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Abstract

NEW PERSPECTIVES ON THE SOIL EROSION-SOIL QUALITY RELATIONSHIP

The redistribution of soil has a profound impact on its quality (defined as its ability to function within its ecosystem

and within adjacent ecosystems) and ultimately on its productivity for crop growth. The application of "7Cs -redistribution

techniques to the study of erosion has yielded major new insights into the soil erosion-soil quality relationship. In highly

mechanized agricultural systems, tillage erosion can be the dominant cause of soil redistribution; in other agroecosystems,

wind and water erosion dominate. Each causal factor results in characteristic landscape-scale patterns of redistribution. In

landscapes dominated by tillage redistribution, highest losses occur in shoulder positions (those with convex downslope

curvatures); in water-erosion-dominated landscapes, highest losses occur where slope gradient and length are at a maximum.

Major impacts occur through the loss of organically-enriched surface material and through the incorporation of possibly

yield-limiting subsoils into the rooting zone of the soil column. The potential impact of surface soil losses and concomitant

subsoil incorporation on productivity may be assessed by examining the pedological nature of the affected soils and their

position in the landscape. The development of sound conservation policies requires that the soil erosion-quality relationship

be rigorously examined in the full range of pedogenic environments, and future applications of the 137Cs technique hold

considerable promise for providing this comprehensive global database.

1. INTRODUCTION

The connection between soil redistribution and soil quality is implicit in many definitions of

soil quality. For example, Larson and Pierce [1] define quality as the capacity of a soil to function,

both within its ecosystem boundaries (e.g. soil map unit boundaries) and with the environment external

to that ecosystem (particularly relative to air and water quality). The basic functions of a soil within

the ecosystem are to sustain biological productivity, maintain environmental quality, and to promote

plant and animal health [2].

Clearly, soil erosion has a range of ecosystem effects: on the soil itself at the point where

erosion occurs; on the landscape where redistribution of soil occurs; and on adjacent ecosystems to

which the soil is exported (primarily downstream aquatic ecosystems). Although all three scales of

study are important, this review concentrates on the impact of erosion at the pedon and landscape

scales; the primary focus is on the new insights into the soil erosion-soil quality relationship that have

been gained by application of the 137Cs redistribution technique.

Redistribution alters the chemical, biological, and physical composition of soil at each point

in the landscape where it occurs (the pedon scale). These changes in composition may affect the ability

of the soil to perform the ecosystem functions outlined above. The literature in soil science and related

disciplines abounds in specific examples of the impact of redistribution on soil quality, yet few

generalizations have emerged from this voluminous body of work. In most cases, at the point where

loss occurs, there will be a decrease in the ability of the soil to function. The impact of soil deposition

on function is even less clear: positive and negative impacts on soil quality have been observed. The

link between these redistribution-related changes in soil quality and in crop productivity is also elusive.
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Commonly, conclusions are based on what should happen to crop yields given the severity of soil-

quality changes, rather than on what has been observed to occur.

The redistribution of soil materials also has a profound influence on the spatial pattern of soil

quality indicators within the ecosystem boundary (the landscape scale). Redistribution can increase the

range of variability within a given landscape unit; however, redistribution also imposes, or reinforces,

a distinctive landform-soil property relationship that can be used to stratify landscapes into meaningful

response units or experimental units. Hence, although redistribution may increase the overall range

of variability, it can also create or exaggerate an overall spatial order within the ecosystem.

Soil transport by redistribution beyond the boundaries of the source ecosystem to adjacent

ecosystems (the regional scale) is the final scale of relevance in examining impact on ecosystem

function. The sediment itself and the chemical and biochemical components sorbed to it can be

significant contributors of soil-derived pollutants to aquatic ecosystems. The effect of soil erosion on

air quality, through deflation and transport by wind, can be of importance in specific regions (i.e. the

dusts of north-central Africa), but tends to be a short-lived phenomenon elsewhere in the world.

