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ABSTRACT 

 

 

Li, Sheng. Ph.D., The University of Manitoba, July, 2006. Tillage translocation and 

tillage erosion: measurement, modeling, application and validation.  Advisor; David A. 

Lobb. 

Tillage erosion is a major contributor to the total soil erosion in cultivated 

topographically complex lands. No study has been carried out on tillage erosion 

associated with cereal-based production systems in the Canadian Prairies, and there is a 

need to examine tillage erosivity of secondary tillage and seeding implements and the 

effect of slope curvature on tillage translocation. With both tillage and water erosion 

occurring in a cultivated topographically complex landscape, it is valuable to investigate 

the relative contributions of and the possible linkage and interactions between these two 

erosion processes. Tillage translocation causes the mixture of subsoil into the till-layer, 

which may considerably affect soil properties and therefore the related biophysical 

processes. 

In this study, using plot tracers, we examined tillage translocation caused by four 

tillage implements: air-seeder, spring-tooth-harrow, light-cultivator and deep-tiller in 

southern Manitoba, Canada.  We determined that secondary tillage and seeding 



 iii

implements could be as erosive as primary tillage implements in a cereal-based 

production system. In the majority of cases, tillage translocation could be explained by 

slope gradient alone; however, slope curvature also significantly affected tillage 

translocation. 

In two field sites in the North America Great Plains (NAGP), measured 137Cs 

inventories were converted into total soil erosion rates. Tillage and water erosion rates 

were estimated using models. The comparisons of the model estimates to 137Cs estimates 

showed that both tillage and water erosion significantly contributed to the total soil 

erosion in undulating slopes while tillage erosion was the predominant erosion process in 

hummocky hilltops. The contributions of and the linkage and interactions between water 

and tillage erosion showed predictable patterns in different landform elements, with the 

knowledge of which, landscape segmentation could be used to assess the potential of soil 

erosion. 

Further investigation of tillage translocation was demonstrated with four 

hypothetic landscapes: plane slope, symmetric hill, asymmetric hill and irregular hill, and 

is tested against field data. A Visual Basic coded program (TillTM) was developed to 

simulate the redistribution of soil constituents and soil mass. We determined that the 

pattern of soil mass redistribution was dependent on topography, while the pattern of soil 

constituent redistribution was affect by topographic features, tillage patterns and temporal 

scales. 
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1.  INTRODUCTION 

 

 

1.1  General Background on Soil Erosion and Tillage Erosion 

 

 

Soil erosion causes the loss of topsoil and soil degradation. The redistribution of 

soil within landscapes due to soil erosion also changes soil properties at a given point, 

which has implications on other biophysical processes such as nutrients and pesticides 

movement and greenhouse gas emission. In agricultural land, soil erosion is accelerated 

due to human activities. Based on the force driving the process, soil erosion is classified 

as water, wind and tillage erosion. The studies of water and wind erosion started in the 

1930s, with the establishments of Universal Soil Loss Equation (USLE) (Wischmeier and 

Smith, 1965) and Wind Erosion Prediction Equation (WEQ) (Chepil et al., 1962) as the 

respective milestones. The recognition of tillage erosion can be dated back to 1920s 

(Aufrère, 1929). Mech and Free (1942) measured the displacement of soil by tillage and 

concluded that significant amount of soil was moved downslope by tillage. However, for 

decades, water and wind erosion was assumed to be the major forms of soil erosion on 
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cultivated land. Tillage was considered as an important factor that influences soil 

erodibility but the direct movement of soil by tillage was ignored (Govers et al., 1999).  

Different soil erosion processes have different spatial signatures in the landscape. 

Water erosion primarily causes soil loss in mid-slopes or troughs (where water flows are 

concentrated); wind erosion is relatively uniform at the field scale; and tillage erosion 

primarily causes soil loss on hilltops (convexities) and soil accumulation in footslopes 

and depressions (concavities). Typical field evidence of soil erosion in cultivated land is 

eroded hilltops. Techniques such as 137Cs have provided strong definitive evidence of 

high soil losses on hilltops and accumulations in hill bottoms, which can not be fully 

explained by water and/or wind erosion (e.g. de Jong et al., 1983; Kachanoski, 1987). In 

the early 1990s, researchers from different parts of the world carried out field 

experiments to examine soil movement by tillage and suggested that tillage erosion is a 

major cause of these observed patterns of soil redistribution in cultivated field (e.g. 

Lindstrom et al., 1990, 1992; Lobb et al., 1991,1995; Govers et al., 1994). 

Tillage erosion is the redistribution of soil that occurs within a landscape as a 

direct result of tillage. Tillage erosion is caused by the variation in the amount of soil that 

is displaced by tillage. The displacement of soil by tillage is called tillage translocation. 

Tillage translocation is primarily determined by local slope gradient and, therefore, 

tillage erosion is dependent on the change of slope gradient. Typically, tillage results in 

the progressive downslope movement of soil, causing severe soil loss on convexities and 

the upslope field boundaries and soil accumulation in concavities and downslope field 

boundaries (Govers et al., 1999). There are more convexities and concavities on 

topographically complex landscapes than on topographically simple landscapes, so that 
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tillage erosion is more intensive on topographically complex landscapes than on 

topographically simple landscapes. 

Due to the geological youth of the landscape and the relatively short cultivation 

history, soil-landscapes in the northern region of the North American Great Plains 

(northern NAGP) are generally more topographically and pedologically complex than 

those in Europe and Asia. More than 75 percent of the agricultural land in this region is 

classified as hilly (rolling, undulating and hummocky) landscapes. Tillage erosion likely 

is a major contributor to the total soil erosion in this region. There is a need to examine 

tillage translocation and tillage erosion in this region for the purposes of soil and water 

quality, environment and crop productivity enhancements. 

 

 

1.2  Tillage Translocation and Tillage Erosion Modeling 

 

 

Lindstrom et al. (1990, 1992) were among the first who carried out systematic 

experimental studies on tillage translocation and tillage erosion. These researchers 

established a simple model to simulate tillage translocation. This model has been adopted 

and further developed by several other researchers and is generally referred to as a 

diffusion (e.g. Govers et al., 1994) or dispersion model (e.g. Lobb, 1991). The original 

version of this model was simply a linear function between tillage translocation and slope 

gradient. A single parameter, the tillage transport coefficient, was used to characterize the 

erosivity of the examined tillage operation. Later on, other factors such as slope 
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curvature, tillage speed and soil conditions were introduced into this model (e.g. Lobb et 

al., 1995; Van Muysen et al., 1999, 2002). Lobb and Kachanoski (1999) summarized 

these factors and described tillage translocation as a function of tillage erosivity and 

landscape erodibility. Tillage erosivity is determined by the type and design of the tillage 

implement and how the tillage is operated. Landscape is determined by topographic 

features, i.e. slope gradient and slope curvature, and soil properties. These researchers 

proposed to include slope curvature as a second variable in the model.  

Any implement that disturbs soil has the potential to cause tillage erosion. The 

diffusion/dispersion model needs to be calibrated with field experiments for different 

types of tillage operations. Currently, tillage translocation studies have focused on 

primary tillage implements with the assumption that tillage translocation associated with 

secondary tillage is minor and that associated with seeding operations is negligible. In 

addition, no study has been carried out to examine tillage erosion associated with cereal-

based production systems, which are the predominant form of crop production in the 

Canadian Prairies. 

In the first data chapter of this thesis, field data of tillage translocation 

experiments carried out in a field site located near Deerwood, Manitoba, Canada are 

presented. Tillage translocation caused by four implements, which forms a typical 

conventional tillage sequence for cereal-based production in Canadian Prairies, was 

investigated individually or in combination. Tillage translocation caused by individual 

tillage implements and, in particular, that of secondary tillage and seeding implements 

was compared. In addition, the effect of one tillage operation on subsequent operations 

and the effect of slope curvature on tillage translocation were also examined. 
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1.3  Validation of Soil Erosion Models Using 137Cs Measurements 

 

 

Cesium-137 (137Cs) is an artificial ridionuclide that comes from the thermonuclear 

weapons testing in the 1950s and 1960s. 137Cs falls out onto the ground during 

precipitation and is then adsorbed tightly by soil particles, especially by clay particles. 

Like a tag attached on soil particles, 137Cs can be used as a tracer to assess soil 

redistribution. The basic principle of the 137Cs technique is to compare the 137Cs 

inventory at a given sample point to that at a reference point where soil erosion is 

considered to be negligible. Lower or higher 137Cs inventory at the given sample point 

than that at the reference point indicates soil loss or accumulation, respectively, at this 

sample point. The amount of loss or gain of 137Cs, when compared to the reference level, 

can be converted into the mass of soil loss or gain by using a conversion model (e.g. 

Lobb et al., 1999; Walling et al., 2001). The 137Cs technique has proved to be an effective 

tool to estimate total soil erosion rates at given point-locations and has been widely used 

to validate water and tillage erosion models (e.g. de Jong et al., 1983;  Pennock, 2003). 

Observed total soil erosion on agricultural land, especially in topographically 

complex landscapes, is an integrated result of all forms of soil erosion, i.e. water, wind 

and tillage erosion. In addition to the contributions of individual erosion processes, the 

pattern of total erosion is further complicated due to the linkages and interactions 

between different erosion processes (Lobb et al., 2003). The validation of tillage or water 

erosion model has to involve modeling or assumptions of other erosion processes (e.g. 

Walling et al., 2001). Water and tillage erosion are both topography driven processes. In 
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topographically complex landscapes, for a given type of landscape element, different 

erosion processes have characterized patterns (spatial signatures) ( Lobb et al. 2003). 

Landscape segmentation summarizes the topographic features. Landform information, 

which can be used for landscape segmentation, is available in some nationwide soil 

databases (e.g. Canada and China). Therefore, it is valuable to investigate the possibility 

of using landscape segmentation procedure as a simple tool to assess the general patterns 

of water, tillage and total erosion. 

In the second data chapter of this thesis, two field sites, characterized by 

undulating slopes and hummocky knolls, respectively, located in the northern region of 

the North American Great Plains were examined.  Tillage erosion is estimated using 

TillEM, a computer program developed based on a diffusion/dispersion type tillage 

erosion model. Tillage erosion estimates were coupled with water erosion estimates, 

which were estimated using established water erosion models. The model estimates were 

compared to 137Cs-estimated total soil erosion to examine the relative contributions of 

and linkage and interactions between these two erosion processes. The landscapes were 

segmented using the LandMapR program. The patterns of tillage and water erosion in 

different landscape elements were examined and the possibility of using landscape 

segmentation to assess the pattern of tillage, water and total erosion was evaluated. 
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1.4  Modeling the Redistribution of Soil Constituents 

 

 

 

During tillage, soil constituents (e.g. soil organic carbon) are translocated together 

with soil mass. The concentrations of soil constituents vary with depth in soil profiles. On 

soil loss positions the subsoil is brought up into the till-layer and on soil accumulation 

positions, the surface soil is buried under the till-layer, which causes the mixing (transfer) 

of subsoil and surface soil (Kachanoski et al., 1984; Lobb, 1997; Lobb and Kachanoski., 

1999b). The pattern of soil constituent redistribution, therefore, is not determined by the 

redistribution pattern of soil mass alone. 

The simple diffusion/dispersion type tillage erosion models estimates the average 

translocation but do not account the mixture of soil from different layers and they do not 

describe the extent of tillage translocated soil so that can not be directly used to simulate 

the redistribution of soil constituents. Van Oost et al. (2000, 2003a, b) proposed the use 

of a convoluting procedure to simulate the translocation process. However, the 

convoluting procedure requires more input data than the simple diffusion/dispersion 

model. 

The redistribution of soil constituents determines the variation of soil properties 

over landscapes. However, the studies of tillage-induced soil constituent redistribution 

were rare. No study has been carried out to examine the redistribution of soil constituents 

under the context of different topographic features, different tillage patterns and different 

temporal scales. 
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In the third data chapter of this thesis, a computer program, TillTM, was 

developed to simulate the tillage translocation process. Soil mass and soil constituent 

redistributions on four hypothetical landscapes were estimated using TillTM. The effects 

of different tillage patterns and temporal scales were examined. And the similarity 

between the redistribution patterns of soil mass and soil constituents was evaluated. The 

model was validated using field data collected in a site located near the town of Cyrus, 

Minnesota, USA. 
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2.  TILLAGE TRANSLOCATION AND TILLAGE EROSION IN CEREAL-

BASED PRODUCTION IN MANITOBA, CANADA∗ 

 

 

2.1  Abstract 

 

 

Tillage erosion is a potential contributor to the total soil erosion occurring within 

cultivated fields. No study has been carried out on tillage erosion associated with cereal-

based production systems, which are the predominant form of crop production in the 

Canadian Prairies. In this study, 77 plots were established within a field site in southern 

Manitoba, Canada to examine tillage translocation caused by four tillage implements: air-

seeder, spring-tooth-harrow, light-cultivator and deep-tiller.  Together, these four 

implements create a typical conventional tillage sequence for cereal-based production in 

Canadian Prairies. It is determined that secondary tillage implements could be as erosive 

as primary tillage implements. In addition, the erosivity of the air-seeder was comparable 

to that of the deep-tiller, the primary tillage implement, when seeding was conducted 

shortly after the light-cultivator. In the majority of cases, tillage translocation could be 

explained by slope gradient alone, confirming that slope gradient is the main factor 
                                                 
∗ Li, S., Lobb, D.A. (University of Manitoba), Lindstrom, M.J. (USDA-ARS, retired). This manuscript was 
submitted to Soil and Tillage Research in Dec, 2005 and was accepted under the condition of medium 
revision. Revised version was submitted in Jul, 2006. 
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driving tillage translocation.  However, slope curvature also significantly affected tillage 

translocation and should be used for future modeling. 

 

 

2.2  Introduction 

 

 

Tillage erosion is the redistribution of soil within a landscape caused directly by 

tillage. For a range of landscapes, it has been shown that tillage erosion is a potential 

contributor to the total soil erosion on cultivated fields (Govers et al., 1999). Lobb et al. 

(1995) reported that tillage erosion accounted for at least 70 % of the total soil loss on 

hilltops in their studies in Ontario, Canada. Tillage erosion is a direct result of tillage 

translocation, which is defined as the movement of soil by tillage. Progressive net 

downslope movement of soil by tillage results in soil loss from convex positions within a 

landscape and soil accumulation within concave positions. 

The magnitude of tillage erosion depends on tillage erosivity, the erosivity of the 

tillage operation, and landscape erodibility, the erodibility of the landscape (Lobb and 

Kachanoski, 1999a). Tillage erosivity is determined by the design of the tillage 

implement (i.e. the type of equipment, the arrangement and geometry of the cutting 

tools), and how the tillage is operated (i.e. tillage frequency, tillage speed and depth, the 

match between the tractor and the implement and the behavior of the operator). Any field 

operation that disturbs soil has the potential to cause tillage erosion.  
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Tillage translocation and tillage erosivity must be measured in a much broader 

range of cropping and tillage systems than what has been examined to date. No one has 

reported on the erosivity of tillage associated with cereal-based production systems, 

which are the predominant form of crop production in the Canadian Prairies, the 

northern-most portion of the North American Great Plains and the largest area of crop 

production in Canada. Tillage associated with this system a relatively low intensity 

primary and secondary tillage and relatively high disturbance seeding operations. As 

well, the size of implements is normally quite large (10 - 25 m in width), which can result 

in intensive “scalping” of hilltops.  

To date, tillage translocation and tillage erosion studies have been focused on the 

primary tillage implements, such as mouldboard plough and chisel plough (e.g. 

Lindstrom et al., 1990, 1992; Lobb et al., 1999). Few studies have been carried out to 

investigate tillage translocation and tillage erosion caused by secondary tillage and 

seeding implements (e.g. Van Muysen and Govers, 2002); translocation by the former 

implements has been assumed to be of minor importance, and translocation by the latter 

has been assumed to be negligible.  These assumptions need to be validated.  

Studies of tillage systems have investigated each implement separately (e.g. Lobb 

et al., 1999) or only investigated combinations (e.g. Lindstrom et al., 1990).   But in a 

sequence of tillage operations, when one operation is conducted shortly after the previous 

operation, the previous one likely will affect the tillage translocation of the following 

operations. Lobb et al. (1995) and Lobb and Kachanoski (1999b) investigated tillage 

translocation caused by the same tillage sequence, combined and separately, respectively, 

but these two studies were conducted on different soil types. To account for the effect of 
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the previous tillage, Lobb et al. (1999) pre-tilled the field before establishing the plots for 

the secondary tillage implements, a tandem disc and a field cultivator. Van Muysen et al. 

(1999) and Van Muysen et al. (2000) compared the translocation caused by mouldboard 

plough and chisel plough on a pre-tilled field to that on a grass fallow field and on a 

stubble field, respectively.  These authors found that pre-tilling considerably increased 

the intensity of translocation. Marques da Silva et al. (2004), however, found that pre-

tilling decreased the translocation caused by an offset disc harrow.  It is probable that soil 

conditions (including crop residue cover) at the time of tillage will affect the 

translocation of soil, and these conditions will be affected by the preceding soil and crop 

management tillage and cropping practices. The effect of one operation on subsequent 

ones must be examined in greater details.  

Landscape erodibility is determined by the topographic properties of the 

landscape (i.e. slope gradient and slope curvature) and properties of the soil (e.g. bulk 

density, moisture content, texture, structure, etc.). Studies from different parts of the 

world have shown that slope gradient is the dominant property in influencing tillage 

translocation and tillage erosion (e.g. Lindstrom et al., 1990; Govers et al., 1994). 

However, the variability in tillage translocation which causes tillage erosion cannot be 

explained by slope gradient alone. The effects of other factors such as tillage depth and 

speed, tillage direction, soil properties have been stressed by several researchers (e.g. 

Lobb et al., 1999; Van Muysen et al., 2002). Lobb et al. (1999) suggested the inclusion of 

slope curvature as a second topographic property and used a multiple linear function to 

simulate tillage translocation: 
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TM  = α + β θ +  γ φ                                                   (1) 

where 

TM  is translocation in mass over a unit width of tillage (kg m-1); 

α   is the intercept of the linear regression equation, representing tillage 

translocation unaffected by slope gradient or slope curvature (kg m-1 pass-1); 

β   is the coefficient for slope gradient, representing the extra tillage translocation 

due to slope gradient (kg m-1 %-1 pass-1); 

θ      is slope gradient, positive when downslope and negative when upslope (%); 

γ  is the coefficient for slope curvature, representing the extra tillage translocation 

due to slope curvature (kg m-1 (%-1 m) pass-1); and 

φ  is slope curvature, positive for convex and negative for concave (% m-1). 

In this model, α, β and γ characterize the tillage erosivity of a given tillage 

implement or combination of implements, while slope gradient (θ) and slope curvature 

(φ) characterize the landscape erodibility. These authors found that for some implements, 

slope curvature has significant effect on tillage translocation, however the effect of slope 

curvature was not consistent. Slope curvature may be of greater importance in the 

Canadian Prairies where landscapes can be highly topographically complex due to the 

youth of the landscapes and the short history of cultivation. The effect of slope curvature 

therefore needs to be examined in depth.  

The objectives of this study were: 1) to assess the erosivity of tillage implements 

and practices associated with cereal-based production systems in Manitoba; 2) to 

examine tillage translocation by and erosivity of individual tillage implements used in 
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these crop production systems, and, in particular, that of secondary tillage and seeding 

implements; 3) to examine the effect of one tillage operation on subsequent operations; 

and 4) to investigate the effect of slope curvature on tillage translocation and its 

contribution to the erosivity in these production systems.  

 

 

2.3  Materials and Methods 

 

 

2.3.1  Study Site 

This study was carried out near Deerwood, about 150 km southwest of Winnipeg 

in Manitoba, Canada, between  - 98.3° and - 98.4° East and 49.3° and 49.4° North. This 

area is referred to as Pembina Hills Upland (Michalyna et al., 1988), a transition area 

between the lower Manitoba Plain and the higher Saskatchewan Plain and is 

characterized by undulating to hummocky moraine landscapes. Climate is a subhumid 

continental with short, cool summers and long cold winters. In Deerwood, the mean 

annual temperature is 2.9 °C and the mean annual precipitation is 567 mm. Underlying 

bedrock of this area is shale but the parent material is dominantly glacial till derived from 

shale, limestone and granite rock and moderately to very strongly calcareous. The 

dominant soils in this area are Dark Grey Chernozems (Canadian System of Soil 

Classification, 1998) (Mollisols in the USDA soil classification system). Soil series vary 

according to landform positions. On the upper and mid slope positions, soils are well 
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drained and belong to the Dezwood Loam series (Orthic Dark Grey Chernozem); on the 

lower slope positions, soils are imperfectly drained and belong to the Zaplin Loam series 

(Gleyed Dark Grey Chernozem); and in the depression positions, soils are poorly drained 

and belong to the Pouchal Clay Loam series (Humic Luvic Gleysol). For the surface 

layer, the soil bulk density, based on 72 soil samples collected along a transect in the long 

slope area after harvest and prior to tillage, is 1170 ± 192 kg m-3 (data not shown). The 

natural vegetation in this area is boreal forest, but most of the area has been cleared for 

agriculture and is cultivated.  Spring wheat is the most popular crop in this area. Other 

major crops include canola, barley, dry field beans, oats, alfalfa and flaxseed. In the 2001 

census year (Statistics Canada, 2002), these major crops covered about 85 % of the 

seeded area (Figure 2. 1). The intensity of tillage practices has decreased since 1970s: 

firstly, conservation tillage and/or zero-till systems have been adopted by more and more 

farmers; secondly, in conventional tillage systems, lighter implements have been used 

and used less frequently. 

