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ABSTRACT 

In this thesis, the central hypothesis is that net soil erosion varies systematically 

with landscape topography. To test this hypothesis, two small {84 and 180 ha) 

agricultural drainage basins In central Saskatchewan were studied. The 

concentration of 137 Cs in the soil was used to estimate net erosion, integrated over 

the past 20 to 25 years, at nearly 300 sites in the two study basins. The 

topography of each study area was represented by a digital terrain model. 

Computer programs were used to calculate topographic variables for each element 

of the digital terrain models. These variables expressed the three-dimensional 

surface shape and relative position of each element within the landscape. 

Representative samples drawn from each basin showed only weak correlations 

between topographic variables and net erosion. A seven unit landform model of 

the association between net erosion and topography was proposed. The model 

units were main channel, tributary channels, swales, midslopes, crest slopes, level 

upland, and depressions. An analysis of variance showed these landform units to 

have significantly different net erosion ranks. While the model was applicable to 

both study basins, the mean net erosion for some units differed markedly between 

basins. Correlations between net erosion and topographic variables within the 

landform units were generally stronger than for the basins as a whole. The 

correlations suggested different processes dominate soil redistribution in different 

parts of the basins. An algorithm was introduced to objectively group net erosion 

estimates into topographically defined subsets. The classification results supported 

the seven unit landform model. 



lV 

ACKNOWLEDGEMENTS 

This thesis is dedicated to my family; to my children, Robert, Sarah and Rachel, 

and especially to my wife, Diane, without whose support this work probably would 

have never begun and certainly would have never been finished. 

The program of studies, of which this thesis is a part, was conducted under the 

joint direction of the Departments of Geography and Soil Science. Drs. 

A. K. Chakravarti, Department of Geography, and E. de Jong, Department of Soil 

Science, acted as co-supervisors of the program. Dr. Acton (Saskatchewan Institute 

of Pedology), Dr. St. Arnaud (Department of Soil Science), Prof. Barr, and Dr. 

Archibold (Department of Geography) served as members of the supervisory 

committee. 

I would like to express my thanks and appreciation to Dr. E. de Jong, in 

particular, for supporting and supervising the thesis research. I hope I will be able 

to offer my students the same patience and encouragement that he has shown me 

over the past four years. 

This research was funded by the National Scientific and Engineering Research 

Council of Canada through a Postgraduate Scholarship and a Strategic Area Grant. 



v 

Table of Contents 

1. INTRODUCTION 
1.1. Background 
1.2. Objective and purpose of the research 
1.3. Scope of the research 

2. LITERATURE REVIEW 
2.1. Conceptual framework 
2.2. Erosion processes 

2.2.1. Rainsplash erosion 
2.2.2. Overland flow 
2.2.3. Wind erosion 

2.3. Spatial and temporal variations in erosion 
2.3.1. Seasonal and annual variations in erosion 
2.3.2. Soil and vegetation controls 
2.3.3. Land use controls 
2.3.4. Topographic controls 

2.4. Net erosion estimation 
2.4.1. Direct measurement techniques 
2.4.2. Tracer techniques 
2.4.3. The use of 137 Cs to estimate net erosion 
2.4.4. Assumptions and limitations of the 137 Cs technique 

2.5. Topographic parameters and landscape components 

3. THE STUDY SITES 
3.1. Site location 
3.2. Regional setting 
3.3. Considerations in site selection 
3.4. Study area climate 

3.4.1. Temperature 
3.4.2. Precipitation 
3.4.3. Water erosivity 
3.4.4. Wind 
3.4.5. \i\lind erosivity 

3.5. Physical description of the study sites 
3.5.1. Seymour Basin 
3.5.2. Floral Basin 

3.6. Hydrology of the study sites 

1 

1 
3 
3 

6 

6 
8 

12 
13 
16 
18 
21 
22 
26 
27 
33 
33 
35 
35 
38 
43 

49 
49 
49 
52 
54 
54 
55 
56 
58 
62 
63 
63 
73 
81 



Vl 

4. METHODOLOGY 86 

4.1. Soil sampling 86 
4.1.1. Sample design 86 
4.1.2. Sampling procedure 88 

4.2. Soil sample a·nalysis 89 
4.2.1. Cesium-137 analysis 89 
4.2.2. Net erosion estimation 90 
4.2.3. Organic carbon analysis 92 
4.2.4. Particle size analysis 93 

4.3. Topographic measurements 94 
4.3.1. Digital terrain model generation 95 
4.3.2. Measurement of morphological variables 101 
4.3.3. Measurement of positional variables 103 

5. RESULTS AND DISCUSSION 113 

5.1. Variability of 137Cs in sampling sites 113 
5.2. The representative samples 114 

5.2.1. The sampling framework 114 
5.2.2. Summary statistics 115 
5.2.3. Topographic variables 116 
5.2.4. Soil property variables 118 
5.2.5. Net erosion 119 
5.2.6. Correlation structure 126 

5.3. Transect observations 132 
5.3.1. Seymour Basin transects 132 
5.3.2. Floral Basin transects 138 

5.4. Landform groups 142 
5.4.1. Group definition 142 
5.4.2. Mean net erosion of landform groups 14 7 
5.4.3. Group evaluation 154 
5.4.4. Within-group correlation analysis 15 7 
5.4.5. Summary 166 

5.5. Net erosion balance 170 
5.5.1. Areally-weighted mean net erosion 170 
5.5.2. Water quality implications 173 

5.6. Objective site classification 175 
5.6.1. The classification technique 175 
5.6.2. The classification groups 178 

6. SUMMARY AND CONCLUSIONS 190 

REFERENCES 200 

Appendix A. LISTING OF COMPUTER PROGRAMS 211 

A.l. SURF ACE II command files 211 
A.2. Program to calculate morphological variables 212 
A.3. Program to calculate local catchment area 220 
A.4. Program to calculate global catchment area and ponding depth 225 
A.5. Program to calculate dispersal area 237 
A.6. Program to define basin boundaries 242 



Appendix B. DATA LISTING 
B.l. Seymour Basin data 
B.2. Floral Basin data 

vii 

249 

249 
270 



Figure 2-1: 

Figure 2-2: 

Figure 2-3: 

Figure 3-1: 
Figure 3-2: 

Figure 3-3: 

Figure 3-4: 

Figure 3-5: 
Figure 3-6: 

Figure 3-7: 

Figure 3-8: 
Figure 3-9: 
Figure 3-10: 

Figure 3-11: 

Figure 3-12: 

Figure 3-13: 
Figure 3-14: 
Figure 3-15: 
Figure 3-16: 

Figure 3-17: 

Figure 3-18: 

viii 

List of Figures 

The water erosion process (after Meyer and 
Wischmeier 1969) 
Wind and water erosion on a 10 m long 10 o slope 
as a function of precipitation and vegetation cover 
(after Kirkby 1980a) 
Plan and profile slope classes (after Ruhe and 
Walker 1968) 
Location and physiographic setting of the study sites 
Mean monthly temperature at Saskatoon 
(Atmospheric Environment Service 1982a) 
Mean monthly precipitation at Saskatoon 
(Atmospheric Environment Service 1982a) 
Seasonal variation in water erosivity for Saskatoon 
(after Wall et al. 1983) 
Mean monthly windspeed at Saskatoon 
Relative wind speed and frequency by compass 
direction (data from Table 3-2) 
Seasonal variation 1n wind erosivity at Saskatoon 
(after Kachanoski et al. 1985) 
Aerial photograph sterogram of Seymour Basin 
Seymour Basin site map 

Photograph taken looking northeast across upper 
Seymour Basin from the head of the north-branch 
tributary 
Photograph taken looking upstream along the main 
channel of Seymour Basin from north of the basin 
mouth 
Aerial photograph taken looking north across the 
northern part of upper Seymour Basin 
Soil map of Seymour Basin 
Aerial photograph sterogra.m of the Floral Basin 
Floral Basin site map 
Aerial photograph of Floral Basin taken looking 
south across the middle and lower basin 
Photograph of depression about midway along the 
main drainage course of Floral Basin 
Log of Saskatchewan Research Council observation 
well in Floral Basin (from Hall and Langham 1970) 

10 

19 

45 

50 
54 

55 

58 

60 
61 

62 

64 
65 
66 

66 

67 

71 
74 
75 
76 

77 

78 



Figure 3-19: 
Figure 3-20: 

Figure 4-1: 

Figure 4-2: 

Figure 4-3: 
Figure 4-4: 

Figure 4-5: 

Figure 4-6: 

Figure 4-7: 

Figure 4-8: 

Figure 5-1: 

Figure 5-2: 

Figure 5-3: 

Figure 5-4: 

Figure 5-5: 

Figure 5-6: 

Figure 5-7: 

Figure 5-8: 

Figure 5-9: 

Figure 5-10: 

Figure 5-11: 
Figure 5-12: 
Figure 5-13: 
Figure 5-14: 

Figure 5-15: 
Figure 5-16: 

ix 

Soil map of Floral Basin 80 
Hydrographs of 1971 streamflow for Seymour Basin 84 
and Floral Basin (from Lakshman 1973) 

Correspondence between points in the landscape and 95 
elements of a digital terrain model 
Schematic of topographic variable matrices 96 
calculation 
Illustration of stages in DTM generation 99 
Illustration of the octant search procedure used for 100 
Floral DTM generation 
Schematic diagram of flowline tracing through the 104 
DTM in Figure 4-1 
Evaluation of slopes about an element of a DTM 105 
with 15 m spacing between rows and columns 
Determination of dead-end zone around a dead-end 108 
element 
Dispersal area calculation for the second element of 111 
the second row of the DT:l\11 in Figure 4-1 
Frequency distribution of slope aspect for grid 117 
sample sites in Floral and Seymour Basins 
General pattern of variation in net eros1on over 121 
Seymour Basin 
General pattern of variation 1n net eros1on over 122 
Floral Basin 
Frequency distribution of net erosion for grid sample 124 
sites in Floral and Seymour Basins 
Seymour Basin transects showing net eros1on over 133 
some typical landforms 
Profile of Seymour Basin main channel and north 136 
branch tributary showing variations 1n net erosion 
along the channel 
Floral Basin transects showing net erosion variation 138 
across the main channel and through two maJor 
depressions 
Floral Basin transects showing net erosion variation 139 
over major slopes 
Floral Basin transects showing net erosion variation 140 
along two major tributaries 

Floral Basin main channel profile showing net 141 
erosion variation 
Landform group definitions 
Landform groups in Seymour Basin 
Landform groups in Floral Basin 
~1ean net erosion and standard 
landform groups 
Net erosion map of Seymour Basin 
Net erosion map of Floral Basin 

143 
144 
145 

deviation by 149 

152 
153 



Figure 5-1 '1: 

Figure 5-18: 

Figure 5-19: 

Figure 5-20: 

Figure 5-21: 

Figure 5-22: 

Figure 5-23: 
Figure 5-24: 
Figure 5-25: 
Figure B-1: 
Figure B-2: 
Figure B-3: 
Figure B-4: 

X 

Water-eroded swale on the north valley side of the 163 
main outlet channel in Seymour Basin 
Water-eroded swale on the south side of main 163 
drainage course valley in Floral Basin 
The junction of the major tributaries and the main 164 
channel in Seymour Basin 
A tributary entering the Floral Basin ma1n drainage 164 
course from the south 
Photograph taken looking upstream in north-branch 165 
tributary showing deposition in the foreground and 
erosion in the background 
Photograph taken looking downstream on Seymour 166 
Basin main channel toward uncultivated area 
Objective classification for Seymour Basin 180 
Objective classification for Floral Basin 183 
Objective classification of combined data 186 

Seymour Basin sampling sites 250 
Net erosion estimates for Seymour Basin 251 
Floral Basin sampling sites 271 
Net erosion estimates for Floral Basin 272 



Table 2-1: 

Table 3-1: 

Table 3-2: 

Table 3-3: 
Table 3-4: 
Table 3-5: 

Table 3-6: 

Table 4-1: 
Table 4-2: 
Table 4-3: 
Table 4-4: 
Table 5-1: 
Table 5-2: 

Table 5-3: 

Table 5-4: 

Table 5-5: 

Table 5-6: 

Table 5-7: 

Table 5-8: 

Table 5-9: 

Table 5-10: 

Xl 

List of Tables 

Recommended classification of slope curvature by 46 
Young (1972) 
Short duration rainfall intensities for Saskatoon 56 
(Maybank and Bergsteinsson 1970) 
Wind characteristics for Saskatoon by month and 59 
compass direction (Atmospheric Environment Service 
1982b) 
Legend for soil map of Seymour Basin (Figure 3-13) 70 
Legend for soil map of Floral Basin (Figure 3-19) 79 
Saturated hydraulic conductivities for some soil 82 
associations found in the study basins (from Ayres et 
al. 1973) 
Runoff characteristics of Seymour and Floral Basins 84 
(Hall 1968; Hall and Langham 1970; Lakshman 1973) 
Topographic variables calculated for basin DTM's 97 
Options used in Seymour DTM generation 100 
Summary description of morphological variables 103 
Description of variables 112 
Summary statistics for grid sample sites 116 
Magnitude and topographic setting of the highest and 120 
lowest net erosion values in the representative samples 
Relative distribution of net soil erosion In the 125 
representative samples 
Spearman's rank correlation matrix for Seymour Basin 126 
using all (71) grid sample sites 
Spearman's rank correlation matrix for Floral Basin 127 
using all (84) grid sample sites 
Spearman rank correlations of topographic and soil 130 
variables with net erosion for subgroups of the 
representative samples 
Mean and standard deviation of net erosion by 148 
landform groups 
Net erosion properties of revised Floral Basin 150 
landform groups 
Net erosion classes employed In the net erosion maps 151 
(Figures 5-15 and 5-16) 

Probability of Seymour Basin landform group pairs 155 
being from the same population 



Table 5-11: 

Table 5-12: 

Table 5-13: 

Table 5-14: 

Table 5-15: 

Xll 

Probability of Floral Basin landform group pairs 155 
being from the same population 
Spearman rank correlation coefficients between net 158 
erosion and topographic variables in Seymour Basin 
Spearman rank correlation coefficients between net 158 
erosion and topographic variables in Floral Basin 
Areally-weighted mean net eros1on by landform 171 
groups 
First split of Seymour Basin data into elevation 176 
groups by the objective classification procedure 



1.1. Background 
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Chapter 1 

INTRODUCTION 

Soil erosion is recognised as a maJor contributor to soil degradation of 

cultivated lands in nearly all parts of the world (Hudson 1981). In Canada, 

the problem of agricultural land degradation is sufficiently serious and 

widespread to have prompted recent national hearings by the Senate 

Standing Committee on Agriculture, Fisheries, and Forestry (Senate Standing 

Committee on Agriculture, Fisheries, and Forestry 1984). The Committee 

recognised the difficulty of determining the exact dimensions of the problem, 

but estimated that soil degradation costs Canadian farmers in the order of 

$ 1 billion per year in lost productivity. Soil degradation was also identified 

as a long term threat to the survival of a viable Canadian agricultural 

industry. 

In the Prairie provinces, the principal forms of soil degradation are 

salinization and erosion (Senate Standing Committee on Agriculture, 

Fisheries, and Forestry 1984). There is substantial qualitative evidence of 

serious wind and water erosion, but little quantitative data on the magnitude 

and spatial distribution of erosion (Johnson 1961; Coote 1984; de Jong 1984). 

The few available site measurements of erosion use different techniques and 
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are not generally comparable. Applying admittedly crude techniques, Coote 

(1984) estimates the average soil loss from cropland in western Canada at 

6 t/hajyr. With soil formation rates 1n Canada in the range of 0.25 to 

1 t/ha/yr (Bird and Rapport 1986), this represents a very serious 

deterioration of the soil resource base on which agriculture depends. 

Developing and implementing effective soil conservation strategies to 

reduce and correct erosion damage requires knowledge of spatial variations in 

the nature and intensity of erosion at the field or landscape scale at which 

land is owned and managed. The processes of soil erosion, and the impact 

of various agricultural treatments on erosion, are reasonably well understood 

empirically at the experimental plot scale (Stallings 1957; Hudson 1981). The 

application of conservation practices based on this knowledge will be most 

efficient when the location and kind of erosion can be identified within land 

management units. Such information has proven difficult to obtain, 

particularly where erosion is taking place with sufficient intensity to degrade 

the soil resource but without leaving obvious scars on the landscape (Morgan 

1980). Improved techniques are needed for predicting the spatial distribution 

of the kind and intensity of soil erosion at the landscape scale. 

Speight (1974) suggests that mutual adjustment between soils, 

topography, and geomorphological processes in the landscape could provide a 

basis for predicting spatial patterns of soil erosion and deposition. This 

research developed out of Speight's (1974) hypothesis. It is fundamentally 

concerned with the association, at the landscape scale, between topography 

and soil erosion magnitude, and with the potential utility of this association 
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for erosion mapping. It v1ews the soil-landscape as a morphological system 

(Chorley and Kennedy 1971) and focusses on the static relationships between 

topography and the magnitude of net soil loss or gain. 

1.2. Objective and purpose of the research 

The central objective of this research is to test the hypothesis that net 

soil erosion varies systematically with topography at the landscape scale (i.e. 

over areas in the order of 10 to 1000 ha). In the course of testing the 

hypothesis, a large number of soil loss and gain measurements were made; 

measurements that have been largely unavailable for most of the Canadian 

Prairies in the past. The purpose of testing the hypothesis is, in part, to 

evaluate the potential use of topography as a predictor of spatial variations 

in net erosion at a level of detail useful for land management. 

1.3. Scope of the research 

Two small drainage basins in central Saskatchewan were selected for 

study. The basins are typical of this part of the Canadian Prairies. They 

have low relief, undulating to rolling topography with frequent, shallow 

depressions or "Prairie potholes" and are underlain by deep glacial drift 

deposits. Both are cultivated for agriculture under a cereal-fallow rotation. 

The soils are Dark Brown Chernozems which show indications of thinning 

and declining fertility, but few pronounced erosional scars. 

Net erosion was estimated at nearly 200 sites 1n each basin from 

measurements of the 137 Cs concentration in the soil. The 137 Cs technique 

permitted data on the magnitude and variability of net erosion in Prairie 
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agricultural landscapes to be collected at a level of detail that previously had 

not been possible. The sampling design gave both a representative sample of 

net erosion over the entire basins and information on erosion variability over 

some prominent topographic features in the landscape. 

Sites at which net erosion was estimated were characterised by a series 

of topographic variables which numerically expressed their three-dimensional 

surface shape and orientation and their relative position within the landscape. 

A digital terrain model was used to represent the land surface of each basin, 

and a series of computer programs written to calculate the topographic 

variables from the digital terrain models. Algorithms developed by others 

were used in the programs which calculated surface shape and orientation 

but new algorithms were required for the calculation of variables expressing 

relative position. 

The general nature of the relationship between net erosion and 

topography was studied by examining the correlation structure of a 

representative sample of net erosion and topographic variables from each 

study basin. Some soil properties were also considered. In addition, detailed 

transects showing the variation In net erosion over some prominent 

topographic features were examined. 

A simple model was proposed which subdivided the landscape into 

topographic classes with distinctive net erosion properties. The model was 

tested by analysis of variance. The within-class correlation structures and 

net erosion properties were evaluated. Efforts were made to improve the 

model by applying non-parametric analysis of variance in an objective, 
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hierarchical, classification procedure to expose the structural associations 

between net erosion and topography. 
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Chapter 2 

LITERATURE REVIEW 

2.1. Conceptual framework 

This study examines the coincident spatial variation of erosion 

processes, topography and soil properties through the landscape. The general 

approach can be set in terms of the "functional" and "realist" schools of 

contemporary geomorphology identified by Chorley (1978). The functional 

approach seeks to identify and quantify inter-relationships among landscape 

variables at a variety of scales and is largely empirical and inductive in its 

scientific method. Realist approaches tend to be theoretical and deductive, 

and focus on detailed analyses of specific processes. The two approaches 

become complementary when realist models and functional relationships are 

tested against one another. This research is functional in its focus on the 

mutual variation of topography and erosion magnitude at the landscape scale. 

General systems theory is a useful conceptual framework for soil 

geography (Huggett 1982; Gerrard 1981) and for physical geography in 

general (Strahler and Strahler 1983; Drury 1981; Bennett and Chorley 1978). 

The landscape can be viewed as a complex system composed of many inter

linked and overlapping subsystems. The soil cover is one of these subsystems. 

It is bounded by the land surface above and the solum base below and 
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extends laterally for as far as a soil cover exists (Huggett 1975). Continual 

exchanges of matter and energy link the soil system to other systems in the 

landscape and link the components of the soil system together (Huggett 

1982). These linkages and flows permit mutual adjustment between landscape 

components and produce spatial order in the landscape (Bennett and Chorley 

1978; Phipps 1984); order expressed among other ways, in functional 

relationships between soils, topography and geomorphic activity 1n the 

landscape (Gerrard 1981). The central hypothesis of this thesis 1s that 

spatial order in the landscape will result in systematic variation of net 

eros1on magnitude with topography. 

Research on the quantification of topographic variables for landform 

mapping (Speight 1968) and the application of these techniques to land 

capability evaluations led Speight (1974) to suggest that the mutual 

adjustment among landscape components could provide a basis for predicting 

erosion patterns in the landscape, both because topography is a direct control 

on erosion processes and because other erosion controls vary in sympathy 

with topography. For example, topographic variables have been related to 

soil properties (Gerrard 1981; Yaalon 1975), the distribution of soil moisture 

over hillslopes (Burt and Butcher 1985; Speight 1980), runoff generation 

(Beven and Wood 1983; Kirkby 1978), and microclimate (Lanyon and Hall 

1983; Finney et al. 1962). 

The notion of systematic variation of soils through the landscape is 

fundamental to soil geography and pedology. Jenny's (1941) statement of the 

functional linkages between the soil and its environment still stands as the 
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underlying conceptual model for most soils research (Yaalon 1975), and while 

not explicitly set in systems analysis terms, it proposes that soil properties 

vary systematically with other landscape properties. Relationships between 

soil properties and topographic variables have been frequently demonstrated 

(Gerrard 1981; Yaalon 1975) and the identification and mapping of soil units 

in the landscape is made operational by implicitly assuming associations 

between soil characteristics and topography (King et al. 1983). This research 

examines the possibility that similar associations might hold between net 

erosion and topography. 

Erosion mapping based on topographic variables could be particularly 

useful for Prairie agricultural landscapes. In these environments, the flux of 

soil particles through the landscape involves particle movement by wind, 

water, and tillage (de Jong 1984). Available predictive models, such as the 

Universal Soil Loss Equation and the Wind Erosion Equation, were developed 

for specific erosion processes and are not calibrated for Prairie environments 

(de Jong et al. 1983). An empirical approach based on topographic 

surrogates would also have practical advantages, permitting spatial patterns 

of erosion to be estimated from easily measured variables. 

2.2. Erosion processes 

Three principal mechanisms of eros1on are considered important in the 

study landscapes at the scale of the present analysis. These are wind, water 

and tillage. Mass movements likely played a relatively minor role in the 

study basins over the past 30 years, since slopes show no evidence of 

slumping or mudflow activity. Soil creep processes are also considered 
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relatively unimportant locally, since other studies (Young 1972) suggest they 

generate rates of movement of less than 1 mm/yr in the upper 2 to 5 em of 

soil. 

Interaction between the major erosion agents can lead to a very 

complex system of soil particle flux over the land surface. The relative 

importance of processes will vary through the landscape. A site in the 

landscape potentially could receive sediment input by one process and lose it 

by another, as for example a drainage course alternately subject to wind and 

tillage deposition and water erosion. Equivalent magnitudes of soil removal 

and deposition can be expected in very different landscape settings through 

the operation of different sets of processes. 

Meyer and Wischmeier (1969) have summarised some general 

characteristics of the water erosion process (Figure 2-1). Their model shows 

the amount of soil carried away from any slope increment may be limited by 

either the transporting or the detaching capacity of the erosive agent. The 

amount of detached material available for removal is the sum of that 

detached at the site and that carried into the site from upslope. If the 

available material exceeds the transporting capacity, the excess material will 

be deposited on the site. Where the transport capacity is not exceeded, all 

available material is removed. This view emphasises the importance of the 

relative position of a slope increment within the entire slope system in 

determining the net flux of material at the increment. 

While Figure 2-1 applies to water erosion, it can be extended to other 

processes with some qualifications. When applied to wind and tillage 
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Figure 2-1: The water erosion process 
(after Meyer and Wischmeier 1969) 

erosion, it must be recognised that these processes are not solely gravity-

driven, and are capable of moving material upslope and across slope as well 

as downslope. The direction of sediment movement produced by these 

processes will also vary from one erosion event to another. 

Figure 2-1 provides a useful context in which to clarify some 

terminology. Net erosion at a site in the landscape is soil carried downslope 

minus soil from upslope. This will be negative when the site experiences a 

net gain of soil and positive when it suffers a net loss. In contrast, the soil 

loss measured using runoff plots 1s soil carried downslope from the last slope 

increment of the plot. 
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The well-known Universal Soil Loss Equation (Wischmeier and Smith 

1960) was developed from runoff plot experiments and, when applied to a 

whole slope, aims to predict the soil loss that would be measured from the 

entire slope. Soil loss from runoff plots can also be interpreted as the sum 

of the net erosion values for all increments of the slope or as the sediment 

yield of the slope. The soil loss predicted by the Wind Erosion Equation 

(Woodruff and Siddoway 1965) is conceptually equivalent to that of the 

Universal Soil Loss Equation, in the sense that it is a measure of the total 

amount of soil material removed from a field. 

The distinction between net erosion and total soil loss from a field or 

slope is important for two reasons. First, the 137 Cs erosion measurement 

technique used in this study measures net erosion at a point 1n the 

landscape and thus is not directly comparable to USLE predictions of soil 

loss from an entire slope. Secondly, in settings where significant erosion and 

deposition occur on the same slope, as appears to be the case for much of 

the cultivated Prairies (Ellis 1938; de Jong et al. 1983; King et al. 1983; 

Mermut et al. 1983), soil loss from the entire slope may be low even though 

parts of the slope have been eroded to the B horizon. In such cases, net 

erosion at points along the slope is more meaningful than soil loss for the 

whole slope in assessing the impact of erosion processes on the soil resource. 

The following sections discuss each of the principal erosion agents in 

more detail. Initial discussion concerns the basic processes as they might act 

on a bare soil surface. Subsequent discussion examines the various controls 

which determine the spatial and temporal variation in erosion through the 

landscape. 
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2. 2 .1. Rainsplash erosion 

Rain drops striking the soil surface can dislodge particles and cause 

them to be scattered away from the point of impact along a parabolic 

trajectory (Ellison 1945). The capacity of a raindrop to dislodge soil particles 

is a function of its kinetic energy, which is in turn a function of drop s1ze 

and impact velocity. While the interactions between raindrop s1ze, fall 

velocity and storm intensity can be complex (Evans 1980), the kinetic energy 

of rainfall can be determined empirically as a function of storm intensity 

(Wischmeier and Smith 1958). The presence of a water film on the surface 

can affect the efficiency of soil detachment by raindrops. Water films 

greater than three drop diameters effectively protect the surface while films 

less than one drop diameter enhance rainsplash (Thornes 1980). 

Although the detachment capacity of raindrop impact remains roughly 

constant as slope gradient changes, splash transport capacity increases with 

gradient as the difference between particle travel distance upslope and 

downslope Increases (Kirkby 1980b ). Transport capacity approaches 

detachment capacity at steeper slopes and soil loss tends to become constant 

(Foster and Martin 1969; Bryan 1979; Kirkby 1980b). 

If rainsplash erosion depended only on slope gradient, net eros1on by 

splash on laterally uniform slopes should be positive over convexities, zero 

over constant slopes and negative over concavities (Young 1972). This would 

result in a systematic variation of net erosion with topographic position. In 

actually, this relationship is complicated by variations in soil properties 

(Kirkby 1980b). 
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Rainsplash can only be effective on exposed soil surfaces (Hudson 1981). 

In the Canadian Prairies, where summerfallow practices prevent vegetation 

from growing over large tracts of land, rainsplash erosion should be more 

effective than it was under natural conditions. Even under cultivation, 

however, rainsplash appears to be relatively unimportant as a direct agent of 

soil redistribution in the landscape as a whole. Morgan (1977) found that 

splash contributed less than 5% of the total soil removed from cultivated 

hillslopes in Britain. The relative importance of erosion processes varies with 

landscape position, however, and while rainsplash is generally unimportant in 

terms of the amount of soil redistributed over the landscape, it may be 

locally important on slope crests where it is the only effective water erosion 

process. 

The most important effects of rainsplash are indirect. Particles detached 

by splash are made available for transport by surface wash (Evans 1980). 

Splash can also promote surface crusting on exposed soils, reducing their 

infiltration capacity and enhancing overland flow (Evans 1980; Thornes 1980). 

2.2.2. Overland flow 

Overland flow may be generated either by rainfall intensity or snowmelt 

rates exceeding soil infiltration capacity (termed Horton overland flow), or by 

rainfall or snowmelt onto saturated soil surfaces (termed saturation overland 

flow). Encompassed in saturation overland flow is the accelerated discharge 

of subsurface flow at the surface associated with rain or snowmelt (Dunne 

and Leopold 1978). The following discussion focusses on the mechanics of 

overland flow erosion. Factors controlling the spatial distribution and 
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relative importance of these overland flow types In the landscape are 

discussed later in Sections 2.3.2 and 2.3.4. 

Overland flow can occur as unconfined surface wash, confined in 

ephemeral micro-channels or rills and confined In semi-permanent gullies. 

Both the detaching and transporting capacity of the flow are proportional to 

shear stress generated at the soil surface (Kirkby 1980b ). This increases 

with flow depth and slope gradient. Flow depth in turn is a function of the 

relative rates of rainfall and infiltration, surface roughness and catchment 

area. In the simplest case, on a planar slope where excess rain generation 

and surface roughness are uniform over the slope, flow depth will increase 

downslope as a less than linear function of slope length (Leopold et al. 

1964). 

While the detaching and transporting capacity of flowing water are 

essentially the same (Kirkby 1980b), the amount of material that can be 

detached and that can be transported at a particular energy level may differ. 

Hjulstrom (1935 in Knighton 1984) shows that the critical flow velocity 

required to detach particles declines with increasing particle size over the 

clay to fine sand range as cohesiveness of the material declines. For particles 

coarser than fine sand, the critical velocity increases with grain size and 

weight. The critical velocity required for transport increases with particle size 

over the full size range. For fine-grained cohesive soils, the velocity required 

for detachment greatly exceeds that required for transport. For coarse-grained 

material, critical velocities for detachment and transport are essentially the 

same. This suggests that variation in soil properties along a slope might, of 
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itself, produce an actual pattern of erosion which IS markedly different from 

the pattern of shear stress over the slope. 

Emmett (1970) investigated unconfined flow under simulated rainfall 

and found that, on natural slopes, the tractive force exerted on the soil 

surface varies In a complex manner both down and across slopes. He found 

that surface roughness elements prevent the development of flow as a 

uniform sheet and cause significant variation in depth and velocity within the 

unconfined flow. This would be especially true for agricultural lands where 

cultivation produces furrows and clods at the soil surface. Unconfined flow 

converges and diverges around surface roughness elements, but flow 

concentrations are too localised and short-lived to produce rills. 

Because unconfined flow is shallow, it is strongly influenced by raindrop 

impact when overland flow is generated during rainfall. Raindrops can act 

through the flow to dislodge particles and to impart turbulence to the flow 

when the flow depth is very small. Recognition of the irregularity of 

unconfined flow, its interaction with raindrop impact, and the difficulty of 

separating splash erosion from unconfined flow erosion has given rise to the 

term "in terrill erosion". It IS used In reference to the combined effects of 

splash and unconfined flow outside of rills (Meyer 1979). Plot observations 

show that net interrill erosion increases rapidly downslope to a constant 

value whether or not rills develop on the plot (Meyer et al. 1975). Positive 

net erosion will give way to negative net erosion at lower slope positions in 

the landscape where the slope gradient declines and deposition occurs. 

The threshold condition for rill initiation 1s probably defined by a 
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critical tractive force which will vary with soil properties (Kirkby 1980b). 

Rills will normally be initiated at some point below the slope crest where 

catchment area and slope are sufficient to produce the critical tractive force 

(Leopold et al. 1964). Evans ( 1980) suggests that 1n many English 

landscapes, rill head position corresponds with the inflection point on slope 

convexities. Given Emmett's (1970) observations, the transition from 

unconfined to confined rill flow is likely gradual and somewhat indefinite. 

Net erosion by rills increases downslope as rill catchment area and 

tractive force increase (Kirkby 1980b). Lateral erosion within rills causes 

coalescence and rill enlargement downslope, which is followed by the 

development of new tributary rills (Leopold et al. 1964). This may give way 

to deposition on lower slopes, or lead transitionally to gully formation 

(Leopold et al. 1964; Thornes 1980). Rills are ephemeral features destroyed 

by weathering (Schumm 1956) and normal cultivation (Hudson 1981) and the 

sequential appearance and destruction of rills causes their effects to be 

distributed across slopes over time. Where interrill and rill erosion take place 

together, the majority of the soil removal is due to rill processes (Evans 

1980; Kirkby 1980b). 

2.2.3. Wind erosion 

z 
Wind velocity above a rough surface varies directly with log k where z 

1s the height above the surface and k is the surface roughness length (Allen 

1970). The roughness length (k) gives the thickness of the thin zone at the 

surface in which wind velocity is sensibly zero (Cooke and Doornkamp 1974). 

Over a smooth sand surface k is about 3% of the grain diameter. 
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Increased surface roughness due to the presence of vegetation or non

erodible material has a complex influence on wind erosivity at the surface. A 

rougher surface will increase the thickness of the zero velocity zone and 

reduce near surface wind velocity, but at the same time increase the 

turbulence of the flow above this stagnant layer. Surface roughness can be 

expressed as a critical surface-barrier ratio; the ratio of height of non-erodible 

surface projections to distance between projections at which erodible material 

is protected from wind (Cooke and Doornkamp 197 4) . 

The erosive stress exerted by wind on the soil surface is generally taken 

to be proportional to the cube of wind speed (Bondy et al. 1980). Direct 

detachment of a soil particle occurs when the erosive stress of the wind 

overcomes gravitational and cohesive forces acting to hold the particle in 

place. The critical shear velocity for direct detachment is termed the fluid 

threshold (Bagnold 1941). Detached particles are thrown up into the air 

flow and if the fall velocity of the particles is less than the upward flow 

component in the wind, the particles are carried in suspension. Silt-sized and 

smaller particles are generally carried in suspension (Allen 1970). Larger 

particles fall to the surface and may bounce back into the air flow. This 

bouncing motion is termed saltation. Particles being pushed and rolled along 

the surface by the impact of bouncing grains are said to be moving by 

surface creep (Bagnold 1941). 

Detachment occurs below the fluid threshold if particles at the surface 

are thrown into the air flow by the impact of saltating grains. This defines a 

lower detachment threshold of shear velocity for winds already carrying a 
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saltation load and 1s termed the impact threshold. Impact initiated 

detachment can be an important mechanism by which wind erosion can 

spread into areas which otherwise would be stable (Wilson and Cook 1980). 

Bagnold (1941) shows that the fluid threshold for detachment increases 

with soil particle size for particles greater than about 0.1 mm diameter but 

decreases with particle size for smaller particles. The transport threshold on 

the other hand, increases consistently with grain size (Allen 1970). This is 

similar to the relationships between detachment velocity, transport velocity 

and particle size presented by Hjulstrom (1935, in Knighton 1984) for water 

erosion. The resistance of a soil to wind erosion is also a function its 

moisture content, s1nce water helps to bind grains together (Wilson and 

Cooke 1980). Woodruff and Siddoway {1965) find the wind erodibility of soil 

varies inversely with the square root of soil moisture. Actual soil erosion 

patterns in the landscape will, therfore, reflect soil property and moisture 

distributions as well as the erosive stress distribution. 

2.3. Spatial and temporal variations in erosion 

At the regional and global scale, the most important control on erosion 

intensity appears to be the inter-dependent variation of climate and 

vegetation. Langbein and Schumm (1958), using sediment yield data for the 

United States, suggest that water erosion will increase from arid to semi-arid 

environments as precipitation and runoff increase. At higher precipitation 

levels, increases in the amount of water available to erode the surface are 

more than offset by associated increases in the density of the vegetation 

cover, and therefore, sediment yields decline. Peak rates of water erosion are 
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found in semi-arid environments where there is sufficient runoff for erosion 

but where surface protection by vegetation is weak. Wilson (1973) and 

Douglas (1967) found. similar patterns using global data, as well as evidence 

of sediment yields increasing with precipitation in regions of very high 

rainfall. The general pattern of sediment yield variation with mean annual 

precipitation under natural conditions is illustrated by the Nat£ve Vegetat£on 

(Water) curve in Figure 2-2. 
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Figure 2-2: Wind and water erosion on a 10 m long 
10 o slope as a function of precipitation 

and vegetation cover (after Kirk by 1 980a) 

Hudson (1981) identifies the major wind hazard areas of the world as 

those extensive low relief surfaces subject to steady prevailing winds and low 

mean annual precipitation (generally less than 250 to 300 mm). Wind erosion 
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hazard at the regional scale has been considered to be directly proportional 

to the cube of mean annual wind speed and inversely proportional to the 

square of the difference between mean annual precipitation and evaporation 

(Chepil et al. 1962). The control of rainfall is expressed primarily through 

its influence on the vegetation cover. The expected change in mean annual 

wind erosion with mean annual precipitation 1s shown by the Native 

Vegetation {Wind} curve in Figure 2-2. 

Figure 2-2 suggests that the study area, with a mean annual 

precipitation around 350 mm, should be subject to very high water erosion 

and moderately high wind erosion under natural conditions. Rates of erosion 

by water are indicated to be roughly an order of magnitude greater than 

rates of erosion by wind. The study area is positioned on steep sections of 

the Native Vegetation curves, indicating rapid changes in water and wind 

eros1on rates with changes in precipitation. This suggests that, even under 

natural conditions, eros1on rates in the study area would be very sensitive to 

climatic fluctuations. 

Figure 2-2 also indicates the probable impact of vegetation cover 

removal on erosion rates. Vegetation removal would be expected to increase 

both water and wind erosion in the study area by an order of magnitude. 

The increase in wind erosion is indicated to be proportionately greater than 

the increase in water erosion. However, s1nce the Bare Soil {Water} curve 

assumes a slope gradient of 10 o and a slope length of 10 m, the relative 

importance of water erosion might be less in low relief areas of the Canadian 

Prairies. The curves in Figure 2-2 are, in any event, highly speculative 
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(Kirkby 1980a), and erosion rates at specific sites can be expected to deviate 

substantially from the curves. 

2.3.1. Seasonal and annual variations in erosion 

Erosive agents vary in their intensity of operation over a wide range of 

time scales (Anderson and Burt 1981). Seasonal and annual variations are 

particularly relevant to this analysis, in part because they point to the need 

to employ time-averaged erosion measures to examine spatial patterns of net 

erosion. 

As subsequent sections discuss, the erodibility of agricultural soils IS 

partly dependent on cultivation practices. In the Prairies where a cycle of 

summer-fallow and cropping is often practised (Statistics Canada 1984), the 

erosion susceptibility of the soil surface can vary substantially from one year 

to another. Annual variations in the amount and intensity of precipitation 

and the speed and directional distribution of wind cause year to year 

fluctuations in the erosive stress to which the land surface is subject. Both 

the magnitude of erosion and the relative importance of erosion agents will 

show annual variation. 

Perhaps the most significant seasonal pattern relevant to erosion In 

Prairie environments is the onset and disappearance of the snow cover. Runoff 

produced exclusively by snowmelt is not subject to rainsplash disturbance 

and thus interrill erosion may be far less effective In detaching soil particles 

than under rainfall runoff conditions. The release of water from a snowpack 

is spatially uneven (Kind 1981; Male and Gray 1981), and reflects differential 

ablation and redistribution of snow by drifting prior to melt. Snowmelt 
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runoff 1n Prairie basins is often derived entirely from snow accumulated in 

gullies (MacKay 1970), and so only a very restricted part of the landscape 

may be subject to overland flow erosion. Snowmelt accounts for most of the 

annual runoff in small Prairie basins and is more significant than rain for 

moving eroded soil to stream systems (de Jong and Kachanoski 1985). In 

the spring, overland flow is generated more readily because of frozen soil 

conditions, and soil is more susceptible to erosion because of soil aggregate 

breakdown by frost over the winter (de Jong 1984). 

Wind patterns also change direction and intensity over the seasons. 

Skidmore and Woodruff (1968) report a seasonal cycle of wind erodibility in 

Montana and North Dakota which peaks in the winter and declines to a 

minimum in summer suggesting a potential for significant winter wind 

erosion exists if surfaces lack a snow cover. A similar seasonal cycle is 
' 

reported for Lethbridge, Alberta by Kachanoski et al. (1985). Near the 

study area, however, winds tend to be stronger and gustier in the spring 

than at other times of the year (see Chapter 3 for more detailed discussion), 

and thus slope exposure relative to spring wind direction may be important 

in determining local patterns of erosion. Winter winds are also strong, and 

a winter wind erosion hazard exists for exposed soils. 

2.3.2. Soil and vegetation controls 

Soil properties and vegetation cover characteristics are important 

controls on the erosion process both through their influence on surface 

resistance to erosion and on the intensity of erosive stress (Hudson 1981). 

Vegetation provides a rough surface to air flow, reducing near-surface wind 
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velocity and increasing the thickness of the zero-velocity zone near the 

ground. Vegetation also protects the soil surface from raindrop impact and 

slows the flow velocity of runoff. Plant roots bind the soil and increase its 

resistance to erosion. Vegetation plays an indirect role by contributing 

organic matter to the soil and thus increasing aggregate stability and 

infiltration capacity. The importance of vegetation as an inhibitor of erosion 

is indicated by Evans' (1980) observation that erosion losses from good 

pasture and woodland are often less than 1% of those from equivalent bare 

soil areas. 

Previous discussion of the effect of particle size on detachment and 

transport of soil material was based on experimental studies of uniform grain 

size material. True soils are a mixture of mineral and organic material with 

a range of primary and secondary (i.e. aggregates) grain sizes. They show a 

more complex response to erosive agents than uniform particles. Soil 

properties are also important as a control on runoff generation and, through 

surface roughness, influence erosive stress generated at the surface by wind 

and over land flow. 

In general, factors which promote aggregate formation and surface clods 

act to reduce soil erosion by both wind and water (Evans 1980; Wilson and 

Cooke 1980; Gerrard 1981). Aggregate formation increases the effective grain 

size of the soil and thus the gravitational forces resisting entrainment and 

transport. A rough soil surface slows air and water flow over the surface, 

provides detention storage for water, and traps particles in transport. Soils 

with strong aggregate development typically have high infiltration and water 
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storage capacities (Gray et al. 1970) and are less likely to experience 

overland flow. While a number of empirical erodibility indices have been 

proposed, none is universally applicable (Bryan 1977), likely because 

inadequate attention has been paid to separating those properties important 

to runoff generation from those controlling entrainment and transport 

(Kirkby 1980a). 

Aggregate formation is promoted by clay and organ1c matter in the soil 

(Brady 197 4; Evans 1980). The soil erodibility factor of the USLE is based 

on considerations of soil texture, organic matter content, structure and 

permeability. About 85% of the variation in erodibility can be attributed to 

texture and, for equivalent textures, erodibility is inversely related to organic 

matter content (Mitchell and Bubenzer 1980). 

Evans (1980) plotted water-eroded soils from a number of sites around 

the world on a tri-linear soil texture diagram and observed that most eroded 

soils had a silty texture. Wilson and Cooke (1980) suggest that wind 

erodibility increases as soil silt and clay content decreases. Increased clay 

content encourages aggregate formation and clodiness. Coarse-textured soils 

do not show strong aggregate development, but they usually have high 

infiltration rates (Gray et al. 1970), and particles greater than 1 mm in 

diameter are not readily moved by wind (Bagnold 1941) or interrill water 

erosion processes (Morgan 1977). 

Texture alone has not been found to be an adequate measure of 

erodibility (Gerrard 1981), in part because it fails to account for the 

influence of organic matter (Evans 1980) and variations in clay mineralogy 
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(Bryan 1974). Most indices of soil erodibility are based on some measure of 

aggregate size and stability (Gerrard 1981). Bryan (1974) finds Prairie soils 

become more resistant to splash and wash erosion under simulated rainfall, 

as the proportion of water-stable aggregates greater than 0.5 mm increases. 

Chepil and Woodruff (1963) find that the size distribution of aggregates 

surviving dry sieving is a measure of wind erodibility. Both of these 

measures attempt to evaluate the effective size of soil particles and their 

stability under the stress of the erosion agent being considered. Aggregate 

breakdown reduces effective particle size and provides fine particles which, 1n 

the case of wind erosion, can abrade other aggregates, and, in the case of 

water erosion, can plug soil surface openings and restrict infiltration. 

Soil properties are also important in determining the potential for 

overland flow generation at the land surface and the spatial distribution of 

that potential through the landscape. The potential for Horton overland 

flow generation at a site is determined by the relative magnitudes of the rate 

of water input to the soil surface and the soil infiltration capacity (Dunne 

and Leopold 1978). Therefore soils with a high infiltration capacity will 

have a lower risk of erosion by overland flow. The potential for a site to 

experience saturation overland flow is, in general, governed more by its 

relative position in the landscape than its surface soil properties (Kirkby and 

Chorley 1967). 

Soil infiltration capacity varies over time and is controlled by a number 

of factors, but generally high infiltration capacities are associated with coarse

textured, well-aggregated, and deep soils over permeable parent materials. 
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Infiltration capacity is reduced when antecedent soil moisture levels are high 

and when aggregate breakdown at the surface releases fines which wash mto 

and plug soil pores. Infiltration capacity can also be temporarily reduced by 

frozen soil conditions (Male and Gray 1981); the kind of soil conditions 

which generally prevail on the Canadian Prairies during snowmelt. 

2.3.3. Land use controls 

Land use practices can have a maJor impact on erosion rates (Hudson 

1981). Agriculture based on cultivation replaces the spatially and temporally 

continuous native vegetation by a cropping cycle which usually results in a 

greater degree of soil exposure for at least a part of every year. Harvesting 

and tillage act to reduce the organic matter content of the soil and 

cultivation can leave pathways along which overland flow can be 

concentrated. Tillage operations can directly redistribute soil materials over 

the land surface. 

Cultivation Increases soil erodibility directly by the removal of surface 

vegetation and the mechanical breakdown of soil structure. Repeated 

cultivation can increase soil erodibility indirectly by exposing organic matter 

to air and accelerating its breakdown (Skidmore et al. 1975). Lower organic 

matter content reduces the stability of aggregates. Exposed soils and those 

with lower organic matter content and aggregate stability are more erodible 

and more likely to generate Horton overland flow (Dunne 1978). 

Cultivation furrows and tracks aligned downslope provide paths in 

which runoff can concentrate and enhance erosion (Hudson 1981). 

Cultivation can also change surface roughness. Surface roughness is greatest 
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after ploughing and least after seeding (Evans 1980). These changes in 

surface characteristics can be viewed as cyclic variations in soil erodibility 

imposed by agricultural activity. 

Summerfallow use 1s widespread in the Canadian Prairies. In 

Saskatchewan, for example, 36% of the cultivated land in the province was 

in summerfallow in 1981 (Statistics Canada 1984). This widespread use of 

summerfallow has encouraged wind and water erosion problems both directly 

by exposing the soil surface, and indirectly by contributing to a general 

decline in soil quality (de Jong 1984; Coote 1984). 

Most significant to this study is the recognition that spatial variations 

In land use can be an overriding control on patterns of erosion in the 

landscape (Wilson 1973). Any study of erosion processes in agricultural 

landscapes therefore, must recognise and attempt to control for land use 

influences. Experimental control over land use was exercised at the site 

selection phase of this research, when an attempt was made to select study 

sites over which land use is a constant. 

