Morphologie du paysage agricole et liens avec la

variabilité spatiale de I'épaisseur des sols

Ce chapitre comprend essentiellement un article accepté, sous presse, coirstituant

extensde § III.2., dont les principaux résultats sont présentés et résumés @altislle

l11.1. Objectifs et principaux résultats

Ce chapitre vise aléterminer les relations existant entre certains éléments
linéaires de la morphologie du site d’étude et la variabilité spatiale de I'épaisseur de .sol
Plus particulierement, il sera recherché s’il y a des variations d’épaisseur de sol induites par
des phénoménes de départ ou de dépbt de sol liés a la présence de bordures de parcelles.
L’approche adoptée ici est focalisée plus particulierement sur I'étude de figures
morphologiques linéaires remarquables dans le paysage : ces figures sont principalement
orientées perpendiculairement a la pente et de largeur décamétrique. Cette étude a fait I'objet
d’'un article, intitulé : « Classification and mapping of anthropogenic landforms on cultivated
hillslopes using DEMs and soil thickness data — Example from the SW Parisian Basin,
France », accepté et sous presse dans la revue “Geomorphology”. Cet article comprend toutes

les précisions sur les méthodes, les résultats et les interprétations.

Deux types de figures morphologiques linéaires ont été étudiés icbatepiettes
agricoles(« lynchets ») et lesndulations (« undulations »). Les premieres sont actuellement
associées a des bordures de parcelles, contrairement aux secondes. Les banquettes agricoles
sont considérées comme des indicateurs topographiques de dép6t de sol («topographic
SEDI » ;cf. Ch. ). Des études ont montré que leur développement est assuré par l'effet de
barriere induit par la bordure de parcelle associée, sur les flux de matiere provenant de
I'amont, flux d’origine hydrique et/ou aratoire (Bollinne, 1971; Papendick and Miller, 1977;

Van Dijk et al, 2005; Follainet al, 2007). Une banquette agricole se caractérise sur le
secteur étudié par une diminution progressive de pente en amont de bordure de parcelle,
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menant a une pente trés douce (< 3%), et par ymereude pente large de quelques métres en
aval de la bordure (Fig. 3a et c de l'arti@dll.2.). Les ruptures de pentes associées aux
banquettes L1, L2 et LZf § I1.3.2.) peuvent engendrer localement une dératieth de plus
de 2 m. Les ondulations sont de larges convexi@sugllement reliées a la pente générale du
versant, a leurs parties amont et aval, par desasit@s plus ou moins marquées (Fig. 3betd

de l'article§ 111.2.). Six ondulations ont été observées susite d'étude (Ul a U6).

Un MNA (Modele Numérique d’Altitude) a été établi sur une grille d’'une maille
réguliere de 2 m sur le site d’étude de 16 ha @dircaractériser précisément sa morphologie
(Fig. 6 de l'article§ 11l.2.). La pente, la courbure profilée (verticala courbure planiforme
(horizontale) et la courbure (Zevenberger and TéorP87) ont été dérivées du MNA.
L’épaisseur de sol, considérée comme la somme plEsséurs des horizons L et S, a été
densément prospectée sur le site d’étude (au T8alsondages a la tariere a main sur les
16 ha). Pour ce faire, deux plans d’échantillonnagedté adoptés (Fig. 4 de l'arti@dll.2.).

Le plan d’échantillonnagE est raisonné : ces points se concentrent surdeshtanquettes et
six ondulations observées sur le terrain. Le pléohdntillonnageA suit un schéma aléatoire
stratifié appliqué a I'ensemble du site d’étude fwint pris au hazard dans chacune des
mailles de 25 m de c6té d’'une maille). L'épaissdeirsol a ensuite été estimée par krigeage
sur le site total (Fig. 8a de l'articlll.2.) & partir d’'un jeu d’estimation de 586 ptsr(80%

du jeu total). Les 148 points restant constituemtjeu de validation. La morphologie et
I'épaisseur de sol sur le site d’étude montrentsdemas de variations communs. En effet,
les variations a courte-distance de I'épaisseursde les plus marquées sont orientées
perpendiculairement a la pente et concentréegsuigures morphologiques étudiées.

Les 734 points de sondage ont alors éte répartis en tsoclasses, selon une
méthode experte basée sur les variations de topogtae (8 2.3 et Fig. 5 de larticle
§111.2.), en trois classes. La classe 1 contiestdeints situés sur les banquettes agricoles, la
classe 2 ceux localisés sur des ondulations, @t Entlasse 0 regroupe les points en dehors
des figures morphologiques (surfaces indifférers)ieédJne méthode de classification
(« Classification Tree » : arbre de classification Breiman et al, 1984) basée sur des
analyses statistigues a été appliquée au jeu niiastin afin de construire automatiquement
des modeles de classification des points danddsesas d’appartenance aux formes précitées.

Deux modeles ont été construits. Le premier, nor@mg;, est basé sur I'analyse statistique
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des variables prédictives suivantes : la penteplabure profilée, la courbure planiforme, la
courbure, et I'épaisseur de sol. Le second utlisemémes variables prédictives, exceptée
I'épaisseur de sol. L'efficacité de chacun des rnlexi@st alors testée et discutée afin de
souligner les liens existant entre figures morpbigjoes et variabilité spatiale de I'épaisseur
de sol. Pour ce faire, chaque modele a été implEmeans le Systeme d’Informations
Géographique ArcGIS 9.3 afin de cartographier ksultats de classification des figures
morphologiques de chacun (Fig. 9 de l'artigldl.2.). Chaque modéle permet d’'identifier et
de cartographier de maniere plus ou moins pré@sefijures morphologiques étudiées a
partir des variables prédictives concernées : temjbettes L1 a L3, et les ondulations Ul a
U6. De plus, de nouvelles figures morphologiquasédires et de largeur décamétrique sont
détectées par les modelesdet CTsoi. Les résultats obtenus via la cartographie ontigns

été comparés a la classification expert pour deggdu jeu de validation.

Les résultats de validation des modeles &t CTopo montrent respectivement que
83% et 67% des points du jeu de validation ontcétéectement reclassés par ces modeles
(Tab. 5 et 7 de l'articl& 111.2.). Chacun des deux modéles classe treslbgpoints situés sur
les banquettes agricoles : ces figures ont en elést caractéristigues morphologiques et
d’épaisseur de sol trés différentes des ondulatbudgs surfaces non différenciées. De ce fait,
les gammes de valeurs de chacune des variablegtiy@&s], morphologiques et d’épaisseur
de sol de la classe 1 apparaissent statistiquenifétenciables des gammes de valeurs
observées en classes 0 et 2 (Tab. 3 de I'a8idle2.). Les principales erreurs observées dans
I'application des deux modéles résident essentielié de la difficulté de discriminer de
maniére nette les ondulations des surfaces indiffdées (Tab.5 et 7 de larticglll.2.). Il
s’avere que les ondulations ne peuvent étre diséieg des surfaces indifférenciées que sur la
base des variables courbure, courbure profilépasgeur de sol (Tab. 3 de 'arti@dll.2.).
Les confusions entre ondulations et surfaces iadiffciées sont donc plus marquées lorsque
I'épaisseur de sol n'est pas prise en compte engtaa variable prédictive dans I'application
d'arbre de classification (modeéle Ggb).