The field site used in this study was broken and has been continuously cropped 

since 1928. Main crops are spring wheat, oat and canola. Tillage implements used in this 

field have changed over time. Mouldboard plough for primary tillage, tandem disc and 

heavy cultivator for secondary tillage, diamond harrow for harrowing and disc drill for 

seeding were used before 1980s. Currently, the sequence of operations in the field 

includes one primary tillage operation (deep-tiller), one to two secondary tillage 

operations (usually a light-cultivator, sometimes a tandem disc, fertilizer usually applied 

with a secondary tillage), one to two harrowing (spring-tooth-harrow) operations, and 

seeding (air-seeder) (Figure 2. 2). The description of the tillage implements currently 
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used is summarized in Table 2.1. The farmer considers this tillage system to be 

conventional by today’s standard, although the implements being used are considerably 

less intensive than the traditional definition of conventional tillage. 

 

 
 
 
 
Figure 2.1  Tillage systems and main crops in the study area. The height of the bar 

represents the respective percent of seeded area in 2001 census year in agricultural 
region 8, southwest Manitoba, Canada. Conventional tillage refers to tillage 
incorporating most of the crop residue into the soil and conservation tillage refers to 
tillage retaining most of the crop residue on the surface (Source: Statistics Canada, 
2002) . 
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Figure 2.2  Photos of the four tillage implements: a) deep-tiller; b) spring-tooth-harrow; 
c) light-cultivator and d) air-seeder. 

 

Table 2.1  Description of tillage implements. 
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2.3.2  Experiment Design 

In 2003 and 2004, 53 plots were established to measure tillage translocation by 

single passes of deep-tiller (DT), spring-tooth-harrow (SH), light-cultivator (LC) and air-

seeder (AS). Another set of 24 field plots was established to examine the combined effect 

of light-cultivator and air-seeder (LC/AS) due to the fact that seeding operation is usually 

conducted very shortly after secondary tillage. In total, there were 77 field plots. 

Two areas of the field were selected according to their topographic features 

(Figure 2. 3), the Long Slope Area and the Bowl Area, which represent the two dominant 

landform types within the field: undulating and hummocky landforms, respectively.  The 

Long Slope Area is part of a large ridge and extends from the top of the ridge to its base, 

along the northern boundary of the field.  Slope gradient in this area ranges from 0 % to 

about 20 % while slope curvature ranges from  –2.5 % m-1 to 2.5 % m-1. Although the 

absolute values of slope gradient are high, the variability along the slope is relatively 

small because the slope is long (about 500 m). This area is a complex of small knolls 

located in the middle of the field. The central part of this area is a depression, which 

gives it a bowl shape. The ranges of both slope gradient (form 0 to 6 %) and slope 

curvature (from –1.5 % m-1 to 1.5 % m-1) in the Bowl Area are narrower than that of the 

Long Slope Area, especially the range of slope gradient. The change in slope curvature is 

comparatively high given that all the changes happen within a fairly short distance (about 

40 m from the edge of the bowl to its base). It was presumed that the relatively small 

change in slope gradients and large change in slope curvatures in the Bowl Area would 

provide for greater isolation of slope curvature’s contribution to tillage translocation. 
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Figure 2.3  Plot positions for deep-tiller to illustrate plot layout. Towards the northern 
boundary is the Long Slope Area, towards the eastern-southern corner is the Bowl 
Area. Paired plots were positioned in two parallel lines and tillage operations were 
undertaken in opposite directions (Note: scale used for the plots were different from 
the map scale. Plot width = 1.22 m). 

 

In both the Long Slope Area and the Bowl Area, plots were oriented into two 

parallel rows over a range of topographic conditions (i.e. slope gradient and slope 

curvature), one row undergoing upslope tillage while the other row undergoing 

downslope tillage. Plot positions for deep-tiller are illustrated in Figure 2. 3. Plot 

positions for spring-tooth-harrow and the combination of light-cultivator and air-seeder 

were similar to those for the deep-tiller. Due to time limitations, for the single pass of 

light-cultivator and air-seeder, plots were only established in the Long Slope Area. 
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2.3.3  Topographic Survey 

Plot positions and the topography of the plots areas (area of approximately 10 × 

10 m) were surveyed by using Total Station (Sokkia set 4110). The survey was 

georeferenced using a Trimble TSC1 system, a differential GPS system. For the 

topographic survey, the survey was conducted along two to four lines parallel to the 

tillage direction at a density of approximately 2 - 3 m.  Slope gradient and slope curvature 

at the plot position were calculated directly by using these topographic survey points. 

Slope gradient (%) is calculated as the change of elevation over the distance and slope 

curvature was calculated as the change of slope gradient over the distance (% m -1). 

2.3.4  Tillage Translocation Measurement 

Dyed limestone chips were used as tracers to measure soil movement by tillage 

(MacLeod et al., 2000; Zhang et al., 2004). Tracer size was 0.6 - 1.2 cm for all tillage 

operations, excluding deep-tiller. Larger size tracers (1.2 - 2.5 cm) were used for the 

deep-tiller to save field labor because the plot size for deep-tiller was considerably larger 

than that for the other tillage operations (see below for the determination of the plot size) 

and Rahman et al. (2002) found no significant difference due to tracer size or density. 

The tracers were incorporated into the soil in plots. Plots were oriented 

perpendicular to the tillage direction (Figure 2. 4). The length of the plots (the dimension 

along the tillage direction) was 20 cm. The width of the plots (the dimension 

perpendicular to tillage direction) depended on the arrangement of cutting tools (e.g. 

sweeps and knives) in the tillage implement. Plot width was equal to a multiple of the 

tool spacing (Figure 2. 4a). A compromise was made for the combination of light-

cultivator and air-seeder due to the different tool spacings of these two implements. The 
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depth of the plots was 5 - 10 cm deeper than the expecting tillage depth (Figure 2. 4b, c). 

To set up the plot in the field, a base plate and a box (4 walls) were prepared in advance. 

The inside dimensions of the box were made to be the exact size of the plot. Soil in the 

plot location was dug out first and the plate was placed and leveled on the bottom of the 

hole. The box was established on the plate and the soil that was excavated was placed 

back into the hole, both inside and outside the box, and packed to the original bulk 

density. Soil inside the box was then taken out and mixed with the tracer (a mass equal to 

about 5 % of the soil mass). The labeled soil was placed back into the box once again and 

the plot was packed to the original bulk density. Finally, the box was pulled out and the 

base plate was left in the field as a reference for exact relocation of the plot. 

 

Figure 2.4  Illustration of plot set-up and sampling design. a) Top view. Plot width was 
determined by the repeating width of the tools according to the tool arrangement of 
the implement; b) Cross-section view of a plot before tillage. The box is pulled out 
and the plate is left in the field as a reference for the sampling; c) Corss-section view 
of a plot after tillage. The plot depth is deeper than the tillage depth, and after tillage 
only the tracers within the tillage layer are redistributed (DT: tillage depth, DP: plot 
depth, LP: plot length and LS: a distance exceeding the maximum translocation 
distance.) 
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After tillage operations, the edge of the plate was located and used as a reference 

for sampling. The tracers were recovered along the tillage direction in slices, each 10 cm 

in length, until no tracers could be found (Figure 2. 5). The distribution of these plot-

tracers was then used to generate a summation curve (Figure 2. 4) as described by Lobb 

et al. (2001). Using the summation curve method, what is assessed is the volume/mass 

moving past the zero line of the tracer-labeled plot. The average translocation distance, 

and the experimental error, can be calculated through a procedure involving convolution: 
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where: 

TP   is the translocation distance averaged over the depth of labeled soil, over a unit 

width of tillage (m); 

x   is the distance at which the quantity of tracer is measured (m); 

cs   is the proportion of tracer quantity calculated from the summation curve at 

distance x (kg kg-1); 

ε  is a measure of error, either from the inherent variability of translocation or 

experimental error, or from both (%); 

Ls  is a distance exceeding the maximum translocation distance (m); and 

Lp   is plot length (m). 
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TP can be converted to translocation in distance, TL, by: 

T

P
PL D

D
TT =                                                                  (4) 

where 

TL  is translocation distance averaged over the depth of the tillage layer, over a unit 

width of tillage (m); 

DT   is tillage depth (m); and 

DP  is plot depth (m). 

TP can also be converted directly to translocation in mass, TM , by: 

TM  =  ρ TL DT   =  ρ TP DP                                                             (5) 

where 

ρ    is dry soil bulk density (kg m-3). 

TL provides an indicator of the potential erosivity since TL relates to how far soil 

is moved over the land surface. However, it is preferable to use TM (translocation in 

mass) rather than TL because: 1) traditionally, erosion is measured as a mass; 2) the 

calculation of TL requires accurate measurements of tillage depth (Equation (4)), and it is 

difficult to determine tillage depth in the field, particularly for tillage implements with 

sweeps or knives because the cutting surface can be very uneven. The calculation of TM 

uses DP (Equation (5)), which is accurately measured during the plot set up. Therefore, 

TM is considered to be more accurate than TL; 3) since TL depends on tillage depth, it is 

not comparable between tillage implements with different tillage depth; 4) tillage depth 

varies over the landscape. The summation curve method provides an estimate of the 
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tillage depth (Figure 2. 5). It also provides an approach to estimate the distance to a 

cumulative percentile of translocated soil mass along tillage direction, e.g. λ75 (m) is the 

distance to which 75 % of soil mass (75th percentile) is translocated (Figure 2. 5). These 

percentiles characterize the behavior of the translocated soil and how soil is distributed 

along the path of tillage. 

 

 

Figure 2.5  Tracer distribution and summation curve of deep-tiller, plot 4.  Plot depth 
(DP) = 0.25 m. cT represents the proportion of the untouched tracer on the bottom 
of the plot. Tillage depth (DT) was estimated by DT = DP  (1- cT) = 0.13 m. TL = 
TPDP / DT = 0.23 m. λ50, λ75, λ90 and λ95 represent the distances to which 50 %, 75 
%, 90 % and 95 % of soil mass is translocated, respectively. Experiment errors (ε) 
associated with TP was represented by shaded area (TP = 0.115 m, LP (plot length) 
= 0.20 m, Ls (a distance exceeding the maximum translocation distance ) = 3.05 
m, ε = 7.6 %). 
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2.3.5  Statistical Analysis 

Tillage translocation data were examined with SAS 9.0® for statistical analyses. 

Means were used to indicate the averages, and standard deviation (SD) and coefficient of 

variance (CV) were used to indicate the variability of the data. A Tukey-Kramer test was 

used for multiple comparisons and to determine whether there was a significant 

difference between those means. Due to the inherent variability of the data, 10 % 

significance level was used as the threshold for the Tukey-Kramer tests of multiple 

comparisons. The Tukey-Kramer test was designed for pairwise comparisons of means 

with unequal-sized samples. It controls the maximum-experimentwise-error-rate (SAS 

institute, Inc, 2002).  

In the regression analyses, a F-test was used to determine the significance of the 

regression model and a student t-test was used to determine the significance of the 

individual coefficients (i.e. α, β and γ). The significance of the tests were indicated by the 

P > F or P > | t | values, which were grouped into three categories, i.e. ≤ 0.10, ≤ 0.05, ≤ 

0.01, and are stated as 10 %, 5 % and 1 % levels, respectively. Coefficient of 

determination, R2, was used as another indicator for evaluating to what extent the 

regression models could explain the observed variation of the dependent variable(s).  

2.3.6  Tillage Translocation Modeling 

Tillage translocation models were established based on the regression analysis of 

translocation in distance (TL) or translocation in mass (TM) against slope gradient (θ) and 

slope curvature (φ), as shown in Equation (1). By using Equation (1), (4) and (5), the 

translocation in mass can be calculated by: 
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TM  =  TP ρ DP   = TL ρ DT   =  ( A +  B θ + C φ ) ρ DT                          (6) 

       = α + β θ + γ φ     

where 

A  is the intercept of the linear multiple regression model (m pass-1); 

B  is the slope of the linear multiple regression model associated with slope 

gradient (m %-1 pass-1); and 

C  is the slope of the linear multiple regression model associated with slope 

curvature (m %-1 m pass-1). 

β and γ indicate tillage erosivity. The model is more sensitive to β than to γ 

because the range of slope gradient observed in the field typically exceeds those of slope 

curvature by about one to two orders of magnitude (Lobb et al., 1999). β is commonly 

referred to as tillage transport coefficient and has been widely used as the indicator of 

tillage erosivity. α indicates the dispersivity of translocated soil. In general, the greater is 

the α value, the wider is the range of the soil being translocated, i.e. the greater the 

dispersivity is. α also serves as a means for comparison of research data between tillage 

implements and practices.  

In order to examine the contributions of slope gradient (θ) and slope curvature (φ) 

on tillage translocation, in this study, we used two regression models:  

TM = α + β θ   (M1)

TM = α + β θ + γ φ (M2)

M1 is a simple regression model used to examine the effect of slope gradient (θ) 

as shown in Figure 2.6. M2 used both θ and φ as independent variables and was the 
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model of primary interest in this study. M2 was compared to M1 to determine whether 

M2 could better explain the observed tillage translocation. Data from the Long Slope 

Area and the Bowl Area were analyzed separately and then the combined data sets were 

analyzed as well. 

 

Figure 2.6  Regression analyses of translocation in mass (TM) against slope gradient 
foreach tillage treatment. 

 

Four translocation percentiles, i.e. λ50, λ75, λ90 and λ95, were also regressed against 

slope gradient and/or slope curvature as: 

λ p = αp + βp θ (M3)

λ p = αp + γp φ (M4)
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λ p = αp + βp θ + γp φ  (M5)

where 

p       denotes the pth percentile of translocated soil mass; 

λ p   is the distance to which p % of soil mass is translocated (m); 

αp     is the intercept of the regression model for the pth percentile (m); 

βp     is the coefficient of slope gradient for the pth percentile (m %-1); and 

γp     is the coefficient of slope curvature for the pth percentile (m  %-1 m). 

These regression models were used to evaluate how slope gradient and slope 

curvature could affect tillage translocation. More pronounced relationships between soil 

movement and slope gradient and possibly slope curvature (i.e. greater βp and γp values, 

respectively) are expected at the higher percentiles (Lobb et al., 2001). However, due to 

the increased variability that occurs in the tail region of the distribution curves, the 

significance levels may not be the highest at λ 95.   

After the translocation models for each tillage operation and their combinations 

were determined, the overall translocation after a full sequence, which includes several 

operations, was calculated by: 
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where 

TMt is the total translocation in mass after a full sequence (kg m-1);  

i  is the denotation for the i’th tillage operation; and 
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n  is the number of tillage operations in one full sequence. 

 

 

2.4  Results and Discussion 

 

 

2.4.1  Tillage Translocation 

The tillage translocation data are shown in Table 2.2. Plot positions evenly 

covered the range of slope gradient (θ) for all the implements and in Both Areas. Because 

only one factor could be controlled, slope curvature (φ) is not as evenly distributed as 

slope gradient, i.e. some plots have very similar φ values. However, the range of slope 

curvature (φ), i.e. typical and extreme φ values have also been covered. The estimated 

average tillage depth for DT, SH, LC and AS was 0.11 m, 0.01 m, 0.08 m and 0.03 m 

(Table 2.2), respectively. These estimates corresponded well with our field measurements 

(3 – 10 measurements for each implement, Appendix A.1). TL calculated based on the 

estimated tillage depth was highly variable within the same implements (Table 2.2). TM 

was also highly variable within implements. Firstly, the CVs of TM were high, 57 %, 133 

%, 29 %, 82 % and 48 % for DT, SH, LC, AS and LC/AS, respectively. Secondly, plots 

with similar topographic features (i.e. similar θ and φ values) have considerably different 

TM values (e.g. DT Long Slope Area plot 8 vs plot 10). However, the differences between 

the implements were obvious. 
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Table 2.2  Summary of tillage translocation data. 
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Table 2.2  (Continued) 
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The order of the averages of TM for implements was SH < AS < DT < LC < 

LC/AS. The TM for LC/AS, LC and DT were in the same order of magnitude and 

exceeded the TM for AS by about one order of magnitude, which in turn exceeded the TM 

for SH by about another one order of magnitude. So, in respect to tillage translocation, 

LC/AS, LC and DT were much more intensive than AS, and AS was much more 

intensive than SH. It is important to note that AS and SH do move soil and need to be 

taken into account for tillage erosion studies.  

2.4.2  Deep-tiller 

The results of the regression analyses are summarized in Table 2.3. For deep-

tiller, in the Long Slope Area, M1 was significant at 5 % level, which indicates that 

tillage translocation is significantly affected by slope gradient. The R2 of M2 (0.59) was 

greater than that of M1 (0.45), indicating there is a improvement from M1 to M2. This 

improvement of M2 was attributed to the contribution of slope curvature because the only 

change from M1 to M2 is that slope curvature has been added into the model. Therefore, 

for DT, slope curvature has an effect on tillage translocation.  

Data from the Bowl Area are much more difficult to explain. Neither model was 

significant. A stronger relationship between tillage translocation and slope curvature was 

not found, contrary to what was expected. This could be explained by the narrower range 

of both slope gradient and slope curvature in this area. Generally, the narrower the 

independent data range is, the more difficult it is to establish a significant regression line. 

For the Both Areas, M1 was significant at the 5 % level. γ in M2 was not significant, but 
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M2 was significant at the 10 % level and R2 of M2 (0.32) was almost the same as that of 

M1. 

Table 2.3  Summary of regression analyses of TM against slope gradient and slope 
curvature. 
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For the regression of the translocation percentiles (Table 2.4), the general pattern 

is that the values of αp, βp and γp all increase as the percentile increases. In addition, the 

amount of per percentile increase of the αp values increases with the respective increase 

of percentiles. Taking the Both Areas data as an example (Figure 2. 7), (α95 - α90) / (95 - 

90) > (α90 - α75) / (90 - 75) > (α75 – α50) / (75 - 50) > α50 / 50, indicating that most soil was 

translocated within a short distance and in the tail region, the soil was distributed in a 

much wider range, e.g. 75 % within about 0.51 m but 20 % for the next about 0.58 m 

(from about 0.51 m to 1.09 m). This pattern is also illustrated on the summation curve 

(Figure 2. 5).  The respective increases of βp and γp values with the increase of percentiles 

indicate the stronger effect of slope gradient and slope curvature in the tail region. For 

M3, β50 was extremely low (0.002 m %-1), indicating that slope gradient has almost no 

effect within the corresponding distance (about 0.29 m). β95 was much greater (0.019 m 

%-1) and M3 was significant at the 10 % level, indicating that within the range of the two 

percentiles (from about 0.24 m to 1.09 m), the amount of soil being translocated is 

strongly affected by slope gradient. Similarly, for M4, γp value increases considerably 

with the increase of the percentiles indicating the more profound effect of slope curvature 

in the tail region. For M5, βp and γp values were very close to those of M3 and M4 of the 

respective percentiles, respectively, but the R2 values were much greater than either those 

of M3 or M4 of the respective percentiles, indicating the possible interaction between 

slope gradient and slope curvature and that including both slope gradient and slope 

curvature might explain the translocation better. 
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Table 2.4  Summary of regression analysis of translocation percentiles (λ p) over slope 
gradient and/or slope curvature. 
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Figure 2.7  Regression analysis for deep-tiller (DT), Both Areas data of translocation percentiles (λ50, λ75, λ90 and λ95) against: a) slope 
gradient; and b) slope curvature. 
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2.4.3  Spring-tooth-harrow 

For Spring-tooth-harrow, in Long Slope Area, M1 was significant at the 5% level 

(Table 2.3). Compared to M1, M2 had a slightly higher significance (<<0.01 vs 0.03) and 

both β and γ in M2 were significant at 1 % level. Furthermore, the R2 of M2 (0.95) was 

much greater than that of M1 (0.56). The comparison of M2 to M1 strongly supports that, 

in the case of SH, slope curvature has significant effect on tillage translocation and M2 

was significantly superior to M1. 