2.3.4. Topographic controls 

Two direct topographic controls on water erosion were discussed 

previously. As slope gradient increases, the rate of potential energy 

dissipation increases, and the intensity of water erosion increases. The depth 

of over land flow, and therefore the tractive force of the flow, will generally 

increase downslope as slope length and catchment area increase. Based on 

these principles alone, the pattern of water erosion to be expected over 

simple convex-concave slopes would be as follows. Upper slope positions are 
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dominated by splash erosion or unconfined flow disturbed by rainsplash. As 

flow depth Increases downslope rill erosion is initiated. Splash and interrill 

erosion are much less effective than rill erosion and tend to quickly attain a 

constant value downslope. Rill erosion increases in intensity downslope until 

declining slope gradient encourages deposition. The net water eros1on 

sequence expected is little or no erosion at the upper slope, increasing 

erosion over the middle slope giving way quite abruptly to deposition on the 

lower slope. This simple pattern of water erosion can be considerably more 

complicated when, as is generally the case, soil erodibility and runoff 

generating potential also vary over the slope. 

Overland flow is generated in a spatially non-uniform manner and slope 

length alone is often not an adequate index of the frequency and depth of 

overland flow occurrence (Dunne and Leopold 1978). Overland flow is most 

likely at the base of slopes, in slope profile concavities, in areas of contour 

concavity and in areas of thin or less permeable soils (Kirkby and Chorley 

1967). Less permeable soils are associated with Horton overland flow 

generation while concavities in the land surface and slope bases are 

associated with saturation overland flow generation {Dunne and Leopold 

1978). 

The tendency for saturation overland flow to occur on lower slopes and 

areas of concave contour or profile curvature has been well documented for 

rainfall (Dunne 1978, Kirkby 1978). These same areas are also the focus of 

overland flow generation by snowmelt. Apart from the fact that they 

usually have higher soil moisture conditions, and therefore a greater potential 
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for saturation overland flow generation, these areas are also where snow 

accumulation in Prairie landscapes tends to be greatest. By the time 

streamflow begins, snow is largely restricted to depressions, swales, stream 

courses, and other sheltered locations where drifting has produced greater 

snow depths (Male and Gray 1981). Snow accumulation and soil moisture 

distributions in Prairie landscapes result in a propensity for overland flow to 

occur more intensely and frequently at lower slope positions and in swales. 

However, overland flow may not always cause serious erosion, because these 

sites have gentle slope gradients and tend to have deep soils. 

Evans (1980} has noted that flow and rill eros1on can, 1n some cases, 

be most intense at upper slope positions. This is attributed to soils being 

thinner and coarser, with lower storage capacities, and thus a high potential 

for saturation overland flow. An additional factor may be that these soils are 

poorly aggregated and more susceptible to erosion. 

The effect of topography on wind erosion is not well documented. Since 

wind is a thermal, rather than gravity-driven process, topography does not 

regulate the rate of potential energy dissipation in the same way as for 

water erosion. Topographic irregularities produce a complex pattern of a1r 

flow through the landscape that differs substantially from that high above 

the surface, both in terms of wind direction and velocity (Knott and Warren 

1981}. There is a general tendency for wind erosion to be associated with 

exposed slope crests and knolls. Bagnold (1941} found that over dunes, wind 

shear was greatest on the upper part of the windward slope. In rolling 

terrain, wind erosion has been observed to increase with slope and decrease 
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with distance from the top of knolls ( Chepil et al. 1964). The more intense 

wind erosion of knoll crests is likely due both to their position in the zone 

of highest wind shear and the lower soil moisture levels found there. 

Direct erosion of soil by tillage 1s also expected to vary with 

topography, although there is no literature available on rates of direct tillage 

erosion or the factors which regulate its magnitude. It was previously noted 

that tillage is not only gravity-driven and therefore tillage can move soil 

particles up and across slopes as well as down slopes. Tillage erosion bears 

some similarities to soil creep 1n that it involves the lifting of soil and its 

subsequent settling under gravitational forces. If this were a sufficient model 

of tillage erosion, the rate of soil movement by tillage would simply increase 

as slope gradient increases. Net soil loss by tillage would occur over slope 

convexities and net soil gatn at concavities. This simplistic view 1s 

complicated by variations in the type of tillage implements used and the 

direction of travel over the slope. 

Topographic control on soil properties was recognised in the "catena" 

concept of Milne (1935) and has since been supported by others (Jenny 1941, 

1961; Simonson 1959; Dan and Yaalon 1968; Huggett 1975; Conacher and 

Dalrymple 1977; Birkeland 1984). Studies of forest soils over chalk and 

glacial drift parent material in Britain (Furley 1968, 1971; Whitfield and 

Furley 1971) culminated in a conceptual model of the distribution of soil 

properties over simple convex-concave slopes (Anderson and Furley 1975). It 

suggested that in general, organic matter and fines will decrease downslope 

over the upper convexity to a minimum near the inflection point, and 
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thereafter increase over the lower concavity. This pattern is attributed largely 

to translocation of material by surface and subsurface water movement. The 

transition from erosion to deposition is usually discontinuous and diffuse. 

Correlations of these soil properties with topographic variables were typically 

stronger on the upper than on the lower slope, reflecting the greater spatial 

and temporal variability of deposition processes. Similar patterns were 

observed on loess soils in Iowa by Walker and Ruhe (1968) and Ruhe and 

Walker (1968). 

King et al. (1983) examined soil variation with slope characteristics in 

moratntc ridge and swale topography tn a cultivated area of central 

Saskatchewan. Solum and A horizon thickness, organic matter and percent 

clay all increased downslope from crests with no suggestion of the initial 

decrease and subsequent increase that would be expected from the Anderson 

and Furley {1975) model. This may reflect an absence of extensive interfluve 

or crest areas in the terrain studied. No single slope parameter was 

considered adequate to explain the soil-topography observations, although 

shallow soils were associated with the upper slope convexity and deep and 

leached soils with the lower concavity. G leyed soils were found tn 

depressions. These observations (King et al. 1983; Anderson and Furley 1975) 

suggest that, in general, soil erodibility should increase upslope as moisture 

levels, fines and organic matter decrease. Where extensive interfluves are 

found, they should have less erodible soils than the upper slopes. 

The two most detailed attempts to examine patterns of soil erosion 

variability at the landscape scale in Saskatchewan show somewhat conflicting 
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results. Mermut et al. (1983) compared A horizon thickness of glacio

lacustrine clay soils in rolling terrain under native cover with those under 

cultivation. Under native conditions, there was little variation in A horizon 

thickness over the entire slope. In contrast, thickness varied substantially in 

the cultivated areas. Comparing A horizon thickness under the two 

conditions suggested net soil losses of about 15 em from the summit and 40 

em on the backslope (or middle slope), and net gains up to 5 m on the 

footslopes. Soil loss was directly related to slope gradient on the upper 

slope, and soil ga1n was inversely related to slope gradient and directly 

related to slope length, with about equal strength in each case, on the lower 

slopes. 

Using 137 Cs to estimate net erosion, de Jong et al. (1983) found that 

for small closed basins in cultivated land near Saskatoon, upper slopes 

consistently suffered soil loss (up to 2.6 kgfm2 fyr) and lower slopes had soil 

gain (up to 3.5 kgjm2 jyr). Middle slopes either suffered less loss than the 

upper slopes or had smaller gains than the lower slopes. The only significant 

correlations between net erosion and slope variables showed net erosion to 

decrease consistently downslope. This is in contrast with the findings of 

Mermut et al. (1983) that erosion is more severe on backslopes (or middle 

slopes) than on crests. 

The differences in the findings of these two studies regarding the 

variation in net erosion with topography might be due to differences in the 

sites that were studied. The sites studied by de Jong et al. (1983) were on 

medium to light textured soils while those studied by Mermut et al. (1983) 
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were in clay soils. The slopes examined by de Jong et al. (1983) were also 

much shorter. The clay soils may be more effective in generating Horton 

overland flow, and the greater slope length could permit water erosion to 

increase downslope. Perhaps the light-textured soils examined by de Jong et 

al. (1983) were more susceptible to wind erosion, and the higher net erosion 

on upper slopes was due to wind action. 

2.4. Net erosion estimation 

2.4.1. Direct measurement techniques 

The redistribution of soil at the land surface can be measured in a 

variety of ways. Direct measurements of net erosion can be made by 

measuring land surface elevation change with erosion pins, or with detailed 

topographic surveys using conventional instruments or specialised erosion 

frames. Alternatively, the amount of soil loss from units of the land surface 

can be measured using sediment traps of various kinds placed at the 

downstream end of plots (de Plooey and Gabriels 1980; Goudie 1981; Hadley 

1984). 

Direct measurement techniques, us1ng sediment traps, erosion p1ns, or 

repeated surveys, are generally unsuitable for a study of the kind reported 

here. Firstly, the required field installations are impractical in agricultural 

landscapes subject to repeated cultivation operations. Neither sediment traps 

nor local benchmarks can be installed in fields which are tilled several times 

per year. If sites are removed from the general agricultural operation so 

that erosion-measuring instruments can be protected from tillage equipment, 

the sites must then be subjected to controlled, but equivalent, cultivation to 
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simulate environmental conditions. This is impractical when net erosion is 

to be measured at a large number of sites 1n the landscape. 

Secondly, net erosion can vary substantially over time as climatic 

controls fluctuate and the cultivation cycle operates. To sufficiently integrate 

the expected, temporal variations in net erosion to obtain some "average" or 

"representative" value of net erosion for a site, direct measurements must be 

conducted for long periods of time. A maximum of two years of field 

measurement was possible for this study, and was considered insufficient time 

to determine "average" values. 

Thirdly, none of the direct measurement techniques discussed above is 

entirely appropriate for the environmental conditions represented in the study 

areas. Surveys of surface elevation change cannot be used to estimate net 

eros1on of the magnitude expected in agricultural landscapes since substantial 

changes in surface elevation can occur as a result of cultivation and 

subsequent settling of soil material. Sediment traps may be useful for water 

erosion where a source area for the trapped sediment can be identified. In 

the case of wind erosion, it 1s not usually possible to identify the source of 

trapped sediment in detail and to calculate soil loss (or gain) for units of the 

land surface (Knott and Warren 1980). 
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2 .4. 2. Tracer techniques 

Tracers can be used to monitor soil movement indirectly (Gregory and 

Walling 1973). Tracers can be applied to the soil, and the redistribution of 

the tracer used to infer redistribution of the soil to which it is attached 

(Coutts et al. 1968). Techniques based on the application of tracers to the 

soil were not considered suitable for this study, since they, like direct 

measurement techniques, could only give observations of soil redistribution 

over an unacceptably short time period (i.e. an absolute maximum of 2 

years set by the study duration). Environmental "contaminants" that are 

deposited uniformly over the soil surface and become strongly adsorbed to 

soil particles can be used as tracers (Wise 1980). One such environmental 

tracer that has been used to monitor soil redistribution is 137 Cs. 

2.4.3. The use of 137 Cs to estimate net erosion 

Use of the 137 Cs fallout isotope to assess the severity and extent of soil 

erosion at the landscape scale was pioneered by Ritchie et al. (1974) and 

subsequently applied in a number of studies around the world (McHenry and 

Ritchie 1977; Brown et al. 1981; de Jong et al 1982, 1983; Longmore et al. 

1983; Elliot et al. 1984; McHenry and Bubenzer 1985). Cesium-137 is a 

relatively long-lived radioactive isotope (half-life 30.2 years) released into the 

atmosphere almost exclusively by above-ground testing of thermonuclear 

weapons . It has been present globally in the atmosphere s1nce 1954 and is 

carried back to the land surface dissolved in precipitation (Wise 1980; 

Longmore 1982). In western Canada, the majority of 137 Cs fallout took 

place between 1962 and 1964 (de Jong et al. 1982). 
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The utility of 137 Cs for erosion studies anses from the fact that it is 

strongly adsorbed to soil particles and once adsorbed is virtually non

exchangeable (Davis 1963; Miller and Reitermeier 1963; Schulz et al. 1960). 

Cesium-137 is concentrated in the upper layers of the soil (Wise 1980) and is 

redistributed in the landscape as soil particles are redistributed by erosion 

processes (Ritchie et al. 197 4; Rogowski and Tamura 1965, 1970). For any 

point in the landscape, the degree of depletion or enrichment of soil 137 Cs 

relative to atmospheric input provides a measure of net erosion. 

The 137 Cs method offers several advantages over other commonly used 

techniques of erosion measurement. First, it evaluates both soil loss and soil 

gain and, thus, gives estimates of net erosion. The value of this in Prairie 

environments has already been discussed. Secondly, the net erosion measure 

is time-averaged, integrating fluctuations in erosion intensity due to variations 

in rainfall, snow conditions, wind, and land management practices. Thirdly, 

the net erosion estimates are process-integrated, reflecting the combined 

impact of all soil redistribution agents acting in the landscape. This is 

important in Prairie agricultural landscapes where soil is redistributed by 

tillage, rainfall, snowmelt and wind. Lastly, measurements can be taken at a 

large number of sites in the landscape in a relatively short time. 

Measurement of the 137 Cs isotope activity level of the soil was used to 

make net erosion estimates for this study, since no other technique was 

considered to be as well suited to the research objectives and the 

environmental conditions. The technique is discussed in general terms below. 

Details of its application in this study are given in Chapter 4. 
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Under continuous cultivation, 137 Cs becomes uniformly mixed through 

the cultivation layer (Wise 1980). The cultivation layer thickness varies with 

local agricultural practices and 1s typically about 0.1 m 1n central 

Saskatchewan (de Jong et al. 1982, 1983). At sites suffering net soil loss, 

the soil layer containing 137 Cs is maintained at a constant thickness by 

cultivation, while its 137 Cs content declines. As soil containing 137 Cs is lost 

from the surface of the cultivation layer by erosion, soil lacking 137 Cs is 

incorporated into the cultivation layer from below by tillage. 

If the total 137 Cs input to the cultivation layer by atmospheric fallout, 

and the present 137 Cs content of the cultivation layer are known, the 

proportion of the original cultivation layer lost by erosion can be estimated. 

Most previous applications of the 137 Cs technique in western Canada have 

assumed that soil loss from the cultivation layer was proportional to the 

137Cs loss (de Jong et al. 1982, 1983; Gregorich 1984; Kiss 1985). Since 

137 Cs fallout in western Canada took place largely in the early 1960's, the 

estimated soil loss is that which has occurred since then (de Jong et al. 

1983). 

At sites subject to net soil ga1n, the thickness of the 137 Cs-bearing soil 

layer will increase as new soil is added to the surface. The cultivation layer 

will be maintained at a constant thickness, but will migrate upward as 

deposition raises the soil surface. Because deposition sites in Prairie 

environments may be subject to considerable 137 Cs enrichment through snow 

accumulation, soil gain cannot be assumed to be proportional to 137 Cs gain. 

The practice in western Canadian studies has been to estimate soil gain as 
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depth below the current cultivation layer to which 137 Cs 1s present in the 

soil (de J ong et al. 1983). The estimated soil gain is taken to be that 

which has occurred since the early 1960's. 

2.4.4. Assumptions and limitations of the 137 Cs technique 

The 137 Cs technique, like all experimental procedures, has certain 

assumptions and limitations. These are outlined below. Estimating net 

erosion at a number of sites in the local landscape requires that the total 

137 Cs input to the sites be known. In practice, this requires the assumption 

that 137 Cs input to the soil surface is spatially uniform at the local scale. 

Fallout of 137 Cs varies at the regional scale, usually reflecting variations 

1n precipitation (Lance et al. 1986). Fallout records are available for only a 

few sites in western Canada (de Jong et al. 1982), and thus can not provide 

reliable data on local 137 Cs input to the soil. Local 137 Cs input can be 

determined by measuring the 137 Cs activity level at sites which have not 

experienced either soil loss or gain over the time that the isotope has been 

present in the environment (de Jong et al. 1982, 1983). Site selection is 

unavoidably subjective, and in practice, isotope activity levels are measured 

at several sites and an average value determined. This average value is 

taken to be the spatially uniform 137 Cs input to the soils of the surrounding 

area, and is used as the control against which 137 Cs loss or gain at other 

sites is evaluated. 

Spatial variations in precipitation (by which 137 Cs is carried to the soil 

surface) are unlikely to cause substantial variations in 137 Cs input at the 
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local scale in the Canadian Prairies. McKay {1970) analysed the depth-area 

characteristics of 70 large Prairie rainstorms with durations over 24 hr, and 

found that for areas of less than 15 km2, the mean precipitation depth was 

not significantly different from the maximum point precipitation depth. 

Short-duration convective storms, or thunderstorms, are common 1n central 

Saskatchewan and cover only small areas from 1 to 8 km wide (Bruce and 

Clark 1980). While individual thunderstorms might give spatially non

uniform 137 Cs input over small areas, from 15 to 20 thunderstorms per year 

can be expected in central Saskatchewan (Richards and Fung 1969) and their 

impact will be spatially averaged. 

In Canadian Prairie environments, a potentially more serious source of 

spatial variation in 137 Cs input to the soil is snow redistribution over the 

surface by wind-drifting. In western Canada, however, only 7% of 137 Cs fell 

with snow between November 1 and April 1 of the peak fallout period (i.e. 

1962 to 1964). Any snow falling at other times of the year would likely 

melt immediately or would be wet and not subject to drifting. Since 30 to 

50% of snow falling on fallow and stubble fields in western Canada is 

normally lost by blowing, the maximum 137 Cs loss due to snow-drifting 

would be about 4% of the total input {de Jong et al. 1982). Wind 

redistribution of snow can also lead to gain of 137 Cs where snow accumulates 

in drifts, depressions, and along fence lines. The magnitude of the gain 

cannot be estimated and will vary with site conditions. 

Snow drifting effects on 137 Cs input to the soil can be accomodated in 

estimating net soil erosion. In depositional sites (i.e. where 137 Cs is present 
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below the cultivation layer), problems associated with 137 Cs redistribution by 

snow drifting are avoided by estimating soil gain from the depth to which 

137 Cs is present in the soil, rather than from the isotope activity level in the 

soil (de Jong et al. 1983). At sites of net soil loss (i.e. where the soil 

contains less 137 Cs than was input by atmospheric fallout), net erosion 

should be estimated by comparing the current isotope activity level of the 

soil to the total 137 Cs input, less 4% to allow for loss of 137 Cs in blowing 

snow (de Jong et al. 1982). Since it 1s unlikely that 137Cs losses in snow 

will exceed 4%, this is a conservative assumption which will give slight 

underestimates of soil loss for sites where less 137 Cs is lost by drifting. 

It is possible that some sites in the landscape could experience both 

137 Cs enrichment through snow accumulation, and net soil loss by erosion. 

This might be the case in swales or drainage courses in the landscape, where 

both snow accumulation and water erosion can be expected. Since the 137 Cs 

input to the soil would exceed that due to direct fallout alone, estimating 

net erosion by comparing the current soil 137 Cs activity level to the fallout 

input would underestimate soil loss. This is not expected to be a serious 

problem, since a relatively small part of the 137 Cs fallout is subject to 

redistribution in blowing snow. Further, a problem of this kind would be 

indicated by the occurrence of at least some sites with 137 Cs activity levels 

higher than the fallout input, but with 137 Cs fully contained in the current 

cultivation layer. 

In agricultural landscapes, both the 137 Cs attached to plant surfaces 

and that taken up by the plants from the soil are subject to removal by 
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harvesting. This is not a significant loss, however, s1nce the residence time 

of 137 Cs on the surface of vegetation is short (Wise 1980) and, in 

Saskatchewan, straw is usually left on the field and incorporated into the soil 

by cultivation. Analysis of grain samples shows that 137 Cs loss from 

Saskatchewan fields by harvesting was less than 1% of the total fallout (de 

Jong et al. 1982). The 137 Cs input value to which the current isotope 

activity level of the soil is compared to estimate soil loss can be reduced by 

a further 1% to adjust for harvesting losses (de Jong et al. 1982). 

Loughran et al. (1982) note the possibility that 137 Cs carried to the 

surface in rainfall could be redistributed in Horton overland flow prior to 

becoming adsorbed to soil particles. They conclude, however, that while soil

isotope interactions in overland flow are poorly understood, there is no 

evidence to suggest that significant quantities of free 137 Cs are redistributed 

in runoff water. As flow occurs in contact with the soil, and sediment 

transport involves exchanges of particles between the surface and the flow 

(Kirkby 1980b), 137Cs may not be able to travel significant distances before 

becoming adsorbed to soil particles. 

The assumption that soil loss 1s directly proportional to 137 Cs loss can 

be questioned two grounds. Firstly, 137 Cs is largely adsorbed to the finer 

particles in the soil (i.e. clays and colloids), and these particles are often 

preferentially removed by erosion (Wise 1980). Begg (1982) found that 

simulated water and wind erosion on some Saskatchewan soils yielded 

material 5 to 15% higher in 137 Cs concentration than the source soil. 

Failure to account for 137 Cs enrichment of eroded material will cause soil 
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loss to be overestimated. Secondly, tillage incorporates new soil into the 

cultivation layer from below as soil loss takes place at the surface. 

Consequently, the 137 Cs concentration in the cultivation layer will decline, 

and in succesive erosion events, the same amount of soil loss will be 

associated with less 137 Cs loss. The direct proportionality assumption will, 

in this case, lead to underestimates of soil loss (Kachanoski and de Jong 19). 

Kachanoski and de Jong (1984) demonstrate, by a mathematical model, 

that the effects of tillage dilution and preferential erosion of fines should be 

largely off-setting until about about 20% of soil 137 Cs has been lost by 

erosion. Under higher erosion rates, the effects of tillage dilution become 

more pronounced, and failure of the direct proportionality assumption to 

account for tillage dilution effects may lead to underestimates of soil loss. 

Comparision of soil loss estimates made under the direct proportionality 

assumption and by the model suggest that the errors should not be 

excessive. For 137 Cs losses of 60%, the direct proportionality prediction is 

about 65% of the model prediction. 

However, the model also operates under a number of assumptions and 

its predictions cannot be treated as absolutely correct. In particular, the 

model assumes a constant erosion rate, and as actual erosion rates become 

temporally more variable, this assumption will lead to progressively greater 

overestimates by the model. Thus, while the model points to a tendency of 

the direct proportionality assumption to underestimate soil loss under high 

erosion rates, it cannot offer substantially improved estimates. 

In summary, the 137 Cs technique has been widely applied to studies of 
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soil erosion with no senous difficulties. In western Canadian landscapes, the 

most obvious source of error is that associated with the redistribution of 

137 Cs in snow. This can, however, be largely accomodated when estimating 

net soil erosion from 137 Cs measurements. Any errors due to inadequate 

adjustment for snow drifting, or to failure of the direct proportionality 

assumption to account for tillage dilution, will be conservative and result in 

slight underestimates of soil loss. 

2.5. Topographic parameters and landscape components 

Evans (1981) suggests two alternative approaches to the study of 

landscape surface morphology. One approach is to subdivide the landscape 

into specific landforms which can then be studied in their own right or in 

the context of other landscape properties. This approach, termed specific 

geomorphometry, is considered to be fundamentally qualitative since the 

landforms are usually defined only in descriptive terms. The second 

approach, termed general geomorphometry, is to treat topography as a rough, 

continuous surface that can be described by a series of variables measured at 

points in the landscape. General geomorphometry provides quantitative 

expressions of topographic form. These two approaches need not be 

contradictory since general geomorphometric variables can be employed to 

define landforms objectively and unambiguously. A general geomorphometric, 

or quantitative, approach to topographic analysis IS employed in this study. 

Evans (1972, 1981) proposes elevation and the derivatives of the 

elevation surface as the appropriate variables to characterise points in the 

landscape. The first vertical derivative of the elevation surface gives slope 
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gradient and the second vertical derivative gives slope or profile curvature. 

The first and second horizontal derivatives give slope aspect and plan or 

contour curvature. 

Variables that express the surface morphology of a point in the 

landscape are not sufficient to completely describe its topographic character. 

It is generally recognised that the relative position of a point within the 

landscape as a whole is an important topographic attribute (Speight 1968, 

1974; Young 1972; Furley and Anderson 1975; Burt and Butcher 1985). The 

local sheltering variable of Evans (1981) is one measure of relative position 

where local sheltering is defined as the elevation difference between a point 

in the landscape and its immediate surroundings. Young (1972) and Speight 

(1968, 197 4) employ slope-catchment and unit-catchment area respectively to 

express the relative position of sites on slopes and in landscapes. The two 

variables are essentially equivalent and are determined by extending flowlines 

upslope from the ends of a short baseline passing through the point of 

interest until the flowlines meet one another or the drainage divide. The 

area enclosed by the flow lines divided by the length of the baseline gives the 

catchment value in m2 jm. Speight (1974) also employs unit-dispersal area 

(by extending flowlines downslope rather than upslope) as a measure of site 

drainage and relative position. 

Surface form and the catchment and dispersal area measures are inter

related. Catchment area, for example, will increase linearly with slope length 

on slopes with no contour curvature, more than linearly on slopes with 

concave contour curvature, and less than linearly on slopes with convex 
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contour curvature. Unit-catchment area and slope length are equivalent for 

slopes with straight contour, but not otherwise. 

Ruhe and Walker (1968) suggest five contour classes and five slope 

profile classes that can be recognised in the landscape (Figure 2-3). These 

classes encompass notions of gradient and relative position in the landscape 

as well as curvature attributes. They were initially developed for use 1n 

detailed studies of soil property variations with topography in small Prairie 

basins in the United States. While these slope types are essentially 

descriptive categories, they have subsequently been widely used in soil-

landscape studies. 

Divide 

Su- summit 
Sh- shoulder 
Bs- backslope 
Fs- footslope 
Ts- toeslope 

Figure 2-3: Plan and profile slope classes 
(after Ruhe and Walker 1968) 
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Sideslopes are distinguished from alluvial fill and interfluve units on the 

basis of slope gradient, and alluvial fill and interfluve units are distinguished 

from one another on the basis of their relative position. Some of the profile 

units are associated with only one contour unit (i.e. toeslope and alluvial fill) 

while others can appear in a number of contour units (i.e. shoulder, 

backslope and footslope units can all be found on head, nose and side 

slopes). 

Young (1972) suggests that the fundamental classification of slopes on 

the basis of either contour or profile curvature is into convex, straight, and 

concave classes. Table 2-1 gives his recommended classification. This 

classification suggests a way in which the descriptive classes of Ruhe and 

Walker (1968) could be placed on a quantitative footing. 

Table 2-1: Recommended classification of slope curvature 
by Young (1972) 

CONTOUR CURVATURE PROFILE CURVATURE 

DESCRIPTION LIMITS DESCRIPTION LIMITS 

Markedly convex > 1°/m 
Notably convex > 1.2°/m Moderately convex .1 to 1°/m 
Slightly convex .12 to 1.2°/m Slightly convex .01 to .1°/m 
Almost straight .12 to -.12°/m Near-zero curvature .01 to -.01°/m 
Slightly concave -.12 to -1.2°/m Slightly concave -.01 to .1°/m 
Notably concave < -1.2°/m Moderately concave -.1 to -1°/m 

Markedly concave < -1°/m 

Speight (1968) attempted to objectively define and map landscape 

components at a smaller scale than that considered by Ruhe and Walker 
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(1968). The mapping was based on measurements of topographic variables 

made at the intersection points of a dense grid overlaid on a detailed 

contour map of the landscape. The measured variables included three of 

Evans' (1972) basic general geomorphometry variables (slope gradient, profile 

and contour curvature) and one variable expressing relative landscape 

position (unit-catchment area). Partly to facilitate hand measurement on 

contour maps, the variables were grouped into classes; nine gradient classes, 

three catchment area classes, and four classes each of profile and contour 

curvature. Patterns of variation could be mapped for each topographic 

variable. 

The 432 possible combinations of topographic classes were reduced to 

seven fundamental landscape components, termed landform elements by 

Speight (1968). Each landform element was precisely defined as a number of 

possible combinations of topographic classes. The landform elements were 

crests, hillslopes, concave footslopes, convex footslopes, swales, plains, and 

water courses. These seven units were considered sufficient to describe the 

topography of a landscape. Speight (1968, 1974) was able to demonstrate 

that landform elements were associated with patterns of soils, vegetation, and 

land capability. 

Shallow surface depressions, 1n which water ponds temporarily following 

snowmelt or rainstorms, are important features of Canadian Prairie 

landscapes. These are considered to have developed largely during 

deglaciation by irregular deposition of till and by melting of glacial ice 

incorporated 1n the surface deposits (Bird 1972; Meyboom 1966, 1967; King 
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et al. 1983). None of the topographic classification schemes discussed above 

1s fully able to accomodate these closed basins. Walker and Ruhe (1968) 

examine soil properties in closed basins in some detail but subdivide the 

depressions into the same slope categories used for open basins. At a scale 

in the order of that considered by Speight (1968), such categories would not 

likely suffice and a landscape unit encompassing whole depressions might he 

required. 
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Chapter 3 

THE STUDY SITES 

3.1. Site location 

Two small agricultural drainage basins near Saskatoon, Saskatchewan 

were chosen for study. They are known locally as Seymour Basin and Floral 

Basin and are located approximately 30 km southwest and 4 km east, 

respectively, of Saskatoon (Figure 3-1). Seymour Basin 1s in Sections 1 and 

2, Township 35, Range 9, west of the 3rd Meridian. Floral Basin is in 

Section 15, Township 36, Range 4, west of the 3rd Meridian. 

3.2. Regional setting 

The study basins are near the western edge of the Saskatchewan Plains 

(Figure 3-1) on the Second Level on the Prairies province of the Interior 

Plains physiographic region of Canada (Bird 1972). The Saskatchewan 

Plains can be characterised as a gently dipping surface of low relief which 1s 

occassionally interrupted by major river valleys and isolated uplands. 

The general elevation of the Saskatchewan Plains surface declines from 

approximately 550 m at its western edge to 400 m along its eastern margin. 

The valleys of major rivers, such as the South Saskatchewan, are incised 

about 150 m into the surface. Isolated uplands, like the Thickwood Hills, 

rise as much as 120 m above the surrounding plain (Bird 1972; Acton and 

Ellis 1978). 
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PLAINS 

~~J 

Bose mop from 

Saskatchewan Soil Survey Stoff (1984) 

THE STUDY SITES 

Seymour Basin 

Floral Basin 

Scale = 1:5,000,000 

Figure 3-1: Location and physiographic setting of 
the study sites 

The Saskatchewan Plains are underlain by relatively flat-lying 

Cretaceous sedimentary rocks covered by glacial drift (Bird 1972). Most of 

the drift surface between the uplands and major river valleys is a ground 

moraine partly covered by shallow glacio-lacustrine and glacio-fluvial deposits. 

Hummocky moraine is found locally on most of the uplands (Bird 1972: 
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Acton and Ellis 1978). The glacial drift thickness is usually between 50 m 

and 250 m (Christianson 1967a, 1970). 

Local relief on the Saskatchewan Plains is largely inherited from the 

last continental glaciation and strongly reflects the nature of the surface 

deposits. Areas of deeper glacio-fluvial and glacio-lacustrine deposits have 

nearly level surfaces while areas of ground moraine are commonly undulating 

with local relief of about 3 m. Local relief in areas of hummocky moraine is 

greater and in the order of 3 to 10 m (Acton and Ellis 1978). 

One of the most common local relief features are small sloughs or 

potholes that developed as ice melted out of drift deposits during deglaciation 

(Meyboom 1966; Bird 1972; Acton and Fehrenbacher 1976). These can vary 

greatly in size but are normally less than 5 m deep (Meyboom 1966). They 

occur at frequencies up to 26/km2 on glacial till surfaces and up to 14/km2 

on lacustrine surfaces (de Jong and Kachanoski 1985). 

The Saskatchewan Plains are an area of cold contintental climate. The 

regional climate of the study sites is classified as Dfb in the Koppen system. 

The moisture regime is transitional between semi-arid and dry subhumid. 

Both the annual temperature cycle and the annual precipitation show 

pronounced summer maxima (Richards and Fung 1969). 

The soils of the Saskatchewan Plains south of the North Saskatchewan 

River are predominantly Chernozems (Richards and Fung 1969) which 

developed under grassland and parkland vegetation (Canada Soil Survey 

Committee 1978). Increasing climatic aridity to the south and west is 

reflected in lower soil organic matter and lighter soil color. The study sites 
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are at an intermediate position on this soil-climate gradient and 1n the zone 

of Dark Brown Chernozemic soils {Acton and Ellis 1978). Soils vary locally 

with parent material and topography. Regardless of soil series designation, 

the local pattern of association between soils and topography typically shows 

shallow soils on convex upper slopes, deeper soils on concave lower slopes, 

and gleyed soils in depressions {King et al. 1983). 

Regional drainage of that part of the Saskatchewan Plains in which the 

study basins are found 1s via the Saskatchewan River system to Lake 

Winnipeg and ultimately to Hudson's Bay. Surficial drainage is generally 

poorly developed in the areas of gentle relief between the major river valleys. 

Much of the surface water flow in these areas is directed to depressions 1n 

the land surface where it is temporarily stored and eventually evaporates or 

infiltrates {Meyboom 1966, 1967). Extensive areas never contribute runoff to 

the major rivers. The majority of streamflow from small basins in these 

areas occurs in the spring and up to 80% of the annual runoff from these 

basins is derived from snowmelt (de J ong and Kachanoski 1985). 

3.3. Considerations in site selection 

The drainage basin was used as the unit of study since it is the 

functional geomorphic unit within which fluvial processes are organised. 

Although soil particle redistribution in the landscape is only partially due to 

water action, the use of basin study units provides a degree of experimental 

control in that basin boundaries are closed to the input of fluvial sediments 

and fluvial sediment output occurs only at the basin mouth. 

The Seymour and Floral study sites were selected 1n part because 
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hydrometeorological observations and detailed topographical surveys of these 

basins were available from Saskatchewan Research Council. The 

Saskatchewan Research Council collected data 1n these and other basins in 

the province with the aim of evaluating the temporal and inter-basin 

variations 1n runoff from small prairie agricultural basins that result from 

variations 1n snowpack character, spring weather conditions, vegetation cover 

and topography (Hall 1968; Hall and Langham 1970; Lakshman 1973). Only 

preliminary analyses of the data gathered for these purposes have been made 

to date (Lakshman 1973). 

While the study basins were not selected as being representative, in a 

statistical sense, of particular landscape types, both are in environmental 

settings commonly found in the Canadian Prairies. Both basins are 

cultivated for agriculture and have been under cereal-fallow rotation since 

before 1950. This agricultural practice is very common In the Canadian 

Prairies (Bird and Rapport 1986). The soils (Acton and Ellis 1978) and the 

geology and topography (Hall and Langham 1970) of the study basins are 

similar to those of the areas which surround them. 

Previous discussion suggested that land management practices can be 

the overwhelming control on spatial patterns of erosion and deposition of soil 

in the landscape. The sites were selected to minimize, as far as possible, the 

influence of land use practices on spatial variations in net erosion within the 

study basins. While cropping patterns varied from one year to the next, the 

land use cycle remained constant over the time that 137Cs (i.e. the 

environmental tracer used to estimate net erosion for this study) has been 

present in the environment. 
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3.4. Study area climate 

The following discussion of climate is based on data for Saskatoon 

(Saskatoon A station in Atmospheric Environment Service 1982a, 1982b). 

This IS the site nearest to the study basins for which long term 

meteorological records are available. 

3.4.1. Temperature 

The continental nature of the climate is reflected in the large annual 

range of temperature. Mean daily temperature is 1.9 o C with a January 

mean of -19.3 o C and a July mean of 18.5 o C (Figure 3-2). July 

temperatures can be as high as 37.8 o C and January temperatures as low as 

-53.9 o C (Atmospheric Environment Service 1982a). Snow covers the ground 

for about four months of the year with a median snowpack duration from 

November 13 to April 4 (Maybank and Bergsteinsson 1970). 
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Figure 3-2: 1\1ean monthly temperature at Saskatoon 
(Atmospheric Environment Service 1982a) 
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3.4.2. Precipitation 

Mean annual precipitation is 349 mm of which 30 percent falls as snow 

and 70 percent as rain (Atmospheric Environment Service 1982a). The 

annual precipitation cycle shows a seasonal pattern with a distinct summer 

maximum (Figure 3-3). While the highest mean monthly. precipitation is 59 

mm (for the month of June), up to 84 mm of precipitation has been 

observed for a 24 hour period (Atmospheric Environment Service 1982a). 

Intensity-duration frequency analysis of Saskatoon precipitation data shows 

higher rainfall intensities for shorter time periods (Table 3-1). McKay (1970) 

observes that for short durations (i.e. 5 minutes to 1 hour) Canadian Prairie 

rainfall intensities are close to world record values. 
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Figure 3-3: Mean monthly precipitation at Saskatoon 
(Atmospheric Environment Service 1982a) 
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Table 3-1: Short duration rainfall intensities for Saskatoon 
(Maybank and Bergsteinsson 1970) 

DURATION (minutes) RETURN PERIOD (years) 

10 
30 
60 

3.4.3. Water erosivity 

2 

61 mm/hr 
33 mm/hr 
21 mm/hr 

10 

127 mm/hr 
64 mm/hr 
43 mm/hr 

25 

155 mm/hr 
84 mm./hr 
52 mm/hr 

Water erosivity in the study sites, as measured by the USLE annual 

rainfall erosion index (i.e. R factor of Wischmeier and Smith 1958), is 

relatively low. Wall et al. (1983) estimated R, as a power function of the 6 

hour rainfall intensity with a return period of 2 years, for a number of sites 

in Canada east of the Rocky Mountains. They found R values for 

Saskatoon, and for western Canada in general, to be among the lowest in 

the agricultural parts of North America. 

Wall et al. (1983) give an R value for Saskatoon of 850 SI units. In 

contrast, virtually all stations in agricultural areas east of the Manitoba-

Ontario border have R values of more than 1000 and some along the eastern 

coasts of the Maritime provinces exceed 2000. R values lower than that 

calculated for Saskatoon are reported for Edmonton (630) and Calgary (495) 

in Alberta. Wall et al. (1983) note the reported range of R values for the 

United States is 850 to 10,000. Even adjusted upward by 15%, as suggested 

by Wall et al. {1983) to account for additional erosion by snowmelt runoff, 
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the rainfall erosivity index for Saskatoon IS among the lowest in North 

America. 

Stolte and Wigham (1985) provide a detailed analysis of patterns of the 

rainfall erosion index for the Canadian Prairies. Using the original USLE 

calculation procedure based on 30 minute rainstorm intensities, rather than 

the approximation method used by Wall et al. (1983), they find an even 

lower R value of approximately 400 SI units for the Saskatoon area. They 

also show a general trend for the erosivity index to increase eastward from 

the Rocky Mountains. 

Figure 3-4 shows the percentage of the annual rainfall erosion index 

accumulated in each month at Saskatoon. The suggested 15% increase in the 

annual value to account for snowmelt has been distributed over the months 

of March and April. Water erosivity peaks in June and July, the months of 

highest rainfall. 

Actual water erosion hazard may not follow this pattern in agricultural 

land, however, as the increasing water erosivity over the first part of the 

growing season may be offset by improved surface vegetation cover in areas 

under crop although not in areas under summerfallow. As well, the amount 

of overland flow, and hence erosive stress, generated by a given quantity of 

water delivered to the land surface by rainfall and snowmelt may be higher 

in the spring when soil infiltration capacity is reduced by ground frost. Soil 

erodibility may also be higher early in the spring as a result of frost 

weathering of surficial aggregates over the winter (de Jong 1984). 
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Figure 3-4: 

3.4.4. Wind 

Seasonal variation in water erosivity for 
Saskatoon (after Wall et al. 1983) 

Mean annual wind speed for Saskatoon is 18 km/hr (Table 3-2). Mean 

monthly wind speeds are relatively constant over the year ranging from a 

minimum of 16 km/hr to a maximum of 19 km/hr (Figure 3-5). The 

greatest mean monthly wind speeds occur in April and May. Short duration 

wind speed can greatly exceed the monthly values and is more variable over 

the year (Figure 3-5). Two distinct periods of higher short duration 

windspeed are evident in May and September. Since mean monthly wind 

speed is not appreciably higher in these months, winds must be more gusty 

at these times of the year. 

Figure 3-6 shows the relative distribution of wind speed and wind 

frequency by compass direction (see Table 3-2 for actual values). Mean 

annual wind speed does not vary greatly with compass direction. Mean 
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Table S-2: Wind characteristics for Saskatoon by month and 
compass direction (Atmospheric Environment Service 1982b) 

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC YR 

MEAN MONTHLY WINDSPEED (km/hr) 

19 19 19 22 22 18 16 17 20 19 18 18 19 
18 18 19 20 21 18 17 17 18 19 16 17 18 
17 16 18 19 20 18 16 15 17 17 15 17 17 
16 17 19 21 20 18 14 15 17 16 17 17 17 
18 17 19 19 19 18 15 16 16 16 16 16 17 
18 19 21* 20 20 19 20 18 18 18 17 17 19 
18 19 21 20 20 20 19 19 19 19 18 19 19 
15 17 19 20 20 19 18 18 19 18 17 17 18 
14 15 16 19 18 18 16 16 17 17 16 15 16 
14 15 16 17 17 17 15 15 16 16 15 15 16 
16 15 15 17 19 18 15 17 17 17 15 15 16 
16 15 15 16 19 19 16 16 17 17 15 15 16 
16 14 14 16 19 18 18 17 17 17 16 15 16 
22 20 21 23 24 22 21 20 23 23 23 22 22 
22 21 20 23 24 21 20 20 23 23 23 22 22 
18 17 17 20 21 19 18 18 22 20 19 21 19 
17 16 18 19 19 18 17 17 18 18 17 17 18 

MEAN WIND FREQUENCY (%) 

5.1 5.1 5.8 6.6 6.9 6.3 5.8 6.0 5.9 4.3 5.6 4.0 5.6 
4.0 4.7 4.8 4.9 5.6 5.0 4.2 5.3 3.6 2.9 3.4 3.3 4.3 
6.2 6.3 6.6 7.0 7.0 6.5 4.5 6.5 5.1 3.5 4.0 5.8 5.7 
3.6 4.6 4.2 5.3 5.3 4.7 3.5 4.7 3.2 2.7 3.2 4.0 4.1 
3.7 5.1 5.0 6.0 6.0 5.7 4.9 4.9 4.3 2.9 4.1 4.7 4.8 
4.4 5.9 6.5 6.4 6.3 5.6 4.8 5.1 4.4 3.4 4.1 4.7 5.1 
6.0 6.9 8.1 9.3 8.5 6.7 6.8 8.2 6.9 6.7 6.0 6.9 7.3 
3.7 3.8 5.2 6.8 6.9 5.7 5.4 6.0 5.9 6.0 5.0 4.0 5.4 
7.1 7.5 7.7 8.9 8.4 7.8 6.5 6.7 8.0 10.4 8.9 7.3 7.9 
7.2 8.0 6.3 5.6 5.7 5.3 5.4 4.6 6.2 7.8 8.5 8.4 6.6 
9.1 9.3 7.0 4.8 4.6 5.1 5.3 4.5 5.7 7.2 8.2 8.8 6.6 
6.7 5.2 5.7 3.8 3.6 4.5 5.7 4.4 5.4 6.2 6.0 6.8 5.3 
7.2 5.9 5.4 4.5 4.9 7.5 10.1 7.1 8.3 8.9 7.6 7.2 7.1 

10.6 7.6 7.9 6.4 6.6 8.6 9.8 8.6 10.1 10.5 10.1 10.1 8.9 
8.1 6.6 6.2 6.2 6.2 7.0 7.9 7.5 8.2 9.2 7.5 6.9 7.3 
3.6 3.3 4.0 4.5 4.1 4.7 5.3 5.2 5.3 4.0 4.1 3.4 4.3 
3.7 4.2 3.6 3.0 3.4 3.3 4.1 4.7 3.5 3.4 3.7 3.7 3.7 

* monthly windspeed maxima are underlined (ties are all underlined) 
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• Maximum hourly windspeed 
~ Mean monthly windspeed 

Mean monthly windspeed at Saskatoon 

annual wind speed ranges from a minimum of 16 km/hr in the south to 

west compass quadrant to a maximum of 22 km/hr for the west-northwest 

and northwest. A secondary wind speed peak occurs at the east-southeast 

and southeast where mean annual wind speed is 19 km/hr. Inspection of 

the detailed wind data (Table 3-2) shows that this secondary peak is most 

pronounced in March when winds from the east-southeast and southeast are 

as strong (21 km/hr) as winds from the west-northwest. 

Wind frequency shows a more irregular distribution around the compass 

than does wind speed. Overall, winds are most frequent from the west-

northwest with a secondary frequency peak for the south. Detailed wind 

data (Table 3-2) show that winds are most frequently from the west-

northwest through the year, except in the spring when they shift to the 

southeast. 

In general, winds are of moderate intensity throughout the year and 
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Figure 3-6: Relative wind speed and frequency by 
compass direction (data from Table 3-2) 

E 

distributed fairly evenly over all compass directions on an annual basis. 

Through summer, fall, and winter there is a slight tendency for winds from 

the northwest to be more frequent and intense. In the spring, winds from 

the southeast are more frequent and in March, are as strong as those from 

the northwest. spring is marginally the most windy season in that this is the 

season in which the most intense winds occur, calm conditions are least 

frequent, and winds tend to be gusty. 
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3.4.5. Wind erosivity 

Figure 3-7 shows monthly variation in relative wind erosivity at 

Saskatoon for the 1960 to 1982 period (Kachanoski et al. 1985). Wind 

erosivity was taken to vary directly with the cube of wind speed for winds 

above a threshold of 19 km/hr. Monthly wind erosivity factors were the 

sum of daily erosivity factors calculated as: 

(3.1) 

where W F AC = daily wind erosion factor and V = hourly wind speed (mi/hr 

in the original calculations) for winds in excess of 19 km/hr. 
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Figure 3-7: Seasonal variation in wind erosivity at 
Saskatoon (after Kachanoski et al. 1985) 

The monthly distribution of wind erosivity is bi-modal with a major 

peak in May and a secondary peak in October (Figure 3-7). This reflects 

the seasonal variation in mean monthly wind speed and especially the greater 
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short duration wind speeds and gusty winds of spring and Fall. Wind 

erosion hazard for agricultural land is likely greatest in the late spring when 

wind erosivity is a a maximum, snowmelt is over, precipitation is relatively 

low, soils are recently tilled, and a protective crop cover has not yet 

developed. 

Kachanoski et al. (1985) also report that blowing dust was observed at 

the Saskatoon Airport meteorological station, with a much greater frequency 

in May than in any other month. This supports the suggestion that the 

overall wind erosion hazard at Saskatoon is greatest in the spring. 

3.5. Physical description of the study sites 

3. 5 .1. Seymour Basin 

Seymour Basin covers an area of 172 ha. The elevation of the basin 

mouth is 510 m above sea level and the total relief in the basin is 30 m 

(Figure 3-8 and Figure 3-9). Most of the upland or headwater area IS 

gently undulating with slopes less than 3 percent (Figure 3-10). In the 

southwest part of the basin, the upland is roughly undulating with slopes up 

to 6 percent. The steepest slopes in the basin (up to 18 percent) are found 

near the basin mouth along the main stem channel (Figure 3-11). 

The upland surface is marked by small, shallow depressions where 

water temporarily ponds in the spring following snowmelt and in the summer 

after heavy rains (Figure 3-12). With no evidence to the contrary, these are 

considered to be inherited from the last glaciation of the area and to have 

developed as undulations in the ground moraine surface during deposition 
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Scale = 1:40,000 
Date of photography = 1960 
North is toward the top of the stereogram 
Approximate basin boundary outlined in red 

Figure 3-8: Aerial photograph sterogram of Seymour Basin 

and by melting of underlying and incorporated glacial ice (Acton and 

Fehrenbacher 1976). 