A rigorous evaluation of the causes and impacts of soil erosion at all the scales of relevance

is critical for the development of scientifically-sound land-use policies. The need for reliable data upon

which to base these planning strategies is starkly illustrated in two recent articles. Pimentel et al. [3]

argue that one-third of the world's arable land has been lost to erosion in the past 40 years; the cost

of erosion losses in the U.S.A. alone totals $44 billion per year, and they suggest that these losses

could be reduced to a sustainable levels with total expenditures of $ 8.4 billion per year. In his

response to their study, Crosson [4] suggests that their estimate of arable land lost "rests on such thin

underpinnings that it cannot be taken seriously" (p. 461). His estimates of the annual cost of erosion-

induced productivity losses in the U.S.A. are in the range of $500 to $600 million (1986 dollars).

Clearly we cannot expect policy-makers to develop sound conservation policies when we are unable

to provide a more authoritative data set upon which to base decisions.

2. CHANGING CONCEPTS OF SOIL REDISTRIBUTION

The great contribution of soil-geomorphologists such as R. Ruhe and R. Daniels was to
establish that soil redistribution is a natural process that has driven landscape evolution throughout
time. The focus of this review is on the increases in soil loss and gain associated with human activity,
or, as it is more commonly known, accelerated soil erosion.

2.1. Causes of soil erosion

Traditionally, reviews of the causes of "erosion" have focused almost exclusively on wind

and water processes as the major determinants of soil redistribution. The physical processes of wind

and water erosion, their relationship to soil and landform properties, the domains in which they

operate, and the relative importance of each process in those domains have been exhaustively studied,

and many fine reviews exist of this research [e.g. 5].

Recent research on tillage operations [6, 7, 8, 9] has, however, challenged the view that only

wind and water erosion need to examined as the dominant causes of soil redistribution in all

landscapes. Working at research sites in agricultural landscapes of Canada and Europe, these authors

used a variety of techniques (natural and enriched 137Cs redistribution, displacement of simulated

clods, simulation modelling) to examine the relative importance of water and tillage erosion. Their
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results strongly support the idea that tillage redistribution is a major cause of soil movement in

agricultural landscapes.

Cultivation can displace soil upslope or downslope, depending on the direction of the

operation; however, because downslope displacement is greater than upslope displacement, a net

downslope displacement occurs. The rates of loss attributed to these practices (discussed below) can

be high; however, the magnitude of the loss depends on the type and sequence of the tillage operation,

as well as on the type of implement and the speed of operation [9].

Clearly, the impact of tillage redistribution is of greatest importance in highly mechanized

agricultural systems - in other systems such as "slash and burn" described by Garcia-Oliva et al. [10],

other causes of redistribution predominate. The recognition of the relative importance of a given

erosion process (water, wind, or tillage) in a specific region is critical for explaining the landscape-

scale spatial patterns of loss and gain, as well as for evaluating possible extra-ecosystem impact of soil

redistribution.

2.2. Rates of soil redistribution as determined using I37Cs techniques

Observations of rates of soil redistribution are available from a variety of sources. In many

cases, they have been made on small research plots to generate data for the development and

calibration of predictive erosion models such as the Universal Soil Loss Equation (USLE) or the

forthcoming Water Erosion Prediction Project (WEPP). Traditionally, however, these plots were

designed to examine only the soil-loss part of the redistribution continuum, hence they are limited in

their usefulness when examining redistribution as a whole. Far too often the measured rates of soil

loss from these research plots are uncritically extended to the landscape as a whole, without an

evaluation of potential redistribution within the source landscape [11].

