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Abstract

The 137Cs technique has greatly expanded our knowledge of the topography–soil redistribution relationship. For the tech-
nique to be useful in upscaling of process models and regional-scale conservation planning, we must be able to show that
a consistent relationship exists between 137Cs-derived soil redistribution rates and terrain attributes in a given region. In
this paper, the association between 137Cs-derived soil redistribution rates and quantitatively defined landform elements was
examined at nine hummocky terrain sites in southern Saskatchewan, Canada. Shoulder (SH) elements with convex plan cur-
vatures had the highest mean soil loss rates of 33 t ha−1 yr−1, followed closely by other SH and backslope (BS) elements. The
erosional behavior of level elements (i.e. those with gradients less than 3◦) was highly dependent on the specific dispersal
area (SDA) of the element—elements with high dispersal areas were dominantly erosional (mean soil loss of 14 t ha−1 yr−1),
whereas level elements with low dispersal areas were depositional (mean soil gain of 15 t ha−1 yr−1). Doubly concave foots-
lope (FS) elements had mean soil gain of 10 t ha−1 yr−1. The dispersion of values across the nine sites was much greater for
the depositional units than the erosional units, indicating a complex relationship between deposition and terrain attributes in
the depositional units. The results clearly indicate that regional-scale patterns of soil redistribution can be developed using
the 137Cs technique.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

One of the most significant contributions of the
137Cs redistribution technique has been a greater un-
derstanding of the relationship between topography
and erosion. 137Cs played a critical role in indicat-
ing deficiencies in our understanding of the spatial
patterns of soil loss and gain in the landscape that
lead to the recognition of the importance of tillage
translocation (Govers et al., 1999). The continued
application of the technique has highlighted the need
to simultaneously account for the effects on water
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erosion and tillage translocation in many cultivated
landscapes (Quine, 1999).
The value of 137Cs in establishing the medium-term

pattern of soil redistribution is firmly established. If,
however, the 137Cs technique is to have a broader ap-
plication in management decisions such as soil conser-
vation planning and soil quality assessment, we must
be able to demonstrate the existence of consistent,
regional-scale associations between terrain attributes
and soil redistribution rates calculated from 137Cs
redistribution. If a consistent landform-redistribution
association exists, then the likely process controls
creating the pattern can be assessed. My objective in
this paper is to develop a regional-scale synthesis of
137Cs-derived redistribution rates for a major terrain
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type in the prairie region of Canada, and to assess the
process controls on the rates of redistribution.

2. Terrain attributes and soil redistribution

Recent research on the relationship between soil
redistribution and topography has been greatly aided
by the ease with which terrain attributes can be de-
rived from any digital elevation model (DEM). The
creation of a DEM involves interpolation of an el-
evation surface from point elevations or from exist-
ing topographical databases. The resolution of the
created DEM and the specific interpolator used ex-
ert a considerable influence on the final DEM and
hence any attributes derived from it (Schoorl et al.,
2000). Increasing the coarseness of the DEM tends
to cause a decrease in mean slope and an increase in
catchment area (Wolock and McCabe, 2000) and an
overall increase in erosion predictions and underes-
timation of resedimentation within the site (Schoorl
et al., 2000). For erosion modeling, Schoorl et al.
(2000) found that running the models at different
resolutions yielded considerable insights about model
performance.
The most commonly used terrain attributes used

can be divided into three groups: morphological; posi-
tional; compound (Table 1). The relevance of any par-
ticular terrain attribute for soil redistribution depends
on both the overall landform shape and the specific
redistribution processes operating in the landscape.