La variabilité spatiale de I'épaisseur de sol paraiplus importante au niveau des
banquettes et des ondulationsEn effet, ces figures morphologiques correspondedes
épaississements de sol. Les valeurs moyennes si&paide sol sont de 1,10 m, 0,62 m et

0,45 m, respectivement, dans les banquettes aggicdés ondulations, et les surfaces

111



Chapitre Ill — Morphologie du paysage agricole ienis avec la variabilité spatiale de
I'épaisseur des sols

indifférenciées. La distribution spatiale des égiagements mesurés dans les figures
morphologiques apparait typique pour chaque typigdees. L'épaississement observé dans
les banquettes agricoles évolue, en coupe verticalmme un pseudo triangle rectangle
(Fig. 8b de l'articleg I11.2.). L’épaississement de sol dans les ondofestiévolue quant a lui
plutét avec la forme d’'une lentille convexe (Figc 8e larticle § II1.2.). La forme et
I'intensité de ces épaississements de sol tenderplequer en grande partie la morphologie
de chacune des figures prospectées. La variabpiéiale du toit de la l'altérite du sous-sol
(toit de I'horizon C) semble toutefois égalemeneimenir de maniére plus ou moins marquée

dans l'intensité morphologique de certaines ddfigeses.

La comparaison des cartes de classification obteraiedes réseaux parcellaires
connus depuis 1836 démontre quedesdulations identifiées, et les épaississements de sol
associés, soriés a des bordures de parcelles anciennegrincipalement disparues lors
d’'une campagne de remembrement de 1967. Les oimhggiourraient s’étre développées a
partir de processus d’érosion-dépot liés a la pEserolongée d’'une bordure de parcelle.
Hypothétiquement, une ondulation pourrait corresipera une ancienne banquette agricole,
peu développée, et arasée lentement depuis 196&, dia disparition de la bordure
(Bollinne, 1971 ; Houben, 2008). Une ondulation maii également correspondre a une
« créte de labour » qui se forme par accumulatiensal, plus ou moins symétrique, de
chaque c6té d’'une bordure de parcelle (Callot, 188turcq, 2008). Pour ce qui concerne les
banquettes agricoles du site d’étude, bien marqdaas le paysage et identifiées par les
modeles, elles semblent quant a elles associéess datdures pérennes depuis au moins

1836.

Au total, banquettes agricoles et ondulations centvB9% de la surface totale du site
et stockent pratiquement 15% du volume total de mékent sur le site. Comme les
banquettes agricoles, les ondulations semblent rajpga comme des indicateurs
topographiques d’érosion-dépdt de sol induits jear parcellaires agricoles anciens. Cette
étude permet de souligner I'importance des paiceflaactuels et anciens sur la variabilité
spatiale actuelle de I'épaisseur des sols sutded&tude. Elle ouvre également de nouvelles
perspectives sur les possibilités de dresser deésscprédictives de I'épaisseur des sols, et
donc de certaines de leurs propriétés, a partirpdeametres des figures morphologiques

associées au parcellaire en contexte agricole.
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Les figures morphologiques linéaires traduisent dom des variations d’épaisseur
de sol La question se pose de la cause de ces variatleagnatériaux constituant les sols
ont-ils subi un transport (sols autochtones ouchtiones) ? et si oui, quel en est I'agent
(hydriqgue ou aratoire) et depuis quand ? Ces questseront traitées dans les chapitres

suivants.

I11.2. Article accepté, sous presse dans « Geomorplogy »

Classification and mapping of anthropogenic landfoms on cultivated
hillslopes using DEMs and soil thickness data — Exaple from the SW

Parisian Basin, France

Chartin, C?", Bourennane, H, Salvador-Blanes, &.Hinschberger, B Macaire, J.-F

& Université Francgois-Rabelais de Tours, Universit®rtéans, CNRS/INSU, Institut des Sciences de feeTe
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Abstract

This study focuses on linear anthropogenic landéowh decametric width on cultivated
hillslopes and their relations to soil thicknessafaility. The 16 ha study area shows a rolling
topography supported by Cretaceous chalk of theF&sian Basin, France. Two types of
landforms were identified: lynchets, similar to $kodescribed as soil terraces occurring on
downslope field parts in other contexts, and urtthutg, linear, convex landforms that cut
across fields. An accurate DEM and a detailed thackness survey were performed all over
the study area. Soil samples were classified censigl their location on specific types of
anthropogenic landforms. Classification tree (CTgtmod was applied to assess whether
lynchets and undulations can be discriminated tjinomorphometric attributes (slope,
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curvature, profile curvature and planform curvafused soil thickness (Ggi) or through
morphometric attributes only (Golo). The CT application establishes predictive classion
models to map the spatial distribution of lynchestsl undulations over the whole study area.
The validation results of the Gl and CTopo applications show model efficiencies of 83%
and 67%, respectively. Both models performed walllynchets. Errors arise mainly from
difficulties in unequivocally discriminating gentigonvex undulations and undifferentiated
surfaces, especially when soil thickness is nobacted for. Mean values of soil thickness
are 1.08, 0.62 and 0.45 m in lynchets, undulatemd undifferentiated areas, respectively.
The general shape of the thickened soil is chaiatiteto each type of anthropogenic
landform. Multi-temporal mapping of field bordertwerks shows that undulations are linked
to borders that were removed during the latest kemsolidation. Lynchets are associated
with current field borders. Lynchets and undulasiowhich cover 39% of the study area,
define topographic indicators of human-induced saitumulations. The method involves
perspectives for efficiently mapping and quantifyithe anthropogenically modified spatial
variability of soil thickness on agricultural hiltes.

Keywords: Digital Elevation Model; Morphometric attributeSpil thickness; Lynchet; Field

borders; Classification Tree.

1. Introduction

The thickness and horizonation of soil cover regoln the interaction of soil forming
processes through parent-rock weathering and erasi@ccumulation of matter at the soil
surface (e.g., Jenny, 1941; Huggett, 1997). Acoglgli the thicknesses of the A and B
horizons, as well as solum thickness are impordtegnostic features for soil classification
schemes (e.g., FAO, 1998). Moreover, soil properiech as water storage capacity and
carbon content are sensitive to thickness variatian Wesemaedt al, 2000; Yooet al,
2006; Follainet al, 2007). Soil thickness variation has a direct iotpgan crop quality and
yields on cultivated land (Powet al, 1981; Christensen and McElyea, 1988; Kosetaa,
2001). Recording soil thickness in agrarian landesatherefore, appears to be important for

soil mapping.
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Soil thickness is strongly linked to landscape rhotpgy. Slope gradient is a major
factor for soil development because it affects stbility against gravity-induced movements
(soil creep, landslide and debris flows) and cdstrdl and interrill erosion (Gerrard, 1981;
Vandaeleet al, 1996; Chaplot and Le Bissonnais, 2000). The notid landscape is
predominated by the assumption of spatial hetemigenthat includes patterning or
structuration (Turneet al, 2001; Farina, 2006; Bolligest al, 2007). Meeust al. (1990)
defined agricultural landscapes as areas wheredgeanent is manifest and the interaction of
such factors as soil conditions, elevation, usenagament and history are visible in the
landscape and are expressed in its form and laybat¥ contiguous fields or several hundred
hectares dedicated to agricultural practices cdimal@n agricultural landscape. Landscape
morphology primarily depends on natural parametéestonics, lithology and climate
(Derruau, 1962). In addition to natural factorsmam activities can significantly affect
geomorphology. Anthropogenic deforestation ofteduges a significant increase in soil
erosion (de Mooet al, 2008, Macaireet al, 2010). Landscape fragmentation by field border
networks has also important effects on the spasiahbility of soil erosion (Van Oost al,
2000; Follainet al, 2006; Szilasset al, 2006). The spatial variability of tillage erosian
affected by field geometry as soil translocation thhage implements occurs exclusively
within field limits. Field borders act then as bars to soil matter fluxes for tillage
translocation, and also to fluxes for water tracatmn when borders are vegetalised (Dabney
et al, 1999; Gover®t al, 1999; De Alba, 2003; Van Dij&t al, 2005; Knaperet al, 2008).
This leads to the formation of anthropogenic landf® that relate to local soil
erosion/accumulation such as ridges-and-furrowadlaads, and lynchets that are frequently
found in Western Europe (Callot, 1980; Hooke, 1988dora-Rio, 1991; Houben, 2008).
These features can be unintentional or intentiowllen they are used for soil and water
conservation systems (ridges-and-furrows, lynchetsgs biodiversity conservation systems
(headlands) (Taylor, 1975; Corbet, 1995; Bellemli®99).