The drainage network 1s somewhat elongated and the network pattern 

can be described as parallel (Howard 1967). Two principal tributaries carry 

runoff from the upland to the roam outlet channel. The depressions on the 

upland are largely integrated into the drainage network with swales or 

drainage courses connecting the depressions to one another and to the 

principal tributaries. 

The bedrock surface, at an elevation of 425 to 460 m, 1s at least 50 m 

below the lowest point on the surface of the basin. The bedrock 1s 
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Note: A vehicle track extends through the middle ground of the photograph. 

Figure 3-10: Photograph taken looking northeast across upper 
Seymour Basin from the head of the north-branch tributary 

Figure 3-11: Photograph taken looking upstream along the main 
channel of Seymour Basin from north of the basin mouth 



Figure 3-12: 
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Aerial photograph taken looking north across the 
northern part of upper Seymour Basin 

horizontally-bedded siltstone and fine sandstone of the Judith River 

Formation and shows no evidence of local fault or collapse structures. The 

preglacial Tyner Valley, incised into the bedrock surface and buried by 

glacial drift, is found about 2 km east of the basin mouth. (Christianson 

and Menely 1971). 

Little is known of the local stratigraphy of the glacial drift overlying 

the bedrock. A sand and gravel aquifer has been observed along the higher 

order stream channel to which Seymour Basin is tributary. The aquifer 

outcrops at an elevation of about 500 m; roughly 10 m below the mouth of 

Seymour Basin. It has been suggested that spring sapping and p1pmg 

collapse in the aquifer may have contributed to the development of the 
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higher order channel but not to the development of the Seymour Basin main 

channel (Hall and Langham 1970; Lakshman 1973). 

Only some broad observations are possible regarding the materials 

above the sand and gravel aquifer. Firstly, there are no major seepage zones 

or evidence of other large aquifers intersecting the land surface within the 

Seymour Basin. There is a small area of saline soil at the junction of the 

major tributaries that might be the result of weak seepage from a sand or 

gravel lens (Figure 3-13). Secondly, the drift deposits at the basin surface 

(discussed below) are predominantly of glacio-lacustrine origin. Thirdly, well 

logs from approximately 15 km south of the basin (Christianson and Menely 

1971) show between 10 and 40 m of glacio-lacustrine material overlying till, 

and in one case, glacio-lacustrine material extends from the surface, at 548 

m, to a depth of 508 m. These observations suggest the possibility that 

glacio-lacustrine material could extend from the sand and gravel aquifer to 

the surface of Seymour Basin. However, this cannot be substantiated from 

the available geological data. 

Figure 3-13, compiled by the Saskatchewan Institute of Pedology (de 

Gooijer 1983), shows variations in parent materials and soils in Seymour 

Basin. The map does not completely cover Seymour Basin since, at the 

time of mapping, the basin was thought to be less extensive (see Section 5.1 

for more discussion of basin boundaries). Figure 3-13 subdivides the 

landscape into areas which can be considered to have, at the mapping scale, 

a uniform kind or recurring pattern of topography, parent materials, and 

soils. Each area delineated on the map is labelled (as per Table 3-3) to 



69 

show the soil map unit, slope class, and surface expression category to which 

it belongs. Any deviation of the substrate texture from the map unit norm 

Is also indicated. The slope and surface expression classes employed are 

those recommended and discussed In detail by Canada Soil Survey 

Committee (1978). 

Soil map units are separations, within soil associations or soil 

complexes, based on differences in the kind and amount of soil series. Soil 

associations are mapping categories which include the suite of soil series 

found on similar kinds of parent material under similar climatic conditions 

(Acton and Ellis 1978). Map units with the same code letters in Table 3-3 

belong to the same soil association and thus include areas of similar surficial 

geology. 

Christianson {1970) indicates that Seymour Basin is within the limits of 

a formerly extensive glacial lake. This is reflected in Figure 3-13 which 

shows soils of the Elstow association to be spatially dominant in the basin. 

The parent material for Elstow soils is medium to moderately fine-textured, 

moderately calcareous, silty glacio-lacustrine deposits {Acton and Ellis 1978; 

de Gooijer 1983). There are small areas of Asquith soil association in the 

southwest part of the upper basin. Asquith soils develop on coarse to 

moderately coarse textured, weakly calcareous, sandy glacio-fluvial and 

lacustrine deposits {Acton and Ellis 1978). In this case, the Asquith parent 

materials appear from their setting, to be of glacio-deltaic origin. 

Between the two parent material extremes represented by the Asquith 

and Elstow associations, are surficial deposits of intermediate texture on 
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Table S-3: Legend for soil map of Seymour Basin (Figure 3-13) 

MAP LABELS { 
Soil Map Unit : Substrate 

Slope Class/ Sur face Expression 

Substrate 
1 loamy 
s sandy 

Soil 
Map 
Unit 

Aq4 
Aq6 
BrAq4 

Br4 
Br6 
BrEw4 

EwBr1 

EwBr4 
EwBr7 
Ew1 
Ew2 
Ew3 
Ew4 
Ew5 
Ew6 
Ew7 

Slo~e Class Surface Ex~ression 

Parent 
Material 

Sandy fluvial 

I 
2 
3 
4 
5 

Depressional u Undulating 
0 to 2% I Inclined 
2 to 5% D Dissected 
6 to 9% 
10 to 15% 

Soil Series 

Orthic Asquith 
Orthic Asquith; Gleyed Asquith 

Sandy lacustrine Orthic Bradwell; Orthic Asquith 
and fluvial 
Sandy lacustrine Orthic Bradwell 

Orthic Bradwell; Gleyed Bradwell 
Sandy and loamy Orthic Bradwell; Orthic Elstow 
lacustrine 
Loamy and sandy 
lacustrine 

Loamy to silty 
lacustrine 

Orthic Elstow; Orthic Bradwell; Calcareous and 
Rego Elstow; Clacareous and Rego Bradwell 
Orthic Elstow; Orthic Bradwell 
Orthic Elstow; Calcareous Bradwell 
Orthic Elstow; Rego and Calcareous Elstow 
Rego and Calcareous Elstow; Orthic Elstow 
Gleysolic Elstow; Gleyed Elstow 
Orthic Elstow 
Saline Elstow 
Orthic Elstow; Gleyed Elstow 
Orthic Elstow; Eluviated Elstow 
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Figure 3-13: Soil map of Seymour Basin 
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which Bradwell soils are found. Surficial material texture in Seymour Basin 

does not vary greatly. There is a slight trend for texture to become fmer 

from the upper basin, where the Asquith association is found, toward the 

lower basin, where the Elstow association dominates. 

Table 3-3 gives the soil senes found In each of the soil map units of 

Figure 3-13. The soil series are listed in order of dominance for each map 

unit. The soil series names indicate both the taxonomic category and parent 

material of the series. The first part of the series name gives either the 

Subgroup of the Dark Brown soils to which the series belongs or the soil 

Order, if other than Chernozemic, to which the series belongs. The second 

part of the series name identifies the soil association to which it belongs. 

Soils of the Orthic Asquith series, for example, are Orthic Dark Brown soils 

on sandy glacio-fluvial or glacio-lacustrine parent materials of the Asquith 

soil association. 

Most of the basin is dominated by Orthic Dark Brown soils with the 

following note-worthy exceptions. An area of exclusively Gleyed and 

G leysolic soils (the Ew3 map unit) IS shown in the bottom of the main stem 

valley. As well, significant occurences of Gleyed soils are indicated for 

upland areas (the Aq6, Br6, Ew6 map units) with frequent depressions. The 

Ew2 map unit, containing almost exclusively Rego and Calcareous soils, 

occupies the steeper slopes and slope crests of the lower basin. The general 

pattern of soil variation IS a reflection of topography, in so far as shallower 

soils are found on the steeper and more convex slopes, while gleyed soils 

occur in the upland depressions and along the poorly drained main channel. 
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A small area of saline soil (map unit Ew5) occurs 1n the valley bottom 

at the junction of the two principal tributaries. The cause of the salinity is 

uncertain, but may be due to weak seepage from a slightly more permeable 

material. 

Seymour Basin is entirely cultivated except for a small area near the 

basin mouth. Examination of aerial photographs and interviews with 

landowners indicate that a crop-fallow rotation has been practised in the 

cultivated parts of the basin since before 1950. None of the runways are 

grassed and cultivation patterns are not adjusted to the topography. Some 

steps have been taken to reduce wind erosion in the upper basin; fields are 

arranged in east-west strips roughly 200 m by 1600 m. 

3. 5. 2. Floral Basin 

Floral Basin covers an area of 57 ha and has a total relief of 10 m 

(Figure 3-14 and Figure 3-15). The spot elevations from which the contours 

in Figure 3-15 were derived, were measured relative to the elevation of the 

top of the V -notch weir at the basin mouth. Because no geodetic 

benchmarks were available locally, the elevation of the weir crest was 

assumed to be 30 m for surveying purposes. The approximate geodetic 

elevation of the basin mouth is 520 m above sea level. 

The basin topography 1s roughly undulating to gently rolling with 

slopes up to 7 percent. The landscape 1s moderately hummocky and 

depressions occur frequently (Figure 3-16). The wetter conditions that 

prevail in the depressions are reflected in cultivation patterns (Figure 3-14). 

As in Seymour Basin, the depressions are considered to be inherited from the 

last glaciation of the area. 
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Scale = 1:24,000 
Date of Photography = 1975 
North is toward the right of the sterogram 
Approximate basin boundary outlined in red 

Figure 3-14: Aerial photograph sterogram of 
the Floral Basin 

The drainage network is poorly developed. It consists largely of a 

senes of depressions which spill runoff from one to the other (Figure 3-17). 

Even the main channel (which is accentuated by cultivation patterns in 

Figure 3-14) shows frequent depressions along its length. The drainage 

network has been truncated on the east by a road (Figure 3-14) across 

which no water flow occurs. Air photo inspection showed the road has been 

in place since before 1944; long prior to the erosion measured in this study. 

The bedrock surface is approximately 100 m beneath Floral Basin at an 

elevation of 425 m (Christianson 1967a). The bedrock surface is largely 
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Figure 3-15: Floral Basin site map 
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Aerial photograph of Floral Basin taken looking 
south across the middle and lower basin 

shale of the Bearpaw Formation. Floral Basin overlies a major bedrock 

collapse structure, known as the Saskatoon Low, which is hypothesized to 

have developed from the solution of salt in the Elk Point Group roughly 

1000 m below the bedrock surface (Christianson 1967a, 1967b). The lack of 

structural disturbances in the glacial drift overlying the depression and other 

stratigraphic considerations led Christianson (1967b) to conclude that the 

collapse below Floral Basin occurred prior to the Pleistocene glaciation of the 

area. 

Floral Basin lies at the contact between the Strawberry Hills hummocky 

morame to the east and glacio-lacustrine deposits to the west (Christianson 

1970). An observation well drilled by the Saskatchewan Research Council 
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Photograph of depression about midway along the 
main drainage course of Floral Basin 

near the northeast corner of Floral Basin gives data on the stratigraphy of 

the glacial drift overlying the bedrock (Figure 3-18) . It shows a thin veneer 

of silt and clay over 12 m of glacial till. The till unit extends through the 

complete relief range of the basin. The stratigraphy shown in Figure 3-18 

probably applies generally over Floral Basin, with a tendency for the surficial 

silt and clay unit to thicken toward the west (Hall and Langham 1970). 

Figure 3-19, compiled by the Saskatchewan Institute of Pedology (Kiss 

and Petch 1983), shows variations in parent materials and soils in Floral 

Basin usmg the same mapping conventions as those used previously in 

Figure 3-13. The spatial pattern of parent materials is dominated by a 

lacustrine veneer, with some till exposure on steeper slopes and lacustrine 
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FLORAL BASIN 

OBSERVATION WELL 
SRC-738/1-1961 
SUTHERLAND 

Depth in metres 

Log of Saskatchewan Research Council 
observation well in Floral Basin 
(from Hall and Langham 1970) 

Small areas of gravelly fluvial parent materials are 

mapped near the eastern boundary of Figure 3-19. The sand and gravel pit 

(shown in Figure 3-19 and visible in Figure 3-14) on the eastern edge of the 

basin is further evidence of gravels; possibly deposited as ice-marginal kames. 

Surficial material texture is much more variable in Floral Basin than in 

Seymour Basin. 

Soil patterns, again, strongly reflect the basin topography. G leyed and 
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Table 3-4: Legend for soil map of Floral Basin (Figure 3-19) 

MAP LABELS { 
Soil Map Unit : Substrate 

Slope Class / Sur face Expression 

Substrate 
1 loamy 
s sandy 

Soil 
Map 
Unit 

Bg2 
Brl 
Br2 
Br4 
EwBr1 

EwBr3 

EwSt1 

EwSt5 
St1 
St4 
StEw1 

Wr2 
WrSt1 

Parent 
Material 

Gravelly fluvial 

Slope Class 
1 Depressional 
2 0 to 2% 
3 2 to 5% 
4 6 to 9% 
5 10 to 15% 

Soil Series 

Surface Expression 
U Undulating 
I Inclined 
D Dissected 

Rego and Calcareous Biggar; Orthic Biggar 
Sandy lacustrine Orthic Bradwell; Calcareous Bradwell 

Calcareous Bradwell; Orthic Bradwell 
Orhtic Bradwell 

Sandy and loamy Orthic Elstow; Orthic Bradwell; Calcareous and 
lacustrine Rego Elstow; Calcareous and Rego Bradwell 

Gleysolic Elstow; Gleyed Elstow; Gleyed 
Bradwell 

Loamy to silty 
lacustrine and 
lacustrine veneer 
Loamy to silty 
lacustrine veneer 

Orthic Elstow; Orthic Scot; Calcareous and 
Rego Elstow 
Gleyed Elstow; Gleyed Scot; Gleysolic Elstow 
Orthic Scot; Calcareous Scot 
Orthic Scot 

Loamy to silty Orthic Scot; Orthic Elstow; Calcareous 
lacustrine veneer and Rego Scot 
and lacustrine 
Loamy glacial till Rego Weyburn; Calcareous Weyburn 
Loamy glacial till Orthic Weyburn; Orthic Scot; Calcareous 
and loamy to silty and Rego Weyburn 
lacustrine veneer 
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Soil Map of Floral Basin 
N.E. Section 15, Tp.36, Rg.4, W3 mer. 
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(soils legend on facing page) 

Figure 3-19: Soil map of Floral Basin 
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Gleysolic soils are associated with the poorly drained main channel and its 

associated depressions, and with several of the larger upland depressions. 

Rego and Calcareous soils dominate on some of the steeper slopes adjacent 

to the main channel, on the gravelly parent materials, and on some of the 

more pronounced ridges. Elsewhere, soils are predominantly Orthic Dark 

Brown. 

Aerial photographs indicate that the entire basin, except for a small 

area near the mouth, has been under a crop-fallow rotation since before 

1950. None of the drainage courses in the basin are grassed. Cultivation 

patterns are not adjusted to the topography, although, as can be seen on 

Figure 3-14, lower areas may not be cultivated at times because of 

excessively wet conditions. 

3.6. Hydrology of the study sites 

Comparing local rainfall intensity rates to soil infiltration capacities can 

indicate whether the potential exists for rainstorms to generate Horton 

overland flow in the study basins. Absolute determination of soil infiltration 

capacity is difficult, however, because most standard measurement techniques 

do not accurately simulate rainfall, because soil infiltration capacity declines 

during a storm, and because infiltration capacity varies between storms as 

rainstorm character and the vegetation cover change (Dunne and Leopold 

1978). 

Musgrave and Holtan (1964) suggest approximate m1n1mum infiltration 

capacities for a variety of soils under row crops at field capacity. Suggested 

minimum infiltration rates for deep sand, deep loess, and aggregated soils are 
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8 to 12 mm/hr and for clay loam and shallow sandy loam soils are 1 to 4 

mm/hr. This· roughly corresponds to the range of soils found in the study 

basins and suggests that soil infiltration capacities in the 1 to 12 mm/hr 

range can be expected. 

The infiltration capacity of a soil declines over a storm as capillary 

storage is filled and soil pores become obstructed by mobilized fines. The 

declining infiltration capacity usually stabilizes near the saturated hydraulic 

conductivity of the soil (Dunne and Leopold 1978). Saturated hydraulic 

conductivity measurements on undisturbed core samples of soils from the 

same associations as those found in the study basins (Table 3-5) suggest that 

final infiltration capacities of these soils are in the order of 1 to 10 mm/hr, 

approximately the same range as that suggested above. 

Table 3-5: 

SOIL ASSOCIATION 

Weyburn 
Weyburn 
Weyburn 
Weyburn 
Elstow 
Elstow 
Bradwell 

Saturated hydraulic conductivities for some soil 
associations found in the study basins 

(from Ayres et al. 1973) 

HORIZON TEXTURE SATURATED HYDRAULIC 
(%sand/%silt/%clay) CONDUCTIVITY (mm/hr) 

Ah 52/29/19 4.6 
Ah 54/26/20 5.6 
Bm 53/26/21 4.5 
Bnt 42/22/36 12.9 
Ah 22/54/24 0.8 
Bm 27/48/25 2.3 
Bm 48/31/21 8.6 

Comparing the likely range of soil infiltration capacities to local rainfall 

intensities (Table 3-1) indicates that Horton overland flow might be 

generated by more severe storms in the study region. Horton overland flow 
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generation may not be common, however, s1nce infiltration capacity during 

the early part of a storm may be much higher than the final infiltration 

capacity (Dunne and Leopold 1978) and high intensity rainstorms may not 

be of sufficiently long duration for final infiltration capacity to be achieved. 

Hall and Langham (1970) report that several summer thunderstorms in 

Floral basin had rainfall intensities in excess of soil infiltration capacities. 

While water was observed to flow in cultivation furrows and to accumulate 

in some depressions, there was no streamflow discharge from the basin. 

These observations suggest that while Horton overland flow generation by 

rainstorms may occur in the study basins, it generally does not overcome 

detention and depression storage and produce streamflow. Horton overland 

flow may play a role 1n soil redistribution within the basins, but is not an 

important mechanism for generating runoff or sediment export from the 

basins. The same is likely true for Seymour Basin. 

Table 3-5 summarizes the streamflow records compiled for Seymour and 

Floral Basins by the Saskatchewan Research Council. Typical hydrographs 

are given in Figure 3-20. For the six years for which data is available, 

streamflow out of the basins occurred only during the spring as a result of 

snowmelt or a combination of rain and snowmelt. The overwhelming 

importance of snowmelt runoff in the hydrologic regime of small prairie 

basins is well documented (de Jong and Kachanoski 1985). 

The relative importance of Horton overland flow and saturation 

overland flow generation in the study basins during snowmelt is virtually 

impossible to evaluate. Soil infiltration capacities measured directly or 
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Table 3-6: Runoff characteristics of Seymour and Floral Basins 
(Hall 1968; Hall and Langham 1970; Lakshman 1973) 

BASIN YEAR PEAK FLOW TOTAL RUNOFF FIRST DAY LAST DAY 
. (m3 /s) (m3x103) OF RUNOFF OF RUNOFF 

Floral 1966 0.10 7.3 April 29 May 6 
1968 0.07 7.6 March 4 March 28 
1969 0.19 23.9 April 6 April 16 
1970 0.30 23.7 April 5 April 19 
1971 0.20 15.1 April 8 April 19 
1972 0.06 12.6 March 15 April 14 

Seymour 1969 3.82 55.3 April 7 April 19 
1970 1.63 60.2 April 6 April 12 
1971 1.71 93.0 April 9 April 14 
1972 0.60 45.6 March 17 April 6 
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Figure 3-20: Hydrographs of 1971 streamflow for Seymour Basin 
and Floral Basin (from Lakshman 1973) 

inferred from laboratory measurements of hydraulic conductivity are 
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meaningless for the snowmelt season as soil ice and sub-freezing soil 

temperatures significantly alter the rate and manner of soil-water interactions 

(Male and Gray 1981). As previous discussion indicated, both snow 

availability and soil moisture levels will likely be highest along drainage 

courses, and therefore, runoff generation will be focussed on these parts of 

the landscape. 
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Chapter 4 

METHODOLOGY 

Soil samples were taken at a number of sites in the study basins and 

subsequently analysed for 137 Cs content and several other soil properties. 

Net erosion was estimated at the sample sites from 137 Cs concentration in 

the sampled soil. The samples also provided information on the coincident 

spatial variation in some other soil properties. The exact locations of all 

sampling sites and the observations taken at each site are given in Appendix 

B. 

4.1.1. Sample design 

Soil samples were collected at 17 4 sites in Seymour Basin (Figure 3-9). 

The samples were taken in two phases. In the first phase, samples were 

taken at the intersection points of a grid 152 m {in the· east-west direction) 

by 146 m (in the north-south direction) originating at the southwest corner 

of Section 2. These were termed grid samples and their location is shown 

on Figure 3-9. 

The sampling grid was designed in such a way that snow survey sites, 

previously established in the basin by the Saskatchewan Research Council, 

would coincide with grid sample sites. This aspect of the sample design did 
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not offer any direct benefits in this study, but it does maintain a consistent, 

spatial framework for data collection in the basin, which may prove 

advantageous for future work. Most importantly, the grid sampling design 

was systematic, and therefore yielded a representative sample of sites in the 

basin. 

The second phase of sampling was intended primarily to explore net 

soil eroston in topographic settings that, because of their limited spatial 

extent, were considered to be under-represented in the grid sample set. The 

samples collected in this second phase were termed supplemental samples. 

Supplemental sampling sites were selected quite arbitrarily, and, as can be 

seen in Figure 3-9, were located in the larger upland depressions, along the 

tributary drainage channels, and across major topographic features. 

Soil samples were taken at 160 sites in Floral Basin. As in Seymour 

Basin, a representative set of grid samples and a set of supplemental samples 

were collected. The grid samples were taken on lines aligned north-south 

across the basin at a spacing of 66 m (Figure 3-15). The most easterly line 

deviated slightly from a north-south alignment. Samples were taken at 66 m 

intervals along the lines. These sampling sites were previously used as snow

survey sites by Saskatchewan Research Council, and were used in this study 

for the reasons discussed previously with regard to Seymour Basin. 

Supplemental sample sites (also shown in Figure 3-15) were located in what 

were believed to be significant, but spatially-limited, topographic settings (i.e. 

depressions and drainage courses). 
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4.1.2. Sampling procedure 

The same field sampling techniques were used In both basins. 

Reference baselines were established using a steel tape and transit. Sample 

sites were located relative to these baselines using a tape and interlining 

between baseline marker stakes. 

At most sites, two 64 mm diameter soil cores extending to the top of 

the C horizon or to 1.5 m (whichever was greater) were taken using a truck

mounted, hydraulically driven, slit-barrel coring tool. Transfer of soil 

material within the core sample could take place through the open barrel slit 

and by material being dragged along by the cutting edge during core barrel 

penetration. The amount of material transferred in this way would be very 

small, and the vertical distribution of 137 Cs within the cores accurately 

reflected that within the soil profile. 

The two soil cores at a site were taken about 25 em apart. In those 

few sites not accessible by truck, a single 102 mm diameter soil core was 

taken using a hand-driven coring tool. The soil cores were examined in the 

field and A horizon thickness, depth to carbonates and any unusual profile 

features were recorded. The cores were then sliced at 10 em depth intervals 

with slight adjustments to ensure that the A horizon base coincided with a 

slicing interval. The usual practice was to slice the core, in 10 em intervals, 

to 20 em (i.e. 2 intervals) below the A horizon base. The samples sliced 

from the soil cores were air-dried, weighed, and crushed to reduce the 

maximum aggregate size to 2 mm. 
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4.2. Soil sample analysis 

4.2.1. Cesium-137 analysis 

Analysis of 137 Cs activity of the soil samples followed the technique of 

de Jong et al. (1982). The analytical procedure basically involved 

determining the 137 Cs concentration through succesive depth intervals of each 

soil core. Beginning with the sample sliced from the top of the soil core, 

samples from succesive depth intervals were analysed until a sample free of 

137 Cs was encountered. 

The 137 Cs concentration of each sample was determined by measuring 

the 661 ke V gamma radiation from the 137 Cs in the soil sample, to a 

precision of approximately 10 percent, using a high-purity germanium crystal 

coupled to a multi-channel analyser. The radiation counts were corrected for 

the effects of sample geometry and bulk density and converted to a 137 Cs 

concentration or specific activity (in Bq/ g) using calibration curves. A 

detailed discussion of the equipment, its calibration, and its operation 1s 

given by de Jong et al. (1982). 

The specific activity for each sample was recorded. Once all samples 

from a soil core were analysed, a total isotope activity (in Bq/m2) was 

calculated by vertically integrating the product of soil mass and specific 

activity through all samples sliced from the core. This gave the total 

amount of 137 Cs present in the soil at the site from which the soil core was 

taken. 

Since the time required to measure the 137 Cs content of a soil sample 
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1s partly dependent on sample mass, samples sliced from the same depth 

interval in paired cores (i.e. cores from the same site) were combined for 

137 Cs analysis. This greatly accelerated the analytical process, and made it 

possible to process the large number of samples collected for this study. 

This also averaged out local variations between paired cores. To evaluate 

the magnitude of 137 Cs variability within sampling sites, some initial analyses 

were made in which samples from paired cores were examined seperately. 

4.2.2. Net erosion estimation 

Net soil erosion at each site was estimated by the method of de Jong 

et al. (1983). First, a control or input 137 Cs value for the sampling sites 

was determined from soil cores taken from adjacent sites which have been 

free from both erosion and deposition. Initial selection of these control sites 

relies on personal judgement. The validity of the selections can be checked, 

however, by examining the nature of the 137 Cs profile and by comparing 

total 137 Cs activity levels with radioactive fallout records (de Jong et al. 

1982, 1983). 

In the Seymour Basin, two such sites in the centre of an abandoned 

farmstead near the basin mouth were sampled. The farmstead was 

surrounded by a windbreak and under grass cover. In the Floral Basin, 

control 137 Cs values were measured in a grass-covered and sparsely treed 

area near the basin mouth. The control values for Seymour and Floral 

basin were found to be 2537 Bqjm2 and 2593 Bqjm2, respectively. These 

were in agreement with other measurements made in the Saskatoon area and 

with total fallout records for the Prairies (de J ong et al. 1982, 1983). 
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Net erosion was estimated by comparing actual 137 Cs total activity at a 

site to the 137 Cs control value. For sites depleted In 137 Cs (i.e. where 

measured 137 Cs activity is less than the control value), soil loss was assumed 

to be directly proportional to 137 Cs loss adjusted for snow drifting and 

harvesting effects. It was assumed that 137 Cs input was the same to all 

sites but that up to 5 percent could be lost by harvesting and snow 

redistribution by wind (de Jong et al. 1983). This is expressed in the net 

erosion calculations by comparing present 137 Cs activity to 95% of the 137Cs 

input. Net erosion at sites of soil loss was taken to be positive and 

calculated as: 

.95 R - R c 8 

DP pb .95 Rc 
(4.1) 

where En = net soil erosion (kgjm2), pb = average bulk density (kgfm3) of 

surface soil in the study basin, D 
p 

cultivation layer thickness (0.1 m 

assumed), Rc = 137Cs activity (Bqfm2) in the control sites, and R
8 

= 137Cs 

activity (Bqfm2) in the sampling site. 

Soil gain occurred at sites where the soil was enriched in 137 Cs relative 

to the control value. Net erosion at these sites was taken to be negative and 

calculated as: 

(4.2) 

where De the effective depth (m) to which 137 Cs was present at the 

sample site. 

For sites of soil gain, the lowest depth sampling interval would 
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normally contain both tagged (i.e. containing 137 Cs) and untagged soil. The 

portion of the depth of this interval containing tagged soil was taken to be 

equal to the ratio of 137 Cs specific activity of this interval to that of the one 

immediately above. The effective depth to which 137 Cs was present in the 

soil was calculated, by linear interpolation, as: 

sn 
d1 + · · · + dn-1 + dn S 

n-1 (4.3) 

where n = the number of depth intervals at a sample site, dn = the 

thickness (m) of the lowest depth interval containing 137Cs, sn = the 137Cs 

specific activity (Bq/ g) of the lowest depth interval containing 137 Cs, and 

S n-1 = 137 Cs specific activity (Bq/ g) in the depth interval immediately 

above the lowest. 

4.2.3. Organic carbon analysis 

The soil samples taken at the grid sampling sites in Seymour Basin 

and Floral Basin were analysed for organic carbon content by the method of 

Tiessen et al. (1981). Soil was ground to less than .015 mm and total 

carbon determined by direct titration of evolved carbon dioxide as carbonic 

acid in a sodium hydroxide trap. Inorganic carbon was determined by 

digestion of the soil sample in H Cl and the difference between total and 

inorganic carbon gave organic carbon. Specific organic carbon (mgfg) and 

total organic carbon (gjm2) were determined for the A horizon and the 

solum. 
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4.2.4. Particle size analysis 

For Seymour Basin, the surface bulked samples from the representative 

sampling grid were analysed for particle size distribution. Two analyses were 

made (one on dispersed and one on undispersed soil) and the results 

combined into a dispersion ratio as: 

I 
(4.4) 

where I = dispersion ratio, Fd = % silt and clay in the dispersed 

subsample, and F u = % silt and clay in the undispersed subsample. 

Particle size analysis was by the pipette method (McKeague 1978). 

Two 10 g subsamples were taken from the bulked soil samples previously 

used for 137Cs analysis. One of these subsamples was treated with HCl to 

remove carbonates, with H20 2 to remove organic matter, and with (N aP03) 6 

to aid dispersion. The sands (particles greater than .05 mm diameter) were 

removed on a #300 sieve and the fines placed in a sedimentation cylinder. 

Withdrawals from the suspension in the cylinder were used to determine the 

proportions of coarse silt ( .05 mm to .02 mm), fine silt ( .02 mm to .002 

mm) and clay (less than .002 mm) in the sample. The other subsample was 

treated only by wetting 1n distilled water prior to suspension in a 

sedimentation cylinder. Timed withdrawals from the suspension were used to 

determine the proportion of silt- and clay-sized particles in the sample. 
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4.3. Topographic measurements 

This study focussed on the association between topographic form and 

position, and rates of soil particle redistribution in the landscape, and 

therefore required quantification of land surface morphology at the soil 

sampling sites and quantification of the relative position of these sites in the 

landscape. This was achieved through computer analysis of digital terrain 

models (DTM) of the study basins. 

A widely available software system, SURF ACE II (Sampson 1978), was 

used to generate digital terrain models from detailed surveys and contour 

maps of the study basins. The DTM's were then analysed by means of a 

ser1es of computer programs written for this study. One program used the 

algorithms of Evans (1972) to calculate surface form variables. New 

algorithms were developed and implemented in programs which calculated 

variables expressing the relative position of sites in the landscape (i.e. 

catchment and dispersal area). 

Sampson (1978) defines a DTM as a matrix, the elements of which are 

point elevations (z) located by geographic coordinates (x,y). Coordinates are 

implicitly defined by the row and column position of an element in the 

matrix. In other words, each element of the DTM is the elevation at the 

intersection point of an abstract grid overlaid on the landscape (Figure 4-1). 

The computer programs developed for this study take a DTM as input 

and calculate matrices of topographic variables. Each element in a derived 

topographic variable matrix corresponds to an element in the DTM (Figure 

4-2). Matrices were calculated for a set of topographic variables which 
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Figure 4-1: Correspondence between points in the landscape and 
elements of a digital terrain model 

previous studies had suggested vary systematically through space with soil 

properties and which have physical meaning for the soil erosion process. 

These variables are listed in Table 4-1 and are grouped into two broad 

classes. Morphological variables are those which represent various aspects of 

the local surface configuration at a point in the landscape. Positional 

variables are those which express the relative position of a point within the 

landscape. 

4.3.1. Digital terrain model generation 

The raw data for the construction of a DTM for Seymour Basin were 

provided by the Saskatchewan Research Council. A conventional rod and 

transit survey of the basin gave approximately 5000 elevations to the nearest 

0.01 m with corresponding geographical coordinates, spaced irregularly over 
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Table 4-1: Topographic variables calculated for basin DTM's 

MORPHOLOGICAL VARIABLES POSITIONAL VARIABLES 

1. Slope gradient 1. Elevation 
2. Slope aspect 2. Local catchment area 
3. Profile (down slope) 3. Global catchment area 

curvature 4. Dispersal area 
4. Con tour (across slope) 5. Ponding depth 

curvature 6. Local sheltering 

the basin. The density of these control points was greater in areas of rapid 

surface change and less elsewhere. The average density of control points was 

approximately 1/500 m 2. DTM elements were estimated from the irregularly 

spaced control points using the SURF ACE II computer software system 

(Sampson 1978). The SURF ACE II system is very flexible and permits a 

wide variety of DTM generation procedures. The command files used to 

produce the DTMs for this study are given in Appendix A. 

Row and column spacing in the DTM generated for Seymour Basin was 

15 m; the spacing between points in the landscape represented by elements 

1n the DTM was 15 m in both the x and y dimensions. This gave an 

elevation matrix of 165 columns by 116 rows. This was judged to represent 

topographic detail at a level appropriate to the precision of the original 

survey data. 

SURF ACE II estimated elevations at DTM elements from the survey 

control points by a slope projection technique. Local surface slope was first 

found at each control point by fitting a distance-weighted first-order trend 

surface to the control point and its immediate neighbours. At the location of 
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each DTM element, slopes projected from neighbouring control points gave a 

series of elevation estimates for the DTM element. The final elevation 

assigned to the element was a distance-weighted average of these estimates. 

The estimation procedure is illustrated in Figure 4-3 and particulars of 

neighbourhood and distance-weighting are given in Table 4-2. 

The DTM for Floral was also generated from a set of irregularly spaced 

elevations using SURF ACE II, but in a slightly different way. Raw 

elevation data consisted of a detailed contour map of the study basin (scale 

== 1 : 2400, contour interval == 0.3 m) provided by the Saskatchewan 

Research Council. A digitizer was used to determine the horizontal 

coordinates of points on the contours at intervals of about 0.005 m on the 

map (12 m land distance). Since control points recorded in this way were 

very closely spaced along contours but more widely spaced between contours, 

an octal search procedure was used to select the subset of control points 

used for local slope calculations and DTM element estimation. A 100 m 

radius neighbourhood around each control point or DTM element location 

was divided into octants and each octant searched for nearest neighbours. 

At least four octants were required to contain at least one neighbour and no 

more than two neighbours were selected in each octant (Figure 4-4). This 

ensured that surface elevation estimates between contours were constrained 

by data from both adjacent contours. 

In all other ways, DTM generation proceeded as for Seymour Basin. 

The grid spacing in the DTM was 15 m yielding an elevation matrix with 

89 columns by 66 rows. 
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Slope at control point (dashed arrow) found by fitting a plane to all 
control points in the neighborhood and adjusting so plane passes 
through control point being evaluated 

Slope found at all control points 

DTM element (dashed line) estimated by projecting slopes from all 
control points within the neighborhood around the DTM element 

Figure 4-3: Illustration of stages 1n DTM generation 
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Table 4-2: Options used 1n Seymour DTM generation 

Neighbourhood size: 50 m radius around control point 
Maximum number of neighbours used: 9 
Minimum number of neighbours required: 6 

Distance-weighting function: 

w. 
't 

where 
w. 

l 

D. 
1. 

Dmax 

a 

{1 - (Di I 1.1 Dmax)} 2 I (Dil 1.1 Dmax) 2 

-

-
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distance from control point 
distance from control point 

a 

to 
to 

a neighbour 
most distant neighbour 

® DTM element being estim.ated 

o Contro 1 point not used in estim.ation 

• Contro 1 point used in estim.ation 

Bound.ary of se.arch 
neighborhood 

Figure 4-4: Illustration of the octant search procedure used 
for Floral DTM generation 
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4.3.2. Measurement of morphological variables 

A computer program (titled GEOM) was written which calculated 

matrices of the morphological variables listed in Table 4-1, following the 

method of Evans (1972, 1981) and of Evans and Young (1978). At each 

element of the DTM, a second order trend surface function was fitted to the 

DTM element and its eight adjacent elements: 

z = ax2 + by2 + cxy + dx + ey + I 
(4.5) 

where z is elevation, x and y are geographical coordinates, and a to I are 

coefficients of the function. 

The trend surface was fitted by solving the standard matrix equation: 

k (4.6) 

where k is the 6x1 vector of coefficients of the trend surface function, Z is 

the 9 x 1 vector of elevations for the 9 DTM elevations to which the trend 

surface function is fitted, and F is the matrix of independent variables ( x2, 

y2, xy, x, and y for a second order surface). 

Gradient, aspect, profile curvature and contour curvature were 

calculated by solving derivatives of the trend surface function at the central 

element of the 3x3 matrix of elevations to which the trend surface was 

fitted. In practice, the value of each derivative was found by solving an 

algebraic function of trend surface coefficients. Letting x = r cosO and 

y = r sinO transforms Equation (4.5) to: 

z = r 2 (a cos20 + b sin20 + c sinO cosO) + r (d cosO + e sinO) + I 
(4.7) 
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Taking the first derivative of elevation (z) with respect to radius (r) for 

Equation ( 4. 7) and solving for the case where r == 0 gives the expression for 

slope gradient (G) at the central element: 

G == d cos () + e sin () 
(4.8) 

The slope aspect ( 0), or the direction in which slope gradient is at a 

maximum, is found by taking the first derivative of gradient with respect to 

aspect and solving for G' == 0 (i.e. a maximum or minimum). 

e 
() == tan -l -

d 

This gives: 

(4.9) 

When gradient is zero, aspect is indeterminate and a missing value code was 

assigned to the morphological variables for such an element. 

Restating the standard two dimensional express1on for curvature in 

terms of Equation ( 4. 7) and following the convention that convex surfaces 

have positive curvature and concave surfaces have negative curvature gives 

the following expressions for profile (Equation (4.10)) and contour curvature 

(Equation (4.11)): 

ad2 + be2 + cde 
p == -2------------------

(e2 + d2) (I + d2 + e2)1.5 

c 

(4.10) 

(4.11) 

Table 4-3 gives a summary description of the morphological variables 

and Appendix A gives a listing of the computer program (GEOM) used for 

calculation. 
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Table 4-3: Summary description of morphological variables 

VARIABLE DESCRIPTION 

Slope gradient The maximum slope angle at a DTM element expressed 
in degrees from 0 to 90. Equation (4.8). 

Slope aspect The direction of the steepest slope away from a DTM 
element expressed as an azimuthal bearing in degrees 
from 0 to 360. Equation (4.9). 

Profile The rate of change of slope in the aspect direction 
curvature expressed in degrees per m. Convex slopes have 

positive curvature and concave slopes have negative 
curvature. Equation (4.10). 

Contour The rate of change of aspect along the contour 
curvature expressed in degrees per m. Convex contours 

have positive curvature and concave contours 
have negative curvature. Equation (4.11). 

4.3.3. Measurement of positional variables 

Matrices for a number of variables expressing relative position within 

the landscape were determined (Table 4-1). Elevation was treated as a 

positional variable. The DTM gave the elevation matrix and required no 

further evaluation. 

The local sheltering variable (determined by program GEOM, Appendix 

A) was employed as a measure of the degree of exposure of a point in the 

landscape to wind action. Local sheltering was the difference in elevation 

between a DTM element and the average of its 24 nearest neighbouring 

elements (i.e. those within 2 rows or columns of the element being analysed). 

The sign convention used was for positive values to indicate sheltered 
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elements or elements at a lower elevation than their immediate surroundings. 

Negative values indicate exposed elements. 

Catchment area and ponding depth matrices were determined by a 

multi-stage procedure based on flowline tracing through a DTM. In the first 

stage (using program LCAT, Appendix A), flowlines were advanced 

downslope from each DTM element until either an edge element or a dead-

end element was encountered (Figure 4-5). Edge elements were those on the 

perimeter of the area for which elevation data was available. They were 

defined as elements 1n the outer rows or columns of the DTM or elements 

adjacent to another for which a m1ss1ng value code for elevation had been 

assigned. Dead-end elements were 1n level or depressional areas and were 

defined as elements for which none of the eight adjacent elements was at a 

lower elevation. 

+ + + + + 
Arrows indicate t1ow direction. The 
thickness of arrows indicates the number 

+ +~+~1 + of t1ow lines advancing to an element. 

+ Note that t1ow lines are not initiated at 
+~! i + 

edge elements but may advance to edge 
+ +~# + elements. 

+ 

+ * + 
+ 

+ +~+~+ + 

Figure 4-5: Schematic diagram of flowline tracing through 
the DTM in Figure 4-1 

Flowlines were initiated from each element of the DTM in turn, except 

for elements with a missing value code for elevation and for edge elements. 
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Not permitting flowline initiation at edge ele:rn.,ents was equivalent to making 

the conservative assumption that flow would proceed away from the DTM 

from any edge element. 

At the starting element of a flow line, the slopes to all adjacent 

elements were evaluated to find which was greatest. If the greatest slope 

was positive (i.e. the slope was downslope away from the DTM element to 

its neighbour), the flowline ·was advanced to the neighbouring element 

connected by the greatest slope (Figure 4-6). 

~.09-

Figure 4-6: 

~ 
i /' 

-.43 -. 07 . 38 

~I/ 
1421 ~-.eo -1331-.87---+ l2ol 

/ I ' Preferred direction 
-. 38 . 13 . 90 of fiow 

./ J, ' [Til [ITI [H) 

DTM element (enclosed number gives elevation) 

Slope line (overlaid number gives slope magnitude 
in 'the direction indicated by the arrow) 

Evaluation of slopes about an element of a DTM 
with 15 m spacing between rows and columns 

The procedure was repeated at each element to which the flowline 

advanced. If the greatest slope found at a DTM element was negative or 

zero, flowline advance ceased. Such flow line terminations were termed dead-

ends. Flowline advance also halted if one of the neighbouring DTM 
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elements was coded as a m1ss1ng value. Encountering a m1ss1ng value was 

equivalent to encountering the boundary of that portion of DTM for which 

surface elevations were defined. Flowlines also halted upon reaching an edge 

element of the DTM. 

Once flowline advance stopped, a new flowline was initiated at a DTM 

element from which a flowline had not previously been started. The new 

flowline was then advanced as above. This continued until a flowline had 

been initiated at every element of the DTM and advanced to termination. 

Each time a flowline advanced to a DTM element, the corresponding 

element in the catchment area matrix was incremented by one. This 

counted the number of flowlines passing through each DTM element and 

gave an index of catchment area. In the case of dead-end elements (i.e. 

elements from which a flowline could not advance because the maximum 

slope to a neighbouring element was less than or equal to zero), the 

catchment area value was stored as a negative number. This negative value 

identified the element for subsequent analysis. If each DTM element was 

viewed as representing a cell or unit of surface area, the number of flowlines 

passing through a DTM element gave the number of cells upslope of the 

element to which it was connected by a flow path. The raw units of 

catchment area were therefore DTM elements. 

The first stage of the flowline analysis gave topographic catchment area 

for every element of the DTM under the following constraints: 

1. Flowlines advance down positive slopes following the greatest 
positive slope available. 
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2. Flowlines terminate at internal depressions encountered 1n the 
DTM. 

Catchment area defined 1n this way was termed local catchment area. 

The second stage of analysis (program GCA T, Appendix A) examined 

all dead-end elements found in the first stage and identified by a negative 

local catchment area. The objective of the second stage was to identify the 

extent of the depressions in which the dead-ends occurred, the outlet of the 

depressions, and the change in catchment areas which would result from 

overflow of the depressions. The procedure was as follows. 

An expanding window (initially extending 10 rows and 10 columns 

away from the dead-end element) was centered over each dead-end in turn. 

Within the window, all elements from which flow could advance to the dead-

end element were identified. This block of elements was termed the dead-

end zone (Figure 4-7). 

Since dead-ends were defined as elements at which the greatest slope to 

an adjacent element was less than or equal to zero, it was possible for a 

dead-end element to be part of a level area made up of several elements at 

the same elevation. All elements on the same continuous elevation plane as 

the dead-end and any elements from which flow advanced to this plane were 

part of the dead-end zone. 

All elements of the dead-end zone were examined to identify potential 

outlets. Any element of the dead-end zone which had a positive slope to 

another element not in the zone or which was on the edge of the DTM was 

a potential outlet. The potential outlet with the lowest elevation was selected 

as the actual outlet. 
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Figure 4-7: Determination of dead-end zone around a dead-end element 

All elements on the edge of the window centered on the dead-end 

element were checked. If any elements on the perimeter of the window both 

flowed to the dead-end element and had an elevation less than or equal to 

the elevation of the actual outlet (i.e. the lowest potential outlet L the 

window was enlarged and the procedure above repeated. This ensured that 

the window was large enough to completely contain the depression of which 

the dead-end element was a part and prevented the identification of spurious 

outlets. 

Once an actual outlet was successfully identified, the depression was 

defined as all elements in the dead-end zone at an elevation less than or 

equal to that of the outlet element. The catchment area of the depression 

was the absolute value of the sum of all negative catchment areas within the 
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depression limits s1nce the depression could possibly contain more than one 

dead-end element. All DTM elements within the depression were changed to 

have an elevation value equal to the elevation of the outlet (i.e. the 

depression was filled to the outlet elevation). All catchment area elements 

within the depression were changed to the depression catchment area. 

A flowline was then advanced downslope from the outlet element. The 

depression catchment area was added to the catchment area of all elements 

encountered by the flowline. In other words, the catchment areas of 

downslope elements were adjusted to reflect the impact of depression 

overflow. 

A flowline advancing from the depression outlet could encounter a 

previously "filled" depression. An algorithm was required to allow a flowline 

to pass over a level surface (produced by filling a depression) which was not 

part of a dead-end zone. 

When an advancing flowline encountered an element which was not a 

dead-end but at which the maximum slope to an adjacent element was zero, 

an expanding window was centered over the element and all elements on the 

same continuous elevation plane were identified (i.e. the extent of the level 

area was mapped). The catchment area of the depression from which the 

flowline had advanced was added to the catchment area of all elements on 

the level plane. If any element on the edge of the level area was also on 

the edge of the DTM, the flowline advance terminated. Otherwise, the 

flowline was advanced from the element on the edge of the level area with 

the steepest downslope path available. 



110 

Once all dead-ends identified in the first stage of analysis were 

evaluated as outlined above, the catchment area matrix had been modified to 

reflect the effect of overflow from the depressions and the DTM had been 

modified by "filling" the depressions to the outlet elevation. The modifted 

catchment area was termed the global catchment area. Subtracting the 

original DTM from the modified DTM gave the depth of water ponding 

required for overflow of depressions. 

Related to the calculation of global catchment area, was the problem of 

defining the limits of the study basins. A program {BASIN, Appendix A) 

was written for which input was the modified DTM and the row and column 

coordinates of the DTM element at the basin mouth. The program traced 

flowlines downslope from each element (as in program GCAT) and identified 

those elements from which a flowline would advance to the basin mouth. 

This gave the basin boundaries shown in Figure 3-9 and Figure 3-15. 

A program {DISP, Appendix A) determined dispersal areas by tracing 

all possible flow paths away from each DTM element (Figure 4-8). 

Flowlines were advanced down all available positive slopes until dead-ends or 

the DTM boundary was encountered. Counting the number of downslope 

elements encountered by the flowlines gave dispersal area {e. g. 12 DTM 

units in the case of Figure 4-8). To reduce the computer time required for 

calculation, flowlines were only advanced until 1000 downslope elements had 

been encountered. To prevent elements near the boundary of the DTM with 

flowlines advancing toward the boundary being constrained in dispersal area 

simply by virtue of position relative to the edge of the DTM, any element 
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Figure 4-8: Dispersal area calculation for the second 
element of the second row of the DTM in Figure 4-1 

from which an advancing flowline reached the edge of the DTM was assigned 

the maximum dispersal area value of 1000. 