Table 1
Description of terrain attributes

Attribute Description

Elevation Elevation above sea level or a local datum (m)
Relief The elevation difference between the highest elevation in the site and the elevation of a given cell or the

lowest point in the site overall (m)
Gradient Slope between the landsurface and a horizontal plane at a given point (mm−1, degrees or percent)
Aspect The compass direction that the slope segment is facing (degrees)
Profile curvature DS curvature of a slope segment; by convention convex curvatures are assigned positive values and concave

curvatures negative values (degrees m−1)
Plan curvature Across-slope or contour curvature of the slope segment; by convention convex curvatures are assigned

positive values and concave curvatures negative values (degrees m−1)
Slope length The distance from the point of flow origin (typically a drainage divide) to the specific landform segment (m)
SCA The area upslope of a contour segment that contributes flow to that segment divided by the length of the

segment (m2 m−1)
SDA The area downslope of a contour segment that can receive flow from that segment divided by the length of

the segment (m2 m−1)

The importance of landform shape has recently
been emphasized in the spatial organization frame-
work presented by Western et al. (1999). They recog-
nize three levels of increasing spatial organization: (1)
continuity (organization that can be captured statisti-
cally using the tools of geostatistics); (2) connectivity,
where points are connected by discrete flow paths; (3)
convergence, where a complex branching structure of
flow lines occurs.
Soil redistribution by water erosion processes can

be readily placed into the framework of connectiv-
ity and convergence (Figs. 1 and 2). The dominant
hydrological controls on the rates of water erosion
processes are discharge (typically simplified to the
depth of flow) and slope gradient (e.g. Govers, 1985).
Slope gradient is of relevance across all landform
types, but the particular attribute used as a surro-
gate for depth of flow differs depending on overall
landform shape. In an inclined landscape, only two
morphological attributes are necessary—gradient and
profile curvature (Fig. 1). In the rectilinear backslope
(BS) portion of the landscape, the gradient is essen-
tially constant, and the primary positional attribute of
relevance is slope length (Fig. 1). Under conditions of
spatially unvarying production of saturation overland
flow, flow depth will increase downslope, and hence
the potential for flow detachment and transport will
increase downslope (Moore and Burch, 1986). These
rectilinear BSs were the sole experimental unit used
for the development of the universal soil loss equation
(USLE), and only slope gradient and slope length
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Fig. 1. Schematic diagram of surface water flow patterns on an inclined surface. The size of arrows indicate the depth of water flow at
that point on the surface.

(i.e. the compound LS factor) were used to calculate
the effect of topography on erosion rates in the USLE
and revised USLE (Renard et al., 1997).
Clearly the applicability of a two-dimensional

terrain attribute such as the LS factor decreases in
landscapes that have convergence of flow paths result-
ing from significant plan curvature (Fig. 2). In these
landscapes, slope length alone is of limited relevance
because the convergence or divergence of flow ups-
lope (Moore and Burch, 1986). The terrain attributes
typically used as surrogate measures for flow depth
in landscapes with significant plan curvature are
catchment area and dispersal area (Table 1). Several
approaches exist to calculate these attributes (Moore
and Grayson, 1991; Freeman, 1991; Costa-Cabral
and Burges, 1994). Specific catchment area (SCA)
and specific dispersal area (SDA) as calculated using
DEMON (Costa-Cabral and Burges, 1994) are used
in this paper. SCA is the area upslope from a given
slope segment (i.e. which contributes flow to it) SDA
is the area downslope of the segment. Attributes such
as SCA and SDA are of particular relevance in land-
scapes that lack appreciable rectilinear slopes such

as the hummocky surfaces reported on in this study
(Fig. 3).
Although many studies exploring the details of the

physical relationships governing tillage translocation
of soil have appeared over the past several years,
the fundamental understanding of the topographical
controls on the occurrence of tillage redistribution is
largely in place (Govers et al., 1999). Whether a point
loses or gains soil by tillage translocation depends on
the change in slope gradient between the boundaries
of the segment (i.e. the profile curvature) (Govers
et al., 1999). Soil loss due to tillage occurs on convex-
ities, and soil gain in concavities. Rectilinear BSs are
dominated by transport of soil, and no net change in
the mass of soil occurs. Therefore the spatial pattern
of soil redistribution due to tillage translocation will
closely map to the pattern of profile curvature in the
landscape (Fig. 4).
Two broad approaches to using terrain attributes

in soil erosion research exist. The first uses the ter-
rain attributes to develop quantitative relationships
between specific terrain attributes or combinations of
attributes and either soil redistribution directly or the
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Fig. 2. Schematic diagram of surface water flow on a surface with significant plan curvature leading to convergence and divergence of
flow paths. The size of arrows indicate the depth of water flow at that point on the surface.