The results of the Bowl Area data for SH were similar to that of DT. Neither 

model was significant. For the Both Areas, M2 was significant at the 1 % level, γ in M2 

is significant at 10 % level, and the R2 of M2 (0.51) was greater than that of M1 (0.39), 

which confirms the conclusion drawn from the Long Slope Area: M2 was superior to M1 

and including slope curvature as a secondary factor has improved the model with respect 

to explaining the observed tillage translocation. The patterns of αp, βp and γp in M3, M4 

and M5 for SH, especially in the Long Slope Area, were similar to those for DT (Table 

2.4). 

2.4.4  Light-cultivator and Air-seeder 

Plots for light-cultivator and air-seeder were only established in the Long Slope 

Area. For light-cultivator, M2 was significant but compared to M1, M2 had a lower 

significance (0.10 vs 0.02); the R2 of M2 (0.68) was the same as the R2 of M1 (0.68, 

which is the highest R2 value for M1 found among all the examined implements) and γ in 

M2 was not significant (Table 2.3). All of these indicate that, for LC, slope gradient has 

largely explained the observed translocation.  
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For air-seeder, the significances of M2 and M1 were similar (<<0.01vs 0.01), but 

the R2 of M2 (0.77) was much greater than that of M1 (0.46) and γ in M2 was significant 

at 1 % level. All of these indicate that M2 is superior to M1 in explaining the observed 

translocation data. Therefore, slope curvature was considered to have a significant effect 

on tillage translocation for the AS. The patterns of αp, βp and γp in M3, M4 and M5 for 

AS were similar to those for DT, which also indicate the possible strong effect of slope 

gradient and slope curvature, especially in the tail region (Table 2.4). 

2.4.5  Light-cultivator Followed by Air-seeder 

For LC/AS, in the Long Slope Area, the significance of M2 (0.03) and the R2 of 

M2 (0.44) were similar to those of M1 (0.01 and 0.38, respectively) (Table 2.3). γ in M2 

was not significant.  For the Both Areas, compared to M1, M2 also had similar R2 value 

(0.35 vs 0.30) and significance level (0.01 vs 0.01). The significance of γ in M2 (0.20) 

exceeded the 10 % level but as a secondary factor, it is considered to be close and 

therefore the effect of slope curvature to exist. The translocation percentiles analyses also 

show the strong effect of slope gradient (much higher R2 values and significance levels of 

M3 when compared to those for other implements, of the respective percentile) (Table 

2.4). The effect of slope curvature might be masked by the effect of slope gradient, given 

that slope curvature was considered as a secondary factor in the models.  

2.4.6  Comparison of the Implements 

Based on the statistic analyses, M2 established on the Both Areas data (for DT, 

SH and LC/AS) and on the Long Slope Area data (for LC and AS) was chosen as the 

tillage translocation model for the respective implements (Table 2.3 and Table 2.5). 
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Table 2.5  Summary of results from this study and those of other researchers. 
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Of the four implements, LC has the highest α value while DT has the highest β 

and γ values. The α value for LC (23.59 kg m-1) was about one and a half of that for DT 

(16.02 kg m-1), demonstrating that LC moves considerably more soil than DT, i.e. 

dispersivity of LC is higher. This is probably due to the fact that tillage speed of LC is 

higher than DT and the overlaps between cutting tools for LC (Table 2.1). The β and γ 

values for LC (0.42 kg %-1 m-1 and 0.19 kg %-1 m m-1, respectively) were considerably 

lower than those of DT (0.62 kg %-1 m-1 and 0.90 kg %-1 m m-1, respectively). Taking 

both β and γ into account, it is reasonable to conclude that, with respect to erosivity, LC 

was considerably lower than DT. For AS, the α value (4.52 kg m-1) was only about one 

third of that for DT and about one fifth of that for LC, and the β value (0.18 kg %-1 m-1) 

was about one third of that for DT and one half of that for LC, indicating that both the 

dispersivity and erosivity of AS was much lower than those of LC and DT. For SH, the α 

value (0.59 kg m-1) was about one order of magnitude lower than that for AS and both the 

β and γ values (0.07 kg %-1 m-1 and –0.54 kg %-1 m m-1, respectively) were much lower 

than those for AS, indicating that the dispersivity and erosivity of SH were considerably 

lower than AS. Compared to those for DT and LC, both the dispersivity and erosivity of 

AS and SH were considerably lower, which was not a surprise. What is important is that 

the effects of AS and SH were not negligible. Based on a simple calculation on the β 

value (4 βAS > 9 βSH > βDT), tillage erosion after four passes of AS or nine passes of SH 

will exceed one pass of DT. 

For the combination of light-cultivator and air-seeder (LC/AS), both α and β 

values exceed the summation of those for the two single passes (LC + AS) by about 30 

%. Since for LC, the conditions for the single pass and the combination were the same, 
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the extra translocation was presumed to be caused by the effect of LC on AS. The 

magnitude of this effect (referred to as Extra) was estimated by subtracting the 

translocation of both LC and AS from the translocation of the combination: Extra = 

LC/AS – LC – AS, which gave us the model for the Extra (Table 2.5). Compared to AS, 

the Extra exceeded AS itself on both dispersivity and erosivity given that the values of α, 

β and γ of Extra were all greater than those of AS, respectively. To think of it another 

way, the translocation due to AS as affected by LC (referred to as ASX) can be estimated 

by subtracting the translocation of LC from the translocation of the combination: ASX = 

LC/AS – LC, which gave us the model for ASX (Table 2.5). Compared to the models of 

the other implements, dispersivity and erosivity of ASX were found close to those of DT. 

The effect of air-seeder, based on this point of view, was far from negligible and should 

be taken into account. The extra effects also suggested that pre-tilling must be taken into 

account when measuring translocation due to a tillage operation, which is conducted 

shortly after previous tillage operation(s) and taking the measurement separately without 

considering the previous tillage operation(s) might considerably under estimate the 

overall translocation. Our explanations for these extra effects were: 1) More power acts 

on moving the soil because less power is required for cutting and lifting the soil; 2) With 

less cohesion and adhesion, soil particles are more likely to move (e.g. rolling) under the 

effect of gravity; 3) the furrow pattern generated by LC may match up with the AS 

cutting tools to increase the translocation by AS. 

2.4.7  The Effect of Slope Curvature 

Except for the Bowl Area datasets, M1 was found significant for all the 

implements, indicating the strong effect of slope gradient on tillage translocation. In 
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contrast, similar simple regression of TM against slope curvature (Appendix A.2) was 

found not to be significant for all the implements. However, with the inclusion of slope 

curvature, M2 explains the observed tillage translocation better than M1 in most cases 

(except for LC), indicating the necessity of taking slope curvature as a secondary factor 

into tillage translocation modeling. The insignificance of the effect of slope curvature 

probably is due to the fact that very few data points (n = 7) were available and, therefore, 

requires further investigation to adequate statistical evidence. 

The negative γ value found for SH means tillage translocation on the concave 

positions exceeds that on the convex positions, which contradicts the theoretical 

relationship (Lobb and Kachanoski, 1999a). However this might be a special feature (e.g. 

due to the size of the implement and the location of the tractor related to the implement) 

of SH under the examined scale given that the R2 of M2 was so high (0.95) when 

compared to that of M1 (0.56) (Table 2.3). A possible reason for that is the lead effect, 

defined by Lobb et al. (1999) as the translocation affected by the position of the tractor. 

These authors suggested that the magnitude of lead effect to be determined by “the 

distance between the center of the tillage implement and the center of the combined mass 

of the tractor, implement and the soil being carried by the tillage tools”. This is due to the 

fact that the topography at the position of the tractor wheels determines tillage speed and 

tillage depth and, therefore, affects the intensity of tillage translocation. The size of the 

SH is large, which means that the center of the tillage implement was further behind the 

wheels when compared to other implements. On the other hand, SH caries very little soil 

during the operation so that the combined mass approaches the tractor. Both of these 

enhance the lead effect.  
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The analysis of the translocation percentiles suggests that the effect of slope 

gradient and/or slope curvature is more profound in the tail region of the distribution 

curve but due to the inherent variability of tillage translocation, noise increases in the tail 

region as well, which might mask the effect of slope gradient and/or slope curvature. This 

masking effect is comparatively stronger for slope curvature because the effect of slope 

curvature is considerably less significant than slope gradient.  Therefore, more data are 

required for testing the effect of slope curvature and obtaining an accurate γ value than 

those for testing the effect of slope gradient and obtaining an accurate β value. 

Another approach to test the effect of slope curvature is to isolate the effect slope 

curvature from the effect of slope gradient, as we tried on the Bowl Area. However, the 

Bowl Area data show no physical evidence of the stronger effect of slope curvature when 

compared to the Long Slope Area data. Part of the problem with the Bowl area is the 

possible stronger lead effect in this area. In this study, the scale of tillage and the scale of 

the topographic features in the Bowl Area are such that the effects of slope gradient and 

curvature on soil movement are confounded by the fact that the implements are quite 

large relative to the size of the land surface feature.  Consequently, what is observed as 

soil movement at one point can be greatly affected by what is occurring all across the 

frame of the implement and at some distance in front of the implement, as topography 

affects the operation of the tractor – the lead effect. Lobb et al. (1999) suggested using 

the topographic data of the points in front of the plots positions (closer to the tractor) for 

the regression analysis. Further study on the effect of slope curvature might need a 

different experiment design to isolate slope curvature from slope gradient. 
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2.4.8  Comparison of This Study to Those of Other Researchers 

Some of the published tillage translocation data is summarized in Table 2.5. For 

the same type of implements, large differences exist between different studies. This is 

understandable since implements may have very different designs, and the operations in 

different part of the world can be very different. Furthermore, the materials and methods 

used to measure tillage translocation vary among researchers and, therefore, systematic 

differences between results may exist. However, these differences are expected to be less 

than the experimental errors.  A weakness in all of the studies is the small dataset. 

The large differences between different researchers make comparisons difficult. 

For the single implements, both α and β values of deep-tiller found in this study were 

considerably lower than those found by other researchers of chisel plough, indicating that 

the dispersivity and erosivity of the primary implement used in this study was 

considerably lower. Other than the different design of the implements, lower soil bulk 

density and shallower tillage depth observed in this study might be the major reasons for 

the less intensive dispersivity and erosivity. α and β values for the combination of light-

cultivator and air-seeder were found similar to those of rotary harrow and seeder in Van 

Muysen and Govers’ study (2002), which is a typical secondary tillage operation in 

central Belgium.  

For the field site used in this study, one full tillage sequence (one year) would 

normally consist of one pass of deep-tiller, two passes of spring-tooth-harrow and one 

pass of light-cultivator followed by one pass of air-seeder (LC/AS, not LC+AS). 

Translocation models for the implements were summed to establish a model for one full 

sequence by using Equation (7) (Table 2.5). For one full sequence, α, β and γ values 
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found in this study were about one half, one third and one fifth, respectively, of those 

found by Lobb and Kachanoski  (1999b) in Ontario, Canada, indicating that tillage 

translocation in a cereal-based production system, which represents the predominant 

cropping system of the Canadian Prairies region, was considerably less intensive than in a 

conventional tilled corn-based production system in Canadian Great Lakes region.  

2.4.9  Experiment Errors  

The unexplained variability in the regression data is a result of the inherent 

variation of tillage translocation and experiment errors. The major errors of this study 

might come from the sampling. The loss of tracer during sampling was one ineviTable 

2.source of experiment errors. The further the tracer is translocated, the more difficult it 

is to find. The loss of tracer normally causes an under-estimation of tillage translocation. 

In this study, except for LC, the tracer recovery rate (RR) was quite high, an average of 

98 %, 98 %, 97 % and 90 % for DT, SH, AS and LC/AS, respectively (Table 2.2). Errors 

due to the loss of tracer were considered to be very low. The lowest RR was found for LC 

(83 %). A possible reason for this is the limited sampling time. Between the LC and AS, 

we had only one week to recover the tracers of the LC plots and to put another set of 

plots in place for the AS, so field activities were rushed. While after the seeding, we had 

plenty of time to recover the tracer of LC/AS, hence higher RR values. During sampling, 

even though a frame was set up as a reference, it was difficult sampling lengths of exactly 

10 cm. When the soil is dry and loose, soil and tracer from the adjacent sampling slice 

might fall into the slice being sampled. Also, when sampling to greater depths it was 

difficult to cut each slice normal to the soil surface. Sampling length, which was 

supposed to be 10 cm, could vary at depth by up to 1 cm. However, such errors are 
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compensatory, i.e. 1 cm longer on one slice results in 1 cm shorter in the adjacent slice, 

so that these errors will not affect the translocation estimates (TP, TL and TM) but might 

cause under estimation of the translocation percentiles (λ p).  

Another source of experiment error is the topographic survey. In theory the 

accuracy of Total Station was adequate (less than 1 cm); however, in practice the 

accuracy may have been less than adequate. It has been found that slope gradient and 

slope curvature typically vary about ± 5 % and ± 30 %, respectively, when different 

survey points were used. Errors due to the surveyors and the surface roughness may 

contribute the most to these variations.  

The tillage translocation calculation was based on the assumption that all plots 

were oriented perpendicular to tillage direction; however, it is very difficult to ensure 

that.  Even with plots oriented to perpendicular to the intended path of tillage, the 

operation of the tillage implement does not follow exactly the intended path, a straight 

line. The plots deviated up to ± 5° from perpendicular to the actual tillage direction. 

Assuming forward translocation exceeds lateral translocation, tillage translocation would 

be under estimated due to this error. 

The summation curve method used in this study provides a parameter, ε, to 

evaluate the experiment error and the inherent variation of tillage translocation (Figure 2. 

5). The ε value is not a direct measure of the errors but it indicates the level of the errors 

associated with the summation curve for different plots and different implements. In this 

study, for all the plots, the value of ε ranges from 0.1 % to 37.4 % and overall averages at 

9.3 % (Table 2.2). In general, the experiment errors were considered to be low. A Tukey-

Kramer test showed that ε for AS is significantly greater than those for DT, LC and 
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LC/AS with that for SH in between (Table 2.2). No significant difference was found 

between the Long Slope Area and the Bowl Area (data not shown). A test was conducted 

by averaging the first two samples’ data (this will not change the estimated TP and TM 

values) and recalculating ε (Appendix A.1). The overall average of the ε values dropped 

down to 1.8 %. This indicates that the major contributor to ε is the variability of the data 

in the first two samples (within the original tracer-labeled region). This high variability is 

mainly due to the much deeper plot depth than the tillage depth and does not affect the 

accuracy of the estimated TP and TM values. 

 

 

2.5  Conclusions 

 

 

Tillage translocation was found to be highly variable for all the tillage 

implements. Regression analysis showed that there were significant relationships between 

tillage translocation and slope gradient. This confirmed slope gradient to be the 

predominant factor driving tillage translocation. Except for the light-cultivator, slope 

curvature was also found to have an effect on tillage translocation and, therefore, we 

recommend including slope curvature in the tillage translocation model as a secondary 

factor. For light-cultivator, though it is a secondary tillage implement, its dispersivity was 

greater than that of the deep-tiller, the primary tillage implement, but its erosivity was 

lower than that of the deep-tiller. The erosivity of air-seeder and spring-tooth-harrow 

were much lower than that of light-cultivator and deep-tiller, but their effects were not 
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negligible, especially when they were conducted shortly after another tillage operation. 

The erosivity of air-seeder after one pass of light-cultivator was found comparable to the 

deep-tiller. For a full sequence, the erosivity of the tillage system in our study site was 

considerably lower than a traditional defined conventional tillage system (i.e. with a 

moldboard plough) indicating the considerably less intensive tillage system associated 

with the cereal-based production system in the Canadian Prairies. The different 

relationships between tillage translocation and slope gradient/slope curvature in the Long 

Slope Area and the Bowl Area suggested that landform type might also affect tillage 

translocation and different experiment design may be needed for different landform 

types. 
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2.8  Nomenclature 

 

 

A  the intercept of the linear regression equation (m pass-1) 

AS  air-seeder 

ASX  tillage translocation due to air-seeder as affected by the previous tillage 

operation, one pass of light-cultivator  

B  the slope of the linear multiple regression model associated with slope 

gradient (m %-1 pass-1) 

C the slope of the linear multiple regression model associated with slope 

curvature (m %-1 m pass-1) 

cs  the proportion of tracer quantity calculated from the summation curve at 

distance x (kg kg-1) 

cT  the proportion of untouched tracer on the bottom of the plots, which can 

be used to estimate tillage depth (kg kg-1) 

DP  plot depth (m) 

DT  tillage depth (m) 

DT  deep-tiller 

Extra  the extra effect of combining light-cultivator and air-seeder when 

compared to the sum of the single passes of these two implements 

LC  light-cultivator 

LC/AS  light-cultivator followed by air-seeder 
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LC+AS  the sum of one single pass of light-cultivator and one single pass of air-

seeder 

LP  plot length (m) 

Ls  a distance exceeding the maximum translocation distance (m) 

PM model significance level 

RR tracer recovery rate (%) 

ST tillage speed (m s-1) 

SH  spring-tooth-harrow  

TL the average translocation distance over tillage depth over a unit width of 

tillage (m) 

TM  translocation in mass over a unit width of tillage (kg m-1) 

TP  the averaged translocation distance over the depth of labeled soil over a 

unit width of tillage (m) 

TMt  the total translocation in mass after a full sequence (kg m-1) 

WI                   implement width (m) 

i  the denotation for  the i’th tillage operation 

n the number of tillage operations in one full sequence 

x  the distance at which the quantity of tracer is measured (m) 

α  the intercept of the linear regression equation, representing tillage 

translocation unaffected by slope gradient or slope curvature and 

indicating the dispersivity of the given tillage operation (kg m-1 pass-1) 

αp the intercept of the regression model for the pth percentile (m) 



 57

β  the coefficient for slope gradient, representing the extra tillage 

translocation due to slope gradient and indicating the erosivity of the given 

tillage operation (kg m-1 %-1 pass-1) 

βp the coefficient of slope gradient for the pth percentile (m %-1) 

γ  the coefficient for slope curvature, representing the extra tillage 

translocation due to slope curvature and indicating the erosivity of the 

given tillage operation (kg m-1 (%-1 m) pass-1) 

γp the coefficient of slope curvature for the pth percentile (m  %-1 m) 

θ  slope gradient, positive when downslope and negative when upslope (%) 

φ  slope curvature, positive for convex and negative for concave (% m-1) 

λ p                 the distance to which p % of soil mass is translocated (m) 

ε  a measure of error, either from the inherent variability of translocation or 

experimental error, or from both (%) 

ρ  soil dry bulk density (kg m-3) 
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3.  TILLAGE AND WATER EROSION IN CULTIVATED FIELDS OF THE 

NORTHERN NORTH AMERICAN GREAT PLAINS EVALUATED USING 137CS 

MEASUREMENTS AND SOIL EROSION MODELS∗ 

 

 

3.1  Abstract 

 

 

Total soil erosion is the integrated result of all forms of soil erosion – wind, water 

and tillage. It has been recognized that in topographically complex landscapes, individual 

soil erosion processes and their interactions all contribute towards total soil erosion.  In 

this study, two field sites located in the northern region of the North American Great 

Plains were examined.  These two field sites are characterized by undulating slopes and 

hummocky knolls, respectively. Water and tillage erosion were estimated using the 

established water and tillage erosion models; total soil erosion was estimated using the 

137Cs technique; and the landscapes were segmented using the LandMapR program.  

The results showed  that using any of the water or tillage erosion models alone 

provides acceptable estimation of total soil erosion when either one of the two erosion 

                                                 
∗ Li, S., Lobb, D.A. (University of Manitoba), Lindstrom, M.J. (USDA-ARS, retired) and Annemieke 
Farenhorst (University of Manitoba). This manuscript was submitted to Catena in Jun, 2006. 
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processes is dominant.  However, combining water and tillage erosion models generally 

provided better estimations of total soil erosion than the component models on their own. 

On undulating slopes, tillage and water erosion both contribute considerably to total soil 

erosion: tillage erosion contributes about 50 to 70 % on upper-slopes and water erosion 

dominates on mid-slopes. On hummocky knolls, tillage erosion dominates the pattern of 

total soil erosion:  tillage erosion contributes about 65 to 80 % soil loss on upper-slopes 

and about 40 to 50 % soil loss on mid-slopes. At both sites, the highest water-induced soil 

loss occurred on mid-slopes, while the highest tillage-induced soil loss occurred on 

upper-slopes. We found that the major patterns and variations of water, tillage and total 

soil erosion within given landform elements is predictable., and therefore, the landscape 

segmentation procedure can be used as a tool to assess soil erosion in topographically 

complex landscapes.  