In soil science and geomorphology, lynchets proadesxample of an anthropogenic
landform resulting from agricultural practices. Ichets are also known as terraces, soil banks
or fence lines. They are locally called “rideaur’northern France and Belgium. A lynchet is
predominantly shaped by the progressive accumulaticgoil material by water and/or tillage
translocation upslope of a field border (Bollind8;71; Papendick and Miller, 1977; Van Dijk
et al, 2005; Follainet al, 2007). This leads to the creation of a gentlepslithan in the
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upslope field area and an associated break-in-defmv the field border. Depending on the
slope gradient upslope and the degree of developaiehe lynchet, the break-in-slope can
range from several decimetres to a few meters h@gpendick and Miller, 1977; Salvador-
Blanes et al, 2006). Moreover, the benching effect tends to aeplified by erosion
downslope of the break-in-slope (Van Oestal, 2000; Follainet al, 2007). Although
lynchets are of decametric width, they may storengportant proportion of soil material on
cultivated hillslopes because of their frequentuoeence in the landscape (Macaeeal,
2002).

Previously cited studies suppose that the lynchetdd reflect different degrees of
development and quantities of accumulated soil natdepending on their morphometric
attributes. Whereas relief was demonstrated asfulusnd dominant predictive variable on
the spatial distribution of soils and associataedkiesses (e.g., Huggett, 1975; Bourennane,
1997; Heimsathet al, 1999; Kinget al, 1999), few studies linked mathematically the
morphologies of the anthropogenic features to thssociated soil thicknesses. The easy
acquisition of elevation data for large-scale arezakes its use very common for soil
mapping (Odelet al, 1994; Gesslest al, 1995; Isambertt al, 1997; Grinanckt al, 2008).

The objective of this paper is to assess wheth#erdnt types of anthropogenic
landforms can be discriminated by their morphoredtitributes and soil thicknesses. We
proceeded to obtain accurate elevation recordsanducted a detailed soil thickness survey
with two different sampling strategies on anthrogrug landforms and undifferentiated
surfaces. We developed a method to classify saoipsss considering their location on or
outside of specific types of anthropogenic landferiwe then executed predictive modelling
of the belonging of a sample to the different typeanthropogenic landforms or surrounding
undifferentiated surfaces using classification t(€¥) analysis (Breimaret al, 1984).
Results were analysed to assess the statistiealarate of morphological and soil thickness
differences between types of anthropogenic landfoemd with undifferentiated surfaces.
Finally, we examined the influence of landscapegrrantation on the anthropogenic

landforms and the convenience of using this metbodoil quantification and mapping.
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2. Materials and methods

2.1. Study area

2.1.1. Location and physiographical settings

The field study was carried out on a 16 ha soutHeasg hillslope located near the
village of Seuilly within the Quincampoix catchmersouthwestern Parisian Basin,
47°08.31'N, 0°10.97’E; Fig. 1). The elevation oétktudy area ranges from 37 to 80 m, and
the slope is approximately 750 m. This hillslopasha rolling topography that is
representative of the Upper Cretaceous formatiohghe southwestern Parisian Basin
bedrocks. The studied hillslope is composed of féilewing sedimentary bedrocks from
thalweg to crest: Upper Cenomanian sandy marl, kawnel Middle Turonian white chalks,
and Upper Turonian yellow sandy limestones (Alcagtél, 1989; Bellemlih, 1999). The
main soils observed in this area are calcaric Csoidyi epileptic calcaric Cambisols and
colluvic Cambisols (Boutiet al, 1990; FAO, 1998; Bellemlih, 1999).
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Figure 1. Location and topography of the study area
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Modern land-use consists of cultivated cerealsahproducing crops (maize, wheat,
barley, sunflower and rape). Vineyards, orchards @astures covered over 30% of the study
area until the beginning of the last century. Tie&fborder network has evolved remarkably
since 1836 but has not changed since the last lanidand consolidation occurred at the end
of the 1960s (Fig. 2).

2.1.2. Characteristics of the anthropogenic landierin the study area

Lynchets and undulations are two types of linedhrapogenic landforms that have
been identified in the study area. Their axes agegminantly oriented at right angles to the

main slope direction.

Figure 2. Field border networks in 1836, 1945, 1958nd 2010.

Fig. 3a,c shows the geometrical characteristica tyfpical lynchet. It is characterised
by two morphological components separated fromanaher by a field border, i.e., its axis.
The first morphological component corresponds ¢emtle slope extending a few decametres
upslope of the axis. This gentle slope becomesugitbadhigher to connect to the upslope field
area and tends to become close to zero when regittarfield border downslope. The second
component is a few-meters wide break-in-slope Extatownslope of the axis. Breaks-in-
slope can locally be more than 2 m high and crehip discontinuities in the studied

hillslope. Some augerings were carried out in thedys area during a previous study
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(Bellemlih, 1999). These augerings show soil thitkg in the lynchets: soil thicknesses

ranged from 75 to 130 cm in lynchets compared tord@o >1 m in surrounding areas.

Fig. 3b,d shows the geometrical characteristichefundulations. They do not create
sharp discontinuities between both sides of the exlandscape morphology. An undulation
consists of a wide gentle convexity that is graljuabnnected at its external parts to the
general hillslope morphology. The upslope and ddopes connections mainly appear as a
slight slope gentling of landscape. The tops ofveaities are considered as the axes of

undulation landforms.

(a) Lynchet axis =
field border

© Ais (d)

Conn. Axis
Conn.

| Slope gentling

Break-in-
slope

Figure 3. lllustrations of the two types of linearanthropogenic landforms present in the study area:
(a) and (c) present a view and a topographic crossection of a lynchet; (b) and (d) present a view anh

a topographic cross-section of an undulation (“confi : connection).

2.2. Data acquisition

2.2.1. Topography

Two DGPS (Trimble ® ProXRS) were used as a base amuobile recorder,

respectively. Coordinates (accuracy in x,y: fewlimgtres) and elevations (accuracy in z:
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approximately one centimetre) of 1550 points weléaimed by data post-treatment. Four
digital elevation models (DEMs) were produced iretegently on a 2-m grid, i.e., one DEM
for each area delineated by lynchet breaks-in-s{apted 1 to 4 in Fig. 1). The partitioning
of the dataset into four subsets was added to #q@pimg procedure to avoid levelling of the
lynchets when computing the DEMs. This virtual lkag would indeed imply a weak
predictive power of the morphometric attributesivied from the DEMs. Finally, slope,
profile curvature, planform curvature and curvatwere derived from each DEM. The

curvature was calculated using an algorithm deesldpy Zevenbergen and Thorne (1987).

2.2.2. Soil thickness

Soil thickness was measured by manual augeringdafided as the summation of A
and B horizons, i.e., the depth of the upper s#prbimit. Differentiation between B and C
horizons was relatively easy because C horizonswhite and the transition is sharp. As
proposed by Follaiet al. (2006), two sampling schemes were establishednsider short-
distance variability of soil thickness, especiallye variability associated with linear
anthropogenic landforms (Bolline, 1971; Macagteal, 2002; Salvador-Blane=t al, 2006).

The two sampling schemes were defined as follows:

SamplingX: 502 soil augerings were carried out on the nirestnrelevant linear
landforms observed in the study area, i.e., thyaehlets and six undulations (L1 to L3 and
U1l to U6 for lynchets and undulations, respectivélg. 4a). The augerings were conducted
regularly along transects that were either longitaldor perpendicular to the landform axes
(Fig. 4a). Longitudinal transects correspond todfarm axes where one augering was
performed every 8 m (Fig. 4b). A perpendicular $ett crosses each longitudinal transect

every 40 m. There is one augering every 4 m albagerpendicular transects.