hydrological processes controlling erosion rates.
Quine (1999) has emphasized the need to simultane-
ously model the effect of topography on water erosion
and on tillage translocation for realistic simulations
of combined erosion impact on landscapes.
The focus of this paper is on the second use of

terrain attributes, which examines the association be-
tween soil redistribution and quantitatively defined
landform segments. The development of landform seg-
mentation procedures was most recently summarized
by Pennock and Corre (2000). The purpose of these
procedures is to develop three-dimensional slope seg-
ments based on two or more terrain attributes and then
to use these segments as the fundamental sampling
units in field studies and for grouping data for sub-
sequent data analysis. The slope segments must be
shown to be functionally distinct with regards to the
specific process being examined—in other words, a
distinct range of the values for the process must be
associated with the different landform segments.

In the earliest 137Cs studies on soil redistribution,
landform segments were typically qualitatively de-
fined (e.g. Brown et al. (1981), Campbell et al., 1982,
and De Jong et al., 1983). This limits their repro-
ducibility in subsequent research designs. Martz and
de Jong (1987, 1991) and Pennock and de Jong (1987,
1990a–c) developed quantitatively defined landform
segments for Saskatchewan landscapes, and simi-
lar approaches have been developed and elsewhere
(Basher, 2000; Sogon et al., 1999).

3. Materials and methods

3.1. Research sites and field methods

All the research sites discussed in this paper occur
on hummocky, glacial till landscapes. Hummocky
glacial terrain results from in situ stagnation of
debris-laden ice sheets. A complex pattern of knolls
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Fig. 3. Schematic diagram of the pattern of water flow on a hummocky terrain surface. The size of arrows indicate the depth of water
flow at that point on the surface.

Fig. 4. Profile curvature classes on the hummocky surface shown in Fig. 3. Highly convex areas have the greatest potential for soil loss
through tillage, and highly concave areas have the greatest potential for soil gain.
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Fig. 5. Location map for the research sites in southern Saskatchewan.

and depressions results, typically with no preferred
orientation and little or no off-site drainage (Gravenor
and Kupsch, 1957). Loam textures dominate the parent
materials of the soils, although significant inclusions
of clay loam and sandy loams occur. These surfaces
are the most common landscape type in the cultivated
area of the interior plains of Canada, covering some
15.4 million hectares (calculated from the 1:1 000 000
soil landscape of Canada map series for Saskatchewan,
Alberta, and Manitoba) (Agriculture Canada, 1992).
Results from nine sites were used to develop the

regional-scale summary of 137Cs-calculated erosion
rates (Fig. 5). Six of the sites (all but 80, STD-C1 and
STD-C2) were previously summarized in Pennock and
de Jong (1990a,b) although the topographic attributes
for each site were recalculated using the current topo-
graphical analysis software programs discussed below.
The 80 site was previously published in Pennock et al.
(1994). The remaining two cultivated sites and the na-
tive site used as a reference site for these two sites are
located close to the town of St. Denis, Saskatchewan.
The two cultivated sites are labeled as STD-C1 and

STD-C2 and the reference site as STD-N1. These sites
were sampled in 1998 and 1999.
All sites are located on landscapes with average

slope gradients (i.e. for the entire site) of 3.5–8.5◦.
The parent materials at all sites are loamy glacial till.
The dominant soil taxa at each of the sites is the Or-
thic subgroup of the Chernozemic order, which have a
ploughed, organically enriched A horizon greater than
15 cm thick, a B horizon (typically leached of calcium
carbonate) at least 5 cm thick, and a C horizon with
appreciable calcium carbonate content. Soils with cal-
cium carbonate incorporated into the A and B hori-
zons (if the latter are present) occur in shoulder (SH)
and upper slope segments, and eluviated (i.e. with a
Bt horizon) or gleyed soils occupy the lower slope po-
sitions.
All nine sites were in a crop-fallow production sys-

tem at the time of sampling and had been in produc-
tion for greater than 50 years (i.e. prior to deposition
of 137Cs). Typically the fields were cropped to small
cereals or oilseeds in 1 year, and then were fallowed
in the following year. Weeds are suppressed in the
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fallow year by three to five shallow tillage operations.
All fields were sampled in the summerfallow phase
of the crop system. The tillage depth in these soils is
typically 10 cm.
The reference sites for the six sites presented in

