Erosion des sols en contexte agricole : état des

connaissances

Ce chapitre comprend essentiellement un article en préparation constitegignsde 8 1.2.

Un résumé de cette synthése bibliographique est proposé dns.le

|.1. Résumeé de l'article

Le but de ce chapitre est, d'une part, de synthétiser les connaissances sur les
redistributions de sol en contexte agricole et, d’autre part, de définir des themes peu traités
dont I'étude permettrait d’avancer dans la problématique posée : déterminer les effets de la
fragmentation spatiale, c'est-a-dire du parcellaire agricole, en tant qu'élément structural
évolutif du paysage, sur les sols et leur redistribution a I'échelle paysagere. Cette étude
bibliographique constitue un article en préparation intitwWéA: review about assessment of
soil erosion-deposition without monitoring in agricultural hillslopes - the case of Western

Europe » présentén extensai-aprés, et dont voici le résume.

Dansla premiére partie de l'article, sont présentdes processus de redistribution

de solengendrés par les vecteurs dominant I'érosion récente en Europe, a savoir I'eau et le
travail du sol. Cette présentation s’articule autour de deux échelles spatiales : I'échelle locale
(intraparcellaire) et I'échelle paysagéere (de quelques parcelles au bassin versant). L'approche
des processus a I'échelle locale permet de souligner les mécanismes des redistributions et de
déterminer leurs facteurs de contréle. L’approche a I'échelle paysagére permet de définir le
concept de paysage agricole et d’aborder l'influence des mosaiques d’occupation du sol et des
types de bordures de parcelles associées sur les vecteurs eau et travail du sol. Cette premiére
partie permet également d’aborder les conséquences spécifiques a l'action des différents

vecteurs sur le sol, sur sa variabilité spatiale, et sur le relief dans le paysage.
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La seconde partie de l'article propose une approche de daractérisation des
processus de redistribution des sols par I'étude uiidicateurs (SEDI : Soil Erosion-
Deposition Indicators). Ces indicateurs résultent de la redistributionnuiiére par I'eau
et/ou le travail du sol ; ils persistent plus ouimsdongtemps dans le sol. Un SEDI est une
caractéristique physique ou chimique du sol, ouéli@ments associés a son fonctionnement,
dont I'étude permet de qualifier et/ou de quantifiérosion ou le dépo6t de sol a différentes
échelles spatiales et temporelles. Quatre catégoeeSEDI sont définies : les indicateurs
topographiques, pédologiques, biologiques et atobé&pes. Les indicateurs appartenant a
ces différentes catégories sont présentés selodeles échelles spatiales abordées dans la
partie précédente : I'échelle locale et 'échebggagere. Certains SEDI ont déja été évoqués
dans la premiére partie de I'étude bibliographicete sont détaillés ici, d’autres sont
découverts dans cette partie de I'exposé. L'anadysedeux échelles spatiales démontre que
les SEDI étudiés a I'échelle locale témoignent glagiculierement de processus hydriques
non-concentrés et événementiels, alors que les $EMchelle paysagere permettent de
souligner l'action des processus sur le plus l@mmné, notamment ceux liés a I'érosion et au

dépot d’origine aratoire.

L'étude de tels indicateurs pour approcher les proessus de redistribution de sol
fait apparaitre des chemins prometteursLa combinaison de quelques SEDI peut permettre
de caractériser rapidement et efficacement lesepsus de redistribution de sols en cours ou
passés sur un terrain donné. Les SEDI peuventlgtisis en fonction des échelles spatiales,
mais également temporelles, définies selon la probtique posée. De plus, cette approche
via I'’étude de SEDI ne requiere aucun suivi temjpdeelongue durée sur le terrain, élément

positif pour des projets de recherches et travauthdse qui ne durent que quelques années.

A l'issue de cette revue bibliographique, il apfilacae certains aspects de I'érosion
des sols en Europe de I'Ouest n'ont pas été plaenénraités. La caractérisation de ces
aspects semble pourtant indispensable a la comsi@nede I'état actuel des sols. En effet,
bien que les sols et les paysages évoluent coejogrt (Hall, 1983) sous l'effet des
redistributions de sol et des activités humairlasmise en relation de I'histoire de
I'occupation du sol et de ces conséquences sur égseur de sol n'a été que peu abordée
(Salvador-Blanes, 2002 ; Follain, 2005 ; Hoube®80De mémealors que le relief est une
variable prédictive utile pour établir la distribut ion spatiale des sols et de leur épaisseur
(par exemple, Huggett, 1975; Bourennane, 1997; Biatimet al, 1999; Kinget al, 1999),
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peu d’étude lient mathématiquement les variations wrphologiques locales induites par
les bordures de parcelles (par exemple les banquest agricoles) a I'épaisseur des sols
Toujours d’'un point de vue prédictif, il s’averejauwrd’hui nécessaire d'implémenter 'effet
des éléments structurants du paysage et de ledutiéwo dans les modéles d’érosion
fonctionnant a [I'échelle du versant ou de petitsssbes versants (par exemple :
Van Oostet al, 2000 ; Follairet al, 2006). Cependant, des données de validation ouarte
les vitesses de réactivité des sols aux changerdemarcellaire restent rares. Pour terminer,
il apparait que les travaux effectués en Europel’@aest sur I'érosion des sols sont
essentiellement concentrés en domaine loessique-¢uest de I'Europe) et en contexte
méditerranéen (sud de I'Europe). Peu de travawaiosi été effectués en domaine carbonaté
soumis au climat tempéré en Europe. Les différemggroches développées dans les

chapitres suivants visent a préciser ces différaspects.
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1. Introduction

Mechanical soil erosion is a natural phenomenorclwviiecame a problematic issue
for farmers and rural communities since it has baetelerated, i.e. when natural rate has
been significantly increased by human activitieisc& the second World War, agricultural
practices are responsible for a significant aceéilen of erosion in Western Europe, due to
large changes such as mechanisation, new agrigufialicies and rising consumer demand.
Most concerns about accelerated soil erosion dateteto its negative effects, e.g. water
pollution, lower crop yields, reduction of wateorgtge capacity or organic matter losses (e.g.
Andraski and Lowery, 1992; Berget al, 2006; Boardman and Poesen, 2006; Papie®rtick
al., 2009). The protection of soil as a crucial ndtueaource is an important challenge, which
requires an identification of the major soil erasoieposition processes involved the

assessment the spatial variability of erosion-diéiposrates.

Recent soil redistributions observed in croplanfisMestern Europe were mainly
attributed to water processes. Soil erosion by matguires the detachment of soil particles
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and their transport by runoff water. However, i lteeen recently outlined that tillage erosion
appears to generate significant soil redistributianintensively farmed cropland (e.g.
Lindstromet al, 1992; Gover®t al, 1994; Boardman et Poesen, 2006; Cestaal, 2010).

Tillage translocation corresponds to the displacgroésoil during farming operations.

Soil erosion in agricultural hillslopes is conteal by numerous factors, especially soil
properties (physical and chemical), erosivity of particle vectors (raindrop impact, runoff
and tillage implements), hillslope morphology (&ppslope- and curvatures), landscape
fragmentation and associated various landuses amdgements (Morgan, 2005; Verheign
al., 2009). However, these factors present differegfreles and patterns of spatial variability
from regional scale (climate) to in-field scale i(ssurface properties, landuse and
management). Their interactions through space mdtiat the predominant erosion-
deposition processes, their intensities, and treiations could radically differ within a field,

a hillslope, and from one hillslope to another. Qlifging soil erosion in agricultural
landscapes, outlining its driving processes, argtifgng its spatial varaibility, appears then

to be particularly difficult.

In addition, data about middle-term solil redisttibn are sparse for Western Europe.
Research projects and Ph.D. works are predominaatiyractual and limited to a few years.
Therefore, experimental approaches of soil tramgios with regular data recording in-field
are time-restricted. Experiments do not allow apipteng the entire temporal and spatial
variability of the erosion processes involved. Ndews, study of soil erosion requires rapid
and efficient techniques to characterize soil tieration in areas subject to accelerated

erosion since the last few decades.

This paper reviews the dominant processes (watdr tdlage-induced processes)
causing soil losses and gains in cultivated hilskbof Western Europe, and the factors which
control these processes. Two spatial approachesoadered, the local and the landscape
scale, to highlight the influence of landscape rmagtation and various landuses and
managements on soil erosion-deposition intensiespatterns. We then suggest a list of Soll
Erosion-Depostion Indicators. These indicatorsirstended to qualify and/or quantify rapidly
one or both of the dominant processes involved aih redistribution in cultivated areas

without any experimentation.
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2. Soil erosion-deposition processes

2.1. Soil erosion-deposition at local-scale

2.1.1. Water processes

Soil material displacement by water has been widalglied on agricultural context.
Its appearance requires two important phenomertbasietachment of soil particles and their
transport by water throughout the hillslope.

2.1.1.1. Detachment of soil particles

The detachment of soil particles requires first destruction of soil aggregates, and
consequently depends mainly on aggregate stalffigmper and Rosenau, 1986; Farres,
1987). The main characteristics controlling aggregstability are texture, organic matter
content, clay-mineral composition, and the naturéd eontent of cations and Fe-Al oxydes
(Wischmeier and Mannering, 1968). However, the oiganatter content appears to be the
most influential parameter for soil-aggregate ditgbion cultivated temperate lands of
western Europe (Monnier, 1963aynes and Swift, 1990).

