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Abstract

This paper focuses on analysing tillage as a mechanism for the transformation of soil spatial
variability, soil morphology, superficial soil properties and development of soil—landscape
relationships in agricultural lands. A new theoretical two-dimensional model of soil catena
evolution due to soil redistribution by tillage is presented. Soil profile truncation occurs through loss
of soil mass on convexities and in the upper areas of the cultivated hillslopes; while the opposite
effect takes place in concavities and the lower areas of the field where the original soil profile
becomes buried. At sectors of rectilinear morphology in the hillslope (backslope positions), a null
balance of soil translocation takes place, independent of the slope gradient and of the rate of
downslope soil translocation. As a result, in those backslope areas, a substitution of soil material in
the surface horizon with material coming from upslope areas takes place. This substituted material
can produce an inversion of soil horizons in the original soil profile and sometimes, the formation of
“false truncated soil”. In the Skogstad agricultural field (Cyrus, MN) spatial patterns of soil
properties (soil calcium carbonate content) in the surface soil horizons and soil morphology along
several slope transects were analyzed. These spatial patterns are compared with those estimated for
soil redistribution (areas of erosion and deposition) due to tillage using the Soil Redistribution by
Tillage (SORET) model and water erosion using the models Water Erosion Prediction Project
(WEPP) and Universal Soil Loss Equation (Usle2D). Results show that tillage was the predominant
process of soil redistribution in the studied agricultural field. Finally, some practical implications of
the proposed model of soil landscape modification by tillage are discussed. Nomographs to



calculated the intensity of the expansion process of the eroded soil unis by tillage are proposed for
three different patterns of tillage.
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Pedology; Mollisolls

1. Introduction

Unquestienably, seil redistributien by tillage plays a key rele in building and medifying
the geemerphelegy and pedelegy of sleping agricultural landscapes (Papendick and
Miller, 1977; Gevers et al., 1999). In recent years, high tillage eresien rates have been
reperted in agricultural fields under different technelegical and envirenmental cenditiens.
In many cases, fer specific landscape pesitiens, tillage eresien rates reached higher values
than seil less telerance levels (Lindstrem et al., 1992; Gevers et al., 1996). First Lindstrem
et al. (1992) and later several authers including Gevers et al. (1994), Lebb et al. (1995),
and De Alba (2003) have decumented hew tillage tends te preduce a pregressive
denudatien ef relling landscapes. Fig. 1 shews a widely accepted medel of leng-term
evelutien of a cemplex slepe prefile as predicted by a simple simulatien using a fixed seil
transpert rate by tillage eperatien. The rates of tillage seil translecatien are prepertienal te
the slepe gradient, while the net rates of seil less or gain are related te the merphelegy and
curvature ef the slepe (Lindstrem et al., 1992; Gevers et al., 1994), i.e., seil less eccurs en
cenvex areas and depesitien takes place en cencave areas.

On the ether hand, tillage centributes te the creatien of distinctive landferins, such as,
lynchets that ferm aleng field beundaries. Seil accumulates en the upslepe side of field
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Fig. 1. Simulated long-term effects of soil redistribution by tillage on a theoretical slope profile.



beundaries and seil is translecated away frem the dewnslepe side of ficld beundaries
(Papendick and Miller, 1977). As a result, landscape benching takes place when
beundaries between adjacent ficlds are lecated at backslepe pesitiens (e.g., De Alba,
2002) er if tillage is cenducted between grass hedges (Dabney et al., 1999).

During the last decade, an increasing number of studies have been cenducted te
quantify seil translecatien rates preduced by different tillage implements and identifying
centrelling facters Lindstrem et al. (1990,1992), Revel et al. (1993), Gevers et al. (1994),
Lebb et al. (1995), Peesen et al. (1997), Van Muysen et al. (1999), De Alba (2001), and
Terri and Berselli (2002). High seil translecatien rates have net enly been decumented for
medern tillage equipment using mechanical pewer, but as well fer tillage practices using
animal pewer (e.g., in Thapa et al., 1999). Quine et al. (1999) feund that because tillage by
animal pewer necessitates dewnslepe tuming ef the seil en every eccasien, the resultant
net dewnslepe translecatien may exceed the levels asseciated with tillage by mechanized
pewer, in which the seil is tumed in eppesing directions en successive eccasiens. Intense
translecatien rates and eresive effects due te manual tillage have been reperted by
Turkelbeem et al. (1999) in Thailand.

Regarding en-site effects of tillage cresien en seil quality and preductivity,
Schumacher et al. (1999) gave an example of hew tillage cresien increases seil
variability and degradatien ef surface seil quality in cenvex slepe pesitiens, as well as
increasing spatial variability ef crep preductien. Terri et al. (2002) discusses hew seil
redistributien may cause medificatien ef seil hydrelegy resulting in a cemplex series
of interactiens and synergies between tillage and water eresien precesses, as well as,
with ether geemerphic precesses. Medificatien ef seil slepe stability due te seil
accumulatien ever a pessible surface ef rupture can increase the risk ef surface mass
mevement. There are few studies decumenting the effects of seil redistributien by
tillage en seil variability at field and landscape scales (e.g., Schumacher et al, 1999;
Kesmas et al., 2001).