TABLE I. EXAMPLES OF RECENT VALUES FOR SOIL LOSS

Location

Mexico

U.K., Belgium

Ontario, Canada

Saskatchewan,
Canada

Field Type

Pasture and
undisturbed

forest

Cultivated

Cultivated

Cultivated

Rate of soil loss
in eroded

postions of the

field

(Mgha1 yr1)

13

10 to 20

68 to 82

20 to 30

Reference

[10]

[8]

[9]

[15, 16]
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The radionuclide l37Cs was deposited on the soil chiefly as nuclear-bomb fallout in the 1950s

and 1960s; peak deposition occurred in 1963 in the northern hemisphere, and some areas received

more from the Chernobyl disaster in 1986. Upon deposition, 137Cs is tightly bound by colloidal

material at the soil surface. Redistribution rates of these mineral-I37Cs complexes is highly correlated

with observed rates of soil redistribution [12]. The increasing use of 137Cs is providing valuable sets

of observations on redistribution rates within actual agricultural landscapes [13].

The most common research design used in 137Cs studies has been to sample soils along

transects or grids. After calculation of the change in 137Cs concentration through time due to

redistribution, usually by comparing the levels in the agricultural field to a nearby uneroded or

reference site, a value for soil loss or gain at the specific sampling point can be determined. At each

study site, a certain proportion of samples will show loss and some may show gain; the overall

balance indicates the net export, or, less commonly, import, of soil.
137Cs-derived rates of soil redistribution differ widely among landscapes, regions, and

agricultural systems; however, as a generalization for mid-latitude regions, those portions of the

landscape where soil loss occurs usually show average rates of 10 to 60 Mg ha'1 (Table I); typical

average losses are around 151 ha'1 yr1 (although loss at specific points may be an order of magnitude

greater). Note, however, that this average figure does not represent soil export from the study site;

in many cases, much of the eroded soil is deposited within the source landscape, especially those

dominated by tillage erosion.

Deposition rates are considerably more variable than erosion rates. Typically, deposition is

concentrated in a small proportion of sampling points within a landscape [14, 15], but rates at specific

points may be high.

For large areas of the tropics, including most of Africa and South America, 137Cs results are

not available. Lai [5] used existing figures for sediment transport in African river systems to estimate

net erosion losses in upstream areas. Most of the African continent shows net erosion losses of < 10

(arid areas) to 50 Mg ha"1 yr"1. The highest losses occur in the Maghreb region of NW Africa, with

losses of >75 Mg ha"1 yr"1.

The rates of redistribution have greater relevance for soil quality if we convert them into depth

of soil lost or gained. Using the bulk densities of a surface prairie soil presented in Pennock et al.

[16], a 10 Mg ha"1 yr'1 soil loss from a soil with a bulk density of 1.07 (native prairie) translates to

a loss of 0.093 cm yr1; the same rate of loss from a soil with a bulk density of 1.42 (a site cultivated

for 80 years) corresponds to 0.070 cm yr"1. The loss per year is not dramatic; however, over a period

of cultivation, it may be substantial.

The sites discussed above are regionally typical agricultural landscapes, generally excluding

representatives of high magnitude-low frequency (or catastrophic) erosion events. Sites affected by

extreme events (e.g. high intensity rainfall, major wind erosion events) or locations within a field that

have been selectively influenced by erosion processes (e.g. landscape positions with extensive

gullying) are likely to show much higher rates of loss.

3. SOIL REDISTRIBUTION-SOIL QUALITY INTERACTIONS: THE PEDON SCALE

The impact of redistribution on specific points in the landscape (herein called the pedon scale)

must begin with an understanding of the place of that pedon in the overall landscape. The action and

interaction of soil processes that result in the properties observed in a given pedon do not occur at
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FIG. 1. Schematic diagram showing the impact of 75 years of soil loss and soil gain on the position
of the plough layer and the rooting zone within the solum. The changes illustrated are based on annual
losses of20t ha'1 yr'and equivalent soil gain due to deposition. The depth of cultivation is assumed
to be 10 cm, and the rooting zone is 45 cm; both are characteristic of small-grain cropping systems
in the Canadian prairies.

random - instead they are responding to a complex set of environmental conditions, which control the

type and intensity of the pedogenic processes that occur at any given point in the landscape. The soil

and biological processes affecting a given pedon are largely driven by microclimatic differences and

the redistribution of water on the soil surface and within the soil. These hydrological and

microclimatic differences cause the occurrence of distinctive pedogenic regimes within the landscape,

and distinct soils arise in response to these regimes [16].