Soil desaggregation by water occurs through diffepdysical and physico-chemical
mechanisms, which affect aggregates at differargide- from the micro-scale (clay particle)
to the macro-scale. Four mechanisms of desaggoegasive been identified (Le Bissonnais,
1996). Their relative intensity appears to be aulgd by soil physical/chemical properties,

and by the rain event nature:

- the slaking consists on aggregates break-down by compresgigheoentrapped air
when aggregates are rapidly wetted (Panabokke airé, Q957; Emerson, 1967) .

- the mechanical desaggregation under raindrop impactaggregates are fragmented,

and particles are eventually taked off from thefeme of aggregates depending on the
kinetic energy of the raindrogal-Durrah and Bradford, 1982; Nearimg al, 1987). The
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short-distance lateral displacement of the predietd particles that could occur then is
called the splash effect (Ellison, 1945).

- the desaggregation by differential swellingcorresponds to the cracking of aggregates
because of an alternation of swelling/drying phasfethe clayey particles (Kemper and
Rosenau, 1986).

- the physico-chemical dispersioncomes from the reduction of attraction strengthes

between colloids during swelling (Emerson, 1967).

Moreover, detachment of soil particles could odbwough runoff flow traction, when
flow shear stresses exceed aggregates shear Bsn@etachment rate then depends on
various parameters such as aggregate stabilityreggte size, flow shear stress or flow
velocity (Nearinget al, 1991; Kuznetsoet al, 1998).

2.1.1.2. Transport of soil particles

The transport of soil particles requires the ind@tion of active agents, raindrop
impact and runoff energy, which produce the next forocesses: splash erosion, sheetwash,
rill erosion and gully erosion. Among these transpprocesses, we dissociate non-
concentrated erosion processes (splash and sheepr@sesses, i.e. interrill erosion) where
raindrop energy is the principal agent of transpantd concentrated erosion processes (rill
and gully erosions) where soil particles transpogpredominantly induces by runoff energy
(Bryan, 2000; Cerdan, 2001). The interrill processecur intermittently on the whole
hillslope area, whereas rill and gully erosionsjchihare linear processes, can be randomly or

systematically distributed over the hillslope area.

- Non-concentrated erosion:

As mentioned above, splash erosion consists isl¢ét@chment of bare soil particles
and their lateral transport by raindrop. The splaffiect is caused by the kinetic energy
produced by the raindrop impact on a soil surfatedepends mainly on raindrop
characteristics, themselves linked to rainfall ratand intensity — i.e. rainfall erosivity
(Ellison, 1945; Parket al, 1983). Depending on its shape and density, tlgetaé cover
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protects the soil surface from raindrop impact sealing (Foleet al, 1991), and reduces the
energy of the drops which reach the soil surfagritfsand Wischmeier, 1957The splash

effect defines the first vector of soil particlasplacement before runoff begins.

Consecutively to soil desaggregation and splasdtefsurficial processes of structural
reorganization could occur, as illuviation, collapgsind sedimentation within micro-
concavities (Mc Intyre, 1958; Loch, 1994). Thesemdmenons can lead to the crusting of
soil surface that declines considerably soil irdifility (McIntyre, 1958; Bradforcet al,
1987). The structural evolution of soil by crustemmboldens the formation of water excess in
the surface and its flowing (water runoff). Crugti@ppears to be lower on steep slopes than
on gentle slopes. Indeed, the energy of raindropach appears lower and the consecutive
detached patrticles are continuously removed bytshagh on steep slopes when compared to
gentler slopes (Poesen, 1986). Aggregate stalslithen often considered as an indicator of
soil susceptibility to erosion and crusting (Le ®isnaiset al, 1996; Barthes and Roose,
2002).

The formation of a water excess on the soil surfae€es to the appearance of new
processes allowing the transport of suspendedcfestiThis water excess occurs (i) when the
rate at which water infiltrates the soil is lowkan the rainfall intensity (Horton, 1933), or (ii)
when the soil porosity becomes saturated by walktewl(ett et Hibbert, 1967). The
consecutive water excess runs on the soil surfaee“gheetflow”. Sheet erosion drives to the
removal of a more or less uniform layer of finetjgd&s which consist mainly in the richest

part of the soil (high organic matter and nutriemtents; Fullen and Brandsma, 1995).

A relation exists between the runoff energy and d¢harge of transported particles
which depends greatly on soil nature and initiaitiwg conditions. The runoff energy reflects
flow discharge and hydraulics which are stronglfluenced by soil surface properties,
microtopography and vegetation, and are therefogllyh variable in space and in time
(Rémkenset al, 2001; Le Bissonnaist al, 2005). For example, raindrop impact modifies
gradually the soil surface roughness during an e from an event to another. Moreover,
the raindrop impact brings energy to sheetflowingsts transport capability (Bryan, 2000),
and improves the charge of particles through itoacn particles detachment (Proffitt and
Rose, 1991).
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Both splash and sheetflow translocation tend tqpleapn whole areas of cultivated
hillslopes. In addition to a high temporal and sjatariability of interrill erosion induced by
various parameters such as aggregate stabilityghrass, vegetation, rain erosivity, the
transport of soil particles by sheetwash is aldtuémced by general hillslope morphology.
So, interrill processes can be favoured on spestictions of the hillslopes. Experiments
showed that interrill erosion tends to increasénwhie slope gradient (Poesen, 1984; Kinnel,
1990; Foxet al, 1997), and on convex profile curavture landforméen slope arises, a
runoff acceleration and an increase of the partatlarge happen too (Chaplot and Le
Bissonnais, 2003; Cerdan, 2001). In such condifideposition occurs when the transport
capacity of runoff flow strongly decreases, i.e ewlslope gradient decreases (concave profile

curvature areas).

- Concentrated erosion:

The apparition of rill and gully erosions requirth& concentration of runoff flows,
justifying the expression of “concentrated erosjarid the transport of soil particles. Rill and
gully erosions are threshold-dependant processes,age controlled by a wide range of

parameters.

Rill erosion defines the development of random, Igrmdermittent concentrated flow
paths, of only several centimeters deep, which vesrkoth soil particles source and delivery
systems (Cerdaet al, 2006, Govergt al, 2007). The consecutive small incised channels are
called rills, and can be randomly or systematicdibtributed. These features can be easily
removed by tillage operations. Gully erosion prastuéeatures larger than rills, and unlike
rills, gullies can reappear at the same locatider dheir possible removal by tillage (Poesen,
1996; Casali, 2000). Gullies can indeed be tocelangd deep for being removed by tillage
practices, and then interfere with the trafficapilof the land (Souchéret al, 1998). In
agricultural landscapes, rill and gully erosionpegr either in natural drainage ways or along
linear anthropogenic landscape elements (suche#s lhioundaries, roads...) (Foster, 1986;
Vandaele, 1996), both constituting preferential svafrunoff flowing. Natural drainage ways
are distinctive convergent linear landforms defineg concave planform curvature and

minimal slope gradient.

Conditions for water concentration are mainly coléd by topographical properties

of the cultivated hillslope and soil surface prds; such as a low roughness or a lack of
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vegetal cover (Cerdan, 2001). Steep slopes teedtance runoff velocity and then to favour
rill and gully initiation than lower slopes. Howeayeinder favorable conditions, low slopes
favour soil crusting, and can then severely lower slope gradient threshold for rill/gully
initiation (Valentin et al, 2005). Moreover, for a given slope, a criticahidage area is
needed to produce sufficient runoff to concentratater, and initiate rill erosion in
preferential ways of flowing. Thus, flow concenioat alone does not necessarily cause
rill/gully incision (Dunne and Dietrich, 1980). ladd, rill/gully initiation seems linked to the
threshold tractive force of the flow for particlateinment and transport, which depends on
both flow conditions and soil surface propertieoifidn, 1945; Bull and Kirkby, 1997). In
spite of many works, concentrated erosion procesgspesar still unclear (Nearireg al, 1997,
Polyakov and Nearing, 2003; Wirngt al, 2011)

Compared to interrill erosion, concentrated proegsae not likely to occur at any
location on cultivated hillslopes. The need fomflgoncentration and sufficient flow shear
strengths to the detachment of particles inducé ¢bacentrated erosion processes would
happen preferentially on mid- and footslope paftsuitivated hillslopes, especially for most
intense gullyingAs in case of the interrill processes, depositicauos when the transport
capacity of runoff flow strongly decreases. Seditrfans can be observed at the downslope
extremities of rill and gully features, preferetifiaon footslope areas, or on midslope

depressions (Boardman and Robinson, 1985; EvaA$).19

2.1.2. Tillage-induced processes

Tillage has not been taken into account as a diaetbr of erosion in cultivated areas
until late 1980’s and early 1990's. It was gengrdifined as an indirect factor of erosion due
to its action on physical soil properties, like @gity, roughness, structure (Burwell al,
1963 ; Zobeck and Onstad, 1987; Lip&tcal, 2006). Research about soil erosion focused on
water because of its frequencies and intensitiesicéntrated water erosion leads to greater
soil losses at shorter time-scale than tillage-teduprocesses, and creates spatial patterns
(rills and gullies) which appear more remarkabkmtkhose of tillage. Field experiments were
also mostly of “short-term nature”, the tillageesff was then difficult to observe (Van Oest
al., 2005). Moreover, Goverst al. (1999) suggested that the development of the U&idE
first physically based models of erosion have feduscientists of the discipline on sheet and
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rill erosion modelling especially. Neverthelesiage was subsequently identified as a direct
factor of erosion; especially thanks to the forimatof specifical related features as lynchets
(Mech and Free, 1942Papendick and Miller 1977) and later through thespnce of
shallowed lightened soils on slopes shoulders @tndenet al, 1990; Reveet al, 1993). Soil
translocation by tillage appeared to be not spgtfedmogenous, and to involve soil erosion

and accumulation at various locations in cultivdted.