In this paper, we discuss the effects of seil redistributien en the spatial variability ef
seil preperties, seil prefiles, and seil landscapes. A new cenceptual medel eof
medificatien by tillage ef the seil prefile merphelegics and seil catenas is prepesed.
In erder te identify field evidence of this medel of seil medificatien, the spatial pattern
of seil variability is analyzed ever an agricultural field that shews evidence ef prier
intense eresion. This seil pattern is cempared with these predicted fer tillage and water
cresion te identify these eresion precesses that had the predeminant rele in preducing
the current seil pattern. Finally, seme practical implicatiens ef seil landscape medifi-
catien by tillage are discussed.

2. Modification of the soil profile morphology due to soil redistribution by tillage
2.1. Mixing and inversion of the upper soil horizons by tillage using a moldboard plow
At landscape pesitiens where the thickness of the surface seil herizen is less than

the depth ef tillage, the plew layer cemprises material frem beth the surface and the
subsurface seil herizens (e.g., sheulder pesitiens). As a censequence of this, meldbeard



plew tillage eperatiens may invert and mix the twe seil herizens (e.g., McKyes, 1985).
Fig. 2a shews an idealized sketch ef the inversien precess of seil herizens. At early
stages after a few tillage eperatiens, the plew layer presents centrasted cempenents
frem twe eriginal genetic herizens (e.g., A and Bk herizens in Fig. 2a). After repeated
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Fig. 2. Modifications of soil profile morphologies due to soil redistribution by tillage. Scheme of processes on
three theoretical cases of soil profile: (a) mixing and inversion of the upper soil horizons; (b) substitution of
surface soil horizon; (c) partial substitution of the surface soil horizon and formation of a ”false wuncate soil
profile”. The genetic horizon material composing the plow layer is shown in parentheses following the Ap
symbol (I—before tillage; [I—after tillage).



tillage eperatiens, the eriginal differentiated cempenents are mixed creating a heme-
geneeus plew layer (Ap herizen). At this peint, the preperties of the final hemege-
neeus seil herizen reflect the prepertiens ef the material frem the twe eriginal
herizens. Sibbensen and Andersen (1985) demenstrated the significance eof the mixing
of seil censtituents and develeped a medel te predict the mixing fer leng-term small-
plet research. A mere recent medeling appreach is that ef Van @est et al., 2000.

2.2. Soil profile truncation resulting from the loss of the upper soil horizon

In general terms, seil redistributien by tillage preduces a net seil less en cenvexities
and the upper part ef the hillslepes. The medium- and leng-term effects of such seil
eresion will result in the cemplete truncatien ef the seil prefile by remeving the surface
seil herizen er herizens (A, AB, Bw er Bt). At that peint, material frem an eriginal
subsurface genetic herizen (e.g., a Bk herizen in Fig. 2b) becemes directly expesed at the
surface and censtitutes the plew layer (Ap herizen). In erder te reveal the nature ef the
material that cempeses the new Ap herizen, this herizen is designed as Ap(Bk) deneting
within the parentheses the genetic herizen seurce ef materials that censtitute the plew
layer.

2.3. Soil profile truncation due to the substitution of surface soil horizons

In backslepe pesitiens, where there may net be a net balance of seil less or gain,
the deminant seil transpert precess is tillage. The plew layer is transperted dewnslepe
similar te the actien ef a cenveyer belt frem the tep te the bettem ef the slepe. In
backslepe pesitiens, when the seil prefile presents a surface herizen shallewer than the
depth of tillage, a substitutien ef seil material in the surface herizen with seil material
transperted frem upslepe pesitiens takes place. The sketch in Fig. 2b shews that seil
material frem the eriginal surface Ap herizen, cemprised of A and Bk herizens, is
remeved and transperted dewnslepe and replaced by subsurface herizen material
(herizen Bk) lecated upslepe. The final seil prefile is similar te that derived frem
seil truncatien due te the less by eresien of the upper seil herizen. Nevertheless, there
is a difference in that the seil truncatien by substituting surface seil material is net
related te a net less of seil mass er lewering eof the surface level

2.4. Formation of soil profiles with an inverted sequence of soil horizons: false truncated
soils

The partial substitutien ef the superficial seil herizens with seil being translecated
frem upslepe pesitiens due te tillage can preduce the fermatien ef seil prefiles, in
which the eriginal sequence ef seil herizens becemes partially inverted. This is the
case of seil prefiles where the thickness of the surface herizen is greater than the depth
of tillage. As represented in Fig. 2c, after repeated tilling, the upper part ef the seil
surface herizen is substituted with material frem a genetically different surface herizen
lecated upslepe; while belew the plew layer, a pertien ef the eriginal surface herizen
remains unaltered by tillage. In the case represented in Fig. 2c, the seil prefile at the



bettem ef the slepe that initially has a sequence of genetic herizens ef the type A-Bk
is transfermed te Ap(Bk)-A-Bk, by partially substituting the eriginal A herizen with
seil material frem Bk herizen lecated upslepe. This type of inverted seil prefile can be
called a “false truncated seil” because eof its similarity at the surface level te an actual
truncated seil fermed by lesing the surface herizens. In beth cases, the upper surface
herizen after tillage cerrespends te the eriginal subsurface seil herizen (e.g., Bk in Fig
2¢). Similar te what happens with the truncated type seils described in Sectien 2.3, the
key mechanism te ferm this type of “false truncated seils” is seil transpert by tillage
and net a net balance of seil gain er less.