 

 

3.2 Introduction 

 

 

Soil erosion affects both soil properties and soil processes, and is widely 

recognized as a major cause of soil degradation in arable land. Historically, water and 

wind erosion were assumed to be the major forms of soil erosion. Since the “rediscovery” 

of tillage erosion in the 1990s, field evidence from different parts of  the world has shown 

that tillage erosion is another major form of soil erosion (e.g. Lindstrom et al., 1990, 

1992; Govers et al., 1994; Lobb et al., 1995). Due to the complexity of the individual 
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erosion processes, researchers usually deal with each soil erosion process independently 

and assume for a given region, one process dominates over the other processes (e.g. Lobb 

and Kachanoski, 1999; Schumacher et al., 1999). However, each soil erosion process has 

its characteristic pattern across the landscape and each will contribute to some degree to 

the total soil erosion evident within a field. The general patterns of water and tillage 

erosion along a hypothetical slope are illustrated in Figure 3.1a. The rate of water erosion 

at a given point is not only determined by the local relief at this point but also by its 

upslope catchment area. From the crest, water-induced soil loss gradually increases until 

it reaches the highest level at the lower backslope and then gradually decreases. Towards 

the lower end of the footslope and in the toeslope, water-induced soil accumulation 

occurs.  

Conversely, the rate of localized tillage erosion (tillage erosion rate at a given 

point) is determined largely by the local relief (relief at a given point), in particular slope 

curvature. Tillage-induced soil loss occurs on convex portions and soil accumulation 

occurs in concave portions of the landscape. Tillage erosivity influences the amplitude, 

but not the pattern of tillage erosion, whereas water erosivity (rainfall and runoff) 

influences both the amplitude of water erosion and the pattern of water erosion in the 

toeslope (i.e. the rate of water-induced soil accumulation is higher but the spatial extent 

of soil accumulation is over less of the slope under high water erosivity when compared 

to those under low water erosivity). 
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Figure 3.1  The patterns of: a. Water and tillage erosion, separate; and b. Water and tillage erosion, combined, on a hypothetical slope 

(CR: crest, SH: should slope, BSL: back slope, FSL: foot slope and TSL: toeslope) 
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The pattern of total soil erosion is complicated due to the linkages and 

interactions between the erosion processes. Linkages refer to the simple additive effects 

between different erosion processes. Interactions occur when one erosion process 

changes the erodibility of the landscape for another erosion process or when one process 

works as a delivery mechanism for another erosion process (Lobb, 1991; Lobb et al., 

2003). Figure 3.1b illustrates the potential linkages between water and tillage erosion on 

a hypothetical slope: 1) in the crest and the shoulder sections, both water and tillage 

erosion cause soil loss and tillage erosion dominates the combined water + tillage erosion 

pattern; 2) in the backslope section, water erosion causes soil loss and dominates the 

combined water + tillage erosion pattern (here tillage erosion might cause soil loss or soil 

accumulation); 3) in the footslope section, water erosion causes soil loss while tillage 

erosion causes soil accumulation and the pattern of the combined water + tillage erosion 

is determined by the relative intensity of water vs. tillage erosion; and 4) in the toeslope 

section, tillage erosion causes soil accumulation, water erosion might cause soil loss or 

soil accumulation and neither one of the two erosion processes dominates the other 

erosion process. A possible interaction between water and tillage erosion occurs in the 

footslope section where tillage accumulated soil is more susceptible to water-induced soil 

loss and the overall soil loss might be greater than that estimated by the combined water 

+ tillage erosion. 

For a given set of conditions, especially in topographically complex landscapes, 

the observed soil redistribution pattern in agricultural land is an integrated result of all 

forms of soil erosion, including the contributions of individual erosion processes and the 

interactions between different erosion processes. Due to the geological youth of the 
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landscape and the relatively short cultivation history, soil-landscapes in the northern 

region of the North American Great Plains (northern NAGP) are generally more complex 

than those in Europe and Asia. More than 75 percent of the agricultural land in this 

region is classified as hilly (rolling, undulating and hummocky) landscapes. Both water 

and tillage erosion have been reported to contribute to the total soil erosion in the 

northern NAGP (Pennock, 2003; De Alba, 2004; Papiernik et al., 2005; Schumacher et 

al., 2005).  However, no previous field study to date has been conducted to examine the 

interactions between tillage and water erosion in topographically complex landscapes.  It 

is important to examine both erosion processes, their linkages and interactions because 

the redistribution of soil mass causes the variability of soil properties across the 

landscape and, therefore, influences other landscape-driven soil processes such as water 

contamination, pesticide fate and greenhouse gas emission. For example, Gaultier et al. 

(2006) found that the spatial variability of 2,4-D sorption was similar to that of soil 

organic carbon.  

Established water erosion models, such as the Revised Universal Soil Loss 

Equation (RUSLE) and the Water Erosion Prediction Project (WEPP), are widely used to 

estimate water erosion (Flanagan et al., 1995; Renard et al., 2001). Tillage erosion 

models have been developed and used to estimate tillage erosion (e.g. Lobb and 

Kachanoski, 1999). However, one major limitation to these models is that they require 

field scale topographic data, which is not always available nation-wide.  Therefore, these 

models are not always practicable for soil conservation. For this reason, there is renewed 

interest in using landscape segmentation as a simple tool to estimate soil erosion and to 

help decision makers with soil conservation practices. In Canada, landscape segmentation 
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was used in the National Soil Database (NSDB) to better represent the spatial specificity 

of landscape processes. The NSDB was further used to develop several Agri-

environmental Indicators (AEIs), including indicators of wind, water and tillage erosion, 

for various agricultural regions in Canada within the Agriculture and Agri-Food Canada 

National Agri-Health Analysis and Reporting Program (NAHARP) (Lefebvre et al., 

2005). In Saskatchewan, Canada, Pennock et al. (2001) used a landscape segmentation 

procedure and demonstrated that both soil organic carbon (SOC) storage and N2O 

emissions are controlled by the predominant water or soil redistribution processes 

occurring in different landform elements. It is important to examine the relative 

contributions of, and the linkages and interactions between different erosion processes in 

different landform elements to evaluate the pattern of total soil erosion. 

The objectives of this study are: 1) to estimate water, tillage and total soil erosion 

on topographically complex landscapes; 2) to compare the relative contributions of water 

and tillage erosion to the total soil erosion on different landscapes; 3) to investigate the 

patterns of water and tillage erosion, their linkages and interactions in different landform 

elements; and 4) to demonstrate and evaluate the use of landscape segmentation in 

estimating water, tillage and total soil erosion in topographically complex landscapes. 
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3.3  Materials and Methods 

 

 

3.3.1 Study Sites and Laboratory Analysis 

Two field sites were examined in this study. The first site is a 2.7 ha portion of a 

16 ha field near the town of Cyrus, in west central Minnesota, USA (Figure 3.2a). The 

sampling area features a trough in the western part, a knoll in the middle and a slightly 

concave slope towards the eastern side of the field. The second site is a 0.8 ha portion of 

a 42 ha field near the town of Deerwood, in south-western Manitoba, Canada (Figure 

3.2b). The sampling area is a complex of small knolls. The central part of this area is a 

depression, which gives it a bowl shape. The two sites are typical of the landscapes in the 

northern NAGP: undulating (the Cyrus site) and hummocky (the Deerwood site) 

landscapes. A general overview of the field sites and the associated tillage and cropping 

systems employed at each site are summarized in Table 3.1. 
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Figure 3.2  Landscape segmentation of a. The Cyrus site and b. The Deerwood site. 
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Table 3.1  Characteristics of the field sites. 

  

The background field information, and the collection and processing of soil 

samples (except for 137Cs radioactivity) at the Cyrus site was described in Papiernik et al. 

(2005) and De Alba (2004). To summarize, depth-incremental soil samples were 

collected at 288 points on a 10 × 10 m grid.  Each sampling location was surveyed using 

a Trimble AgGPS-132 system.  Soil samples were air-dried, sieved through a 2-mm 

screen, and both soil and stone fractions were weighed.  137Cs radioactivity was detected 

at 662 keV using Broad Energy Germanium Gamma spectrometers (Canberra BE3830, 

Landscape Dynamics Laboratory, University of Manitoba, Canada) with counting time 

ranging from 4 to 12 hrs, providing a detection error < 10 %. A reference site for 137Cs 

analysis was established on a native grassland adjacent to the Cyrus field site.  At the 

reference site, seven soil cores were taken in 2-cm depth increments to one meter. The 

profile 137Cs radioactivity was examined and the inventory was used as the reference 

137Cs radioactivity for the Cyrus site (2093 Bq m-2).  
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For the Deerwood site, detailed field information can be found in Li et al. (Section 

2.3.1). Depth-incremental soil samples were collected at 63 points on a 10 × 10 m grid.  

Each sampling location was surveyed using a Total Station (Sokkia set 4110) and 

georeferenced using a Trimble TSC1 GPS system. The procedures for soil sample 

analyses were the same as those used at the Cyrus site. The reference 137Cs level (2060 

Bq m-2) was determined based on the average 137Cs radioactivity of the samples taken 

from three sites located within 10 km of the study area (two pasture sites and one old 

farm yard site). Soil samples in both the Cyrus and the Deerwood sites were collected in 

the spring of 2002 and January 1, 2002 was used as the reference date of 137Cs 

radioactivity. 

The topographic data of the two sites were used to generate Digital Elevation 

Models (DEM, 10 m and 8 m spacing for the Cyrus and the Deerwood site, respectively) 

by using GS+ 5.1.1® point kriging interpolation.  The DEMs were used as the 

topographic input data for the water and tillage erosion modeling and the landscape 

segmentation. 

3.3.2  Water Erosion ----WEPP and WaTEM 

Due to the uncertainty associated with water erosion modeling, two established 

models, WEPP (2002 Hillslope version) and the water erosion component of the Water 

and Tillage Erosion Model (WaTEM, Van Oost et al., 2000), were used to estimate water 

erosion. 

WEPP is a two-dimensional model and calculates point-water-erosion rates along 

a two-dimensional slope (Flanagan et al., 1995). To simulate water erosion in three-

dimensions, WEPP was run on both North-South and East-West oriented transects in the 
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DEMs. As required by WEPP, transects were divided into sub-slopes at the summit 

and/or nadir points to ensure there was no negative slope gradient point.  In total, 67 and 

55 slopes were generated for the Cyrus and the Deerwood sites, respectively. For a given 

point, this procedure tracked water flows from two perpendicular directions, and 

therefore, to some degree, it took into account the effect of convergent and divergent 

water flows. In addition, this procedure accounted for the directionality of water erosion 

caused by cropping and tillage (i.e. water flows along the furrows created by tillage 

operations and crop rows rather than the direction of the steepest slope). 

The climate data necessary for WEPP were generated using the CLIGEN v. 5.2 

program incorporated in WEPP. For the Cyrus site, the Morris MN climate station data 

was used and the simulated 48 yr mean annual precipitation was 594 mm. For the 

Deerwood site, linear interpolation of the data from the two closest climate stations in the 

USA (Edmore ND and Grafton ND, located about 100 – 125 km away from the site) was 

used and the simulated 48 yr mean annual precipitation was 422 mm. Management data 

were generated based on the cropping history and the current tillage practices employed 

at the two sites (Table 3.1, detailed data not shown). For the Cyrus site, the dominant soil 

SVEA (Loam) (Lindstrom et al., 2000) was used. For the Deerwood site, soil data were 

generated based on the measurements of the soil samples (soil texture is sandy loam). 

Single soil types were used on both sites for the simplification of the modeling. 

The WEPP program was run for 48 iterations (representing 48 yrs) to match the 

duration of 137Cs fallout (from 1954 to 2002). The output point-water-erosion rates (100 

points per slope) were regrouped into the DEM transects and were averaged so that the 

water erosion rates on the grid nodes of the DEMs represented the average water erosion 
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rates of the respective sections (length = DEM spacing). Each individual grid node had 

two values, calculated from the North-South transect and the East-West transect, and the 

sum of these two values was the water erosion rate assigned to this grid node. 

To compare the two sites and to isolate the effect of topography, WEPP was run 

for a second time on the Deerwood site using the Cyrus site’s climate, management and 

soil data. This reanalysis was also performed, because: 1) heavier implements, similar to 

those used on the Cyrus site, had previously been used on the Deerwood site during the 

early-1950s to the late-1980s; and 2) the local annual precipitation on the Deerwood site 

(567 mm, Table 3.1) is considerably greater (about 30 - 65 mm) than that of the other 

climate stations in southwestern Manitoba, Canada (Environment Canada, 2006) and 

greater than the simulated annual precipitation (422 mm).  This indicates that using the 

coarse scale climate data in the WEPP database might have considerably underestimated 

the local precipitation at the Deerwood site.  

The water erosion component of WaTEM is a three-dimensional model based on 

RUSLE but incorporates routing algorithms to simulate both convergent and divergent 

water flows.  At each site, The Govers (1991)-routing-algorithm was used, and the 

Transport Capacity Coefficient (kTc) was assumed to be 170 m. Additional parameter 

settings for the Cyrus site were based on Papiernik et al. (2005) and included: 1) a 

rainfall-runoff erosivity factor (R-factor) of 1532 MJ mm ha-1 h-1 yr-1; 2) a soil erodibility 

factor (K-factor) of 0.037 Mg ha h ha-1 MJ-1 mm-1; 3) a cover / management factor (C-

factor) of 0.21; and 4) a support practice factor (P-factor) of 1.0.  The parameter settings 

for the Deerwood site were: 1) a R-factor of 865 MJ mm ha-1 h-1 yr-1; 2) a K-factor of 
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0.017 Mg ha h ha-1 MJ-1 mm-1; 3) a C-factor of 0.27; and 4) a P-factor of 1.0 (Wall et al., 

2002). 

3.3.3  Tillage Erosion ---- TillEM 

Tillage erosion was estimated for the two sites using the tillage translocation 

model described in detail by Lobb and Kachanoski (1999). In brief, tillage translocation 

is simulated using a multiple linear function: 

 

TM  = α + β θ +  γ φ                                                           (1) 

 

where: TM is the translocation in mass per unit width of tillage (kg m-1 pass-1); α is the 

intercept of the linear regression equation, representing tillage translocation unaffected by 

slope gradient or slope curvature (kg m-1 pass-1); β is the coefficient for slope gradient, 

representing the additional tillage translocation due to slope gradient (kg m-1 %-1 pass-1); 

θ is slope gradient, positive when downslope and negative when upslope (%); γ is the 

coefficient for slope curvature, representing the additional tillage translocation due to 

slope curvature (kg m-1 (%-1 m) pass-1); and φ is slope curvature, positive for convex and 

negative for concave (% m-1). 

Tillage erosion is calculated as: 
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where: ETi is the estimated tillage erosion, positive for soil loss and negative for soil 

accumulation (kg m-2 pass-1); M is the mass of soil per unit area above some specified 

base elevation (kg m-2); t is time (yr); and s is the length in any specified horizontal 

direction (m). 

Based on Eq. 2, the TillEM, written in Visual Basic 6.0® code, was developed to 

calculate point-tillage-erosion rates using topographic data. Technically, the TillEM runs 

on lines both parallel and perpendicular to the direction of tillage, representing forward 

and lateral tillage translocation, respectively. For the forward tillage translocation, β and 

γ were determined by previous translocation experiments. At the Deerwood site, Li et al. 

(Section 2.4.6) reported that for a full sequence of tillage operations (one pass of deep-

tiller, one pass of light-cultivator followed by air-seeder and two passes of spring-tooth-

harrow) , β = 1.7 kg m-1 %-1 yr-1 and γ = 6.4 kg m-1 (%-1 m) yr-1. Using the tillage 

translocation data of Lobb et al. (1999), a sequence of one pass of mouldboard plow, two 

passes of tandem disc and one pass of field cultivator was estimated to have a β = 6 kg m-

1 %-1 yr-1 and a γ = 12 kg m-1 (%-1 m) yr-1 at the Cyrus site. For the lateral tillage 

translocation, the values of β and γ were assumed to be one-half of those for the forward 

tillage translocation (Lobb et al., 1999). The β and γ values of the Cyrus site were also 

used on the Deerwood site to isolate the effect of topography on tillage erosion in the 

comparison of the two sites. 

 

 

 

 



 73

3.3.4  Total Soil Erosion --- 137Cs Measurements 

The 137Cs technique has previously been shown to be an effective tool to estimate 

point-total-soil-erosion rates and has been widely used to validate both water and tillage 

erosion models (e.g. de Jong et al., 1983; Quine et al., 1997; Walling et al., 1998; Lobb et 

al., 1999; Pennock, 2003).  The Mass Balance Model 2 (MBM2) in the Cs-137 Erosion 

Calibration Models software (Walling et al., 2001) was used to convert point-137Cs 

inventories into point-total-soil-erosion rates. The MBM2 takes into account the time-

variant fallout 137Cs input rate and the fate of the freshly deposited fallout before it is 

incorporated into the till-layer by tillage.  The MBM2 is generally considered superior to 

the proportional model and the simplified mass balance model (Walling et al., 2001; 

Hassouni et al., 2006).  

For both sites, the estimated northern hemisphere annual 137Cs deposition flux 

data supplied with the software were used as the 137Cs fallout data (starting from 1954).  

The “start year of cultivation” was set at 1954, even though the actual cultivation history 

to 2002 is approximately 100 and 75 yrs for the Cyrus and Deerwood sites, respectively.  

The “mass plough depth” was calculated from the measured average tillage depth and 

soil bulk density (ρ) and was 294 kg m-2 and 205 kg m-2 for the Cyrus and Deerwood site, 

respectively. The “relaxation mass depth” (HMBM2) and the “particle size correction 

factor” (P MBM2) were assumed to be 4.0 kg m-2 and 1.0, respectively (He et al., 1997; 

Walling et al., 2001). 

The proportion of annual 137Cs input susceptible to removal by erosion (γMBM2) 

was estimated using the WEPP-simulated average monthly runoff pattern and the 

associated tillage operations. At the Cyrus site, intensive rainfall runoff events typically 
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occur from April to September and the spring and fall tillage operations generally occur 

in May and October. The minimum γMBM2 was calculated as the ratio of precipitation 

between May and October to the total annual precipitation (0.65). The γMBM2 value for 

the Cyrus site was adjusted to 0.70 to account for spring and late-fall snowmelt runoff 

events. Using similar methods, the γMBM2 value for the Deerwood site was estimated to be 

0.75. 

3.3.5  Landscape Segmentation 

The LandMapR® toolkit of programs (including FlowMapR, FormMapR, 

FacetMapR and WeppMapR) developed by MacMillan (2003) was used for the 

landscape segmentation of the two sites. LandMapR uses a DEM to automatically extract 

a variety of topographic features of the landscape to classify the landscape into landform 

elements through user-defined fuzzy rules (based on tacit knowledge of landform 

segmentation and soil mapping). Following a specified order, FlowMapR computes flow 

topology for simulated surface water flow in both the down-slope and up-slope 

directions, FormMapR computes a series of terrain derivatives for the input DEM, and 

FacetMapR automatically applies the user-defined fuzzy rules to segment the landscape 

into different landform elements. 

The DEMs of the two sites were imported into the programs and the parameter 

settings included: 1) FlowMapR, a “maximum area of pit to remove” of 10 cells (1000 m2 

and 640 m2 for the Cyrus site and the Deerwood site, respectively) and a “maximum 

depth of pit to remove” of 0.15 m were used; 2) FormMapR, the threshold values for the 

“upslope area” and the “depression area” were both set at 420 cells (larger than the entire 

area of each DEM); and 3) FacetMapR, program-supplied fuzzy-facet-attribute-rule and 
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facet-classification-rule files (which have been widely applied in Canada) were used. 

Fifteen landform elements (15-class LE) were classified and were further grouped into 

four landform elements (4-class LE) (Table 3.2). The 4-class landform classification 

primarily characterizes the relative position to the hilltops and/or depressions (i.e. pits) 

and the profile topographic feature; whereas the 15-class landform classification 

characterizes plan topographic feature as well. 

 

Table 3.2  General characteristics of the landform elements. 

 

3.3.6  Statistical Analysis 

Model-estimated water and tillage erosion rates and landform element data were 

determined for each DEM grid node and these points did not necessarily coincide with 

the sampling points. GS+ 5.1.1® point kriging was used to interpolate the erosion rate 

data onto the sampling points. To avoid smoothing, the searching radius of the 

interpolation was set to equal the DEM spacing, so that for a given point, data from a 

maximum of the five closest points were used in the interpolation. The landform element 
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assigned to each sampling point was that of its closest grid node(s) in the DEM (Figure 

3.2a and b). 