2.1.2.1. Soil movements during tillage

Movements of soil induced by the use of an implem@emouldboard plough, harrow,
disc...) can be decomposed into two types (Lindstebral, 1992). First of all, the primary
movements are directly linked to the passage afrgalement through the soil (mechanical
movements). From a purely physical point of vieg kinetic strengths due to the movement
of an implement involve inevitably a movement ot toil thickness crossed by the
implement. Soil aggregates are pulled up and matlenthe implement until leaving it or
being ejected. Aggregates then slide, roll, comsti¢y the secondary type of movements

(gravitational movements).

The result of these two types of movements is gdiyeexpressed as a mass of soil
moved by unit of in a specific direction (Govetsal, 2006). The intensity of this transport
depends on many factors. As explained by Lebhl. (1999) and Van Muyseet al. (1999),
the primary movements are mainly governed by thargry of the tool, the depth and the
speed of the implement passage, as well as thal iphysical conditions of the soil. These
authors also observed that the secondary moveraeatsiduced by gravity, and that their

intensity is then dependent on slope gradient.

2.1.2.2. Topographical control of tillage transldizan

In many studies (Lindstromt al, 1990; Govergt al, 1994; Montgomergt al, 1999;
Van Muysenet al, 1999) the slope gradient was identified as thestmimportant factor
influencing the intensity of soil translocation bage. This relation, positive and generally
linear, has also been observed in the case of rmalavaing (Turkelboomet al. 1997; Quine

et al, 1999; Kimaroet al, 2005). In these experiments, agricultural prastiszvere made
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either perpendicularly and/or along elevation cantdines. When the soil is tilled

perpendicularly to contour lines, the intensitysofl translocation in the downslope direction
is more intense than in the upslope one. Reveall. (1989) measured that upslope tillage
compensated only 60% for downslope tillage (slop&8%). The alternation of downslope
and upslope tillage inevitably induces a movemensal material downward the slope.
Concerning tillage along the elevation contourdineindstromet al. (1992) and Van Muysen

et al, (1999, 2002) have demonstrated that soil traasime intensity depends also on the
main slope gradient, the soil being turned up- @vmslope. But, compared to contour lines

tillage, up- and downslope practice is more eroéan Oostet al, 2006).

As soil translocation by tillage depends on slopsdgent, erosion and accumulation
occur when slope gradient varies. Hence, some felgeriments and mathematical
simulations demonstrated that net soil loss isrotietd by curvature (Quine and Walling,
1993; Revelet al, 1993; Lobbet al, 1995, Poeseat al, 1997). Erosion occurs on convex
slope, accumulation on concave slopes, and a sitnteslation happens on linear slopes
(Lindstrom et al, 1992; Goverset al, 1996). The spatial variability of tillage erosios
therefore controlled by topography, and movementdiltage appear to be an important
geomorphic processes in a long-term applicationinijnan levelling relief (Lobb and
Kachanovski, 1999; De Albat al, 2004). Figure 1 illustrates the effect of tillagsion on

relief.
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Figure 1. lllustration of tillage-induced translocation effects on relief (source: De Albaet al, 2004).
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To summarize, the different factors controlling dthg water and tillage-induced
processes of soil erosion-deposition in cultivatdtslopes are indicated in the following
Table 1. Their respective effects on the diffenericesses are detailed in the third column
entitled “Effect”.

Table 1. Factors controlling water and tillage-indiced processes of soil erosion-deposition in cultiiea

hillslopes, and their respective effects.

Processes Factor Effect

Rain erosivit defines raindrop size, kinetic energiyraindrof

y impact and time length of rain event
controls aggregate shear strengtiigains
raindrop and flow shear stresses

intercepts raindrop and reduces kinetic en
of raindrop impact

Splash Effect  Aggregate stability

Vegetation cover

Slope reduces kinetic energy of raindrop impact
Microtopography improves the temporary storage capacity
(Roughness) water, and hydraulic resistance
. . Porosity controls water infiltration in the soil

Water Interrill erosion , i ‘ id ‘

Vegetation cover improves  porosity (stems provide preferen
infiltration paths)
Slope increases flow shear stress
Microtopography improves the temporary storage capacity
(Roughness) water, and hydraulic resistance
. Vegetation cover improves poosity (stems provide preferent
Rill and gully infiltration paths)
erosion Planform curvature convexities contribute to floencentration
Drainage area atcontrolamount of runoff needed to concent
slope length water
Slope enhances runoff velocity
Implement geometry . -
. P g y influence volume of soil displaced

Tillage depth
Tillage speed enhances tillage translocation

Tillage-induced Slope controls intensity of gravityaduced movemen

of soil particles

Curvature (profile anconvexities enhance soilrasion / concavitie
planform) enhance soil deposition

2.2. Soil erosion-deposition at landscape-scale

2.2.1. Concept of agricultural landscape

Spatial organisation of Earth surface, and inhéyagitagricultural areas, started to be

studied and described thanks to the emergencendisd¢ape ecology in the 1980’s. This
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science aims to quantify heterogeneity of landssagred to investigate its causes and its
consequences on ecological processes at diffegadéss (Turner, 2005). Throughout the
evolution of human needs and the emergence of ¢apdsecology, the term ‘landscape’ took
another meaning. As observed by Longatti et Dalg@@i7), the landscape as a “picture
concept”, e.g. a visual and emotional experienndddo be perceived as “a physical location
where biological processes take place”.

The determination of an area as a landscape iomriedted by the asumption of a
spatial heterogeneity (Turnet al, 2001; Farina, 2006). According to Bolliget al. (2007),
spatial heterogeneity in landscape ecology is ‘ipuaferred to as landscape pattern or
landscape structure”. This notion of heterogenestg. structuration or patterning, can be
indirectly perceived in the different definition§ agricultural landscapes that can be found in
litterature. For example, Meewt al. (1990) defined them as areas where “management is
manifest and the interaction of such factors ascemiditions, elevation, use, management and
history are visible in the landscape and are espiks$n its form and layout.” Bennet al.
(2006) define agricultural landscapes as “mosaidifterent land-uses. Typically, land-uses
such as cereal cropping, horticulture, tree pléomnat or grazing pastures are interspersed
with human settlements, roads, wetlands and strearhe terms “management” and “land
use” connote a notion of heterogeneity induced loydn actions. Indeed, humans reorganise
the natural land and improve its uses accordirtheo needs, and it implies large recognized
consequences on landscape spatial organisatiomo@r2005). So, concerning agricultural
land, farmers became the principal managers ofesp@oudevigneet al, 1997; Gascuel-

Odouxet al, 2009) and allow the being of “agricultural lanaiges” as physical areas.

In order to quantify landscape heterogeneity,cstmation and patterning have been
detailed by ecologists, creating a specific vocalyuland identifying a sort of landscape
hierarchisation. The complexity of landscapes haduced the elaboration of discrete
representations. Agricultural landscapes have lassimiled to “mosaics” or “patchworks”
(Deffontaineset al, 1995; Thomas, 2001; Bennet al, 2006), because what characterized
the most the agricultural landscape patterningpésdegree of fragmentation. We understand
that a first order of fragmentation in agricultul@hdscapes is defined by the development of
sites and settlements (villages, farms, factorjesand their linkage by linear infrastructures
such as roads principally (Jaeger, 2000). Thi¢ @rder defines primary areas. These areas

are themselves structured by the various agrialltgystems (Baudry, 1993) - which
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determine land-uses (cereal-growing, farming, aidhd - and the way in which these
systems organise fields and farms in space (Defioeset al, 1995). Then, agricultural
systems determine a second order of fragmentafiois. organisation can be summarized as
the splitting up of primary areas with specificahtiuses into smaller parts (secondary areas),

e.g. plots, fields (Forman, 1995).

We retain from the above definitions that fragm&ata of agricultural landscapes
results from the determination of geometrical u(@®) limited and separated one by one by
linear (1D) infrastructures. The geometrical umite fields, built up areas and wetlands. The
linear infrastructures encompass actual field badehich could be abstract (furrows) or
material (as hedges, grass strips, roads, landstratone walls). Material borders often
provide other primary utilities than a simplistielighitation of areas. Roads and land tracks
are obviously used as communication networks betwaens, fields, and settiments. Grass
strips, hedges and stone walls can be part ofcsoiervation programms, used to stop soll
fluxes along cultivated hillslopes. Grass stripsl di@dges improve water and biodiversity
conservation, and are communication networks foalléauna. The properties, locations and
spatial arrangment of these unidimensionnal andmdsionnal components affect soll
erosion all over the agricultural landscapes.