Abbreviated names for the topographic and soil property variables are 

given in Table 4-4 and used in subsequent discussions. 



VARIABLE 

ELEV 
GRAD 
ASPT 
PROF* 
CONT* 
SHLT** 
LCAT*** 
GCAT*** 
DPTH 
DISP*** 
AHOR 
CARB 
BDNS 
CESM 
ATOT 
ACON 
STOT 
SCON 
SOLM 
EROS 
SAND 
FSST 
SILT 
CLAY 
DRAT 
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Table 4-4: Description of variables 

UNITS 

m 
degrees 
degrees 
degrees/m 
degrees/m 
m 
elements 
elements 
m 
elements 
em 
em 
gfcm3 
Bqjm2 

gjm2 
mgfg 
gjm2 
mgfg 
em 
kgjm2 

% 
% 
% 
% 
% 

DESCRIPTION 

Elevation above datum 
Slope gradient as a vertical angle 
Slope aspect as a whole compass bearing 
Profile curvature in the aspect direction 
Contour curvature as the rate of change of aspect 
Local sheltering as elevation difference 
Local catchment area in DTM elements 
Global catchment area in DTM elements 
Maximum depth of water ponding 
Dispersal area in DTM elements 
A horizon thickness 
Depth to calcium carbonate 
Bulk density of the cultivation layer 
Total 137 Cs activity level for a sample site 
Total organic carbon in A horizon 
Organic carbon concentration in A horizon 
Total organic carbon in solum 
Organic carbon concentration in solum 
Solum thickness 
Net erosion 
Proportion of sand ( > .05 mm) 
Proportion of coarse silt ( .05 - .02 mm) 
Proportion of med. to fine silt ( .02 - .002 mm) 
Proportion of clay ( < .002 mm) 
Dispersion ratio 

* 
** 
*** 

positive values indicate convexity and negative values concavity 
positive values indicate sheltering and negative values exposure 
1 DTM element here represents an area 15 m by 15 m or 225 m2 
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Chapter 5 

RESULTS AND DISCUSSION 

5.1. Variability of 137Cs in sampling sites 

As previous discussion (Chapter 4) indicated, soil from the same depth 

intervals in paired cores was combined to reduce the time required for 137 Cs 

analysis. Prior to using this procedure, soil from paired cores was analysed 

independently to evaluate the degree of variation in the 137 Cs content of 
I 

samples drawn from 25 em apart at the same site. Twenty paired analyses 

were made. The total 137 Cs activity of the sites ranged from 1350 Bqfm2 to 

7308 Bqfm2. 

The coefficient of variation (Hammond and McCullagh 1974) of total 

137 Cs activity was calculated for each pair of soil cores. Apart from one site 

with a coefficient of variation of 29.7%, the coefficients ranged from 1.1% to 

14.2%. The mean coefficient of variation was 5. 7%. The coefficient of 

variation for the paired cores was, therefore, generally within the precision 

with which 137 Cs concentration can be determined (de Jong et al. 1984; 

Kachanoski and de Jong 1984), and little information was lost by bulking 

the samples. This conclusion was further supported by a correlation analysis 

of the paired 137 Cs activity values. The product moment correlation 

coefficient for the paired sets of total 137 Cs activity levels was 0.96. 
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5.2. The representative samples 

5.2.1. The sampling framework 

In each study basin, the set of grid samples was treated as a 

representative sample although the sampling grids did not completely cover 

the basins (Figures 3-9 and 3-15). The sampling grids were designed to cover 

the basins as defined by the Saskatchewan Research Council ( SRC) using air 

photos, field observations of runoff, and large-scale, hand-drafted contour 

maps. The drainage divides in Figures 3-9 and 3-15 were determined using 

the BASIN computer program (Chapter 4). 

Computer analysis produced only minor shifts in divide positioning 

except along the north side of Floral Basin and the south side of Seymour 

Basin. Here, the computer-defined basins extended beyond the original SRC 

boundaries to include those parts of Figures 3-9 and 3-15 for which no grid 

samples were taken. These were primarily the drainage areas of depressions 

which computer analysis found to overflow to the basin mouths. 

The grid sample sets are strictly representative, in a statistical sense, of 

the SRC-defined basins, but not of the computer-defined basins. To some 

extent the differences in basin definition balance one another as far as 

representativeness of the grid samples is concerned. While the computer-

, defined basins included unsampled areas, some sample sites were excluded 

from the computer-defined basins. The set of grid samples 1n each study 

basin are thus considered to represent the basins reasonably well, at least for 

the purposes of examining the distributional properties of the variables. 
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5.2.2. Summary statistics 

Summary statistics (Table 5-1) were calculated from the representative 

samples (i.e. the grid samples) for the cultivated portion of each study basin. 

One Floral Basin grid site could not be sampled as it was too wet to use 

truck-mounted equipment and hand tools could not reach the lower limit of 

137 Cs tagged soil. This was the site in the depression on the main channel 

near the 35 m contour (Figure 3-15). The sample taken on Transect 2 1n 

the ma1n channel depression immediately downstream was used as a 

substitute in the representative sample calculations. Slope aspect is not 

included in Table 5-1 since it is measured on a circular scale and summary 

statistics would be largely meaningless (Webster 1977). A histogram of the 

slope aspect distribution is presented (Figure 5-1). 

The skewness statistic in Table 5-1 is a measure of the symmetry of a 

frequency distribution and has a value of zero for a normal distribution {Nie 

et al. 1975). Skewness ranges from 7.5 to -6.9 indicating that many of the 

variables deviate from a normal distribution, and that the magnitude and 

direction of this deviation differs between variables. For this reason, no 

standard deviations are reported in the summary statistics. Normalising the 

distributions for the purposes of statistical analysis would require different 

transformations for different variables and could present problems of 

interpretation. 
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Table 5-l: Summary statistics for grid sample sites 

SEYMOUR BASIN (n=71) FLORAL BASIN (n=83) 

VARIABLE* MEAN MIN. MAX. SKEW. MEAN MIN. MAX. SKEW. 

ELEV 528.6 513.7 536.3 -0.6 35.6 32.0 39.8 0.3 
GRAD 0.8 0.0 5.4 3.0 1.0 0.0 2.5 0.8 
PROF 0.0 -0.4 0.2 -1.8 0.0 -0.2 0.1 -1.4 
CONT -0.5 -18.1 10.1 -1.4 -0.4 -20.0 8.3 -0.5 
SHLT 0.3 -0.6 1.5 2.6 0.3 -0.4 0.8 1.1 
LCAT 23.5 0.0 526.0 5.2 6.6 0.0 108.0 4.8 
GCAT 185.3 0.0 7584.0 7.6 185.6 0.0 3221.0 4.0 
DPTH 0.1 0.0 0.4 5.3 0.1 0.0 0.4 6.1 
DISP 668.4 0.0 1000.0 -0.7 419.5 1.0 1000.0 0.5 
AHOR 13.7 7.5 37.0 2.1 13.8 6.5 41.5 2.3 
CARB 50.3 11.5 100.0 1.1 40.5 13.0 100.0 1.7 
BDNS 1.4 1.1 1.8 0.2 1.6 1.0 2.0 -0.1 
CESM 2543.2 814.9 23224.1 6.9 2545.6 540.7 8240.7 2.4 
ATOT 14.1 5.4 98.7 5.8 15.0 5.0 51.5 2.2 
ACON 21.3 12.8 32.6 0.1 21.5 11.8 34.5 0.3 
SOLM 41.5 11.0 109.0 1.4 30.8 13.0 53.0 0.3 
STOT 28.0 8.0 110.1 3.7 24.7 10.7 51.5 1.0 
SCON 14.7 8.8 24.1 1.0 16.5 9.6 33.2 1.3 
EROS -3.8 -1077.3 89.1 -6.9 2.5 -289.9 105.1 -2.4 
SAND 45.3 22.6 72.0 0.3 
FSST 8.7 4.1 16.6 0.6 
SILT 27.7 10.9 47.5 0.2 
CLAY 18.3 6.4 25.6 -0.5 
DRAT 40.7 20.8 64.8 0.2 

* variable names and units correspond with those of Table 4-4 

5.2.3. Topographic variables 

Similarity in the range and distribution of topographic variables for the 

study basins suggests that the use of different methods of DTM generation 

did not greatly influence the resulting numerical representation of the terrain. 

Observed differences are compatible with differences in basin character. 
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Figure 5-l: Frequency distribution of slope aspect for grid sample 
sites in Floral and Seymour Basins 

Elevation skewness near zero for both basins is equivalent to a hypsometric 

integral of 0.5 and indicates no particularly unusual relief distribution in the 

basins (Evans 1972). Slight differences in relief distribution between the 

basins are indicated by the differences in the sign of the skewness statistic. 

Seymour Basin has relatively less area at low elevations and more at high 

elevations than Floral Basin. 

Profile and contour curvature are both negatively skewed suggesting 

that extreme concavity in both variables IS more likely than extreme 

convexity. Contour skewness for Floral Basin does not deviate greatly from 

zero, perhaps reflecting the fact that the Floral DTM was generated from a 

contour map in which some contour smoothing could have been introduced 

in drafting. 

Mean slope gradient 1s greater for Floral Basin than for Seymour Basin, 
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but maximum gradient and skewness are less. Seymour Basin is spatially 

dominated by a low relief upland, but along the main channel has small 

areas with steeper slopes than are found in Floral Basin. Floral Basin has 

more irregular topography and slopes are more evenly distributed over all 

gradient classes. The more irregular topography of Floral basin is also 

expressed in the skewness of local sheltering. The greater range of local 

sheltering in Seymour Basin is partly an expression of its greater relief, while 

the greater positive skewness is a reflection of spatially limited but intense 

shelte:ring along the major tributary and main channels. 

The larger skewness statistic for global catchment area in Seymour 

basin reflects its more focused drainage network with flow concentrated in 

two major and roughly equal-sized tributaries which join to form a short 

main channel. The drainage network in Floral Basin is quite different with 

at least four tributaries of roughly equal magnitude contributing flow to a 

main channel which extends across most of the basin. The drainage pattern 

in Seymour Basin could be described as parallel and that of Floral as 

deranged (Gregory and Walling 1973). General basin orientation is toward 

the northeast for Seymour Basin and toward the west for Floral Basin 

(Figure 5-1). 

5.2.4. Soil property variables 

Soil property variables generally show less skewness than the 

topographic variables. A horizon thickness shows a moderate positive skew 

of roughly the same magnitude 1n both basins. The positive skewness 

probably reflects, at least in part, the fact that cultivation maintains a 
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minimum AP horizon thickness of approximately 10 em. Solum thickness 

and depth to carbonates, which are less affected by cultivation, show only 

slight positive skew in both basins. 

The total organ1c carbon content of the A horizon and the solum is 

also positively skewed, strongly in Seymour Basin but only slightly in Floral 

Basin. The skewness of organic carbon concentrations is less than the 

skewness of organic carbon totals, suggesting that differences in soil thickness 

are largely responsible for observed differences in organic carbon totals. 

Textural measures were determined only for the Seymour Basin soils. 

These show little skewness suggesting that textural variations are normally 

distributed over the basin. Since many more upland sites than valley sites 

are included in the representative sample (see Figure 3-9), the texture does 

not appear to differ greatly over the basin. This is consistent with the soils 

map of the basin (Figure 3-13). 

5.2.5. Net erosion 

Net erosion for the representative samples ranged from -290 to 105 

kg/m2 and from -1077 to 89 kgjm2 1n Floral and Seymour Basins, 

respectively. Mean net erosion was greater in Floral Basin (2.5 kg/m2) than 

in Seymour Basin (-3.8 kgjm2). Of the two study basins, Floral had the 

greater net soil losses while Seymour Basin had the more extreme net soil 

gains (Table 5-2). 

The general pattern of net erosion variation over the basins is shown in 

Figures 5-2 and 5-3. More detailed data is given in Appendix B. The 
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Table 5-2: Magnitude and topographic setting of the highest and 
lowest net erosion values in the representative samples 

FLORAL BASIN SEYMOUR BASIN 

NET EROSION TOPOGRAPHIC SETTING NET EROSION TOPOGRAPHIC SETTING 
(kg/m2) (kg/m2) 

105 Main stem channel 89 Upper slope 
96 Major tributary 74 Minor tributary 
92 Minor tributary 67 Minor tributary 
88 Upper slope 61 Upper slope 
68 Upper slope 59 Upper slope 

-253 Main stem channel -327 Upland depression 
-290 Main stem channel -1077 Main stem channel 

following discussion deals with net erosion variation 1n the representative set 

of grid samples. 

Identifying the general topographic setting of the net erosion extremes 

1n Table 5-2 showed that the highest net eros1on in both basins was 

associated 1n roughly equal proportions with upper slope positions and 

drainage courses. The largest accumulations were associated with the main 

stem channel in Floral Basin, and with the main stem channel and an 

upland depression in Seymour Basin. The high accumulations on the main 

stem in Floral Basin were associated with depressions along the channel. In 

Seymour Basin, the main stem channel does not include any depressional 

sites. 

For Floral Basin, both extreme minimum and extreme maximum net 

erosion was observed in the main channel. If nothing else, these observations 
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illustrate the potentially complex association between topography and net 

erosion. Equivalent magnitudes of net erosion can be found in very different 

topographic settings while at the same time, vastly different magnitudes of 

net erosion can be observed within similar topographic settings. 

The frequency distribution of net erosion has a strong negative skew 

(Table 5-1) with net soil loss more common than net soil gain {Figure 5-4). 

Deposition was spatially very concentrated. In each basin, the total soil gain 

was calculated by summing the soil accumulation at all depositional sites. 

The two sites with the greatest deposition {indicated in Table 5-2) accounted 

for over 50% and over 90% of the total soil gain in Floral and Seymour 

basins, respectively. These same sites accounted for less than 3% of all sites 

in the representative samples, and thus, represented less than 3% of the total 

area of the basins. 

In both basins, over 50% of representative sample sites had a 

substantial net loss of soil while less than 25% of sites had a substantial net 

gain (Table 5-3). Assuming a time base of 22.5 years for the net erosion 

estimates (i.e. from the midpoint of the 1960 to 1965 peak fallout period to 

the time of sampling in 1985), 44% and 37% of sites in Seymour and Floral 

Basins respectively had net soil losses in excess of 1.1 kg/m2 jyr, often 

considered the maximum tolerable rate of soil loss for agricultural lands 

(Kirkby 1980a). 

Mean net erosion for both basins was relatively close to zero and mean 

137 Cs activity levels in both cases were within 2% of the control values for 

stable sites. This suggested that soil losses and soil gains largely balanced 
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Relative distribution of net soil erosion 1n 
the representative samples 

SEYMOUR BASIN FLORAL BASIN 

% of sites with substantial gain* 17 25 

% of sites with slight loss or gain** 30 22 

% of sites with substantial gain*** 54 53 

% of sites losing more than 
1.1 kgfm2fyr 44 37 

* net gain estimated at more than 10% of cultivation layer thickness 
** net loss or gain less than 10% of cultivation layer thickness 
* * * net loss estimated at more than 10% of cultivation layer thickness 

one another and that despite high rates of erosion over much of the basins, 

little eroded material left the basins. 

The usefulness of mean net erosion as a measure of the soil 

redistribution balance of the basins is a function of the standard error of 

estimate of the mean. Unfortunately, the standard error cannot be readily 

calculated for non-normal distributions. In both basins, net erosion has a 

strong negative skew and the means are strongly influenced by extreme 

values. For example, in Seymour Basin, when the largest soil accumulation 

observed in the representative or grid sample (-1077 kg/m2) was removed, 

the basin mean net erosion changed from -3.8 kgjm2 to 11.6 kgjm2. The 

inclusion or exclusion of a single sample from a spatially very small area in 

which high soil accumulation (possibly most of the accumulation for the 

basin) occurs can drastically change the estimate of the mean. This problem 

would be reduced with a larger sample size. 
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5.2.6. Correlation structure 

Correlation analysis of the representative samples was used to examine 

broad inter-relationships among the variables observed for the study basins. 

Since many variables did not follow a normal distribution, Spearman's rank 

correlation coefficients, a non-parametric measure of association, were 

calculated (Hammond and McCullagh 1974). Tables 5-4 and 5-5 present the 

coefficients that were statistically significant at the 95% confidence level. 

Table 5-4: 

GRAD -. 27 
PROF -. 24 .18 
CONT * • .32 

Spearman's rank correlation matrix for Seymour Basin 
using all (71) grid sample sites 

SHLT * * -.73 -.67 
LCAT * * -.25 -.73 .59 
GCAT * -.33 -.85 .67 .91 
DEPT .22 * -.28 -.43 .38 .32 .37 
DISP .35 * -.27 * * -.48 
AROR -.27 * .24 ~ 
CARB • -.25 .21 * .46 
ACON • * -.24 * .35 .27 
SCON -.38 • * -.26 .51 .50 
ATOT - . 22 . 24 . 87 . 46 . 64 . 63 
STOT • -.27 .58 .65 .39 .29 .61 
CLAY -.70 .22 .31 * -.27 -.24 .26 .28 .40 .28 • 
s~~ .79 * .29 .22 • -.28 -.33 * * -.75 
DRAT -.42 * • -.27 -.22 .25 * 
EROS * * • -.20 • -.59 -.22 -.32 -.54 -.60 -.38 

ELEV GRAD PROF CONT SBLT LCAT GCAT DEPT DISP AHOR CARB ACON SCON ATOT STOT CLAY SAND DRAT 

• not significant at 95% 

The variables can be grouped into two broad classes; the topographic 

variables (ELEV, GRAD, PROF, CONT, SHLT, LCAT, GCAT, DPTH, 

DISP) and the soil property variables (AHOR, CARB, ACON, SCON, 

ATOT, STOT, SAND, CLAY, DRAT, EROS). The correlations between 

variables within either group tend to be stronger than the correlations 

between variables belonging to different groups. 



127 

Table 5-5: Spearman's rank correlation matrix for Floral Basin 
using all ( 84) grid sample sites 

GRAD 
PROF .27 .19 
CONT • • • 
SBLT • • • • 
LCAT -.32 • -.36 -.55 • 
GCAT -.36 • -.53 -.54 • .84 
DEPT -.23 • -.28 -.36 .41 
DISP • -.37 • • * -.43 
AHOR -.25 • -.19 • * .29 .33 * 
CARB -.25 • • • .22 .31 • .54 
ACON -.47 • -.24 • • • .23 * -.20 .40 .42 
SCON -.39 • -.20 • • • • • -.29 .49 .26 .78 
ATOT -.37 • • • • .24 .22 • • .85 .55 .70 .64 
STOT -.38 • -.27 • • .28 .30 • • .56 .66 .72 .62 .73 
EROS • .27 .34 • • • -.28 -.35 • -.47 -.33 -.36 -.25 -.49 -.42 

ELEV GRAD PROF CONT SHLT LCAT GCAT DEPT DISP AHOR CARB ACON SCON ATOT STOT 

• not significant at 95~ 

The strength and direction of all correlations are very similar in both 

basins except for the correlations of elevation (ELEV) with water ponding 

depth (DPTH) and with profile curvature (PROF). Profile curvature 

decreases with elevation and water ponding depth increases with elevation in 

Seymour Basin. The opposite is true of Floral Basin. In Seymour Basin, 

most of the depressions are found on the upland surface and convex slopes 

are best developed along the main channel and near the junction of the two 

main tributaries. In Floral Basin, the depressions are found largely at lower 

elevations as part of the main drainage network. Convex slopes are more 

commonly associated with knoll crests in the upper basin. 

Net erosion consistently shows negative correlation with A horizon 

thickness (AHOR), depth to carbonates (CARB), and organic carbon 

concentrations (ACON, SCON) and totals (ATOT and STOT). The strength 
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of the correlations are similar between basins. Thicker soils, rich 1n organic 

matter and having large depths to carbonates are associated with soil 

accumulation sites, while poorer soils (i.e. thinner soils with lower organic 

matter) are associated with soil loss sites. The causal linkage in these 

associations is not indicated. For example, poorer soil quality could equally 

be the cause of soil loss or its result, or both poor quality and soil loss 

could be the common result of other controls. 

The correlations common to both basins between soil properties and 

topographic variables (i.e. AHOR and SCON with ELEV, ACON with 

PROF, and SCON with DISP) suggest a tendency for soil quality to decline 

with increasing elevation, profile curvature and dispersal area. In other 

words, the poorest soils are usually associated with convex, well-drained, 

upper slopes. 

Net erosion shows a much weaker correlation with topographic variables 

than with soil property variables. A weak tendency for net erosion to 

Increase as contour curvature becomes more concave is indicated 1n Seymour 

Basin. This suggests a tendency for soil loss to be greater along drainage 

courses. No correlation between net erosion and contour curvature was 

observed for Floral Basin. In that basin, net erosion tends to increase with 

profile curvature and slope gradient and to decline with catchment area and 

water ponding depth. The overall trend is for net erosion to decline from the 

upper to lower parts of the basin. 

The lack of strong and consistent correlations between net erosion and 

topographic variables is not surprising. Previous discussion indicated that 



129 

similar rates of net erosion could be found in very different topographic 

settings in some cases, while in others, vastly different rates occurred in 

similar settings. Where different processes dominate the redistribution of soil 

particles, different associations between topographic variables and net erosion 

are to be expected. 

The representative samples for the basins were split into two groups; 

those sites with net soil loss and those with net soil gain. Correlation 

matrices were generated for each group in both basins. The correlation 

coefficients for the groups were largely unchanged from those for the entire 

sample set. The most notable changes were for the correlations with net 

erosion (Table 5-6). 

In Floral Basin, gain sites consistently showed stronger correlations 

between net eros1on and topographic variables than did loss sites. A 

tendency to stronger correlations for gain sites is also apparent in the 

Seymour data, but it is not so pronounced. This tendency differs from that 

which would be expected by the models of Furley (1971) and Anderson and 

Furley (1975). Their studies on chalk parent materials In Britain found 

correlations between soil and slope properties were better on the erosional 

upper slopes than on the lower depositional slopes. This was attributed to 

soil deposition processes being spatially and temporally more variable than 

soil erosion processes. This was expected to be reflected in stronger and more 

frequent correlations between net erosion and topographic variables in loss 

sites than in gain sites. 

Although the environmental conditions and research design or' the 
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Spearman rank correlations of topographic and 
soil variables with net erosion for 

subgroups of the representative samples 

VARIABLE SEYMOUR BASIN FLORAL BASIN 

ELEV 
GRAD 
PROF 
CONT 
SHLT 
LCAT 
GCAT 
DPTH 
DISP 
AHOR 
CARB 
ACON 
SCON 

* not 
Note: 

studies 

LOSS 
SITES 

* 
* 
* 

-.28 
.25 

* 
* 
* 
* 

-.43 

* 
* 

-.35 

significant at 
variable names 

by Furley and 

comparison of results 

GAIN 
SITES 

* 
* 
* 
* 
* 
* 
* 

-.42 
.63 

-.64 
-.54 

* 
* 

95% 

ALL 
SITES 

* 
* 
* 

-.20 

* 
* 
* 
* 
* -.59 

-.22 
-.32 
-.54 

LOSS 
SITES 

* 
.26 

* 
* 
* 
* 
* 
* 

-.24 
-.21 

* 
* 
* 

GAIN 
SITES 

* 
-.28 

.40 

* 
* 
* 

-.40 
-.46 

.72 
-.42 

* 
-.48 
-.62 

ALL 
SITES 

* 
.27 
.34 

* 
* 
* 

-.28 
-.35 

* 
-.47 
-.33 
-.36 
-.25 

and units correspond to those of Table 4-4 

his co-workers differed from that discussed here, the 

suggests that different models are appropriate tn 

different environments and at different scales. It seems reasonable to expect 

that cultivated soils subject to both wind and water erosion (the study sites 

discussed here) should show more variation in the eroded parts of the 

landscape than uncultivated soils predominantly subject to water erosion (the 

British sites). 

In Floral Basin gain sites, net eroston decreases with slope gradient. 

This could be a weak indicator of soil accumulation on footslopes being 
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greater than accumulation on level sites. For ga1n sites in both basins, 

dispersal area (DISP) was positively correlated and water ponding depth 

(DPTH) negatively correlated with net erosion. Soil accumulation tends to 

be higher in poorly drained than well-drained gain sites. Floral Basin, but 

not Seymour Basin, shows a negative correlation of global catchment area 

with net erosion in gain sites. The frequent appearance of depressions on the 

main channel is likely being reflected in this relationship. 

The trends for loss sites are rather weakly developed as the low 

correlation coefficients indicate. Net erosion is positively correlated with 

slope gradient in Floral Basin loss sites. This would be expected for water 

and tillage erosion. Dispersal area is negatively correlated with net erosion 

in this same group of sites. This indicates a tendency for net erosion to 

decrease upslope toward better drained sites. This may reflect a tendency 

for soil loss to be more pronounced at moister, lower slope positions and 

swales, where saturation overland flow is more likely. A similar trend is 

expressed in the Seymour Basin loss sites, although through different 

correlations. Here, net erosion is inversely related to contour curvature and 

directly related to local sheltering. 

Of the two basins studied, net erosion relationships with topography are 

better defined in Floral than in Seymour Basin. Given the greater variety of 

soil types and parent material in Floral Basin, this is somewhat surprising. 

However, Floral is the smaller of the two study basins and basin-wide trends 

are perhaps more likely for smaller areas. 
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5.3. Transect observations 

Figures 5-5 to 5-10 show variations In net erosion along some transects 

over representative slopes in the study basins. The transect locations are 

shown on the basin maps (Figures 3-9 and 3-15) and in Appendix B. The 

transects illustrate sites where extremes of net erosion were expected and 

where net erosion was expected to change rapidly over short distances. The 

topographic profiles were constructed from very large scale topographic maps 

(approximately 1:500), generated for the transect sites from the digital terrain 

models of the study basins. The transects illustrate the topography at a level 

of detail comparable with that expressed in the digital terrain models. 

5.3.1. Seymour Basin transects 

Transects 1 and 2 (Figure 5-5) show variations across the main valley 

near the basin mouth. Although these transects were selected to represent 

simple slopes with no horizontal curvature, some potential cross-slope 

drainage was unavoidable. The irregularities along Transect 2 are sites of 

swales or open hollows which strike obliquely across the slope. These can be 

seen in the air photo of the basin (Figure 3-8). Both transects show very 

substantial soil accumulations in the valley bottom, which then decline 

toward the valley sides and give way to net soil loss. No general trend of 

net erosion change over the eroded parts of the slopes seems applicable to all 

the valley sides, although there is somewhat of a tendency for maximum net 

erosion to be associated with midslope and summit sites. 

Lower net erosion was observed on the left or south valley side of 

Transect 2 than on other upper valley sides and a small accumulation was 



Transect 1 
(looking upstream) 

Transect 3 
(looking upstream) 

Transect 5 
(looking upstream) 
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(looking upstream) 
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(looking upstream) 

Transect 4 

Transect 7 

Figure 5-5: Seymour Basin transects showing net erosion over 
some typical landforms 
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found near the slope crest (18 kgfm2). While this might partly reflect the 

influence of slope aspect on solar radiation input, and thus soil moisture 

levels, it seems more clearly related to the orientation of the slope in relation 

to wind. In the spring of both 1984 and 1985, active accumulation of fine, 

wind-transported material was observed to extend vertically from the slope 

crest to midslope and laterally for approximately 200 m up-valley from 

Transect 2. No accumulation was observed at the equivalent slope position 

on Transect 1. 

Transect 3 (Figure 5-5) shows the pattern of net eros1on across the 

valley bottom immediately below the junction of the two main tributaries. 

Accumulation was observed across the valley bottom, but of a lower 

magnitude than at Transects 1 and 2 downstream. Transect 4 extends over 

the nose slope or spur separating the main tributaries and intersects 

Transect 3. Net erosion varies irregularly over the slope with maximum net 

erosion observed near midslope. The pattern of variation is similar to that of 

Transects 1 and 2 even though this slope shows strong horizontal curvature. 

Transects 5 and 6 (Figure 5-5) show net erosion variations on the ma1n 

north tributary. Transect 6 extends from the valley bottom along one valley 

side only. These transects differ from the main channel transects in that the 

valley bottom is not exclusively an area of soil accumulation. The valley 

bottom at Transect 5 is eroded. The single site in the valley bottom showing 

accumulation was considered to be a toeslope when observed in the field. 

While channel gradient is a possible control on net erosion along the 

channel, insufficient data were available to fully evaluate its effect. 
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The slope irregularity on the right, or north, valley side of Transect 5 

(visible on Figure 3-8) is a cross-slope drainage path and shows soil 

accumulation. A small accumulation observed on the south valley side 1s 

similar in magnitude and slope position to that at Transect 2 and 1s 

probably also associated with wind deposition. Transect 6 shows a 

predominance of accumulation in the valley bottom. In this case, the toeslope 

sample showed the highest soil loss {69 kg/m2) 

Transect 7 shows the pattern of net eros1on through an upland 

depression. The pattern strongly reflects that observed by de Jong et al. 

{1983) for other depressions in cultivated areas near Saskatoon. Soil 

accumulation is pronounced near the depression centre, decreases over the 

footslope, and gives way to soil loss over the mid and upper slopes. The 

rate of soil accumulation for the centre of the depression is roughly 1 cm/yr. 

Rates of sediment accumulation in similar depressions in uncultivated 

landscapes of central Saskatchewan were measured by de Jong et al. (1983), 

using the 137 Cs technique. Sediment accumulation in the centre, and soil 

losses from the surrounding slopes, were negligible under native grassland 

conditions. This suggests that high rates of sediment accumulation, observed 

for depressions in cultivated landscapes, have only been in effect since 

cultivation began about 75 to 100 years ago (Richards and Fung 1969). 

Sediment deposition at the rate of 1 cm/yr would generate significant 

accumulations of sediment over the the period of cultivation, but would be 

insufficient to completely fill a depression that was originally 1 to 2 m in 

depth. 
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The transects across the main channel valley and north tributary all 

show net soil loss over the valley sides except for the two exceptions noted 

on Transects 2 and .S. There is some tendency for maximum net erosion to 

be found near the slope crests although this is by no means general to all 

the transects. The valley bottom is exclusively depositional along the main 

channel, but on the two transects examined on the north branch, the valley 

bottom shows a mixture of soil loss and accumulation. 

Variations in net eros1on along the ma1n channel and north branch 

tributary are shown in Figure 5-6. 
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Figure 5-6: Profile of Seymour Basin main channel and north 
branch tributary showing variations in net erosion 

along the channel 
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The net eros1on values plotted on the channel profile are mean values of 

samples taken across the valley bottom except for the two most upstream 

sites. The latter are single observations taken at the centre of the drainage 

course. The drainage course at these two sites is sufficiently small that the 
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two replicate cores effectively traversed the channel bottom. The north 

branch tributary 1s largely erosional while the main channel is exclusively 

depositional. 

Downstream of Transect 1 on the main channel is an area of native 

vegetation along the stream channel and the lower valley sides (i.e. the 

uncultivated area on Figure 3-9). The upper valley sides along this reach are 

in permanent grass. This reach showed soil accumulation, but at a lower rate 

than observed in the downstream portion of the cultivated channel. The 

main channel gradient becomes steeper downstream of Transect 1 (Figure 

5-6) as the channel crosses from the cultivated to the uncultivated part of 

the basin. The peak soil accumulation straddles the boundary between the 

cultivated and uncultivated channel reaches. This accumulation peak is 

reflected in the local channel steepening. 

A we1r is located at the last downstream sample site on Figure 3-9. 

The weir crest is 4 m below the land surface elevation at the downstream 

end of the cultivated channel and the backwater effect of the weir extends 

only 5 to 10 m upstream. The weir is thus not the cause of soil 

accumulation along the main channel. Rather the retarding effect of shrubby 

vegetation on flow as runoff leaves the cultivated area is likely responsible 

for inducing high rates of deposition along the lower main channel. 
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5.3.2. Floral Basin transects 

Figures 5-7 to 5-10 show patterns of net erosion at some selected sites 

1n Floral Basin although not with the same detail as the Seymour transects. 

Transects 1 to 3 in Figure 5-7 illustrate net erosion across the main channel 

bottom. 

Transect 1 
(looking upstream) 

Transect 3 
(looking upstream) 

Transect 4 

Transect 2 
(looking upstream) 

{"); {") ~ ~ 

--1lj__}/-
Transect 5 

* Samples from equivalent slope position 1 mL 
taken immediately downstream of section 

Figure 5-7: 

10m 
Scale 

Floral Basin transects showing net erosion 
variation across the main channel and 

through two major depressions 

Substantial variation exists at the centre line of the main drainage 

course; from a net loss at Transect 1, through no change at Transect 3, to a 

net gain at Transect 2. Toeslopes are accumulation sites in all cases. The 

most eroded site {on Transect 1) is on a reach connecting two depressions. 

The site with the most deposition (on Transect 2) is in a depression which 
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forms part of the main drainage course. Insufficient data were available to 

fully evaluate the effect of channel gradient on net erosion. 

Transects 4 and 5 (Figure 5-7) show net erosion through the lower part 

of two depressions. The pattern 1s similar to that presented for Seymour 

basin (Transect 7 in Figure 5-5), with accumulation peaking at the centre of 

the depressions and declining toward the periphery. Rates of accumulation 

at the centre of the depressions reach values of about 1 cmjyr, roughly the 

same as in Seymour Basin. 

Both Transects 6 and 7 (Figure 5-8) extend over long slopes. 

Footslopes are sites of accumulation while mid and upper slopes are eroded. 

The most severe erosion is found just below the slope crests in these 

transects. 

1mL 
50m 
Scale 

Transect 6 

Figure 5-8: 

Transect 7 

Floral Basin transects showing net erosion 
variation over major slopes 

Transects 8 and 9 (Figure 5-9) extend from the centre of the main 

drainage course~ upstream along two of the larger tributaries. The net 
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erosion values were based on single samples taken at the centre of the 

channels. Net erosion at the extreme downstream station of both transects 

was measured at the. centre of the main drainage channel and ranged from a 

net loss of 56 kgjm2 in Transect 8 to a net gain of 399 kgjm2 in Transect 

9. The remaining stations all show severe erosion. In the case of Transect 8, 

three stations have net erosion up to the measurement limit of the 137 Cs 

technique (i.e. there was no measurable 137Cs in the soils at these sites). 

These are shown to have a net erosion of 133+ kgjm2 in Figure 5-9, 

indicating that the net erosion estimate in this case is a lower limit. 

Figure 5-9: 

Transect 8 
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Transect 9 
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Distance upstream from centre of main channel 

Floral Basin transects showing net erosion 
variation along two major tributaries 
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The longitudinal profile of the main drainage channel (Figure 5-10) is 

much more irregular than that of Seymour Basin (Figure 5-6). The main 

drainage course in Floral Basin consists of a series of depressions linked by 

short channels. The irregularity of the profile is reflected in the variability 

of net erosion along the drainage course. Net gains are found in depressions 

along the channel and net losses in the reaches between the depressions. The 

net erosion values plotted here differ from those for the Seymour Basin main 

channel profile, in that they are based on single samples taken at the 

channel centre. 
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The main channel in Seymour Basin shows a smooth profile and is a 

distinctly depositional environment. Floral Basin main channel in contrast, 1s 

a series of linked depressions and shows alternating erosion and deposition. 

The transects also suggest that the Floral Basin tributaries are more 

consistently and severely eroded than those in Seymour Basin. The Floral 



142 

Basin matn channel is similar in several ways to the Seymour Basin 

tributaries. Both have global catchment areas of the same magnitude and 

both show inter-mingling of net soil loss and net soil gain. The inter

mingling of gain and loss is partly masked for the north branch tributary in 

Figure 5-6 as all samples taken across the valley bottom at each site were 

averaged. Individual samples range from net loss to net gain. 

5.4. Landform groups 

The relationship between net eroston and landscape morphology was 

examined by grouping the grid and supplemental sample sites into landform 

categories. The value of the topographic variables from the nearest DTM 

element were assigned to each sample site. Where several sample sites were 

associated with the same DTM element, as was the case for some of the 

supplemental samples, a single average net erosion was calculated for the 

sites associated with that DTM element. 

5.4.1. Group definition 

Seven landform classes were defined in terms of topographic variables. 

The landform classes are essentially a modification of the landform element 

categories of Spieght (1968). The classes were defined through inspection of 

the Seymour Basin data set. They were chosen to include landforms which 

were considered to be significant components of the landscape, to 

accommodate the properties of the data set, and to provide a simple and 

meaningful pattern when mapped. The classes were considered the best 

units into which the Seymour Basin could be subjectively subdivided. The 

classes are defined in Figure 5-11. 
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As discussed previously, analysis of the basin digital terrain models 

provided matrices of topographic variables for each basin. Each element of 

the matrices represented a 15 m by 15 m area of the landscape (i.e. the grid 

spacing in the original digital terrain models was 15 m), and by overlaying 

the appropriate matrices, each cell was classified into one of the seven 

landform groups. The results of the classification for the study basins is 

shown in Figures 5-12 and 5-13. 

DPTH = 0 DPTH > 0 

GCAT ~ 3ooo Main Channel 

600 ~ GCAT < 3000 Tributary 

10 ~ GCAT < 600 Swale Depression 

GRAD< 1 - I GRAD > 

I 
PROF~ 0.1 or CONT ~ 1 .0 Crest 

PROF< 0.1 or CONT < 1 .0 Level Midslope 

Note: variable names and units correspond with Table 4-4 

Figure 5-11: Landform group definitions 

Two classes accommodated natural groups in the data set. These were 

areas of high soil gain associated with distinctive topographic settings. 
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Seymour Basin sites in the main channel all had high soil gains (146 to 1197 

kgjm2) and global catchment areas greater than 7000 units. The maximum 

global catchment area for a sampling site upstream of the main channel was 

2763 elements. For sites with global catchment areas less than 3000, those 

in depressions had soil gains of 19 to 333 kgjm2. 

Two landform classes included sites in the drainage network upstream 

of the main outlet channel. The tributaries were sites with global catchment 

areas between 600 and 3000 units. This was the portion of the drainage 

network in which spring field inspections and air photos clearly showed 

evidence of water flow. Swales were sites with global catchment area between 

10 and 600 units. These were lower order tributaries for which clear evidence 

of water flow was not apparent on air photos or in the field. 

Areas with global catchment areas less than 10 units were subdivided 

into conventional slope classes. Crests had strong convexity in either contour 

or profile. Level sites lacked pronounced convexity and had slope angles less 

than 1 o. Steeper slopes without strong convexity were midslopes. 

Previous discussion noted that footslopes have been identified as an 

important slope category and landscape component In other studies. 

Transect observations also suggested that footslopes are commonly sites of 

soil accumulation. However, this analysis did not employ a footslope 

landform category. Footslopes were incorporated in the main channel, 

tributary, swale, and upland depression categories. Attempts to define and 

use a separate footslope category suggested that, in the study area, footslopes 

are too spatially restricted to be distinguished from other categories at the 
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scale of this analysis. In other words, the level of detail 1n the digital 

terrain models was insufficient to permit small footslope areas to be 

identified. 

Only a rudimentary comparision was made between the soil maps of 

the basins (Figures 3-13 and 3-19) and the landform maps (Figures 5-12 and 

5-13), since this study is fundamentally concerned with evaluating the 

hypothesis that net erosion varies systematically with topography. In 

general, the landform maps provide a more detailed subdivision of the 

landscape, and the soil map units appear to be largely composites of 

landform units. The analysis of variations in soil taxonomy between 

landform units, and with topography in general, is a potential avenue for 

future research. 

5.4.2. Mean net erosion of landform groups 

Once landform classes had been defined for Seymour Basin, Floral 

Basin data were also grouped into these same categories. The mean and 

standard deviation of net erosion was calculated for each landform group 

(Table 5-7 and Figure 5-14). 

In both basins, the depressions are distinctly depositional environments. 

The main channel is exclusively depositional in Seymour Basin and largely 

depositional in Floral Basin. All other landform groups are dominantly 

erosional. Swales, crests and level sites all have high mean net erosion 1n 

Seymour Basin. Variation about the mean is relatively low and over 85% of 

the sites in these classes are eroded. The tributary class has a mean net 

erosion (23 kg/m2) comparable to that of the crest and level sites, but has a 
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Table 5-7: 

DEPRESSION 
LEVEL 
CREST 
MID SLOPE 
SWALE 
TRIBUTARY 
MAIN CHANNEL 
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Mean and standard deviation of net eros1on 
by landform groups 

SEYMOUR BASIN FLORAL BASIN 

N MEAN S.D. p* N MEAN S.D. 
(kg/m2) (kg/m2) (kg/m2) (kg/m2) 

11 -103 111 .09 15 -119 102 
27 22 32 .85 28 10 30 
42 22 34 .88 20 7 39 
14 3 42 .57 17 22 38 
24 29 32 .88 12 14 32 
19 23 79 .69 13 89 62 
16 -500 369 .00 3 -162 110 

* proportion of sites in class with positive net erosion 

p* 

.. 07 

.68 

.55 

.88 

.58 

.92 

.33 

much higher standard deviation (79 kgfm2). Over 30% of tributary sites are 

depositional. This landform category is not so distinctly erosional as the 

swale, level and crest classes. The midslope class has a mean net erosion 

very near to zero and the number of loss sites in this class is nearly equal 

the number of gain sites. 

In Floral Basin, the most severely eroded class outside of the drainage 

network is the midslope category with a mean net erosion of 22 kg/m2 and 

88% of sites eroded. This is in contrast with Seymour Basin where mean net 

erosion on midslopes is nearly zero. Mean net erosion for level sites, crests, 

and swales ranges from 7 to 14 kg/m2, with standard deviations in the order 

of 30 to 40 kgfm2. These classes are not so clearly erosional as they are in 

Seymour Basin. The crest and swale categories each have nearly equal 

proportions of net gain and loss sites. 
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Floral Basin tributaries (mean net erosion of 89 kg/m2 and 92% of 

sites eroded) are more severely eroded than those in Seymour Basin (mean 

net erosion of 23 kg/m2 and 69% of sites eroded). The standard deviation 

of net erosion (62 kgjm2) for Floral Basin tributaries on the other hand, 1s 

of the same order as that for the Seymour Basin tributaries (79 kg/m2). 

The main channel group for Floral Basin contains only three sites and 

very slight changes in landform group definition would result in their being 

reclassified. Changing the lower GCA T limit for the main channel group 

(Figure 5-11) from 3000 to 3500 units would have no effect on landform 

group membership in Seymour basin, but would result in one main channel 

site in Floral Basin being reclassified as a tributary, and two being 

reclassified as depressions. Making this change on a trial basis gave the new 

net erosion characteristics for the Floral Basin tributary and depression 

groups shown in Table 5-8. 

1. 
2. 
3. 
4. 

Table 5-8: 

Number of sites: 
Mean net erosion: 
Standard deviation: 

Net erosion properties of revised 
Floral Basin landform groups 

TRIBUTARIES DEPRESSIONS 

14 17 
87 kg/m2 -137 kg/m2 

60 kg/m2 107 kg/m2 

Proportion of sites eroded: 0.93 0.05 

The revised Floral Basin tributary group was virtually unchanged from 

the initial group by the addition of one new site. Mean net erosion for the 

Floral Basin tributaries remained well above that for the Seymour Basin 
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tributaries. The addition of two former main channel sites to the Floral 

Basin depression group increased the mean net erosion but had little impact 

on the group standard deviation. Because the revised group definitions did 

not offer any major advantages, the original group definitions were preserved 

through the following analyses. 

The landform maps of the study basins (Figures 5-12 and 5-13) were 

used as a basis for generating net erosion maps. Four broad net erosion 

classes were defined, which parallel those used in the point net erosion maps 

presented earlier (Figures 5-2 and 5-3). Each landform group in each basin 

was assigned, on the basis of its mean net erosion (Table 5-7, to a net 

erosion class (Table 5-9). The results were displayed as net erosion maps 

(Figures 5-15 and 5-16). 

Table 5-9: Net erosion classes employed in the 
net erosion maps (Figures 5-15 and 5-16) 

NET EROSION CLASS LANDFORM GROUPS IN EACH CLASS 

SEYMOUR BASIN FLORAL BASIN 

< 0 kg/m2 Main Channel, Main Channel, 
Depression Depression 

0 to 10 kg/m2 Midslope Level, Crest 

11 to 50 kgjm2 Level, Crest, Midslope, Swale 
Swale, Tributary 

> 50 kg/m2 Tributary 

The net eros1on maps show some broad patterns which differ between 

the study basins. In Floral Basin, the general pattern is for net soil loss to 
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1ncrease from the upper to the lower parts of the basin, with deposition 

taking place in the depressions and the lower reach of the main drainage 

course. This is the pattern that would be expected for a landscape 

dominated by water erosion. In Seymour Basin, the both the upland (i.e. 

crests and level sites) and much of the drainage network (i.e. swale and 

tributary sites) are strongly eroded. Through much of the basin, these 

broad areas of strong erosion are separated by a zone of slight erosion (i.e. 

midslopes) and no trend of increasing erosion from the upper to the lower 

parts of the basin is suggested. Deposition is associated with depressions 

and the lower main channel, as was the case in Floral Basin. 

A visual comparision of the net eros1on maps with the soils maps 

(Figures 3-13 and 3-19) suggests little spatial correlation between soil 

patterns and erosion patterns. Soil map units with Gleyed and Gleysolic 

soils tend to be associated with sites of deposition. Otherwise, areas falling 

into the same net erosion class generally contain several soil map units, and 

especially in the case of Floral Basin, several soil associations. 

5.4.3. Group evaluation 

The model of the relationship between net erosion and topography 

represented by the landform groupings was evaluated 1n several ways. A 

Kruskal-Wallis non-parametric analysis of variance for each of the basins 

showed the classification to be highly significant. The probability of all 

groups being from the same population was less than .0001 in both cases. A 

parametric analysis of variance showed that partitioning the data sets into 

landform categories reduced the mean sum of squared deviations by 57% and 

60% in Floral and Seymour Basins, respectively. 
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The landform grouptng was tested further by comparing each group 

against every other group for significant difference in the group mean rank of 

net erosion using a Kruskal-Wallis analysis of variance (Tables 5-10 and 

5-11). 

Table 5-10: Probability of Seymour Basin landform group pairs 
being from the same population 

LEVEL CREST MIDSLOPE SWALE TRIBUTARY MAIN CHANNEL 

DEPRESSION .00 .00 .00 .00 .00 .00 
LEVEL .81 .14 .57 .27 .00 
CREST .16 .39 .34 .00 
MIDSLOPE .07 .11 .00 
SWALE .52 .00 
TRIBUTARY .00 

Table 5-11: Probability of Floral Basin landform group pairs 
being from the same population 

LEVEL CREST MIDSLOPE SWALE TRIBUTARY MAIN CHANNEL 

DEPRESSION .00 .00 .00 .00 .00 .51 
LEVEL .79 .02 .82 .00 .29 
CREST .18 .67 .00 .27 
MIDSLOPE .12 .00 .29 
SWALE .00 .31 
TRIBUTARY .01 

This showed that while the overall partitioning of the data sets into 

landform groups is highly significant, not all groups were significantly 

different from one another in net erosion. Most of the reduction in the 

mean sum of squares of the deviations was due to the separation of the 

extreme classes such as the depression, tributary, and main channel groups, 

from the others. 
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Both the Seymour Basin depression and ma1n channel groups are very 

different from each other and from all other groups in the basin. Of these 

other groups, midslopes are the most distinctive with less than an 80% 

probability of being from the same population as any other group in this 

basin. 

In Floral Basin, it is the depression and tributary groups that were 

very significantly different from each other and from all other groups. Again 

the midslope group stands out with less than an 80% probability that it is 

drawn from the same population as the tributary, level, crest or swale 

classes. The main channel group in Floral Basin has a relatively high 

probability of being from the same population as all other groups except the 

tributary group. In part, this reflects the small number of sites (three) in 

the main channel group. If the Floral main channel sites are placed into the 

tributary group as was done in the previous section, the tributary group 

relationships to the other groups, as expressed in Table 5-11, remain 

unchanged. 

