did not have a very strong relationship 

with soil loss. Bryan (19~8) suggested that this is usually the case because it 

fails to include organic matter as part of the cohesive fraction. In addition, 

low clay contents result in greater water infiltration and little runoff. The 

clay ratio was developed to predict the potential for erosion by water flow 

and not rainsplash, which may explain its poor relationship here. 
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6.3.2. Organic Matter 

Organic matter content increased downslope from upper slope positions. 

These results are similar to that of de Jong et al. (1983). As expected, O.M. 

content had a negative correlation with splash. Organic matter increases soil 

cohesion which reduces soil detachability. It also increases pore space which 

increases infiltration and reduces splash when there is not a thin water layer 

on the soil (Palmer, 1963). The association between splash loss and O.M. 

content found in this study are similar to those found by Gabriels and 

Moldenhauer (1978) and Onstad and Young (1982). Correlation coefficients 

between OM and SPLSH found in this study are also similar with those 

reported by Bryan (1974), Wischmeier and Mannering (1969) and Bradford et 

al. (1987) (r= -0.22, -0.48 and -0.24, respectively). 

Grieve (1980) suggested that O.M. is an important control on erosion 

because of its effect on aggregate stability and water absorption. At higher 

levels of O.M., aggregate stability and water absorption increase because of 

the greater cohesion and structure associated with increases in organic matter. 

Higher correlations between OM and SPLSH might have been achieved if 

humus · had been separated from total vegetative matter as humus is the 

portion of organic matter which imparts cohesion to the soil. 
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6.3.3. U.S.L.E. K Factor 

K was found to be quite low and negatively correlated with the soil 

loss, (SPLSH). Low K values and relatively low slope gradients suggest that 

the erosion risks are low to moderate. Field observations of extensive rilling 

and deposition along the slopes does not support those conclusions (Figure 

3-6). 

The toeslope was found to be the most erodible and the midslope and 

footslope the least erodible. K did not vary significantly among the five slope 

positions. This is contrary to the findings of this research which indicated 

that there was significant variations in soil erodibility along a slope profile. 

The poor association between soil erodibility as measured in this study and K 

may be due to several reasons. The first is that the measurement procedure 

is different. This study measures primarily splash erosion on a small circular 

plot of soil while K has been determined empirically by measuring soil loss 

from many plots of a larger size. The larger plots would permit the 

development of different soil erosion processes such as rilling which in turn 

would affect the erodibility values. 

The relationship between K and the measured erodibility may imply 

that the K factor is not a good indicator of soil erodibility on the soils 

tested. The testing also suggests that the soils are quite erodible because of 

the high amount of sediment removed from the soil. This is supported by 

field observations of water erosion at the site. 
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6.3.4. Aggregation 

Correlations of splash loss with the two water stable aggregate indices 

used in this study were both positive. Splash loss was found to increase with 

increasing percent W .S.A.. This is contrary to the results of other research 

(Bryan, 197 4; Luk, 1977). This may be due, in part, to the large quantity of 

primary particles >2 mm found on upper slope positions which are measured 

as aggregates, but are largely immobile in terms of splash. However, even 

with primary particles removed, a relatively strong positive correlation exists 

with splash (r= 0.487)~ 

Aggregates on the upper slopes may be more stable because of higher 

carbonate contents cementing material together, although correlation 

coefficients between aggregation measures and carbonate content are all 

insignificant at the 95% confidence level. A more likely reason for the 

positive correlation is related to the water stable aggregate test procedure. 

While aggregates were soaking during the wetting stage of the procedure, 

samples from the toeslope appeared to be affected by slaking. When an 

aggregate is immersed in water, a wetting front advances from the outside to 

the centre of the aggregate. This may result in the build up of air pressure 

within the aggregate which can cause the aggregate to breakdown (slake) 

when this pressure is released (Bryan, 1969). 

Other studies consistently have obtained high negative correlations with 

water stable aggregate indices (Bryan, 1974; Young and Mutchler, 1977; Luk, 

1979). In general, the soils were poorly aggregated, especially when the 

variable WSASL is examined. WSA TL values were higher because these also 
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include primary particles > 2 mm. Poor aggregation is thought to be 

primarily due to high sand contents and low clay and O.M. contents. 

The two dry aggregate measures were both poor indicators of erodibility 

as correlation coefficients between splash loss and percent dry aggregates >0.5 

and 2 mm were both insignificant. 

6.3.5. Bulk Density 

Mean bulk density increased slightly from the summit to the midslope 

then decreased to the toeslope. This trend is likely due to higher sand 

contents, greater soil compaction and low O.M. contents which results in 

poorer soil structure and higher bulk densities on shallow upper slopes 

(Brady, 1984). This variable is a reflection of a combination of other 

variables and accounts for some of the variation in splash loss that particle 

size and other primary measurements cannot account for. Bulk density had 

quite a high correlation with splash loss (r= 0. 715). This indicates that 

coarser and more compact soils (sandy loams and loamy sands) are more 

erodible than finer textured soils (loams and silt loams). Finer textured soils 

which have lower bulk densities and greater cohesion are found at the lower 

slope positions (foots lopes and toes lopes). 