Pennock and de Jong (1990a) were native sites that
had been sampled as part of a province-wide sam-
pling of reference sites (Kiss et al., 1988). At each of
the reference sites at least three cores were taken and
analyzed separately. This number of samples is inad-
equate to develop a statistically valid inventory for a
reference site (Sutherland, 1996) and hence the mean
137Cs inventories for at least three reference sites lo-
cated within 20 km of each of the sampled sites were
averaged to produce a reference values. Two reference
sites were used for the 80 site (discussed in Pennock
et al., 1984). The reference 137Cs inventory for the
STD-N1 site was sampled using a 6×5 sampling grid
with a 25m sampling interval, for a total of 30 sam-
pling points.
At all sites except STD-N1 a square or rectangular

sampling grid was laid out on the soil surface, with
spacing between samples of 20–25m. At STD-C1 an
entire quarter-section (one-half mile by one-half mile)
was surveyed and a grid spacing of 100m was used.
Sample numbers ranged from 28 at site BSH to 71 at
BLHH. At each sampling point, a 7.2 or 8.5 cm di-
ameter core was extracted using a truck-mounted hy-
draulic corer and were divided into 15 cm increments
to at least a 45 cm depth. Additional depths were taken
if the 30–45 cm core appeared to contain organically
enriched material.
Each site was surveyed using either the traditional

rod and transit surveys or a laser theodolite. The sam-
pling areas for all sites except STD-C1 (where the
whole quarter-section was surveyed) were typically
350m × 350m.

3.2. Laboratory analysis and data analysis

All samples were initially air dried and the soil was
crushed to pass through a 2mm sieve. Oven-dry mois-
ture was calculated on a sub-sample and used to de-
rive the bulk density of the sample. The 137Cs content
of each sample site was measured using the gamma
spectroscopy techniques discussed by De Jong et al.
(1982). The same gamma spectroscopy system was
used for all samples. The 137Cs contents of each point

were converted into soil loss or gain value using the
proportional method discussed in Pennock and de Jong
(1987). Although more sophisticated calibration rela-
tionships exist, the consistent use of the proportional
method in this study ensures comparability between
the different sampling periods.

3.3. Topographical analysis and landform
segmentation

The topographical surveys were used to interpo-
late a DEM for each site. A kriging interpolator was
used for surface interpolation. DEMs with 100m2
cells (i.e. 10m × 10m) were created for each site.
In the original presentation for the sites (Pennock
and de Jong, 1990a; Pennock et al., 1994), an inverse
distance weighted (IDW) interpolator was used. The
use of the IDW interpolator leads to the occurrence
of frequent localized elevation highs and lows on the
interpolated surface, which reduces the number of
rectilinear slope segments compared to the kriging
interpolator.
The morphological attributes (aspect, plan and pro-

file curvature, gradient) for each cell in the DEM were
calculated using the programs of Martz and de Jong
(1988). The SCAs and SDAs were calculated for each
cell using the program DEMON (Costa-Cabral and
Burges, 1994). DEMON uses rectangular, grid-based
DEMs and represents variations in flow width as a
function of local topography. It also calculates both
SDA and SCA.
The terrain attributes were then used to place each

cell into a discrete landform element class using
pre-defined ranges of morphological and positional
terrain attributes (reviewed in Pennock and Corre,
2000). The morphological attributes of gradient and
profile curvature are used to classify the cells into
SH, footslope (FS), BS, and level elements (Figs. 1
and 2). The SH, BS, and FS elements are then further
subdivided into divergent (DSH, DBS, and DFS) and
convergent (CSH, CBS, and CFS) elements on the
basis of plan curvature.
In previous applications of this landform segmen-