Given ten continuous topographic variables, an infinite number of 

landform groups could conceivably be generated. The general validity of the 

groups used here was assessed by objectively generating groups in the data. 

Principal components analysis was used to generate orthogonal dimensions for 

the data set (Webster 1977). A Varimax rotation was used to align the 

component axes as close as possible to the original measurement axes and 

thus simplify their interpretation (Webster 1977). 

First, the topographic variables were analysed alone. The principal 
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components for the topographic variables were used to cluster the sites 

successively into 5 through 10 groups by the centroid method (Webster 

1977). Secondly, principal components were determined for the topographic 

variables and net erosion together and the sites clustered as before. All 

groupings in both analyses were subjected to an analysis of variance. 

None of the objective groupings achieved as large a reduction in the 

mean sum of squared deviations as the subjective groupings. Further, the 

objectively generated groupings were not usually interpretable as recognisable 

landforms. Thus, while better groupings may be possible, they are not 

immediately apparent. 

5.4.4. Within-group correlation analysis 

Rank correlations between topographic variables and net erosion were 

calculated for each landform class (Tables 5-12 and 5-13). Correlation 

coefficients significant at the 90% confidence level are reported. In general, 

the significant correlations between topographic variables and net erosion 

tend to be stronger and more common within the landform groups than for 

the data sets as a whole. Differences in correlation structure between groups 

also suggest that the landform groups provide a useful breakdown of the 

total landscape. 

The depressions in both basins show a tendency for soil gain to 

increase with catchment area, although in Seymour Basin the significant 

correlation is with local catchment area while in Floral it is with global 

catchment area. Perhaps this reflects the fact that 1n Floral Basin, 

depressions are found along the main drainage network while in Seymour 



Table 5-12: 

LANDFORM 
GROUP 

DEPRESSIONS 
LEVEL 
MID SLOPE 
CREST 
SWALE 
TRIBUTARY 
MAIN CHANNEL 
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Spearman rank correlation coefficients between 
net erosion and topographic variables 

in Seymour Basin 

ELEV GRAD PROF CONT SHLT LCAT GCAT DPTH 

* * .50 * -.55 -.58 * -.42 

* * * -.42 * * * * 
* * .49 .63 * -.39 -.39 * 

-.25 * .22 * * * * * 
* .29 * .31 * * .28 * 
* * -.49 * * .38 * * 

.75 * * * * * -.52 * 

* not significant at 90% 

Table 5-13: Spearman rank correlation coefficients between 
net erosion and topographic variables 

in Floral Basin 

LANDFORM 
GROUP ELEV GRAD PROF CONT SHLT LCAT GCAT DPTH 

DEPRESSIONS * * * * * * -.57 -.48 
LEVEL * .27 .39 * * * * * 
MID SLOPE * .56 * * * -.48 -.48 * 
CREST .31 * * * .57 * * * 
SWALE * -.70 * * * * * * 
TRIBUTARY -.58 * * -.54 * .69 -.39 * 
MAIN CHANNEL * * 1.0 * * * * * 

* not significant at 90% 

DISP 

.53 

* 
.47 

-.25 

* 
-.34 

.52 

DISP 

* 
* 

-.43 

* 
* 
* 

1.0 

Basin they are on the upland surface and receive inflow only from lower 

order drainage courses. 

The correlation between net erosion and catchment area variables 

suggests that water transport is an important sediment delivery mechanism 

for the depressions. This is also suggested by the negative correlations with 
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water ponding depth in both basins and the positive correlation with 

dispersal area in Seymour Basin. The negative correlation of net erosion with 

local sheltering in Seymour depressions suggests wind-blown sediment might 

be an important input. The implications of the sheltering and depth 

correlations are ambiguous however, as high values for both variables 

characterise depressions in general. 

Level sites in both basins are found almost exclusively in upland areas 

since they are by definition, sites with low gradient, low slope convexity and 

low catchment area (Figure 5-11). The combination of low slope gradient 

and low catchment area suggests that water erosion lS unlikely to be 

important 1n these sites and that most soil redistribution lS probably by 

wind. In Seymour Basin, the upland soils are generally silty (Figure 3-13). 

In Floral Basin, soil texture is more variable over the upland (Figure 3-19), 

and the lower soil loss observed for the Floral Basin upland may be due to 

less wind-erodible material being available. 

Level sites in Floral Basin show an increase in net erosion with 

gradient and profile curvature. Net erosion decreases with contour curvature 

1n Seymour Basin. However, this landform group lacks strong slope 

convexity (both in profile and contour) and steep gradients, and therefore 

these correlations are not considered to be physically meaningful. 

Crest slopes show a positive correlation of net erosion with elevation 1n 

Floral Basin but a negative correlation in Seymour Basin. Crest slopes at 

higher elevation are more eroded than those at lower elevations in Floral 

Basin and vice versa in Seymour basin. A tendency for net erosion on crests 
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to increase with profile curvature is apparent in Seymour Basin but not in 

Floral Basin. In Floral Basin, a relatively strong positive correlation exists 

between net erosion and sheltering. The most severe net erosion IS 

associated with the lower rather than the upper part of the crests. 

Wind erosion IS expected to dominate on slope crests, primarily because 

the small catchment area associated with these sites make water erosion 

unlikely. Crest sites are also exposed to wind action. As was suggested for 

level sites, the lower soil loss for crest sites in Floral Basin, relative to 

Seymour Basin, might reflect differences in soil texture patterns between the 

basins. While soil texture tends to be silty throughout Seymour Basin, the 

higher knolls and some crest slopes in Floral Basin have coarser-textured till 

and fluvial parent materials. 

Midslope sites in both basins show a negative correlation of net erosion 

with local and global catchment area. In Seymour Basin where the mean net 

erosion for this landform group is near zero, deposition is associated with 

higher catchment area sites and lower slope positions, while net soil loss is 

associated with lower catchment areas near slope crests. This is supported by 

the positive correlations for profile and contour curvature and dispersal area. 

In Floral Basin, high dispersal area sites tend toward lower net erosion. 

Unlike Seymour Basin, middle portions of the slopes are most severely eroded 

and net erosion declines both up toward the slope crests and down toward 

the slope base. This is a further expression of the pattern observed for crest 

slopes in Floral Basin. The sequence is similar to that expected from the 

Anderson and Furley (1975) model discussed earlier which was considered 
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most appropriate for water-eroded slopes. The positive correlation for slope 

gradient in this Floral group lends further support to an hypothesis of water 

erosion of these sites. 

Previous speculation suggested that wind erosion 1s less effective on the 

uplands and crest slopes in Floral Basin than in Seymour Basin, primarily as 

a result of differences in soil texture. The net erosion pattern over 

midslopes 1n Seymour Basin may reflect wind erosion over upper midslopes 

and wind deposition on the middle and lower portions of the slopes. Water 

action on the lower, moister parts of the midslopes could transfer soil from 

middle slope positions to lower slope positions and out of the midslope unit. 

Net soil loss from midslopes due to water action, may be partly off-set by 

wind deposition, resulting 1n a lower mean net soil loss for this landform 

group 1n Seymour Basin than in Floral Basin. Mean net soil loss on 

midslopes is higher and wind erosion of upper slopes and the upland is less 

effective in Floral Basin. Water erosion losses from the midslopes are not 

compensated by deposition of wind-blown material and a different pattern of 

net erosion over the midslopes results. 

Positive correlations between net erosion and slope gradient, contour 

curvature and global catchment area for Seymour Basin swales suggest water 

erosion. In Floral Basin, a strong negative correlation with gradient was 

found for swale sites. The data show that the range of gradient in Floral 

basin swales is small (.03 to 1.19 o) and the correlation may be largely 

spurious. In Seymour Basin the gradient range is greater ( .04 to 6. 75 o ) and 

the correlation seems more meaningful. Field observations in both basins 

clearly indicate water erosion of the swales (Figures 5-17 and 5-18). 
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Water eros1on dominates the tributary landform groups (Figures 5-19 

and 5-20). Both basins show a positive correlation between net erosion and 

local catchment area in the tributaries. In Floral basin, the tributaries show 

a negative correlation with global catchment area. Deposition is associated 

with sites of high global catchment area. The negative correlation of net 

erosion and elevation in Floral Basin suggests more intense erosion along the 

lower reaches of the tributaries. 

The negative correlation between net erosion and dispersal area in the 

Seymour Basin tributaries is difficult to interpret. It may reflect sediment 

accumulation in lobes or fan-shaped deposits within the the tributary 

channels. Such accumulations were readily apparent in the field immediately 

following snowmelt runoff, and prior to spring cultivation of the soil. 

Through the middle and lower reaches of the tributaries, an alternating 

series of eroded reaches and small fans developed during runoff (Figure 5-21). 

These features were observed over two years and appeared to develop as an 

intrinsic property of the water and sediment transport processes operating in 

the tributaries. While no field measurements were made, the regular 

alternation of the features suggested that they may be somewhat analogous 

to pool and riffle sequences or meander sinuousity (Leoplod et al. 1964). 

This was not investigated as a part of this study. 

Soil accumulation was greatest at the snout of the fans and declined 

toward the fan apex. Dispersal areas might be slightly greater at the snout 

than at the apex of the fans, and thus give the negative correlation 

mentioned above. The alternation between fans and eroded reaches may also 
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Figure 5-17: Water-eroded swale on the north valley 
side of the main outlet channel in Seymour Basin 

Figure 5-18: Water-eroded swale on the south side of 
main drainage course valley in Floral Basin 
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Note the light-colored area of saline soil. 

Figure 5-19: The junction of the maJor tributaries and 
the main channel in Seymour Basin 

Figure 5-20: A tributary entering the Floral Basin 
main drainage course from the south 
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Figure 5-21: Photograph taken looking upstream in 
north-branch tributary showing deposition in 

the foreground and erosion in the background 

be responsible for the large range of net erosion, from high gain to high loss, 

observed in the tributaries. 

The mam channel sites are areas of deposition (Figure 5-22). 

Correlations for elevation, global catchment area and dispersal area indicate 

deposition increases downstream through this reach in Seymour Basin. The 

Floral Basin main channel group has only three sites and therefore the 

correlations are not considered to have any physical significance. 
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Figure 5-22: Photograph taken looking downstream on 
Seymour Basin main channel toward uncultivated area 

5.4.5. Summary 

The following discussion Is intended to draw together several lines of 

evidence into a broad picture of the soil erosiOn regime of the study basins. 

It focusses on some general associations between net soil erosiOn, erosiOn 

processes, and topography that are suggested by the mean values and 

correlation structures of the landform groups. The nature of these 

associations is shown to differ between the study basins. 

The overall pattern suggested for Seymour basin Is one of wind 

domination of soil redistribution at upper slope positions and over the 

upland surface, and water domination in lower parts of the basin. Tillage 

erosiOn might also be important over crests and midslopes, although it IS 

difficult to evaluate its impact from such evidence as correlation structures. 
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The level sites and slope crests appear to be generally wind-eroded with 

localised deposition in wind-sheltered sites within these landform groups. 

The wind erosion hypothesis is supported by the fact that low catchment 

areas and gentle slopes make water erosion unlikely. Soils in the area have 

a texture that would be susceptible to wind erosion and the use of shelter 

belts and strip-cropping by several landowners in and around the upper 

basin further suggested wind erosion had been a problem here in the past. 

Mean net erosion in both these groups (Table 5-7) approaches the commonly 

accepted maximum tolerable rate (i.e. 1.1 kgfm2 fyr or 25 kgfm2 /22.5 yr). 

Midslopes show a small soil loss and a redistribution of soil from upper 

to lower slope positions. The most severe erosion in these sites is associated 

with upper, more convex portions of the midslopes, and is likely due to wind 

action. Some soil may be lost from the lower, moister portions of the 

midslopes as a result of overland flow activity. The small mean net soil loss 

for this landform group is likely due to soil loss by wind and water erosion 

being largely offset by the deposition of wind-blown material from crests and 

level sites. No single redistribution process is fully dominant, and this 

landform group 1s a zone of transition from wind-eroded crests and uplands 

to water-eroded swales. 

Swales are the most severely eroded landform group and correlation 

analysis (Table 5-12) suggested water as the dominant erosional agent. 

Because of their topographic position, swales are sites of snow accumulation 

and have higher soil moisture levels. These factors would contribute to the 

development of overland flow in swales. Swales are sheltered from wind 
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erosion, and may experience some deposition of wind-transported sediment. 

Correlation analysis and the mean net erosion value for this landform group 

both suggest that water erosion 1s clearly dominant over deposition of wind

borne soil. 

Upland depressions in Seymour Basin are a focus for soil accumulation. 

These sites show high rates of sediment deposition; up to 1 cmjyr in some 

cases. Correlation analysis suggested that both wind and water are 

important mechanisms for carrying sediment into these closed basins. 

Along the main tributaries, . runoff entrains deposited material and 

transports it to the main channel area where it is mostly re-deposited. 

Although the tributaries are, on average, eroded, this landform group 

displays a large range of net erosion values, suggesting sporadic deposition, 

entrainment and erosion of material along the tributaries. This is expressed 

1n a sequence of alternating eroded reaches and small fans that develop along 

the channels during runoff. While the tributaries are important as a 

sediment source in their own right, they also serve as a sediment transport 

link connecting the water-eroded midslopes and swales, with the depositional 

main channel reach. 

Floral Basin appears to be dominated by water erosion, with relatively 

weak wind erosion of the upper basin. Because water is the dominant 

erosional agent, soil losses are greatest in the lower slopes and drainage 

courses. Crests and level sites are much less severely eroded than in 

Seymour Basin, perhaps reflecting less erodible soil textures in the higher 

parts of Floral Basin. Crest sites are, on average, the least eroded of the 

groups which experienced net soil loss. 
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Midslopes are the most severely eroded of landform groups outside of 

the drainage network. Correlation analysis (Table 5-13) shows that net soil 

erosion tends to increase downslope over crests and the upper midslopes and 

to decrease at the lower midslopes. This, coupled with a strong trend for soil 

loss in the midslopes to increase with slope gradient, suggests a dominance of 

water erosion. Water erosion may not neccesarily be more severe than In 

Seymour Basin, but in the absence of strong wind erosion on the upper 

slopes, water erosion losses from the midslopes cannot be offset by deposition 

of wind-blown material. 

Swales in Floral Basin suffered net soil loss, on average, although not 

quite so severely as the midslopes. The swales in Floral Basin also had less 

soil loss than those in Seymour Basin. Correlation analysis indicates net 

erosion declines with slope gradient in this landform group. This may reflect 

soil accumulation on the steeper footslopes that are included In the swales, 

and erosion of the toeslopes or drainage paths within the swales. The 

dominance of water erosion In swales would be expected on the basis of their 

topographic position alone. 

Floral Basin tributaries were distinctly eroded with high net soil losses. 

The general tendency was for the severity of soil loss to increase 

downstream, and with the most severe soil loss associated with narrow 

reaches with high local catchment area. It is possible that for Floral Basin, 

relative to Seymour Basin, a lower rate of sediment supply from swales 

results in higher rates of soil loss along the tributaries. 

The main channel In Floral Basin (Figure 5-10) is more irregular In 
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topography and in net eros1on than 1n Seymour Basin (Figure 5-6). Although 

only three main channel sites were identified for Floral Basin, the two sites 

of net gain were associated with depressions along the channel and the one 

net loss site with a channel reach linking the depressions. 

5.5. Net erosion balance 

5.5.1. Areally-weighted mean net erosion 

The seven-group landform model was used to calculate a net erosion 

balance for each of the basins (as defined by the BASIN program). The 

number of elements in each landform group was determined from the 

landform matrices displayed as Figures 5-12 and 5-13. Taking the area 

represented by each element to be 225 m 2 (i.e. 15 m by 15 m) permitted 

calculation of the total area occupied by each landform in each basin. The 

product of the mean net erosion of each landform group (Table 5-7) and its 

area gave the net erosion for each landform group. An areally-weighted, 

mean net erosion for each basin was calculated by summing the group net 

erosion values and dividing by basin area. Net erosion balance results are 

given in Table 5-14. 

Elements that were initially classified into landform groups with a 

positive mean net erosion but which were in the uncultivated parts of the 

basins were placed in a separate uncultivated group for which mean net 

erosion was assumed to be zero. In other words, deposition but not erosion 

was permitted in uncultivated parts of the basin for the purposes of the net 

erosion balance. 



LANDFORM 
GROUP 

Uncultivated* 
Depressions 
Level 
Crest 
Midslope 
Swale 
Tributary 
Main Channel 

Total 

MEAN 

Table 5-14: 
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Areally-weighted mean net erosion 
by landform groups 

SEYMOUR BASIN FLORAL BASIN 

AREA NET EROSION AREA NET EROSION 
(103 m2) (%) (103 kg) (103 m2) (%) (103 kg) 

17 1 0 6 1 0 
64 4 -6 592 54 6 -6 426 

639 35 14 058 315 37 3 150 
549 30 12 078 196 23 1 372 
227 13 681 161 19 3 542 
257 14 7 453 91 11 1 183 
39 2 897 11 1 979 
13 1 -6 500 9 1 -1 458 

1802 22 075 843 2 342 

12.3 kg/m2 2.8 kg/m2 

*Sites (other than main channel or depression) in uncultivated area 

The balance calculations gave mean net erosion values of 12.3 kg/m2 

and 2.8 kg/m2 for Seymour and Floral Basins, respectively. In contrast, the 

mean values obtained from the representative samples (Table 5-1) showed 

Seymour Basin to have a slight negative (-3.8 kg/m2), and Floral Basin to 

have a slight positive (2.5 kgjm2) mean net erosion. The means for Floral 

Basin differed very little, with both indicating a moderate net loss of soil, or 

sediment export, from the basin. 

For Seymour Basin, the representative sample mean suggested no net 

loss of soil from the basin, while the balance calculation suggested a 

substantial net loss. As suggested in previous discussion of the representative 
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sample means, the Seymour Basin mean for the representative sample was 

strongly influenced by the extreme net gain sites. Only one grid sample 

represented the main channel of the basin which more detailed transect 

samples showed to have generally high, but also highly variable, soil 

accumulation. Similarly, only one sample represented the depressions in the 

basin. The net erosion for the main channel and depression areas used in 

the balance calculations are expected to be more reliable since they are based 

on the grid samples and the transect samples. 

An alternate estimate of soil accumulation along the main channel was 

made using field measurements. Along the entire length of the main 

channel, at least three samples were taken across the channel bottom at 

intervals of 100 m or less (i.e. the sampling sites on Figure 3-9 at and 

downstream of Transect 3). At each interval where a series of samples was 

taken across the channel, the mean net erosion of those samples was 

multiplied by the channel width to find the soil accumulation per unit length 

of channel. The soil accumulation per unit length of channel was applied 

over one-half the distance to each adjacent cross-channel sampling interval 

upstream and downstream, to obtain a mass of soil accumulation. Summing 

these masses along the . entire main channel gave an estimate of the total 

mass of soil accumulated of 4900 t, or 75% of that estimated for the main 

channel in the balance calculations. 

This supports the landform group model by showing that it provides an 

estimate of soil accumulation along the main channel in general agreement 

with an estimate based on direct field measurement. It further suggests that 
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the balance calculations based on the model give a more reliable estimate of 

basin mean net erosion than a grid sample design of the density used in this 

study. 

Net erosion balance calculations (Table 5-14) showed Seymour Basin to 

have a higher mean net erosion than Floral Basin. This is likely due, at 

least 1n part, to the more severe wind erosion in Seymour Basin. Floral 

Basin IS also probably somewhat less efficient in delivering sediment to the 

basin mouth. Depressions, sites of soil accumulation, occupy 6% of Floral 

basin but only 4% of Seymour Basin and are more commonly associated 

with the channel system in Floral Basin. 

5.5.2. Water quality implications 

Since the 137 Cs technique of estimating net erosion integrates the 

influences of all erosional processes, it is difficult to assess the potential 

impact of sediment losses from the study basins on downstream water 

courses. The portion of the total sediment loss that is carried away by water 

cannot be directly determined. If it is assumed that the net erosion balance 

for Floral Basin gives the total sediment loss from the basin and that the 

loss occurred almost exclusively by water erosion, very substantial quantities 

of sediment (i.e. roughly 120 t/km2 jyr) are being exported by Floral Basin. 

The sediment yield of Floral Basin, given by the net erosion balance, is 

substantially greater than the sediment yields (about 10 to 20 t/km2 /yr) 

reported for this part of the Prairies by Stichling (1973) and the spring 

sediment yield of field plots in the Swift Current area (11 to 55 t/km2 /yr) 

given by Nicholaichuk and Read (1978). So even though the sediment 
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regime of Floral Basin seems to be dominated by internal redistribution, 

significant quantities of fluvial sediment are being exported. 

The sediment export from Seymour Basin likely takes place by both 

wind and water action, and it is difficult to estimate the fluvial sediment 

yield at the basin mouth. As a rough first approximation, the areally

weighted mean net erosion was calculated only for those parts of the basin 

most likely to be affected by water erosion processes (i.e. midslopes, swales, 

tributaries, and main channel). For that part of the basin alone, the mean 

net erosion was 5 kgjm2; almost twice that for Floral basin but of the same 

order of magnitude. This is not surprising if, as earlier speculation 

suggested, fewer depressions in the Seymour Basin drainage network make it 

relatively more efficient at exporting eroded material. 

The ultimate effect of sediment leaving these basins on downstream 

water courses will be largely dependent on the travel path of the sediments. 

Small basins like those studied here are often not linked to major river 

systems. Both Seymour and Floral Basins drain to small lakes or 

depressions a short distance downstream and do not contribute water or 

sediment to the regional drainage network of the South Saskatchewan River. 

The data examined here showed that very large soil accumulations are 

possible along the main drainage courses of these small Prairie basins. It 

might be that the sediment yield of these basins is incorporated into 

floodplain deposits a very short distance downstream. The high 

accumulation at the transition from the cultivated to the uncultivated 

channel reach 1n Seymour Basin suggests that much of the sediment leaving 
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basins such as those studied here will be redeposited along vegetated channel 

reaches immediately downstream. The linkages between the sediment 

dynamics of small agricultural basins, and the larger streams to which they 

drain, is a largely unknown aspect of Prairie fluvial systems. 

5.6. Objective site classification 

Since the landform-group model was developed largely by a subjective 

examination of the Seymour Basin data, an attempt was made to examine 

what groupings could be recognised in the data on solely objective criteria. 

Further, it was felt that the pathway along which grouping occurred, might 

reveal additional information on the nature of the structural association 

between topography and net erosion in the study basins. A classification 

algorithm was, therefore, developed to separate the data sets into the most 

meaningful groups by a set of objective, but physically meaningful, rules. 

5.6.1. The classification technique 

The classification algorithm follows 1n concept, although not in specifics, 

the PEGAS algorithm of Phipps (1981a) for exposing the spatial structure of 

geographical data sets. It uses ranks rather than actual values of the data 

and employs a Kruskal-Wallis analysis of variance (Hammond and McCullagh 

1974) to compare subsets of the data. 

The net erosion measurements were first ranked and the sites listed in 

order of one of the topographic variables. The list of sites was then divided 

into two groups such that the members of the first group contained the sites 

with the five highest values of the topographic variable and the second group 

contained all other sites (Table 5-15). 
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Table 5-15: First split of Seymour Basin data into 
elevation groups by the objective 

classification procedure 

ELEV GRAD PROF CONT LCAT GCAT ....... EROS ERNK* 

513.50 2.16 -0.279 1.924 1 7766 ....... -1197.0 1 
513.50 2.16 -0.279 1.924 1 7766 ....... -970.9 4 
513.60 1.28 -0.279 -1.849 227 7599 ....... -1130.5 2 
513.70 1.46 -0.285 -2.716 28 7599 ....... -744.8 5 
513.70 0.65 -0.362 0.278 212 7584 ....... -1077.3 3 

==================== boundary between groups ======================== 
513.80 1.46 -0.285 -2.716 28 7599 ....... -266.0 14 
513.80 0.65 -0.362 0.278 212 7584 ....... -239.4 16 
513.80 1.28 -0.279 -1.849 227 7599 ....... -452.2 6 
513.90 1.87 -0.309 -4.174 78 7766 ....... -266.0 13 
513.90 2.16 -0.279 1.924 1 7766 ....... -319.2 10 
514.20 0.65 -0.362 0.278 212 7584 ....... -199.5 18 
514.40 2.21 -0.376 -0.402 8 7230 ....... -292.6 11 
514.50 2.21 -0.376 -0.402 8 7230 ....... -279.3 12 
514.50 6.97 -0.209 1.291 0 0..... .. 59.9 138 
514.50 6.75 -0.132 -2.672 25 114....... 20.0 86 
514.70 4.17 -0.140 -2.423 27 27....... 31.9 106 
514.80 2.21 -0.376 -0.402 8 7230 ....... -159.6 21 
515.10 1.25 -0.223 0.264 7 7080 ....... -359.1 8 

l 
Variable by which sites are ordered 

*rank of net erosion 

The difference in the mean net erosion rank of the two groups was 

measured by the Kruskal-Wallis H statistic calculated as follows (Hammond 

and McCullagh 1974): 

2 2 
12 r1 r2 

H = N(N +1) {(~ + -;;;-) - 3 (N + 1)} (5.1) 

where N = the total number of observations, r = sum of the ranks in each 

group, and n = the number observations in each group. The H statistic was 
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adjusted, in the usual manner, for the effect of tied observations (Hammond 

and McCullagh 1974). 

The boundary between the two groups was then moved down the list 

so that the membership of first group increased to six. An H statistic was 

then calculated for the new grouping. This procedure was repeated until all 

possible splits into two groups had been encountered. Two constraints were 

placed on the groups. The minimum group size was limited to 5 since the 

H statistic follows the x2 distribution for groups of five or more and thus 

can be easily evaluated for significance. The other constraint required that 

any two sites with the same value for the topographic variable by which the 

list was ordered must belong to the same group. 

Once all potential two-group splits of the data set had been evaluated 

for one topographic variable, the procedure was repeated using another 

topographic variable to order the list. This continued until all topographic 

variables of interest (ELEV, GRAD, PROF, CONT, SHLT, DISP, DPTH, 

LCA T, and GCA T in this case) had been used. Of all the possible two

group splits evaluated in this way, the one giving the largest H statistic was 

identified. This was considered to be the "best" split of the data set as it 

produced the greatest difference in the mean net erosion rank for two groups. 

Provided the two groups were significantly different at the 95% 

confidence level, the data set was split and each of the two groups analysed 

by the same procedure. This continued until either the groups became too 

small for further splitting or no split with a significant H statistic could be 

found. 
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Because aspect is not a shape variable per se, and does not directly 

regulate water and sediment flow over the surface, it was not initially used 

in the objective classification analysis. It was only used as a potential 

splitting variable for groups for which no split with a significant H statistic 

was found using the other topographic variables. 

Slope aspect was expressed on a circular scale and therefore potential 

splits on the basis of aspect were evaluated slightly differently than those for 

other topographic variables. All possible splits of the list ordered by aspect 

were first evaluated as outlined above. The first site in the aspect-ordered 

list was then moved to the end of the list and all possible splits of this new 

list evaluated. This procedure was repeated until every aspect value had 

appeared at the top of the list. This permitted, for example, a site with an 

aspect of 359 o to be in the same group as a site with an aspect of 1 o. 

The grouping with the highest H statistic in all the lists was identified. 

5 .6. 2. The classification groups 

Results of the classification procedure are presented in Figures 5-23 and 

5-24 in the form of dendrograms. They give the criteria on which each 

group was split, the mean and standard deviation of net erosion for each 

group, and the number of sites in each group. Actual upper and lower 

values of the topographic variables defining the groups are shown on the 

dendrograms and therefore a gap can exist between the lower boundary of 

one group and the upper boundary of the other. 

In Seymour Basin (Figure 5-23), the analysis subdivided the data set 

into 14 terminal groups or groups of sites which could not be further sub-
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divided either because they had fewer than 10 members or because two 

significantly different subgroups could not be identified at the 95% confidence 

level. The initial split of all sites was on the basis of global catchment area. 

Sites with high catchment areas and high levels of soil accumulation were 

separated from all others. This first group of sites corresponded to the ma1n 

channel landform group (Figure 5-11). These high accumulation sites were in 

turn split into two significantly different groups (Groups 2 and 3 in Figure 

5-23) on the basis of elevation reflecting the increase in soil accumulation 

downstream through the cultivated main channel reach. 

Among the sites with global catchment area less than 2734 units, those 

with substantial water pending (Group 1) were separated out as sites with 

high soil accumulations. These are depressions. 

Three terminal groups with very high net erosion were identified. Two 

of these are sites of high catchment area, although not so high as for Groups 

2 and 3. Sites with high local catchment and no significant water ponding 

(Group 4) are eroded. These largely correspond to the downstream reaches 

of swales or minor tributaries. Among sites with smaller local catchment 

areas, those with quite large global catchment area and without very extreme 

contour concavity (Group 6) also suffer high net erosion. These appear to 

represent reaches along the major tributaries which link minor depressions. 

The other severely eroded sites are on exposed slopes (Group 7) where wind 

is presumably an important soil redistribution agent. 

Other groups suffering lower, but nevertheless serious net soil loss 

include Groups 8, 9, and 10. Both Groups 8 and 9 are associated with 
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straight to convex slopes in profile and contour, respectively. Group 9 

includes only sites at higher elevations. Group 10 is characterised as straight 

to concave in contour, concave in profile and having local catchment areas 

more than 7 units. 

The sites of most notable soil accumulation, apart from Groups 1, 2, 

and 3, are Groups 5 and 13. Group 5 includes sites with low to moderate 

local catchment areas and very extreme contour concavity. This does not 

readily fit any usual landform concept, but on inspection this group appears 

to include sites on the tributaries where the valley narrows. This suggests 

that these are sites where soil accumulation is favoured by obstruction of the 

flow channel. Group 13 includes sites straight to concave in contour, concave 

in profile, with low local catchment areas and low dispersal areas. Sites of 

the same character but for higher dispersal area {Group 14) are eroded. 

The characteristics of both Group 13 and 14 would describe footslopes with 

small catchment area. The better drained sites (Group 14), possibly 

associated with a higher position on the footslope, are slightly eroded on 

average while the other group of sites are depositional. 

Groups 11 and 12 are both associated with slightly exposed to sheltered 

sites of convex contour at lower elevation. Those facing to the south and 

east are eroded while those facing north and west show a slight mean gain, 

although with a large range of net erosion. Kachanoski et al. {1985) 

examined the frequency of blowing dust observations in meteorological records 

for Saskatoon and found that the frequency of blowing dust events shows a 

strong peak in spnng, especially in May. Winds are strong and 
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predominantly from the south east in the spring (Table 3-2), and so the 

groupings probably reflect wind erosion processes in Seymour Basin. 

Fifteen groups are identified for Floral Basin (Figure 5-24). The 

highest level split is on the basis of water ponding depth with sites of 

ponding greater than zero (i.e. depressions) being subsequently split on the 

basis of dispersal area. No distinction is made between upland depressions 

and depressions on the drainage courses. 

Four groups without water ponding have very high net erosion. The 

most severely eroded are sites with high global catchment area (Group 5) 

which correspond with the non-depressional tributary and main channel 

reaches. Sites with low to moderate local catchment area and high slope 

gradient (Group 3) are also seriously eroded although not so much as the 

Group 5 sites. A number of sites with lower gradient, straight to convex in 

profile, sheltered and with relatively low catchment areas (Group 11) are 

strongly eroded. These seem to be sites just below slope crests. Group 13 

includes sites with zero local (and global) catchment area and high dispersal 

area. This last group shows high net erosion and site characteristics suggest 

erosion would be by wind. 

Sites without water ponding which have large net soil accumulation are 

those of very low gradient and pronounced profile concavity (Group 6). 

These would fit the concept of footslopes. Another group with net soil gain 

is notable primarily for its site characteristics. Group 10 is straight to convex 

in profile, not sheltered, and strongly convex in contour. This seems to 

describe an exposed ridge, yet the group includes distinctly depositional sites. 
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The association of soil gain with such sites is not readily explained. Similar 

sites but with less severe contour convexity (Group 9) are only slightly 

eroded. 

Sites with local and global catchment areas between 1 and 5 units, 

straight to convex in profile, and sheltered are split on the basis of aspect 

(Group 14 and its twin). As in Seymour basin, the southeast facing slopes 

are eroded while those facing northwest are depositional. The eroded sites are 

split on the basis of gradient (Groups 15 and 16) perhaps indicating that the 

more severe erosion takes place below the slope crests. 

A net erosion balance was calculated using the landform groups 

generated by the objective classification procedure. This required that the 

boundary between groups be set at halfway between the lower limit of one 

group and the upper limit of the other to ensure that no sites In the 

landscape would remain unclassified. For each study basin, the mean net 

erosion of each objective group was multiplied by its area in the landscape 

and the products summed over all groups to obtain the total net erosion. 

Dividing total net erosion by basin area gave mean net erosion values for 

Seymour and Floral Basins of 17.5 kgjm2 and 3.7 kgjm2, respectively. These 

values were in good agreement with the earlier balance calculations based on 

the seven unit landform model (Table 5-14). 

Both Seymour and Floral Basin data were combined and subjected to 

the objective classification analysis. A new variable identifying the basin of 

origin for each sample was added to the analysis. Neither elevation nor 

aspect were used as topographic variables. Elevation was not used because of 
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the differences in relief and datum between the basins. The results of the 

analysis are summarised in Figure 5-25. 

The analysis gave an evaluation of the relative strength of the 

association of net erosion with basin of origin and topographic variables. 

Even though the two basins were quite different in topographic structure and 

parent material properties, the objective classification did not select the basin 

of origin as a splitting criterion until the very last step in the analysis. 

The split at the first step in the analysis was on the basis of GCA T 

(global catchment area) and at a very similar value for that identified at the 

first step in the Seymour Basin analysis and used in the seven unit landform 

model. The large GCA T group is essentially the main channel group. It 

was subsequently split into sites of higher and lower dispersal area. The 

lower dispersal area sites are those in very shallow depressions along the 

main channel. Only 3 sites of 21 in the larger GCAT group were from 

Floral Basin. All of Floral Basin but these stations near the basin mouth 

were grouped with those parts of Seymour Basin in and upstream of the 

major tributaries. Most of the main stem of the Floral Basin drainage 

network can be viewed as essentially equivalent to the Seymour Basin 

tributaries. 

The lower GCA T group from the first step of the analysis was 

subsequently split on the basis of DPTH (water ponding depth), again at 

about the same value as that used at the equivalent step of the Seymour 

Basin analysis. In Floral Basin, DPTH was the splitting variable at the first 

step of the analysis. If Floral Basin is considered to be equivalent to the 
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lower GCA T group of the first step of the Seymour Basin, DPTH was the 

most important splitting variable at the equivalent level in both basins. In 

other words, for both Seymour and Floral Basins, depressional areas were 

identified as having distinctly different net erosion than other areas with 

GCAT less than about 3000 DTM units (68 ha). The depression sites are 

subsequently split on the basis of gradient in such a way as to reflect higher 

soil accumulation near the centre and lower accumulation near the edge of 

the depressions. 

The remaining non-depressional sites in the Floral, Seymour, and 

combined data sets were split into two groups on the basis of LCAT (local 

catchment area) although at quite different values. In all cases, the group of 

sites with the higher LCAT was one of the most severely eroded groups 

identified in all analyses. Relatively few such sites occur in any of the data 

sets (about 5% of all sites) and as a result subsequent splitting of this group 

does not progress through more than one additional step. 

The eroded high LCA T sites were associated with two kinds of settings. 

They are found on channel reaches connecting depressions on the main 

channel in Floral Basin and the tributaries in Seymour Basin. They are also 

associated with some of the more severely eroded swales in Seymour Basin 

and the tributaries in Floral Basin. Only one site of gullying on a valley 

side was observed in Seymour Basin. This site corresponded to the location 

of a zone of high LCA T. 

The lower LCA T group had a mean net erosion 1n Floral Basin less 

than one-half that in Seymour Basin. The lower LCAT group split on 
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different criteria in the Seymour, Floral, and combined data sets. The 

divergence 1n the splitting process for the lower LCA T groups reflected the 

differences 1n the nature of the erosion processes in the two basins. It is in 

the hillslope subsystem or those areas upstream of the drainage network that 

differences in the erosion characteristics of the basins are most pronounced. 

The one common group extracted from the lower LCA T group in both 

basins is a high GCAT subset (Group 6 in Seymour Basin and Group 11 in 

Floral Basin). Although the values at which these groups were split differ 

substantially between basins, the split reinforces an association of high net 

erosion with high catchment area. 

The objective classification largely mirrored the relationships observed in 

the transects, the correlation analysis and the landform groupings. At each 

step in the analysis, splitting produced two groups that were significantly 

different, statistically, with regard to net erosion rank. The groups generated 

by the objective classification analysis had a greater range of mean net 

erosion values and generally lower standard deviations than those in the 

seven unit landform model. However, the number of objective groups was 

too large to have practical application in erosion hazard mapping. 

The analysis also suggested that topographic groupings or associations 

common to both study basins can be identified. The group splitting 

sequence is essentially the same in Seymour, Floral, and the combined data 

sets through the first three steps of the analysis. The common topographic 

units are as follows: 

1. High order main channels characterised by large soil accumulations 
and only well represented in Seymour Basin. 
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2. Depressions both on the upland and within the drainage network 
characterised by moderately high accumulations. 

3. Strongly eroded gullies and channel reaches connecting depressions. 

4. Slopes outside of the main drainage network and the central zones 
of depressions. 

The objective classification breakdown of the last group follows divergent 

paths for each basin reflecting differences in the relative importance of wind 

and water erosion and possibly other factors. 
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Chapter 6 

SUMMARY AND CONCLUSIONS 

The survey of net eros1on 1n the two study basins was the first to 

examine, in detail, the magnitude and variability of soil redistribution 

through Prairie agricultural landscapes. The measurement technique gave net 

erosion rates integrated over the past 20 to 25 years and over all soil 

redistribution processes active in these landscapes. The 137 Cs measurements 

showed serious levels of erosion damage. Nearly half of the basins had net 

losses of soil in excess of 1.1 kgjm2 jyr, probably a very generous estimate of 

tolerable soil loss for Saskatchewan. Erosion rates more than four times this 

amount were observed in a few sites. The net soil loss rates are of the same 

order as those observed on eroded sites by de Jong et. al. (1982, 1983), 

Gregorich (1984), and Kiss (1985) using the same measurement technique at 

other sites in central Saskatchewan. 

The observations showed a large range of net eros1on. Not only were 

high rates of net loss observed (up to 6 kgjm2 jyr), but also high rates of 

net ga1n (up to 45 kgjm2jyr). Soil accumulations were spatially 

concentrated into relatively few sites and the majority of soil deposition 

occurred in depressions and along major valley bottoms. The net erosion 

balance based on the seven unit landform model (Table 5-14) assigned 5% 

and 7% of Seymour and Floral Basins, respectively, to these depositional 
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landform classes. The representative samples for the study basins suggested 

that about 90% of the total soil accumulation in the basins was concentrated 

in about 3% of the basin areas. The dominant sites of accumulation were 

sites which are generally unfavourable for crop production because of 

excessive moisture levels and so little productivity gain as a result of soil 

and nutrient gain in these areas can be expected. 

The pr1mary objective of this research was to test the hypothesis that 

net erosion varies systematically with topography through landscape areas In 

the order of 10 to 1000 ha in s1ze. A number of variables were used to 

represent topographic characteristics at the 137 Cs sampling sites. The 

variables expressed both surface form at the sites and the relative position of 

the sites in the landscape. Topographic variables were calculated from a 

digital terrain model of each study basin using a series of computer 

programs. New algorithms to evaluate catchment and dispersal areas over 

the landscapes had to be developed as part of the study. The digital terrain 

model approach was preferred because it provided a method of rapidly 

assessing a variety of topographic variables in a continuous manner through 

the landscape. 

Examining mean values and distributions of the representative samples 

for all variables showed the study basins to have broadly similar properties. 

Noteworthy was the variation in the frequency distribution of the variables. 

Skewness ranged from 7.5 to -6.9 and, as a result, caution was required in 

the application of statistical techniques. Evaluation of the nature and 

significance of relationships between variables, for the most part, had to 
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employ non-parametric rather than classical statistical methods. Normalising 

the distributions was expected to have little utility as a variety of 

transformations would be required and relationships between the transformed 

variables would be difficult to interpret. 

Correlation analysis of variable inter-relationships for the representative 

samples did not show any consistent basin-wide trends of association of net 

erosion with topographic variables. Net erosion tended to decline from the 

upper to the lower portions of Floral Basin. No such trend was evident in 

Seymour Basin. Net erosion showed stronger basin-wide trends of association 

with soil variables than with topographic variables. Higher net erosion was 

associated with thin soils having low organic carbon content and carbonates 

close to the surface. The cause-effect relationship between soil quality and 

net erosion is not indicated. The association is no doubt complex, with 

poorer quality soils being less resistant to erosion and soil loss degrading soil 

quality. This suggested a general tendency for accelerated erosion to 

accentuate native soil differences and to lead to the development of erosional 

catenae such as that documented by Ellis (1938) in Manitoba and more 

recently by Gregorich (1984) in Saskatchewan. 

The data sets were split into two subsets within each basin; one subset 

of sites with net soil loss and another subset of sites with net gain. 

Correlations were calculated in each subset. Contrary to what would be 

expected from the application of the hillslope models of Furley (1971) and 

Anderson and Furley (1975), correlations between net erosion and soil and 

topographic properties were generally stronger for the gain sites than for the 
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loss sites. A number of differences between the studies on which those 

models are based, and this study are recognised. The comparison was, 

nevertheless, useful in pointing out the need for different models of the inter

relationship between topography, erosion processes and soil properties for 

different environments and different spatial scales. 

Detailed observations of net erosion along some transects through 

portions of the study basins emphasised the potentially high spatial 

variability of net erosion. Particularly along drainage paths and through 

depressions, net erosion changed from extreme positive to extreme negative 

values over very short distances. Very large changes In net erosion were 

sometimes contained within areas represented by a single element in the 

digital terrain models yet in other parts of the basins net erosion did not 

vary appreciably over quite large areas. This latter was especially noticable 

over the upper part of Seymour Basin. Sampling strategies should 

accommodate the spatial variability properties of net erosion. 

The strategy used here was to obtain net erosion measurements at 

points in the landscape, and to associate the topographic variables from the 

nearest digital terrain model element with these sampling points. Such an 

approach was used since this study was exploratory and the sampling 

strategy was designed primarily to examine the range of net erosion in the 

topographic settings encountered in the landscape. Logistical considerations 

also required that soil sampling be undertaken concurrent with topographic 

analysis and therefore it was not possible to establish an a priori link 

between the sampling design and the digital terrain models. Further, the 
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sampling design was partly tied to the snow survey networks operated earlier 

by the Saskatchewan Research Council in these basins. 

The findings of this study suggest some improvements to sampling 

strategy for similar, future studies. The topographic variables at each 

element of the digital terrain models should be viewed as applying to an 

area extending half-way to each of the adjacent neighbouring elements. 

These areas or cells should be considered as the smallest individual 

components of the landscape and net erosion estimates should made for cells 

rather than points in the landscape. In practice, a number of soil cores 

could be taken in a random, or systematic, pattern over a cell and the net 

erosion estimates from the cores averaged to obtain a net erosion value for 

the cell. In many cases, the cores from a cell could be bulked (by depth 

interval as was done with the paired cores in this study) for 137 Cs analysis 

to minimise sample analysis time and effort. Stratified sample designs should 

be considered to ensure that all components of the landscape are represented 

without taking needlessly large numbers of samples from areas within which 

net erosion does not vary appreciably. 

The correlation analysis results, the transect observations, and 

inspection of the data for Seymour Basin were consolidated in an erosion-

topography model for the study basins. The model subdivided the landscape 

into the following seven units: 

1. Depressions 
2. Level sites 
3. Crest slopes 
4. Midslopes 
5. Swales 
6. Tributaries 
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7. Main Channel 

The model was evaluated as a partial test of the hypothesis of systematic 

variation of net erosion with topography using data from both Seymour and 

Floral Basin. 

A non-parametric analysis of variance showed the model provided a 

statistically very significant breakdown of the overall net erosion data set in 

both Floral and Seymour Basins. Subdividing the net erosion data sets for 

each basin into the model categories reduced the mean sum of squared 

deviations by approximately 60% in both cases. 

An analysis of variance, comparing each group 1n turn against all other 

groups, revealed that the groups could not all be considered significantly 

different from one another with a high level of confidence. Even though the 

overall partitioning into groups was highly significant, some of the groups 

had very similar net erosion properties. The tributary and depression groups 

were very significantly different from each other and from all other groups in 

Floral Basin. In Seymour Basin, the main channel and depression groups 

were very significantly different from each other and from all other groups. 

Although the midslope groups for the two basins differed in many ways, they 

were moderately distinguished (less than a 20% chance of being from the 

same population) from all other groups in both basins. 

Within-group correlations were examined. Correlations between net 

erosion and topographic variables tended to be stronger and more frequent 

within landform groups than for the data sets as a whole. The improvement 

was more marked in Seymour than in Floral Basin, likely reflecting the fact 
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that the model was initially developed to accommodate the Seymour Basin 

data. The fact that correlations were improved and that within-group 

correlation structures differed from one another further supported the validity 

of the seven unit landscape model. 

Examination of the within-group correlations suggested that different 

erosion processes dominated in different landform groups. Thus, even if 

landform groups had similar net erosion, the processes responsible for erosion 

differed between the groups. The general impression was that both wind and 

water erosion were important mechanisms of soil redistribution in Seymour 

Basin, with wind dominant on crests and level sites, and water dominant 1n 

the swales, tributaries and main channel. Water erosion appeared to 

dominate soil redistribution in Floral Basin. Tillage erosion is expected to 

play a role in the more steeply sloping parts of the study basins. 

While the model seemed equally appropriate to both study basins, some 

of the landform groups showed quite different mean values and correlation 

structures between basins. The differences were most pronounced for those 

sites upstream or outside of the major drainage network. The most eroded 

sites outside the drainage system were the midslopes in Floral basin, but this 

same group was the least eroded in Seymour Basin. This seemed to reflect 

that wind erosion was an effective agent of soil redistribution in the upper 

parts of Seymour Basin, but not in Floral Basin. This was likely due to the 

fact that soils tend to be coarser-textured on some of the higher knolls and 

crests in Floral Basin, and therefore not as susceptible to wind erosion. 

A net erosion balance based on the landform groups indicated that the 
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areally-weighted mean net erosion 1n Seymour Basin was higher than in 

Floral Basin. The mean for Seymour Basin was 12.3 kgjm2 and for Floral 

Basin was 2.8 kgjm2. On an annual basis, these are average net losses of 

0.5 kgjm2 jyr and 0.1 kgjm2 jyr, respectively. As an index of the erosion 

damage occurring in the study basins, these values are of only limited use. 

As has been discussed, nearly one-half of the basin areas have suffered net 

soil losses that are clearly detrimental to the quality and productivity of the 

soil resource. This is not expressed in the basin-wide average net erosion 

values because of the substantial net soil gains that also occur in the basin. 

The areally-weighted mean net erosion, given by a mass balance of the 

basins, is substantially lower than soil losses found in many parts of the 

basins. This, and the high rates of soil deposition found at other sites in 

the study areas, shows that the sediment regime of both basins is dominated 

by internal redistribution of soil material. Even so, substantial quantities of 

fluvial sediment (in the order of 100 to 150 tjkm2 jyr) are exported from 

both basins, quantities in excess of that expected from sediment discharge 

records of larger rivers in the region. 