Pall et al. (1982) reported that shear strength and soil density are 

directly related. This suggests that higher density soils have higher shear 

strengths and are, therefore, less susceptible to erosion. This relationship is 

the opposite of that found in this study. The differences are attributed to 

methodology as Pall et al. used a laboratory shear vane to measure shear 

strength. Therefore, comparisons between the two methodologies may not be 

valid. 
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6.3.6. Carbonates 

Carbonate content did not seem to have a significant influence on splash 

loss. High carbonate levels exist at upper slope positions where the till is 

close to the surface and is mixed into . the solum by cultivation. It was 

difficult to evaluate the effect of carbonate content on erodibility. Carbonate 

has a low positive correlation with splash loss but this relationship is more 

likely an indirect or spurious one. High levels of carbonate were found on 

slopes where O.M. levels are low and splash losses were high. Carbonates are 

relatively soluble and detachment of soil particles may be enhanced when they 

are wetted and the cohesive effect of carbonates is reduced. 

6.4. Effects of Topography on Soil Erodibility 

Of the four topographic variables, only GRAD and DIST were 

significantly correlated with SPLSH. GRAD was greatest at the midslope 

position and decreased both up and downslope. This trend is similar that of 

SPLSH resulting in a correlation coefficient of 0.37 between the two variables. 

These results are similar to those found by Wischmeier and Mannering (1969) 

who reported a correlation coefficient between percent slope and soil loss of 

0.32. In the multiple regression where all topographic and soil property 

variables are entered, GRAD added only 0.4% explanation to the equation 

(Table 5-9). When only the topographic variables were regressed against 

SPLSH, a 25% explanation level was attained (Table 5-10). A regression 

using only soil properties resulted in a 67.3% explanation level. 

The direct relationship between SPLSH and GRAD may be explained by 

increased mobility of sediments at higher gradient sites. This can be 
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explained by the reduced angle at which raindrops strike the soil thus 

lowering the shear stress required to detach and transport particles and 

possibly increasing the potential for greater detachment than at level sites. 

In addition, soil properties at higher gradient sites tended to be more 

favourable for increased erosion due to higher sand contents and bulk 

densities and lower silt, clay and organic matter contents. This would result 

in these sites being less cohesive and more erodible. A direct relationship 

between gradient and soil loss was also found by Ekern (1951) and Savat 

(1981). 

Topographic variables showed higher and more significant correlations 

with many of the soil properties including particle sizes, OM, CARB, BDENS, 

WSA TL and MOIST. Thus topography influences erodibility indirectly by 

affecting soil properties which in turn influence erodibility. 

Slightly lower RNOFF values on the midslope and footslope indicate a 

higher infiltration rate. This might have delayed the formation of a ponded 

water layer on the soil surface which would allow the force of the falling 

drops to strike the soil for a longer period of time producing greater splash 

erosion. A filtration pavement may have been less likely to form on the 

higher gradient slopes because with higher gradients more runoff will occur 

keeping infiltration rates high (Poesen, 1984). Low silt and high sand 

contents at these slope units probably contributed to the higher infiltration 

rates. 

When broken down by slope position, correlation coefficients between 

SPLSH and topographic variables were generally greatest at the midslope. No 
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significant correlations exist at the summit with GRAD, DIST, and RELF 

because all of these values are zero at the summit. The high correlations at 

the midslope may be because this slope position has the most uniform soil 

properties between transects as indicated by the lowest standard deviations for 

many soil properties (Table 5-4). Therefore, testing at these sites revealed 

greater similarity from transect to transect than on the other slope units. A 

possible explanation for greater soil property uniformity at the midslopes 1s 

that it is a transition zone where sediment 1s supplied from upslope and 

removed downslope. Selected sediment sizes are transported in from upslope 

while selected sediment sizes are also removed downslope leaving behind soil 

with a smaller range of sediment sizes. 

The weaker relationships on the other four slope units may be due to 

soil properties being more variable at these sites as is evident by the larger 

standard deviations for many soil properties (Table 5-4). These greater 

variations may have resulted in more complex relationships between soil loss 

and soil properties and the poorer correlations. The summit and shoulder 

display less uniformity because cultivation continually mixes the till layer into 

the upper soil horizons. Since some of the transects bordered another soil 

association, variations in parent material would cause soil property variations 

at these two slope units. Footslope and toeslope positions experience greater 

deposition of fines by both water and wind erosion which may account for 

the greater amounts of silt and variable soil properties. 

Slope position seems to provide a better explanation of soil erodibility 

variations along slopes than any of the other topographic variables. The 
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highest soil erodibilities observed in this study were in the midslope-footslope 

zone. This is where gradient decreases, sheetflow or rill velocities fall, the 

competence of these processes to transport material decreases, and eroded 

sediments begin to be deposited. Since the processes acting on the soil 

selectively transport sediment downslope, those locations along the slope at 

which the eroded sediment is deposited and accumulates should have a higher 

erodibility because of their greater supply of erodible sediment.Erodibility 

decreases below this zone because of increases in organic matter and clay 

content. 

6.5. Implications of Results 

The variability of soil properties along the slope should be considered 

when examining fluvial processes. This is important both in terms of soil 

erodibility and rainfall and runoff erosivity. Different slope positions are 

affected by different fluvial processes. The summit will be affected primarily 

by rainsplash erosion and due to low gradients net downslope movement of 

material should be very small. At each successive downslope position, given 

sufficient rainfall, there should be increasing overland flow in the form of 

either sheetwash or rilling. Consequently, the importance of rainsplash as a 

transporting agent declines on the lower slopes and to some degree it also 

declines as a detaching agent due to increased depth of water on the soil 

which protects the soil against the direct force of the drops. Thus the 

character of the erosive force changes downslope. Given that soil properties 

vary along a slope as well, there is a complex relationship between erodibility, 

erosivity and topography. 
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It is important to note that those slope positions that were the most 

erodible are not necessarily sites of net soil loss. Each position must be 

considered relative to the others and all the processes affecting each position 

must be considered to fully understand erosion along the slope. The summit 

had the second lowest erodibility but this does not mean it is a site of net 

gain in the erosion/deposition process. Midslope and footslope sites had high 

erodibilities but may actually be sites of net gain in material. Martz (1986) 

and de Jong et al. (1983) found that lower slopes in cultivated landscapes in 

near Saskatoon, Saskatchewan are sites of net soil gain. 