SamplingA: 232 additional soil augerings were performed recige the variation of
soil thickness all over the study area. A point wampled randomly in each square of a
25%25 m grid over the whole study area (Fig. 4a).

Both sampling schemes represent a total of 734tgoifiwenty percent of the

observations (148 points) were randomly selectedcdnstitute the validation set. The
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remaining 80% of the dataset (586 points) was @sethe calibration set. Then, these 586
points were used to estimate soil thickness overettitire study area using ordinary kriging
(e.g., Goovaerts, 1997; Chiles and Delfiner, 199% estimation of soil thickness, named
SThy, was performed over a 2-m regular grid considerirgyghort-distance variation of soil

thickness within lynchets and undulations.
(a) — N

S Ly S R | (b) =

] 10 20 Meters

Sampling E transects

Sampling I points
Sampling A points
Present field borders
Study area

Uz undulation z
Lz Lynchet z

Figure 4. Soil sampling schemes: (a) samplings and A in the whole study area; (b) zoom on
sampling X scheme in an undulation (U2).

2.3. Expert classification method

The expert classification method consists of aitiiityy each sampling point to one of
the three predefined classes. Class 1 contaip®its located on identified lynchets. Class 2
corresponds to points located on identified undorest Finally, class O is "a class by default”
that contains points located on undifferentiatedases. The expert classification was based
on sample location and landform variation in cloaggghbourhoods. Datasets of samplig

and sampling\ were treated separately.
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2.3.1. Sampling’ classification

The sampling schem& was constructed using longitudinal and perpendicul
transects located on the studied linear landforfang. @). Points sampled along longitudinal
transects, i.e., along the landform axes, werenaatically classified in class 1 for those

located on lynchets and in class 2 for those latateundulations.

Fig. 5 presents an illustration of the expert cfasgtion for the perpendicular
transects. Areas located downslope of breaks-ipeskeere not considered as parts of lynchet
landforms. Thus, points sampled downslope of lyhchees along perpendicular transects
were automatically attributed to class 0 (Fig. 9&)r the perpendicular transects located
upslope of a lynchet axis and the whole perpendictrthnsects located on undulations, we
defined the points of connection between lineahm@pogenic landforms and the surrounding
relief (Cf. Section 2.1.2). Then, samples locatetieen the axis of the landform and points
of connection were placed in class 1 for lyncheid elass 2 for undulations. Points located
between connections and transect extremities weeeg@ in class 0, corresponding to
undifferentiated surfaces.

2.3.2. Samplingl classification

SamplingA was dispatched all over the study area (Fig. Bar).each point close to a
lynchet or an undulation, a topographic cross-eacfierpendicular to the feature axis and
crossing the point was extracted from the DEM uskigGIS 9.3 ®. The classification
method was similar to the one applied to pointcelaalong perpendicular transects of
sampling schem& (Section 2.3.1). All points located on undiffeiatéd surfaces were

attributed to class 0.
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Figure 5. lllustrations of the classification metha for perpendicular transects of soil sampling
schemeX: (a) perpendicular transect on a lynchet and (b) @ an undulation (dots: soil samples

locations, “conn.” : connection).

2.4. Statistical analyses

2.4.1. Principle of the Classification Tree (CT)thuel

This subsection briefly presents the Classificaliome (CT) method used for the main
objective of this study. The convenience of thiprapch compared to discriminant analysis
or logistic regression lies in its non-parametham@cter (no assumption is required regarding
the distribution of the used variables). Sevenadligts have already shown that CT method is

useful for soil attribute prediction and mapping.g(e Lagacherie, 1992; Shatar and
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McBratney, 1999; McBratnegt al, 2003). For a thorough presentation of the CT waéth

readers should refer to books such as those bynArest al. (1984) or Steinberg and Colla
(1995).

A CT corresponds to a model that predicts the ckedenging of an object from
values of one or more predictor variables (categbrand/or continuous). The tree is built
from a calibration dataset; the class belongingtaedoredictor variables are known for each
object of the set. A decision algorithm that pantis into increasingly homogeneous
subdatasets is applied to this calibration dataseeach successive partition, the decision
algorithm automatically determines the splittingegictor variables and their values to
minimize the variance between the parent datagkttarchild subdatasets. When partitioning
is achieved, each object from the calibration ddtags been sent to a terminal subdataset
assigned to one of the predefined classes (setaralnal datasets can be assigned to the
same class). Thus, the built tree or ‘classificatmodel’ consists of a rules-structured
classifier. Decision rules follow one another ifixed order and are based on values of the
chosen predictor variables. We applied the Clasdin And Regression Tree (CART)
algorithm developed by Breimaet al. (1984) that generates a binary decision tree. Biaa
partitioned into a series of descending left anghtrisub-datasets. This partitioning is
recursive; thus, a defined predictor can be usedare than one decision rule.

2.4.2. Applications of the Classification Tree noeth

Here, we first applied the CART algorithm (R Devaizent Core Team, 2010) to the
586-point calibration dataset. This set was preshpwclassified into the three predefined
classes 0, 1 and 2 through our expert method (8e2t3). The predictor variables were the
morphometric attributes (slope, curvature, profilevature and planform curvature) and the
soil thickness measured in the field. The resultieg was called ‘Cd’. In order to validate
this classification model (Gii), we proceeded to the mapping of lynchet and wataud
landforms all over the study area based on thesiecrules of the model. For this purpose,
each raster layer corresponding to morphometrigbates and soil thickness (Sihwas
previously computed over the same regular 2-m drlten, we implemented the decision
rules of CTsjinto ArcGIS 9.3 ® and applied them for classifyiegch cell of the 2-m grid

into one of the predefined classes 0, 1 or 2. Wrednes of the predictor variables did not
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correspond to any criteria imposed bysGTthe relative cell was automatically classifietbin

class 0. Once the map was computed, the validatfothe CT,; model was carried out
through the validation dataset. A class was attethuo each point of the validation dataset

according to the map and compared with the ingigdert classification.

For the purpose of spatial extrapolation beyon@skehere soil thickness variable is
unavailable, the CART algorithm was tested usinly amorphometric attributes as predictor
variables. This application could constitute a pcat tool for the identification and mapping
of anthropogenic landforms when soil thicknessngnown or partially known in an area.
The resulting classification model was referredam ‘CTpo. The methodology for the
validation of the model was similar to the one &apto CTe;.

2.5. Quantification of soil material stored in amipogenic landforms

We quantified the soil material potentially storgdthe anthropogenic landforms
revealed by the most efficient classification modelongst C,i and CTopo We applied a
method substracting the estimation of soil thickrmt does not include soil material stored
in the anthropogenic landforms (SJto the estimation of actual soil thickness (§ThVe
took the following steps for this purpose:

() STh, was computed over the study area using only bakhess measurements at points
belonging to expert class 0.

(i) A third raster layer was calculated as followSTh; = STh — STh. It represents the
storage soil thicknegsfor a given cell of the regular 2-m grid.

(i) The total volume of soil material stored irach type of landform was calculated

separately using Eq. (1):
V, () = (txed ®

wherei is theith cell for a given landform typey is the total number of cells of a given
landform typet}; is the storage soil thickness for ftitle cell given by STh (m), andeais the

cells elementary area (2 m x 2 m).

125



Chapitre Ill — Morphologie du paysage agricole ienils avec la variabilité spatiale de

I'épaisseur des sols
3. Results

3.1. Variability of the predictor variables withthe study area

Table 1 summarises statistics of morphometric kattds and measured soil
thicknesses for the total 734 sampled points thsted over the entire study area. Slope
shows a mean value of 5.3% with respective mininaummd maximum values of 0.16% and
11.9%. The three different types of curvature pmegeean values close to null. Curvature
presents a wider range of values from -1.00 to nt8vhen compared to profile and
planform curvatures. Ranges of profile and planfaunvature values are very distinctive;
profile curvature varies from —0.97 to 1.03'pand planform curvature varies from —0.32 to
0.47 m'. As observed in field, data reflect that the niogiortant short-distance variations of
slope gradient are oriented towards the maximumestbrection, perpendicularly to the axes
of studied lynchets and undulations (Fig. 6).