2.5. Soil profile buried due to the accumulation of material over the surface horizon

Tillage causes a net seil gain en cencavities and at the bettem ef hillslepes, giving place
te the infilling of depressiens and the fermatien ef slepe banks at the lewer beundary ef
the fields. In the leng-term, the eriginal seil prefile becemes buried under a depesit of
material ceming frem upslepe. In this case, the accumulated seil censtitutes the new plew
layer and its preperties are related te these of the seil lecated upslepe.

3. Modification of the soil catena by tillage

In additien te pedegenic precesses and the actien ef seil degradatien by water and
aecelian eresien, seil redistributien by tillage represents anether substantial mechanism
that increases seil variability in sleping agricultural landscapes. A new cenceptual
medel of seil catena evelutien in sleping agricultural landscapes can be drawn based
on the abeve-described mechanisms ef seil prefile medificatien by tillage.

An idealized transfermatien ef a hypethetical seil catena due te seil redistributien
by tillage is presented in Fig. 3. Befere tillage, the initial hillslepe presents a typical
creded seil catena (Fig. 3a) shewing seil prefiles with centrasting sequences eof seil
herizens. Three sequences of seil prefiles are ebserved: (1) at the tep ef the slepe
(sheulder), a truncated seil prefile cempesed of a sequence eof genetic herizens ef the
type Ap(Bk)-Bk-C; 2) at backslepe pesitiens, a partially truncated seil prefile with the
herizen sequence of Ap(Bt)-Bt-Bk-C; and (3) at the bettem ef the slepe (feetslepe),
the mest cemplete seil prefile cempesed of Ap(A)-A-Bt-Bk-C. As stated befere, the
Ap herizens are designed deneting between parentheses the genetic herizen seurce of
materials that censtitute the plew layer [(e.g., Ap(Bk)], te reveal the nature ef the
material which cempeses these surface herizens.

The accumulated leng-term effects of seil redistributien by tillage are represented in
Fig. 3b. The medel shews that seil ef the plew layer is gradually transperted frem the
tep te the bettem ef the slepe, and censequently the surface genetic herizens are
expanded dewnslepe aleng the plew layer. At the tep and bettem ef the hillslepe,
eppesite surface level changes take place cerrespending te different net balances ef
seil less and gain, respectively. As a result, a pregressive seil truncatien eccurs in the
summit and sheulder, while seil is buried in the feetslepe and teeslepe. At backslepe
pesitiens in Fig. 3b where the surface Ap(Bt) herizen is net as thick as the plew layer,
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Fig. 3. Idealized model of soil catena modification by tillage. (a) Initial theoretical soil catena; (b) soil catena
modified by soil redistribution due to repeated tillage. The genetic horizon material composing the plow layer is
shown in parentheses following the Ap symbol. Slope profile elements: SU=swnmit, SH=shoulder,
BS=backslope, FS=footslope, TS=toeslope.
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1.- Soil truncation due to net soil loss

2.- Soil truncation by substitution of surface horizons

3.- Formation of soil profiles with a inverted sequence of
genetic horizons: false truncated soils.

4.- Buried soils due to net soil accumulation

Fig. 4. Variability of mechanisms of soil profile modification by tillage along the slope.

the surface herizen is replaced with seil ceming frem upslepe, resulting in the
fermatien ef truncated seil prefiles of the types Ap(Bk)-Bk-C. At backslepe pesitiens,
where the eriginally surface herizen Bt is deeper than the plew layer, this herizen
becemes enly partially substituted causing the seil prefiles te have an inversed
sequences of herizens. This is the case of prefiles Ap(Bk)-Bt-Bk-C er Ap(Bt)-A-Bt-
Bk-C in Fig. 3b. Fig. 4 shews the distributien ef the different precesses of seil prefile
medificatiens preduced by tillage aleng the eriginal seil catena in Fig. 3a.

4. Field evidence of soil catena modification by tillage: a case study

An agricultural field with features of intense seil degradatien by eresien was studied
in erder te identify patterns ef seil variability. The expected patterns ef seil
redistributien by tillage and water cresien were determined. Then agreement in
ebserved field variability between the twe seil redistributien precesses was determined.
In this appreach, we used spatial variability ef calcium carbenate as an indicater ef
prier seil redistributien. The prepesed medel of seil prefile medificatien due te tillage
is evaluated using a case study that examined the current seil variability ever an
agricultural landscape.



4.1. Materials and methods

4.1.1. Study area: the Skogstad field

The study area was a 4-ha pertien ef a larger 16-ha ficld lecated nerth ef Cyrus,
MN in west central Minneseta (43° N 41/, 95° W 4%). This area was selected because
of its past management histery ef intensively based meldbeard plew tillage and
evidence eof prier cresien (Lindstrem et al., 2000a). Prier cresien was identified by
the expesure eof calcareeus subseil material in the upper sheulder landscape pesitiens.
The landscape is characterized by a relling tepegraphy with slepes up te 10%. The
climate is subhumid with appreximately 600 mm ef annual precipitatien. The deminant
seil catena in the study area was Svea (fine-leamy, mixed, superative, frigid Pachic
Hapludells)—Bames (fine-leamy, mixed, superactive, frigid Calcic Hapludells)—Buse
(fine-leamy, mixed, superactive, frigid, Typic Calciudells) was fermed in Wiscensin-
aged glacial till. A tepegraphic survey ef the 4-ha pertien ef the ficld was cenducted
en a 10- by 10-m grid using a survey-grade Differential Glebal Pesitiening System
(DGPS) te develep a digital terrain medel (DTM).