The need to consider landscape position occurs because of the possibility of confounding

landscape effects (i.e. differences in soil properties due to the position of the pedon in the landscape)

with erosion effects (i.e. differences in soil properties due to erosion among pedons at the same

landscape position). Stone et al. [17] and Daniels et al. [18] examined the confounding influence of

landscape position for Ultisols in North Carolina. Overall they found that the most severely eroded

soils in the field were usually the least productive to begin with, and that the overall impact of erosion

in these landscapes had been previously overestimated by 50%. Hence, we must always ensure that

pedons are compared under the same pedogenic regime in the same landscape position, lest the action

of erosion be confused with the position of the pedon in the landscape.
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The impact of soil redistribution at the pedon scale can be divided into two types (Fig. 1). At

sites where erosion is occurring, material is physically removed from the soil surface and transported

elsewhere; any layer of fixed thickness within the soil (the cultivation layer, rooting zone) therefore

incorporates an equivalent thickness of previously subsoil material. In depositional sites, only one clear

impact occurs: the deposited soil buries the previous soil surface and thereby increases the thickness

of the uppermost layer in the soil. Each of these three impacts (removal of surface soil material,

incorporation of subsoil, deposition of soil) has distinct consequences for soil quality and will be

examined separately.

3.1. Consequences of removal of the surface soil material

Erosion physically removes organic material and mineral material from the soil surface. An

initial consideration is the potential for selective removal of materials versus bulk removal. In the

former, materials are removed in amounts disproportionate to their relative amounts in the bulk soil;

in the latter, the eroded material contains the same proportion of organic material and different particle

size fractions as the soil from which it was derived. The distinction is important because of the

possible occurrence of what has been termed fertility erosion - where erosion selectively removes soil

organic matter (SOM) and fine particles (clay, silt), and leaves behind a coarser lag deposit. Because

the soil nutrients and exchange sites are concentrated in the SOM and clay fractions, this selective loss

of material has greater impact on fertility than the bulk loss would suggest.

Inherent differences in the potential for selective removal can largely be traced to the dominant

erosion process. Tillage erosion results from the mechanical displacement of soil-surface material in

a net downslope direction; the soil material moves as a mass, and the possibility for selective

movement is minimal. In the water erosion process, the possibility for selective transport can occur

in interill-dominated systems, but once a critical threshold is reached for a given soil type, detachment

and transport is aselective [19]. In rill and gully erosion, detachment and transport is aselective,

although separation may occur during deposition. The possibility for selective transport of SOM, fine

separates and fine aggregates is perhaps greatest in wind erosion, where, in extreme cases, a coarse

sand-gravel lag is left behind on the soil surface [20]. Hence the concept of fertility erosion, although

valid in some environments, cannot be uncritically extended to all landscapes.

The loss of SOM from the surface through erosion is probably the single greatest impact of

redistribution on soil quality. The use of the 137Cs technique has allowed researchers to apportion the

overall losses of SOM [or soil organic carbon (SOC), which is commonly used as a surrogate for

SOM] to redistribution causes and to net mineralization causes. For the prairie soils of Canada, de

Jong and Kachanoski [21] suggested that, at a range of sites, approximately 50% of the observed SOC

losses was due to erosion. Pennock et al. [16] showed that the relative contribution of erosion and

mineralization differed depending on the position of the pedon within the landscape. In shoulder

positions (those with convex profile, or downslope, slope curvatures), they showed that an overall loss

of 64 Mg ha'1 of SOC, of an original 117 Mg ha"1, had occurred in 80 years of cultivation; 70% of

this was due to redistribution. In footslope positions (those with concave profile curvatures), 45 Mg

ha"1 of an original 129 Mg ha"1 had been lost; 18 Mg ha"1 (40%) of this loss was due to redistribution.