Table 1. Summary statistics of morphometric attribues and soil thickness calculated from the total
dataset of 734 points.

Variable Unit Min Mean Max S.D.**
Slope % 0.16 5.31 11.90 1.53
Curvature* nt -1.00 -0.03 1.18 0.19
Profile curvature* rit -0.97 0.03 1.03 0.17
Planform curvature* -0.32 0.00 0.47 0.07
Soil thickness m 0.22 0.62 2.23 0.33

* The negative values of curvature and planfornvature mean for concavity and positive values tamnexity.
The negative values of profile curvature mean torvexity and positive values for concavity.
** S.D: Standard Deviation.
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Figure 6. Map of slope gradient within the study aea and location of lynchets and undulations axis.

Soil thickness measured in the field ranges fro22 @o 2.23 m for the total dataset
(Table 1). The mean measured value is 0.62 m wistaadard deviation (S.D.) of 0.33 m.
From the calibration dataset of 586 points, sadkhess was estimated over the entire study
area by ordinary kriging. The spatial autocorrelatof soil thickness, quantified through the
semi-variogram, is quite strong (Fig. 7). A purgget (sill = 0.01 rf) plus a Gaussian model
(range = 35 m and sill = 0.05%rand a spherical model (range = 150 m and sill03 @rf)
were nested to the experimental variogram. A cvafidation was used on the original data to
validate the variogram models. The mean errorfimiele as:

R= 2 [200) - ax)] @

where z*(x) is the estimated value at and z(¥) is the measured value at x
R appears close to zero (-0.00117 m). The ratiohef mean squared error to the kriging

variance is:
S =23 2x)- )] 103 (x), 3)

wherec?(X;) is the theorethical estimation variance for thedpction of z*(x).
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The ratio is close to unity (1.01628). The shosdtaice variability of soil thickness appears to
be predominantly associated with all the lyncheis,L2 and L3, and undulations, especially
U2, U4, U5 and U6 (Fig. 8a).
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Figure 7. Experimental variogram of soil thicknesgdots) and the theoretical model fits (solid line).
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Figure 8. Soil thickness variability within the study area: (a) map of soil thickness estimated fromhe
586 points of the estimation dataset. lllustration®f characteristic topographic cross-section and do
thickness evolution (b) in a lynchet and (c) in amndulation.
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3.2. Variability of the predictor variables in eaelpert class

Table 2 presents summary statistics of morphomattitbutes and soil thicknesses for
each class and their respective size in the t@tset. The total dataset contains 734 points
distributed in the following three classes: clag88P points), class 1 (139 points) and class 2
(206 points). Classes 1 and 2, which are dedicédethe linear landforms of interest,

represent 19% and 28% of the total dataset, raspct

Table 2. Summary statistics of morphometric attribues and soil thickness in each expert class.

Slope (%) Curvature (Hh* Profll(em(_:ll){vature Planfo(rr:?l;:*urvature Soil thickness (m)
Class Size Mean Mean Mean Mean Mean
Min (S.D") Max | Min (S.D") Max | Min (S.D") Max | Min (S.D") Max | Min (S.D") Max
6.04 -0.02 - 0.02 - 0.00 0.45
0 389|0.84 2.5) 11.90| -0.35 0.2) 1.18 0.99 (0.2) 0.33 020 (0.1) 0.30|0.22 0.2) 1.30
2.62 -0.20 - 0.18 - -0.01 1.08
139|0.16 (2.0) 9.35| -1.01 0.2) 0.32 014 (0.2) 1.03 030 (0.1) 0.47|0.45 (0.4) 2.23
5.73 0.05 - -0.04 - 0.00 0.62
206|2.37 2.2) 10.32|-0.32 (0.1) 0.36 0.28 (0.1) 0.33 020 (0.1) 0.32/0.35 0.2) 1.30

* The negative values of curvature and planfornvature mean for concavity and positive values tnexity.
The negative values of profile curvature mean forvexity and positive values for concavity.

** S.D: Standard deviation.

According to the summary statistics (Table 2), €l@spresents the largest range of
slope values (from 0.84% to 11.9%) and the highestn slope value (approximately 6%).
Mean values for each of the three curvatures catedlon undifferentiated surfaces (class 0)
are null, with an S.D. of 0.1 to 0.2InClass 1 presents the lowest mean slope valugy.6
with a minimum and a maximum of 0.16% and 9.35%peetively. Its mean value for
planform curvature is null, as observed for clasdesd 2. The profile curvature of class 1
appears mainly concave with a mean value of 0.1g®D. = 0.2 rif). Class 2 shows the
highest minimal slope value (2.37%) and a meanesi@tue of 5.73%. The ranges of values
for the three curvatures are the lowest in thiscI®rofile curvature varies from —0.28 to 0.33
m™.

The lynchets (class 1) present the most importaeanmmeasured value of soil

thickness (1.08 m), and the largest range of baikhess values (from 0.45 to 2.23 m; Table
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2). The soil thickness variability appears higherpgndicularly to lynchets than along their
axes. Solum systematically becomes thicker fromugeope to the downslope of a lynchet.
A vertical section in this type of landform preseatsoil accumulation with an approximated
ight-angle triangle shape (Fig. 8b). According &bk 2, soil thickness in classes dedicated to
undifferentiated surfaces and undulations (Clagsaad 2) does not exceed 1.3 m. Class 2
shows higher minimal and mean soil thickness valhan class 0. Mean values for classes 0
and 2 are 0.45 and 0.62 m, respectively. Soil gisesents a particular evolutiom
undulations. A vertical cross-section in an undatatshows a slight convex lenticular

thickening (Fig. 8c).

The Tukey HSD method was applied on the 734-pomtiaset (Table 3). This
statistical test was used to find which ranges alties are significantly different from one
another for a given predictor variable. The rangiegalues related to classes 0, 1 and 2 are
statistically different one from another for eachtloe following predictor variables: soll
thickness, profile curvature and curvature. Thessa 0 and 2 exhibit similar ranges of values

for slope and planform curvature.

Table 3. Tukey's HSD (Honestly Significance Diffenaces) test resultsd level: 0.05).

Profil Planform Soil
Contrast Slope Curvature ,

curvature curvature thickness
1vsO Yes Yes Yes Yes Yes
lvs?2 Yes Yes Yes Yes Yes
2vsO0 No Yes Yes No Yes

3.3. Classification Tree Results

3.3.1. The Classification Tree ¢l

The overall prediction performance of the CT metfeodhore than 80% when applied
to morphometric attributes and soil thickness valaéthe pre-classified calibration dataset
(Table 4). The confusion matrix shows that the Itespuregression tree GJ; performs well
for classes 0 and 1. Classes 0 and 1 have 87.5%50% of their respective points correctly
classified. Approximately three-fourth of the massified points from class 0 are classified in
class 2. Concerning class 1, the main errors ofrtbdel appear to involve class 0. In class 2,

24.0% of points are incorrectly classified; theg atl allocated to class 0 by the model. The
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most important risk of confusion during the appima of the CT,; model then involves

classes 0 and 2.

Table 4. Confusion matrix on calibration dataset (T s,y model).

Class 0} 1 2 Total % correct*
0 279 11 29 319 87.5
1 12 85 3 100 85.0
2 40 0 127 167 76.0
Total 331 96 159 586 83.8

‘ means for estimated class.

* corresponds to the ratio of objects correctlysslfied within the class by the CT model.