4.1.2. Spatial variability of soil calcium carbonate content

Spatial variability ef seil calcium carbenate centent was characterized aleng three
transects in the study area. Fig. 5 shews the lecatien ef the three transects in the study
area DTM. Aleng each transect, 1.4-m depth seil prefiles were described and sampled
at 10-m intervals. A separate transect was described and sampled in an adjacent nen-
cultivated ficld. Fer this study, we analyzed the seil inerganic carben centent
determined by the methed of Wagner et al. (1998) and reperted as calcium carbenate
(CaC@®;) equivalent.
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Fig. 5. PTM (Bigital Terrain Model) of the study site and localization of soil sampling wansects (Axis units in
meters).



4.1.3. Modeling spatial pattern of soil redistribution by tillage

In erder te simulate the accumulated effects of seil translecatien by tillage en seil
redistributien within the study area, the Soil Redistributien by 7Zillage (S®RET) medel
was applied. The SORET medel is a spatially distributed medel perferming 3-D
simulatiens ef seil redistributien by tillage en DTMs at field scale (De Alba, 1999). A
general flewchart of the medel is presented in Fig. 6. The inputs ef the simulatien
precess include, besides the DTM eof the field, the single er multiple tillage patterns
simulated including directien(s), depth, and frequency ef tillage. The simulatien medel
preduces a final DTM ef the area shewing the tepegraphical variatiens preduced by
the seil redistributien, a raster map ef variatiens ef the elevatiens ef seil surface, and
depth (m) eof seil less and/er accumulatien. A map ef spatial variability ef average seil
eresien-accumulatien rates per tillage eperatien (tens ha ' year™') fer each individual
grid cell is alse preduced. The simulatien precess invelves a calculatien step
cerrespending te a single tillage eperatien, after which a medified DTM is preduced.
The medel can predict seil redistributien effects of a single eperatien, as well as the
leng-term effects of repeated tillage eperatiens. The simulatien precess is built areund
deterministic relatienships between tillage translecatien intensity and the characteristics
of terrain (e.g., slepe gradients), tillage, and seil (e.g., dry seil bulk density). The seil
translecatien equatiens are ef the type:

o = f(ST; SP) (1)
in which the actual seil displacement distances (i.e., ferward #pp and lateral dpp

translecatiens) are calculated as functiens ef the slepe gradients simultaneeusly in twe
directions, parallel (ST) and perpendicular te the directien ef tillage (SP). Preliminary
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Fig. 6. Flowchart of the SORET (Soil Redistibution by Tillage) simulation model (after Be Alba, 2003).



results of the S@RET medel were recently presented by De Alba (1999, 2803) and De
Alba and Lindstrem (2000).

In the present analysis, the study area DTM was recalculated te have a cell size of
4 m® (2x2) using a Kriging methed ef interpelatien (Cressic, 1991). The SORET
medel uses differences in elevatien between adjacent cells fer calculating gradient
slepes and seil mevement ever the individual grid cells. The simulatien perfermed 40
epcratiens ef tillage alternating in the Nerth—Seuth directien using a right-hand
meldbeard plew as that described by De Alba (2001) at a tillage depth of 0.24 m.
Parameters describing seil translecatien medels used in the S@RET medel for the
meldbeard plew are shewn in Table 1.

4.1.4. Spatial pattern of water erosion along the hillslopes profiles

Fer twe ef the selected slepe transects, Nes. 5 and 7 in Fig. 5, the expected water
eresien respense was evaluated aleng the transects using the Water Eresion Predictien
Preject (WEPP) Hillslepe medel—Beta 4 versien, 2001—(Flanagan and Nearing,
1995). As a management system, a centinueus cem retatien was used with fall
meldbeard plew using management and dates of eperatiens frem the WEPP database.
Climatic data frem the West Central Research and @utreach Center, University of
Minneseta, meteerelegical statien was used as an input inte WEPP te develep average
annual rates ef seil detachment and depesitien. @ver a 40-year simulated peried, the
average annual precipitatien was 614 mm. Since, here we were interested in
determining the spatial pattern eof net seil less er gain areas aleng the slepe prefiles
and net the accurate eresien rates, we censidercd enly the WEPP eutputs in terms ef
relative eresien and net the abselute rates. Therefere, a static hillslepe medel was used
ever the 40 years of water eresien simulatien.

The hillslepes were idealized by assuming that the whele hillslepe length had a
single seil series. Fer eur analysis, the Barnes seil series (fine-leamy, mixed, super-
active, frigid Calcic Hapludells) was selected. The Bames seil has a surface seil
herizen free of calcium carbenate and is the deminant seil in the studied unplewed
field of semi-natural vegetatien (Fig. 7). This is a necessary simplificatien because the
landscape exhibited a high degree of variability in seil preperties due te the leng-term
accumulated effect of the tillage, water and wind ecresien precesses and seil develep-
mental precesses. Since we were interested in explering the relatienships between the
current seil variability and tillage and water eresien, idealized hillslepes shewing a
simplified undisturbed seil was built.