Chapter 7 

SUMMARY & CONCLUSIONS 

Soil erodibility was measured at five slope positions by collecting the soil 

removed from the surface with a portable rainfall simulator. The results were 

used to compare soil erodibility between test sit~s, but not to predict 

potential soil erosion losses. 

Soil property data showed variability both by transect and by slope 

position. Sand was the dominant textural member on the upper four slope 

positions while silt was dominant at the toeslope. Clay content was relatively 

constant with only slight decreases at the midslope and footslope positions. 

Mean particle sizes were as variable by transect as by slope position. Sand 

and silt contents showed the greatest variability with mean transect sand 

contents ranging from 35 to 67% and silt from 25 to 50%. Mean clay 

contents varied from 8 to 14%. Mean median grain s1ze also varied 

significantly from 0.035 to 0.151 mm diameter. The mean median grain size 

by slope position ranged from only 0.044 to 0.102 mm diameter. This 

suggests that variability between transects was greater than variations by 

slope position. 

Organic matter contents were found to be more variable along the slope 

profiles than between mean transect values. Organic matter varied from a 

89 
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low of 1. 7% at the shoulder to 4.9% at the toes lope while mean transect 

values ranged from 1.9 to 4.0%. 

Despite these and other soil property variations a systematic trend of 

soil erodibility was found between the five slope units. The highest 

erodibility was found at the shoulder with erodibility decreasing both up to 

the summit and down to the toeslope. Analysis of variance produced three 

significantly different groups described as high, moderate and low erodibility. 

The shoulder, midslope and foots lope were found to be locations of high 

erodibility with the footslope, which overlaps into the next group, and summit 

in the moderate erodibility group. The toeslope fell into the lowest erodibility 

group. 

The pattern of erodibility us1ng the five unit slope model was only 

slightly different from the expected trend. The summit was thought to have 

been more similar to the shoulder because of their proximity to each other. 

Even though there 1s a complex variation between soil properties by transect 

and slope position, this systematic trend of erodibility is still evident. 

Soil properties varied quite significantly over short distances with 

variations in topography. This includes variations within soil mapping units. 

These variations can have significant effects on erosion processes which makes 

it difficult to generalize about soil erodibility based on soil map information. 

Soil erodibility was found to be quite variable with topography within the soil 

map unit and as a result extensive sampling becomes necessary in order to 

exam1ne soil erodibility rather than making assumptions from generalized soil 

maps. 
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Relationships between erodibility and soil properties indicate that soil 

texture, organic matter, and bulk density exert the strongest influence on soil 

erodibility in this study. SPLSH varied directly with SAND, MEDN, and 

BDENS and had an inverse relationship with SILT, CLAY, and OM. These 

trends are very similar to those found by other researchers except for the 

relationship between SPLSH and SILT. This may have been due to the silt 

content affecting infiltration rates which resulted in ponded water and reduced 

splash erosion. 

Water stable aggregation measurements had an unexpected direct 

relationship with erodibility rather than an inverse correlation, as most past 

research has found. Toeslope aggregates were thought to be more erodible 

because of the slaking process which seemed to occur upon immersion of the 

aggregates in water for wet sieving. Upper slopes tended to be have more 

water stable aggregates which may be explained by the larger grain sizes 

found at these sites and perhaps by the higher carbonate contents which may 

have cemented particles to one another. 

The U .S.L.E. K factor also had an inverse correlation with erodibility as 

measured in this study. K did not vary much by slope position whereas soil 

loss under simulated rainfall varied quite significantly. The results seem to 

imply that K is not an accurate measure of erodibility on the soils tested. 

However, K is based on long term soil loss from plots under natural rainfall 

and from different soils at different locations. Erodibility in this study is 

based on splash erosion from much smaller plots using simulated rainfall. 

These differences likely contributed to some of the variations between the two 

variables. 
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Of the four topographic variables examined only GRAD and DIS T had 

significant correlations with erodibility. These correlations were not as strong 

as those found between most soil properties and SPLSH. Generally, steeper 

slopes had higher erodibility values and erodibility decreased downslope. The 

influence of topography on erodibility is indirect through its effect on soil 

property distribution. However, there is still a systematic pattern of 

erodibility variation by slope position. 

It is important to note that the erodibility observations used in this 

study are only relative measures, and the results are useful for comparative 

purposes, not as absolute values. However, the results do represent a first 

step into examining soil erodibility and topographic relationships in a catena 

context. The general methodology may also be useful in examining soil 

erodibility on a local or detailed scale. Recommendations for future studies 

include: comparing erodibility variations on a greater variety of soils and 

expanding the study area by looking at an entire drainage basin (a three

dimensional approach) which is the basic functional unit of the soil system 

(Huggett, 1975) rather than by slope transects (a two-dimensional approach). 

In conclusion, this study suggests that soil erodibility does vary 

systematically with topography as a result of soil property variations with 

topography. These erodibility variations may significantly affect water erosion 

patterns along slopes. The relationship between soil erodibility and 

topography is an important consideration when examining soil erosion within 

landscapes. 
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Appendix A 

A.l. Data Listing 

This data listing gives the measured values for all the variables listed in 

Table 5-l and the transect and slope unit locations. Sample sites are shown 

in Figure 3-2. 