Table 5 presents validation results for thesgTmodel performed through the
validation dataset and the mapping of lynchets wmdllations over the study area based on
the decision rules of the concerned model (Fig. Bafording to the validation procedure,
83.1% of the points from the validation dataset @gectly classified. Classes 0, 1 and 2
have 80.0%, 92.3% and 79.5% of their points cdyectassified, respectively. The
classification model CJ appears significantly relevant. Among points nassified from
the original class 0, confusions with classes 1 2rate almost equivalent. Six points are
allocated to class 1, and eight points are allacadeclass 2. Concerning class 2 (undulations),
three-fourths of the misclassified points are ceatl with class 0 by the G model.
Confusion between classes 0 and 2 appears to bedskeimportant. This confusion explains

why these classes present less efficient classditaesults than class 1.

Table 5. Validation procedure results from CT,, model.

Class 0' 1 2' Total % correct*
0 56 6 8 70 80.0
1 1 36 2 39 92.3
2 6 2 31 39 79.5
Total 63 44 41 148 83.1

‘ means for estimated class.

* corresponds to the ratio of objects correctlysslfied within the class by the CT model.

The mapping of the studied landforms based on ¢aesihn rules of Cd; is shown in
Fig. 9a. The three lynchets, L1, L2 and L3 (clagsahd five of the six sampled undulations,
Ul, U2, U4, U5 and U6 (class 2), are detected ammpped using the GJ model.
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Unfortunately, some cells located in U3 are mapagdelonging to either class 1 or 0. A
fourth linear lynchet landform, L4, is detectedrajdhe downslope site border. Three pseudo-
linear areas (L5) appear in the northern part efgite. Several linear undulations (U7, U8
and U9) and undulation networks (U10) are iderdifiy the CTo; model. Axes of U8 and of
some areas of U10 appear oriented along the mape sAreas mapped in class 1 or 2 that are

also not particularly linear and/or of decametiels are considered as classification errors.

Figure 9. Maps of (a) CTsoil model and (b) CTtopo mdel results in the study area.

Class 0: undifferenciated area.
Class 1: lynchet.

Class 2: undulation.
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3.3.2. The Classification Tree CTtopo

CT analysis on the basis of morphometric attributas carried out in the outlook of
spatial extrapolation beyond areas where the iSigkness variable is unavailable. The CART
algorithm applied to the entire 586-point calibpatidataset performs weakly when the soil
thickness predictor variable is ignored (results stiown). This is mainly due to difficulties
discriminating class 2 from class 0. However, tH&RT algorithm applied to the subset of
the calibration dataset including only classes d 214267 points from the total of 586 of the
calibration dataset) performs better. The confusioatrix (Table 6) reveals that the
individuals of each class are well classified. Dherall performance is more than 96%. Only
one point of 167 points from class 2 is allocatedlass 1 by the Gd,, model, and eight of
the 100 points from class 1 are allocated to clas€lasses 1 and 2 can be efficiently
discriminated one from another by morphometrialautes only.

Table 6. Confusion matrix on the subset of calibrabn dataset including only classes 1 and 2 (G

model).
Class r 2 Total % correct*
1 92 8 100 92.0
2 1 166 167 99.4

Total 93 174 267 96.6

‘ means for estimated class.

* corresponds to the ratio of objects correctlysslfied within the class by the CT model.

Table 7 presents validation results for thegg,Imodel performed through validation
dataset and the mapping of lynchets and undulabwasthe study area based on the decision
rules of the concerned model (Fig. 9b). Approxinya6¥% of the points from the validation
dataset are well reclassified by the§sdmodel against 83% for the previous &imodel. A
spatial extrapolation beyond the study area whieeesbil thickness variable is unavailable
supposes an overall misclassification of approxatyaB0%. Regardless of the model used
(CTiwpo Or CTsi), lynchets are well identified in contrast to ufladions. According to
validation results, about 82% of points from clasand 59% of points from class 2 are well
reclassified. Approximately 38% of points from &a? are not recognised by the model as
belonging to class 2, and are then automaticailyelil to class 0 by default. Nineteen of the

70 points of class 0 have morphometric attributdsckv correspond to the classification
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criteria of class 2 defined by the 5 model. Confusion between classes 0 and 2 appears

more important when soil thickness is not accoufied

Table 7. Validation procedure results from CTgp, model.

Class 0} 1 2' Total % correct*
0 44 7 19 70 62.9
1 5 32 2 39 82.1
2 15 1 23 39 59.0
Total 64 40 44 148 66.9

‘ means for estimated class.

* corresponds to the ratio of objects correcthysslfied within the class by the CT model.

The mapping of the studied landforms based on ¢leesin rules of Cif,, sShows that
lynchets L1, L2 and L3 and undulations U1, U2 ar&ldde recognized and mapped (Fig. 9b).
Undulations U4 and U5-6 appear partially mapped, lafh, L5, U7, U8, U9 and U10 are
detected. The spatial extent of the landforms diffeom the CT results, especially for
undulations (class 2). Two additional linear araes mapped in class 2 (U1l and Ul12) as

well as non-linear areas (U13) located in the reritpart of the site.

3.4. Volume of soil material stored in the anthrgenic landforms

Table 8 presents results concerning amounts bsswed in lynchets and undulations.
These calculations were made through the applicatib CTs,y, i.e., the most efficient
classification model amongst Gl and CType According to the mapping of the studied
landforms based on Gdj decision rules (Fig. 9b), lynchets and undulatiooger 14.3% and
24.3% of the total study area, respectively. Trawragfe thickness;, defined through the
computation of STh (Section 2.5), ranges from O m to 1.40 m in lynshend from O m to
0.78 m in undulations. Volumes of soil materialretbin these two types of anthropogenic
landforms are approximately 603G and 7520 rfor lynchets and undulations, respectively.
Lynchets and undulations contain then approximét8&bp of the total soil material present in

the study area.
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Table 8. Soil material accumulated in lynchets andndulations revealed by CT,; model.

Type olAccumulation % of total studjStorage thicknesis(m)  Stored % of total SOi,

landform area (m2) area Min Max volsume Vimaterial in  stu
(m?) area

Lynchets 22148 14.3 0.00 1.40 6031 6.6

Undulations 37856 24.3 0.00 0.78 7517 8.2

4. Discussion

The approach presented above aims to identify @&tthguish two different types of
linear landforms by morphometric attributes and gockness. The landforms detailed in the
study area appear to be associated with soil thiogs. Therefore, their identification and

distinction would allow a better appreciation ofl s@riability in cultivated hillslopes.

4.1. Classification efficiency

The classification method developed here is efficigsing morphometric attributes
and soil thickness (GJi model). Validation results of both classificatiorodels CT,; and
CTiwpo(Tables 5 and 7, respectively) show that lynchelessé 1) and undulations (class 2) are
well discriminated from each other with or withadtil thickness. Both models perform well
for the recognition of class 1. However, the untiates are less well identified than lynchets
because of confusions between class 2 and classdifféerenciated areas), especially when

soil is not accounted for.

Class 1 is the only class that presents signifistattstical differences for values of all
the predictor variables when compared to the twerstclasses (Table 3). Lynchets show the
highest profile curvature values corresponding tmarked concave shape (Table 2). The
mean slope value (2.6%) barely reaches half ofratless mean values, and its minimum
slope is almost null. These statistics seem t@cethe consequent slope gentling associated
with lynchet landforms (Fig. 3a,b) and which hagrm@bserved in other hilly agricultural
regions in western Europe (Bracq and Delay; 19%ydslor-Blanes, 2002; Follain, 2005;
Houben, 2008; Brown, 2009). The lynchets studiete h@esent larger soil thickness in
comparison to undulations (respectively 1.1 andn®.®@ mean thickness against 0.45 m in

undifferentiated surfaces; Table 2). Like religdijl shickness variability is more accentuated
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perpendicular to the landform axis than along tkis.&5oil thickness increases from upslope
to downslope in lynchets (from a few decimetresntre than 1.5 m) by the way of a pseudo
right-angle triangular accumulation (Fig. 8 b). §ishape of soil explains the slope gentling
characteristic to lynchet landforms. Lynchets &enteasily identified statistically by both the
CTsoii and CTopo applications (approximately 92% and 82% of perfance respectively,
Tables 5 and 7).