2.2.2. Consequences of spatial heterogeneity dregmsion processes

Field defines the smaller geometrical unit of ebbelland on agricultural landscapes.
A field is characterized internally by its landusegcific management (agricultural practices
inherent to farmer’'s management), and externallitdgeometry and types of borders. All of
these characteristics appear decisive considetweg effects of both water and tillage

processes and their interactions on soil transiocat

Landuse and management determine the degree ofavemeer and its seasonal
variability, depending on crop rotation, which assential factors influencing soil protection
against rainfall event erosivity (Morgan, 1995; Gamet al, 2009). In addition, vegetal
cover improves soil structure, especially porosdapd consequently infiltration capacity.
Agricultural practices, especially tillage, act eail physical properties, such as porosity,
roughness, structure, aggregate stability (Tebriayge During, 1999; Pagliat al, 2004;

39



Chapitre | — Erosion des sols en contexte agric@tat des connaissances

Strudleyet al, 2008), which affect greatly soil erodibility (Vddijk et al, 1996 a; ROmkens
et al, 2001). Effects of tillage on soil erodibility areimerous, and present different time-
scales of effectiveness (rainfall event scale, @easscale, long-term scale). For example,
tilage improves immediately soil porosity and ceeqgent infiltration capacity against next
rainfall event erosivity, but long-term tillage deases considerably aggregate stability in
comparison to no-tilage management. Moreoveragél induces surficial patterns which
condition runoff variability all over the field (8chereet al, 1998; Takkeret al, 2001);
especially linear features (wheel tracks, ridge-amtbws...) especially favour the
concentration of runoff water (Desmet et Govers97t19Vandekerckhovest al, 1998).
Finally, field management by the farmer determitestypes of tillage implements and their
annual frequency of use: these parameters affeetttyi the mean annual rate of tillage-
induced erosion within a field (Van Odaattal, 2006).

Linear infrastructures associated with landscapggnfientation (hedges, roads,
furrows, grass strips...) play an important roletlo@ spatial variability of erosion-deposition
processes. Field borders indeed affect hydrologiodl sedimentological connectivities over
hillslopes. Hydrological connectivity refers to thassage of water from one geometrical unit
to another over the landscape, and is expectedusecrunoff, whereas the sedimentological
connectivity relates to the effective transporpafticles through the landscape (Bracken and
Crocke, 2007). Sedimentological connectivity referginally to the transport of particles
through water processes only. Here, we apply tmeem of sedimentological connectivity
also to tillage-induced translocation, as tillagean effective vector of particles in cultivated
landscapes. Besides, Hooke (2003) defines the pordesedimentological connectivity as
“the transfer of sediment from one zone or locatm@another and the potential for a specific

particle to move through the system”.

The effect of a linear infrastructure on hydrolajicand sedimentological
connectivities depends on many parameters suchisasature, position, orientation on
hillslopes, and the involved erosion-depositioncess. Vegetated field borders (grass strips,
hedges) tend to buffer soil water and trap sedimm@mansported by runoff (Van Dij&t al,
1996 b; Caubett al, 2003). Hence, vegetated borders inhibit flow emtiation by reducing
slope lenght (when oriented along contour-lineg) aarface drainage areas, and acting as
obstacles to runoff flows. On contrary, convex laosd (for example furrows) act as

anthropogenic drainage ways and favour flow comeéioh, and consequently
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sedimentological connectivity. Convex borders aspeeially efficient when oriented in the
main slope direction. Compacted borders (roadsl feacks) have limited infiltration capacity
which enhances runoff and hydrological connectifyempleet al, 1996; Forman and
Alexander, 1998). In the case of tillage-inducedcpss, all types of field borders act as lines
of zero-flux, tillage extent being limited withihé geometrical unit field (Guiresse and Revel,
1995; Dabneyet al, 1999; Van Ooset al, 2000). Field geometry appears to dictate the
orientation of tillage practices, tillage being gweninantly carried out on field-lenght
orientation. Tillage-induced deposition and erosiend to occur, respectively, upslope and
downslope field borders oriented in contour-lineediion. Deposition could occur alongside
field borders oriented closely in the main slopeedion if tillage is carried out closely to
contour-line direction in at least one adjacendfi@his phenomenon is all the more marked
when the main slope is relatively low: soil disglaent by mechanical movements is then

favoured compared to gravitationnal movements.

Agricultural landscapes are mosaics of numeroudgjeach characterised by specific
internal and external properties (landuse, managent®rders and geometry). Table 2
summarizes the consequences of these characen$tendscape heterogeneity on water and
tillage-induced processes of soil erosion-depasitithe main factors controlling soil erosion-
deposition processes (Table 1) are affected bystzapk heterogeneity, especially by landuse
and management. Tillage practices affect greatéy gpatial variability of water erosion-
deposition processes. Field geometry and bordemeaapto control hydrological and
sedimentological connectivities. These results dimgethe strong influence of agricultural
landscapes heterogeneity on erosion-depositionepses, and their respective rates and
patterns. The degree of hydrological and sedimegichl connectivities between the
different fields are major parameters that will govthe apparition of some processes (as
concentrated erosion) or some specifical erosiordeposition features (i.e. sort of soil
erosion-deposition indicators). Consequently, thedys of erosion-deposition in an
agricultural context delivers different aspectste processes involved when upscaling from

an homogeneous plot, or field, to a landscape.
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Table 2. Consequences of landscape heterogeneignduse and management; field geometry and borders)

on water and tillage-induced processes of soil elios-deposition.

Landuse and Management Field geometry and borders

Processes
determinesvegetal coverandvegetated borders buffer s
its seasonal variability water and trap sediments
tlllage_ affects - roughness reducedrainage area slope
porosity, and aggregate

i length

stability

Water-induced tillage induces preferenticonvergent borde
ways of flowing (wheel track (furrows) are preferenti
furrows) ways of flowing

tillage deposition occurs «
concave areas (reduc
planform curvature)

compacted borders enhai
runoff

tillage fills rills -

defines tillage implements borders act as line of zero-
depth andspeed flux

Tillage-induced ) . . .
defines annual frequencies geometry determines tillas

tillage direction

3. Soil Erosion-Deposition Indicators (SEDI)

We propose to approach the assessment of erospmsitien processes in agricultural
hillslopes through the study of Soil Erosion-Defpiosi Indicators (SEDI) resulting from
water and tillage-induced soil displacements. Hpgroach does not require any experiments
in the field, and can provide solutions for a rapidl efficient overview of erosion-deposition
processes occuring in an area. The SEDIs are fidaksgito four categories: topographical,

pedological, biological and archaeological.

These SEDI will be presented through two differspace-scales, the local and the
landscape-scale. The differenciation between tlsescales is based on their respective
degree of heterogeneitycf( § 2.2.1). The criteria chosen to characterise thegrege of
heterogeneity are topography, lithology and landwséch control greatly soil formation,
erosion, and the way humans fragment the cultivaikslopes. Referring to the principle of
heterogeneity allows to highlight the importance lmimans (especially farmers) as
agricultural landscape managers and the inherensegmences on erosion-deposition

processescf. § 2.2.2).
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3.1. Definition and classification of the SEDI

Despite of a regular use of these terms in thedwode literature (e.g.; Wallbrink and
Murray, 1993; Hill and Schutt, 2000; Bodnar and stalf, 2006; Okoba and sterk, 2006;
Mathieuet al, 2007), no accurate definition for erosion (or@&pon) indicators exists to the
best of our knowledge. According to the nature asés of the various SEDIs identified in

soil erosion studies, we qualified them as follows:

Soil Erosion-Deposition Indicatorsare physical or chemical characteristics of swikelated
components, the study of which enables to qualiiy/ar quantify soil erosion or deposition

at different space and temporal scales.

SEDI are direct or indirect proofs of the actiorook or several combined soil erosion
or deposition processes. The being of a SEDI canaberal, i.e. the SEDI has always been
observed on natural contexts, or human-induced, the SEDI appeared because of
agricultural activities or other human actions. \Wentified various SEDIs. A simplistic
classification was established to facilitate th@esentation. The SEDIs have been classified

into four types:

- The Topographic SEDIs correspond to remarkable soil surface featureaced by
soil material erosion or deposition. They existvatious levels, from the aggregate
microtopography to hillslope morphology, dependimgthe nature of the soil erosion-

deposition process(es) which created them.

- The Pedological SEDIsinclude the physical or chemical soil componentsciv
spatial variability and arrangement give evidenteal modification by erosion or
deposition processes.

- TheBiological SEDIsdefine all the characteristics of vegetal coven@eufficiently

affected by soil erosion or deposition to recogaisd assess the soil redistribution.

- The Archaeological SEDIs refer to archaeological objects (artefacts, built
foundations) which presence, state and/or spa#ilaution testify of soil erosion or

deposition since their introduction on the studiéi$lope.
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3.2. SEDI at local scale

Local scale defines here all areas observed ingaicudtural context which do not
present heterogeneity. The study area is then ciesized by relatively uniform soill,
substrate, topography and landuse. It presents @modeneous landcover and no
fragmentation by linear infrastructures. The dimens of the area depend on its own
pedological, morphological and lithological chamdtics, and on their spatial variability.
This area is not bigger than the smallest geonatttinit, i.e. a field. Local scale can then
characterise all the spatial approaches carriedroat the square-meter to the field scale,

encompassing all the possible sizes of usual exjetal erosion plots used in soil research.