In the variable identification key below, variable names correspond with 

Table 5-l. Variables that were measured for two repetitions at a site are 

shown with number for the repetition {1 or 2) behind the variable name. 

Transects A through J were sampled twice while transect was sampled only 

once. 

VARIABLE IDENTIFICATION KEY. 

Slope Position 
SPLSHl SPLSH2 INTSYl INTSY2 RNOFFl RNOFF2 MOIST! MOIST2 
SPEBBl SPEBB2 SSANDl SSAND2 SSILTl SSILT2 SCLAYl SCLAY2 
SMEDNl SMEDN2 GRAD DIST RELF PROF SAND SILT 
CLAY MEDN OM CARB BDENS DRY.S DRY2 WSATL 
WSASL KFACT SOLUY CLRAT 
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Transect A 

Summit 
35.53 48.37 127.7 122.4 
0.0 0.0 36.5 29.2 
0.033 0.035 0.0 0.0 

14.0 0.035 4.17 0.75 
9.8 0.19 16 6.1 

Shoulder 

3.0 4.4 2.9 11.5 
63.0 60.6 0.5 10.2 
0.0 0.58 34.7 51.3 
1.04 24.7 12.0 40.0 

42.93 34.55 84.5 82.2 3.3 1.8 4.0 8.9 
0.3 0.1 45.8 36.4 53.4 52.5 0.5 11.0 
0.052 0.033 3.3 8.0 0.15 -0.72 35.5 49.9 

14.6 0.035 2.41 1.02 1.05 23.3 17.8 79.3 
19.4 0.28 14 5.8 

Midslope 
30.75 32.29 69.0 89.6 2.1 1.7 3.2 11.1 
1.1 0.4 50.5 35.1 47.3 55.0 1.1 9.5 
0.069 0.051 3.4 19.0 0.93 -0.36 43.5 43.8 

12.7 0.041 3.68 0.30 1.10 27.3 14.5 48.0 
10.2 0.12 22 6.9 

Foots lope 
18.67 33.54 89.6 98.4 1.3 2.5 3.7 7.6 
0.2 0.3 42.6 41.1 57.1 49.1 0.1 9.5 
0.044 0.043 2.3 32.0 1.70 -0.29 38.7 48.2 

13.1 0.040 4.29 0.25 1.01 29.7 37.9 18.4 
7.0 0.19 29 6.6 

Toes lope 
20.41 31.86 95.2 89.6 2.6 4.2 7.1 8.6 
0.0 0.3 19.0 33.0 78.3 54.6 2.7 12.1 
0.018 0.027 1.7 42.0 1.96 -0.58 24.2 58.3 

17.5 0.022 5.53 0.27 0.92 27.7 37.2 10.0 
7.7 0.17 28 4.7 
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Transect B 

Summit 
29.18 33.75 71.4 
0.3 0.1 56.6 
0.085 0.073 0.0 

12.7 0.063 2.76 
17.9 0.19 15 

72.3 2.1 2.3 7.3 6.6 
52.4 42.2 38.5 0.9 9.0 
0.0 0.0 0.15 50.0 37.3 
0.67 1.16 25.5 15.8 80.7 
6.9 

Shoulder 
34.83 52.57 105.3 120.0 
0.7 0.7 56.4 52.8 
0.086 0.077 4.9 9.0 

11.9 0.055 2.79 0.53 
23.2 0.21 15 7.4 

Midslope 
43.69 46.20 98.4 127.7 
0.3 0.2 56.3 53.0 
0.077 0.074 7.1 25.0 

11.2 0.063 2.68 0.28 
20.8 0.21 18 7.9 

Footslope 
25.41 37.05 107.1 127.7 
0.2 0.4 47.9 47.8 
0.058 0.056 3.7 37.0 

10.9 0.053 3.33 0.42 
18.9 0.18 20 8.2 

Toes lope 
27.76 46.09 107.1 136.4 
0.0 0.2 34.4 33.7 
0.038 0.027 0.6 47.0 

15.0 0.030 4.30 0.19 
15.7 0.21 32 5.7 

2.6 3.7 5.8 5.8 
42.5 36.5 0.4 10.0 
0.37 0.50 48.0 40.1 
1.32 24.4 19.1 85.4 

2.0 3.0 6.6 4.3 
42.3 37.6 1.1 9.2 

2.07 -0.14 50.0 38.8 
1.36 26.4 15.3 72.8 

2.2 2.0 6.2 6.4 
51.0 43.0 0.9 8.8 
3.33 -0.29 46.0 43.1 
1.13 25.8 13.0 48.0 

2.4 4.0 5.8 9.6 
64.6 53.0 1.0 13.1 
3.81 -0.29 32.6 52.4 
1.02 25.6 24.9 22.4 
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Transect C 

Summit 
39.42 34.91 142.9 127.7 4.8 4.2 2.5 2.4 
0.3 0.3 52.6 51.9 40.6 46.3 6.5 1.5 
0.074 0.073 0.0 0.0 0.00 0.86 45.9 44.8 
9.3 0.052 2.10 3.45 1.29 20.0 12.9 82.8 

12.0 0.27 15 9.8 

Shoulder 
43.17 33.44 80.0 71.4 2.1 2.5 2.5 2.3 
0.3 0.5 49.9 57.3 40.0 41.2 9.8 1.0 
0.065 0.082 5.7 13.0 0.66 0.22 50.9 37.2 