The consequences of the loss of SOM on soil quality are considerable. For example, Larson

and Pierce [1] suggested the use of pedotransfer functions for soil-quality assessment; SOC appears

in five of these (C.E.C., change in SOC itself, bulk density, water retention.and porosity increase).

Furthermore, SOM is an important source of nutrients, especially nitrogen, particularly so where

fertilizer input is lacking.
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3.2. Consequences of the incorporation of subsoil

For layers of fixed thickness in the soil (i.e. rooting zone, depth of cultivation), the loss of

material from the soil surface requires the concomitant inclusion of subsoil material of equivalent

thickness to the surface losses (Fig. 1). Moreover, it is the nature of the contrast between the surface

material and the incorporated subsoil material that determines the severity of the impact that loss has

on soil quality and ultimately on soil productivity.

This statement can be illustrated with a simple example (Fig. 2). At the time of initial

cultivation, the ploughed layers of an Orthic Black Chernozem (Typic Haploboroll) and of an Orthic

Black Solonetz (Typic Natriboroll) were entirely composed of A horizon material (Fig. 1). The rooting

layer of the spring wheat in the Chernozem is unconstrained by any impeding layer; in the Solonetzic

soil, however, contact with the salt-rich C horizon effectively limits the actual depth of rooting.

Transport

Deposition

t
Erosion

0-

20

40-

o
60"

Q.
0)
a 80

100 —

+ 75 years

I Soil Loss Soil Gain

Sub-soil Additions in Rooting Zone
Sub-soil Additions in Plough Layer

Depth of 1 P l o u g h

Rooting

FIG. 2. Schematic diagram showing the differences in the impact of 75 years of soil loss on a

Chernozemic (Haploboroll) solum and Solonetzic (Natriboroll) solum (see Fig. 1). The changes shown

are based on average losses of 201 ha'1 yf', a 10-cm cultivation layer, and an optimum rooting zone

of 45 cm.
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Hence, even at the time of breaking, a minor potential productivity contrast exists between the two

soils that is accentuated as erosion proceeds.

For both soils in this example, I assume that erosion is occurring at an equivalent rate of 20

Mg ha'1 yr1, which is typical of shoulder (convex downslope) positions in the Canadian prairies [15].

This translates to a loss of approximately 1 cm of soil every 5 years; hence, layers of fixed depth

incorporate 1 cm of subsoil every 5 years to balance losses at the soil surface. For the cultivated layer,

the incorporation involves mixing of 1 cm of subsoil every year into the remaining 9 cm of Ap; this

results in a gradual dilution of the initial surface layer with subsoil.

For the thick Chernozemic soil, even 75 years of erosion does not greatly alter the

characteristics of the cultivation layer and the rooting zone (Figs. 1 and 2); the 10-cm thick cultivated

layer is still dominantly composed of former Ah horizon material; and the rooting zone is still

dominantly within the B horizon. A considerable net export of organic material has occurred;

however, the impact of these exports for crop productivity is unlikely to be major, given the lack of

change within the rooting zone.

The consequences of erosion losses are much more severe for the Solonetzic soil. After 75

years of erosion, the Ap horizon is now found entirely within what was initially the Bnt horizon,

although due to dilution and mixing, remnants of the former Ah will be detectable; the rooting zone,

assuming it is limited by the salt-rich C horizon, is reduced by 15 cm. The decrease in the thickness

of the effective rooting zone, the dense structure of the Bnt, and the deleterious sodium concentrations

will all contribute to a major potential decrease in productivity; this decrease will be most apparent

in dry years, because the thin rooting layer and lack of root penetration into the peds will greatly limit

water uptake by plants.