tation approach, level elements (i.e. rectilinear ele-
ments with gradients less than 3◦) were further split
using positional attributes into low catchment area and
high catchment area elements. This criteria was inad-
equate because of the limitations of catchment area
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calculations using the one-dimensional flow routing
algorithm used (the limitations of that type of al-
gorithm are discussed by Costa-Cabral and Burges,
1994). For this paper, the level elements were split into
upper level (UL) and depressional (DEP) elements on
the basis of SDA. The SDA is a measure of the area
downslope of a given DEM cell to which a flow path
can move—a SDA of 0 indicates that the flow path ter-
minates at that cell. Speight (1974) argued that SDA
should be an effective measure of soil drainage sta-
tus, but little use has been made of it subsequently.
For this study, a SDA value of less than 2 was used to
separate DEP elements from UL elements.

3.4. Data analysis

For the purposes of developing a regional-scale syn-
thesis of soil redistribution rates, each site is viewed
as single representative of the full range of erosional
site histories in the region. Essentially the erosional
history of each site is largely dictated by its land use
over the period since deposition of 137Cs began (i.e.
the early 1950s); sites managed with poor conserva-
tion practices may have experienced high rates of loss,
whereas fields with good practices may have lower
losses. As well, there is a random, typically climati-
cally controlled factor in erosional histories, because
the condition of the soil surface status on the particu-
lar day a potentially erosive climatic event occurs (e.g.
intensive and prolonged precipitation event or high ve-
locity wind storm) will govern, in part, the severity of
the erosional response of the site. Multiple cores from
a given landform element at a site are sub-samples of
the erosional response of that element at the site and
the mean value of these sub-samples yield a single
replicate sample for that element. Elements where only
a single sample at a site occurred were not included
in the subsequent data analysis. The data analysis is
therefore based on a maximum of nine values for each
element.
The soil redistribution values for each site are

initially grouped into boxplots, which allow both
the median and dispersion of values to be visually
assessed. The results were also evaluated using a
one-way Analysis of Variance (ANOVA) using a least
significant difference multiple comparison to assess
the significance of the differences between pairs of
landform elements.

4. Results

The relatively low dispersion of values for the DSH,
CSH, and DBS elements indicates a very similar ero-
sional behavior across all the sites sampled for this
study, whereas the individual sampling points within
sites shows a greater range of response (Table 2,
Fig. 6). The highest loss rates overall occur in the
DSH elements, which are convex in both plan and
profile directions. In both the SH and BS elements,
the divergent elements are slightly more eroded than
their convergent counterparts.
Soil loss rates for the UL elements are lower than

the SH and BS elements. In contrast to the SH and
BS elements, the UL elements also show different re-
sponses across the sites—three sites have mean losses
greater than 20 t ha yr−1, whereas two sites show net
deposition in these elements, albeit at low annual rates.
The dispersion of values about the mean is gener-

ally much greater for the DFS, CFS, and DEP ele-
ments than the other elements, both within and across
sites. Overall the CFS and DEP elements are the posi-
tions of sediment accumulation, and the DFS elements
show minor net losses. The DEP or DEP elements are
clearly separated from the UL elements, showing the

Fig. 6. Boxplots of soil redistribution values for the nine research
sites. The line in the middle of the box is the median value, and the
box encloses the data points between the 25th and 75th quartiles.
The whiskers and the outlier symbols encompass the full range of
data for the element.
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Table 2
Mean soil redistribution rates and their standard deviation for landform elements at individual sites and across all sites in southern Saskatchewan. Group means in the final
row with the same letter are not significantly different from each other (LSD, α = 0.05)