The objective classification algorithm introduced in this study was used 

to explore the structural association between net erosion and topography in 

more detail. It attempted to identify topographically defined groups within 

the data sets that had statistically different net erosion ranks. Two points of 

particular interest can be made from the analysis results. First, the 

breakdown of the data sets of Floral Basin, Seymour Basin, and the 

combined data sets followed very similar paths once the high GCA T areas 
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had been removed from the Seymour Basin data set. This suggests that the 

lower main channel reach in Seymour Basin does not have a well-represented 

equivalent in Floral basin. 

The remaining portion of Seymour Basin and almost all of Floral Basin 

are split into three groups that roughly correspond to the depression group, 

to swale and upper tributary groups, and to the level, crest and midslope 

groups in the seven unit landform model. In other words, similar landform 

units with similar net erosion properties were identified in the lower parts of 

both basins. In the upper parts of the basins different processes seem to 

dominate in the different basins, and the objective classification process 

follows a different path in each study area. 

Secondly, the variables that assume the greatest importance 1n 

subdividing the data sets are the positional topographic variables which 

represent the relative position of sites within the three-dimensional digital 

terrain model. New approaches for their measurement were needed and 

these variables have been little studied in relationship to soil loss and soil 

properties at this scale of analysis. Relative position was more strongly 

associated with broad patterns of net erosion than were surface shape 

measures. 

Net erosion varied systematically with topography in the study basins. 

Broad units within the landscape shared similar net erosion properties in 

both study basins. High order channels, depressions, gullies and short 

channel reaches connecting depressions appear as the distinctive landscape 

units across all analyses. The areas outside of these units (i.e. outside of the 
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drainage network) can be subdivided into meaningful topographic groups, but 

these groups differ between basins. In the objective classification analysis, 

this is expressed in the generation of different topographic groups. In the 

landform-groups model, this is seen 1n between-basin differences in mean net 

erosion values and correlation structure for the level, crest, and midslope 

groups. These differences largely reflect differences in the relative importance 

of wind and water erosion in the basins, which in turn, probably reflect 

differences in parent material properties in the upper basins. 
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Appendix A 

LISTING OF COMPUTER PROGRAMS 

A.l. SURF ACE II command files 

TITL SEYMOUR BASIN GRID GENERATION 
IDXY 6000,19,3,1,2,3,0,0,1,0.0,'(3F8.2)' 
EXTR 0,2455,0,1725 
GRID 1,15,15,1,0,0,1 
VRAD 1,6,9,30,100,4 
VRAD 2,6,9,30,100,4 
RANG 504.0,542.0,1 
SAVE 12 
MOUT 3, '(116E15.6)' 
PERF 
STOP 

TITL FLORAL BASIN GRID GENERATION 
IDXY 6000,19,3,1,2,3,-1,0,1,0,'(2F9.2,F7.2)' 
GRID 1,15,15,1,0,1,0 
EXTR 0,1320,0,975 
OCTA 1,2,100,200,4 
OCTA 2,2,100,200,4 
MOUT 2, '(89E15.6)' 
SAVE 12 
PERF 
STOP 
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A.2. Program to calculate morphological variables 

c 

c 

c 
c 
c 
c 
c 

GEOM 

c A Fortran program to calculate surface geometry variables from 
c a digital terrain model. The surface geometry variables which 
c are calculated are slope aspect, slope gradient, profile 
c curvature (vertical), contour (horizontal) curvature and local 
c slope sheltering. 
c 
c Input to the program is an elevation matrix written by rows 
c It is assumed that the first row is the north edge of the 
c terrain model and the first number in each row is on the west edge 
c of the model. The elevation matrix in the input file is preceded by 
c two lines of code giving the job title and the job parameters. 
c 
c Output is written to 5 files, one for each of the surface geometry 
c variables. The output files have a one line header giving the 
c name of the variables it contains and the job title. The output 
c files are written in the same form as the input file. 
c The missing value code in the output files is -99999. 
c 
c Local sheltering is found by taking the average elevation of the 
c 24 elements surrounding the element being analyzed and subtracting 
c from this the elevation at the central element. 
c The strategy used to calculate the other surface 
c geometry variables is to fit a second order trend surface 
c to 3 row by 3 column parts of the elevation matrix and to find 
c appropriate derivatives of the trend surface function. These are 
c solved for the surface geometry variables at the central point. 
c 

c Structure of input file: 
c -----------------------
c 
c 
c Line 1: A job title up to 40 characters long 
c 
c Line 2: A list of job parameters as follows 
c 
c---------------------------------------------------------------------
c Sample line 2 of input file 
c 
c Columns -> 123456789 123456789 123456789 123456789 123456789 
c Parameters -> (5E15.6) 116 165 15.0 -0.1E+35 
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c---------------------------------------------------------------------
c 
c 
c 

c 
c 
c 
c 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

c 

c 
c 

- Col 1 -> 12 
Variable DFMT which is the format of the elevation 
matrix input data. The format expression should 
be enclosed in brackets. It should give the format 
for one record of elevation data which is one row 
of the elevation matrix. 

- Col 13 -> 16 
Variable NROW which is the number of rows in the 
elevation matrix. This is an INTEGER. 

- Col 17 -> 20 
Variable NCOL which is the number of columns in 
the elevation matrix. This is an INTEGER. 

- Col 21-> 30 
Variable SP which is the spacing between the 
elevation values in the elevation matrix. This 
value is not used in the LCAT program and need 
not be specified. 

- Col 31 -> 45 
Variable MY which is the code for missing values 
in the elevation matrix. 

c Line 3 and onward: Elevation matrix values by rows. 
c 

c 

c-------------------------------------------------------------------
c 
c 
c 
c 
c 
c 

* * * * M A I N P R 0 G R A M * * * * 

c========================================================= 
c Dimension arrays and declare variables 
c========================================================= 
c 

c 

DIMENSION ELEV(250,250),ASP(250),GRAD(250),PCV(250), 
1 CCV(250),SHLT(250) 
DIMENSION TITL(lO),DFMT(3) 
REAL MV,MEL 
CHARACTER*20,DFIL 

c========================================================= 
c Write program banner to terminal. 
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c========================================================= 
c 

c 

WRITE (6, 106) 
WRITE(6,100) 
WRITE (6, 106) 
WRITE(6, 101) 
WRITE(6,102) 
WRITE(6,103) 
WRITE(6,104) 
WRITE(6,105) 
WRITE(6,106) 
WRITE(6,107) 

c========================================================= 
c Open input file and read job parameters 
c========================================================= 
c 

c 

READ(5,108)DFIL 
WRITE(6, 106) 
OPEN(UNIT=30,FILE=DFIL,STATUS='UNKNOWN') 
READ(30,109)TITL 
READ(30,110)DFMT,NROW,NCOL,SP,MV 
WRITE(6,111) 
WRITE(6,112)DFMT 
WRITE(6,113)NROW,NCOL 
WRITE(6,114)SP 
WRITE(6,115)MV 
WRITE (6, 116) 

c========================================================= 
c Open output files for results as follows: 
c Slope aspect => 'ASPECT.DTA' 
c Slope gradient => 'GRAD.DTA' 
c Down-slope curvature => 'PROF.DTA' 
c Across-slope curvature => 'CONT.DTA' 
c Local sheltering => 'SHLT.DTA' 
c========================================================= 
c 

c 

OPEN(UNIT=33,FILE='ASPECT.DTA',RECL=2600,STATUS='UNKNOWN') 
OPEN(UNIT=34,FILE='GRAD.DTA',RECL=2600,STATUS='UNKNOWN') 
OPEN(UNIT=35,FILE='PROF.DTA',RECL=2600,STATUS='UNKNOWN') 
OPEN(UNIT=36,FILE='CONT.DTA',RECL=2600,STATUS='UNKNOWN') 
OPEN(UNIT=37,FILE='SHLT.DTA',RECL=2600,STATUS='UNKNOWN') 

c========================================================= 
c Write headers to output files. 
c========================================================= 
c 

WRITE(33,117)TITL 



c 

WRITE(34,118)TITL 
WRITE(35,119)TITL 
WRITE(36,120)TITL 
WRITE(37,121)TITL 

215 

c========================================================= 
c Read in elevation matrix 
c========================================================= 
c 

DO 1 I=l,NROW 
READ(UNIT=30,FMT=DFMT) (ELEV(J,I),J=1,NCOL) 

1 CONTINUE 
c 

c 

WRITE(6,FMT=DFMT) (ELEV(I,l),I=1,5) 
WRITE(6,106) 

c========================================================= 
c Calculate constants: 
c========================================================= 
c 

c 

c 

RD=180/3.1415927 

T1=6*(SP**2) 
T2=3*(SP**2) 
T3=4*(SP**2) 
T4=6*SP 

c========================================================= 
c Begin nested do-loops in which surface geometry variables 
c are calculated for each point in the elevation matrix. 
c Calculations proceed along each row in turn beginning 
c at the western end of the row. 
c========================================================= 
c 

c 

DO 15 I=1,NROW 
DO 14 J=l,NCOL 

c --------------------------------------------------
c Set all geometry variables to missing value code for 
c first and last columns and rows. A complete local 
c elevation matrix is not possible for these cases. 
c --------------------------------------------------
c 

c 

IF(I.EQ.1.0R.I.EQ.NROW) GO TO 5 
IF(J.EQ.1.0R.J.EQ.NCOL) GO TO 5 

c --------------------------------------------------
c Check for missing values in the Z matrix. If any 
c values are missing, assign missing value code to 



c 
c 

c 
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the surface geometry variables for this point. 

2 DO 4 LR=-1,1 
DO 3 LC=-1,1 
IF( ELEV(J+LC,I+LR).EQ.MV)GO TO 5 

3 CONTINUE 
4 CONTINUE 

GO TO 6 
5 ASP(J)=-99999 

c 

c 
c 
c 
c 

GRAD(J)=-99999 
PCV(J)=-99999 
CCV(J)=-99999 
SHLT(J)=-99999 
GO TO 14 

Calculate trend surface coefficients. 

6 A=((ELEV(J-1,I-1)+ELEV(J+1,I-1)+ELEV(J-1,I)+ELEV(J+l,I) 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

1 +ELEV(J-l,I+1)+ELEV(J+l,I+1))/T1)-
2 ((ELEV(J,I-1)+ELEV(J,I)+ELEV(J,I+1))/T2) 

B=((ELEV(J-1,I-1)+ELEV(J,I-1)+ELEV(J+1,I-1)+ELEV(J-1,I+1) 
1 +ELEV(J,I+1)+ELEV(J+1,I+1))/T1)-
2 ((ELEV(J-1,I)+ELEV(J,I)+ELEV(J+1,I))/T2) 

C=((ELEV(J+l,I-1)+ELEV(J-l,I+1))-(ELEV(J-l,I-1)+ 
1 ELEV(J+1,I+1)))/T3 

D=((ELEV(J+1,I-1)+ELEV(J+1,I)+ELEV(J+1,I+1))-(ELEV(J-1,I-1) 
1 +ELEV(J-1,I)+ELEV(J-1,I+1)))/T4 

E=((ELEV(J-1,I-1)+ELEV(J,I-1)+ELEV(J+1,I-1))-(ELEV(J-1,I+1) 
1 +ELEV(J,I+1)+ELEV(J+1,I+1)))/T4 

F=((5*ELEV(J,I))+(2*(ELEV(J,I-1)+ELEV(J-1,I)+ELEV(J+l,I) 
1 +ELEV(J,I+1)))-(ELEV(J-l,I-1)+ELEV(J+1,I-1)+ELEV(J-1,I+1) 
2 +ELEV(J+1,I+1)))/9 

Calculate slope aspect. 

IF(D.EQ.O.AND.E.EQ.O)GO TO 9 
IF(D.EQ.O.AND.E.GT.O) ASP(J)=180 
IF(D.EQ.O.AND.E.LT.O) ASP(J)=360 
IF(D.EQ.O) GO TO 8 
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ASP(J)=ATAN(E/D)*RD 
c 

c --------------------------------------------------
c Convert aspect as calculated to azimuthal bearing 
c --------------------------------------------------
c 
7 IF(D.LT.O)ASP(J)=90-ASP(J) 

IF(D.GT.O)ASP(J)=270-ASP(J) 
c 

c --------------------------------------------------
c Calculate slope gradient and convert to degrees. 
c --------------------------------------------------
c 
8 GRAD(J)=((D**2)/(((E**2)+(D**2))**0.5))+ 

1 ((E**2)/(((E**2)+(D**2))**0.5)) 
GRAD(J)=ATAN(GRAD(J))*RD 

c 

c --------------------------------------------------
c Calculate downslope profile curvature as rate of change 
c of gradient (degrees per unit distance) along the aspect 
c vector. 
c --------------------------------------------------
c 

c 

PCV(J)=-2*((A*(D**2))+(B*(E**2))+(C*E*D))/ 
1 (((E**2)+(D**2))*((1+(D**2)+ 
2 (E**2))**1.5)) 
PCV(J)=(PCV(J))*RD 

c --------------------------------------------------
c Calculate across slope contour curvature as rate of 
c change of aspect in degrees per unit distance. 
c --------------------------------------------------
c 

c 
c 

CCV(J)=-2*((B*(D**2))+(A*(E**2))-(C*D*E))/ 
1 (((E**2)+(D**2))**1.5) 
CCV(J)=(CCV(J))*RD 

c --------------------------------------------------
c Assign missing value code where aspect is indeterminate. 
c --------------------------------------------------
c 

GO TO 10 
9 ASP(J)=-99999 

c 

GRAD(J)=-99999 
PCV(J)=-99999 
CCV(J)=-99999 

c --------------------------------------------------



218 

c Calculate local sheltering (+ve--)sheltered, -ve--)exposed). 
c --------------------------------------------------
c 
10 SEL=O 

c 

c 

c 

c 

c 

c 

MEL=O 
SHLT(J)=O 

DO 12 LR=-2,2 
DO 11 LC=-2,2 

IF(J+LC.GT.NCOL.OR.J+LC.LT.1)GO TO 13 
IF(I+LR.GT.NROW.OR.I+LR.LT.1)GO TO 13 

IF(LR.EQ.O.AND.LC.EQ.O) GO TO 11 

IF(ELEV(J+LC,I+LR).EQ.MV) GO TO 13 

SEL=SEL+ELEV(J+LC,I+LR) 

11 CONTINUE 
12 CONTINUE 
c 

c 

MEL=SEL/24 
SHLT(J)=MEL-ELEV(J,I) 
GO TO 14 

13 SHLT(J)=-99999 
c 
c 

c 

c 
c 
c 

Return to beginning of loop and begin calculations for 
the next point in the row. 

14 CONTINUE 
c 
c --------------------------------------------------
c Write results to output files at the end of each row. 
c --------------------------------------------------
c 

c 

WRITE(33,122) (ASP(J), J=1,NCOL) 
WRITE(34,122) (GRAD(J), J=1,NCOL) 
WRITE(35,122) (PCV(J), J=1,NCOL) 
WRITE(36,122) (CCV(J), J=1,NCOL) 
WRITE(37,122) (SHLT(J), J=1,NCOL) 

c --------------------------------------------------
c Begin calculations at the west end of next row. 
c --------------------------------------------------
c 
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15 CONTINUE 
c 
c========================================================= 
c List of format statements 
c========================================================= 
c 
100 FORMAT( 'O',' G E 0 M') 
101 FORMAT('O', 'A program to calculate slope aspect, slope ', 

1 'gradient, vertical') 
102 FORMAT(1X, 'and horizontal slope curvature, and local slope ' 

1 'sheltering at all') 
103 FORMAT(1X,'elements of a Digital Terrain Model.') 
104 FORMAT('O', 'L. W. Martz, Dept. of Geography, University of', 

1 ' Saskatchewan.') 
105 FORMAT(1X, 'January 1, 1986') 
106 FORMAT('O','--------------------------------------------------', 

1 '--------------------') 
107 FORMAT('O', '??NAME OF INPUT FILE??') 
108 FORMAT(A20) 
109 FORMAT(10A4) 
110 FORMAT(3A4,2I4,F10.0,F15.0) 
111 FORMAT('O', 'Job parameters:') 
112 FORMAT(10X,'Input file data format: ',3A4) 
113 FORMAT(10X,'No. rows =',I4, ',No. columns =',I4) 
114 FORMAT(10X, 'Elevation grid spacing =',F6.1) 
115 FORMAT(10X, 'Input data missing value code =',E15.6) 
116 FORMAT('O', 'First 5 values in row 1: ') 
117 FORMAT(1X, 'SLOPE ASPECT: ',10A4) 
118 FORMAT(lX, 'SLOPE GRADIENT: ',10A4) 
119 FORMAT(1X, 'PROFILE CURVATURE: ',10A4) 
120 FORMAT(1X,'CONTOUR CURVATURE: ',10A4) 
121 FORMAT(1X,'LOCAL SHELTERING: ',10A4) 
122 FORMAT(250F10.3) 

END 
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A.3. Program to calculate local catchment area 

c 
c 
c 
c 
c 
c 

c 

L CAT 

c A Fortran program to determine local catchment area at every 
c element of a Digital Terrain Model. Flowlines are traced down
c slope from each element until the flowline terminates on 
c encountering a depression or an area of zero slope. Local 
c catchment area is taken as the number of flowlines crossing 
c a DTM element. 
c 

c Input to the program is an elevation matrix written by rows. 
c It is assumed that the first row is the north edge of the terrain 
c model and the first number in each row is on west edge of the model 
c The elevation matrix in the input file is preceded by two lines of 
c code giving the job title and the job parameters. 
c 
c The output file has a one line header giving the job title. 
c The output file is written in the same form as the input file. 
c The missing value code in the output files is -99999. 
c Output file format is (7F10.3). 
c 
c Structure of input file: 
c -----------------------
c Same as for GEOM program 
c 
c------------------------------------------------------------
C* * * * * * * * * * * MAIN PROGRAM * * * * * * * * * * * * * 
c------------------------------------------------------------
c Dimension arrays and declare variables 
c 

c 

DIMENSION ELEV(250,250),CA(250,250) 
DIMENSION TITL(10),DFMT(3) 
CHARACTER*20,DFIL 

c------------------------------------------------------------
c Write program banner to terminal 
c 

WRITE(6,100) 
WRITE(6,101) 
WRITE(6,100) 
WRITE(6,102) 
WRITE(6,103) 
WRITE(6,104) 



c 

WRITE(6,105) 
WRITE(6,106) 
WRITE(6, 100) 
WRITE(6,107) 
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c------------------------------------------------------------
c Open input file and read job parameters 
c 

c 

READ(5,108)DFIL 
WRITE(6,100) 
OPEN(UNIT=30,FILE=DFIL,STATUS='UNKNOWN') 
READ(30,109)TITL 
READ(30,110)DFMT,NROW,NCOL,SP,XMV 
WRITE(6,111) 
WRITE(6,112)DFMT 
WRITE(6,113)NROW,NCOL 
WRITE(6,114)SP 
WRITE(6,115)XMV 
WRITE(6,116) 

c------------------------------------------------------------
c Open output file and write header 
c 

c 

OPEN(31,FILE='LCAT.DTA' ,STATUS='UNKNOWN') 
WRITE(31,117)TITL 

c------------------------------------------------------------
c Calculate diagonal distance weighting 
c 

DIS={2.0)**0.5 
c 
c------------------------------------------------------------
c Read in elevation matrix 
c 

DO 1 I=1,NROW 
READ(UNIT=30,FMT=DFMT) (ELEV(I,J), J=1,NCOL) 

1 CONTINUE 
c 
c------------------------------------------------------------
c Write partial DTM to terminal 
c 

DO 11 I=1,5 
WRITE(6,FMT=DFMT) (ELEV(I,J), J=1,5) 

11 CONTINUE 
WRITE(6,100) 

c 

c------------------------------------------------------------
c Begin loop scanning DTM for non-missing elevations. 
c 



c 

c 

c 

DO 10 IR=1,NROW 
DO 9 IC=1,NCOL 
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IF(ELEV(IR,IC).EQ.XMV) THEN 
CA(IR,IC)=-99999 
GO TO 9 
END IF 

IROW=IR 
ICOL=IC 

c------------------------------------------------------------
c Analysis of points around a non-missing elevation. 
c 
8 SMAX=O 

c 

c 

c 

c 

c 

c 
51 
50 
c 

ILGL=O 

DO 50 I=-1,1 
DO 51 J=-1,1 

IF (IROW+I.LT.1.0R.IROW+I.GT.NROW.OR.ICOL+J.LT.1. 
1 OR.ICOL+J.GT.NCOL.OR.ELEV(IROW+I,ICOL+J). 
1 EQ. XMV) THEN 

ILGL=1 
GO TO 51 
END IF 

IF (I.EQ.O.AND.J.EQ.O) GO TO 51 

IF (ABS(I).EQ.ABS(J)) THEN 
SLP=(ELEV(IROW,ICOL)-ELEV(IROW+I,ICOL+J))/DIS 
ELSE 
SLP=ELEV(IROW,ICOL)-ELEV(IROW+I,ICOL+J) 
END IF 

IF (SLP.GT.SMAX) THEN 
SMAX=SLP 
NEXTR=IROW+I 
NEXTC=ICOL+J 
END IF 

CONTINUE 
CONTINUE 

c------------------------------------------------------------
c Evaluation of conditions at DTM element 
c 

IF (SMAX.EQ.O) THEN 
IF(ILGL.EQ.1) THEN 



ELSE 

END IF 
c 
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IF(IR.EQ.IROW.AND.ICOL.EQ.IC) THEN 
GO TO 9 
ELSE 
CA(IROW,ICOL)=CA(IROW,ICOL)+1 
GO TO 9 
END IF 

ELSE 
CA(IROW,ICOL)=CA(IROW,ICOL)-1 
GO TO 9 
END IF 

IF(IROW.EQ.IR.AND.ICOL.EQ.IC) THEN 
IROW=NEXTR 
ICOL=NEXTC 
GO TO 8 
ELSE 
CA(IROW,ICOL)=CA(IROW,ICOL)+1 
IROW=NEXTR 
ICOL=NEXTC 
GO TO 8 
END IF 

9 CONTINUE 
10 CONTINUE 
c 

c------------------------------------------------------------
c Write to output file 
c 

DO 12 I=1,NROW 
WRITE(31,118) (CA(I,J), J=1,NCOL) 

12 CONTINUE 
c 
c------------------------------------------------------------
c List of format statements 
c 
100 FORMAT('O','--------------------------------------------------', 

1 '--------------------') 
101 FORMAT('O',' L CAT') 
102 FORMAT('O','A program to calculate local catchment area' 

1 'for every element') 
103 FORMAT(1X,'of a Digital Terrain Model. Algorithm traces ', 

1 'flowlines through') 
104 FORMAT(1X,'the terrain model.') 
105 FORMAT('O','L. W. Martz, Dept. of Geography, University of', 

1 'Saskatchewan.') 
106 FORMAT(1X, 'January 1, 1986') 
107 FORMAT('O','?? NAME OF INPUT FILE??') 
108 FORMAT(A20) 
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10Q FORMAT(10A4) 
110 FORMAT(3A4,214,F10.0,F15.0) 
111 FORMAT('O','Job parameters:') 
112 FORMAT(10X,'1nput file data format: ',3A4) 
113 FORMAT(10X, 'No. rows=' ,14, ',No. columns =',14) 
114 FORMAT(10X,'Elevation grid spacing =',F6.1) 
115 FORMAT(10X,'1nput data missing value code =',E15.6) 
116 FORMAT('O','First 5 values in first 5 rows:') 
117 FORMAT(1X, 'LOCAL CATCHMENT AREA: ',10A4) 
118 FORMAT(1X,7F10.3) 
c 
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A.4. Program to calculate global catchment area and 

c 

c 
c 
c 
c 
c 

ponding depth 

G C A T 

c A program to evaluate the output of program LCAT to find 
c outlfow points for all flow dead ends encountered during that 
c analysis. All dead ends (depressions) in the landscape are 
c "back-filled" to the elevation of the outlet point and flow 
c proceeds downslope from the outlet until another dead end or 
c the edge of the terrain model is encountered. 
c 
c Input to the program is a digital terrain model (of the same form 
c as that required for the programs GEOM and LCAT) and the local 
c catchment area matrix produced by processing the DTM with the 
c LCAT program. 
c 

c Output is a modified digital model (elevation matrix) with all 
c depressions back-filled and a modified catchment area matrix with 
c the results of flow spilling out of depressions incorporated. 
c Subtracting the old elevation matrix from the new elevation matrix 
c gives the depth of standing water at each point in the landscape 
c when depressions are spilling over their outlets. 
c 
c The output files are written in the same form as the input files. 
c The missing value code in the modified catchment area output 
c file is -99999. 
c 
c Structure of DTM input file: 
c ---------------------------
c 
c Same as for GEOM program 
c 

c Structure of the local catchment area input file: 
c-------------------------------------------------
c 

c - This is the file of local catchment areas output by the 
c LCAT program. 
c 
c Line 1 - The file header (title) written by LCAT. 
c 
c Line 2 and onward - The catchment area data calculated with 
c program LCAT written by rows. Missing 
c values are coded as -99999 and dead-end points are 



c 

c 
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flagged as negative catchment area values. 

c======================================================================= 
c 
c M A I N P R 0 G R A M 
c 
c======================================================================= 
c 
c 

c 

COMMON ELEV(250,250),CA(250,250),SCT(250,250), 
1 DIS,XMV,W,N,K,NROW,NCOL,IROW,ICOL, 
1 IROUT,ICOUT,ELOUT,NCA 
DIMENSION TITL(10),DFMT(3) 
CHARACTER*20 DFIL,CFIL 

c======================================================================= 
c Write program banner to terminal. 
c======================================================================= 
c 

c 

WRITE(6,106) 
WRITE(6, 100) 
WRITE(6, 106) 
WRITE (6, 101) 
WRITE(6,102) 
WRITE(6,103) 
WRITE(6,104) 
WRITE(6,105) 
WRITE(6, 106) 

c======================================================================= 
c Open files, read job parameters, echo parameters 
c======================================================================= 
c 

WRITE(6,107) 
READ(5,109)CFIL 
WRITE(6,108) 
READ(5,109)DFIL 
WRITE (6, 106) 
OPEN(UNIT=30,FILE=DFIL,STATUS='UNKNOWN') 
OPEN(UNIT=31,FILE=CFIL,STATUS='UNKNOWN') 
READ(30,110)TITL 
READ(30,111)DFMT,NROW,NCOL,SP,XMV 
WRITE(6,112) 
WRITE(6,113)DFMT 
WRITE(6,114)NROW,NCOL 
WRITE(6,115)SP 
WRITE(6,116)XMV 
WRITE(6,117) 
READ(31,99)JK 



c 
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OPEN(UNIT=32,FILE='FILLED.DTM',STATUS='UNKNOWN') 
OPEN(UNIT=33,FILE='GCAT.DTA',STATUS='UNKNOWN') 
OPEN(44,FILE='GCAT.LOG', STATUS='UNKNOWN') 
WRITE(32,118)TITL 
WRITE(33,119)TITL 

c======================================================================= 
c Read in the elevation matrix and catchment area matrix 
c======================================================================= 
c 

DO 1 I=l,NROW 
READ(UNIT=30,FMT=DFMT) (ELEV(I,J), J=l,NCOL) 
READ(31,123) (CA(I,J), J=l,NCOL) 

1 CONTINUE 
c 
c======================================================================= 
c List first 5 columns of first 5 rows at terminal 
c======================================================================= 
c 

DO 2 I=1,5 
WRITE(6,FMT=DFMT) (ELEV(I,J),J=1,5) 

2 CONTINUE 
c 

c======================================================================= 
c Set constants 
c======================================================================= 
c 

c 

DIS=(2.0)**0.5 
N=O 
K=O 

c======================================================================= 
c Begin loop scanning the catchment area matrix for dead-ends 
c======================================================================= 
c 

DO 20 IROW=1,NROW 
DO 19 ICOL=1,NCOL 

c ------------------------------------------------
c Skip over missing values and non-deadends 
c ------------------------------------------------

IF(CA(IROW,ICOL).GE.O.OR.CA(IROW,ICOL).EQ. 
1 -99999) GO TO 19 

c ------------------------------------------------
c On finding a deadend ...... . 
c ------------------------------------------------

c 
N=N+1 

CALL DEPRN 
write(6,*)irout,icout,elout,nca 



c 
c 
c 

c 
c 

c 

CALL MODIFY 

CALL ADVANC 

19 CONTINUE 
20 CONTINUE 
c 

DO 21 I=1,NROW 
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WRITE(32,FMT=DFMT) (ELEV(I,J), J=1,NCOL) 
WRITE(33,123) (CA(I,J), J=1,NCOL) 

21 CONTINUE 
c 
c======================================================================= 
c Format statements 
c======================================================================= 
c 
99 FORMAT(A1) 
100 FORMAT( '0',' G C A T') 
101 FORMAT('O', 'A program to calculate global catchment ' 

1 'area for elements') 
102 FORMAT(1X, 'of a digital terrain model for which local ', 

1 'catchment areas were') 
103 FORMAT(1X, 'previously calculated using program LCAT. ') 
104 FORMAT('O', 'L. W. Martz, Dept. of Geography, University of', 

1 ' Saskatchewan.') 
105 FORMAT(1X, 'January 1, 1986') 
106 FORMAT{'O', '--------------------------------------------------', 

1 '--------------------') 
107 FORMAT('O', '? ? NAME OF BLOAT" INPUT FILE ? ?') 
108 FORMAT('O', '??NAME OF "DTMu INPUT FILE??') 
109 FORMAT{A20) 
110 FORMAT(10A4) 
111 FORMAT(3A4,2I4,F10.0,F15.0) 
112 FORMAT('O', 'Job parameters:') 
113 FORMAT{10X, 'Input file data format: ',3A4) 
114 FORMAT(10X, 'No. rows =',I4, ',No. columns =',I4) 
115 FORMAT(10X, 'Elevation grid spacing =',F6.1) 
116 FORMAT(10X, 'Input data missing value code =',E15.6) 
117 FORMAT{'O', 'First 5 elevations in first 5 rows of DTM: ') 
118 FORMAT(1X,'MODIFIED D.T.M.: ',10A4) 
119 FORMAT{1X,'GLOBAL CATCHMENT AREA: ',10A4) 
123 FORMAT(1X,7F10.3) 
c 

END 
c 
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c======================================================================= 
SUBROUTINE DEPRN 

c======================================================================= 
c 

COMMON ELEV(250,250),CA(250,250),SCT(250,250), 
1 DIS,XMV,W,N,K,NROW,NCOL,IROW,ICOL, 
1 IROUT,ICOUT,ELOUT,NCA 

c ------------------------------------------------
c Label deadend element in scratch matrix 
c ------------------------------------------------
c 

SCT(IROW,ICOL)=N 
c 
c ------------------------------------------------
c Set size of window centered on deadend. Window size 
c increments by 10 until all depression inflows on 
c the window perimeter are at a lower elevation than 
c the depression outflow. 
c ------------------------------------------------ . 
c 

DO 1 W=10,250,10 
c 

c ------------------------------------------------
c Scan window repeatedly until no new depression 
c elements are found. 
c ------------------------------------------------
c 

c 

DO 2 NEXT=1,250 
NEW=1 

c ------------------------------------------------
c This loop is a single window scan. 
c ------------------------------------------------
c 

c 

c 
c 

c 

c 

c 

c 

DO 3 IR=-W,W 
IF(IROW+IR.LT.1.0R.IROW+IR.GT.NROW) GO TO 3 

DO 4 IC=-W,W 
CALL CHEK(*4,IROW+IR,ICOL+IC) 

IF(SCT(IROW+IR,ICOL+IC).NE.N) GO TO 4 

DO 5 IRX=-1,1 
DO 6 ICX=-1,1 

IF(IRX.EQ.O.AND.ICX.EQ.O) GO TO 6 



c 

c 
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CALL CHEK(*6,IROW+IR+IRX,ICOL+IC+ICX) 

IF(SCT(IROW+IR+IRX,ICOL+IC+ICX).EQ.N) GO TO 6 

IF(ELEV(IROW+IR,ICOL+IC).LE.ELEV(IROW+IR+IRX, 
1 ICOL+IC+ICX)) THEN 
SCT(IROW+IR+IRX,ICOL+IC+ICX)=N 
NEW=NEW+1 
END IF 

6 CONTINUE 
5 CONTINUE 
c 
4 CONTINUE 
3 CONTINUE 

IF(NEW.EQ.1) GO TO 7 
2 CONTINUE 
c 
7 ELOUT=99999 

c 

c 

c 

c 

c 

c 

c 

ESLP=O 

DO 10 IR=-W,W 
IF(IROW+IR.LT.1.0R.IROW+IR.GT.NROW) GO TO 10 
DO 11 IC=-W,W 
CALL CHEK(*11,IROW+IR,ICOL+IC) 

IF(SCT(IROW+IR,ICOL+IC).EQ.N) THEN 

SMAX=O 
OUT=O 
DO 12 IRX=-1,1 
DO 13 ICX=-1,1 

IF(IRX.EQ.O.AND.ICX.EQ.O) GO TO 13 

CALL CHEK(*30,IROW+IR+IRX,ICOL+IC+ICX) 

IF(ABS(IRX).EQ.ABS(ICX)) THEN 
SLP=(ELEV(IROW+IR,ICOL+IC)-ELEV(IROW+IR+IRX, 
1 ICOL+IC+ICX))/DIS 
ELSE 
SLP=(ELEV(IROW+IR,ICOL+IC)-ELEV(IROW+IR+IRX, 
1 ICOL+IC+ICX)) 
END IF 
IF(SCT(IROW+IR+IRX,ICOL+IC+ICX).NE.N) OUT=1 
GO TO 31 

30 SLP=99999 
OUT=1 

31 IF(SLP.GT.SMAX)SMAX=SLP 
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c 
13 CONTINUE 
12 CONTINUE 
c 

c 

c 

c 

IF(ELEV(IROW+IR,ICOL+IC).LT.ELOUT.AND.OUT.EQ.1) THEN 
IROUT=IROW+IR 
ICOUT=ICOL+IC 
ELOUT=ELEV(IROW+IR,ICOL+IC) 
ESLP=SMAX 
END IF 

IF(ELEV(IROW+IR,ICOL+IC).EQ.ELOUT.AND. 
1 SMAX.GT.ESLP.AND.OUT.EQ.1) THEN 
IROUT=IROW+IR 
ICOUT=ICOL+IC 
ELOUT=ELEV(IROW+IR,ICOL+IC) 
ESLP=SLP 
END IF 

END IF 

11 CONTINUE 
10 CONTINUE 
c ------------------------------------------------
c ------------------------------------------------
c 

c 

c 

c 

c 
g 
8 
c 

c 
1 
c 
14 

c 

DO 8 IR=-W,W 
IF(IROW+IR.LT.1.0R.IROW+IR.GT.NROW) GO TO 8 
DO g IC=-W,W 

IF(ABS(IR).NE.W.OR.ABS(IC).NE.W) GO TOg 

CALL CHEK(*9,IROW+IR,ICOL+IC) 

IF(SCT(IROW+IR,ICOL+IC).EQ.N.AND.ELEV(IROW+IR, 
1 ICOL+IC).EQ.ELOUT) GO TO 1 
1 ELMIN=ELEV(IROW+IR,ICOL+IC) 

CONTINUE 
CONTINUE 

GO TO 14 

CONTINUE 

RETURN 
END 

c======================================================================= 
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SUBROUTINE CHEK(*,KROW,KCOL) 
c======================================================================= 
c 

COMMON ELEV(250,250),CA(250,250),SCT(250,250), 
1 DIS,XMV,W,N,K,NROW,NCOL,IROW,ICOL, 
1 IROUT,ICOUT,ELOUT,NCA 

c 

IF(ELEV(KROW,KCOL).EQ.XMV.OR.KROW.LT.1.0R. 
1 KROW.GT.NROW.OR.KCOL.LT.1.0R.KCOL 
1 .GT.NCOL) GO TO 1 
RETURN 

1 RETURN 1 
E~ 

c 
c======================================================================= 

SUBROUTINE MODIFY 
c======================================================================= 
c 

c 
c 

c 
c 
c 

c 

c 

c 

COMMON ELEV(250,250),CA(250,250),SCT(250,250), 
1 DIS,XMV,W,N,K,NROW,NCOL,IROW,ICOL, 
1 IROUT,ICOUT,ELOUT,NCA 

Scan window summing -ve catchment areas 

NCA=O 
DO 1 IR=-W,W 
IF(IROW+IR.LT.1.0R.IROW+IR.GT.NROW) GO TO 1 

DO 2 IC=-W,W 
CALL CHEK(*2,IROW+IR,ICOL+IC) 

IF(SCT(IROW+IR,ICOL+IC).EQ.N.AND. 
1 CA(IROW+IR,ICOL+IC).LT.O.~. 

1 ELEV(IROW+IR,ICOL+IC).LE.ELOUT) THEN 
NCA=NCA+ABS(CA(IROW+IR,ICOL+IC)) 
E~ IF 

2 CONTINUE 
1 CONTINUE 
c 
c ------------------------------------------------
c Scan window modifying catchment area and elevation 
c ------------------------------------------------
c 

c 

DO 3 IR=-W,W 
IF(IROW+IR.LT.1.0R.IROW+IR.GT.NROW) GO TO 3 



c 

c 
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DO 4 IC=-W,W 
CALL CHEK(*4,IROW+IR,ICOL+IC) 

IF(SCT(IROW+IR,ICOL+IC).EQ.N.AND.ELEV(IROW+IR, 
1 ICOL+IC).LE.ELOUT) THEN 
ELEV(IROW+IR,ICOL+IC)=ELOUT 
CA(IROW+IR,ICOL+IC)=NCA 
END IF 

4 CONTINUE 
3 CONTINUE 
c 

c 

RETURN 
END 

c======================================================================= 
SUBROUTINE ADVANC 

c======================================================================= 
c 

COMMON ELEV(250,250),CA(250,250),SCT(250,250), 
1 DIS,XMV,W,N,K,NROW,NCOL,IROW,ICOL, 
1 IROUT,ICOUT,ELOUT,NCA 

c 
4 IR=IROUT 

IC=ICOUT 
c 

3 SMAX=O 
c 

c 

c 

c 

c 

c 

DO 1 IRX=-1,1 
DO 2 ICX=-1,1 

IF(IRX.EQ.O.AND.ICX.EQ.O) GO TO 2 

CALL CHEK(*5,IR+IRX,IC+ICX) 

IF(ABS(IRX).EQ.ABS(ICX)) THEN 
SLP=(ELEV(IR,IC)-ELEV(IR+IRX,IC+ICX))/DIS 
ELSE 
SLP=(ELEV(IR,IC)-ELEV(IR+IRX,IC+ICX)) 
END IF 

IF(SLP.GT.SMAX) THEN 
SMAX=SLP 
IRT=IR+IRX 
ICT=IC+ICX 
END IF 

2 CONTINUE 
1 CONTINUE 



c 

c 

c 

c 

c 

c 
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IF (SMAX.GT.O) THEN 

IF(IR.NE.IROUT.OR.IC.NE.ICOUT) THEN 
CA(IR,IC)=CA(IR,IC)+NCA 
END IF 
IR=IRT 
IC=ICT 
GO TO 3 
END IF 

IF(CA(IR,IC).LT.O) THEN 
CA(IR,IC)=CA(IR,IC)-NCA 
GO TO 6 

ELSE 
CALL FLAT(*4,*6,IR,IC) 
END IF 

IF{SMAX.GT.O) GO TO 3 

5 IF(IR.NE.IROUT.OR.ICOUT.NE.IC) THEN 
CA{IR,IC)=CA(IR,IC)+NCA 
END IF 

c 
6 write{6,*)ir,ic,elev(ir,ic),ca{ir,ic) 

write(6,*) 
RETURN 

c 

END 
c 
c======================================================================= 

SUBROUTINE FLAT (*,*,IRF,ICF) 
c======================================================================= 
c 

COMMON ELEV{250,250),CA{250,250),SCT(250,250), 
1 DIS,XMV,W,N,K,NROW,NCOL,IROW,ICOL, 
1 IROUT,ICOUT,ELOUT,NCA 

c 
K=K-1 
SCT(IRF,ICF)=K 
SMAX=O 

c 
DO 1 W=10,250,10 

c 
DO 2 NEXT=1,250 

c 
NEW=1 

c 



c 
c 
c 
c 
c 

c 

c 

c 

c 

c 

c 

c 

c 

c 
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Loop to find all points linked by zero slope to 
(IRF,ICF) 

DO 3 IR=-W,W 
IF(IRF+IR.LT.1.0R.IRF+IR.GT.NROW) GO TO 3 
DO 4 IC=-W,W 
CALL CHEK(*4,IRF+IR,ICF+IC) 

IF(SCT(IRF+IR,ICF+IC).EQ.K) THEN 

DO 5 IRX=-1,1 
DO 6 ICX=-1,1 

IF(IRX.EQ.O.AND.ICX.EQ.O) GO TO 6 

CALL CHEK(*20,IRF+IR+IRX,ICF+IC+ICX) 

IF(SCT(IRF+IR+IRX,ICF+IC+ICX).EQ.K) GO TO 6 

IF(ABS(IRX).EQ.ABS(ICX)) THEN 
SLP=(ELEV(IRF+IR,ICF+IC)-ELEV(IRF+IR+IRX, 
1 ICF+IC+ICX))/DIS 
ELSE 
SLP=(ELEV(IRF+IR,ICF+IC)-ELEV(IRF+IR+IRX, 
1 ICF+IC+ICX)) 
END IF 

IF(SLP.EQ.O) THEN 
NEW=NEW+1 
SCT(IRF+IR+IRX,ICF+IC+ICX)=K 
END IF 

IF(SLP.GT.SMAX) THEN 
IROUT=IRF+IR 
ICOUT=ICF+IC 
SMAX=SLP 
END IF 
GO TO 6 

20 IROUT=IRF+IR 

c 

ICOUT=ICF+IC 
SMAX=99999 

6 CONTINUE 
5 CONTINUE 

END IF 
c 

neighbors 
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4 CONTINUE 
3 CONTINUE 

IF(NEW.EQ.1) GO TO 9 
2 CONTINUE 
c 
c ------------------------------------------------
c Check for zero slope points on window perimeter 
c ------------------------------------------------
c 
9 ISLP=1 

c 

DO 7 IR=-W,W 
IF(IRF+IR.LT.1.0R.IRF+IR.GT.NROW) GO TO 7 
DO 8 IC=-W,W 
CALL CHEK(*8,IRF+IR,ICF+IC) 
IF(ABS(IR).NE.W.OR.ABS(IC).NE.W) GO TO 8 

IF(SCT(IRF+IR,ICF+IC).EQ.K) ISLP=ISLP+l 
8 CONTINUE 
7 CONTINUE 

IF(ISLP.EQ.1) GO TO 10 
1 CONTINUE 
c 
c 

c ------------------------------------------------
c Scan window changing CA values in flat area 
c ------------------------------------------------
c 

10 DO 11 IR=-W,W 
IF(IRF+IR.LT.1.0R.IRF+IR.GT.NROW) GO TO 11 
DO 12 IC=-W,W 
CALL CHEK(*12,IRF+IR,ICF+IC) 

c 
IF(SCT(IRF+IR,ICF+IC).EQ.K) CA(IRF+IR,ICF+IC)= 
1 CA(IRF+IR,ICF+IC)+NCA 

c 
12 CONTINUE 
11 CONTINUE 

IF(SMAX.GT.O.AND.SMAX.LT.99999) GO TO 21 
RETURN 2 

21 RETURN 1 
END 

c 
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A.5. Program to calculate dispersal area 

c 
c 
c 

c 
c 
c 

c 

D I S P 

c A Fortran program to determine dispersal area for all elements 
c of a DTM. The strategy is to trace all possible flowlines moving 
c away from each DTM element. Counting the number of elements 
c encountered by these flowlines gives the dispersal area for the 
c element being evaluated. 
c 
c To prevent elements near the DTM boundary being constrained to 
c unreasonably low dispersal areas, any element with a flowline 
c reaching the boundary is assigned an arbitrary dispersal area 
c value of 1000. 
c 
c The input file structure is the same as for program GEOM except 
c that the FRST option is not available. 
c 
c 

c ************************************************************** 
c *********************** MAIN PROGRAM ************************* 
c ************************************************************** 
c 
c 
c======================================================== 
c Dimension arrays and declare variables 
c======================================================== 
c 

c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
c * The following array is dimensioned to job-specific dimensions * 
c * and must be changed to match the size of the elevation matrix * 
c * which is to be processed. ELEV is be dimensioned as * 
c * (NCOL,NROW). The size of the matrix that can be processed is * 
c * only limited by the memory allocation in the system. * 
c * * 

COMMON ELEV(89,66),DISP(89) 
c * * 
c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
c 

COMMON TR(1010,2),COL,ROW,NCOL,NROW,I,J,MV 
DIMENSION TITL(10),DFMT(2),0FMT(2) 
INTEGER TR,NROW,NCOL,COL,ROW 
REAL MV,ELEV,DISP 
DOUBLE PRECISION DFIL 
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c 
c======================================================== 
c Request name of elevation matrix input file 
c======================================================== 
c 

WRITE(5,1) 
1 FORMAT('O', 'NAME OF ELEV MATRIX FILE??') 