The slope and planform curvature modalities ofcfaglo not differ statistically from
those of class 0 (Table 3). Thus, classes 0 angk 2mly distinguishable by curvature and
profile curvature in the Gdyo application. Moreover, profile curvature valuesiga from
—0.99 to 0.33 ni and from —0.28 to 0.33 Tnfor classes 0 and 2, respectively (Table 2). The
profile curvature does not help to distinguish sé&s0 and 2 when its values for the class 0
are close to zero. An undulation is a more discestd complex feature than a lynchet.
Houben (2008) defined undulations as ‘horizontdihdyical segments’, and thus highlighted
the importance of their median convex areas (Figd)3 Class 2 statistics do not reflect a
dominant convex trend (Table 3). Firstly, this mmagonvex shape is systematically induced
by a slight slope gentling upslope (a concavit$§econdly, it often ends also with a second
slight concavity downslope. The presence of theosd concavity depends on the difference
between slope gradient of the undifferentiated sateaated upslope and downslope to the
undulation. Objects from classes 0 and 2 can thessept similar combinations of
morphometric attributes. This could explain why @iBp, including the three classes did not

significantly distinguish classes 0 and 2.

Soil thickness appears to be an important predictariable for undulation landforms.
We systematically observed a soil thickening in glamgy profiles perpendicular to
undulations, even a slight one (~10 cm). The tmakg shows a convex lenticular shape
(Fig. 8c). The mean soil thickness in undulationi62 m vs. 0.45 m in undifferentiated
areas (Table 2). The intensity of soil thickenimghbioth lynchet and undulation landforms
appears to vary along their axes and from one pdipelar sampling transect to another.
These short-distance variations of a few to >20seem to have no significant consequences
on local relief when compared to the magnitudeebéf variation in lynchets and undulations
(Fig. 6). The C horizon upper limit probably pretselocal irregularities along the different

landforms hidden by the shape of overlying thickersmils. In addition, a few subtle
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undulation landforms (e.g., U5—6) appear associatgd important soil thickening; this
supports that the C horizon upper limit is necelysarostly concave across the landform. In
this particular case, the greater soil thicknedgshielentify undulations (Fig. 9a). Conversely,
remarkable undulation landforms (e.g., U3) presight soil thickening; this supports the
idea that the C horizon upper limit is mostly coxneeross the landform. Consequently, the
CTiopo model does not support the discrimination of @das8 and 2 (Fig. 9b). These local
variations of C horizon upper limit have a pooreeff on the classification efficiency of

class 1, considering its very distinctive landfaattributes and important soil thicknesses.

4.2. The imprint of successive field border network

Linear lynchet landforms have been described taltrédsom the progressive soll
material accumulation upslope of field borders (iBak, 1971; Papendick and Miller; 1977;
Goverset al, 1999; Salvador-Blanes, 2002; De Alba, 2003). Beeaundulations are linear
and associated with thicker soils, they are alsssipy related to ancient field borders.
Moreover, lynchet and undulation landforms are hmdominantly oriented perpendicular
to the main slope. Nevertheless, undulation-likelfarms can be related to other factors such
as a natural increase in soil thickness and/org@mhic variation of saprolite upper limit
(Section 4.1). Outcropping limits between the uhdeg chalk and limestone beds appear to
be perpendicular to the main slope (Alcaytéal, 1989). These sedimentary rocks have
successive beds of metric-to-decametric-scale dndifterent compositions, hardnesses.
These different rocks are more or less resistaatdsion: their outcroppings could then have
influenced local topography and soil profile deyetent. Unfortunately, there is no map of
bedrock lithology accurate enough to assess thédation of lithology in the development
of undulation landform here. On the contrary, infation about historic field system layouts
is available. Fig. 10 presents the mapping of lgtehand undulations over the study area
performed from CJ,; model and combined with the field border netwattkat have been
known since 1836. All the linear landforms surveyethis study are spatially linked to field
borders. Lynchets are constructed along presddtbigders, whereas undulations are located
on ancient field borders.

The field borders associated with lynchets L1, b# &3 have existed since at least

1836 (Fig. 10). These limits are followed by peiaehmoads (L1 and L2) or access to the
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fields (L3), which could have been present for desato centuries before 1836. A fourth
effective lynchet (L4), associated with the fieldréber edging the alluvial plain, has been
mapped by CT applications. The field border hassteri since at least 1836, as those
associated with L1, L2 and L3 (Fig. 10). In additioil in L4 thickens similarly to soil in
lynchets L1, L2 and L3. Soil thickness in L4 varigem approximately 50 cm at 30 m
upslope of the field border to up to 150 cm nearlibrder (Fig. 8c). This footslope lynchet is
recurrent on cultivated areas. The L5 areas arelowatted upslope of any known field
borders. They are on the hillslope shoulder wheeeslope gradient is gentle and soils are
locally more developed (due to a deeper weatheririge bed-rock in more flat areas). Thus,

some areas can present predictor variables sitoileass 1.

T o R ._.“5 AL P g = .
o A Vi N \ e o \ = K
1 T - o % ! ._"-. i : e ! R g = - AN o
= =\ \ 0" 100 200 Meters
2 Yo | —

Figure 10. Maps of CTsoil model results and field &rder networks of 1836, 1945, 1959 and 2010.

Class 0: undifferenciated area.
Class 1: lynchet.

Class 2: undulation.

Undulations U1 to U6 are linked to field borderatthave existed since at least 1836,
and disappeared during the last campaign of landaimation in 1967 (Fig. 10). Some cells
of U3 are mapped as belonging to classes 1 or OTRy; (Fig. 9). U3 presents thinner soils
than other undulations, but appears morphologica#iif-developed (Figs. 6 and 8a). Because
some ranges of morphometric attribute values atersacted from one class to the other

(Table 2), slight soil-thickness variations do m&pport the identification of U3 as
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undulations by Cd;. U9 is linked to a former field border that exgtEnce at least 1836 and
disappeared between 1946 and 1958. The geometratalork U10 is associated with
successive borders that were very close to onehanaind had similar orientations. These
borders disappeared after 1959. Undulations U710 Were evidenced by both classification
models and U12 by Gd, only (Fig. 9). These five undulations are weakéveloped in the
field. Their associated field borders disappeaaatiex than those linked to undulations which
are better developped (U1l to U6). All of these datlons are linked to former field borders,

have variable widths, and are roughly asymmetric.

The following two scenarios seem possible concerttie origin of these undulations:
1) the undulations are former lynchets that wererenor less developed and have been
levelled after their associated field borders waestroyed, as suggested by Bollinne (1971)
and Houben (2008). The soil material redistributtmuld have occured up- and downslope
these landforms (Revel and Rouaud, 1985; Walling @uine, 1991); ii) undulations are
headlands created by an asymmetric accumulati@oibflue to tillage translocation on both
sides of the borders (Callot, 1980; Leturcq, 2088¥adlands have been mainly studied by the
archaeology community in plains of northwesterndper, they are more developed in planar
context. They are often associated with field bordgworks created during the Middle Ages
and have been active for several decades to adeturies (Zadora-Rio, 1991; Leturcq, 2008;
Brown, 2009).

U7 and U11 are not related to any known field bo(tliEl1 being revealed by Gofo
only; Fig. 9). These linear landforms can be linlegither to borders that disappeared before
1836 or to a specific management (e.g., repeatdts o tillage implement). Concerning the
undifferentiated surfaces (Class 0), these arealsl @amrrespond either to locations where no
field border has ever been established, or to folgrehets or undulations erased since the
removal of associated borders.