11.9 0.060 1.96 0.96 1.25 23.6 12.4 62.5 
23.7 0.19 19 7.4 

Midslope 
33.51 36.90 95.2 95.2 1.7 2.8 2.5 2.1 
0.2 0.3 54.6 57.9 37.2 41.5 8.0 0.3 
0.079 0.089 5.7 28.0 2.34 -0.85 50.3 41.5 

8.2 0.067 2.74 0.33 1.22 28.4 21.1 52.7 
26.3 0.23 22 11.2 

Foots lope 
47.66 33.16 136.4 117.6 
0.2 0.1 46.4 47.7 
0.052 0.057 2.0 39.0 

8.4 0.057 4.10 0.17 
11.9 0.18 40 10.9 

Toes lope 

2.9 2.0 3.1 2.1 
45.0 51.1 8.4 1.1 

3.30 -0.43 48.2 43.4 
1.22 22.2 37.4 33.5 

38.38 22.25 130.4 81.1 2.1 2.3 3.0 3.3 
0.2 0.0 28.6 18.9 61.3 80.0 9.9 1.1 
0.024 0.021 0.6 46.0 3.45 -0.15 25.0 59.2 

15.8 0.034 4.96 0.17 1.07 24.5 30.7 14.2 
13.3 0.20 42 5.3 
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Transect D 

Summit 
41.43 60.30 109.1 113.2 
0.3 0.7 49.9 53.6 
0.064 0.077 0.0 0.0 

15.4 0.058 0.94 12.46 

6.0 5.0 7.6 2.0 
38.3 38.8 11.5 6.9 
0.00 1.29 49.1 35.5 
1.45 35.3 26.0 51.9 

5.3 0.24 9 5.5 

Shoulder 
41.48 42.27 120.0 
0.2 0.5 57.7 
0.095 0.135 6.4 
8.5 0.155 1.41 

15.3 0.21 11 

Midslope 
56.92 43.69 127.7 
0.6 0.3 65.9 
0.126 0.156 6.0 

10.3 0.100 1.21 
11.9 0.21 21 

Foots lope 

81.1 3.8 3.0 7.6 1.3 
67.3 35.0 29.4 7.1 2.8 
4.5 0.33 0.35 60.5 31.0 
5.50 1.52 30.0 17.4 92.8 

10.8 

81.1 3.8 2.0 5.8 1.1 
72.7 28.8 25.4 4.7 1.6 
11.0 1.20 -0.63 56.3 33.4 
11.01 1.41 30.0 16.6 85.8 
8.7 

58.05 50.62 93.8 81.1 2.9 1.7 5.3 1.4 
0.3 0.7 70.2 70.3 27.5 27.5 2.0 1.5 
0.151 0.152 4.6 22.0 2.43 0.36 67.1 29.1 
3.8 0.160 2.47 1.51 1.44 24.3 11.3 96.9 

30.2 0.16 42 25.3 

Toe slope 
34.43 44.20 76.9 83.3 2.5 3.6 9.5 4.8 
0.3 0.1 44.9 41.8 53.1 55.9 1.7 2.2 
0.052 0.043 0.0 35.0 3.10 -0.43 34.6 57.5 
7.9 0.034 3.95 0.83 1.05 33.2 11.1 31.9 
9.8 0.23 16 11.7 
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Transect E 

Summit 
34.67 34.90 88.2 95.2 4.1 5.1 13.7 8.6 
0.5 3.5 60.0 64.7 24.7 27.0 14.8 4.8 
0.108 0.160 0.0 0.0 0.00 1.58 56.6 32.1 

11.3 0.104 1.52 15.34 1.45 35.0 23.9 87.5 
14.9 0.19 7 7.8 

Shoulder 
58.14 33.90 100.0 98.4 6.2 6.7 11.4 7.9 
1.9 3.4 61.8 63.0 22.1 27.6 14.2 6.0 
0.116 0.156 8.5 5.0 0.47 1.05 56.0 32.3 

11.7 0.099 0.94 14.55 1.59 36.0 23.1 89.9 
12.3 0.20 11 7.5 

Midslope 
59.19 64.72 101.7 
0.7 2.9 64.7 
0.115 0.151 12.3 
9.2 0.125 1.77 

18.2 0.18 23 

Foots lope 

96.8 5.3 5.3 11.3 9.4 
66.9 22.4 27.7 12.2 2.5 
15.5 2.63 -0.08 61.2 29.6 
7.41 1.68 32.4 22.9 89.6 
9.9 

42.23 50.98 85.7 98.4 3.4 4.7 12.1 12.8 
1.4 1.1 66.6 73.8 24.8 23.9 7.2 1.2 
0.148 0.175 9.4 24.5 3.46 -0.42 65.0 28.6 
6.4 0.135 2.47 2.55 1.51 31.5 15.0 97.4 

43.3 0.16 29 14.6 

Toeslope 
55.12 50.16 83.3 93.8 5.1 5.9 20.1 29.2 
0.5 1.1 55.1 50.6 35.6 45.2 8.8 3.1 
0.079 0.067 1.7 37.0 5.57 0.29 51.1 43.0 
5.9 0.072 4.60 1.29 1.42 35.8 10.5 74.3 
7.3 0.18 23 15.9 
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Transect F 

Summit 
44.43 59.10 82.2 95.2 5.5 6.0 8.3 9.7 
0.5 1.9 38.1 54.5 38.4 36.5 23.0 7.1 
0.025 0.107 0.0 0.0 0.00 1.86 44.8 35.4 