ACCEPT *,DFIL 
c 
c======================================================== 
c Open input data file. 
c======================================================== 
c 

OPEN(UNIT=30,FILE=DFIL) 
READ(30,2)TITL 

2 FORMAT(10A5) 
READ(30,10030)FRST,DFMT,OFMT,NROW,NCOL,SP,MV 

10030 FORMAT(5A5,2I4,F7.2,E15.6) 
c 
c======================================================== 
c Open output file for results. 
c======================================================== 
c 

OPEN(UNIT=31,FILE='DISP.DTA') 
WRITE(31,111)TITL 

111 FORMAT(1X, 'UNIT DISPERSAL AREA: ',10A5) 
c 

c======================================================== 
c Read in elevation matrix 
c======================================================== 
c 

READ(30,FMT=DFMT)ELEV 
c 
c======================================================== 
c Begin loop to calculate dispersal area for each point in turn 
c======================================================== 
c 

c 

c 

c 

c 

DO 100 I=1,NROW 
DO 200 J=1,NCOL 

ROW= I 
COL=J 

DISP(J)=O 

IF(COL.EQ.NCOL.OR.COL.EQ.1) DISP(J)=-99999 
IF(ROW.EQ.NROW.OR.ROW.EQ.1) DISP(J)=-99999 
IF(DISP(J).EQ.-99999) GO TO 200 
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c => Check for missing values 
c 

c 

CALL CHECK 
IF(DISP(J).EQ.-99999) GO TO 200 

c => Reset ELEV and TR values 
c 

c 

CALL RESET 
ELEV(COL,ROW)=ELEV(COL,ROW)+99999 

c => Determine dispersal area downslope from point 
c 

CALL SCAN 
c 

200 CONTINUE 
c 
c => Write value DISP to external file 
c 

WRITE(31,FMT=OFMT)DISP 
100 CONTINUE 
c 

c 

c 

E~ 

c ************************************************************** 
c *********************** SUBROUTINES ************************* 
c ************************************************************** 
c 
c 

c --------------------------------
SUBROUTINE CHECK 

c --------------------------------
c 

c 

COMMON ELEV(89,66),DISP(89) 
COMMON TR(1010,2),COL,ROW,NCOL,NROW,I,J,MV 
INTEGER TR,NROW,NCOL,COL,ROW 
REAL MV,ELEV,DISP 

DO 10 K=-1,1 
DO 20 L=-1,1 
IF(ELEV(COL+K,ROW+L).NE.MV) GO TO 20 
DISP(J)=-99999 
GO TO 99 

20 CONTINUE 
10 CONTINUE 
c 

99 RETURN 
E~ 

c 



c 

c 
c 
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SUBROUTINE RESET 

COMMON ELEV(89,66),DISP(89) 
COMMON TR(1010,2),COL,ROW,NCOL,NROW,I,J,MV 
INTEGER TR,NROW,NCOL,COL,ROW 
REAL MV,ELEV,DISP 
DO 1 R=1,NROW 
DO 2 C=1,NCOL 
IF(ELEV(C,R).GT.99999) ELEV(C,R)= 

6 ELEV(C,R)-99999 
2 CONTINUE 
1 CONTINUE 

DO 3 K=2, 1010 
IF(TR(K,1).EQ.O) GO TO 100 
TR(K,1)=0 
TR(K,2)=0 

3 CONTINUE 
100 RETURN 

c 
c 

c 
c 

END 

SUBROUTINE SCAN 

COMMON ELEV(89,66),DISP(89) 
COMMON TR(1010,2),COL,ROW,NCOL,NROW,I,J,MV 
INTEGER TR,NROW,NCOL,COL,ROW 
REAL MV,ELEV,DISP 
INC=1 
DO 1 K=1,1010 
IF(K.EQ.1) GO TO 100 
IF(TR(K,1).EQ.O) GO TO 200 
IF(DISP(J).GE.1000) GO TO 200 
ROW=TR(K,1) 
COL=TR(K,2) 

100 DO 10 L=-1,1 
DO 20 M=-1,1 
IROW=ROW+L 
ICOL=COL+M 
IF(IROW.LT.1.0R.IROW.GT.NROW) GO TO 20 
IF(ICOL.LT.1.0R.ICOL.GT.NCOL) GO TO 20 
IF(ELEV(ICOL,IROW).EQ.MV) GO TO 20 
IF(ELEV(ICOL,IROW).GT.99999) GO TO 20 
SLOPE=(ELEV(COL,ROW)-99999)-ELEV(ICOL,IROW) 
IF(SLOPE.LE.O) GO TO 20 
ELEV(ICOL,IROW)=ELEV(ICOL,IROW)+99999 
DISP(J)=DISP(J)+1 
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IF(IROW.EQ.NROW.OR.IROW.EQ.l)DISP(J)=1000 
IF(ICOL.EQ.NCOL.OR.ICOL.EQ.1)DISP(J)=1000 
INC=INC+l 
TR(INC,1)=IROW 
TR(INC,2)=ICOL 

20 CONTINUE 
10 CONTINUE 
1 CONTINUE 
200 RETURN 

END 
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A.6. Program to define basin boundaries 

C======================================================================= 
c 
C * * * * * B A S I N * * * * * 
c 
C======================================================================= 
c 
C A FORTRAN PROGRAM TO DEFINE THE LIMITS OF A DRAINAGE BASIN USING A DTM 
C MODIFIED BY THE GCAT PROGRAM AND SPECIFIED COORDINATES FOR THE BASIN 
C MOUTH (ROW,COL). THE MODIFIED DTM HAS A TWO LINE HEADER AS IN THE 
C PREVIOUS PROGRAM LISTINGS 
c 
c 

c 

COMMON MEM(2,5000),ELEV(250,250),IOB(250,250),SCT(250,250), 
1 NROW,NCOL,IR,IC, 
1 DIS,XMV,K,KNT 
DIMENSION TITL(10),DFMT(3) 
CHARACTER*20 DFIL 

C======================================================================= 
C OPEN FILES, READ JOB PARAMETERS, ECHO PARAMETERS 
C======================================================================= 
c 

c 

WRITE(6,108) 
READ(5,109)DFIL 
WRITE(6,101) 
READ(S,*)MTR,MTC 
WRITE(6,106) 
OPEN(UNIT=30,FILE=DFIL,STATUS='UNKNOWN') 
READ(30,110)TITL 
READ(30,111)DFMT,NROW,NCOL,SP,XMV 
WRITE(6,112) 
WRITE(6,113)DFMT 
WRITE(6,114)NROW,NCOL 
WRITE(6,115)SP 
WRITE(6,116)XMV 
WRITE(6,102)MTR,MTC 
WRITE(6,106) 
OPEN(UNIT=32,FILE='BASIN.OUT',STATUS='UNKNOWN') 

C======================================================================= 
C READ IN THE ELEVATION MATRIX 
C======================================================================= 
c 

DO 1 I=1,NROW 
READ(UNIT=30,FMT=DFMT) (ELEV(I,J), J=1,NCOL) 

1 CONTINUE 
c 
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C======================================================================= 
C SET CONSTANTS 
C======================================================================= 
c 

c 

DIS=(2.0)**0.5 
K=O 

C======================================================================= 
C LABEL BASIN MOUTH 
C======================================================================= 
c 

IOB(MTR,MTC)=1 
c 
C======================================================================= 
C BEGIN LOOP SCANNING THE DTM 
C======================================================================= 
c 

c 

c 

c 
c 
c 
c 
c 

c 

c 

c 

DO 20 IROW=1,NROW 

IF(IROW.EQ.1) THEN 
WRITE(6,103)IROW 
ELSE 
WRITE(6,104)IROW 
END IF 

DO 19 ICOL=1,NCOL 

SKIP OVER MISSING VALUES AND ALREADY LABELLED POINTS 

IF(ELEV(IROW,ICOL).EQ.XMV.OR.IOB(IROW,ICOL).NE.O) GO TO 19 

KNT=O 
IR=IROW 
IC=ICOL 

CALL ADVANC 

19 CONTINUE 
20 CONTINUE 
c 

DO 22 I=1,NROW 
DO 23 J=1,NCOL 
IF(IOB(I,J).EQ.-1) IOB(I,J)=O 

23 CONTINUE 
22 CONTINUE 
c 

DO 21 I=1,NROW 



21 
c 
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WRITE(32,123) (IOB(I,J), J=1,NCOL) 
CONTINUE 

C======================================================================= 
C FORMAT STATEMENTS 
C======================================================================= 
c 
101 
102 
103 
104 
106 

108 
109 
110 
111 
112 
113 
114 
115 
116 
123 
c 

c 

FORMAT('O', 'ROW,COLUMN CORDINATES OF BASIN MOUTH?') 
FORMAT(10X, 'BASIN MOUTH: ROW' ,I4, ', COL' ,I4) 
FORMAT(1X,'ANALYZING ROW: ',I4) 
FORM.AT(15X,I4) 
FORMAT('O', '--------------------------------------------------', 
1 '--------------------') 
FORM.AT('O','NAME OF "FILLED DTM" FILE TO PROCESS?') 
FORMAT(A20) 
FORM.AT(10A4) 
FORM.AT(3A4,2I4,F10.0,F15.0) 
FORM.AT('O', 'JOB PARAMETERS:') 
FORMAT(10X, 'INPUT FILE DATA FORMAT: ',3A4) 
FORMAT(10X, 'NO. ROWS =' ,I4, ', NO. COLUMNS =' ,I4) 
FORMAT(10X,'ELEVATION GRID SPACING =',F6.1) 
FORMAT(10X,'INPUT DATA MISSING VALUE CODE =',E15.6) 
FORMAT(1X,89I1) 

END 

C======================================================================= 
SUBROUTINE ADVANC 

C======================================================================= 
c 

COMMON MEM(2,5000),ELEV(250,250),IOB(250,250),SCT(250,250), 
1 NROW,NCOL,IR,IC, 
1 DIS,XMV,K,KNT 

c 
3 IF(IOB(IR,IC).NE.O) GO TO 6 
c 

c 

c 

c 

c 

c 

SMAX=O 

KNT=KNT+1 
MEM(1,KNT)=IR 
MEM(2,KNT)=IC 

DO 1 IRX=-1,1 
DO 2 ICX=-1,1 

IF(IRX.EQ.O.AND.ICX.EQ.O) GO TO 2 

CALL CHEK(*S,IR+IRX,IC+ICX) 



c 

c 
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IF(ABS(IRX).EQ.ABS(ICX)) THEN 
SLP=(ELEV(IR,IC)-ELEV(IR+IRX,IC+ICX))/DIS 
ELSE 
SLP=(ELEV(IR,IC)-ELEV(IR+IRX,IC+ICX)) 
END IF 

IF(SLP.GT.SMAX) THEN 
SMAX=SLP 
IRT=IR+IRX 
ICT=IC+ICX 
END IF 

2 CONTINUE 
1 CONTINUE 
c 

c 

c 

c 

IF (SMAX.GT.O) THEN 

IR=IRT 
IC=ICT 
GO TO 3 
END IF 

CALL FLAT 
GO TO 3 

6 LBL=IOB(IR,IC) 
GO TO 7 

c 
8 LBL=-1 
c 
7 DO 1011 IKNT=1,KNT 

IOB(MEM(1,IKNT),MEM(2,IKNT))=LBL 
1011 CONTINUE 
c 

RETURN 
c 

END 
c 
C======================================================================= 

SUBROUTINE FLAT 
C======================================================================= 
c 

c 

COMMON MEM(2,5000),ELEV(250,250),IOB(250,250),SCT(250,250), 
1 NROW,NCOL,IR,IC, 
1 DIS,XMV,K,KNT 

K=K-1 
SCT(IR,IC)=K 
SMAX=O 



c 

c 

c 

c 
c 
c 
c 
c 
c 

c 

c 

c 

c 

c 

c 

c 

c 

c 
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DO 1 W=10,250,10 

DO 2 NEXT=1,250 

NEW=1 

LOOP TO FIND ALL POINTS LINKED BY ZERO SLOPE TO 
(IR,IC) 

DO 3 IRW=-W,W 
IF(IR+IRW.LT.1.0R.IR+IRW.GT.NROW) GO TO 3 
DO 4 ICW=-W,W 
CALL CHEK(*4,IR+IRW,IC+ICW) 

IF(SCT(IR+IRW,IC+ICW).EQ.K) THEN 

DO 5 IRX=-1,1 
DO 6 ICX=-1,1 

IF(IRX.EQ.O.AND.ICX.EQ.O) GO TO 6 

CALL CHEK(*20,IR+IRW+IRX,IC+ICW+ICX) 

IF(SCT(IR+IRW+IRX,IC+ICW+ICX).EQ.K) GO TO 6 

IF(ABS(IRX).EQ.ABS(ICX)) THEN 
SLP=(ELEV(IR+IRW,IC+ICW)-ELEV(IR+IRW+IRX, 
1 IC+ICW+ICX))/DIS 
ELSE 
SLP=(ELEV(IR+IRW,IC+ICW)-ELEV(IR+IRW+IRX, 
1 IC+ICW+ICX)) 
END IF 

IF(SLP.EQ.O) THEN 
NEW=NEW+1 
SCT(IR+IRW+IRX,IC+ICW+ICX)=K 
END IF 

IF(SLP.GT.SMAX) THEN 
IRT=IR+IRW 
ICT=IC+ICW 
SMAX=SLP 
END IF 
GO TO 6 

20 IRT=IR+IRW 



c 

ICT=IC+ICW 
SMAX=99999 
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6 CONTINUE 
5 CONTINUE 

c 
4 
3 

2 
c 
c 
c 
c 
c 
9 

c 

8 
7 

1 
c 
c 
c 
c 
c 
c 
10 

c 

c 

END IF 

CONTINUE 
CONTINUE 
IF(NEW.EQ.l) GO TO 9 
CONTINUE 

CHECK FOR ZERO SLOPE POINTS ON WINDOW PERIMETER 

ISLP=l 
DO 7 IRW=-W,W 
IF(IR+IRW.LT.l.OR.IR+IRW.GT.NROW) GO TO 7 
DO 8 ICW=-W,W 
CALL CHEK(*8,IR+IRW,IC+ICW) 
IF(ABS(IRW).NE.W.OR.ABS(ICW).NE.W) GO TO 8 

IF(SCT(IR+IRW,IC+ICW).EQ.K) ISLP=ISLP+l 
CONTINUE 
CONTINUE 
IF(ISLP.EQ.l) GO TO 10 
CONTINUE 

SCAN WINDOW SAVING FLAT AREA COORDINATES 

DO 11 IRW=-W,W 
IF(IR+IRW.LT.1.0R.IR+IRW.GT.NROW) GO TO 11 
DO 12 ICW=-W,W 
CALL CHEK(*12,IR+IRW,IC+ICW) 

IF(SCT(IR+IRW,IC+ICW).EQ.K) THEN 
KNT=KNT+1 
MEM(1,KNT)=IR+IRW 
MEM(2,KNT)=IC+ICW 

END IF 

IF(IOB(IR+IRW,IC+ICW).NE.O) THEN 
IOB(IRT,ICT)=IOB(IR+IRW,IC+ICW) 
END IF 

12 CONTINUE 
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11 CONTINUE 
c 

c 

c 

IR=IRT 
IC=ICT 

RETURN 
END 

C======================================================================= 
SUBROUTINE CHEK(*,KROW,KCOL) 

C======================================================================= 
c 

COMMON MEM(2,5000),ELEV(250,250),IOB(250,250),SCT(250,250), 
1 NROW,NCOL,IR,IC, 
1 DIS,XMV,K,KNT 

c 
IF(ELEV(KROW,KCOL).EQ.XMV.OR.KROW.LT.1.0R. 
1 KROW.GT.NROW.OR.KCOL.LT.1.0R.KCOL 
1 .GT.NCOL) GO TO 1 
RETURN 

1 RETURN 1 
E~ 

c 
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Appendix B 

DATA LISTING 

B.l. Seymour Basin data 

This data listing gives, for each sampling site in Seymour Basin, the 

measured value for all variables listed in Table 4-4 and the geographical 

coordinates of the site. Sample site locations are shown in Figure B-1. A 

map summarizing the net erosion estimates for each site is given as Figure 

B-2. 

In the variable identification key below, variable names correspond with 

those in Table 4-4 except for variables SITE, XCOR and YCOR. SITE is 

an identification code indicating type and position of sample. Variable X 1s 

the distance (m) west of the southeast corner of 1-35-9-W3. Variable Y is 

the distance (m) north of the same point. 

VARIABLE IDENTIFICATION KEY 

SITE 
XCOR YCOR ELEV GRAD ASPT PROF CONT SHLT LCAT 
GCAT DPTH DISP AHOR CARB BDNS ATOT ACON STOT 
SCON SOLM SAND FSST SILT CLAY DRAT CESM EROS 



SEYMOUR BASIN 

xG5.1 G6.1 

><G5.2 G6.2 

xG5.3 G6.3 

xG1.1 ><G2.3 xG4.4 ><G5 .4 

><G3.3 ><52.0 

XS4.0 

><G2.4 xG4.5 ><G5.5 G6.5 

><G3.4 

xG4.6 

><G7.2 

xG7.3 

xG7.4 

XS10 .0 

><G7.5 

><G8.2 

><G8.3 

xG8.4 

><G8.5 

><G8.6 

><G9.2 

><G9.3 

XS11.0 

xG9.4 

><G9.5 

><G10.3 

XS12.0 
S12 . 1M$12.2 

><G10.4 

><G10.5 

><G11.1 

xG11.2 

><G11.3 

~10.1 to 
T10.3 

><G11.4 

XS7.0 
XS7.1 

><G11.5 

><G12.2 

T8.1 to 
T8 .2 

><G13.1 

><G13.2 xG14.2 ><G15 .2 

><G12.3 ~G13p3 x ><G14.3 xG15 .3 

~T9.1to T9.6 x T7.1toT7.11 

l x x T2 1 to T2 14- i 
\ ""_;>{>rs. 1toT5.~ . x,""\ 
T6.1toT6.9 ti!:j 10 T~.l x"x" T1.1toT1.14 
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G9 .1 

Figure B-1: 
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SEYMOUR BASIN 

xo 

x5 

x90 

x37 ><33 X33 x7 x29 

xo 

X-9 
·711-51 

xo x-8 X-37 x-69 xs 

x-200 
xQ 

x67 x57 x-23 xo x20 

x27 

X-53 

-2es x73 
x28 x55 x59 x47 -250x"x x 7 

-65 
><36 X41 

X2Q 

x-19 

><15 ><52 

x4 
x56 

X11 
X24 

xo 
xo -146xs 
~0 69~~f 

X28 
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X-80 
X23 

xo 
x-84 

X43 

77xag x51 x-57 xo x59 
74*121 x'24 
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37 Net erosion (kg/m 2 ) 

Negative net erosion is soil ~ain and positive net 
erosion is soil loss. Net eros10n is not shown for 
all sites. See detailed transects (Figures 5-5 to 5-11) 
or Appendix B for missing site data. 

Figure B-2: Net eroswn estimates for Seymour Basin 
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--------------------
G 1.1 

13.10 731.50 535.60 1.21 322.00 -0.01 -0.08 3.00 
3.00 .00 1000.00 13.50 73.50 1.28 14.70 25.60 37.50 

13.40 60.00 45.50 10.00 26.80 17.70 46.46 1926.08 27.93 
--------------------
G 2.1 

165.50 1024.10 534.30 .58 21.00 -0.01 -0.66 .05 1.00 
1.00 .00 1000.00 11.50 39.00 1.34 12.20 25.00 29.40 

14.30 39.00 48.60 4.20 28.50 18.80 27.84 2333.52 3.99 
--------------------
G 2.2 

165.50 877.80 535.10 .40 36.00 .01 1.25 -0.06 .00 
.00 .00 1000.00 11.00 40.00 1.53 10.00 18.70 21.40 

11.70 36.00 57.40 5.70 23.20 13.80 53.66 1889.04 29.26 
--------------------
G 2.3 

165.50 731.50 536.30 .35 307.00 .03 .04 -0.08 .00 
.00 .00 1000.00 8.00 46.00 1.57 7.20 18.20 27.10 

11.60 46.00 59.50 6.30 19.70 14.60 40.00 1407.52 54.53 
--------------------
G 2.4 

165.50 585.20 536.20 .44 325.00 -0.01 -8.33 .25 10.00 
85.00 .14 2.00 10.50 100.00 1.60 9.10 17.10 32.20 
12.10 50.00 62.50 6.50 18.00 13.10 35.14 1814.96 31.92 

--------------------
G 3.1 

317.90 972.90 534.00 .33 75.00 .00 -1.36 .03 17.00 
17.00 .00 1000.00 9.00 39.00 1.45 5.80 14.10 17.30 
9.30 39.00 53.30 9.60 19.10 18.10 41.11 2000.16 22.61 

--------------------
G 3.2 

317.90 826.60 534.60 .87 56.00 .02 -0.06 -0.04 16.00 
16.00 .00 1000.00 11.50 44.00 1.40 7.30 14.40 20.50 
10.10 44.00 66.50 4.10 16.30 13.10 35.38 1814.96 33.25 

--------------------
G 3.30 

317.90 680.30 535.70 1.42 51.00 .01 .76 -0.12 2.00 
2.00 .00 1000.00 9.00 47.00 1.25 

65.60 6.50 14.90 13.10 38.24 1481.60 50.54 
--------------------
G 3.4 

317.90 534.00 536.00 .95 86.00 -0.02 .79 .03 1.00 
1.00 .00 1000.00 16.00 50.00 1.39 10.80 15.30 21.90 
8.80 50.00 67.10 5.50 15.10 12.30 37.50 1963.12 25.27 

--------------------
G 4.1 

470.30 1170.40 532.30 .41 94.00 .00 -8.64 .16 36.00 
36.00 .00 1000.00 12.00 43.50 1.78 9.70 15.90 27.00 
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11.20 43.50 51.30 7.30 24.40 17.00 36.17 2333.52 3.99 
--------------------
G 4.2 

470.30 1024.10 532.90 .45 46.00 -0.01 -1.41 .05 6.00 
6.00 .00 1000.00 10.00 32.00 1.45 7.50 17.90 19.70 

13.60 29.00 63.80 4.30 19.20 12.70 34.84 1889.04 29.26 
--------------------
G 4.3 

470.30 877.80 533.30 .21 262.00 -0.04 1.89 .04 1.00 
13.00 .00 1000.00 13.00 41.50 1.39 14.00 24.40 29.40 
15.30 41.50 52.30 6.30 25.60 15.70 35.16 2037.20 19.95 

--------------------
G 4.4 

470.30 731.50 533.60 .38 63.00 -0.01 -1.14 .06 5.00 
5.00 .00 1000.00 9.50 40.00 1.45 7.00 16.10 20.00 

10.00 40.00 63.50 4.80 19.80 12.00 20.83 1333.44 58.52 
--------------------
G 4.5 

470.30 585.20 533.90 .83 54.00 .01 -0.68 -0.01 34.00 
88.00 .00 1001.00 10.00 47.00 1.38 7.70 17.40 23.70 
10.60 47.00 66.60 6.10 21.00 6.40 48.44 1037.12 74.48 

--------------------
G 4.6 

470.30 438.90 535.00 .53 10.00 -0.05 -6.32 .30 53.00 
127.00 .00 1002.00 20.00 100.00 1.53 24.10 25.20 39.30 
18.80 44.00 63.20 6.60 14.50 15.60 42.25 3444.72 -33.25 

--------------------
G 5.1 

622.70 1170.40 531.30 .55 44.00 -0.01 -2.73 .14 23.00 
385.00 .00 1000.00 10.50 36.50 1.44 8.80 19.90 21.40 
11.30 38.00 42.90 9.30 29.20 18.70 34.86 1740.88 37.24 

--------------------
G 5.2 

622.70 1024.10 532.00 .43 59.00 .00 -2.28 .02 4.00 
4.00 .00 1000.00 11.00 23.00 1.60 7.90 17.00 15.40 

11.70 25.00 64.90 4.50 13.10 17.60 27.14 2889.12 .00 
--------------------
G 5.3 

622.70 877.80 532.20 .40 351.00 -0.05 -3.85 .24 24.00 
24.00 .04 .00 11.00 43.00 1.65 7.30 12.80 22.10 
9.30 46.50 70.00 5.80 14.10 10.10 30.51 1222.32 66.50 

--------------------
G 5.4 

622.70 731.50 532.70 .20 42.00 -0.01 2.13 .01 .00 
.00 .00 65.00 8.50 32.00 1.46 7.70 19.60 16.80 

11.00 32.00 58.70 6.90 20.60 13.80 32.91 1555.68 46.55 
--------------------
G 5.5 

622.70 585.20 532.10 .49 315.00 -0.10 -14.13 .80 240.00 
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590.00 .38 .00 37.00 100.00 1.19 37.60 24.60 52.50 
23.30 53.00 72.00 6.00 10.90 11.20 40.00 8408.08 -327.18 

--------------------
G 6.1 

775.10 1170.40 530.40 .74 30.00 -0.01 .42 -0.01 .00 
.00 .00 1001.00 11.50 35.50 1.50 11.20 20.30 23.70 

13.20 35.00 41.90 11.40 28.50 18.30 40.91 1814.96 33.25 
--------------------
G 6.2 

775.10 1024.10 531.10 .40 33.00 -0.01 -0.13 -0.01 1.00 
1.00 .00 1000.00 11.50 41.50 1.29 13.80 21.50 30.00 

15.00 42.00 53.80 9.00 22.30 15.00 32.22 2703.92 -7.98 
--------------------
G 6.3 

775.10 877.80 531.90 .15 5.00 .01 10.12 -0.08 .00 
.00 .00 1000.00 10.50 41.00 1.28 8.80 20.70 22.70 

13.70 38.00 57.60 6.90 19.60 15.90 29.27 1370.48 57.19 
--------------------
G 6.4 

775.10 731.50 531.70 .74 259.00 .00 -6.80 .15 4.00 
1175.00 .31 6.00 20.00 100.00 1.24 27.60 26.60 54.00 

24.10 51.00 51.30 7.50 21.40 19.80 36.96 3370.64 -65.17 
--------------------
G 6.5 

775.10 585.20 532.40 .21 7.00 .00 1.26 -0.01 1.00 
1.00 .00 44.00 14.00 37.50 1.45 13.80 21.50 25.00 

14.40 38.00 47.30 9.00 23.60 20.10 32.00 2148.32 14.63 
--------------------
G 7.1 

927.50 1265.50 529.50 .43 96.00 .00 2.88 -0.07 .00 
.00 .00 1000.00 12.00 45.50 1.29 12.80 25.80 27.60 

14.50 42.00 42.30 10.00 36.20 11.40 44.95 2740.96 -18.62 
--------------------
G 7.2 

927.50 1119.20 529.90 .98 350.00 -0.03 1.16 .02 .00 
.00 .00 1000.00 17.00 36.00 1.38 16.40 21.00 33.60 

19.10 41.00 54.90 7.60 21.00 16.50 64.77 2592.80 .00 
--------------------
G 7.3 

927.50 972.90 530.70 .04 346.00 -0.04 -18.10 .11 102.00 
102.00 .01 .00 11.50 31.50 1.23 11.00 24.30 20.60 

15.10 30.00 44.20 8.20 31.80 15.90 31.13 2518.72 .00 
--------------------
G 7.4 

927.50 826.60 531.60 .31 33.00 -0.02 -3.93 .10 5.00 
5.00 .00 1000.00 11.50 61.00 1.35 12.90 23.90 12.90 

23.90 13.00 39.90 11.60 30.80 17.90 40.35 1926.08 26.60 
--------------------
G 7.5 
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927.50 680.30 532.30 .39 34.00 .01 .29 -0.05 1.00 
1.00 .00 1000.00 11.00 47.50 1.36 9.80 20.60 24.20 

11.00 47.50 42.70 8.20 30.10 19.00 43.93 2037.20 19.95 
--------------------
G 7.6 

927.50 534.00 532.30 .13 23.00 -0.01 -1.66 .04 82.00 
569.00 .00 1001.00 12.00 57.00 1.51 11.30 19.60 28.40 ,. 

10.40 54.50 57.80 6.70 22.40 13.10 36.25 1666.80 41.23 
--------------------
G 8.1 

1079.90 1316.70 528.60 .31 67.00 .00 -1.82 .06 28.00 
28.00 .00 1000.00 12.50 43.50 1.29 14.10 27.60 26.20 
13.50 43.50 36.00 11.80 28.60 23.70 35.65 2259.44 9.31 

--------------------
G 8.2 

1079.90 1170.40 529.00 .36 47.00 -0.03 1.02 .03 3.00 
3.00 .00 644.00 12.00 41.50 1.40 12.00 22.90 27.70 

14.70 41.50 34.00 13.40 32.20 20.40 48.78 1814.96 33.25 
--------------------
G 8.3 

1079.90 1024.10 530.00 .39 21.00 .06 9.25 -0.23 .00 
.00 .00 855.00 15.50 46.00 1.49 14.40 19.70 31.90 

16.80 40.00 59.20 6.40 17.70 16.70 37.50 3259.52 -37.24 
--------------------
G 8.4 

1079.90 877.80 530.00 .27 353.00 -0.03 1.66 .17 .00 
1347.00 .00 9.00 19.50 56.50 1.19 23.10 32.60 44.60 

20.40 47.00 37.80 9.50 33.10 19.80 24.78 2852.08 -22.61 
--------------------
G 8.5 

1079.90 731.50 531.00 .74 35.00 -0.03 -1.78 .11 7.00 
7.00 .00 1000.00 8.00 39.00 1.63 9.90 24.50 25.50 

13.80 40.00 41.30 12.00 25.70 21.00 29.36 1777.92 35.91 
--------------------
G 8.6 

1079.90 585.20 531.80 .45 37.00 .01 -0.86 -0.01 10.00 
10.00 .00 1000.00 15.50 72.50 1.43 15.80 22.50 31.80 
16.00 42.50 43.90 10.70 25.80 19.70 38.89 1444.56 51.87 

--------------------
G 9.1 

1232.30 1316.70 528.00 .41 69.00 .03 1.20 -0.15 .00 
.00 .00 1000.00 15.00 24.50 1.49 14.30 20.20 23.30 

20.00 24.50 35.90 4.40 38.20 21.60 39.82 2444.64 .00 
--------------------
G 9.2 

1232.30 1170.40 528.40 .50 91.00 .02 .30 -0.02 1.00 
1.00 .00 559.00 12.00 42.50 1.36 11.40 22.10 26.30 

13.40 42.50 40.30 9.20 29.00 21.60 42.86 2296.48 6.65 
--------------------
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G 9.3 
1232.30 1024.10 528.90 .81 61.00 .08 5.75 -0.59 .00 

.00 .00 72.00 17.50 25.50 1.48 14.10 19.20 22.50 
13.00 37.00 55.20 5.70 23.90 15.20 43.82 3852.16 -69.16 

--------------------
G 9.4 

1232.30 877.80 529.40 .68 101.00 -0.02 .17 .00 1.00 
1.00 .00 1001.00 15.00 100.00 1.54 13.10 21.50 28.80 

12.70 40.00 40.30 8.50 32.10 19.20 38.60 2555.76 .00 
--------------------
G 9.5 

1232.30 731.50 530.10 .43 87.00 .00 .19 .03 4.00 
4.00 .00 1000.00 9.50 32.00 1.29 9.60 24.60 20.30 

14.50 32.00 43.00 9.20 28.60 19.20 42.73 1666.80 41.23 
--------------------
G10.1 

1384.70 1463.00 527.50 .19 17.00 .00 -0.59 -0.01 1.00 
1.00 .00 1000.00 17.50 53.50 1.55 19.50 22.90 34.90 

13.60 53.50 40.60 11.50 26.90 21.00 40.35 2592.80 .00 
--------------------
G10.2 

1384.70 1316.70 527.20 .82 174.00 .07 .71 -0.21 .00 
.00 .00 91.00 10.00 39.00 1.50 11.40 24.10 22.20 

15.30 32.50 40.90 4.90 31.80 22.50 39.45 2333.52 5.32 
--------------------
G10.3 
1384.70 1170.40 527.10 .57 71.00 .00 -3.68 .09 9.00 

9.00 .00 397.00 12.00 23.50 1.20 12.10 26.50 18.60 
18.80 23.50 31.50 10.10 35.60 22.70 41.60 1889.04 29.26 

--------------------
G10.4 
1384.70 1024.10 527.20 1.45 34.00 .01 1.73 -0.24 1.00 

1.00 .00 214.00 10.50 100.00 1.53 10.70 21.10 22.30 
14.20 33.00 45.30 7.80 25.10 21.80 46.08 2333.52 5.32 

--------------------
G10.5 
1384.70 877.80 528.70 .52 39.00 .01 .99 -0.07 1.00 

1.00 .00 1000.00 15.00 42.50 1.42 16.00 22.90 16.00 
22.90 16.00 39.80 11.90 28.20 20.10 38.60 2074.24 19.95 

--------------------
G11.1 

1537.10 1594.10 526.30 .53 119.00 .03 -2.65 -0.04 1.00 
1.00 .00 1000.00 11.50 36.50 1.35 9.10 19.00 20.40 

11.80 40.00 29.70 11.30 35.40 23.60 50.78 1407.52 55.86 
--------------------
G11.2 

1537.10 1447.80 526.40 .81 54.00 .01 1.61 -0.05 6.00 
6.00 .00 1000.00 26.00 65.00 1.62 12.50 20.40 48.20 

14.70 69.00 44.70 11.60 25.50 18.20 37.14 1963.12 23.94 
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--------------------
G11.3 

1537.10 1301.50 525.30 3.14 15Q.OO .20 -0.40 -0.48 4.00 
4.00 .00 53.00 11.00 3Q.OO 1.3Q 8.00 16.50 8.00 

16.50 11.00 22.60 16.60 35.20 25.60 50.77 2555.76 .00 
--------------------
G11.4 

1537.10 1155.20 525.00 1.56 117.00 .02 -1.30 .OQ 141.00 
31Q.OO .00 256.00 10.50 15.00 1.36 7.20 15.80 18.00 

13.70 30.50 22.80 16.40 47.50 13.30 42.66 1481.60 50.54 
--------------------
G11.5 

1537.10 1008.QO 526.70 .38 10.00 .06 .Q6 -0.26 .00 
.00 .00 1000.00 22.00 55.00 1.25 21.50 23.10 32.40 

14.00 53.00 38.QO 12.20 28.60 20.30 47.75 4518.88 -83.7Q 
--------------------
G11.6 

1537.10 862.60 527.70 .63 12.00 -0.01 .87 -0.02 2.00 
2.00 .00 1000.00 17.00 4Q.OO 1.25 15.00 24.00 26.20 

12.60 47.00 44.80 10.00 26.30 18.QO 26.21 2407.60 -7.Q8 
--------------------
G12.1 

1689.50 160Q.30 524.QO .50 16.00 .03 1.41 -0.07 4.00 
4.00 .00 1000.00 22.00 48.50 1.28 23.20 25.60 36.30 

17.20 4Q.OO 44.80 10.10 25.QO 19.20 45.71 2333.52 3.QQ 
--------------------
G12.2 

168Q.50 1463.00 525.20 .33 11Q.OO .02 5.36 -0.1Q .00 
.00 .00 1000.00 18.00 47.00 1.37 11.00 20.20 27.70 

15.20 42.00 45.60 5.30 26.40 22.80 38.54 2222.40 10.64 
--------------------
G12.3 

168Q.50 1316.70 522.80 2.68 140.00 .16 3.37 -0.51 1.00 
1.00 .00 82.00 16.50 17.00 1.17 12.50 18.40 20.20 

15.70 2Q.50 3Q.40 8.30 2Q.10 23.30 40.52 2518.72 .00 
--------------------
G12.4 

168Q.50 1170.40 522.10 2.13 131.00 -0.08 -0.83 .43 1.00 
1.00 .00 58.00 24.00 100.00 1.24 23.20 23.80 42.80 

16.00 61.00 26.10 Q.40 3Q.OO 25.40 53.24 1Q26.08 27.Q3 
--------------------
G12.5 

168Q.50 1024.10 524.30 1.2Q 87.00 .00 .61 .00 3.00 
3.00 .00 1000.00 13.50 50.50 1.27 12.QO 24.00 28.20 

13.60 47.00 37.10 8.40 32.40 22.10 3Q.83 2407.60 .00 
--------------------
G13.1 

1841.QO 160Q.30 523.70 .3Q 101.00 .05 4.31 -0.12 .00 
.00 .00 1000.00 16.00 53.00 1.12 15.40 24.10 22.10 
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18.60 27.50 32.50 12.60 32.50 22.40 53.54 2555.76 .00 
--------------------
G13.2 

1841.90 1463.00 522.70 .83 101.00 .00 -0.41 .06 3.00 
3.00 .00 446.00 11.50 76.50 1.36 11.70 24.10 30.80 

11.50 56.00 27.50 16.10 37.20 19.10 57.14 1629.76 42.56 
--------------------
G13.3 

1841.90 1316.70 519.20 3.20 184.00 .12 -2.59 .27 6.00 
6.00 .00 9.00 18.00 77.00 1.50 13.10 17.30 26.40 

13.70 40.00 31.10 12.40 32.40 24.10 50.78 814.88 89.11 
--------------------
G13.4 

1841.90 1170.40 518.90 3.87 1.00 .07 -0.87 .15 526.00 
526.00 .00 24.00 11.50 11.50 1.46 12.00 20.30 23.60 

13.90 35.00 25.80 8.10 42.20 23.90 32.99 1333.44 58.52 
--------------------
G14.1 

1994.30 1609.30 522.80 .24 123.00 .00 .68 -0.01 2.00 
2.00 .00 1000.00 14.50 46.50 1.41 14.00 22.50 14.00 

22.50 14.50 35.40 9.30 36.80 18.50 54.92 2926.16 -19.95 
--------------------
G14.2 
1994.30 1463.00 521.90 .33 175.00 .00 -0.92 .02 13.00 

13.00 .00 355.00 15.00 49.50 1.20 16.60 28.90 33.60 
15.50 51.00 30.00 5.90 39.90 24.20 51.16 2926.16 -19.95 

--------------------
G14.3 

1994.30 1316.70 520.00 1.85 -0.12 -1.99 .22 1.00 
1.00 .00 57.00 10.00 53.00 1.22 5.40 13.90 31.90 

15.50 51.00 23.40 9.60 46.80 20.20 46.09 3000.24 -57.19 
--------------------
G14.4 

1994.30 1170.40 518.60 5.41 16.00 .12 -1.62 -0.20 5.00 
5.00 .00 30.00 10.00 39.00 1.33 7.10 16.80 27.70 

15.40 40.00 44.70 8.00 25.00 22.30 30.10 1926.08 26.60 
--------------------
G15.1 
2146.70 1609.30 522.70 .29 167.00 .01 5.95 -0.09 .00 

.00 .00 1000.00 14.00 48.50 1.49 14.20 21.50 29.80 
13.00 48.00 37.90 6.80 36.30 19.10 52.17 2074.24 18.62 

--------------------
G15.2 

2146.70 1463.00 521.90 .45 165.00 .00 .04 -0.02 2.00 
2.00 .00 1000.00 8.00 47.50 1.33 7.90 23.80 25.20 

12.00 45.00 29.00 12.10 39.40 19.50 54.62 1296.40 61.18 
--------------------
G15.3 

2146.70 1316.70 520.70 .88 108.00 -0.06 1.31 .07 1.00 
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1.00 .00 97.00 17.50 71.00 1.57 19.80 23.80 36.80 
15.30 50.00 35.30 11.20 33.70 19.80 40.98 2926.16 .00 

--------------------
G15.4 

2146.70 1170.40 513.70 .65 209.00 -0.36 .28 1.49 212.00 
7584.00 .00 2.00 100.00 1.51 98.70 21.50 110.10 

21.70 109.00 40.30 9.30 30.00 20.30 46.4923224.08-1077.30 
--------------------
G16.1 
2299.10 1316.70 521.10 .33 294.00 .00 -0.82 .00 .00 

.00 .00 20.00 7.50 41.00 1.21 6.90 23.60 17.10 
12.00 31.00 36.10 9.20 36.70 17.90 42.50 1333.44 58.52 

--------------------
T 1.1 

2262.60 1254.60 520.90 .62 239.00 .06 -0.44 -0.16 .00 
.00 .00 150.00 13.00 48.00 1.34 10.60 19.10 15.90 

14.50 24.50 35.10 9.80 32.40 22.70 52.54 1666.80 41.23 
--------------------
T 1.2 

2251.60 1233.90 520.80 2.00 265.00 .11 .78 -0.46 .00 
.00 .00 95.00 10.00 43.00 1.47 9.50 20.40 14.80 

15.60 20.00 36.00 8.10 32.50 23.40 50.43 1926.08 26.60 
--------------------
T 1.3 

2211.70 1221.00 518.70 4.31 202.00 -0.27 .43 .46 16.00 
16.00 .00 66.00 10.00 .00 1.52 10.20 21.20 13.40 
14.70 20.00 35.80 13.40 26.70 24.10 28.04 1852.00 30.59 

--------------------
T 1.4 

2234.30 1201.30 519.60 5.33 232.00 .36 3.47 -1.22 .00 
.00 .00 84.00 10.00 5.50 1.43 7.70 17.00 10.90 

11.80 20.00 33.80 4.50 38.60 23.20 49.17 777.84 89.11 
--------------------
T 1.5 

2223.30 1180.60 516.50 6.57 216.00 -0.17 -2.78 .42 23.00 
112.00 .00 43.00 7.00 37.00 1.42 5.80 18.50 16.00 
12.40 27.00 29.00 6.80 39.50 24.60 62.12 1185.28 67.83 

--------------------
T 1.6 

2216.20 1167.40 514.50 6.75 209.00 -0.13 -2.67 .95 25.00 
114.00 .00 33.00 13.00 18.50 1.24 8.80 19.60 14.50 
15.30 21.50 27.20 9.90 41.70 21.30 44.17 2074.24 19.95 

--------------------
T 1.7 

2209.70 1155.10 513.90 2.16 194.00 -0.28 1.92 1.19 1.00 
7766.00 .01 1.00 82.50 1.58 56.40 23.20 62.30 

21.50 60.00 35.10 8.80 32.70 23.30 32.7410148.96 -319.20 
--------------------
T 1.8 
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2206.40 1148.90 513.50 2.16 194.00 -0.28 1.92 1.19 1.00 
7766.00 .04 1.00 100.00 .81 70.20 20.70 70.20 

20.70 90.00 27.70 5.10 53.80 13.40 35.0317631.04 -970.90 
--------------------
T 1.9 

2202.00 1150.00 513.50 2.16 194.00 -0.28 1.92 1.19 1.00 
7766.00 .04 1.00 100.00 100.00 1.15 88.50 21.30 88.50 

21.30 100.00 36.30 4.70 38.60 20.40 16.9623705.60-1197.00 
--------------------
T 1.10 

2198.80 1134.60 513.90 1.87 30.00 -0.31 -4.17 1.24 78.00 
7766.00 .04 .00 73.00 1.24 62.10 18.50 62.10 

18.50 70.00 23.90 11.60 41.50 22.90 29.20 4815.20 -266.00 
--------------------
T 1.11 

2194.60 1126.80 514.50 6.97 20.00 -0.21 1.29 .28 .00 
.00 .02 40.00 7.00 .00 1.32 5.90 20.30 14.30 

10.70 30.00 34.50 9.30 33.80 22.40 46.67 1333.44 59.85 
--------------------
T 1.12 

2187.80 1113.90 516.70 7.17 18.00 .23 .49 -0.45 1.00 
1.00 .00 56.00 10.00 35.00 1.35 8.10 18.80 19.70 

12.10 35.00 36.50 8.90 33.40 21.30 63.25 1370.48 57.19 
--------------------
T 1.13 

2178.20 1095.80 518.40 2.47 37.00 .19 -0.17 -0.69 .00 
.00 .00 74.00 9.00 9.00 1.20 6.00 17.60 13.40 

10.80 30.00 36.80 15.20 33.60 14.50 41.46 1777.92 35.91 
--------------------
T 1.14 

2174.00 1088.00 518.90 2.47 37.00 .19 -0.17 -0.69 .00 
.00 .00 74.00 10.00 33.00 1.45 7.70 16.70 11.20 

11.60 20.00 41.00 10.30 32.80 15.90 48.21 1740.88 37.24 
--------------------
T 2.1 

2244.50 1259.90 520.60 1.40 234.00 .09 .60 -0.16 1.00 
18.00 .00 86.00 11.00 39.00 1.39 12.70 17.50 21.60 
11.70 40.00 45.30 4.90 26.60 23.20 43.27 1259.36 62.51 

--------------------
T 2.2 

2231.00 1236.40 519.80 2.81 245.00 .07 .69 .14 1.00 
1.00 .00 71.00 10.00 39.50 1.32 9.00 21.60 21.30 

16.30 30.00 36.30 10.30 33.50 20.00 37.72 2259.44 7.98 
--------------------
T 2.3 

2217.70 1213.50 518.10 3.75 229.00 -0.12 -5.47 .57 20.00 
109.00 .00 67.00 10.00 59.50 1.55 9.70 19.80 19.50 
14.00 30.00 39.80 4.10 32.50 23.70 47.71 2074.24 17.29 

--------------------
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T 2.4 
2210.20 1200.50 517.80 4.02 211.00 .27 3.04 -0.34 .00 

.00 .00 64.00 10.00 83.00 1.68 10.30 19.30 20.30 
13.40 30.00 35.70 6.00 31.60 26.80 56.30 1518.64 49.21 

--------------------
T 2.5 

2200.60 1183.90 515.60 5.62 201.00 .01 2.57 -0.28 .00 
.00 .00 44.00 10.00 .00 1.29 6.00 14.60 14.50 

10.40 30.00 34.00 7.40 32.20 26.40 47.06 2259.44 7.98 
--------------------
T 2.6 

2193.80 1172.00 514.70 4.17 199.00 -0.14 -2.42 .98 27.00 
27.00 .00 4.00 11.00 10.50 1.49 10.50 20.00 17.60 
10.60 33.00 32.50 6.40 34.20 26.90 55.74 1814.96 31.92 

--------------------
T 2.7 

2187.40 1160.90 513.70 1.46 191.00 -0.29 -2.72 1.06 28.00 
7599.00 .00 3.00 30.00 46.00 1.68 23.10 15.10 23.10 

15.10 30.00 31.60 9.70 34.40 24.30 37.40 7630.24 -266.00 
--------------------
T 2.8 

2184.20 1155.40 513.70 1.46 191.00 -0.29 -2.72 1.06 28.00 
7599.00 .00 3.00 80.00 80.00 1.34 67.10 18.90 67.10 

18.90 80.00 25.40 6.50 44.80 23.30 27.4216112.40 -744.80 
--------------------
T 2.9 

2179.90 1148.00 513.60 1.28 50.00 -0.28 -1.85 1.22 227.00 
7599.00 .01 .00 100.00 100.00 1.12 90.90 20.00 90.90 

20.00 100.00 15.50 9.80 53.50 21.20 12.1422261.04-1130.50 
--------------------
T 2.10 

2175.80 1140.90 513.80 1.28 50.00 -0.28 -1.85 1.40 227.00 
7599.00 .00 .00 60.00 69.50 1.33 72.00 26.00 91.40 

27.80 70.00 41.00 9.80 29.70 19.50 26.1311778.72 -452.20 
--------------------
T 2.11 
2171.70 1133.70 515.20 5.44 27.00 -0.37 -2.01 1.40 6.00 

6.00 .00 8.00 .00 1.53 
37.30 8.70 40.60 13.50 32.74 2889.12 -19.95 

--------------------
T 2.12 

2162.80 1118.40 517.40 7.34 30.00 .17 1.05 -0.68 .00 
.00 .00 47.00 10.00 .00 1.49 8.70 18.50 14.10 

15.30 20.00 39.10 5.60 33.60 21.70 43.24 2703.92 -7.98 
--------------------
T 2.13 

2157.00 1108.40 518.80 4.90 34.00 .28 .75 -0.80 1.00 
1.00 .00 62.00 10.00 6.50 1.25 7.40 18.80 13.70 

16.20 20.00 31.50 8.00 34.60 25.90 53.23 2703.92 .00 
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--------------------
T 2.14 

2148.70 1093.90 519.30 1.52 75.00 .03 4.10 -0.57 .00 
.00 .00 1000.00 10.00 24.00 1.54 8.90 18.30 14.40 

15.50 20.00 43.00 4.90 26.50 25.70 43.81 2296.48 5.32 
--------------------
T 3.1 

2153.40 1179.80 514.20 .65 209.00 -0.36 .28 .04 212.00 
7584.00 .00 2.00 30.00 29.00 1.12 28.50 21.70 28.50 

21.70 30.00 33.70 10.70 35.80 19.70 42.28 6259.76 -199.50 
--------------------
T 3.2 

2143.50 1162.70 513.80 .65 209.00 -0.36 .28 1.49 212.00 
7584.00 .00 2.00 40.50 1.15 

22.60 8.40 55.50 13.50 48.57 7333.92 -239.40 
--------------------
T 4.1 

2058.90 1205.40 514.50 2.21 18.00 -0.38 -0.40 1.27 8.00 
7230.00 .00 3.00 40.00 37.00 1.27 42.10 22.30 42.10 

22.30 40.00 37.60 8.00 38.00 16.50 48.70 8889.60 -279.30 
--------------------
T 4.2 

2058.10 1200.90 514.40 2.21 18.00 -0.38 -0.40 1.27 8.00 
7230.00 .00 3.00 50.00 57.50 1.40 59.40 25.50 59.40 

25.50 50.00 41.10 5.40 41.50 12.00 56.07 6963.52 -292.60 
--------------------
T 4.3 

2056.50 1191.80 514.80 2.21 18.00 -0.38 -0.40 1.10 8.00 
7230.00 .00 3.00 40.00 50.50 1.38 52.00 27.70 61.70 

26.40 50.00 43.40 7.60 38.50 10.60 52.83 7333.92 -159.60 
--------------------
T 5.1 

1980.10 1244.90 515.40 4.25 194.00 -0.21 -1.79 .90 6.00 
6.00 .00 5.00 14.50 14.50 1.50 14.70 21.30 21.70 

14.60 30.00 25.00 9.10 46.40 19.40 60.71 3481.76 -50.54 
--------------------
T 5.2 

1978.40 1238.40 515.20 4.25 194.00 -0.21 -1.79 .90 6.00 
6.00 .01 5.00 10.00 33.00 1.51 11.30 23.60 32.00 

16.20 40.00 28.00 8.70 47.10 16.20 51.52 4815.20 -35.91 
--------------------
T 5.3 

1977.00 1233.40 515.20 1.25 193.00 -0.22 .26 .73 7.00 
7080.00 .02 4.00 10.00 35.00 1.18 8.70 23.30 40.80 