Lynchet and undulation axes are predominantly petipelar to the slope. Field
borders are an efficient place to block soil maldiuxes that are controlled totally (running
water) or partially (tillage) by gravity (Van Dijkt al, 1996; Dabneyet al, 1999). The
mapping of lynchets and undulations through theliegmon of CTs or CTipe model

revealed some undulations oriented in the slopection (U8 and in the U10 undulations

139



Chapitre Ill — Morphologie du paysage agricole ienils avec la variabilité spatiale de

I'épaisseur des sols

network, Fig. 10). In that case, only tillage eovscan explain an effective soil accumulation
along those associated former borders. Tillagestogation is controlled first by the passage
of the implement through the soil and then by thevigy effect (Lindstronet al, 1990; Van
Muysenet al, 2002). In the case of contour-line tillage, so#tter deposition occurs when
tilage implements encounters field border orientedthe slope direction. This tends to
suggest that U8 and U10 could be headlands orlginal

Considering discussion in this section and Secdtidnwe synthesize the informations
about field borders and possible origins of thedinanthropogenic landform studied here in
the Table 9. The possible origins concern: i) thie @accumulation processes before any field
border removal and; ii) the influence of the C-kori upper limit on the actual landform

morphology in comparison with soil accumulation.

Table 9. Anthropogenic linear landforms, associatefield borders and possible origins.

Anthropogenic Association with a Field border duration Possible soil Possible
linear landform known field border  From* To** deposition processeéc'l.JbStrate top
influence

L1 Yes min. 1836 present Water + Tillage ?
L2 Yes min. 1836 present Water + Tillage ?
L3 Yes min. 1836 present Water + Tillage ?
L4 Yes min. 1836 present Water + Tillage ?
Ul Yes min. 1836 1967 Water + Tillage Yes
u2 Yes min. 1836 1967 Water + Tillage Yes
u3 Yes min. 1836 1967 Water + Tillage Yes
U4 Yes min. 1836 1967 Water + Tillage No
us Yes min. 1836 1967 Water + Tillage No
ué6 Yes min. 1836 1967 Water + Tillage No
u7 No ? ? Tillage ?
us Yes min. 1836 1837-1944 Tillage ?
U9 Yes min. 1836 1946-1958 Water + Tillage ?
ui10 Yes min. 1836 1967 Tillage ?
ull No ? ? Tillage ?
ui12 Yes 1837-1944  1946-1958 Water + Tillage ?

* min. 18XX = date of the map where the border wantioned for the first time.
** 19XX-19YY: a date between 19XX and 19YY.
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4.3. Implications in soil mapping

Results show that spatial variability of morphonwetttributes and soil thickness is
strongly influenced by successive field border reks in the study area. Each of the three
landform classes identified here presents a distdgble range of soil thickness values.
Lynchet and undulation landforms correspond tokiricsoil due to material deposition
alongside present or former field borders (Sectid). Soil accumulation viewed in vertical
section evolved as a pseudo right-angle triangldyinthets and as a convex lens in
undulations. The method developed here has theeoigvce of mapping the classification
results. Therefores, this method could improve $patial estimation of soil thickness

variations and related soil properties over cutéddandscapes.

The CART algorithm applied to morphometric atttdsiand soil thickness (Gol)
performs well for lynchet and undulation discrimtina. Without soil thickness, the algorithm
correctly identifies lynchets apart from undulaBofCT,,0). However, similarities between
maps performed from GJj; and CTopo sSmodels represent approximately 70% of the study
area. Half of the dissimilarities are estimatectlass 0 by the G model and as class 2 by
the CTopo model. Approximately 7% of these dissimilaritiese affected to the opposite
possibility. Thus, the Gy, model tends to overestimate undulation areas nmpeoison with
the more accurate Gdi model (Section 4.2). We note that d correctly detects the
location of all the features studied here (Fig.. Bgth applications appear to be good tools
for the recognition and mapping of the studied eopbhgenic landforms within cultivated

hillslopes, especially lynchets.

The different applications of CART algorithm perfoed in this study demonstrate the
importance of relations between soil thickness atemns and lynchet and undulation
landforms. Although these linear landforms are rédi&c in the landscape, they cover a
significant part of the study area. According te timapping performed with G model
(Table 8 and Fig. 10), lynchets and undulationsec@pproximately 14% and 24% of the 16
ha site area, respectively. This means that al#@% of the site area shows morphological
evidence of an effective human impact on the spaaaiability of soils. Lynchets and

undulations appear as morphological indicatorsushdéin-induced soil accumulations.
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Figure 11. Map of similarity/dissimilarity from CTs oil model against CTtopo model results in study

area.

Lynchets and undulations revealed by thesdsTodel contain about 6030°nand
7517 i of additionally stored soil material, respectivélable 8). These volumes represent
6.6% and 8.2% of the total soil material preserthim study area. More than 6038 af soil
material could be then available to water andgeéldaranslocations in this hillslope if field
borders associated with current lynchets were dgstl in the immediate future. Although
undulations are more discrete landforms than lytschieey contain an equivalent volume of
additionally stored soil material. Because undalaiare associated with former field borders
and lynchets to unchanged borders, undulationsaappere frequently in the west of Europe.
Politics, mechanisation and many other factors eddstimulated important field border
removal by land consolidation during the 1960s 880s in Western Europe (Vitikainen,
2004). These undulation landforms could be preteakareas for soil erosion by tillage, as
wide gentle convexities within the landscape. Inljeet soil loss by tillage translocation was
demonstrated as being dependent on slope gradiamges. Erosion occurs on a convex
slope, accumulation occurs on concave slopes, asmnple translation occurs on linear
slopes (Lindstronet al, 1992, Goverst al, 1996).
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5. Conclusion

The aim of this study was to assess whether diifetgpes of anthropogenic
landforms could be discriminated by their morphamaedttributes and soil thicknesses. For
this purpose, we developped a classification methegbd on a detailed field study carried
out in a cultivated hillslope of the SW ParisiansBa (France). This method appears
convenient because the classification models coedphby the CART algorithm can be used
as mapping tools.

We distinguished two different types of linear anffogenic landforms in the study
area, lynchets and undulations. They are easilyjndisshable one from another by their
morphometric attributes. Their ranges of soil thiegses appear also statistically different:
soil thicknesses are higher in lynchets than inulattbns. These thicknesses are higher than
those encountered in surrounding undifferentiatedases. Additionally, the shape of soil

accumulation appears particular to each type eflinrandform.

In contrast to lynchets, undulations are not eadistinguishable from undifferentiated
surfaces by considering only morphometric attributé@ herefore, the distinction of
undulations is less accurate than the distinctidgrchets. However, the undulation mapping
is greatly improved when soil thickness is accodnter as predictor variable in the
classification method.

Multi-temporal mapping of historic field system tays shows that lynchets are
associated with present field borders that haven lestablished since at least 1836. The
mapped undulations are linked to field borders #rdsted for a shorter time period and
disappeared predominantly during the last campanland consolidation in 1967.
Undulations appear to correspond to anthropogenit accumulations as lynchets. In
perspective, the use of tracers as Cs-137 (had-tife of approximately 30.2 years) coupled
to soil erosion modeling could be useful to predbke dynamics of both lynchet and

undulation landforms since this last land consaiata

Lynchets and undulations are rarely accountednfdéandscape and regional-scale soll
surveys. However, undulations are discrete and camimear landforms which can store an

important amount of soil material. Our results wbplrovide new perspectives in the soil
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mapping discipline if associated with new techna@edor relief recording. For example, the
LIDAR (Llght Detection And Ranging) allows the acate recording of high-density
topographic data in large areas (Brogtral, 2009; Rayburget al, 2009). Such technologies
are of particular interest for quick soil mappieghniques with fine resolution. LIDAR could

be very efficient to detect lynchets and undulaionthe landscape.

Based on an analysis of morphometric attributesoafe representative anthropogenic
landforms linked with soil thickening, the methoeveloped here could improve the spatial

estimation of soil thickness variations and relaei properties over large areas.
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