The interpolated data and the 137Cs estimated total soil erosion of the sampling 

points were examined with SAS 9.0®. Pearson correlation coefficients (r) were used to 

indicate the correlations between different variables (SAS 2002).  The significance of r 

was grouped into three categories, i.e. P ≤ 0.10, ≤ 0.01, ≤ 0.001, and were denoted using 

†, ** and ***, respectively. For each variable, the Ryan-Einot-Gabriel-Welsch multiple-

range test (REGWQ test) was used to test the significance of differences (P ≤ 0.05) 

between the means in different landform elements. REGWQ test was chosen because the 

test controls both type I errors and type II errors (SAS 2002). 

 

 

3.4  Results and Discussion 

 

 

3.4.1  The Cyrus Site 

3.4.1.1  Patterns of Estimated Water, Tillage and Total Erosion. At the Cyrus site, 

WEPP-estimated water erosion rates ranged from 0.2 to 57.5 Mg ha -1 yr-1 (Figure 3.3a), 

averaged 18.8 Mg ha -1 yr-1 (Table 3.3) and the entire mapped field area showed soil loss. 

The basic pattern was that lower soil loss occurred in the upper-slope areas and higher 

soil losses occurred in the mid-slope and lower-slope areas, with the highest rates of soil 

loss located on the lower part of the knoll (Figure 3.3a). WaTEM-estimated water erosion 

rates ranged from –127.8 to 98.2 Mg ha -1 yr-1 (Figure 3.3b) and averaged 24.9 Mg ha -1 
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yr-1 (Table 3.3). The major patterns of WaTEM- and WEPP- estimated water erosion 

were similar. However, WaTEM estimated considerably greater soil loss on the upper 

part of the trough and the slightly concave slope towards the east, and considerably 

greater soil accumulation near the lower end of the trough (Figure 3.3b).  This suggests 

that WaTEM captured the major convergent water flows better than the WEPP procedure 

used in this study. These noticeable differences between the WEPP and WaTEM 

estimations reinforce that there is a great deal of uncertainty associated with water 

erosion modeling.  

TillEM-estimated tillage erosion rates ranged from –25.6 to 44.9 Mg ha -1 yr-1 and 

averaged 1.1 Mg ha -1 yr-1 (Figure 3.3c and Table 3.3, respectively). The pattern, as 

expected, varied with the local relief, in particular with slope curvature. Overall, the total 

area of soil loss was approximately the same as that of soil accumulation. The highest 

rates of soil loss were found on the top of the knoll, which has a convex shape, and the 

highest soil accumulation was found in the trough and on the eastern side-slope of the 

knoll, which are both concave in shape (Figure 3.3c).   

The 137Cs-estimated total soil erosion rates ranged from -97.2 to 25.5 Mg ha -1 yr-1 

and averaged 20.3 Mg ha -1 yr-1 (Figure 3.3f and Table 3.3).  More than 90 % of the 

mapped field area showed soil loss. The highest soil losses were located on the lower part 

of the knoll and the trough, while soil accumulation was mainly found in the footslope 

and toeslope areas (Figure 3.3f). 
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Figure 3.3  Estimated a. Water (WEPP), b. Water (WaTEM), c. Tillage (TillEM), d. Water (WEPP) + Tillage, e. Water (WaTEM) + 

Tillage, and f. Total (137Cs) soil erosion at the Cyrus site. 
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Table 3.3  Erosion estimates in different landscape elements at the Cyrus site. 

 

 

The pattern of 137Cs-estimated total erosion did not agree well with the patterns of 

either the model-estimated tillage or water erosion, indicating that neither water or tillage 

erosion alone was able to explain the total soil erosion evident at this site.  In addition, 

the patterns of water (WEPP) + tillage erosion (Figure 3.3d) and water (WaTEM) + 

tillage erosion (Figure 3.3e) did not agree well with the pattern of the 137Cs estimated 

total erosion. The absence of wind erosion data and the errors associated with the models 

and 137Cs estimations might partly explain these discrepancies. However, wind erosion is 

comparatively uniform within a small area and should not greatly affect the results 

(Pennock et al., 1999).  Also the errors associated with the models and 137Cs estimations 

primarily affect the magnitude of the estimated value, not the pattern (see the discussion 
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of errors below). Therefore, a further explanation for these discrepancies could be that 

tillage and water erosion might not always be additive and more complicated interactions 

between these two processes may exist.  

 

3.4.1.2  Correlation Analyses. The correlation analyses for erosion estimates at the 

Cyrus site (Table 3.4) show that both WEPP- and WaTEM-estimated water erosion 

(EWepp and EUsle, respectively) and TillEM-estimated tillage erosion (ETi) were 

significantly correlated with 137Cs-estimated total soil erosion (ECs).  Therefore, both 

water and tillage erosion contributed to the total soil erosion at this site. However, 

overall, the correlations were weak since each of the three models explained only a small 

part of the variance of the total soil erosion. The estimates of the two water erosion 

models were significantly correlated with each other, but the correlation (r = 0.40***) was 

also considered to be weak given that in theory, the two models should have produced 

identical results. Again, this confirms that there is a high degree of uncertainty associated 

with water erosion modeling. In addition, no significant differences were found between 

EWepp (r = 0.31***) and EUsle (r = 0.22***) when correlated with ECs. The r-value of ETi (r = 

0.19**) was significantly lower than, but still close to, the r-values of EWepp and EUsle 

when correlated with ECs.  This suggests that the influence of water erosion is stronger 

than tillage erosion at this site, but still not strong enough to dominate the total erosion 

pattern across the field. 

The r-values of the sum of water and tillage erosion (EWepp+Ti , r = 0.35*** and 

EUsle+Ti, r = 0.31***), when correlated with ECs, were both larger than those of the 

component model estimates (i.e. EWepp/EUsle and ETi), indicating the superiority of 
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combining water and tillage erosion models. The correlation between EWepp+Ti and EWepp 

(r = 0.75***) was larger than the correlation between EWepp+Ti and ETi (r = 0.65***), the 

correlation between EUsle+Ti and EUsle (r = 0.91***) was much larger than the correlation 

between EUsle+Ti and ETi (r = 0.08NS).  Again, this suggests that based on the models, 

water erosion contributed more than tillage erosion at the Cyrus site. To avoid the effects 

of systematic errors associated with the model and 137Cs estimations, multiple-correlation 

analyses of ECs against both EWepp and ETi, and of ECs against both EUsle and ETi were 

conducted (r = 0.39*** and 0.34***, respectively).  The multiple-correlation coefficients 

were very close to those of EWepp+Ti and EUsle+Ti, respectively.  This suggests that the 

systematic errors were not the reason for the observed weak correlations and further 

suggests that a possible interaction exists between the two erosion processes. 

Further correlation analyses of the models estimates with the 137Cs estimates were 

conducted on each transect parallel and perpendicular to tillage direction (Appendix B.1). 

The r-values of EWepp+Ti and EUsle+Ti, in general, were much greater than those of EWepp / 

EUsle and ETi, which again confirms that combining water and tillage erosion model 

provides better estimation of total soil erosion. The r-values of EWepp, in general, were 

considerably greater than those of EUsle for transects parallel to the tillage direction. This 

could be explained by the fact that the WEPP procedure used in this study accounted for 

the influences of tillage on the directionality of water flows and, therefore, water erosion.  
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Table 3.4  Correlation coefficients for erosion estimates at the Cyrus site*. 

  

 

3.4.1.3  Landscape Segmentation. At the Cyrus site, only three of the 4-class landform 

elements and seven of the 15-class landform elements defined in LandMapR were 

expressed (Table 3.3). For the three 4-class LEs, 137Cs-estimated soil loss (ECs) was 

ranked mid-slope (MID) >> upper-slope (UP) >> lower-slope (LOW) (REGWQ test, 

significant at P ≤ 0.05). For water erosion, both WEPP and WaTEM estimated the 

highest soil loss in MID and significantly lower soil loss in UP and LOW.  Overall, the 

EUsle was much greater than EWepp in MID and UP but much less than EWepp in LOW.  In 

addition, high variability was found for the EUsle in LOW (SD = 36.4 Mg ha-1 yr-1).  

TillEM-estimated tillage erosion showed soil loss in UP, negligible soil accumulation in 

MID and considerable soil accumulation in LOW. Comparing EWepp, EUsle and ETi to 

EWepp+Ti and EUsle+Ti, tillage erosion contributed about 50 - 70 % soil loss in the upper-

slope landscape positions.  These results are comparable to those reported by Lobb et al. 

(1995) and Lobb and Kachanoski (1999).  In addition, water erosion dominated in MID 

and tillage-induced soil accumulation compensated for about 10 - 30 % water-induced 

soil loss in LOW.  
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Noticeable differences were found between the 15-class LEs corresponding to the 

same 4-class LEs (Table 3.3). The most significant differences were found for ETi, of 

which: in UP, divergent-shoulder (DSH) >> upper-depression (UDE); in MID, divergent-

backslope (DBS) >> backslope (BSL) >> convergent-backslope (CBS); and in LOW, 

toeslope (TSL) > footslope (FSL). Landform elements with similar local topographic 

features appeared to have close ETi means.  For example: UDE, CBS and FSL were 

concave and showed tillage-induced soil accumulation (-4.0, -13.9 and –4.0 Mg ha-1 yr-1, 

respectively); both DSH and DBS were convex and showed high tillage-induced soil loss 

(11.0 and 11.7 Mg ha-1 yr-1, respectively); and both BSL and TSL were linear and showed 

near zero tillage erosion (-0.5 and 0.7 Mg ha-1 yr-1, respectively). For the other erosion 

estimates, a common pattern emerged in that the differences between the 4-class LEs 

were considerably greater than the differences between the subdivided 15-class LEs.  For 

example, for EWepp, no significant differences were found between DSH and UDE (UP), 

between BSL and DBS (MID) and between FSL and TSL (LOW), whereas BSL and 

DBS >> FSL and TSL >> DSH and UDE. The two water erosion estimates, EWepp and 

EUsle, showed quite different patterns.  Within the same 4-class LEs, EWepp and EUsle of the 

15-class LEs were ranked in opposite orders (e.g. in UP, for EWepp, DSH > UDE, but for 

EUsle, DSH < UDE).  The means of EUsle were much greater than EWepp in UP and MID 

(except for DBS), but were much lower than EWepp in LOW. A possible reason for this 

discrepancy was that WaTEM captured the major divergent and convergent water flows 

better than the WEPP procedure used in this study and, therefore, estimated more soil 

loss in convergent landforms (UDE and CBS), less soil loss in divergent landforms (DSH 

and DBS) and probably more soil accumulation in FSL and TSL as well. However, much 
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greater uncertainty was found for EUsle (e.g. in CBS, FSL and TSL, SD = 34.5, 42.5 and 

23.5 Mg ha-1 yr-1, respectively).  This is likely due to the fact that in these landform 

elements, WaTEM estimated stronger runoff, which can cause either more intensive soil 

loss when the transportation capacity was not exceeded or intensive soil accumulation 

when the transportation capacity was exceeded. 

For the 15-class LEs, the patterns of EWepp+Ti and EUsle+Ti were similar to the 

pattern of ECs in the five UP and MID elements but not in the two LOW elements (Table 

3.3). According to the model estimates: in BSL and TSL, total soil erosion was largely 

determined by water erosion; in DSH and DBS, tillage erosion contributed about 55 – 70 

% and 25 - 30 % to the total soil loss, respectively; and in UDE, CBS and FSL, tillage-

induced soil accumulation compensated for about 35 – 100 %, 30 - 75 % and 15 - 70 % 

of the water-induced soil loss, respectively. The large discrepancies found between 

EWepp+Ti, EUsle+Ti and ECs in UDE, CBS, FSL and TSL suggests that there is a high 

uncertainty associated with the modeling, especially the water erosion modeling, and/or 

there is high variability of soil erosion that actually occurred in these landform elements. 

It is possible that the interactions between water and tillage erosion was another major 

cause of this high variability. However, since we were limited by the high uncertainty 

associated with the modeling, it was difficult to examine the pattern of the interactions 

and to isolate the contributions of the interactions from those of water and tillage erosion 

alone and those of their linkages. 

The landscape segmentation analyses at the Cyrus site suggests that the use of 

landscape segmentation procedure provides valuable information on the variations of soil 

erosion across the landscape.  The data also suggests that the 4-class landform 
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classification captured the major pattern of these variations.  However, the 15-class 

landform classification differentiated tillage erosion pattern more precisely and provided 

more information on the pattern of water erosion as affected by the convergent and 

divergent water flows. 

 

3.4.2  The Deerwood Site 

3.4.2.1 Patterns of Estimated Water, Tillage and Total Erosion.  At the Deerwood 

site, the WEPP-estimated water erosion rates ranged from –1.6 to 8.4 Mg ha -1 yr-1 

(Figure 3.4a) and averaged 1.9 Mg ha -1 yr-1 (Table 3.5). About 70 % of the mapped field 

area showed soil loss between 0 and 3 Mg ha -1 yr-1, while the bottom of the bowl 

(depression) showed soil accumulation. The pattern of the WaTEM estimates (Figure 

3.4b) was similar to that of the WEPP estimates, except that WaTEM estimated soil loss 

over the entire mapped field area, including the depression area. Compared to the Cyrus 

site, estimated water-induced soil loss at the Deerwood site was considerably lower.  The 

primary reason for this is due to the shorter slope lengths at the Deerwood site. The 

TillEM-estimated tillage erosion rates ranged from –6.5 to 14.5 Mg ha -1 yr-1 (Figure 

3.4c) and averaged 2.2 Mg ha -1 yr-1 (Table 3.5) with the highest soil losses at the top of 

the ridge and soil accumulation in the bowl area. In comparison to the three models, the 

137Cs-estimated total soil erosion rates ranged from –27.5 to 42.0 Mg ha -1 yr-1 (Figure 

3.4f) and averaged 12.1 Mg ha -1 yr-1 (Table 3.5).  

The patterns of the 137Cs-estimated total soil erosion, water (WEPP) + tillage 

erosion (Figure 3.4d) and water (WaTEM) + tillage erosion (Figure 3.4e) were both more 

similar to that of tillage erosion than water erosion.  This suggests that tillage erosion is 
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the dominant erosion process at the Deerwood site. The large discrepancy between the 

model and 137Cs estimates suggests that there might be systematic errors in the models.  

These errors were likely caused by the absence of data relating to the historically used 

heavier tillage implements and the low accuracy of the climate data.  

With the use of the Cyrus climate, management and soil data, the WEPP-

estimated water erosion (EWeppC) and the TillEM-estimated tillage erosion (ETiC) showed 

patterns almost identical to that of EWepp and ETi, respectively (maps not shown). The data 

range of the combined model (EWeppC+TiC) (-17.5 to 66.2 Mg ha -1 yr-1 with an average at 

12.4 Mg ha -1 yr-1), were close to the range of ECs, suggesting that the climate and 

management data from the Cyrus site might be more realistic than the generated climate 

and management data used at the Deerwood site. 

 

3.4.2.2 Correlation Analyses.  Correlation analyses provided further evidence that 

tillage erosion is the dominant erosion process at the Deerwood site (Table 3.6).  For 

example: 1) ETi was significantly correlated with ECs (r = 0.56***); 2) The r-values of 

EWepp (r = 0.30†) and EUsle (r = -0.20NS) were significantly lower than that of ETi, when 

correlated with ECs; 3) The combined models, EWepp+Ti and EUsle+Ti, had r-values (r = 

0.59*** and 0.49***, respectively) which are similar to that of ETi, when correlated with 

ECs; 4) The correlation coefficients determined for EWepp+Ti and ETi (r = 0.94***) and for 

EUsle+Ti and ETi (r = 0.92***) were very strong and were considerably larger than the 

correlations between EWepp+Ti and EWepp (r = 0.55***) and between EUsle+Ti and EUsle (r = 

0.17NS), respectively; and 4) D and CSt were significantly correlated with ETi (r = -0.24† 

and 0.39**, respectively). 
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Figure 3. 4  Estimated a. Water (WEPP), b. Water (WaTEM), c. Tillage (TillEM), d. Water (WEPP) + Tillage, e. Water (WaTEM) + 

Tillage, and f. Total (137Cs) soil erosion at the Deerwood site. 
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Table 3.5  Erosion estimates in different landscape elements at the Deerwood site. 

  

Table 3.6  Correlation coefficients for erosion estimates at the Deerwood site*. 
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Similar to the Cyrus site, EWepp and EUsle were significantly correlated (r = 0.51***) 

but the correlation was not that strong and the uncertainty associated with water erosion 

modeling was considered to be high (Table 3.6). The strong correlations found between 

EWepp and EWeppC (r = 0.94***), between ETi and ETiC (r = 0.97***) and between EWepp+Ti 

and EWeppC+TiC (r = 0.98***) suggest that at the Deerwood site, the patterns of the model 

estimates were not sensitive to the input climate, management and soil data and, 

therefore, were considered largely determined by the topographic data  

For the transect data, correlation analyses of model estimates against 137Cs 

estimates also demonstrated the dominant effect of tillage erosion (Appendix B.2). The r-

values of ETi were generally much greater than the respective r-values of EWepp and EUsle 

and were close to the respective r-values of EWepp+Ti and EUsle+Ti. For transects parallel to 

the tillage direction, the r-values of EWepp again were found to be considerably greater 

than those of EUsle, suggesting the existence of the directionality of water erosion induced 

by tillage operations.  

 

3.4.2.3  Landscape Segmentation.  At the Deerwood site, only two of the 4-class 

landform elements and five of the 15-class landform elements defined in LandMapR 

were expressed (Table 3.5). For the two expressed 4-class LEs, the three water erosion 

estimates showed a consistent pattern with MID >> UP (REGWQ test, P ≤ 0.05).  These 

results are similar to those found at the Cyrus site.  No significant differences were found 

between MID and UP for all the other erosion estimates.  Based on the model estimates, 

tillage erosion contributed about 65 - 80 % soil loss in UP and about 40 – 50 % soil loss 

in MID at the Deerwood site. 
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Except for the three water erosion estimates, all the other model estimates showed 

significant differences between DSH and UDE, and between BSL, DBS and CBS (Table 

3.5). The differences were largely dependent on the values of ETi and varied in a similar 

pattern to that of ETi, with the highest soil losses observed in the DBS and DSH and the 

greatest soil accumulation and/or the lowest soil loss occurring in the UDE and CBS. The 

differences between the individual 15-class LEs appeared to be greater than the 

differences between the two 4-class LEs. For the 15-class LEs, the respective patterns of 

ETi, EWepp and EUsle were the same as those at the Cyrus site. However, variations of 

model-estimated water erosion over the different 15-class LEs were comparatively 

smaller than those at the Cyrus site.  Based on the model estimates, tillage erosion 

contributed about 70 - 85 %, 65 – 70 % and 25 – 45 % soil loss in the DSH, DBS and 

BSL, respectively.  Tillage erosion also compensated for most of the water-induced soil 

loss in CBS and caused soil accumulation in UDE.   

 

3.4.3  Errors 

 

3.4.3.1  Errors Associated With Erosion Model Estimates.  Inaccuracy of the climate, 

soil, management (i.e. tillage, crop rotation) and topographic data may have all 

contributed errors to the water erosion model estimates. For both WEPP and WaTEM, 

the patterns of the estimated water erosion were largely determined by the topography. 

The effect of the climate, soil and management data on the estimated water erosion rates 

was expected to be the largest in the lower-slope, as shown in Figure 3.1. This might be a 

major reason for the large discrepancies between ECs and EWepp+Ti / EUsle+Ti in the FSL and 
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TSL observed at the Cyrus site. However, the use of Cyrus site’s climate, soil and 

management data on the Deerwood site and a sensitivity test of WaTEM demonstrated 

that the general patterns of the estimated water erosion were not sensitive to different 

climate and management data. Also, WEPP output was not sensitive to the alteration of 

the three major soil types at the Cyrus site.  In addition, the alteration of K-factor values 

in WaTEM did not make noticeable changes on the pattern of the estimated water 

erosion. Overall, the major patterns of both WEPP- and WaTEM-estimated water erosion 

in this study were similar.  However, the fact that large discrepancies existed between 

EWepp and EUsle, indicates that there is still high uncertainty associated with water erosion 

modeling. Neither model was considered to be superior to the other, but it appears that 

WaTEM captures the major water flows better, while the WEPP procedure was better 

able to account for the tillage-induced directionality of water erosion.  

Compared to water erosion, tillage erosion is relatively simple to model. The 

magnitude of the estimated tillage erosion varies across the landscape as a result of only 

two coefficients, β and γ.  Based on previous research, tillage erosion was expected to be 

more sensitive to β (Lobb et al., 1999). However, as evident by using the Cyrus site’s 

coefficients at the Deerwood site, the pattern of estimated tillage erosion was not 

sensitive to β and γ. WaTEM also provides a tillage erosion model, but this model does 

not account for the effect of the variation of slope curvature (i.e. γ = 0) and, therefore, 

was not used in this study. Nonetheless, a test with the Cyrus data showed that the 

WaTEM estimates were very similar to the TillEM estimates (r = 0.89). 