Site Landform element

HDL DSH CSH DBS CBS DFS CFS LDL

80 −17.9 ± 23.8 −40.1 ± 21.2 −23.0 ± 15.0 NSa NS 0.5 ± 14.6 1.34 ± 22.1 NS
BAH 6.8 ± 22.9 −26.9 ± 16.3 SSb −30.8 ± 2.0 −29.5 ± 17.1 6.53 ± 4.1 6.4 ± 12.8 0.54 ± 1.33
BSH 6.2 ± 28.0 −44.1 ± 21.2 −28.0 ± 11.5 −19.1 ± 13.6 −11.8 ± 15.3 0.9 ± 8.0 32.0 ± 20.2 NS
DBCH −23.0 ± 13.8 −27.0 ± 13.9 −22.9 ± 9.0 NS −26.3 ± 9.63 −8.6 ± 16.9 −0.8 ± 26.4 12.7 ± 14.4
DBSH −24.9 ± 16.1 −25.9 ± 3.6 −23.0 ± 1.42 −26.0 ± 13.3 −25.9 ± 14.0 −22.3 ± 12.0 12.4 ± 35.0 20.2 ± 19.9
DBVH −26.7 ± 8.3 −32.5 ± 20.3 −19.7 ± 10.7 −31.1 ± 7.6 −28.6 ± 15.6 3.2 ± 6.0 16.1 ± 43.1 −6.4 ± 0.06
BLHH −17.9 ± 8.2 −28.3 ± 10.6 −36.4 ± 12.4 −27.3 ± 7.6 −26.3 ± 18.6 −19.2 ± 3.2 35.4 ± 44.5 NS
STD-C1 −8.2 ± 15.5 −36.0 ± 10.0 −29.9 ± 6.2 −29.2 ± 22.4 −17.4 ± 38.7 SS −17.5 ± 50.7 −9.3 ± 29.1
STD-C2 −19.4 ± 27.5 −37.6 ± 16.3 SS −30.2 ± 12.0 −4.5 ± 21.2 SS 1.7 ± 8.7 73.8 ± 86.5

Overall −13.9d ± 12.7 −33.1a ± 6.6 −26.0ab ± 5.6 −27.5ab ± 3.9 −20.6bc ± 9.6 −5.5d ± 11.3 9.7e ± 16.6 15.2e ± 30.7
a No elements in this class were included in the sampling grid at the site.
b Only a single element was sampled in the sampling grid.
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importance of position in the overall slope complex
for the level elements.
The multiple comparison technique was used to di-

vide the elements into three erosional response groups
(Table 2). The elements that have mean soil loss can
be divided into the high loss elements (DSH, DBS,
and CSH) and the low loss elements (L, and DFS) el-
ements, with the CBS elements not being clearly sep-
arated from either group. The CFS and DEP elements
are statistically distinct from the other elements and
are the sediment depositional units.

5. Discussion

The high soil loss in DSH and DBS elements is
most likely due to tillage erosion. The initial litera-
ture on 137Cs in Saskatchewan (De Jong et al., 1983;
Martz and de Jong, 1987; Pennock and de Jong, 1987)
clearly identified the DSH elements as the most highly
eroded but were at a loss to explain this observation.
It was only the emergence of the research on tillage
translocation that provided a physical mechanism to
explain the loss rates observed on these elements.
The hummocky glacial till landscapes examined in

this study have highly convex SH elements compared
to other surface forms in the glaciated areas of the
Canadian prairies (Pennock et al., 1995). In their ex-
amination of average soil loss rates from DSH ele-
ments in five parent material groups, Pennock et al.
(1995) found that DSH elements in hummocky land-
scapes had significantly higher mean losses than com-
parable glacio-fluvial or glacio-lacustrine landscapes.
The mean rate of loss from the DSH elements at
the five cultivated till sites examined in southwestern
Saskatchewan was 30 t ha−1 yr−1, very similar to the
mean loss of 33 t ha−1 yr−1 measured in this study.
The product of slope gradient and catchment area

is at a maximum in the CBS elements and hence they
have the greatest potential for soil detachment and
transport by water. In Saskatchewan these are the ele-
ments where rilling is most typically observed (based
on personal observation), especially after snowmelt
in spring. Yet they also experience the lowest mean
soil loss of any of the SH and BS elements, and
soil thickness (i.e. A and B horizons thicknesses) is
also typically at a maximum for the SH and BS el-
ements (Pennock and de Jong, 1990c). This appar-

ent contradiction between greatest incidence of rilling
and thicker sola in similar slope curvatures was noted
previously by Jahn (1963) for slopes in Poland, who
pointed to ploughing (tillage) as the explanation for
the discrepancy.
The 137Cs results for the UL elements show quite