The SEDIs observed at the local scale help paatbulstudying the effects of a
specific landuse, landcover, and/or managementasian-deposition processes in cultivated
areas. The SEDIs presented in Table 3 are indestbprinantly present in natural erosive
contexts although we study soil translocation incadfural hillslopes entirely managed by
humans. Many of the SEDIs at local scale can teBtim impacts of agricultural practices on

soil erosion.
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Table 3. Soil Erosion-Deposition Indicators (SEDIgt local-scale.

Natural (N) oErosion (E) o Possible

Class of SEDI SEDI Human-Induced (HI) Deposition (D) Processes guantification References
Splash, Le Bissonnaiset al, 1989; Gollanyet al, 1991
Eroded aggregates N E desaggregation No Bergsma, 2001
Topographic Sheetwash featureé E Sheet No Gove_rs and _Poesen,&fﬂ Bryan, 2000; Chaplot a
Le Bissonnais, 2003
Splash pedestal N E Splash No Poexteal, 1994; Clegeet al, 1999
Bresson and Boiffin, 1990Le Bissonnais, 199
Physical Sedimentary crust N D Sheet, Splash No Valentin and Bresson, 1992; Shainberg drmy,
1996
Pedological Radionuclides Walling and Quine, 1992; Wallbrink anillurray,
Chemical (vertical N & HI E&D Tillage, Water Yes 1993; Matisoffet al, 2002; Portoet al, 2003; Hih
distribution) and Su, 2004; Smith and Dragovich, 2008
Roots/plants "
. . Bodoqueet al, 2005; Géartner, 2007; Brenet al,
Biological exposure anN & Hi E&D Sheet, Splash Yes 2008: Casalét al, 2009
burying
, Buried . . Brown et al, 2003; Langet al, 2003; Amberst al
Archaeological artefacts/built HI D Tillage, Water Yes 2006 K ' K ' ’
foundations
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We observe that local scale SEDIs stem largely froom-concentrated water
processes (Table 3). Concentrated water and tillageesses appear to produce little
remarkable evidence at the local scale. The coratent of runoff flow requires a sufficient
drainage area and a natural or human-induced prefal way of flowing. The SEDI created
by concentrated flows cause huge changes on samlsegies and topography. Then, the
consecutive linear features tend to rise spatigdrbgeneity. Regarding the tillage-induced
erosion, many comments can be made. Any tillageratppa leads to soil tilled-depth
displacementdf. § 2.1.2). The topography of a tilled area, which doet present spatial
heterogeneity, would be then considered autométiaala SEDI at the local-scale. Moreover,
tillage-induced translocation is far more importéman splash or sheetflow translocations,
and the application of tillage is nearly systematicultivated areas. The treatments differ
from one field to another depending on the landase on specific managements. Tillage
homogeneizes soil surface conditions (aggregatiomghness...) within a field. But at the
local scale, we are not able to visualize a nef Isgs or gain after tillage passage: this
assessement would require field-experiments wite thonitoring of artificial tracers
displacement as described in Lindstrétral. (1990) or Loblet al. (1999).

3.2.1. SEDIs at the local scale: proofs of non-@riated water erosion

At the local scale, the topographic and physicdiopegical SEDIs (Table 3) appear to
be exclusively related to non-concentrated watesien processes. The transport of particles
caused by non-concentrated water is predominamiplied by raindrop impact energy: the
two processes involved being splash effect andtafasé erosiondf. 8 2.1.1). The size of a
raindrop is millimetric, the transport of particlbg splash is centimetric, and sheetwash is a
more or less uniform thin water layer running omgh variable soil surface. The observation
of splash effect and sheetwash erosion indicatorfield is then necessarily carried out at
small space-scale due to their “readibility”: itcoes obseving centimetric to metric transects
or plots, considering surface microtopography andsertical cross-sections (Bresson et
Boiffin, 1990; Gollanyet al, 1991; Clegget al, 1999). The three topographical SEDIs
(eroding aggregatesheetwastandsplash pedestpbre only related to soil loss, whereas the
pedological onesedimentary crutis related to consecutive deposition, and reasgaion,

of soil particles by non-concentrated water erogimtesses.
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The two topographical SEDIs callezfoding aggregatesand splash pedestahre
directly induced by the raindrop impact on the saitface (Le Bissonnaet al, 1989; Poesen
et al, 1994). Their respective morphologies are largantrolled by the original suface
conditions, and the frequencies and intensitiesaofdrop impacts on soils. In the case of
eroding aggregate the morphology of aggregates results from thecefdéf spatial random
impacts of raindrop on aggregates. Progressivieéydetachment and transport of particles by
splash effect and desaggregation lead to the elborof aggregates with predominantly
convex form and rough surface (Bergsma, 2001). Tdreypredominantly observable above
the flow surface during events. In the cassmésh pedestdhe crater morphology observed
on soil surface is due to repeated impacts of rapslunder a suffisant high vegetal cover,
e.g. tree canopies or cereals (Poeseral, 1994; Clegget al, 1999). This repetition is
implied by the presence of a leaf which intercegggeral raindrops that are canalized and
guided by the leaf morphology until they fall oretkoil surface. These craters are often
deeper than craters that could be observed onsbdrm@ithout such a vegetative cover.

Sheetwaslefers to the flowing of nhon-concentrated watet #re induced transport of
fine particles on the soil surface (Govers and Ew0ed988; Bryan, 20005heetwashas
topographic SEDI refers then to smoothed microfi®lihey are long and narrow flow paths
as well as wider sheet flow surfaces (Fig. 2; Cbiaet Le Bissonnais, 2003; Okoba et Sterk,
2006). The sizes ofheetwashdepend on pre-event microtopography and on theowsri
obstacles that have been encountered. They ane jpdieed with parallel flow marks of lag
sediment (Bergsma, 2001). Contrarily “sheetwash that is mainly an erosive SEDI, the
sedimentary crustvitnesses the deposit of fine particleansported by splash and sheet
erosions (Le Bissonnais, 1990; Shainberg et Le®@6)L A “sedimentary crust’s a thin
layer on the soil surface which sealed it afterdbposition and sorting of soil particles and
fragments under water excess conditions (Bressddo#tin, 1990; Valentin and Bresson,
1992).

All of these topographic and physical pedologic&tD$ give evidence of the
importance of raindrop effect on aggregate breakdawd the changing on soil surface
structure, roughness, which are of strong impoganoncerning soil infiltrability and
erodibility. Unfortunately, a quantification of $cérosion-deposition by splash and non-
concentrated runoff through their study appeairidaliff without any temporal recording, e.g.

experimentation in field.
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Figure 2. lllustration of the toopgraphic SEDI (a)“sheetwash” and (b) “’sedimentary crust”.

3.2.2. Advantages of radionuclides as tools for emsion-deposition study

Severalradionuclides('Be; *'Cs; #%b; *°*24by) have been regularly used for the
study of soil erosion-deposition since the 196@specially**’Cs (Rogowski and Tamura,
1965; Walling and Quine, 1992). Their uses havenlmeaensively described and detailed in
many publications as related to key assumptionggnpi@al limitations and uncertainties that
must be quoted in any application (Ritchie and Muahte 1990; Walling and Quine, 1991,
Blakeet al, 1999; Zapata, 2003; Huh and Su, 2004). At thaléoscale, their inventories and

vertical distribution are studied.

The main quality of these differemadionuclidesis to be strongly linked to soll
particles, especially clays and organic matter (ian1964; Robbins, 1978; Olsen al,
1986). The detection of erosion or deposition tgtothe study of a radionuclide activity is
based on two major points:

- the knowledge of sources and inputs of the fall@dionuclide of interest (dates,
frequencies, quantities). Fallouts mainly occuteaugh rainfalls, and therefore are
not spatially homogeneous.

- the assumption that measured radionuclide actviie undisturbed locations (no
subject to erosion or deposition) called “referexicand located near the study area,
are representative of the cumulative effect of eadmnuclide input into soil.

Then, when a radionuclide activity measured at @atlon on study area (total
inventory per unit area, usually Bg3nis compared to its related mean activity measated
the “references”, the difference observed betwbemtreflects the total erosion or deposition
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that could have occurred at this point. If the\atstimeasured in the field is higher than the
“reference” activity, then soil material depositiamtcured at the study location since
radionuclide fallout. Conversely, if the activitijneasured in field is lower than the
“reference” activity, then soil material erosiorcaced at the study location since radionuclide

fallout.

The use ofradionuclidesas a SEDI is particularly useful. Sampling of &efhces”
and study location is carried out by drilling, andn be done in one day. The size of
increments sampled along each profile can be adajgtemore or less detailed vertical
distribution of radionuclide through its specifictiaity (Bqg.kg'). Sample preparation before
activity measurement consists in drying a sampkyirgg it to eliminate coarse particles,
grinding it to a fine powder and weighting it. Hiya radioactivity counting is carried out
thanks to spectrometry techniques (alpha or ganfionaach sample (Muramatstial, 2000;
Huh and Su, 2004).