19.8 0.049 1.09 19.35 1.33 34.9 29.8 40.7 
10.4 0.21 11 4.1 

Shoulder 
39.18 76.96 85.7 90.9 4.6 5.5 10.7 11.3 
0.5 2.0 52.3 54.5 33.4 38.4 13.8 5.1 
0.075 0.083 7.9 9.5 0.94 -0.35 50.9 36.2 

12.9 0.066 2.45 8.08 1.39 29.7 22.1 63.2 
17.8 0.19 23 6.8 

Midslope 
42.75 66.37 100.0 88.2 4.7 6.1 9.6 11.1 
0.4 0.6 47.1 63.5 37.0 31.7 15.5 4.2 
0.051 0.107 11.2 26.5 3.88 0.21 50.4 35.6 

14.0 0.064 2.26 7.88 1.41 30.6 27.6 51.7 
16.3 0.19 39 6.1 

Foots lope 
47.57 54.19 105.3 92.3 5.1 5.2 16.9 24.3 
0.3 0.7 48.1 49.4 39.6 47.5 12.0 2.4 
0.055 0.063 4.3 43.5 6.28 -0.15 45.7 43.5 

10.8 0.045 4.34 2.42 1.19 31.2 26.7 33.8 
3.0 0.17 30 8.3 

Toes lope 
37.38 24.51 98.4 95.2 5.8 6.8 17.0 31.1 
0.2 0.1 29.4 38.1 41.7 55.4 28.7 6.4 
0.009 0.041 3.7 65.5 7.21 -0.18 37.3 45.7 

17.0 0.033 4.55 6.18 1.25 28.0 49.7 13.0 
2.1 0.16 19 4.9 
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Transect G 

Summit 
60.48 43.58 92.3 85.7 5.8 5.6 7.9 8.6 
0.4 1.6 55.6 56.2 27.2 34.8 16.8 7.4 
0.085 0.101 0.0 0.0 0.00 0.86 51.7 34.5 

13.8 0.070 2.30 10.65 1.40 28.5 21.5 96.1 
31.9 0.19 10 6.2 

Shoulder 
52.55 59.90 89.6 85.7 6.0 5.2 6.8 9.0 

1.1 1.8 47.6 52.6 31.7 39.3 19.6 6.3 
0.050 0.175 7.7 5.5 0.38 1.27 46.7 37.0 

16.3 0.050 1.71 18.67 1.35 35.1 23.2 59.1 
11.5 0.21 11 5.1 

Midslope 
38.82 72.72 96.8 96.8 4.6 6.1 6.1 8.3 
0.4 0.9 50.3 65.0 31.7 28.5 17.6 5.6 
0.065 0.120 10.9 15.5 2.30 -0.55 56.1 32.2 

11.7 0.085 1.90 14.64 1.29 25.2 25.1 85.2 
18.9 0.18 28 7.5 

Foots lope 
57.70 59.02 98.4 92.3 3.4 4.5 8.4 11.1 
0.7 1.0 56.9 61.0 33.7 35.1 8.7 2.9 
0.090 0.108 6.3 23.0 3.50 -0.71 60.4 32.2 
7.4 0.110 3.64 0.53 1.46 25.9 15.3 91.6 

19.9 0.15 40 12.5 

Toe slope 
45.45 44.76 93.8 90.9 4.4 5.4 20.6 22.2 
0.7 0.5 49.7 55.1 41.3 43.4 8.3 1.0 
0.064 0.081 3.4 28.0 3.90 -1.43 54.9 41.0 
4.1 0.083 5.39 1.18 1.07 29.3 13.1 93.5 

19.1 0.14 27 23.4 
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Transect H 

Summit 
43.05 45.76 113.2 85.7 5.5 6.4 3.2 7.4 
1.5 3.4 61.0 73.1 28.5 20.7 9.0 2.8 
0.124 0.187 0.0 0.0 0.00 0.43 67.7 24.5 
7.8 0.147 0.86 10.58 1.54 26.5 16.0 88.7 

13.0 0.16 6 11.8 

Shoulder 
55.73 57.99 103.4 107.1 
1.9 1.5 70.8 63.4 
0.163 0.130 3.6 6.0 
8.5 0.150 1.00 12.12 
9.6 0.16 9 10.8 

Midslope 
58.52 69.88 93.8 101.7 
1.4 1.1 89.9 81.9 
0.253 0.210 7.3 26.0 
8.8 0.147 1.25 7.30 

72.0 0.15 22 10.4 

Foots lope 
52.48 67.45 83.3 107.1 
1.0 0.6 70.3 69.2 
0.159 0.150 4.9 42.0 
5.0 0.150 2.66 1.38 

58.5 0.13 44 19.0 

Toes lope 
45.57 40.49 101.7 103.4 
0.9 0.8 51.6 40.9 
0.076 0.041 0.3 52.0 
9.0 0.054 4.86 0.92 
2.2 0.17 15 10.1 

5.9 6.4 3.1 8.4 
18.8 29.0 8.5 6.1 
0.19 1.00 67.3 24.2 
1.29 26.8 15.0 95.5 

4.2 4.1 2.3 5.0 
6.0 15.7 2.7 1.3 
3.53 1.83 68.1 23.1 
1.49 22.9 16.0 99.7 

4.2 4.6 6.2 10.5 
23.7 28.4 5.0 1.8 
4.44 0.00 68.2 26.8 
1.39 20.8 8.3 99.5 

6.7 6.5 9.4 18.5 
38.9 54.8 8.6 3.5 
4.95 -0.43 46.9 44.1 
1.17 24.5 5.7 80.6 
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Transect I 