differing responses across the sites. The patterns
may indicate the effects of local tillage infilling of
micro-topography on the surface (Kachanoski et al.,
1985), although this process would not account for
the differences in mean responses across the sites.
Wysocki et al. (2000) point out that our understanding
on soil processes on near-level surfaces is far less ad-
vanced than on sloping surfaces, and that observation
appears to be pertinent for soil redistribution using
137Cs as well.
The physical processes controlling the spatial pat-

tern of soil deposition are less clear. At sites BAH
and BLHH, the major loci of soil deposition are the
CFS elements that ring the depressions; at DBSH and
STD-C2 the sediment is carried out into the DEP ele-
ments. The transport of sediment into the depressions
cannot be readily accounted for tillage translocation,
because both the concave slopes and the level sur-
faces within the depressions should prevent further
soil transport by tillage. Clearly some complex inter-
action occurs between tillage and water transport to
create this pattern of deposition, and the unraveling of
their spatial effects as discussed by Quine (1999) for
erosion is required to fully account for this pattern.
At sites 80 and STD-C1 negligible soil deposition

was detected. Both sites lacked off-site drainage, and
hence it is unlikely that significant off-site transport
of soil by water transport occurred. It is possible that
removal of soil by wind erosion occurred, although
loamy, glacial till landscapes are not generally recog-
nized as high wind erosion risk areas. The more likely
explanation is that a high concentration of sediment
deposition has occurred, and the sampling design used
failed to detect the areas of sediment deposition. Both
Martz and de Jong (1991) and Pennock and de Jong
(1990a) report on sites where sediment concentration
occurred in only 5–10% of the site, and these areas
may not be detected with sample numbers (i.e. 30–50
samples per site) such as those used in this study. Stud-
ies aimed at accounting for a complete sediment bud-
get of a site may need to use different sample spacing
or a priori stratification of the site into geomorphic or
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slope position (as suggested by Basher, 2000) to ac-
complish the full budgeting.
The regional-scale synthesis of soil redistribution

rates can be used in simulations of other soil processes
such as soil organic carbon (SOC) dynamics. Models
such as the CENTURY (Metherell et al., 1993) require
an estimate of erosion rates to account for changes in
SOC due to erosion. Pennock and Frick (2001) have
recently shown how landform segment-specific soil re-
distribution rates from 137Cs rates can be used in CEN-
TURY simulations of landscape-scale SOC dynamics.
They showed that while CENTURY accurately sim-
ulated SOC loss due to erosion it performed poorly
in depositional segments of the landscape (i.e. in CFS
and DEP elements).
The values for soil redistribution developed here

can be used to scale simulations using process models
such as CENTURY to regional-scales. Both the mean
levels of redistribution and the range of values can be
used as inputs into the model simulations to provide
a distribution of predicted outcomes from the mod-
els. This simulated population of outcomes could then
be compared to the range of sampled sites to assess
the comparability of the simulations with the sampled
population.

6. Conclusions

In regions like Saskatchewan where 137Cs has been
used to assess soil redistribution since the 1980s,
sufficient research sites have been analyzed to allow
regional-scale synthesis of soil redistribution rates
in different landform segments. These results can be
used to verify the outputs from process models and
to allow regional-scale applications of process mod-
els. To date, sufficient sampling has only occurred in
the types of hummocky landscapes discussed above
to allow for this type of regional synthesis. Clearly
similar studies would need to be carried out in the
other major landscape types to allow full regional
application of the technique.
The landform element–soil redistribution associa-

tion also has major implications for soil conservation
planning. Conservation measures such as grassed wa-
terways are primarily designed to reduce the effects of
water erosion in slope positions dominated by concen-
trated flow. They would have very limited utility in the

hummocky till landscapes of Saskatchewan, where the
effects of tillage translocation of soil in convex slope
units dominate the spatial pattern of soil redistribution.
Hence further clarification of the topography–soil re-
distribution relationship is required to ensure that opti-
mum application of soil conservation programs in the
landscape.
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