Figure 3 illustrates the principle of radionuclidee as a SEDI through the vertical
distribution of **'Cs at “reference”, erosion and deposition locati@xracted from a study
carried out in Italy by Portet al. (2003). The “reference” profile sampled in pernane
grassland show$*'Cs well mixed in the 15 to 20 first centimetersd ahen radionuclide
specific activity declines with depth. This vertichstribution suggests that “reference” area
have been tilled at least once since radionuckdledt: this illustrates the difficulty to find a
location in cultivated areas where no erosion-dgjpos processes occured. The profile
submitted to soil erosion (Fig. 2b) had a totalvityt (Csi; = 783.3 Bq.rif) lower than the
“reference” activity (Cg; = 2033 Bq.rif), and**'Cs mixed only in the 20 first centimeters of
the tilled layer suggesting soil depletion. Thefgeasubmitted to soil deposition (Fig. 3c) had
a total activity (Cg; = 3918 Bq.rif) higher than the “reference” activity, and the \eti
distribution of*'Cs reflects the soil thickening related to progiressoil material deposition

at this location.
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Figure 3.%¥'Cs mass depth/vertical distribution associated witlfa) a “reference” profile, (b) a profile

submitted to erosion, and (c) a profile submittedd deposition (after Portoet al, 2003).

The differences observed between inventories medsat “references” and study
locations can be used to punctually assess measioerdeposition rates (t.Har* or
mm.yr') since radionuclide fallout. Several methods hée=n developped to convert
radionuclide inventories into erosion-depositiortesa the more simplistic being the
proportionnal metho@De Jonget al, 1983; Vanden Berghe et Gulinck, 1987; Walling and
Quine, 1990)Unfortunately, a spatial modelling approach appemsessaryo distinguish
erosion from deposition processes which contribtietie mean rates at a study location.

Table 4 presents some basic information about main radiatesc used in soil

erosion-deposition studies, {Be, 2*'Cs,**Pb and*****pu.
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Table 4. Main fallout radionuclides used as Soil Esion-Deposition Indicators

Radionuclide

Natural (N) ol

Human-Induced (HI) Type of fallout Half-life References

Wallbrink and Murray, 1993; Blaket al,

set N Continuous 53 d. 1999; Zapata, 2003

et e sz e e
Chernobyl accident: 1986 ' ' ,

Pb-210 N Continuous 22.3Yy. TSQS;nga\p/)\:tlgi,nzgc’)ole,gges; Walling anHe,

PuU-2394+240 HI Tgé:(l)e:\r t(\;vea&ci)g tlegs;:O,SWPU-ZEE: 24110 yMuramatsiet al, 2000; Schimmackt al,

(Chernobyl accident: 1986) Pu-240: 6564 y. 2002

*d.: days; y.: years

Among the mainradionuclidesused as SEDIs some are produced naturdBg, (
21%h) whereas others are induced by specific humadiviess (*'Cs, 3**?*Pu). 'Be is
produced by the bombardment of the atmosphere &wyicorays which induce the spallation
of nitrogen and oxygen atoms in the troposphere stratosphere’Be is then extremely
short-lived (half-life of approx. 53 days) relatite the other radionuclides described here,
137Cs, 2%p and®®*****Pu. %Pb is produced by th&®U decay series, and has a half-life of
22.3 years?!Pb is derived from the decay of gase&t&n, which is the daughter 6fRa
occuring naturally in soils and rocks. Then, it€aje generate$™°Pb that appears to be in
equilibrium with its parent. A small quantity ofi$tf*%Pb is introduced into the atmosphere,
and subsequent fallout induces then an input thabt in equilibrium with its parerftRa
(Robbins, 1978): this component is called “unsupabror “excess%b. The amount of
unsupported*Pb in a sample is calculated by measuring B#b and*Ra and subtracting

the supported activityBe and®%Pb are continuously released all over the globe.

The human-inducedadionuclides(**'Cs, *°***Pu) were both produced by nuclear
fission and released into the atmosphere througial asuclear weapons tests (1950’s to
1970's) and/or through the Tchernobyl accident 6/98'Cs,?*%Pu and*°Pu have a half-life
time of 30.2 years, 24110 years and 6564 yearsecésely. In comparison tBe and**°Pb,
these releases were punctual and predominantlgéacan the Northern Hemisphere.

Because of various half-lives, delivery rates, \a&ly histories, and land use, these

radionuclides are distributed differently in theil sker a given location (Wallbrink and
Murray, 1993). Figure 4 extracted from Mathiseffal. (2002) depicts these phenomenons for
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137Cs, 'Be and?*%Pb, #**#*pu behaviour in the soil is relatively similar'tSCs.’Be has the
shorter life-time, is continuously released, andsfdrequently on soil surface through
rainfalls: it is therefore mainly concentrated e tfirst 10 mm of soil depth (Wallbrink and
Murray, 1993; Zapata, 2003Be has been mainly used to study interrill erosfé¥®b has a
longer life-time than’Be (22.3 years and 53 days respectively): exé&¥%b is mainly
concentrated in the first 10 to 30 mm soil deptle @hd Walling, 1996; Zapata, 2003)'Cs
and 2****py have medium and long life-time respectively amave been released
momentarily. Their concentration in undisturbedssoiften presents a peak, and is more or
less mixed homogeniously in the soil thanks todffect of bioturbation since their fallout.
As illustrated in Figure 3, tillage tends to homiige the distribution of most longer half-life
time radionuclides in the tilled layer. The comnstandy of these differemadionuclidescan
help distinguish erosion processes, sediment ssurge detail historic soil erosion in

cultivated hillslopes.

Tilled

Undisturbed

r']"i:. Cs Ph u
2

Figure 4. lllustration of 7Be, 210Pb, and 137Cs vécal distributions in soils under different soil
managements (after Mathisoffet al, 2002).Shading and sketches indicate radionuclide activitih depth

in the 10- to 30-cm-deep soil profiles.
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3.2.3. Biological and archaeological SEDIs: conseqgees of human activities

Both biological and archaeological SEDIs are urdimroofs of soil erosion and/or
deposition processes, intentionally or unintentignareated by humans through their

different historical uses of hillslopes preseniljtivated.

Biological SEDIs define all theoots/plantswhich state of exposure or burying can be
considered as a passive marker of soil erosioneposition, respectively, since the date of
plantation. The principle of erosion-deposition swament is relatively similar in
dendrogeomorphology and vineyard erosion studieslehdrogeomorphology, the root axis
Is considered as the relative former position aof kyer, i.e. when tree was planted. The
difference measured between the actual elevati@oibturface and the elevation of root axis
at the tree location is then related to the age¢hefroot defined by dendrochronology to
quantify the amount of soil erosion over time (Bqde, et al, 2005; Gartner, 2007). This
technique is mainly used in erosive contexts. keaaf grafted vine plants, the limit between
underground roots and aerial scion is sharplymlisishable by a callus developped around
the fused stems. This callus is defined as the enarkformer soil surface position (Grereit
al., 2008, Casalet al, 2009). Figure 5 extracted from Casatial. (2009) illustrates the
principle of the use of graft vine plants as SEOIsese techniques are used in vineyards and
orchards, where tillage is not practised, biologi&&DIs are used specifically for the
quantification of interrill processes. Trees andeyiards can be used as markers of medium to
long-term soil erosion or deposition. The use ofpsras markers is also possible for a short-
term assessment of soil erosion-depostion by nocemdrated water (Stocking and
Murnaghan, 2001).

Archaeological SEDIsaftefacts or built foundationscan be used as markers of local
soil deposition. Indeedhuilt foundationge.g. walls) are obstacle to soil material fluxiaan
be progressively buried\rtefactscan be displaced by tillage-induced and concesdraiater
erosion processes, or simply washed by non-coratedtierosion proceses, but can easily be
buried by soil deposition. Burieattefactsand built foundationsare then markers of ancient
soil surface position, and help through their datatto constraint local deposition rates
(Brown et al, 2003; Langet al, 2003; Amberset al, 2006). Whereasartefactsare often
accidentally found during soil prospections (trezehbuilt foundationscan be located by
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geophysical approaches such as ARP (Automated tRégidProfiling), electromagnetic,
magnetic and GPR methods (Tabbagh, 1992;&iab, 2000).

SHORTLY AFTER PLANTING AFTER SOME DECADES

Soil loss

—
N
——
Soil gain

Figure 5. lllustration of the use of the grafting @llus formed in a vine plant as SEDI, i.e. a palaeo

surface marker after the soil top layer has been eded/deposited by erosion/deposition (after Casali

et al, 2009)

3.3. SEDI at landscape scale

The term landscape can be applied to an area wisBrogenity is present, i.e.
structuration, patterningcf. 8 2.2.1). We would call landscape-scale all dimemsiof an
agricultural area which present necessarily differanduses (various fields and linear

infrastructures) and a certain degree of spatialaléity on topography, and optionnally
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differences in terms of lithology and soil type®, $andscape-scale can designate all study

site composed of several fields as an hillslopamoagricultural watershed.