Summit 
43.05 78.25 113.2 90.9 5.5 4.8 3.2 2.8 
1.5 2.1 61.0 77.9 28.5 17.9 9.0 2.1 
0.124 0.195 0.0 0.0 0.00 0.15 67.7 24.5 
7.8 0.147 0.86 10.58 1.54 26.5 16.0 88.7 

13.0 0.17 6 11.8 

Shoulder 
70.59 69.48 111.1 89.6 5.1 6.3 2.0 4.5 
0.1 3.8 61.7 62.7 25.4 28.7 12.8 4.8 
0.110 0.147 5.7 4.0 0.18 0.85 55.6 26.5 

17.9 0.084 0.88 11.64 1.50 33.0 24.5 67.8 
8.6 0.17 11 4.6 

Midslope 
75.38 69.07 103.4 74.1 5.8 5.1 2.8 4.2 
2.6 5.3 82.1 73.0 10.7 19.3 4.6 2.4 
0.251 0.190 8.3 12.0 1.29 -0.28 74.4 19.3 
6.3 0.175 1.57 2.34 1.55 24.7 18.1 98.8 

53.5 0.12 44 14.9 

Foots lope 
53.09 70.44 96.8 83.3 5.1 6.5 4.5 7.0 
1.0 1.0 65.0 74.4 29.4 24.0 4.6 0.6 
0.154 0.190 2.7 26.0 2.56 -0.72 65.8 26.7 
7.5 0.146 1.96 0.83 1.46 26.8 7.9 98.0 

35.6 0.16 46 12.3 

Toes lope 
38.51 45.66 90.9 88.2 5.7 6.0 6.9 9.7 
0.7 1.0 42.0 71.9 46.4 26.5 10.9 0.6 
0.037 0.184 0.3 40.0 3.02 -0.43 51.4 36.5 

12.1 0.067 3.98 0.89 1.28 32.9 12.1 67.0 
10.6 0.15 54 7.3 
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Transect J 

Summit 
63.19 75.04 84.5 90.9 
0.8 2.1 86.1 83.7 
0.270 0.235 0.0 0.0 
4.8 0.205 1.68 5.30 

24.8 0.10 10 19.8 

Shoulder 

3.2 3.8 2.1 5.5 
9.7 12.4 3.4 1.8 
0.00 0.00 78.2 17.0 
1.67 27.8 18.1 99.0 

90.48 82.43 82.2 90.9 3.0 3.6 1.0 5.3 
2.2 3.9 80.8 85.2 12.7 10.1 4.3 0.8 
0.250 0.290 2.6 10.0 0.22 0.58 80.1 14.5 
5.4 0.204 1.33 2.87 1.66 26.0 16.0 99.8 

67.9 0.10 10 17.5 

Midslope 
67.46 72.44 84.5 87.0 3.0 3.5 1.7 4.3 
2.4 2.5 80.7 80.4 13.7 16.7 3.2 0.4 
0.244 0.235 6.6 25.0 1.56 0.07 77.8 17.1 
5.1 0.182 1.71 0.57 1.67 25.0 18.5 93.4 

16.6 0.10 80 18.6 

Foots lope 
45.36 64.58 90.9 96.8 4.5 6.5 7.0 8.8 
1.6 1.2 72.4 65.1 21.6 33.2 4.4 0.5 
0.194 0.130 3.7 39.0 2.89 -0.22 67.8 25.6 
6.6 0.146 3.13 0.82 1.19 26.3 6.5 93.7 

33.2 0.12 48 14.2 

Toes lope 
48.08 42.90 84.5 101.7 
0.2 0.1 19.4 13.1 
0.010 0.014 0.6 50.0 

19.1 0.018 5.64 2.79 
6.3 0.14 53 4.2 

6.7 7.0 13.6 28.7 
64.3 82.1 16.1 4.7 
3.21 -0.43 29.5 51.4 
0.98 32.0 28.4 12.9 
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Transect K 

Summit 
32.70 * 107.1 * 5.4 * 3.8 * 

1.1 * 51.1 * 32.4 * 15.4 * 
0.072 * 0.0 0.0 0.00 0.58 48.7 34.8 

16.5 0.055 2.18 16.29 1.29 28.5 18.0 78.6 
22.7 0.18 8 5.1 

Shoulder 
74.83 * 117.6 * 6.2 * 4.6 * 
2.8 * 55.6 * 28.2 * 13.4 * 
0.104 * 4.6 6.0 0.21 0.86 50.2 31.8 

18.0 0.064 1.91 16.17 1.34 28.5 22.7 95.8 
20.1 0.17 7 4.6 

Midslope 
53.29 * 109.1 * 6.2 * 4.4 * 
1.8 * 60.1 * 27.2 * 10.9 * 
0.111 * 10.6 18.0 1.95 -0.97 54.0 32.7 

13.3 0.077 2.62 4.63 1.30 26.2 18.8 74.9 
10.8 0.17 9 6.5 

Foots lope 
53.35 * 95.2 * 5.4 * 6.9 * 
1.0 * 56.5 * 33.7 * 8.8 * 
0.090 * 7.7 30.0 3.64 0.00 54.3 36.4 
9.3 0.078 4.14 1.56 1.34 28.8 11.5 64.3 
9.8 0.15 65 9.8 