Table 1
Soil wanslocation equations used in the S@RET model to simulating long-terin patterns of soil redistribution by
tillage, as defined by Be Alba (2001) for a right-hand moldboard plow

Soil displacement Soil wanslocation models
Forward direction dpr (cm) Ap1—38.03—-0.62*ST+0.40*SP
Lateral direction #pp (cm) App=41.10—0.50*SP

Actual direction & (cm) a=(d3 +d3p)'"

ST=slope gradient in the direction of tillage; SP=slope gradient in the direction perpendicular to tillage.
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Fig. 7. Spatial variability of soil calcium carbonate in the non-cultivated field.

4.1.5. Spatial pattern of water erosion: 2-D simulation of the Universal Soil Loss
Egquation (USLE) topographic LS-factor (slope length and slope gradient factor)

In erder te evaluate the wvariability ef the petential intensity ef water eresien
regarding the tepegraphy en the DTM eof the study area, we used the Usle2D medel
(Van @est and Gevers, 2001). In the calculatien ef the Universal Seil Less Equatien
(USLE) tepegraphic LS facter (slepe length and slepe gradient facter Fester and
Wischmeier, 1974), the Usle2D medel replaces the slepe length by the unit centrib-
uting area (Desmet and Gevers, 1996). The unit centributing area is defined as the
upslepe drainage area per unit ef centeur length (Kirkby and Cherley, 1967). The
Usle2D medel, different than the WEPP hillslepe medel, can perferm twe-dimensienal
analysis en DTMs ef tepegraphically cemplex landscapes (Van @est and Gevers,
2001). Again, in this case, the eutput ef the medel will net be a map shewing accurate
cresion er depesitien rates, but a map presenting the expected variability ef eresien
intensity as influenced by a static tepegraphy.

4.2. Soil variability in CaC@®; content in the Skogstad field vs. patterns of water and
tillage erosion

4.2.1. Simulated soil redistribution by tillage in the study site
The map eof seil redistributien after 40 tillage eperatiens simulated using the SORET
medel is shewn in Fig. 8. In general terms, the simulated pattemn of seil redistributien is in



Fig. 8. Simulated soil redistribution by tillage in the study site using the S@RET model. Surface elevation changes
are given in meters (Axis units in meters).

agreement with these described by ethers (Quine et al., 1994; Gevers et al.,, 1996; Lebb et
al, 1995; De Alba, 2003). Net rates of seil less er gain are related te the merphelegy and
curvature ef the hillslepe. An intense net seil less takes place at cenvex pesitiens, while a
net seil gain eccurs in cencavities. An area equivalent te 35.5% ef the tetal DTM shews a
net lewering eof the seil surface, with maximum and average depths of 0.87 and 0.02 m,
respectively, that cerrespend te equivalent eresien rates of 29.3 and 0.7 kg m 2 year . @n
the ether hand, the area of net seil depesitien is 64.5% ef the tetal DTM with maximum
and average depesit depths of 0.73 and 0.02 m, respectively, that cerrespend te equivalent
depesitien rates of 24.7 and 0.7 kg m~2 year .

In a previeus study, Lindstrem et al. (2000b) simulated the leng-term effects of seil
redistributien by tillage in the same field using a medified versien of the Tillage
Eresien Predictien (TEP) medel (Lindstrem et al., 2000b). A cemparisen between the
seil redistributien map in Fig. 8 and that (data net presented) ebtained by Lindstrem et
al. (20002) highlights that in beth cases, the spatial pattern ef seil redistributien is
nearly identical. Hewever, regarding the abselute rates of seil less and gain seme
differences were neted between beth appreaches. The differences seem be explained
by: (1) the calculatien algerithms in the TEP medel are calibrated te the particular
agrenemic cenditiens in west-central Minneseta when cempared te the algerithms in
the SORET medel, and (2) differences en the basic calculatien precedures and
algerithms between the twe medels (see Lindstrem et al., 2000a,b; De Alba, 2003).

4.2.2. Variability of soil content in calcium carbonate in a non-cultivated grass field
The depth ef disselved calcium carbenate precipitatien frem high calcium carbenate
parent material in the seil prefile is strengly dependent en seil water flew and



increases with increasing precipitatien in a well drained seil. Jenny and Leenard (1934)
were the first te quantify this relatienship and established a direct regression between
the average annual precipitatien and depth te the tep ef the carbenate herizen (Bk).
Applying the medel of Jenny and Leenard using the average annual precipitatien frem
west central Minneseta of 610 mm, the medel predicts an average depth te the tep ef
the calcic herizen eof 76.3 cm. Censistent values are predicted by medern regressien
medels as these established by Retallack (1994) and Reyer (1999), which lead te
average depths eof 90 and 108 cm, respectively. Hence, all the medels indicate that fer
the climate in Central Minneseta, surface seil herizens sheuld be expected te be fiee
of calcium carbenate. In actual fact, this is the pattern ebserved ever the seil catena
described en the nen-cultivated field. Fig. 7 shews the spatial variability ef calcium
carbenate centent in the seil prefiles aleng the catena. In this figure, the seil prefiles
illustrate the calcium carbenate centent, and classify the seil herizens in three greups:
(1) absence eof calcium carbenate, (2) presence of calcium carbenate (i.e., effervescence
with 1.0 N HCI), and (3) herizen that meet the requirements te be classified as calcic
as defined by the Seil Survey Staff (1998). The five seil prefiles ef the catena
presented in Fig. 7 shew the upper part ef the prefile te be fiee of calcium carbenate
until a depth, which increases dewnslepe and varies between 11 cm en the sheulder
and mere that 140 cm en the feetslepe.