Landscape-scale exhibits SEDIs which give us infdgroms about effects of landscape
fragmentation and inherent changes on hydrologiodl sedimentological connectivities, on
spatial variability of soil erosion and depositidrable 5). Appearance and spatial occurrence
of many SEDIs presented here are indeed largelgriggmt on the rate of fragmentation of
agricultural landscapes, i.e. on the density aratiaprepartition of linear infrastructures.
Moreover, some of these SEDIs exist only in agtizal contexts induced by fragmentation
(lynche) or specific managemenarfgular rock fragment, crop yield SEDIs related to
tillage-induced processes are more detectabledstape-scale than at local-scale. Contrarily
to water processes, tillage-induced processes speeky off their own SEDIs (expecbck
fragment cover The study of the spatial distribution of someD&E allows tracking soil

translocation over landscapes.
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Class of SEDI

SEDI

Natural (N) or HumanErosion (E)

o]
Processes

Possible

References

Induced (HI) Deposition (D) guantification
Rill N E Concentrated Yes Nearinget al, 1997; Polyakov and Nearing, 2003; Wigtal,
water 2011
Gull N E Concentrated Yes Poeseret al, 1996; Vandaelet al, 1996; Casalét al, 2000
i y water Martinez-Casanovas, 2003; Poes¢al, 2003
Topographic Bolline, 1971; Papendick and Miller, 1977; SalaBl
Lynchet HI D Tillage, Water Yes 280|6ne, » apendick an ter, » Sapmoianes
Sediment fan N D V(\:/g[lecrentrated Yes Boardman and Robinson, 1985; Evans, 1995; @ggaf003
Horizon . Bolline, 1971; Nachtergaele and Poesen, 2002; Raraeteal,,
morphology E&D Tillage, Water No 2007; Forster and Wunderlich, 2009; Retf&l, 2009
Angular rocI«l_|I E Tillage No Poeseret al, 1997; Poesent al, 1998; Van Wesemaett al,
fragment 9 2000; Nyssert al, 2002
Physical Stoniness N E Sheet No 2IB(:E)VSB-MortIock et al, 1991; Boardman, 2003; Navas al,
Magnetic . . ) . )
ibili N & HI E&D Tillage, Water No Thompson and Olfigltl986 ; Dearing, 1994; Royall, 2001
Pedological susceptibility
Saoll . De Jong, 1992; Mathieet al, 1998; Hill and Schitt, 200
colour/reflectanceN E&D Tillage, Water No Stavi and Lal, 2011
McGrath and Lane, 1989; Sibbessral, 2000; Van der Perét
Stable elements N & Hl E&D Tillage, Water Yes al., 2004; Salvador-Blanest al, 2006; Rusjaret al, 2007; Dt
: Gryzeet al, 2008; Fernandez-Calvifio et al, 2008;
Chemical _ i )
Walling and Quine, 1992; Blaket al, 1999; Walling et He
Radionuclides N & HI E&D Tillage, Water Yes 1999; Schimmaclet al, 2002; Van Ooskt al, 2005; Mabitet
al., 2009
. . . . Joneset al, 1989; Mokma and Sietz, 1992; Pierce et LE994
Biological Crop yield HI E&D Tillage, Water No Papiemniket al, 2009
Archaeological Artefact cover HI E&D Concentrated Yes Roper, D.C., 1976; Quine and Walling, 1992;vdret al,, 2003

water, Tillage
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3.3.1. Linear infrastructures and consequencesamu@nce of topographical SEDIs

SEDIs specific to processes of concentrated-watsian, e.g. rill and gully erosion
(cf.§2.1.1.2), are included in SEDIs usable at landscmale (Table 5). SEDIs related to
concentrated processes atk, gully andsediment fanghe two first are related to linear soil
depletion features, the last to soil depositioncltoccurs at downslope extremities of the two
first (Fig. 6). Concentrated-water processes amgelg controlled by natural ways of water
flowing (concave landforms predominantly oriented slope direction) and parameters as
slope gradient and slope-length. As mentionne@ 2.2, the presence of vegetated field
limits (grass strips, hedges) over cultivated hippges buffers water flows, reduces slope-
lenght, drainage area and the potential of conagoftr. Hence, the higher the degree of
fragmentation, the less rill and gully erosion @msges and consequent topographical SEDIs
appear. However, the presence of linear featuréisirwa field such as tillage furrows can

constitute artificial ways of potential water contration.

M i T e
D, ERI s Y P S ; pnr ek
Figure 6. lllustration of the topographic SEDIs (a)rill, (b) gully, and (c) sediment fan.

Unlike the topographical SEDIs mentionned above exclusively related to water
erosion-deposition processes (Table 7)yrchetis induced by the presence of a linear
feature, whatever its nature, combined with watet/@r tillage erosion processes. Lynchets
are also known as terraces, soil banks or fen@s.lithey are locally called “rideaux” in
northern France and Belgium. The field borders @ased tolynchetformation are closely
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oriented perpendicularly to the main slope. A lyichs predominantly shaped by the
progressive accumulation of soil material by wated/or tillage translocation upslope of a
field border (Bollinne, 1971; Papendick and Mill@g77; Van Dijket al, 2005; Follairet al,
2007). This phenomenon leads to the creation @raley slope than in the upslope field area
and an associated break-in-slope below the fieldidyo(Fig. 7). Depending on the slope
gradient upslope and the degree of developmertiefynchet, the break-in-slope can range
from several decimetres to a few meters high (Pdipkrand Miller, 1977; Salvador-Blanes
et al, 2006). Moreover, the benching effect tends tatelified by erosion downslope of the
break-in-slope (Van Ooset al, 2000; Follainet al, 2007). Although lynchets are of
decametric width, they may store an important propo of soil material on cultivated
hillslopes because of their frequent occurrencec@itaet al, 2002). The higher the rate of
landscape fragmentation is; the higher the poteptiesence ofynchetswill be. Lynchets

provide a perfect example of an anthropogenic laimmdfresulting from agricultural practices.

(b) Axis Conn.

Lynchet axis = ‘
field border Slope gentling
B e " -

-
R

Break-in-
slope

Figure 7. Topographical characteristics of a lynche(SEDI): (a) view and (b) topographic cross-

section of a lynchet (*conn.”; connection to upsloe field area).

The nature and intensity of upslope erosion praegsoviding soil material to be
accumulated along downslope field border, and firegressively forming &nchet,depend
on landuse, management, fragmentation, and nafutteedinear infrastructures, of upslope
area. The nature and intensity of accumulation ggses along the downslope border would
depend on the nature of the border, the landustheofiield, and intensity and nature of
upslope erosion processes. Soil deposition througter runoff decreasing occurs upslope
vegetated barriers (such as grass strips and hedgesh buffer water and reduce
hydrological and sedimentological connectivitiek § 2.2.2). If the landuse and management
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of the field require tillage practices, soil depmsi induced by tillage would happen at
downslope field part whatever the nature of thedbar

The advantages in the study of topographical SEDO&mRdscape-scale is that their
morphological characteristics allow a quantificatiof soil material erodedil|, gully) and
deposited lynchet, sediment fanFor this purpose, direct measurements in thd,fleEM
analyses, or photogrammetry, of these SEDI hasesstully been applied, especially in rill
and gully studies (Thomat al, 1986; Vandaele et Poesen, 1995; Castadi, 1999; Poesen
et al, 2003).

3.3.2. SEDI at landscape-scale: a best visibilityiltage-induced processes

Landscape-scale appears more appropriate for thenaiion of the impact of tillage-
induced processes. Firstly, a landscape-scale agprionplies a higher spatial variability on
topography: slope gradient is the most importa@tratieristic which controls tillage erosion
rate and its spatial variability, and consecutivaly distinction ¢f. 8 2.1.2.2). Secondly,
tilage erosion is a within-field phenomenon: edield border is acting as line of zero-flux,
and thus the variability of tillage-induced soilosion is strongly linked to landscape
fragmentation. Théynchet- a SEDI induced by fragmentation - is one of tinet SEDIs
which allowed identifying tillage practice as arfi@ént vector of soil erosion-deposition
(Mech and Free, 1942; Papendick et Miller, 197 ffddunately, all of the SEDIs likely to
be used at the landscape scale and related tgetilfluced processes witness also for water
processses, excephgular rock fragmentsThey reflect the total soil erosion or deposition
without process distinction, except in case on¢hem dominates largely soil displacement
over a study area. But water and tillage-inducextgsses act differently in space because of
different controlling factors and different respesdo topographical changes.(§ 2.1 and
2.2.2). Therefore, the study of location and spataiation of these SEDIs has potential to
distinguish dominant processes.

Topographical SEDIs treated previously are remdekabil surface features induced
by soil material erosion or deposition. The relatitruncation (erosion) or thickening
(deposition) of upper organo-mineral horizons oragly expressed through the inherent
morphology of the topographical SEDI (Bollinne, 19Rachtergaele and Poesen, 2002). But
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erosion or deposition processes do not necessamdgte new soil surface morphologies
characteristic of the process themselves. For ebamml or gully filling, or a footslope
lynchet, are not necessarily distinguishable thihotapography without experimentation, i.e.
multi-temporal study of elevation changes. The gtofisoil horizon morphologyevolution
and consequently soil thicknesslong trenches or through the construction of sape
models appears useful for characterising erosiateposition in the landscape (Rommens
al., 2007; Forster and Wunderlich, 2009; Reif&l, 2009).