 

3.4.3.2  Errors Associated With 137Cs Estimates.  The MBM2 used in this study is one 

of the most sophisticated models for converting 137Cs inventories into total erosion rates, 
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but it requires more data inputs (i.e. γMBM2, PMBM2 and HMBM2) than the widely used 

proportional or simplified mass balance model. Calculating γMBM2 using the averaged 

climate data, assuming that PMBM2 was equal to 1.0 and taking HMBM2 values from the 

literature were unavoidable simplifications. Further field experiments are needed to 

obtain more accurate measurements of γMBM2, PMBM2 and HMBM2. A sensitivity analysis 

showed that the output total erosion rates were sensitive to both γMBM2 and PMBM2, but not 

HMBM2.  However, within reasonable γMBM2 and PMBM2 ranges, the output varied by no 

more than 10 %.  Therefore, the accuracy of these parameters was considered to be 

sufficient in this study.  

Another input parameter, and potential source of error was the reference 137Cs 

level used in this study. It was difficult to obtain an accurate value of the reference 137Cs 

level due to the fact that ideal reference sites are rare. The measured reference 137Cs level 

at the Deerwood site had a coefficient of variation of 9.3 %. Nonetheless, the measured 

137Cs levels at both reference sites used this study were comparable to those reported by 

other researchers in the northern NAGP (e.g. de Jong et al., 1983, Pennock et al., 1999). 

In addition, the errors associated with the reference 137Cs level primarily cause a shift 

between soil loss and accumulation, however, the relative differences remain constant 

and, therefore, will not affect the results of the correlation analyses. 

It should be noted that the same software used in this study provides a more 

complicated converting model, the Mass Balance Model 3 (MBM3). MBM3 incorporates 

a two-dimensional tillage erosion model, which does not take into account lateral 

translocation and the effect of changing slope curvature (i.e. γ = 0), and, therefore, might 

not be suitable for topographically complex landscapes.  
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3.4.3.3  Errors Associated With Landscape Segmentation.  Potential errors in the 

landscape segmentation are associated with the fuzzy rules used to classify the landform 

elements. It was recommended that specific rules be created by the user for different 

landscapes. To maintain consistency within this study, the same fuzzy rules supplied by 

the software were used for both sites. However, these fuzzy rules have not been fully 

validated on undulating and/or hummocky landscapes.  Had more accurate classification 

rules been available, the variability of soil erosion estimates within a given landform 

element could be reduced and the interactions between water and tillage erosion might be 

easier to identify. 

 

 

3.5  Conclusions 

 

 

Patterns of water and tillage erosion are fundamentally different within 

topographically complex landscapes. We determined that water and tillage erosion 

models tested alone provide acceptable estimation of total soil erosion only when that 

process is dominant over the other process(es). We found that combining water and 

tillage erosion models generally provided a better estimation of total soil erosion than the 

component models on their own.  

The contributions of water and tillage erosion vary in different landscapes and in 

different landform elements. On undulating slopes, tillage and water erosion both 
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contribute considerably to total soil erosion. Tillage erosion contributes about 50 to 70 % 

towards total soil erosion on upper-slopes; water erosion is the dominant erosion process 

on mid-slopes, and in lower-slopes, tillage-induced soil accumulation compensates for 

approximately 10 to 30 % of the water-induced soil loss. On hummocky knolls, tillage 

erosion dominates the pattern of total soil erosion and the effects of water erosion are 

minor, with tillage erosion contributing for 65 to 80 % of the total soil loss on upper-

slopes and about 40 to 50 % soil loss on mid-slopes. 

Localized water erosion is primarily influenced by the local slope gradient and the 

upslope catchment area. In this study, the highest water-induced soil loss occurred on 

mid-slope landscape positions. Localized tillage erosion is more dependent on the local 

relief, with tillage-induced soil losses occurring on convex landform elements (such as 

divergent-shoulder and divergent-backslope) and tillage-induced soil accumulation 

occurring in convergent landform elements (such as upslope-depression, convergent-

backslope and footslope).  In linear landform elements (such as backslope and toeslope 

landscape positions), tillage erosion is minor. The pattern of total soil erosion is further 

complicated in certain landform elements (such as convergent-backslope, footslope and 

toeslope) by the interactions between water and tillage erosion. However, it is difficult to 

isolate the contributions of the interactions from those of water, tillage erosion and their 

linkages. We suspect that the accuracy of the estimations would be enhanced if the 

interactions between water and tillage erosion could be clearly identified.  

The 4-class landscape segmentation captured the major erosion patterns and the 

15-class landscape segmentation provided additional detail with regards to the variability 

of soil erosion across the landscape. Landform information, which can be used for 
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landscape segmentation, is available in some nationwide soil databases (e.g. Canada and 

China). With these data, landscape segmentation could be used as an effective tool for the 

assessment of water, tillage and total erosion in topographically complex landscapes. 
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3.8  Nomenclature 

 

 

BSL                 backslope 

C-factor  cover / management factor (dimensionless ratio) 

CBS                convergent-backslope 

CR crest 

DBS                divergent-backslope 

DSH                divergent-shoulder 

ECs  137Cs estimated total soil erosion, positive for soil loss, negative for soil 

accumulation (Mg ha-1 yr-1) 

ETi  TillEM estimated tillage erosion, positive for soil loss, negative for soil 

accumulation (Mg ha-1 yr-1) 
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ETiC  TillEM estimated tillage erosion on the Deerwood site using the Cyrus 

site’s tillage erosivity data, positive for soil loss, negative for soil 

accumulation (Mg ha-1 yr-1) 

EUsle  WaTEM estimated water erosion, positive for soil loss, negative for soil 

accumulation (Mg ha-1 yr-1) 

EUsle+Ti  the sum of WaTEM estimated water erosion and TillEM estimated tillage 

erosion, positive for soil loss, negative for soil accumulation (Mg ha-1 yr-1) 

EWepp  WEPP estimated water erosion, positive for soil loss, negative for soil 

accumulation (Mg ha-1 yr-1) 

EWeppC  WEPP estimated water erosion on the Deerwood site using the Cyrus 

site’s climate, management and soil data, positive for soil loss, negative 

for soil accumulation (Mg ha-1 yr-1) 

EWepp+Ti  the sum of WEPP estimated water erosion and TillEM estimated tillage 

erosion, positive for soil loss, negative for soil accumulation (Mg ha-1 yr-1) 

EWeppC+TiC  the sum of WEPP estimated water erosion and TillEM estimated tillage 

erosion on the Deerwood site using the Cyrus site’s climate, management, 

soil and tillage erosivity data, positive for soil loss, negative for soil 

accumulation (Mg ha-1 yr-1) 

FSL                 footslope 

HMBM2 the relaxation mass depth of the initial distribution of fallout 137Cs in the 

soil profile used in MBM2 (kg m-2) 

K-factor  soil erodibility factor (Mg ha h ha-1 MJ-1 mm-1) 

kTc  Transport capacity coefficient used in WaTEM (m) 
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LE landform element 

LOW lower-slope 

M                    the mass of soil per unit area above a specified base elevation (kg m-2) 

MBM2 Mass Balance Model 2 in the Cs-137 Erosion Calibration Models software 

MBM3 Mass Balance Model 3 in the Cs-137 Erosion Calibration Models software 

MID mid-slope 

NAGP North American Great Plains 

P-factor  support practice factor (dimensionless ratio) 

PMBM2 particle size correction factor used in MBM2 (dimensionless ratio) 

R-factor  rainfall-runoff erosivity factor (MJ mm ha-1 h-1 yr-1) 

REGWQ test Ryan-Einot-Gabriel-Welsch multiple-range test 

RUSLE Revised Universal Soil Loss Equation 

s                      the length in any specified horizontal direction (m) 

SH  shoulder-slope 

t                       time (yr) 

TillEM    Tillage Erosion Model 

TM  translocation in mass over a unit width of tillage (kg m-1 pass-1) 

TSL                 toeslope 

UDE                upper-depression 

UP upper-slope 

WaTEM Water and Tillage Erosion Model 

WEPP Water Erosion Prediction Project 
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α  the intercept of the linear regression equation, representing tillage 

translocation unaffected by slope gradient or slope curvature and 

indicating the dispersivity of the given tillage operation (kg m-1 pass-1) 

β  the coefficient for slope gradient, representing the extra tillage 

translocation due to slope gradient and indicating the erosivity of the given 

tillage operation (kg m-1 %-1 pass-1) 

γ  the coefficient for slope curvature, representing the extra tillage 

translocation due to slope curvature and indicating the erosivity of the 

given tillage operation (kg m-1 (%-1 m) pass-1) 

γMBM2 the proportion of the annual 137Cs input susceptible to removal by erosion 

used in the MBM2 model (dimensionless ratio) 

θ  slope gradient, positive when downslope and negative when upslope (%) 

φ  slope curvature, positive for convex and negative for concave (% m-1) 

ρ  dry soil bulk density (kg m-3) 
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4.  MODELING TILLAGE-INDUCED REDISTRIBUTION OF SOIL MASS AND 

ITS CONSTITUENTS WITHIN DIFFERENT LANDSCAPES∗ 

 

 

4.1  Abstract 

 

 

Tillage is a driving force of soil movement in cultivated fields. Soil constituents, 

together with the mass of soil, are redistributed over landscapes by tillage. The pattern of 

tillage-induced soil constituent redistribution is not determined by the pattern of tillage-

induced soil mass redistribution alone because the translocation extent and the transfers 

between the till-layer and the subsoil layer also strongly affect soil constituent 

redistribution.  

In this study, we used a convoluting procedure and developed a model (TillTM) 

to simulate the tillage translocation process, by which to demonstrate tillage-induced soil 

mass and soil organic carbon (as an example of soil constituents) redistribution on four 

hypothetical landscapes: plane slope, symmetric hill, asymmetric hill and irregular hill, 

under different tillage patterns and over different temporal scales. The model was 

                                                 
∗ Li, S., Lobb, D.A. (University of Manitoba), Lindstrom, M.J. (USDA-ARS, retired), Papiernik, S.K. 
(USDA-ARS) and Annemieke Farenhorst (University of Manitoba). 
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validated against field data collected at a site near Cyrus, Minnesota, USA. It was  

determined that tillage erosion is mainly dependent on topography and the effects of 

tillage pattern and temporal scale on tillage erosion are relatively minor. Soil constituent 

content in the till-layer is mainly determined by the number and size of soil loss positions 

in the landscape and the intensity of soil loss occurring on these positions. Net loss of soil 

organic carbon over the landscape occurs in the till-layer and this loss increases over time. 

In contrary, increase of soil organic carbon content in the sub-layer occurs at soil 

accumulation positions. The application of the TillTM on the Cyrus site demonstrated 

that using the model, the pattern of soil organic carbon and inorganic carbon 

redistribution can be precisely estimated and it is possible to use a simpler diffusion 

model to assess the pattern of the soil constituent redistribution through the estimation of 

tillage erosion. 

 

 

4.2  Introduction 

 

 

The redistribution of soil mass and soil constituents has important implications for 

the understanding of the variation of soil properties within landscapes. It has been 

recognized that tillage erosion is a major cause of soil mass redistribution in cultivated 

landscapes (Govers et al., 1999). During tillage, soil constituents are translocated together 

with the soil mass. The redistribution of soil constituents is strongly affected by the 

redistribution of soil mass. In addition, it is affected by the mixing of subsoil into the till-
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layer. For example, on convex positions, due to tillage-induced soil loss, organic-poor 

subsoil is exposed and brought up into the till-layer, which results in the decrease of soil 

organic carbon (OC) content in the till-layer. During the subsequent tillage, the OC-

diluted soil is translocated to further distances and eventually will propagate over the 

landscape and will cause a decrease in OC content in the till-layer over the entire 

landscape, even in concave positions, where soil mass is accumulated. Similarly, in 

landscapes with high-carbonate parent materials, tillage can cause an increase in soil 

inorganic carbon (IC) in the till-layer due to the transfer of carbonate-rich subsoil into the 

till-layer (De Alba et al., 2004). This vertical mixture of soil from different soil horizons 

induced by tillage is referred to as the mixing effect herein. In order to investigate the 

redistribution of soil constituents, the redistribution of soil mass and the mixing effect 

both must be taken into account. 

Studies of tillage translocation and tillage erosion have been focused on the 

redistribution of soil mass. A diffusion model, proposed by Lindstrom et al. (1990) and 

Govers et al. (1994), is used and developed by researchers worldwide to describe tillage 

translocation in different tillage systems (e.g. Quine et al., 1997; Lobb and Kachanoski, 

1999a; Li et al., Chapter 2). In the diffusion models, the intensity of tillage translocation 

is generally characterized by the tillage transport coefficient(s) but no information is 

provided on the transferring of surface soil and subsoil. Kachanoski et al. (1984) 

analyzed the possible effect of vertical mixture due to tillage translocation. Lobb (1997) 

demonstrated the impact of the dispersion of translocated soil and the mixing effect on 

the redistribution of 137Cs. Lobb and Kachanoski (1999b) suggested the use of an 

exponential function to simulate tillage translocation. Van Oost et al. (2000) proposed the 
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use of a convoluting procedure to simulate the translocation process and established a 

model to predict soil constituent redistributions. In further studies, Van Oost et al. (2003a, 

b) extended this model to two dimensions, which accounts for both forward and lateral 

translocation. These researchers concluded that the convoluting procedure is superior to 

the diffusion model in estimating tillage-induced soil constituent redistribution.  

We propose to improve upon these preceding studies by furthering the 

investigation into the redistribution of soil mass and soil constituents under the context of 

different topographic features, tillage patterns and temporal scales. Unlike flat landscapes, 

topographically complex landscapes usually include isolated convexities so that there are 

more areas of tillage-induced soil loss and, therefore, more sources of subsoil transfer 

into the till-layer. The tillage pattern can also affect the redistribution of soil mass and 

soil constituents. For example, when there is a predominant tillage direction, continuous 

soil output from the start-boundary can result in the mixing of subsoil into the till-layer in 

the start-boundary region. This mixed soil (including the subsoil material) will be 

continuously spread out over the rest of the landscape. Temporal scales affect the 

expression of tillage-induced redistribution of soil mass and soil constituents. The mixing 

effect is limited by the translocation distance and may only propagate further under 

continuous tillage. 

Furthermore, although the convoluting procedure is considered to be more 

sophisticated, it requires more detailed information about the translocation process, which 

is not available in most cases. The diffusion model, on the other hand, requires less data 

but still provides acceptable accuracy in estimating the redistribution of soil mass. It is 

important for future modeling practices to examine the differences between the 
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redistribution of soil mass and the redistribution of soil constituents, and to evaluate the 

possibility of using the diffusion model to predict soil constituent redistribution. 

The objectives of this study were: 1) to examine the redistribution of OC (as an 

example of soil constituents) and soil mass on landscapes with different topographic 

features, particularly on topographically complex landscapes; 2) to investigate the effects 

of tillage patterns (directions) and temporal scales on the redistribution of OC and soil 

mass; 3) to compare the differences and/or correlations between the redistribution of soil 

mass and soil constituents; and 4) to evaluate to what extent the redistribution of soil 

constituents could be explained by the redistribution of soil mass. 

 

 

4.3  Materials and Methods 

 

 

4.3.1  Tillage Translocation Simulation 

A convoluting procedure was used in this study to simulate tillage translocation. 

Considering the landscape to be a series of adjacent sections, a given section receives soil 

translocated from its preceeding sections (Figure 4.1.a). Soil in this given section is 

translocated into subsequent sections as well. The mass of soil in this given section after 

one tillage operation is the summation of all the soil translocated from its proceeding 

sections plus the soil in this given section that has not been translocated elsewhere. The 

process can be described using a continuous form function as: 

∫=
x

y
ba dyxPDySxS

0
)()()(                                                                  (1) 
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where 

x, y      are the distances from the original point (m); 

Sa (x)   is the mass of soil per meter width at x after tillage operation (kg m-1); 

Sb (y)  is the mass of soil per meter width at y before tillage operation, which is a 

constant when tillage depth and soil bulk density are considered to be 

uniform across the landscape (kg m-1); and 

PDy (x)  is the probability density of soil translocated from y to x (kg kg-1 m-1). 

The translocation probability density, PDy (x), was simulated using an exponential 

function (Lobb and Kachanoski, 1999b): 
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where 

dy       is the mean translocation distance at y (m).  

Equation (1) and (2) were converted into discrete numeric forms as: 
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x’, y’    are the distances from the original point to the center of the sections (m); 
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Py’ (x’) is the probability of soil translocated from the section centralized at y’ to 

the section centralized at x’ (kg kg-1); 

I           is data interval (m); 

Dmax   is the maximum translocation distance. The probability of soil being 

translocated beyond this range was assumed to be zero (m). 

 

 
Figure 4.1  Illustrations of: a. tillage translocation process; and b. reassignment of soil 

constituent after tillage. 
 
  

The mean translocation distance (dy’) in Equation (4) determines the shape of the 

soil distribution curve, i.e. how much soil is translocated to which distance. In 

mathematical terms, dy’ is the expected value (mean) of the distribution function, and 

indicates the average distance of the soil being translocated. The variation of the 

distribution function, which is an indicator of the dispersion of the translocated soil, is 
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dy’
2. The value of d y’ varies across the landscape. Several factors contribute to this 

variation. Previous studies has proven that for a given tillage implement or tillage 

sequence, the value of dy’ is mainly determined by topographic features, i.e. slope 

gradient and/or slope curvature, at location y’ (e.g. Lindstrom et al., 1992; Lobb et al., 

1999; Li et al., Chapter 2). A linear function was commonly used to calculate dy’:  

dy’ = A + B θy’ + C φy’                                                                (5) 

where 

A       is tillage translocation distance on level land (m); 

B        is additional tillage translocation due to the effect of slope gradient (m %-1); 

θy’       is slope gradient at y’ (%); 

C        is additional tillage translocation due to the effect of slope curvature (m2 %-

1); 

φy’      is slope curvature at y’ (% m-1). 

The values of A, B and C characterize the dispersivity and erosivity of the tillage 

implements (Li et al., Chapter 2). They are determined by implement type, tillage speed, 

tillage depth and various soil properties (Lobb et al., 1999a). For a certain tillage 

implement or tillage sequence, the values of A, B and C are calibrated with field tillage 

translocation experiments. In this study, A, B and C were assumed to equal 1 m, 0.02 m 

%-1, 0.04 m2 %-1 for one full sequence (one year), respectively, which represents a typical 

conventional tillage system (with mouldboard plough) in corn production in the northern 

North American Great Plains (Lindstrom et al., 1992; Lobb and Kachanoski, 1999a; 

Schumacher et al., 1999). 
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4.3.2  Soil Mass and Soil Constituent Redistribution 

Tillage erosion (soil mass loss or gain due to tillage) at a given location is 

calculated by the differences in the soil mass before and after a tillage operation: 

TE (x’) = ( Sa (x’) - Sb (x’) ) = 
⎥
⎥
⎦

⎤
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where 

TE (x’) is net soil mass accumulation per meter width at x’ after the tillage 

operation, a negative value indicating net soil loss (kg m-1) 

Since Sb was considered to be a constant across the landscape, the variation of 

tillage erosion (TE) is solely determined by the integration term in Equation (6). When 

the integration term is less than one, soil loss occurs (Figure 4.1.a, convexities); when the 

integration term equals to one, input and output soil is balanced and no soil loss or soil 

accumulation occurs (Figure 4.1.a, plane slopes); when the integration term is greater 

than one, soil accumulation occurs (Figure 4.1.a, concavities). 

A similar procedure was used to simulate soil constituent redistribution: 
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where 

Ca (x’) is the amount of a soil constituent at location x’ after the tillage operation 

(kg m-1); and 

Cb (y’) is the amount of a soil constituent at location y’ before the tillage operation 

(kg m-1). 

In contrast to Sb, the amount of a soil constituent before the tillage operation, Cb, 

varies over the landscape and over time, so that both Cb and Py (x) affect Ca. 
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4.3.3  TillTM 

A Tillage Translocation Model (TillTM) was developed and written in Visual 

Basic 6.0 ® code. TillTM is a two-dimensional model (in the horizontal and vertical 

dimensions). The inputs for the TillTM are the topography data and soil constituent 

concentration as a function of depth at a series of data points along the tillage direction.  