An equivalent amount of erosion has occurred with both soils. For the Chernozemic soil, the

consequences are negligible from a quality perspective, and probably also from a productivity

perspective; for the Solonetzic soil, however, diminution in soil quality and potential productivity has

occurred.

Overall, then, we expect that soils that greatly contrast in quality conditions between the

surface soil and the subsoil will have the greatest potential for quality and productivity changes due

to erosion; soils with a constant set of properties, or at least a gradual change in levels with depth,

will show little or no impact of even substantial amounts of erosion.

The importance of the nature of the subsoil was recognized in the Productivity Index [1],

which includes several subsoil properties known to limit root development, and can be used in a

range of conditions. Use of the index also allows the vulnerability of a given soil to be assessed [11,

22]. A vulnerability curve, which shows the Productivity Index plotted against surface-soil removal,

allows prediction of effects on productivity.

Soils that have a subsoil layer with known growth-limiting soil properties will show the

greatest effects of surface loss and subsoil incorporation. As the depth to this layer decreases, the

interaction between the layer and plants increases, as does the possibility for productivity limitation.

The soil layers or horizons with the greatest possible impact on productivity, and the reasons

for this impact, are shown in Table II. In several of these layers the potential for effect on productivity

is clear - in no case does soil quality increase due to the presence of a salt-rich layer or a fragipan in

the plough layer or the rooting depth. In the case of plinth it e, the layer itself is not limiting when

found at depth in the soil; it becomes limiting as soil loss brings it closer to the surface and hardening

of the layer to petroplinthite begins [22].

The argillic horizon (those enriched with clay relative to the overlying layer) is a problematic

case. The argillic layer is commonly included as a problem subsoil in erosion studies [23]; however,
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Stone et al. [17] in their work with Ultisolic soils found that inclusion of the argillic horizon into the

cultivated layer due to surface soil loss actually improved overall productivity. They attributed this

productivity increase to the higher AWC of these soils (due to higher clay contents); in drier years

the higher AWC in turn increased yields over less-eroded landscape positions.

Soils with thin organic-rich layers, e.g. the leaf litter of forest soils or thin A horizons in non-

forested soils, are also susceptible to soil quality and productivity changes due to surface soil loss. The

example of Garcia-Oliva et al. [10] has been cited above; in the tropical deciduous forest/shifting

cultivation agro-ecosystem they examined, the top 4 cm of the soil was critical as a nutrient reservoir.

Overall, Lai [5] argues that in agro-ecosystems dominated by tropical soils, the impact of erosion can

be especially critical because of the dependence of the agricultural systems on the thin, organically-

enriched layer.

3.3. Consequences of deposition of soil

The position in the landscape where deposition occurs varies depending on the nature of the

dominant erosional process. In tillage redistribution, the location of deposition is immediately

downslope to the point of initiation; the possibility of transport off-site is low, although as Lobb et

al. [9] indicated, tillage redistribution can deliver soil to locations where it can subsequently be

TABLE II. HORIZONS AND ASSOCIATED SOIL ORDERS WHERE THE INCORPORATION

OF SUBSOIL MATERIAL IS LIKELY TO CAUSE MAJOR CHANGES IN SOIL QUALITY AND

PRODUCTIVITY CONDITIONS.

Horizon Characteristics and constraints Soil Orders the horizons are

commonly associated with

Salic

Fragic or Duric

Natric

Plinthite

Argillic

Oxic

Spodic

High salt concentration

Fragipan layer or layer cemented by
iron, aluminum or silica; high
resistance to root penetration

High sodium concentration and dense

structure

High iron and aluminum oxide

content; hardens upon drying; high

resistance to root penetration

Increase in clay content relative to
overlying soil; increases in root
penetration resistance

High possible Al3+ concentrations in

low-pH conditions

High Al3+ or metal levels high in low-

pH conditions

Aridisols Mollisols

Spodosols Alfisols Ultisols
Inceptisols

Mollisols

Oxisols Ultisols

Alfisols Ultisols

Oxisols

Spodosols
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removed by channelized flow. Deposition of soil from the wind stream

most commonly occurs immediately downwind of the source of the soil; only the finest particles can

be carried for considerable distances in the windstream [20].