16.90 50.00 38.90 8.30 42.90 10.00 51.33 7445.04 -199.50 
--------------------
T 5.4 

1973.80 1221.40 515.10 1.25 193.00 -0.22 .26 .55 7.00 
7080.00 .02 4.00 40.00 .00 1.46 36.40 19.10 47.00 
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15.50 60.00 46.30 7.20 31.10 15.40 54.46 8704.40 -359.10 
--------------------
T 5.5 

1972.30 1215.80 515.10 1.25 193.00 -0.23 .26 .90 7.00 
7080.00 .01 4.00 30.00 30.50 1.36 31.80 22.30 38.70 

20.30 40.00 29.10 12.30 39.20 19.40 50.77 6148.64 -146.30 
--------------------
T 5.6 

1970.80 1210.20 515.50 1.51 359.00 -0.10 -3.22 .90 15.00 
15.00 .00 5.00 15.00 13.00 1.41 15.70 23.40 20.20 
17.40 25.00 24.00 19.10 39.30 17.60 54.01 2555.76 .00 

--------------------
T 6.1 

1767.20 1263.20 522.70 .69 106.00 .00 15.77 -0.74 .00 
.00 .00 136.00 19.00 28.00 1.52 13.80 14.50 13.80 

14.50 19.00 48.00 11.00 33.60 7.50 24.74 2148.32 15.96 
--------------------
T 6.2 

1804.90 1259.90 522.10 1.54 63.00 .10 4.19 -0.75 .00 
.00 .00 125.00 14.00 19.00 1.47 10.70 16.40 16.10 

14.20 24.00 31.30 10.50 45.40 12.80 35.43 2074.24 18.62 
--------------------
T 6.3 

1841.90 1256.70 521.20 2.41 63.00 .16 2.94 -1.17 .00 
.00 .00 83.00 10.00 .00 1.38 7.10 16.30 11.80 

13.50 20.00 31.40 12.50 44.30 11.70 37.72 963.04 79.80 
--------------------
T 6.4 

1866.50 1245.20 520.30 2.41 124.00 .05 5.69 -1.08 .00 
.00 .00 68.00 10.00 .00 1.56 10.20 20.70 14.10 

14.90 20.00 18.20 9.80 52.60 19.40 51.45 1777.92 34.58 
--------------------
T 6.5 

1884.70 1236.70 519.50 4.27 136.00 .19 6.77 -0.96 .00 
.00 .00 36.00 .00 1.43 

25.20 4.40 60.20 10.20 47.62 1703.84 38.57 
--------------------
T 6.6 

1918.90 1228.70 517.80 2.14 100.00 .15 15.70 -1.21 .00 
.00 .00 29.00 10.00 .00 1.43 9.00 20.00 12.50 

13.50 20.00 24.90 9.20 44.50 21.40 41.98 1185.28 66.50 
--------------------
T 6.7 

1941.70 1230.00 516.00 3.36 98.00 .02 4.70 -0.50 .00 
.00 .00 22.00 20.00 23.00 1.48 22.00 21.90 26.90 

17.80 30.00 28.20 7.60 53.10 11.10 40.31 3148.40 .00 
--------------------
T 6.8 

1952.00 1227.20 515.50 2.16 101.00 -0.17 -0.37 .81 2.00 
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1776.00 .00 6.00 12.50 7.00 1.60 16.50 25.90 21.20 
17.60 22.50 24.90 7.20 48.00 19.90 24.24 1074.16 74.48 

--------------------
T 6.9 

1960.30 1225.00 515.10 .55 148.00 -0.15 -7.89 .85 1229.00 
7080.00 .03 .00 50.00 41.50 1.20 41.00 19.50 41.00 

19.50 50.00 34.00 9.20 39.30 17.50 26.5011149.04 -452.20 
--------------------
T 7.1 

1920.40 1318.80 519.60 3.33 186.00 .02 -0.01 -0.13 1.00 
1.00 .00 46.00 10.50 10.50 1.49 13.70 19.20 18.50 

15.50 25.50 18.60 7.90 51.10 22.40 63.19 1481.60 50.54 
--------------------
T 7.2 

1911.00 1302.50 518.40 4.03 181.00 .22 -0.23 -0.15 85.00 
310.00 .00 34.00 17.00 47.00 1.27 

15.00 8.50 47.70 28.90 67.31 3000.24 -23.94 
--------------------
T 7.3 

1905.50 1293.00 517.90 4.63 178.00 -0.14 -0.55 .52 86.00 
311.00 .00 20.00 7.50 9.00 1.27 7.50 24.80 13.30 

17.70 17.50 21.40 8.70 43.10 26.90 64.83 1963.12 23.94 
--------------------
T 7.4 

1900.60 1284.50 517.10 4.63 178.00 -0.14 -0.55 .52 86.00 
311.00 .05 20.00 10.00 13.00 1.47 7.70 16.50 13.30 

13.70 20.00 18.30 11.60 39.70 30.40 72.44 740.80 91.77 
--------------------
T 7.5 

1896.40 1277.10 517.00 3.24 51.00 -0.38 -1.93 1.41 303.00 
2587.00 .04 1.00 .00 1.46 8.90 19.30 30.00 

15.70 40.00 27.20 9.20 42.30 21.30 50.75 592.64 101.08 
--------------------
T 7.6 

1895.30 1275.30 517.00 3.24 51.00 -0.38 -1.93 1.41 303.00 
2587.00 .04 1.00 10.00 .00 1.78 9.80 17.40 10.30 

9.30 20.00 21.20 7.70 44.60 26.50 48.91 1111.20 71.82 
--------------------
T 7.7 

1894.10 1273.90 517.00 3.24 51.00 -0.38 -1.93 1.41 303.00 
2587.00 .04 1.00 50.00 .00 1.62 40.40 16.20 40.40 

16.20 50.00 22.90 9.00 41.40 26.70 46.38 5741.20 -45.22 
--------------------
T 7.8 

1892.60 1272.30 517.00 3.24 51.00 -0.38 -1.93 1.41 303.00 
2587.00 .04 1.00 7.00 .00 1.41 5.50 17.60 14.10 

9.30 30.00 19.80 10.20 42.50 27.60 59.31 963.04 79.80 
--------------------
T 7.9 
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1890.20 1269.60 517.00 3.24 51.00 -0.38 -1.93 1.41 303.00 
2587.00 .04 1.00 8.00 .00 1.49 7.90 20.90 12.20 

13.10 18.00 20.80 7.20 54.40 17.70 58.33 1481.60 51.87 
--------------------
T 7.10 

1883.50 1262.10 518.50 5.91 53.00 .12 3.08 -0.44 1.00 
1.00 .00 34.00 30.00 .00 1.41 29.50 21.50 29.50 

14.90 31.40 23.60 7.80 49.70 18.90 51.82 3407.68 -45.22 
--------------------
T 7.11 

1876.90 1254.90 519.60 5.08 41.00 .22 -0.22 -0.80 .00 
.00 .00 39.00 10.00 5.00 1.29 7.50 18.40 13.50 

15.30 20.00 31.20 7.00 43.80 18.10 54.84 1074.16 73.15 
--------------------
T 8.1 

1841.00 1303.10 518.70 2.02 153.00 -0.17 -7.04 1.18 284.00 
2568.00 .00 5.00 15.50 76.00 1.39 11.20 23.10 45.50 

19.60 51.00 35.30 7.40 34.00 23.30 50.43 1000.08 77.14 
--------------------
T 8.2 

1840.40 1299.20 518.80 2.02 153.00 -0.17 -7.04 1.18 284.00 
2568.00 .00 5.00 10.00 31.50 1.61 8.50 16.70 17.70 

11.60 30.00 20.90 10.40 49.20 19.50 47.48 222.24 121.03 
--------------------
T 8.3 

1839.80 1295.90 518.90 2.02 153.00 -0.17 -7.04 .83 284.00 
2568.00 .00 5.00 20.50 .00 1.35 24.70 27.00 31.00 

21.80 30.50 16.00 7.90 43.20 32.90 70.51 1037.12 74.48 
--------------------
T 9.1 

1689.20 1292.50 521.80 .99 68.00 .03 -17.63 .86 71.00 
2355.00 .00 22.00 20.00 100.00 1.26 21.70 25.00 34.70 

19.20 40.00 37.70 8.10 35.30 19.00 45.13 3889.20 -41.23 
--------------------
T 9.2 

1689.20 1289.40 521.70 .99 68.00 .03 -17.63 .86 71.00 
2355.00 .00 22.00 15.50 100.00 1.21 14.20 24.00 31.50 

17.70 40.00 37.60 9.10 32.70 20.60 53.45 4333.68 -146.30 
--------------------
T 9.3 

1689.20 1287.60 521.70 .99 68.00 .03 -17.63 .86 71.00 
2355.00 .00 22.00 21.00 74.00 1.32 18.90 22.60 28.90 

16.80 40.00 29.60 10.70 35.60 24.10 57.25 2296.48 5.32 
--------------------
T 9.4 

1689.20 1284.50 521.80 2.84 14.00 .01 -0.10 .86 1.00 
1.00 .00 28.00 9.50 76.50 1.48 

37.20 6.50 33.00 23.50 52.59 1148.24 69.16 
--------------------
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T 9.5 
1689.20 1274.80 522.40 2.84 14.00 .01 -0.10 .20 1.00 

1.00 .00 28.00 11.00 25.50 1.15 
32.20 9.80 39.90 18.00 35.43 1889.04 29.26 

--------------------
T 9.6 

1689.20 1261.10 522.70 1.46 24.00 .14 .47 -0.50 .00 
.00 .00 115.00 11.00 24.50 1.22 8.80 20.70 17.00 

15.90 24.50 33.10 10.70 32.30 23.90 44.00 1666.80 41.23 
--------------------
T10.1 

1537.10 1281.40 524.20 1.25 101.00 -0.09 -14.21 1.00 73.00 
2278.00 .03 1.00 18.00 100.00 1.32 26.30 33.10 37.80 

31.10 29.00 34.80 9.50 33.30 22.50 43.70 2629.84 .00 
--------------------
T10.2 

1537.60 1278.70 524.10 .43 4.00 -0.23 -11.31 .94 79.00 
2284.00 .03 .00 20.50 100.00 1.48 21.40 23.40 41.90 

18.10 50.00 32.50 8.10 35.60 23.80 55.47 1370.48 58.52 
--------------------
T10.3 

1538.30 1274.80 524.00 .43 4.00 -0.23 -11.31 .94 79.00 
2284.00 .04 .00 8.50 15.50 1.34 8.80 24.60 15.90 

20.40 18.50 28.60 10.40 39.40 21.50 49.62 1111.20 70.49 
--------------------
H 1.00 

2382.30 1016.00 508.70 .88 166.00 -0.45 -5.96 1.57 140.00 
7906.00 .00 5.00 100.00 .41 72.10 29.30 72.10 

29.30 58.00 35.10 15.80 29.70 19.50 24.35 4815.20 -551.95 
--------------------
H 2.00 

2327.30 1054.30 510.70 1.80 148.00 -0.06 -20.59 1.58 99.00 
7865.00 .00 15.00 100.00 .48 65.30 34.40 65.30 

34.40 67.00 19.10 24.20 38.20 18.50 59.57 8000.64 -605.15 
--------------------
H 3.00 

2344.80 1013.70 512.00 6.27 44.00 -0.49 -2.68 2.07 9.00 
9.00 .00 8.00 100.00 .88 50.30 30.80 50.30 

30.80 52.00 36.20 8.40 29.90 25.60 20.00 4630.00 -226.10 
--------------------
H 4.00 

2334.20 1066.20 512.80 1.80 148.00 -0.06 -20.59 -0.55 99.00 
7865.00 .00 15.00 100.00 .73 60.90 45.80 66.20 

40.00 63.00 25.60 10.90 39.50 24.10 32.26 4518.88 -199.50 
--------------------
H 5.00 

2320.90 1046.60 510.70 1.80 148.00 -0.06 -20.59 1.58 99.00 
7865.00 .00 15.00 100.00 .81 40.20 55.40 45.60 

42.50 35.00 18.30 15.60 45.50 20.60 52.98 4592.96 -206.15 
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--------------------
H 6.00 

2284.60 1103.30 512.70 .78 178.00 -0.41 -27.99 1.92 57.00 
7823.00 .00 23.00 100.00 .70 67.00 31.90 67.00 

31.90 72.00 21.60 14.20 44.40 19.80 45.3211297.20 -665.00 
--------------------
H 7.00 

2277.80 1091.40 512.30 .78 178.00 -0.41 -27.99 1.82 57.00 
7823.00 .00 23.00 100.00 .74 43.00 31.30 59.90 

34.40 70.00 42.00 4.90 27.30 25.80 24.47 5296.72 -399.00 
--------------------
H 8.00 

2272.80 1082.70 512.70 .78 178.00 -0.41 -27.99 1.78 57.00 
7823.00 .00 23.00 100.00 .62 67.70 30.00 67.70 

30.00 75.00 17.40 14.70 43.30 24.60 47.83 9630.40 -558.60 
--------------------
H 9.00 

2354.90 1031.20 510.00 2.73 167.00 .01 -2.62 1.34 9.00 
9.00 .00 9.00 100.00 .60 35.40 54.00 44.80 

35.60 50.00 11.60 16.20 35.90 36.30 60.96 518.56 -33.25 
--------------------
H10.00 

2361.00 1041.70 510.00 2.73 167.00 .01 -2.62 1.34 9.00 
9.00 .00 9.00 100.00 .52 60.50 50.80 60.50 

50.80 45.00 24.00 18.70 30.50 26.70 73.45 2037.20 -69.16 
--------------------
H11.00 

2383.80 1024.70 510.00 .88 166.00 -0.45 -5.96 1.57 140.00 
7906.00 .00 5.00 100.00 .53 43.30 54.50 43.30 

54.50 30.00 21.00 10.30 50.70 18.00 71.21 481.52 105.07 
--------------------
H12.00 

2380.30 1004.90 509.80 .88 166.00 -0.45 -5.96 .13 140.00 
7906.00 .00 5.00 100.00 1.04 27.60 31.30 27.60 

31.30 30.00 34.10 16.80 25.10 24.00 12.5012297.28 -931.00 
--------------------
s 1.00 

375.40 791.70 533.10 .68 129.00 -0.14 -14.75 .91 145.00 
271.00 .52 .00 10.00 1.45 

6407.92 -66.50 
--------------------
s 2.00 

561.50 681.30 532.60 .86 10.00 -0.07 -2.37 .37 33.00 
87.00 .17 2.00 100.00 1.53 

5518.96 -85.12 
--------------------
s 4.00 

780.20 654.50 531.70 .56 129.00 -0.04 -6.56 .35 10.00 
946.00 .34 2.00 100.00 1.20 
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3259.52 -18.62 
--------------------
8 5.00 

758.30 736.50 531.70 .22 177.00 -0.12 -27.86 .56 100.00 
1175.00 .36 .00 100.00 1.55 

6926.48 -250.04 
--------------------
8 5.10 

769.20 736.50 532.00 .22 177.00 -0.12 -27.86 .56 100.00 
1175.00 .33 .00 100.00 1.15 

2778.00 -19.95 
--------------------
8 5.20 

795.00 736.50 532.30 .62 239.00 .00 .78 -0.03 1.00 
1175.00 .03 14.00 100.00 1.41 

1740.88 37.24 
--------------------
s 5.30 

764.00 775.00 531.70 1.21 162.00 -0.09 -6.50 .58 7.00 
1175.00 .39 1.00 100.00 1.38 

4296.64 -53.20 
--------------------
s 7.00 

1575.20 1122.90 524.00 .48 311.00 -0.13 4.61 .29 .00 
2763.00 .00 145.00 100.00 1.27 

5963.44 -79.80 
--------------------
8 7.10 

1546.20 1103.80 524.00 1.49 112.00 -0.05 -1.20 .43 27.00 
2734.00 .02 149.00 100.00 1.33 

2000.16 22.61 
--------------------
8 8.00 

2247.50 1376.50 520.40 .76 151.00 -0.15 -8.73 .70 78.00 
103.00 .51 .00 100.00 .94 

8593.28 -212.80 
--------------------
8 9.00 

2247.90 1383.80 520.50 .76 151.00 -0.15 -8.73 .70 78.00 
103.00 .42 .00 100.00 1.21 

3889.20 -70.49 
--------------------
810.00 

940.90 747.00 531.30 .34 99.00 .01 -5.52 .25 51.00 
1234.00 .00 1000.00 100.00 1.62 

1074.16 73.15 
--------------------
811.00 

1259.10 994.40 527.90 .83 47.00 .01 -13.02 .56 10.00 
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1476.00 .00 6.00 100.00 1.15 
8111.76 -199.50 

--------------------
812.00 

1360.80 1058.80 527.00 2.02 145.00 -0.15 -2.19 .63 5.00 
5.00 .00 14.00 100.00 1.27 

2852.08 -9.31 
--------------------
812.10 

1360.80 1044.80 526.40 1.88 34.00 -0.11 -3.62 .71 4.00 
1598.00 .00 13.00 100.00 1.25 

2518.72 -6.65 
--------------------
812.20 

1360.80 1041.80 527.00 2.76 17.00 .04 -0.34 -0.05 1.00 
1.00 .00 21.00 100.00 1.37 

3815.12 -50.54 
--------------------
813.00 

1403.90 1261.70 526.00 .71 34.00 -0.16 -5.53 .68 11.00 
2205.00 .01 .00 100.00 1.48 

777.84 90.44 
--------------------
814.00 

1100.40 1230.30 528.20 .47 85.00 .01 -8.72 .21 6.00 
1780.00 .00 32.00 100.00 1.35 

481.52 105.07 
--------------------



270 

B.2. Floral Basin data 

This data listing g1ves, for each sampling site in Floral Basin, the 

measured value for all variables listed in Table 4-4 and the geographical 

coordinates of the site. Sample site locations are shown in Figure B-3. A 

map summarizing the net erosion estimates for each site is given as Figure 

B-4. 

In the variable identification key below, variable names correspond with 

those in Table 4-4 except for variables SITE, XCOR and YCOR. SITE is 

an identification code indicating type and position of sample. Variable 

XCOR is the distance (m) north of the southeast corner of 15-36-4-W3. 

Variable YCOR is the distance (m) west of the same point. 

VARIABLE IDENTIFICATION KEY 

SITE 
XCOR YCOR ELEV GRAD ASPT PROF CONT SHLT LCAT 
GCAT DPTH DISP AHOR CARB BDNS ATOT ACON STOT 
SCON SOLM SAND FSST SILT CLAY DRAT CESM EROS 
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F10.8 F10.4 F10.2 
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Figure B-3: Floral Basin sampling sites 
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Figure B-4: Net eroswn estimates for Floral Basin 
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--------------------
FlO 9 

331.01 907.35 33.63 1.18 317.15 .02 -0.98 .15 1.00 
1.00 .00 1000.00 27.00 17.70 21.80 28.40 

16.10 37.50 1711.11 45.22 
--------------------
FlO 8 

391.92 907.35 33.84 .33 80.95 -0.01 -0.97 -0.20 1.00 
1.00 .00 1000.00 29.50 

2296.29 14.63 
--------------------
FlO 7 

452.83 907.35 33.27 1.49 63.74 .06 -1.57 -0.01 35.00 
35.00 .00 26.00 37.00 24.50 26.60 35.90 
19.70 40.50 2585.18 .00 

--------------------
FlO 6 

513.74 907.35 30.81 .38 7.60 -0.05 -29.40 -0.10 25.00 
3673.00 .81 5.00 31.50 10.00 36.60 70.20 

55.90 37.00 
--------------------
FlO 5 

574.65 907.35 33.07 .56 306.18 .02 4.06 -0.37 .00 
.00 .00 1000.00 14.00 28.00 1.56 13.80 19.80 22.00 

16.10 28.00 2637.03 -2.66 
--------------------
FlO 4 

635.56 907.35 33.51 .56 291.27 .02 -0.64 .29 63.00 
63.00 .00 1002.00 15.50 47.50 1.50 17.50 23.80 34.80 
14.20 47.50 2118.52 23.94 

--------------------
FlO 3 

696.47 907.35 33.83 .30 284.99 .00 -0.52 .09 38.00 
38.00 .00 1002.00 10.50 41.00 1.47 12.20 24.90 24.60 
15.20 34.50 2648.15 -2.66 

--------------------
FlO 2 

757.38 907.35 34.09 .36 310.85 .00 -0.82 -0.26 9.00 
9.00 .00 1002.00 12.50 39.00 1.59 12.90 20.60 21.00 

14.10 30.00 2188.89 21.28 
--------------------
FlO 1 

818.29 907.35 34.42 -0.44 
.00 12.50 30.00 1.52 14.00 23.90 23.80 

16.00 27.50 2011.11 29.26 
--------------------
F 9 9 

331.01 815.90 34.60 .37 20.06 -0.02 1.88 .02 2.00 
2.00 .00 1000.00 17.00 37.50 1.51 21.90 26.90 31.80 
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18.10 37.50 3611.11 -51.87 
--------------------
F 9 8 

391.92 815.90 34.40 .46 38.53 .01 -0.18 .02 1.00 
1.00 .00 1000.00 14.50 40.00 1.45 19.20 29.00 31.90 

18.10 40.00 2677.78 -3.99 
--------------------
F 9 7 

452.83 815.90 33.76 1.15 83.82 .02 .64 -0.04 3.00 
3.00 .00 61.00 17.00 40.50 1.71 18.10 19.70 28.30 

15.50 40.50 2800.00 -10.64 
--------------------
F 9 6 

513.74 815.90 32.01 .65 313.42 -0.18 2.58 -0.16 3.00 
3221.00 .00 6.00 8.50 37.00 1.01 9.20 33.70 47.30 

24.00 47.50 7511.10 -252.70 
--------------------
F 9 5 

574.65 815.90 34.07 .67 .60 .05 5.04 -0.35 .00 
.00 .00 1000.00 9.00 47.00 1.61 16.00 22.50 23.90 

15.40 29.50 2714.81 -6.65 
--------------------
F 9 4 

635.56 815.90 33.99 .62 328.51 .00 -0.31 -0.16 10.00 
10.00 .00 1000.00 15.00 34.50 1.23 16.20 26.80 26.00 
16.60 34.50 2937.03 -17.29 

--------------------
F 9 3 

696.47 815.90 34.31 .44 328.71 .00 .03 -0.29 10.00 
10.00 .00 1000.00 14.00 41.50 1.53 19.40 28.60 39.80 
20.00 41.50 3018.52 -21.28 

--------------------
F 9 2 

757.38 815.90 34.51 .32 316.97 .00 -0.98 .53 5.00 
5.00 .00 1002.00 10.00 29.00 1.70 13.80 25.60 24.20 

16.70 29.00 2277.78 15.96 
--------------------
F 9 1 

818.29 815.90 35.07 .97 300.05 .00 -0.08 .33 7.00 
7.00 .00 1002.00 12.00 43.50 1.44 13.20 24.20 27.80 

16.60 34.50 2211.11 19.95 
--------------------
F 8 9 

331.01 724.45 33.64 1.46 240.77 -0.08 -4.49 -0.07 3.00 
181.00 .29 6.00 12.00 35.50 1.61 13.10 21.60 20.00 
16.40 24.50 2414.81 9.31 

--------------------
F 8 8 

391.92 724.45 34.77 1.78 157.08 .13 3.51 .10 .00 
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.00 .00 1000.00 14.50 42.50 1.93 9.70 13.90 16.80 
12.60 26.50 1637.04 49.21 

--------------------
F 8 7 

452.83 724.45 33.20 2.36 177.87 -0.04 .97 -0.02 2.00 
2.00 .00 9.00 18.50 100.00 1.60 28.50 30.20 49.70 

30.80 35.50 1740.74 43.89 
--------------------
F 8 6 

513.74 724.45 32.43 1.85 267.65 -0.19 -0.88 .17 4.00 
3153.00 .11 2.00 83.00 .00 

8240.73 -289.94 
--------------------
F 8 5 

574.65 724.45 34.83 1.25 322.56 .01 .57 -0.09 2.00 
2.00 .00 1000.00 11.00 28.50 1.41 9.80 20.30 18.00 

13.80 28.50 2366.66 11.97 
--------------------
F 8 4 

635.56 724.45 35.18 .79 343.14 -0.01 .82 -0.18 .00 
.00 .00 1000.00 9.00 23.50 1.62 7.60 16.60 14.40 

12.40 23.50 2259.26 17.29 
--------------------
F 8 3 

696.47 724.45 35.25 .71 2.65 .01 .28 .02 4.00 
4.00 .00 1000.00 14.50 34.50 1.53 14.50 20.70 23.10 

13.90 34.50 2288.89 15.96 
--------------------
F 8 2 

757.38 724.45 35.17 .72 356.38 .00 -1.15 .08 4.00 
4.00 .00 1000.00 12.00 51.50 1.46 13.30 22.30 27.50 

14.60 41.00 2392.59 10.64 
--------------------
F 8 1 

818.29 724.45 35.67 .85 310.49 -0.01 .14 .12 4.00 
4.00 .00 1002.00 8.00 21.50 1.59 8.90 21.80 17.40 

16.60 21.50 2425.92 7.98 
--------------------
F 7 9 

331.01 633.00 34.97 .56 79.47 .02 2.41 .01 .00 
.00 .00 125.00 12.50 26.50 1.43 9.80 17.50 20.60 

16.10 26.50 2392.59 10.64 
--------------------
F 7 8 

391.92 633.00 33.82 .99 42.46 -0.02 -5.02 -0.04 108.00 
696.00 .00 18.00 12.50 30.00 1.57 10.70 17.70 20.80 
15.80 28.50 718.52 95.76 

--------------------
F 7 7 
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452.83 633.00 33.04 1.62 325.74 -0.02 -9.30 -0.03 29.00 
2159.00 .00 3.00 15.50 100.00 1.38 14.40 21.30 29.90 

21.80 31.00 540.74 105.07 
--------------------
F 7 6 

513.74 633.00 34.73 2.47 187.90 .04 .50 -0.09 1.00 
1.00 .00 13.00 14.50 22.00 1.46 14.60 21.30 24.10 

20.50 25.00 1948.15 33.25 
--------------------
F 7 5 

574.65 633.00 34.76 .99 236.57 -0.02 -6.08 .06 15.00 
15.00 .00 10.00 22.50 60.00 1.55 29.60 26.90 41.30 
20.00 41.00 3088.89 -25.27 

--------------------
F 7 4 

635.56 633.00 35.58 .33 261.13 .01 .34 .53 1.00 
1.00 .00 51.00 10.50 20.00 1.56 10.00 19.30 16.40 

17.00 25.00 2214.81 19.95 
--------------------
F 7 3 

696.47 633.00 35.72 .63 183.38 -0.05 .21 -0.08 1.00 
1.00 .00 1000.00 15.00 36.50 1.65 17.20 21.90 32.60 

17.90 36.50 3211.11 -31.92 
--------------------
F 7 2 

757.38 633.00 35.91 .51 200.36 .03 .02 .19 .00 
.00 .00 27.00 10.00 56.00 1.76 9.70 17.60 16.00 

10.20 34.00 2270.37 15.96 
--------------------
F 7 1 

818.29 633.00 35.99 .04 209.11 .00 8.33 .08 .00 
.00 .00 82.00 12.50 30.50 1.83 10.30 13.90 19.10 

11.20 30.50 2185.18 21.28 
--------------------
F 6 9 

331.01 541.55 35.11 .62 29.51 .00 -1.13 .02 7.00 
7.00 .00 69.00 11.50 36.00 1.44 17.50 33.40 33.80 

19.80 36.00 792.59 91.77 
--------------------
F 6 8 

391.92 541.55 35.31 .45 296.34 .02 -0.33 .04 .00 
.00 .00 91.00 11.50 40.00 1.39 22.80 31.70 33.90 

20.90 35.00 3892.59 -66.50 
--------------------
F 6 7 

452.83 541.55 35.61 .36 357.19 .02 1.13 -0.04 .00 
.00 .00 190.00 19.50 45.00 1.62 25.70 25.70 35.90 

17.50 39.50 3381.48 -39.90 
--------------------
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F 6 6 
513.74 541.55 35.02 1.61 78.91 .04 .60 -0.33 .00 

.00 .00 24.00 7.00 19.00 1.88 7.40 17.50 16.20 
10.30 28.00 1681.48 46.55 

--------------------
F 6 5 

574.65 541.55 35.26 1.82 302.90 .07 -0.32 .27 1.00 
1.00 .00 21.00 12.00 35.00 1.63 11.40 18.30 22.20 

12.50 35.00 2051.85 27.93 
--------------------
F 6 4 

635.56 541.55 35.71 .26 296.37 -0.01 1.66 .29 1.00 
1.00 .00 78.00 10.50 30.50 1.71 9.70 17.10 19.90 

12.10 30.50 2533.33 2.66 
--------------------
F 6 3 

696.47 541.55 35.75 .45 7.01 -0.01 -0.35 .03 3.00 
3.00 .00 78.00 12.00 33.00 1.59 13.50 22.40 24.90 

14.90 33.00 2762.96 -9.31 
--------------------
F 6 2 

757.38 541.55 35.88 .36 332.89 .01 -0.24 -0.05 1.00 
1.00 .00 98.00 13.50 29.50 1.28 17.10 22.60 25.10 

17.50 29.50 2296.29 14.63 
--------------------
F 6 1 

818.29 541.55 35.92 .09 279.55 .00 -6.10 -0.03 36.00 
556.00 .00 38.00 12.50 23.50 1.49 14.10 24.00 19.20 

17.20 23.50 1940.74 33.25 
--------------------
F 5 9 

331.01 450.10 35.48 .30 48.08 -0.01 .44 -0.02 1.00 
1.00 .00 1000.00 16.50 39.00 1.58 20.20 24.40 33.90 

17.10 39.00 2892.59 -15.96 
--------------------
F 5 8 

391.92 450.10 35.31 .15 146.63 .01 -5.19 -0.02 17.00 
588.00 .02 7.00 14.00 34.50 1.39 15.00 24.70 23.00 

15.40 29.50 2996.29 -21.28 
--------------------
F 5 7 

452.83 450.10 35.54 .48 230.56 .01 .32 -0.07 1.00 
1.00 .00 161.00 21.00 37.00 1.47 26.30 26.30 26.30 

26.30 21.00 2296.29 14.63 
--------------------
F 5 6 

513.74 450.10 35.04 2.39 50.36 .02 -1.84 .01 1.00 
1.00 .00 5.00 15.50 29.50 1.76 15.80 30.00 25.90 

24.10 21.00 1437.04 59.85 
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--------------------
F 5 5 

574.65 450.10 34.78 .58 185.79 -0.18 3.71 -0.39 .00 
1238.00 .00 8.00 36.50 100.00 1.16 44.80 33.20 44.80 

33.20 31.50 4718.51 -109.06 
--------------------
F 5 4 

635.56 450.10 34.77 1.00 214.65 -0.03 -1.32 .04 8.00 
1238.00 .01 7.00 12.00 18.00 1.55 15.70 27.00 19.60 

16.70 23.00 3437.03 -43.89 
--------------------
F 5 3 

696.47 450.10 36.26 1.00 230.50 .06 3.30 .01 .00 
.00 .00 41.00 10.00 14.50 1.45 8.70 19.00 11.00 

15.60 14.50 1762.96 42.56 
--------------------
F 5 2 

757.38 450.10 36.29 .66 359.07 .02 -0.48 -0.04 .00 
.00 .00 190.00 9.50 28.00 1.56 11.00 23.40 18.60 

13.90 27.00 2051.85 27.93 
--------------------
F 5 1 

818.29 450.10 36.57 .56 334.90 .01 -0.11 .05 6.00 
6.00 .00 276.00 15.00 39.00 1.49 15.70 22.40 24.80 

15.00 34.50 1911.11 34.58 
--------------------
F 4 9 

331.01 358.65 36.13 .52 35.74 .01 -0.16 -0.12 22.00 
204.00 .00 1000.00 10.50 100.00 1.46 8.70 17.90 16.00 
12.50 26.00 892.59 87.78 

--------------------
F 4 8 

391.92 358.65 35.89 .92 14.77 .02 .35 .17 .00 
.00 .00 1000.00 8.00 16.50 1.55 6.20 15.90 10.70 

12.20 16.50 1277.78 67.83 
--------------------
F 4 7 

452.83 358.65 35.73 1.45 358.01 -0.02 -0.29 .24 4.00 
4.00 .00 156.00 19.00 44.00 1.51 24.60 26.40 24.60 

26.40 19.00 2551.85 2.66 
--------------------
F 4 6 

513.74 358.65 35.63 1.49 1.49 -0.02 -0.02 .51 2.00 
2.00 .00 33.00 11.00 34.50 1.43 17.10 27.30 24.20 

13.60 35.00 1951.85 33.25 
--------------------
F 4 5 

574.65 358.65 35.11 .74 93.37 .02 -5.24 .06 16.00 
16.00 .00 20.00 21.50 43.50 1.66 19.30 16.20 19.30 
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16.20 21.50 2081.48 26.60 
--------------------
F 4 3 

696.47 358.65 35.97 1.92 227.13 .02 2.06 .06 1.00 
1.00 .00 39.00 17.50 48.50 1.51 14.10 23.70 34.50 

15.20 48.50 2414.81 9.31 
--------------------
F 4 2 

757.38 358.65 36.07 1.20 178.73 .05 .08 .08 2.00 
2.00 .00 58.00 41.50 100.00 1.44 51.50 27.00 51.50 

27.00 41.50 4651.85 -105.07 
--------------------
F 4 1 

818.29 358.65 36.62 1.44 240.65 .02 1.42 -0.01 1.00 
1.00 .00 59.00 12.00 22.50 1.50 12.30 21.50 18.60 

16.50 22.50 1877.78 37.24 
--------------------
F 3 9 

331.01 267.20 36.96 .37 33.05 .00 1.87 .13 .00 
.00 .00 1000.00 7.00 22.50 1.92 5.00 11.80 14.20 

11.10 22.50 1537.04 54.53 
--------------------
F 3 8 

391.92 267.20 36.54 .32 61.27 -0.01 -0.29 .10 2.00 
2.00 .00 1000.00 12.50 100.00 1.66 13.80 21.10 26.00 

13.80 34.50 2766.66 -9.31 
--------------------
F 3 7 

452.83 267.20 37.12 .92 301.41 .00 .43 .58 1.00 
1.00 .00 1000.00 9.50 22.00 1.81 8.60 12.70 14.50 

10.50 24.00 2503.70 3.99 
--------------------
F 3 6 

513.74 267.20 37.18 .03 60.13 -0.01 -1.04 .82 .00 
13.00 .00 217.00 8.00 27.50 2.03 7.70 15.20 15.60 
10.60 27.50 1762.96 42.56 

--------------------
F 3 5 

574.65 267.20 36.42 2.30 56.16 -0.01 -0.14 -0.18 .00 
.00 .00 33.00 8.00 13.00 1.55 8.30 21.20 13.10 

21.10 13.00 1503.70 55.86 
--------------------
F 3 4 

635.56 267.20 36.16 2.01 313.11 .04 -0.67 -0.09 1.00 
1.00 .00 39.00 6.50 22.50 1.79 7.40 20.00 16.90 

14.50 22.50 2329.63 13.30 
--------------------
F 3 3 

696.47 267.20 36.21 1.19 9.39 -0.03 .33 -0.03 9.00 
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57.00 .00 59.00 13.50 23.00 1.49 12.30 13.80 19.50 
11.70 37.50 3007.40 -21.28 

--------------------
F 2 9 

331.01 175.75 37.38 .74 19.02 .00 -0.74 -0.03 17.00 
17.00 .00 1000.00 13.50 23.00 1.71 9.60 13.30 15.10 
12.10 23.00 2992.59 -19.95 

--------------------
F 2 8 

391.92 175.75 37.53 .69 330.13 .03 -0.65 -0.01 14.00 
14.00 .00 1000.00 14.50 26.50 1.74 10.90 13.60 17.60 
11.80 26.50 2425.92 7.98 

--------------------
F 2 7 

452.83 175.75 37.94 .46 285.92 .01 -2.18 -0.10 2.00 
2.00 .00 1000.00 15.50 61.50 1.54 16.30 21.50 29.20 

15.00 39.00 3014.81 -21.28 
--------------------
F 2 6 

513.74 175.75 37.59 1.51 83.64 .08 .95 .37 .00 
.00 .00 58.00 11.50 19.00 1.73 12.30 19.50 16.50 

16.30 19.00 2170.37 21.28 
--------------------
F 2 5 

574.65 175.75 37.16 1.90 314.73 .04 1.69 -0.25 1.00 
1.00 .00 47.00 18.00 36.00 1.66 16.60 17.20 22.60 

14.80 29.00 3137.03 -27.93 
--------------------
F 2 4 

635.56 175.75 38.04 1.62 329.18 -0.01 .90 .03 2.00 
2.00 .00 183.00 8.00 46.00 1.92 7.70 15.80 22.90 
9.60 46.00 2066.66 26.60 

--------------------
F 2 3 

696.47 175.75 38.24 2.30 18.48 .04 .70 .02 3.00 
3.00 .00 174.00 8.00 37.00 1.70 5.20 12.00 30.90 

15.50 37.00 1800.00 41.23 
--------------------
F 2 2 

757.38 175.75 37.29 .71 232.54 -0.11 1.11 .04 1.00 
1.00 .00 6.00 7.50 23.00 1.61 6.50 16.90 32.30 

12.30 53.00 1462.96 58.52 
--------------------
F 2 1 

818.29 175.75 36.51 .74 12.21 -0.05 -2.73 -0.02 6.00 
6.00 .00 78.00 38.00 38.00 1.52 38.60 26.80 38.60 

26.80 33.00 2492.59 5.32 
--------------------
F 1 8 
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397.82 164.74 37.64 .37 338.13 -0.01 -1.89 -0.05 13.00 
13.00 .00 1000.00 13.00 20.00 1.78 9.70 13.10 13.50 
11.70 20.00 2311.11 14.63 

--------------------
F 1 7 

457.66 154.47 38.18 .41 17.16 -0.02 6.07 -0.14 .00 
.00 .00 1000.00 18.00 35.50 1.80 17.30 16.90 27.30 

13.60 36.00 2822.22 -11.97 
--------------------
F 1 5 

577.29 134.63 37.13 1.43 228.93 -0.02 2.15 -0.33 1.00 
1.00 .00 53.00 20.00 50.00 1.22 26.70 34.50 46.80 

23.50 50.00 3103.70 -26.60 
--------------------
F 1 4 

638.31 124.33 38.78 2.41 208.92 .11 -0.53 .04 1.00 
1.00 .00 174.00 11.50 30.50 1.74 9.50 15.00 18.10 

14.50 23.00 1403.70 61.18 
--------------------
F 1 3 

698.85 114.54 39.03 .64 187.88 .08 -1.73 -0.01 .00 
.00 .00 341.00 8.00 32.00 1.74 6.90 15.70 16.70 

10.40 32.00 1770.37 42.56 
--------------------
F 1 2 

757.73 104.49 38.98 1.17 350.42 .07 -0.47 .00 .00 
.00 .00 179.00 8.00 17.00 1.59 7.80 19.50 13.90 

16.60 17.00 2007.41 30.59 
--------------------
F 1 1 

818.02 94.70 39.80 1.73 4.11 .10 .70 .00 
.00 .00 1000.00 9.50 63.00 1.50 11.90 25.70 26.50 

16.30 33.50 1537.04 54.53 
--------------------
G 1 1 

435.00 645.00 32.60 1.14 41.34 -0.17 -6.13 -0.08 159.00 
3094.00 .06 17.00 33.50 100.00 1.57 

1470.37 55.86 
--------------------
G 1 2 

405.00 645.00 33.56 .99 59.41 .03 -3.04 -0.01 112.00 
700.00 .00 18.00 24.50 1.55 

.00 133.00 
--------------------
G 1 3 

390.00 630.00 33.82 .99 42.46 -0.02 -5.02 -0.04 108.00 
696.00 .00 30.00 65.00 1.60 

.00 133.00 
--------------------
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G 1 4 
375.00 615.00 34.32 .86 32.17 .04 -5.30 -0.02 94.00 
682.00 .00 31.00 19.50 1.46 

.00 133.00 
--------------------
G 1 5 

360.00 600.00 34.45 .42 48.99 -0.01 -10.63 .02 93.00 
681.00 .00 36.00 30.00 1.72 

411.11 111.72 
--------------------
G 1 6 

360.00 570.00 34.76 .71 325.32 -0.02 -2.24 .04 43.00 
631.00 .00 .00 16.00 47.00 1.28 

622.22 102.41 
--------------------
G 2 1 

525.00 600.00 33.55 .24 59.60 -0.14 -9.05 .18 107.00 
2130.00 .38 7.00 62.50 100.00 1.47 

9403.69 -399.00 
--------------------
G 2 2 

540.00 615.00 34.15 1.28 220.30 .04 -5.54 .18 45.00 
779.00 .00 15.00 25.00 100.00 1.43 

925.93 85.12 
--------------------
G 2 3 

570.00 615.00 34.86 1.19 286.94 .01 -0.66 .19 18.00 
752.00 .00 24.00 13.50 36.50 1.42 

803.70 91.77 
--------------------
G 2 4 

600.00 615.00 35.36 .66 285.48 .03 -1.17 .02 6.00 
740.00 .00 47.00 12.00 45.00 1.44 

622.22 102.41 
--------------------
G 2 5 

630.00 615.00 35.56 .25 273.02 .01 -2.24 .45 2.00 
736.00 .00 33.00 10.50 19.00 1.39 

1144.44 74.48 
--------------------
X 1 0 

570.00 210.00 36.31 .69 36.31 -0.11 -2.04 .00 1.00 
243.00 .00 33.00 39.00 100.00 1.22 

1566.67 .00 
--------------------
X 1 1 

564.00 216.00 36.31 .69 36.31 -0.11 -2.04 .00 1.00 
243.00 .00 33.00 33.50 100.00 1.35 

4059.26 -75.81 
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--------------------
X 1 2 

576.00 204.00 36.31 .69 36.31 -0.11 -2.04 .00 1.00 
243.00 .00 33.00 26.50 63.00 1.46 

3370.37 -39.90 
--------------------
X 1 3 

558.00 222.00 37.38 1.56 37.38 .12 3.52 -0.27 .00 
.00 .00 53.00 15.50 23.50 1.83 

3662.96 -54.53 
--------------------
X 2 0 

540.00 450.00 34.20 1.06 34.20 -0.15 -7.66 .33 13.00 
1281.00 .39 1.00 36.50 100.00 1.27 

6192.59 -184.87 
--------------------
X 2 1 

535.70 445.70 34.20 1.06 34.20 -0.15 -7.66 .33 13.00 
1281.00 .39 1.00 29.50 100.00 1.26 

5103.70 -129.01 
--------------------
X 2 2 

544.30 454.30 34.20 1.06 34.20 -0.15 -7.66 .33 13.00 
1281.00 .39 1.00 37.00 100.00 1.14 

4270.37 -86.45 
--------------------
X 2 3 

531.40 441.40 35.19 2.28 35.19 .11 -1.80 .32 2.00 
2.00 .00 16.00 19.50 38.50 1.40 

2640.74 -2.66 
--------------------
X 2 4 

548.60 458.60 35.05 2.11 35.05 .02 1.37 -0.27 1.00 
1.00 .00 28.00 16.00 100.00 1.49 

3303.70 -35.91 
--------------------
X 3 0 

465.00 630.00 33.63 1.72 33.63 .00 -2.27 -0.12 15.00 
2145.00 .00 4.00 17.00 100.00 1.15 

570.37 103.74 
--------------------
X 3 1 

460.70 625.70 33.63 1.72 33.63 .00 -2.27 -0.12 15.00 
2145.00 .00 4.00 100.00 1.34 

2100.00 25.27 
--------------------
X 3 2 

469.30 634.30 33.63 1.72 33.63 .00 -2.27 -0.12 15.00 
2145.00 .00 4.00 100.00 1.47 
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4096.29 -77.14 
--------------------
D 1 0 

810.00 285.00 35.34 .25 35.34 -0.04 -16.14 -0.04 82.00 
609.00 .32 .00 26.50 41.00 1.32 

7333.33 -243.39 
--------------------
D 1 11 

804.00 285.00 35.34 .25 35.34 -0.04 -16.14 -0.04 82.00 
609.00 .32 .00 100.00 1.29 

6096.29 -179.55 
--------------------
D 1 12 

800.00 285.00 35.60 .42 35.60 .03 -4.11 .02 2.00 
609.00 .05 5.00 100.00 1.39 

4792.59 -113.05 
--------------------
D 1 13 

794.00 285.00 35.60 .42 35.60 .03 -4.11 .02 2.00 
609.00 .05 5.00 100.00 1.15 

3566.66 -50.54 
--------------------
D 1 21 

816.00 285.00 35.34 .25 35.34 -0.04 -16.14 -0.04 82.00 
609.00 .32 .00 100.00 1.22 

4822.22 -114.38 
--------------------
D 1 22 

822.00 285.00 35.49 .88 35.49 -0.06 -1.59 -0.08 4.00 
609.00 .16 3.00 100.00 1.33 

5011.11 -123.69 
--------------------
D 1 23 

826.00 285.00 35.49 .88 35.49 -0.06 -1.59 -0.08 4.00 
609.00 .16 3.00 100.00 1.19 

5566.66 -152.95 
--------------------
D 1 31 

810.00 291.00 35.34 .25 35.34 -0.04 -16.14 -0.04 82.00 
609.00 .32 .00 100.00 1.01 

6674.07 -208.81 
--------------------
D 1 32 

810.00 295.00 35.54 .77 35.54 -0.04 -3.98 -0.09 7.00 
609.00 .11 4.00 100.00 1.36 

5166.66 -131.67 
--------------------
D 1 41 

810.00 279.00 35.34 .25 35.34 -0.04 -16.14 -0.04 82.00 



285 

609.00 .32 .00 100.00 1.22 
5944.44 -171.57 

--------------------
D 1 42 

810.00 275.00 35.44 .64 35.44 -0.07 -4.84 .03 5.00 
609.00 .21 1.00 100.00 1.47 

4674.07 -106.40 
--------------------
D 2 0 

900.00 615.00 35.94 .05 35.94 .00 -1.23 -0.18 .00 
520.00 .02 6.00 30.00 100.00 1.31 

5,566. 66 -152. 95 
--------------------
D 2 11 

894.00 615.00 35.94 .05 35.94 .00 -1.23 -0.18 .00 
520.00 .02 6.00 34.00 100.00 1.54 

1959.26 .00 
--------------------
D 2 12 

889.00 615.00 35.94 .05 35.94 .00 .44 -0.07 .00 
520.00 .02 4.00 15.50 100.00 1.38 

3148.15 -27.93 
--------------------
D 2 21 

906.00 615.00 35.94 .05 35.94 .00 -1.23 -0.18 .00 
520.00 .02 6.00 41.00 100.00 1.11 

5774.07 -163.59 
--------------------
D 2 22 

910.00 615.00 35.95 .08 35.95 .00 1.07 -0.13 .00 
520.00 .01 13.00 100.00 1.15 

4922.22 -119.70 
--------------------
D 2 31 

900.00 621.00 35.94 .05 35.94 .00 -1.23 -0.18 .00 
520.00 .02 6.00 100.00 1.37 

4744.44 -110.39 
--------------------
D 2 32 

900.00 626.00 35.95 .05 35.95 .00 -2.64 -0.38 2.00 
520.00 .02 7.00 20.00 63.00 1.35 

3548.14 -49.21 
--------------------
D 2 41 

900.00 609.00 35.94 .05 35.94 .00 -1.23 -0.18 .00 
520.00 .02 6.00 16.50 100.00 1.21 

5340.74 -140.98 
--------------------
D 2 42 



286 

900.00 607.00 35.92 .03 35.92 
520.00 .05 .00 100.00 

4029.63 -73.15 

.00 -19.97 
1.31 

.11 59.00 
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