The SEDIAngular rock fragmentslefines soil cover and content of angular, pluri-
centimetric to decimetric fragments of bedrock el by tillage erosion (Poesen al,
1997; Fig. 8) Angular rock fragmenttend to be more present on shallow soils predomtiya
eroded by tillage. When tillage implement deptlhigher than depth of upper bedrock limit,
rock fragments are regularly extracted by the imaet and mixed in the tilled layer.
Angular rock fragmentsare reflected through shallow and stony soils opographic
convexities, potentially in upslope-field parts @Benet al, 1998; Van Wesemaadt al,
2000). This SEDI has been mainly studied on Mexditezan regions. The SEBhgular rock
fragmentsshould not be confused with the SEfninessvhich is related to sheet erosion.
Stoninessorresponds to a small loose stones cover, comatedtafter fine particles removal
by runoff (Favis-Mortlocket al, 1991; Boardman, 2003; Navas al, 2005; Fig. 8b).
Stoninesswvould be visible on stony hillslopes, at topogriaphlocations affected by sheet

erosion, preferentially on steep slopes.

Figure 8. lllustration of the pedological SEDI “Rod fragment cover” in a tilled field.
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Soil erosion-deposition processes in agricultuaatiscapes involve predominantly the
translocation of particles located in upper soititans, i.e. organo-mineral horizons. The
depletion or accumulation of this rich part of shis consequences on soil quality and
properties. Among these several consequences, sonfers SEDI such as ever evoqued
stoniness rock fragment coveror horizons morphologySoil colour/reflectanceand the
biological SEDIcrop yieldare directly linked to the quality and constitatiof upper soil
horizons. Soil colour or reflectanceof shallow eroded soils are close from those @& th
bedrock, whereas they appear more organic (broanygreas where deposition occured (De
Jong, 1992; Mathiewet al, 1998; Hill and Schitt, 2000; Stavi and Lal, 201&j)gure 9
presents an aerial view of a cultivated area wheater erosion-deposition processes
dominate. The lightened areas which correspondradeel shallow soils present different
characteristics of spatial variability inheritedrn the processes involvedrop yielddepends
on soil quality, fertility. Its spatial variabilitgan give information about the locations of areas
mainly subject to erosion, and areas mainly suligeceposition (Jonest al, 1989; Mokma
and Sietz, 1992; Pierce et Lal., 1994; Papiestilal, 2009). In areas whermop yieldis
weak, with small plants and slight vegetal covenosmn dominates. Conversely, in areas
where crop yield is more important, with tall plants and high vegetover, deposition

dominates.

Streaming ||| 1111111 100%

Figure 9. lllustration of the pedological SEDI “Sol colour / Reflectance” in a context where soil

erosion-deposition is mainly controlled by water tanslocation.(Source: Google Earth)

To finish, among the SEDIs witness of both tillagduced and water erosion
processes, some present the advantage to trackesgdranslocatiormagnetic susceptibility

(Pedological physical SEDI¥table elementandradionuclides(Pedological chemical SEDI),
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and artefact cover(Archaeological SEDI; Table 5). As the topographiSEDI used at
landscape-scale, they can be used to assess seriaharoded or deposited. These different

tracers are discussed in the following peft§ 3.3.3).

3.3.3. Tracers of soil erosion-deposition at larajse-scale

The SEDIsnagnetic susceptibilifystable elements, radionuclideandartefacts cover
have potential for tracking sediment throughouticated hillslopes. Each of these SEDIs
presents a punctual source or homogeneous inghewfrelated tracers. So, the study of their

spatial variability gives information about soibsion and deposition in a landscape.

The SEDIstable elementefers to different stable chemical componentsodfvghich
spatial variability of concentration gives infornuat about soil translocation. These chemical
tracers can be natural major or trace elements {stbGand Lane, 1999; Salvador-Blarets
al., 2006; De Gryzet al, 2008), or human-induced elements such as Cu afgili¥eseret
al., 2000; Van der Perkt al, 2004; Ferndndez-Calvifio et al, 200; Rusgnal, 2007).
Among these differergtable elemenisatural major or trace elements come from bedrock
If limits between bedrocks of different lithologan(d then different chemical composition)
are known through a study area, the sources ofdiifierent potential natural tracers are
known. Their distribution in space relatively teethrespective source is then an important
information about the intensity of soil translocatiin the area. In an area where bedrock
lithology is more or less identical, the spatiafiahility of their concentration at a given depth
of soil is a way to study erosion-deposition patserConcerning the human-inducstble
elements they are spread more or less uniformly on soifase, and then can be easily
removed by runoff or mixed through the displac#iddilayer. The relative variability of their

concentration in soil can provide informations abenasion and deposition.

The use ofmagnetic susceptibilityPedological physical SEDBs soil translocation
tracer works similarly tostable elementsThe measurement afagnetic susceptibility
provides informations about the quantity of magnetimponents in soils which come from a
delimitated source of bedrock in a study area (Tfpgon and Olfield, 1986; Dearing, 1994;
Royall, 2001).
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Archaeological SEDIs open soil erosion disciplimearchaeometry. At landscape-
scale, the study of thartefact covercan provide efficient tracks of soil translocatiand a
way to assess erosion-deposition rates by the Wwakating. The use oértefact coveras a
tracer appears possible only if a specific soufcartefacts is discovered and delimited in an
agricultural area; then, spatial distribution ofated artefacts around this archaeological site
provides information on erosion intensity since site implantation (Roper, 1976; Quine and
Walling, 1992; Browret al, 2003).

To finish, the homogeneously spraadiionuclidesdetailed in the previous part 3.2.2
can be used also as sediment tracers at the |lgpeiscale. The multiplication of punctual
measurements and the calculation and mapping d&érelifces between “reference” and
inventories all over a study area, bring an effitieray to define total erosion-deposition
patterning (Walling and Quine, 1992; Blageal, 1999; Walling et He, 1999; Schimmaek
al.,, 2002; Van Oostet al, 2005; Mabitet al, 2009). Some conversion models of
radionuclides inventories into erosion rates hasenbdevelopped to include spatial variation
of measured inventories, especially f8fCs inventory conversion (Walling and He, 2001,
Van Oostet al, 2003). The various advantages related to theotifadionulides(rapidity,
accuracy, assessment of erosion rates...) madeptaatical tools to validate parametrisation

of soil erosion models.

4. Conclusion

Water and tillage-induced processes of soil rabigion have consequences on
physical and chemical characteristics of soil in@dtural context, or on features linked to
soil state (e.g., topography, crop yields). Thesasequences constitute Soil Erosion-
Deposition Indicators that give informations abaatl redistribution and the processes
involved at different spatial and temporal scales.

Litterature shows that numerous SEDIs have beernnetefand used, often
independantly, for the study of soil erosion angadgtion in cultivated hillslopes. Amongst
the identified SEDIs, some are direct proofs of s@inslocation (natural SEDIs), whereas
others have been indirectly induced by human ds/ior landscape fragmentation (human-

induced SEDIs). SEDIs related to water processepr@dominantly induced by one specific
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process (splash, sheet, rill or gully erosion)lafié erosion appears quite difficult to assess
independantly of other processes, because SEQ&deto tillage-induced translocation are
also related to the whole processes of soil traasion involved. Indeed, tillage practices
induce the mixing of the soil surficial layer, asdil redistribution by tillage tends to overlay
itself to previous soil redistribution induced byater processes. Tillage practices erase
regularly SEDIs induced by specific water processrsept this related to gully erosion.

We presneted SEDIs identified in the literatureotigh two different space-scales:
local and landscape-scale. This spatial distinchighlighted relations between spatial-scale
at which SEDIs are “readable” and temporal-scalenduwhich the SEDIs have been
developped enough to be “readable”. The SEDIs studt local-scale are mainly related to
non-concentrated water erosion processes. Themsf@nd layouts evolve at each rainfall
event accordingly to rainfall intensity and soihdations (roughness, porosity, vegetal cover).
Consequently, the readibility of associated SED$® @&volves at each rainfall event. The
SEDIs readable at the landscape scale highlighthlygnabil redistribution occuring during
several decades to centuries. Hence, soil redisimib by tillage is mostly associated to
SEDIs readable at the landscape scale. SEDIs tisaadscape-scale can be affected by more
or less perennial landscape fragmentation and kesdiMoreover, spatial fragmentation and
landuses can induce SEDIs. Then SEDIs readableealahdscape scale could be pratical

tools to highlight the effects of evolutive spafi@gmentation on soil redistribution.

The assessement of soil erosion and depositiomghrthe study of such indicators
presents some additional advantages. The studynef ar few SEDIs could rapidly
characterise soil redistribution processes localtyover cultivated hillslopes at various
temporal scales. Although few SEDIs allow a dirgeantification of soil redistributions, the
use of complementary datation techniques coulchbe greatly beneficial. The combination
of different SEDIs, readable at local and landsesgaes, could bring an interessing
comparison between present and past soil redisivitss To finish, the study of SEDIs does
not need any in-field monitoring when datas relatedniddle and long-term erosion are

sparse, and nowadays research projects last faw grby.
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