Three layers are defined for the input data, the up-layer, the mid-layer and the bottom-

layer (Table 4.1). The model runs in loops. Each loop represents one tillage operation or 

one full sequence of tillage operations (e.g. one year). In every loop, TillTM calculates 

the variations of elevation at every data point using Equations (3) to (6). After the first 

loop, the depth of up-layer is set as that of the till-layer. The output from one loop is used 

as the input for the next loop.  

 
Table 4.1  Summaries of the initial TillTM inputs for the hypothetical landscapes and the 

transect at the Cyrus site. 

 

The simulation of soil constituent redistribution involves two steps. Firstly, for a 

given data point, the resulting soil constituent content in the active-till-layer after tillage 
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is calculated using Equation (7). Soil constituent concentration within this active-till-

layer was assumed to be uniform after every tillage operation. Secondly, Soil constituents 

are reassigned for the next tillage sequence according to the change of elevation (soil 

mass loss or gain). On soil loss positions, after tillage, there is a net output of soil mass 

from the active-till-layer (Figure 4.1.b. soil loss position). During the next tillage 

operation, tillage depth will exceed the depth of the original active-till-layer and tillage 

implement will cut into the mid-layer. The top of the original mid-layer becomes a part of 

the current-till-layer and, therefore, soil constituents in this part of the mid-layer are 

assigned to the current-till-layer and the depth of the mid-layer decreases accordingly. 

The mid-layer may eventually disappear on a soil loss position and in which case, the 

current-till-layer sits directly on the bottom-layer, which is assumed to be the parent 

material layer. In contrast, on soil accumulation positions, there is a net input of soil mass 

into the active-till-layer after tillage (Figure 4.1.b. soil accumulation position). During the 

next tillage operation, tillage implements will not be able to reach the bottom part of the 

original active-till-layer. Soil constituents in this untouched part of the active-till-layer 

are assigned to the mid-layer. 

Five-meter width buffer zones were added to both ends (boundaries) of the 

landscapes. The curves in the buffer zone were made so that the slope gradient gradually 

changes to zero. This is based on the fact that in most cases, boundary areas of fields are 

flat. Soil mass and soil constituent loss or gain was averaged within the buffer zones after 

every tillage sequence to simulate tilling the headlands (usually contour tillage) in the 

field boundary areas. The buffer zone data were excluded from the analysis. 

A simplified routine was incorporated into the TillTM to simulate the decay or 
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enrichments of soil constituent due to other processes. For example, OC was assumed to 

decompose at constant rates (decay rate) in different layers. Meanwhile, a constant 

amount of OC was added into the till-layer annually to simulate the input of OC from 

residues and manure applications (Table 4.1). 

 

4.3.4  Hypothetical Landscapes 

Hypothetical elevation data were generated to represent four landscapes: Plane 

Slope (PS), Symmetric Hill (SH), Asymmetric Hill (AH) and Irregular Hill (IH). The PS 

is a straight line with a constant slope gradient of 10 %. The SH has two symmetric side 

slopes with the summit in the middle (100 m). The AH has two asymmetric side slopes 

(i.e. one side slope is shorter and steeper than the other side slope), with the summit to the 

left of middle (50 m). The IH is a secondary fine-scale variation added onto the SH, 

representing a more complex landscape with secondary topographic features. Similar to 

the SH, the IH is symmetric in nature. All the four hypothetical landscapes have the same 

length, data density (0.1 m interval, 2001 data points), and average absolute value of 

slope gradient and approximately the same average slope curvature (Table 4.2). 

Furthermore, for the three hills (SH, AH, IH), the percentages of convex and concave 

portions are also the same. The differences between these four landscapes lie in the 

different ranges and variations of slope gradient and slope curvature. From PS to SH to 

AH, the ranges of slope gradient and slope curvature increase. IH has the widest range of 

slope curvature (-2.36 to 2.32 % m-1) but its range of slope gradient (absolute value, 0.0 

to 22.0 %) is narrower than that of AH (absolute value, 0.0 to 30.6 %).  

Other initial input data for TillTM are summarized in Table 4.1. The amount of 
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OC input equals the decomposed OC if there were no tillage-induced OC redistribution. 

This was set so that the resulting redistribution of OC can be attributed solely to tillage 

translocation. 

 

Table 4.2  Characteristics of the four hypothetical landscapes.  

 

Three tillage patterns have been examined, i.e. forward, backward and alternating-

direction tillage directions. In the forward and backward directions, tillage is conducted 

on the same direction every year, i.e. always forward or always backward. In alternating 

directions, tillage is conducted in opposite directions at the same frequency, i.e. one 

forward followed by one backward. For the two symmetric landscapes (SH and IH), 

forward and backward tillage are the same so only forward tillage was simulated. The 

model was run for 2, 10 and 50 yrs, representing the short-, medium- and long-term 

temporal scales, respectively.  

 

4.3.5  Model Validation ---- The Cyrus Site 

The model was validated using data collected in a field located near the town of 
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Cyrus, in west central Minnesota, USA. The study area (2.7 ha) is an undulating 

landscape and features a trough in the western part, a knoll in the middle and a slightly 

concave slope towards the eastern side of the field (Figure 4.2). The field has been 

cultivated for approximately 100 yrs and has been under conventional tillage (annual 

mouldboard plough and tandem disc) for more than 40 yrs. Tillage was conducted in 

west-east directions, alternately. Major crops grown in this field are corn, winter wheat 

and soybean. Most of the soils in this field site are of the Mollisol soil order in the USDA 

taxonomy and are fine loamy, deep, and moderately to well drained. Soil parent material 

is carbonate-rich Wisconsin-aged glacial till. Previous studies suggested that both water 

and tillage erosion contribute to soil redistribution in this field but the major pattern of 

soil redistribution is dominated by tillage erosion (De Alba et al., 2004; Papiernik et al., 

2005; Li et al., Section 3.4.2).  

Along a transect across the mid-slope in the study area, 19 soil cores were 

collected to a depth of 1.40 – 1.50 m at approximately 10 m density (Figure 4.2). The 

locations of the sample points were surveyed using a Trimble AgGPS-132 system with 

differential correction. Soil samples were sectioned by genetic horizons and were then 

air-dried and sieved through a 2-mm screen. The fine earth portion (soil particles < 2 mm 

in diameter) was subsampled for total carbon (TC) and inorganic carbon (IC) analysis, 

using a LECO 2000 CN analyzer and a pressure calcimeter, respectively. Soil organic 

carbon (OC) was determined by the difference between TC and IC. OC and IC contents 

for horizons (with various depth-ranges for different sample points) were weighted based 

on depth and were converted to an area (volume) basis as the mass of OC and IC within 0 

– 0.25 m and 0.25 –1.00 m depth over a unit area. Samples were also taken at five 
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landscape positions (summit to footslope) on an adjacent grassed hillslope that had no 

documented history of cultivation. The same procedures as those used for the transect 

samples were used to determine the area-based OC and IC contents. 

 

 

Figure 4.2  Topography at the Cyrus site and the locations of the sample points. 
 

Tillage-induced OC and IC redistributions along the transect over the past 100 yrs 

were simulated using TillTM. The model inputs are summarized in Table 4.1. The 

surveyed current elevation data were used since the elevation data prior to the broken of 

the field are not available. A SPLINE function was used to interpolate the elevation data 

to 0.1 m density. The initial OC and IC contents were assumed to be uniform across the 

transect and were calculated by averaging the OC and IC contents, respectively, of the 

samples taken at the mid-slope positions on the grassed hillslope. Soil bulk density (fine 
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earth) was also assumed to be uniform across the transect and was determined for each 

layer by averaging those of the transect samples and the grassed hillslope samples. In 

addition, soil bulk density was assumed not subject to change over time. Tillage pattern 

in TillTM was set as alternating and the A, B and C values were set as the same as those 

used for the hypothetical slopes. For tillage erosion simulation, the model was run for 2 

loops. The output tillage erosion rates, therefore, represent the current intensity of tillage 

erosion. For OC and IC simulation, the model was run for 100 loops to represent the past 

100 yrs. No change was applied to the elevation as a result of ongoing tillage erosion in 

the OC and IC simulation, i.e. the surveyed elevation data were used for all the 100 loops. 

This was done because the current elevation is already smoother than it was 100 yrs ago 

and including the feedback of tillage erosion on  elevation will make the elevation further 

smoothed after every loop and, therefore, more different from that of the past. Also, no 

decay rate and annual input of OC or IC were applied due to the lack of data. The output 

OC and IC content were also converted to an area (volume) basis as the mass of OC and 

IC within 0 – 0.25 m and 0.25 –1.00 m depth over a unit area. The performance of 

TillTM was evaluated using the correlation coefficients between the field measurements 

and the model estimates. 

To examine the profile distribution of soil constituents in detail, 2-cm depth 

increment samples were taken at one baseline location and three locations within the field 

(knoll, trough and footslope, Figure 4.2). The baseline point is located on a level position 

in an adjacent grassed land with no documented cultivation in its history. At each of these 

four locations, seven cores were taken and samples from the same depth range were 

mixed together, air-dried and sieved (2-mm screen). 137Cs radioactivity of these samples 
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was detected at 662 keV using Broad Energy Germanium Gamma spectrometers 

(Canberra BE3830, Landscape Dynamics Laboratory, University of Manitoba, Canada) 

with counting time ranging from 4 to 12 hrs, providing a detection error < 10 %. January 

1, 2000 was used as the reference date of 137Cs radioactivity. Subsamples (5 – 10 g) were 

taken and were digested with 6 N HCl to eliminate the IC. Carbon content in the digested 

samples, which is considered as OC content, was detected using a LECO CN analyzer. 

 

 

4.4  Results and Discussion 

 

 

The results of TillTM simulation for the four hypothetical landscapes are shown 

in Figure 4.3 to Figure 4.6. In these figures, the Elevation charts show the initial elevation 

(0 yr). For each tillage pattern there are three charts: the Tillage erosion charts show the 

average tillage erosion rates of 0 – 2 yr, 2 – 10 yr and 10 – 50 yr; and the Till-layer OC 

and Profile OC charts show the amount of OC within the depth of 0 – 0.20 m (the tillage 

depth) and 0 – 1.00 m, respectively, after the given years of tillage. 

 

4.4.1  Tillage Erosion 

The patterns of tillage erosion on all four hypothetical landscapes were primarily 

determined by topography. On the Plane Slope (PS), most of the landscape in the middle 

showed neither soil loss nor soil accumulation. This is because slope gradient is uniform 

on the PS and, therefore, at a given location, the amount of output soil is exactly the same 
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as the amount of the input soil (Figure 4.3). On the three hills (SH, AH and IH), soil loss 

corresponded to convexities and soil accumulation corresponded to concavities. The 

intensity of tillage erosion (negative for soil loss and positive for soil accumulation) was 

negatively correlated with slope curvature (negative for concavities and positive for 

convexities), i.e. the higher the slope curvature was, the more intensive the soil loss was. 

This is clearly shown when comparing the tillage erosion pattern of the SH to that of the 

AS or IH. On the AS (Figure 4.5), tillage erosion was isolated in a narrower spatial range 

and erosion rates were higher than on the SH (Figure 4.4). This is due to the higher 

absolute values of slope curvature on the hilltop and on the steep side slope on the AS 

compared to those on the SH. On the IH, tillage erosion was mainly determined by the 

secondary (fine-scale) topographic features, i.e. soil loss on small convexities and soil 

accumulation on small concavities (Figure 4.6). Excluding the boundary areas, the local-

tillage-erosion rate of IH was characterized by peaks and valleys or larger amplitude than 

those of the SH and the AH. However, the primary (coarse-scale) topographic features 

also affected the basic trend of tillage erosion, e.g. the highest local-soil-loss rate was 

found on the small convexities on the hilltop.  
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Figure 4.3  Tillage erosion and soil organic carbon (OC) redistribution on a hypothetical Plane Slope. 
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Figure 4.4  Tillage erosion and soil organic carbon (OC) redistribution on a hypothetical Symmetric Hill. 
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Figure 4.5  Tillage erosion and soil organic carbon (OC) redistribution on a hypothetical Asymmetric Hill. 
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Figure 4.6  Tillage erosion and soil organic carbon (OC) redistribution on a hypothetical Irregular Hill. 
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Tillage pattern affected tillage erosion in the boundary areas. Under one-direction 

tillage (forward or backward tillage), the general pattern was characterized by soil loss 

near the start-boundaries and soil accumulation near the end-boundaries (referred to as 

boundary effect). The boundary effect was intensive under one-direction tillage but 

affected a limited distance, typically about 10 m from the boundary after 50 yrs of tillage 

(Figure 4.3 – 4.6). Under alternating-direction tillage, the boundary effect was 

considerably less intensive than that under one-direction tillage because the forward and 

backward translocation cancels each other. It is noteworthy that on the PS, even under 

alternating-direction tillage, noticeable soil loss occurred near the top (left boundary) and 

noticeable soil accumulation occurred near the bottom (right boundary, Figure 4.3). This 

agrees well with field evidence reported by several researchers that soil loss occurs on the 

downside of the field boundaries and soil accumulation occurs on the upside of the field 

boundaries (Govers et al., 1999). 

Excluding the boundary areas, on the PS, SH and AH, tillage erosion rates were 

almost identical for all temporal scales, indicating that temporal scale has no noticeable 

effect on tillage erosion for topographically simple landscapes (Figure 4.3 – 4.5). 

However, on the IH, the peaks and valleys of the 2-yr curve had the highest amplitudes, 

those of the 50-yr curve had the lowest amplitudes and those of the 10-yr curve were in 

between (Figure 4.6). This is due to the feedback of tillage erosion on the topography. 

The ongoing tillage erosion planes off the small convexities and fills up the small 

concavities, i.e. the small convexities and concavities are gradually smoothed out. The 

smoothing of the topography, as a result of tillage erosion, causes the subsequent 

decrease of tillage erosion on this landscape over time. 
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4.4.2  Till-layer OC 

Unlike tillage erosion, which was counted as a rate (the amount of soil mass loss 

or gain per year), Till-layer OC was counted as the total amount of OC in the till-layer. 

Till-layer OC content was lower than or equal to the initial OC level on all the four 

hypothetical landscapes after tillage, indicating that till-layer OC always decreases to 

some extent due to tillage translocation. The decrease of till-layer OC is a result of OC 

dilution due to the mixing effect, the transfer of OC-poor subsoil into the till-layer. The 

till-layer OC did not increase in soil accumulation locations because soil accumulation 

only increases the depth of the high-OC horizon, not the concentration of OC in the till-

layer. The rate and spatial extent of till-layer OC loss were determined by the number and 

size of soil loss spots, which were the sources of transferring subsoil into the till-layer, 

and the extent of the tillage translocation. Topography, tillage pattern (direction) and the 

temporal scale all strongly affect the pattern and intensity of till-layer OC loss.  

The pattern of till-layer OC loss varied dramatically over time. The general trend 

was that the longer the tillage period, the more profound the till-layer OC loss and the 

wider was the till-layer OC loss spread. In the short-term (2-yr), no noticeable till-layer 

OC loss was found on any landscape; in the medium-term (10-yr), till-layer OC loss 

occurred in the soil loss positions; and in the long-term (50-yr), more significant till-layer 

OC loss was observed. And, in addition, the spatial extent of till-layer OC loss went 

beyond the spatial extent of soil loss, in some cases across the entire landscape (e.g. on 

the IH, Figure 4.6). 

Till-layer OC redistribution was also affected by tillage pattern.  Under one-



 128

direction tillage, intensive till-layer OC loss occurred near the start-boundaries in the 

medium-term (10-yr) and propagated to about 50 m in the long-term (50-yr). This is 

because the output of soil mass from the start-boundaries to the rest of the landscape, i.e. 

tillage continuously brings up subsoil and translocates it elsewhere. Under alternating-

direction tillage, the till-layer OC loss in the boundary areas was much less intensive 

because the compensation of input and output of soil mass and, therefore, OC in forward 

and backward tillage. 

Landscape topography, more specifically, the number of convexities and the slope 

curvature of these convexities, determined the pattern and rate of soil loss and, therefore, 

affected the pattern of till-layer OC redistribution.  On PS, other than the boundary areas, 

there was no noticeable till-layer OC loss in the short- and medium-term (Figure 4.3). In 

the long-term, under both backward- (upslope) and alternating-direction tillage, no 

noticeable till-layer OC loss occurred in the non-boundary areas either. Under forward- 

(downslope) tillage, very slight till-layer OC loss was found from about 70 m to 200 m, 

indicating that OC-poor soil has been spread over from the start-boundary to the entire 

landscape through tillage translocation and has caused the slight decrease of OC in the 

non-boundary areas. In fact, this spreading out of the OC-poor soil also occurred under 

backward- (upslope) and alternating-direction tillage, but the effects were even weaker 

than that under forward-direction tillage so that were not expressed (Figure 4.3). The 

differences between forward (downslope) and backward (upslope) tillage directions lie in 

the different tillage translocation intensities: compared to that of upslope tillage, 

downslope tillage translocates soil further and, therefore, propagates the OC-poor soil 

from the start-boundary further and faster. 



 129

On the SH and the AH, the hilltop provides another source of OC-poor soil. Till-

layer OC loss in the hilltops started to show up in the medium-term (Figure 4.4, 4.5). 

Compared to that on the SH, till-layer OC loss on the AS was more isolated. In the long-

term, under alternating-direction tillage, till-layer OC loss extended beyond the soil loss 

area but the patterns of till-layer OC loss were similar to those of soil loss, e.g. maximum 

soil loss corresponded to maximum till-layer OC loss. In contrast, under one-direction 

tillage, till-layer OC loss shifted toward the tillage direction. For example, on the AH, 

under forward tillage for 50 yrs, maximum soil loss occurred at about 35 m, while till-

layer OC content at 35 m (about 4.0 kg m-2) was higher than that at 50 m (about 3.0 kg m-

2) (Figure 4.5). This is because along the tillage direction, a given point in the landscape 

only receives soil from its preceeding points and outputs soil to its subsequent points. At 

the point with the highest local soil loss rate, the OC content in the soil output is lower 

than that in the soil received because the maximum amount of subsoil is transferred into 

the till-layer by tillage at this point. Therefore, at subsequent points, the till-layer OC 

content is lower than that at the point of maximum soil oss. Under one-direction tillage, 

this difference compounds over time and causes a shift of maximum OC-loss-position 

from the maximum soil-mass-loss-position. This shifting effect has an implication in field 

sampling: the lowest till-layer OC might not always be found at locations with the highest 

soil loss rate.   

Till-layer OC loss on the IH (Figure 4.6) was considerably more intensive than 

that on the SH or on the AH (Figures 4.4 and 4.5, respectively) because all the small 

convexities are sources of OC-poor soil.  In the medium-term, significant till-layer OC 

loss occurred on the small convexities and in the long-term, the entire landscape showed 
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significant till-layer OC loss. This indicates that on a topographically complex landscape, 

till-layer OC depletion is more widespread. 

 

4.4.3  Profile OC 

The TillTM provides estimates of both OC content in the till-layer and the sub-

layer. The profile OC takes into account the OC in both the till- and sub-layer (to the 

depth of 1.0 m). Profile OC rather than the sub-layer OC is reported because profile OC 

provides the overall budget of OC at a given location. Unlike the till-layer OC content, 

profile OC content might be greater than the initial level. However, this only occurs at 

some, not all, soil accumulation positions, where the OC-rich surface soil is buried under 

the till-layer. Whether the profile OC content increases or decreases at a soil 

accumulation position is determined by the balance between the decrease of OC content 

in the till-layer and the increase of OC content in the sub-layer. 

For all the four hypothetical landscapes, under alternating-direction tillage, the 

patterns of profile OC agreed well with the respective patterns of tillage erosion: loss on 

convexities and gain on concavities. Under one-direction tillage, in addition to the 

topographic features, profile OC was also affected by tillage direction: loss near the start-

boundaries and gain near the end-boundaries. This is also similar to the pattern of tillage 

erosion. Due to continuous loss (or gain) of soil mass at a given location, the loss (or gain) 

of profile OC generally increased over time. However, in some soil-mass-gain positions, 

profile OC may decrease, For example, on the AH, under forward tillage, in the range of 

about 5 – 10 m, tillage caused soil accumulation. In the medium-term (10-yr), profile OC 

content was greater than the initial level in this area, but in the long-term (50-yr), within 
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the same area, profile OC content was much lower than the initial level (Figure 4.5). This 

could be explained by that the till-layer OC concentration near the start-boundary 

decreases dramatically over time, so that OC concentration in the buried soil also 

decreases dramatically, i.e. from close to the initial till-layer (up-layer) OC level to the 

initial bottom-layer OC level and the overall OC budget in the profile was lower than the 

initial profile OC level. 

On the PS, SH and AH, for most of the landscapes, the patterns of profile OC 

were similar to those of the till-layer OC. On the IH, under both one-direction and 

alternating-direction tillage, the patterns of profile OC were very different from those of 

the till-layer OC, but very similar to the respective tillage erosion patterns (Figure 4.6). 