Toes lope 
26.77 
0.5 
0.016 

12.2 
11.1 

* 96.8 * 4.2 * 11.6 * 
* 32.8 * 52.7 * 14.0 * 
* 1.1 38.0 4.04 -0.58 37.8 50.0 

0.034 5.73 1.82 1.03 30.2 15.9 24.5 
0.15 41 7.2 

*not measured 

Ill 


	Christianson_Donald_Dean_19890001
	Christianson_Donald_Dean_19890002
	Christianson_Donald_Dean_19890003
	Christianson_Donald_Dean_19890004
	Christianson_Donald_Dean_19890005
	Christianson_Donald_Dean_19890006
	Christianson_Donald_Dean_19890007
	Christianson_Donald_Dean_19890008
	Christianson_Donald_Dean_19890009
	Christianson_Donald_Dean_19890010
	Christianson_Donald_Dean_19890011
	Christianson_Donald_Dean_19890012
	Christianson_Donald_Dean_19890013
	Christianson_Donald_Dean_19890014
	Christianson_Donald_Dean_19890015
	Christianson_Donald_Dean_19890016
	Christianson_Donald_Dean_19890017
	Christianson_Donald_Dean_19890018
	Christianson_Donald_Dean_19890019
	Christianson_Donald_Dean_19890020
	Christianson_Donald_Dean_19890021
	Christianson_Donald_Dean_19890022
	Christianson_Donald_Dean_19890023
	Christianson_Donald_Dean_19890024
	Christianson_Donald_Dean_19890025
	Christianson_Donald_Dean_19890026
	Christianson_Donald_Dean_19890027
	Christianson_Donald_Dean_19890028
	Christianson_Donald_Dean_19890029
	Christianson_Donald_Dean_19890030
	Christianson_Donald_Dean_19890031
	Christianson_Donald_Dean_19890032
	Christianson_Donald_Dean_19890033
	Christianson_Donald_Dean_19890034
	Christianson_Donald_Dean_19890035
	Christianson_Donald_Dean_19890036
	Christianson_Donald_Dean_19890037
	Christianson_Donald_Dean_19890038
	Christianson_Donald_Dean_19890039
	Christianson_Donald_Dean_19890040
	Christianson_Donald_Dean_19890041
	Christianson_Donald_Dean_19890042
	Christianson_Donald_Dean_19890043
	Christianson_Donald_Dean_19890044
	Christianson_Donald_Dean_19890045
	Christianson_Donald_Dean_19890046
	Christianson_Donald_Dean_19890047
	Christianson_Donald_Dean_19890048
	Christianson_Donald_Dean_19890049
	Christianson_Donald_Dean_19890050
	Christianson_Donald_Dean_19890051
	Christianson_Donald_Dean_19890052
	Christianson_Donald_Dean_19890053
	Christianson_Donald_Dean_19890054
	Christianson_Donald_Dean_19890055
	Christianson_Donald_Dean_19890056
	Christianson_Donald_Dean_19890057
	Christianson_Donald_Dean_19890058
	Christianson_Donald_Dean_19890059
	Christianson_Donald_Dean_19890060
	Christianson_Donald_Dean_19890061
	Christianson_Donald_Dean_19890062
	Christianson_Donald_Dean_19890063
	Christianson_Donald_Dean_19890064
	Christianson_Donald_Dean_19890065
	Christianson_Donald_Dean_19890066
	Christianson_Donald_Dean_19890067
	Christianson_Donald_Dean_19890068
	Christianson_Donald_Dean_19890069
	Christianson_Donald_Dean_19890070
	Christianson_Donald_Dean_19890071
	Christianson_Donald_Dean_19890072
	Christianson_Donald_Dean_19890073
	Christianson_Donald_Dean_19890074
	Christianson_Donald_Dean_19890075
	Christianson_Donald_Dean_19890076
	Christianson_Donald_Dean_19890077
	Christianson_Donald_Dean_19890078
	Christianson_Donald_Dean_19890079
	Christianson_Donald_Dean_19890080
	Christianson_Donald_Dean_19890081
	Christianson_Donald_Dean_19890082
	Christianson_Donald_Dean_19890083
	Christianson_Donald_Dean_19890084
	Christianson_Donald_Dean_19890085
	Christianson_Donald_Dean_19890086
	Christianson_Donald_Dean_19890087
	Christianson_Donald_Dean_19890088
	Christianson_Donald_Dean_19890089
	Christianson_Donald_Dean_19890090
	Christianson_Donald_Dean_19890091
	Christianson_Donald_Dean_19890092
	Christianson_Donald_Dean_19890093
	Christianson_Donald_Dean_19890094
	Christianson_Donald_Dean_19890095
	Christianson_Donald_Dean_19890096
	Christianson_Donald_Dean_19890097
	Christianson_Donald_Dean_19890098
	Christianson_Donald_Dean_19890099
	Christianson_Donald_Dean_19890100
	Christianson_Donald_Dean_19890101
	Christianson_Donald_Dean_19890102
	Christianson_Donald_Dean_19890103
	Christianson_Donald_Dean_19890104
	Christianson_Donald_Dean_19890105
	Christianson_Donald_Dean_19890106
	Christianson_Donald_Dean_19890107
	Christianson_Donald_Dean_19890108
	Christianson_Donald_Dean_19890109
	Christianson_Donald_Dean_19890110
	Christianson_Donald_Dean_19890111
	Christianson_Donald_Dean_19890112
	Christianson_Donald_Dean_19890113
	Christianson_Donald_Dean_19890114
	Christianson_Donald_Dean_19890115
	Christianson_Donald_Dean_19890116
	Christianson_Donald_Dean_19890117
	Christianson_Donald_Dean_19890118
	Christianson_Donald_Dean_19890119