4.2.3. Spatial patterns of calcium carbonate distribution vs. patterns of ervosion in the
study area

The patterns of seil variability in calcium carbenate centent in the seil prefiles
aleng transects 5 and 7 are shewn in Figs. 9 and 10, respectively. They are cempared
te the patterns ef seil redistributien predicted by tillage using the S@RET medel and
fer water eresien using the WEPP medel. In beth transects, all the seil prefiles in the
catena, except the lewest pesitiens, exhibit surface herizens that have presence ef
calcium carbenate. Mereever, the prefiles lecated in the upper half ef the hillslepe, at
the sheulder and upper backslepe pesitiens, effervesce threugheut the entire prefile and
a subsurface calcic herizen (Bk) with an upper depth limit varying between 0.2 and
0.3 m frem the seil surface is presented. Accerding te the medel of Jenny and Leenard
(1934), the presence of calcium carbenate in the tepseil and the shallew identificatien
of the calcic herizen ceuld be interpreted as the result of the less by eresien ef the
upper seil herizens free of calcium carbenate. Censequently, these seil prefiles can be
classified as truncated seils.

The prefiles lecated at distances greater than 6@ m frem the tep ef the hillslepe in
Transect 5, and 132 m in transect 7, shew a discentinuity in the distributien ef calcium
carbenate threugheut the prefile. This discentinuity is the presence of a seil layer free of
calcium carbenate under the calcareeus tepseil and, in mest cases, abeve a deep calcic
(Bk) er a less calcarceus herizen (e.g., C). Since this pattern ef calcium carbenate
distributien is net censistent with the expected pedegenic calcium carbenate pattern aleng
the prefile (e.g., in Chadwick and Graham, 2000), a reasenable interpretatien is that the
calcareeus tepseil cerrespends te seil material transperted aleng the plew layer frem
upslepe pesitiens. Mereever, this is censistent with the ebserved trends in thickness of the
calcareeus herizen that decreases as we meve dewnslepe while the intermediate herizens
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Fig. 9. Spatial variability of soil calcium carbonate (a), predicted soil redistibution by tillage (b), and by water
erosion (c) along the Transect 5 (Fig. 5).

free of calcium carbenate beceme larger. The calcareeus herizen was cempletely absent in
the lewer seil prefiles (lewer feetslepe pesitiens).

Regarding cresien patterns, Figs. 9 and 10 shew centrasted spatial patterns fer seil
redistributien by tillage and water eresien. Fer beth transects, the WEPP medel predicts a
net seil less aleng the entire slepe due te water eresion. The seil lesses are very lew in the
summit and sheulder, increase dewnslepe until the maximum values are reached in the
upper feetslepe and decrease again in the lewer feetslepe. In centrast, the SO@RET medel
predicts a different respense te seil redistributien in each transect. The S@RET medel
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Fig. 10. Spatial variability of soil calcium carbonate (a), predicted soil redistribution by tillage (b), and by water
erosion (c) along the Transect 7 (Fig. 5).

shews a sectien of net seil less in the upper part of the slepe (i.e., summit and sheulder)
and a sectien of net seil gain in the cencave and lewest pertiens ef the slepe (i.e., lewer
feetslepe). Hence, tillage and water eresien shew centrasting patterns ef seil less er gain
in these cencave and lewer slepe secters. Censequently, enly the predicted pattern of seil
redistributien by tillage can explain the spread ef calcareeus material dewnslepe aleng the
plew layer ever an intermediate herizen that is fiee of calcium carbenate. Mechanisms ef
seil prefile medificatien are shewn in Figs 2—4. Furthermere, for the twe transects
analyzed, the peint predicted by the S@RET medel te be the starting area ef net seil



accumulatien is ceincident with the first seil prefile in the catena shewing a discentinueus
distributien ef calcium carbenate. These are distances te the tep of the slepe of 50 m feor
Transect 5 and 130 m fer Transect 7. Similar results were ebtained by Lindstrem et al.
(20002,b) using the TEP medel in the same study field.