Profile OC gain was found in the small concavities and increased over time, although soil 

accumulation rate in these small concavities decreased over time. This indicates that 

significant amounts of OC are buried under the till-layer in these small concavities. 

For all four hypothetical landscapes, it appeared that the patterns of both the till-

layer OC and the profile OC, more or less, were similar to the respective patterns of 

tillage erosion, especially under alternating-direction tillage and/or in the medium-term. 

This suggests that the pattern of tillage-induced OC (soil constituent) redistribution can 

be assessed, indirectly, through the estimation of the tillage erosion pattern. The diffusion 

models are much simpler than the convoluting models but diffusion models usually 

provide acceptable accuracy for estimating tillage erosion. These results suggest that 

diffusion models may be useful in assessing the pattern of soil constituent redistribution. 

However, caution should be taken when the tillage is conducted continuously in one 

direction, or more broadly, when there is a predominant tillage direction, because of the 



 132

shifting effect. In addition, in long-term simulation, the spatial extent of OC loss 

exceeding that of soil loss also needs to be taken into account. In these cases, a 

convoluting model similar to the one reported here may provide a more accurate estimate 

of soil constituent redistribution. 

 

4.4.4  The Transect at the Cyrus Site 

The field-measured and TillTM-estimated data along the transect at the Cyrus site 

are shown in Figure 4.7. TillTM-estimated tillage erosion featured two soil loss peaks 

(situated at about 70 m and 100 m, respectively) and two soil accumulation peaks 

(situated at about 40 m and 135 m, respectively). The soil loss peaks corresponded to the 

convex positions and the accumulation peaks corresponded to the concave positions. It is 

noteworthy that in the middle of the knoll (at about 90 m), the estimated local tillage 

erosion rate was close to zero. This is due to the relatively linear topography at this 

location. 

For the OC, the patterns of the field measurements and the TillTM estimates were 

very similar. In the till-layer (0 – 0.25 m), both the field-measured and TillTM-estimated 

OC content was lowest at locations around the two soil loss peaks, where OC-poor 

subsoil is exposed. At the locations of the two soil accumulation peaks, the increase of 

OC content was found considerably less significant. This indicates that the pattern of the 

till-layer OC is primarily determined by the position and spatial extent of soil loss spots, 

the sources of OC-poor soil, and is not significantly influenced by soil accumulation. 

This agrees with the conclusion drawn from the simulations of the hypothetical 

landscapes. In contrast, on both the field-measured and TillTM-estimated sub-layer (0.25 
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– 1.00 m) OC curves, two peaks were found at the same locations as those of the two soil 

accumulation peaks, where OC-rich surface soil was buried under the till-layer. At the 

locations of the two soil loss peaks, OC content was found not to be considerably lower 

than that at the linear locations.  

 

Figure 4.7  Field-measured and TillTM-estimated soil organic carbon (OC) and inorganic 
carbon (IC) contents along a transect at the Cyrus site. 

 

This indicates that the pattern of the sub-layer OC is primarily determined by the 

position and extent of soil accumulation spots, which also agrees with the conclusion 

drawn from the simulations of the hypothetical landscapes. 

The values of the TillTM estimated till-layer OC were considerably greater than 
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those of the field measurements. This suggests that the initial till-layer OC level may be 

greater than the input value (2.7 %) or there is a net loss of OC in the till-layer due to 

water erosion, decomposition and/or leaching (Papiernik et al., 2006). A test has been 

conducted to examine the model outputs with different settings of initial till-layer OC, 

decay rate, surface OC input and the translocation coefficients (i.e. A, B and C in 

Equation 5). The values of the estimated till-layer OC were sensitive to all these 

parameters but the pattern was not (data not shown). This indicates that accurate field 

measurements of these input data are required in order to obtain accurate OC estimates. 

For the IC, the patterns of the field measurements and the TillTM estimates were 

also similar (Figure 4.7). Till-layer IC content was highest at the locations of the soil loss 

peaks and sub-layer IC content was found the lowest at the locations of the soil 

accumulation peaks. These are contrary to the respective patterns of OC in appearance. 

But the mechanisms and processes are essentially the same: the exposure of subsoil at 

soil loss locations and the burial of surface soil at soil accumulation locations. The 

differences lie in the fact that the exposed subsoil is OC-poor but IC-rich and the buried 

surface soil is OC-rich but IC-poor. 

Correlation analysis showed that for both OC and IC, in both the till-layer and the 

sub-layer, the TillTM estimates were significantly correlated with the field measurements 

(Table 4.3). TillTM-estimated tillage erosion also significantly correlated with field-

measured OC and IC in both layers. This confirms that it is possible to use a simple 

diffusion model to estimate the pattern of tillage-induced soil constituent redistribution. 

However, the correlation coefficients (absolute value) of TillTM-estimated tillage erosion 

against the field-measured till-layer OC and IC (0.48* and –0.38†, respectively) were 
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significantly lower than those of the TillTM-estimated against the field-measured till-

layer OC and IC (0.65** and 0.58**, respectively). This suggests the superiority of TillTM. 

In addition, the TillTM provides the values of OC and/or IC directly, while using a tillage 

erosion model, only the patterns of the OC and/or IC can be estimated. 

Table 4.3  Correlation coefficients between field measurements and TillTM estimates of 
a transect at the Cyrus site#. 

 

4.4.5  Depth Increment Profiles at the Cyrus Site 

As shown in Figure 4.2, both the knoll and the trough points are in the middle of 

the north-south oriented slope. Local topography on the knoll is profile- and plan-convex 

and in the trough it is profile-linear and plan-concave. Previous studies (Li et al., Section 

3.4) showed that water erosion causes soil loss at both of these locations. In the trough, 

water-induced soil loss is likely to be more intensive than that on the knoll given that 

water converges into the trough but diverges from the knoll (Figure 4.2). Field evidence 

also indicated that rills are well developed in the trough but not on the knoll. The local 

topography determines that tillage causes soil loss on the knoll but soil accumulation in 

the trough (Figure 4.2, 7). At the footslope location, local topography is profile-slightly-

concave and plan-relatively-linear. Water erosion may cause soil loss or accumulation 

there. Tillage causes soil accumulation on the footslope but the intensity is likely to be 

lower than that in the trough given that the concavity in the trough is greater than that on 
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the footslope. The baseline point is on a flat uncultivated grassed land so that it is 

assumed that there is no water erosion or tillage erosion. 

 

Figure 4.8  a. profile 137Cs content; and b. profile soil OC content, in 2-cm increments at 
four locations at the Cyrus site. The area between the curve and the two axis 
indicates the total 137Cs or soil OC content in the profile to a given depth. 

 

At the baseline point, the 137Cs content continuously decreased to negligible levels 

from the surface (except for the first point) to about 0.40 m (Figure 4.8.a). The basic 

pattern of 137Cs at the three field points (the knoll, trough and footslope points) was 

relatively uniform 137Cs contents within the depth of 0.20 m, decreasing sharply to 

negligible within the depth range of about 0.20 – 0.30 m. This indicates that tillage has 

mixed the 137Cs within the till-layer and that the tillage depth is around 0.20 – 0.30 m. In 

the 0 – 0.30 m depth range, at any given depth, 137Cs content of the three field points 

followed the order: knoll < trough < footslope. Compared to those of the baseline point, 
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the 137Cs contents of the field points were all significantly lower at depths < 0.15 m; At 

depths 0.15 – 0.30 m, the 137Cs contents of the knoll point were close but those of the 

trough and footslope points were significantly greater. The integrated profile total 137Cs 

content (0 – 1.00 m) of the knoll (857 bq m-2) was much lower, that of the trough (1878 

bq m-2) was also lower, and that of the footslope point (2701 bq m-2) was greater than that 

of the baseline point (2224 bq m-2). If 137Cs redistribution were used as a direct measure 

of soil mass redistribution, the loss or gain of 137Cs at the field points (compared to that at 

the baseline point) can be proportionally converted to gross soil erosion rate (-49.2, -12.5 

and 17.2 Mg ha-1 yr-1 for the knoll, trough and footslope point, respectively). 

For OC, at the baseline point, OC content decreased exponentially with depth: 

quickly decreasing in the top about 0.40 m and then slowly decreasing (Figure 4.8.b). The 

OC content remained stable at about 12 kg m-2 (equivalent to about 0.35 %) at depths > 

0.80 m. For all three field points, the integrated profile OC content to the depth of 1.00 m 

(370, 1299, 1158 kg m-2 for the knoll, trough and footslope point, respectively, assuming 

at the knoll point the OC concentration in 0.60 – 1.00 m equals the average OC 

concentration in 0.50 – 0.60 m) were much lower than that of the baseline point (1658 kg 

m-2). The most significant differences in OC content between the field points and the 

baseline point were found from the surface to about 0.30 m, indicating significant OC 

loss in the field within the till-layer at the field points. A reasonable explanation for this 

is that cultivation and cropping causes strong OC decomposition in the till-layer. At the 

knoll point, the OC content was significantly lower than not only that of the baseline 

point but also that of the trough and footslope points at any given depth, suggesting 

significant OC loss resulting from soil loss at the knoll point. A sharp decrease in OC 
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content was found at about 0.25 m. Above and below this depth, OC content remained 

relatively uniform. This indicates that tillage mixes the OC in the till-layer and the tillage 

depth is around 0.25 m, which agrees with the 137Cs measurements.  At the trough and 

footslope points, OC content also continuously decreased from soil surface. However, no 

sharp decreases in OC content were found at 0.25 m, instead, relatively sharp decreases 

in OC content were found in the range of about 0.85 – 1.00 m and of about 0.60 – 0.80 m 

for the trough and the footslope point, respectively. In addition, within the ranges of 

about 0.45 – 0.95 m and about 0.35 – 0.70 m, at the trough and footslope point, 

respectively, OC content was considerably greater than that at the baseline point. Both of 

these indicate that soil is accumulated at the trough and the footslope points: OC-rich 

surface soil is buried under the till-layer. Within about 0.55 – 1.00 m range, OC content 

at the trough point was considerably greater than that at the footslope point, indicating 

soil accumulation at the trough point is more intensive than that at the footslope point. 

At the trough and footslope points, the depth where a sharp decrease in OC 

content occurs can be used as a measure of the intensity of soil accumulation. For 

instance, if till-layer depth is estimated as 0.25 m, soil accumulation at the trough and 

footslope points over the past 100 yrs can be estimated as 0.60 m (0.85 m – 0.25 m) and 

0.35 m (0.60 m – 0.25 m) in total, respectively, or as the averaged rates of 76.8 and 44.8 

Mg ha-1 yr-1, respectively. These are very rough estimates given that the determination of 

the depths were rough and other erosion processes and OC decomposition and leaching 

may strongly affect the OC distribution in the profile as well. However, it does provide 

further evidence that at the trough point, soil is accumulated and the intensity of soil 

accumulation there may even be stronger than that at the footslope point. This contradicts 
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the 137Cs estimation. We believe that the dilution effect due to tillage translocation and 

the change of tillage erosion rate over time due to topography change as a result of 

ongoing tillage erosion are the major reasons for this contradiction.  

The trough point receives soil from its nearby knolls (Figure 4.2), where 137Cs 

concentration in the soil is low (Figure 4.8.a). Soil accumulation is likely to be under 

estimated by using the 137Cs method with a simple proportional model because 

proportionally less 137Cs is accumulated than soil mass is. In contrast, the footslope point 

is further from the knoll so that the influence of the dilution effect there is minor. This is 

also evidenced by the fact that in the till-layer, OC content at the footslope was also 

slightly greater than that at the trough (Figure 4.8.b). In addition, water-induced soil loss 

at the trough may also cause the under-estimation of soil accumulation at the trough point 

because 137Cs is primarily attached to fine particles and these fine particles are more 

susceptible to water erosion than coarse particles. 

The ongoing tillage erosion causes the filling up of the trough and results in the 

decrease of tillage-induced soil accumulation rate over time, similar to that which occurs 

on the small concavities in the Irregular Hill (Figure 4.6). The highest TillTM estimated 

current soil accumulation rate in the trough area was about 60 Mg ha-1 yr-1 (Figure 4.7). It 

is reasonable to speculate that 100 yrs ago, soil accumulation rate in the trough was much 

greater than this current rate. Based on this point of view, the depth-estimated soil 

accumulation rate (76.8 Mg ha-1 yr-1) is not surprisingly high. This also explains why at 

the footslope point, the depth-estimated soil accumulation rate (44.8 Mg ha-1 yr-1) is 

much greater than that of the 137Cs- estimated (17.2 Mg ha-1 yr-1), which only accounts 

for soil erosion over approximately the past about 40 yrs. 
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4.5  Conclusions 

 

 

On topographically simple landscapes, the pattern of tillage erosion does not 

change significantly over time. However, on topographically complex landscapes, the 

feedback of the ongoing tillage erosion on topography is significant. Soil loss rates (on 

the top of fine-scale convexities) and soil accumulation rates (on the bottom of those fine-

scale concavities) both decrease over time. The effect of tillage pattern (direction) on 

tillage erosion is limited in narrow distances near the boundaries. For most part of the 

landscape, tillage erosion is not significantly influenced by tillage pattern. 

Landscape topography, tillage pattern and temporal scale all strongly affect the 

pattern and intensity of soil constituent redistribution. Considering constituents that are 

conservative (no decay/formation), in the till-layer, soil constituent concentration 

decreases (e.g. for OC) or increases (e.g. for IC) on soil loss positions, i.e. convexities 

and/or start-boundary areas under one-direction tillage. This decrease (or increase) builds 

up and extends to soil accumulation areas over time. There is a net loss (or gain) of soil 

constituent in the till-layer from the landscape and this net loss (or gain) is more profound 

on topographically complex landscapes. In the sub-layer, soil constituent content 

increases (e.g. for OC) or decreases (e.g. for IC) on soil accumulation positions, i.e. 

concavities and/or end-boundary areas under one-direction tillage. This increase (or 

decrease) also builds up over time but does not extend to soil loss areas. The pattern of 

profile soil constituent content (in both till- and sub-layer) is similar to that of tillage 

erosion.  
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Tested against field measurements, the TillTM developed has been shown to 

estimate the pattern of the soil constituent redistribution precisely. However, in order to 

obtain accurate estimation of soil constituent content, detailed field measurements of the 

input data are required. Although it is less accurate, a simple diffusion model may also be 

used to assess the pattern of soil constituent redistribution through the estimation of 

tillage erosion, given the similarity between the redistribution patterns of tillage-induced 

soil mass and soil constituents. 
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4.8  Nomenclature 

 

 

A tillage translocation distance on level land (m) 

AH  Asymmetric Hill 

B  additional tillage translocation due to the effect of slope gradient (m %-1) 

C   additional tillage translocation due to the effect of slope curvature (m2 %-1) 

Ca (x’)  the amount of a soil constituent at location x’ after the tillage operation 

(kg m-1) 

Cb (y’)  the amount of a soil constituents at location y’ before the tillage operation 

(kg m-1) 

Dmax  the maximum translocation distance. The probability of soil being 

translocated beyond this range was assumed to be zero (m) 

Dt  tillage depth (m) 

dy  mean translocation distance at y (m) 

I  data interval (m) 

IC  soil inorganic carbon 

IH  Irregular Hill 

OC  soil organic carbon 

Py’ (x’) the probability of soil translocated from the section centralized at y’ to the 
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section centralized at x’ (kg kg-1) 

PDy (x)  the probability density of soil translocated from y to x (kg kg-1 m-1) 

PS  Plane Slope 

Sa (x)  the mass of soil per meter width at x after tillage operation (kg m-1) 

Sb (y)  the mass of soil per meter width at y before tillage operation, which is a 

constant when tillage depth and soil bulk density are considered to be 

uniform across the landscape (kg m-1) 

SH  Symmetric Hill 

TC  soil total carbon 

TE (x’)  net soil mass accumulation per meter width at x’ after the tillage operation, 

a negative value indicating net soil loss (kg m-1) 

TillTM  Tillage Translocation Model, a computer program written in VB code 

x, y  distance from the original point (m) 

x’, y’  the distance from the original point to the center of the sections (m) 

θy’  slope gradient at y’ (%) 

φy’  slope curvature at y’ (% m-1) 
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5.  GENERAL CONCLUSION 

 

 

5.1  The Context of the Research 

 

 

The major aspects of tillage translocation and tillage erosion were examined in 

this study: from the field measurement of tillage translocation, to the modeling of tillage 

erosion and tillage-induced redistribution of soil constituents, to the applications and 

validations of the models. The field measurement of tillage translocation, which was 

carried out in a cereal-production system, was the basis of all of the studies. The 

experimental tillage translocation data were used to calibrate a diffusion/dispersion type 

model. Calibrated diffusion/dispersion type models were used to estimate tillage erosion 

in two field sites. The tillage erosion estimates, coupled with water erosion estimates, 

were validated by comparison to the total erosion   estimates, which were determined 

using 137Cs technique. A convolution procedure, which is a further development of the 

diffusion/dispersion type model, was used to simulate tillage-induced redistribution of 

soil constituents and soil mass.  
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5.2  Major Findings 

 

 

Tillage erosivity in cereal-production systems was found to be considerably less 

intensive than that in corn-production systems. Secondary tillage and seeding could be as 

erosive as primary tillage in cereal-production systems providing that seeding is typically 

conducted shortly after its proceeding tillage operation. Slope curvature was found to 

have a significant effect on tillage translocation although slope gradient was the dominant 

factor.  

In topographically complex landscapes, both water and tillage erosion contributed 

to total soil erosion. On the knolls of hummocky landscapes, tillage erosion dominated 

the pattern of total soil erosion. On the slope of undulating landscapes, neither water 

erosion nor tillage erosion dominated the other erosion process. Combining water and 

tillage erosion models generally provided better estimations of total soil erosion than the 

component models on their own. For a given landscape element, the patterns of water and 

tillage erosion were predictable so that landscape segmentation could be used as a tool to 

assess the patterns of water, tillage and total erosion and, therefore, variations of soil 

properties in topographically complex landscapes. 

The tillage-induced redistribution pattern of soil constituents was found related to 

but to be different from the pattern of tillage erosion (soil mass redistribution). In the till-

layer, soil constituent content was primarily determined by soil mass loss pattern. In the 

sub-layer, soil constituent content was primarily determined by soil mass accumulation 

pattern. In some cases, topographic feature, tillage pattern and temporal scale all strongly 
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affect the redistribution of soil constituents. In general, the more complex the landscape 

and/or the longer the time scale, the more significant were the effects of tillage on the 

redistribution of soil constituents. Also, under one-direction tillage, the effects of tillage 

on the redistribution of soil constituents were more significant than those under 

alternating-direction tillage. Given the similarity of tillage-induced soil mass and soil 

constituent redistributions, it is possible to use a simple diffusion/dispersion model to 

assess the pattern of soil constituent redistribution through the estimation of tillage 

erosion. 

 

 

5.3  Suggestions for Future Studies 

 

 

Future studies on tillage translocation are needed for broader ranges of cropping 

and tillage systems, in particular, conservation tillage and no-till systems. Tillage 

translocation caused by secondary and seeding implements need to be stressed. In this 

study, slope curvature was found to significantly affect tillage translocation, however, the 

effect of slope curvature was not consistent for different tillage implements. A more 

specified experiment design is suggested to examine how tillage translocation is affected 

by slope curvature.  

Studies are needed on the integration of water, wind and tillage erosion models 

and the use of this integrated model to estimate total soil erosion and to examine the 

overall effects of soil erosion processes on soil properties in topographically complex 
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landscapes,. The linkage and the interactions between different erosion processes need 

further investigation for the purpose of integrating water, wind and tillage erosion 

models. It is also suggested to explore the use of landscape segmentation procedure(s) as 

a simple tool to assess the pattern of soil erosion on topographically complex landscapes. 

The developed TillTM model in this study could be used to estimate the 

redistribution of all soil constituents that move with soil mass. Future studies are 

suggested to couple TillTM with water and/or wind erosion models to examine the 

effects of soil erosion on other biophysical process such as nutrients movement, pesticide 

fate and greenhouse gas emission. Further development of the TillTM model is suggested 

to be carried out to include the lateral dispersion of soil mass and soil constituents. 
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APPENDIX A 

 

 

Appendix A.1. Field measured tillage depth and summation curve estimated errors by 
averaging the data of the first two samples. 
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Appendix A.2. Summary of simple regression analyses of TM against slope curvature. 
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APPENDIX B 

 

 

Appendix B.1. Correlation coefficients of 137Cs estimates with model estimates along 
transects at the Cyrus site. 
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Appendix B.2. Correlation coefficients of 137Cs estimates with model estimates along 
transects at the Deerwood site. 

 