The greatest potential for off-site impact occurs due to soil transport by channelized flow of

water. Deposition of sediment transported by flowing water occurs where the energy available for

transport decreases due to a decrease in gradient (a decrease in slope), a decrease in depth (e.g. where

a channel widens or becomes unconfined), or an increase in surface roughness (e.g. where it

encounters vegetation). Hence, deposition will occur within the field if one of those conditions is met;

if the channel exists, then the soil may be transported out of the field to downslope water bodies.

The on-site effects of deposition (i.e. within the field where initiation of soil movement began)

on soil quality are rarely of great consequence. A significant short-term impact can be the burial of

seeds or seedlings, and hence a decrease in yield in that year. On-site deposition leads to a thickening

of the soil surface at the point of deposition leading to the development of cumulic soils (Fig. 1).

Pennock et al. [16] found that deposition of soil improved almost all the indicators of soil quality in

a Boroll landscape in Saskatchewan. Again, however, generalization is risky - if the soil delivered

from upslope is of significantly lower quality than the original soil, a decrease in quality of the surface

layer would occur.

4. SOIL QUALITY-SOIL RESTRIBUTION INTERACTIONS: THE LANDSCAPE SCALE

In most non-level, cultivated landscapes, the spatial pattern of soil quality indicators at the

surface is predominantly controlled by redistribution. Erosion and deposition are associated with

distinctive segments of the landscape; in turn, the gain (or loss) of soil causes the occurrence of a

distinctive suite of soil properties at the landscape segments with which they are associated.

As with soil deposition, the spatial pattern of redistribution in landscapes depends heavily on

the nature of the dominant erosion process. Wind erosion is the only process that can remove

significant amounts of soil from level landscapes, and there are examples of extremely high rates of

such loss [24]. The highest losses due to water erosion occur in landscape positions where channelized

flow (rills, gullies) occurs in the field. These positions are often concave in across-slope (or plan)

curvature and have large, upslope contributing or catchment areas. Soil loss due to tillage is highest

where the profile curvature of the slope is convex [6]. The difference between the position of highest

soil loss due to channelized flow and due to tillage was used by Govers et al. [8] to assess the relative

efficacy of the two processes in their study landscapes.

One of the consequences of the widespread use of l37Cs redistribution has been the emergence

of a well documented spatial pattern of soil redistribution in landscapes [8, 14, 15, 25]. Slope

segments with convex profile curvatures (hereafter called shoulder elements [26]) experience the

highest rates of loss; the segments with concave profile curvatures (footslopes) experience net soil

gain. The role of the mid-slope or backslope elements (i.e. lacking significant plan or profile

curvature) differs; for tillage erosion these elements are probably dominated by transport of soil from

upslope, although infilling of small depressions in the slope will occur; if sufficient water velocity or

depth exists, they can be areas of significant soil loss in a water-erosion dominated system [25].

The chronosequence of soil studied by Pennock et al. [17] allowed us to trace the evolution

of this distinctive pattern. We examined soil redistribution using 137Cs at four sites on a glacial till

surface in Saskatchewan, Canada: a native site and sites with 12, 22 and 80 years of cultivation. In

the native site, the distribution of 139Cs was random and showed no association with landform [17].