In the case of the Transect W (Fig. 5), all the seil prefiles in the catena exhibit a
discentinuity in the calcium carbenate distributien aleng the prefile (Fig. 11). The
calcareeus surface herizens have a thickness varying frem 20 and 30 cm, which
cerrespends te the depth ef the plew layer in each prefile. Accerding te the seil
redistributien map simulated by the S@RET medel (Fig. 8), these surface herizens seem
te cerrespend te the accumulatien ef seil transperted frem the lateral slepes by tillage. ®n
the ether hand, a centrasting pattern was feund fer water eresien. Since Transect W is
lecated aleng an area of petential cencentration of everland flew, the Usle2D medel was
used te calculate spatial variability ef eresien (Fig. 12). The estimated map ef the USLE
tepegraphic facter (i.e., LS-facter) fer the study area DTM (Fig. 12) shews that the
maximum values of petential intensity eof water eresien cerrespend te the bettem ef the
drainage way aleng which the transect W is lecated. Furthermere, features of intense water
eresien as linear incisiens and ephemeral gullies have been ebserved repeatedly in this
drainage way after rainfall events of elevated precipitatien (>235 mum h™').

The cemparisen eof the pattern of calcium carbenate distributien and these of tillage and
water eresion aleng the three transects analyzed lead us tewards the cenclusien that the
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Fig. 12. Spatial variability of the USLE (Universal Soil Loss Equation) topographic LS-factor (slope length and
slope gradient factor, dimensionless) in the study site (Axis units in meters).

patterns ef calcium carbenate distributien can enly be preperly explained as the result of
the predeminant effect of the seil redistributien by tillage. This pattern ef seil redistribu-
tien is cemparable with the idealized medel of seil catena medificatien presented in Fig. 3,
causing the fermatien ef seil prefiles shewing an inverse sequence ef genetic seil
herizens. In the case studied, the discentinueus distributien ef calcium carbenate in the
prefile repreduces such an inverted sequence ef herizens. @f ceurse, here we are using
enly the distributien ef a single seil preperty, the calcium carbenate centent, as an
indicater of seil redistributien and net the genetic seil herizens. This peints te the need for
further field research te preve the prepescd medel of catena medificatien by tillage.
Furthermere, as it has already been established by several authers including, Gevers et al.
(1994), Schumacher et al. (1999) and Terri et al. (2002), the actual pattern eof seil
redistributien exhibits the cembined effects and synergies between water and tillage
eresien precesses. Hence, a mere realistic appreach requires the use of simulatien medels
that integrate beth eresien precesses.

S. Implications of increasing soil landscape variability due to soil redistribution by
tillage

As a direct censequence of seil redistributien aleng the plew layer, an increase in
spatial variability ef surface seil preperties eccurs, which ceuld be menitered in a
sequence of detailed seil maps. In erder te explere the implicatiens ef such an increase
of spatial variability en seil mapping and further interpretations eof seil surveys, let us
analyze seme ef the cartegraphic censequences eof the seil catena medificatien medel
presented abeve.



Fig. 13 shews the expected seil map changes derived frem the accumulated effects of
the seil catena medificatien as represented in Fig. 3. The mest evident change is that the
beundaries between surface seil map units have been transpesed dewnslepe. Hence, map
units ef creded seils lecated in the upper part ef the hillslepe beceme enlarged and
expand dewnslepe. @n the ether hand, Fig. 13 reveals that a simple appreach based en
surface seil units dees net allew the identificatien ef the different seil prefile
medificatien eccurring frem tillage eresien, and censequently, actual seil variability is
masked. In the example in Fig. 13, the Ap(Bk) herizen everlies seils of centrasting
prefile merphelegies which have fermed differently depending en landscape pesitien
interacting with the tillage eresien precess. These are truncated seils with a decapitated
prefile of the type Ap(Bk)-Bk-C, and false fruncated seils represented by an inverted
sequence eof herizens ef the type Ap(Bk)-Bt-Bk-C er Ap(Bt)-A-Bt-Bk-C.
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Fig. 13. Increasing variability of soil profiles within map units of surface soil horizons due to soil redistibution by
tillage. The genetic horizon material composing the plow layer is shown in parentheses following the Ap symbol.



The implicatien ef net taking inte acceunt the seil prefile variability within map
units can result in an everestimatien en seil cresien rates when these rates are
calculated by analyzing a sequence eof detailed seil maps. Fer example, when
measuring the tetal area eof the surface presenting truncated seils and assuming these
truncated surface seil material cerrespend te seil prefiles, which have been ereded and
decapitated with a less eof material equivalent te the average thickness eof the missed
upper herizens. Therefere, the peints in which the seil prefile has been medified due
te the partial substitutien ef the surface herizen by tillage (i.e., false truncated seils),
the estimated seil less using the fermer assessment methed has te be rather high, even
when the surface elevatien dees net change.

Anether aspect of impertance is the understanding ef hew these seil prefile
medificatiens ceuld alter the whele system of cemplex flews of material and energy
in the seil prefile. As an example, censider the pessible implicatiens en the surface and
subsurface hydrelegy ef the hillslepe. Seil redistributien by tillage explains the partial er
tetal substitutien ef the surface herizen with material that presents centrasting physical
(e.g., texture, seil structure, peresity...) and hydraulic preperties (e.g., hydraulic
cenductivity, water retentien). As represented in Fig. 13, censider a partial substitutien
of a Bt herizen ef clay leam texture with streng prismatic structure with material ceming
frem a Bk herizen ef sandy texture with weak prismatic te massive structure. The new
seil prefile Ap(Bk)-Bt-C weuld shew a quite different hydrelegical respense frem that
expected eof the initial prefile Ap(Bt)-Bt-C, as well as eof that lecated upslepe and
shewing a prefile ef the type Ap(Bk)-Bk-C. @ur aim ef using such as a simplified
example is te illustrate the pessible physical implicatiens derived ef the seil prefile
medificatiens due te the seil redistributien by tillage. Terri et al. (2002) discuss ether
examples.

This analysis suggests a need te evaluate the change in spatial distributien ef
surface seil preperties and that ef the seil prefile merphelegy as a result ef tillage.
This will allew us te make a mere accurate representatien ef the spatial variability ef
seil preperties (e.g., nutrients availability, water retentien capacity, drainage class...)
that can be used te make preper seil management decisiens (e.g., precisien
agriculture).

6. Intensity of the expansion process of the eroded soil units

In erder te evaluate the magnitude of the intensity ef the expansien precess eof seil
units, a series of nemegraphs were censtructed, that allew us te predict the distance of
dewnslepe expansien as a functien ef the pattern of tillage, frequency ef tillage, and slepe
gradient. Fig. 14 shews the nemegraphs ebtained feor three different patterns eof tillage: (1)
centeuring tillage (tuming the seil alternately up- and dewnslepe), (2) up- and dewnslepe
tillage, and (3) repeated tillage dewnslepe.

Fer a given pattern of tillage, the average distance of displacement dewnslepe of a
beundary between twe seil units can be calculated using the nemegraphs as a functien ef
the slepe gradient and the number eof tillage eperatiens. @bvieusly, the medel is a
simplificatien ef the actual precess using the assumptien that the transitien between
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surface seil units is displaced a distance equal te the average seil displacement. This
assumptien dees net take inte acceunt any additienal precess of seil dispersien er mixing
of centigueus seil herizens. The main equatien describing the precess will be as fellews:

Ex=d n (2)

where, Ex is the distance (m) ef the seil unit expansien dewnslepe, & is the average
distance (m) ef seil translecatien by a tillage eperatien, and » is the tetal number of
eperatiens.

The distance « of seil translecatien can be calculate using the empirical algerithms ef
the type d=7(S) (e.g., see Lindstrem et al., 1992), in which # is calculated as a functien ef
the slepe gradient () as fellews:

d=a+b-S (3)

where a and b are censtants.

The cembinatien ef Eqs. (2) and (3) using the number V of tillage eperatiens simulated
te be applied per year, an annual expansien rate Tx, expressed as m year ' is ebtained, as
fellows:

Tx=(a+b-8) n/N (4)

fer patterns of tillage aleng a single directien of tilling. When the pattern of tillage include
eppesing directiens en successive eperatiens, Tx is calculated as fellews:

Tx = (b 8) - n/N (5)

Nemegraphs in Fig. 14 were develeped using the seil translecatien medels and
ceefficients defined empirically by De Alba (2001) fer tillage eperatiens using a right-



hand meldbeard plew. As an example, the results in Fig. 14 shew that after 100 eperatiens
on a 20% slepe, the upper seil unit weuld be expanded dewnslepe in distances of 10 m
with centeuring tillage, 13 m with up- and dewnslepe tillage and mere than 50 m with
repeated tillage dewnslepe. If the frequency ef tillage is between ene te three tillage
epcratiens a year (cemmen frequency in seuthern Eurepe), the equivalent expansien rates
Tx vary between 0.10 and 0.30 m year ' for centeur tillage, 0.12 and 0.37 m year ' for
up- and dewnslepe tillage, and 0.51 and 1.52 m year ' fer repeated dewnslepe tillage.
These results peint te the extreme values of expansien fer repeated tillage dewnslepe that
is generally the enly ene pessible when the abselute slepe gradient is higher than 30%.
The abeve examples indicate that seil redistributien by tillage is a mechanism ef high
intensity seil-landscape transfermatien.

7. Conclusions

Seil redistributien by tillage is an anthrepegenic precess of seil fermatien and
intense transfermatien ef the seil-landscapes in agricultural lands. The accumulated
leng-term tillage effects result in a medificatien of the seil prefile and spatial patterns
of seil variability. Mercever, seil redistributien by tillage results in a severe medifi-
catien of the landscape tepegraphy as well as eof the surface and subsurface hydrelegy
(e.g., variability ef infiltratien and everland flew paths), causing substantial medifica-
tien ef geemerphic precesses (e.g., slepe stability and water eresien).

The cenceptual medel of seil catena medificatien by tillage and the field cenditiens
presented in this paper decument the alteratien and fermatien ef seil prefiles due te
tillage which can present an inverted sequence ef genetic herizens, as well as these
called false truncated seil prefiles. At backslepe pesitiens, the fermatien ef truncated
seil prefiles can take place witheut any significant net balance eof seil less or gain, as a
censequence of the substitutien ef seil material in the surface herizen with material
ceming frem upslepe areas aleng the plew layer.

Further research pregrams sheuld be established te identify seil mapping units
medified by tillage and evaluate and meniter these seil-landscapes medificatiens as
well as te decument the implicatiens ef such an anthrepegenic seil fermatien precess
en the biephysical dynamics ef the seil and landscape.

Results frem this study reveal the impertance eof incerperating the precess ef seil
redistributien by tillage inte cemprehensive medels of seil cresien and hydrelegical
precess, seil genesis, seil survey, and the need te explere subsequent interactiens and
synergies.
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