After breaking of the land and 12 years of cultivation, a chaotic pattern of loss and gain occurred,
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TABLE III: SUMMARY OF SELECTED SOIL QUALITY INDICATORS AT A NATIVE SITE

AND AFTER 80 YEARS OF CULTIVATION IN A BOROLL DOMINATED LANDSCAPE IN

SOUTHERN SASKATCHEWAN, CANADA [16]

Shoulder elements Low catchment area

footslope elements

High catchment area

footslopes and level

depressional elements"

Native site 80-yr site Native site 80-yr site 12-yr site 80-yr site

pH

(0-15 cm)

Bulk

density

(g cm"3)

Ah/Ap

thickness

(cm)

Total N

(Mg ha1)

SOC

(Mg ha1)

7.4

1.07

14

10.8

117

7.9

1.42

12

6.2

53

6.6

1.01

22

11.6

129

7.6

1.33

15

8.0

84

7.2

1.39

11

4.9

57

7.7

1.4

26

9.1

113

*No native sites were sampled in this area and comparisons are based on the site with 12 years of cultivation

again with no discernable relationship to landform. After 22 years, however, a clear redistribution-

landform relationship emerged - high soil loss in the shoulder positions, and deposition in both the

low-catchment area and high-catchment footslopes. After 80 years of cultivation, the soil had been

scoured out of the low catchment area footslopes and deposited only in high-catchment footslope areas.

We also examined the impact of redistribution on soil quality, and the importance of

redistribution for the current pattern of quality indicators was clear (Table III). For soil pH and bulk

density of the 0- to 15-cm layer, redistribution has narrowed the overall variability at the site. In both

cases, the levels are approaching the values of the subsoil, indicating either the incorporation of

subsoil or deposition of subsoil materials from upslope. The A-horizon differences illustrate further

the problems with the use of topsoil discussed above: the naturally thin A horizons in the shoulders

show little net loss, but the thicker A horizons in the footslopes show considerable losses; yet the

highest 137Cs losses have occurred in the shoulders. The A horizon cannot, however, drop below the

cultivation depth (approximately 12 cm at this site), hence it cannot be used as a reliable indicator of

absolute soil loss.

Considerable losses of soil N and SOC have occurred in the shoulder and low-catchment area

footslope elements; considerable gains of these properties, and of A-horizon material generally, have

occurred in the high-catchment area footslope positions. The impact of redistribution has been to

reverse the spatial pattern of these properties found at the native site, where shallow-rooted wetland
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vegetation and anaerobic conditions originally limited biological productivity in the high-catchment

area footslope areas. Hence the current pattern of soil-quality indicators at least in the surface

increment of the soil, strongly reflects the action of redistribution.

5. CONCLUSIONS AND PROGNOSES

Recent developments in soil-redistribution research, such as the use of 137Cs and the increasing

evidence of the importance of tillage, have provided new perspectives to examine the soil quality-soil

redistribution relationship. Clearly, soils show a range of vulnerability to loss; curiously, however,

much of the research has been concentrated on soils such as the Mollisols, whose vulnerability levels

are, overall, probably quite low. Hopefully the wider application of relatively inexpensive techniques

such as the 137Cs approach will allow the quality-redistribution relationship to be assessed on soils with

higher vulnerability to redistribution, especially those in tropical developing countries.

A dichotomy also occurs between the developed and developing worlds in terms of the

prognosis for redistribution itself. In many areas of the developed world, the increased use of

herbicide-based weed control has led to increasing adoption of reduced tillage or no-till cultivation

systems. Regardless of the cause of erosion, reductions in tillage and increases in the residue cover

following field operations will slow the rate of soil redistribution; in a tillage-redistribution dominated

system, it may almost eliminate accelerated erosion.

A positive prognosis does not, however, exist for many areas of the developing world.

Population pressures in many developing countries may lead to increased utilization of marginal land

and to greater use of mechanized tillage systems; both may lead to increases in accelerated erosion.

Hence, while the principles of effective erosion control are well understood and are being applied in

many developed countries, the socio-economic constraints inherent in the agricultural systems of many

developing countries is likely to limit the adoption of these vital control principles.
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