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Das (bergeordnete Ziel dieser Dissertation ist die Untersuchung der aktuellen
Geomorphodynamik in den Gullyeinzugsgebieten der Souss-Ebene, Sudmarokko. Eine
Sonderstellung nehmen besonders in der Taroudant-Region die durch land-levelling-

MaRnahmen beeinflussten Flachen ein.

Mit Zerfall der Zuckerindustrie Ende des 17. Jahrhunderts setzt im Souss Becken aufgrund
der Auflassung der Anbauflachen und der nahezu vollstdndigen Abholzung der Arganwélder
die lineare Bodenerosion ein. Seit den frihen 1960er Jahren erfolgt mit der Transformation
von traditioneller Landwirtschaft zu modernen exportorientierten Zitrusfrucht-, Bananen- und
Gemiseplantagen ein sehr dynamischer Landnutzungswandel. Da die Anbaufldchen zwischen
den tief eingeschnittenen Wadi- und Gullysystemen liegen, wird die weitere Expansion der
Plantagen in zuvor agrarisch unbrauchbare Gebiete mithilfe von Planierungsmanahmen mit
schwerem Gerét vorangetrieben. Die Planierung von Badlands und das Verfullen von
existierenden Gullys fuhren dabei zu Veranderungen der Abflusssysteme und Einzugsgebiete.
Des Weiteren weisen diese Flachen eine erhohte Prozessdynamik auf. Eine nachhaltige

Entwicklung auf diesen Flachen ist daher fraglich.

Anhand von experimentellen Feldmethoden werden verschiedene Prozesse der Bodenerosion
aufgenommen und bewertet. Mittels Luftbildmonitoring mit einer Drohne erfolgt eine
Analyse des Gullywachstums. Durch eine Zusammenfiihrung der Methodenkombination kann
ein Gesamtbild der aktuellen geomorphologischen Prozessdynamik im Souss erstellt werden.
Auf den planierten Flachen entwickeln sich durch die Verdichtung des Bodens, das Entfernen
von Vegetationsbedeckung sowie Krustenbildung auf dem schluffig-lehmigen Substrat bei
Starkniederschlagsereignissen zumeist erneut Gullys, die oftmals die alten Erosionsformen
nachpausen. Dies wird durch das Zurtickbleiben von Tiefenlinien und Bulldozerspuren, in
denen Oberflachenwasser kanalisiert wird, verstarkt. Die gerade erst neu gewonnenen Flachen
sind agrarisch nicht nutzbar und die rasche lineare Zerschneidung bedroht weitere

Anbauflachen, Gebaude und Infrastruktur.

Durch starke Verschlammung nach Niederschldgen bilden sich auf den planierten Flachen
sehr schnell physikalische Bodenkrusten aus. lhre Mikromorphologie ist aufgrund der
mehrfachen Belastung mit schweren Gerdten durch Plattenstruktur und Vesikel geprégt,

wodurch die Infiltrationskapazitdt des Bodens verringert wird. Auf alteren Brachen und
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Weideland sind zumeist biogene Krusten ausgepragt. Diese ungestorten Flachen sind durch
Einzelkorn- und Aggregatstruktur sowie vertikal konnektive Poren gekennzeichnet, was
héhere Infiltrationskapazitaten bewirkt. Ihre bodenschiitzende Funktion lasst nur wenig
Sedimentabtrag zu. Diese Auswirkungen auf die Infiltrationskapazitdten kdnnen durch
Messungen mit dem Einringinfiltrometer bestatigt werden. Sie zeigen auf ungestdrten Flachen

durchschnittlich eine 2,6-fach hohere Infiltrationsrate als auf planierten Flachen.

Durch eine Inventarisierung der Bodeneigenschaften und Oberflachencharakteristika kann
ihre signifikante Verédnderung nach PlanierungsmalRnahmen identifiziert werden. So zeigen
planierte Flachen hohe Anteile an Bodenverkrustung und wenig Vegetationsbedeckung auf.
Ungestorte Flachen sind dagegen weniger verkrustet und starker mit Vegetation bedeckt.
Zudem kann eine Kompaktion der oberen Bodenschicht nachgewiesen werden. Diese
Faktoren wirken auf die Oberflachenabflussbildung und den Sedimentabtrag ein. Die
Ergebnisse von 122 Niederschlagssimulationen mit einer Kleinberegnungsanlage zeigen einen
signifikanten Anstieg der mittleren Oberflachenabflisse und Sedimentfrachten (1,4-, bzw.
3,5-mal hoher) auf planierten im Gegensatz zu ungestorten Testflachen.

Mithilfe des Gullymonitorings wurde die Entwicklung eines kompletten Gullys durch
Starkniederschlagsereignisse auf einer planierten Flache detektiert. Dabei wurde in einem
3,5 ha grofRen Einzugsgebiet ein Ausraumvolumen von 720 m3 gemessen, was etwa 1080 t
Bodenmaterial entspricht. Auf ungestorten Flachen wurde dagegen nur ein geringes
Gullywachstum aufgenommen. In Zusammenhang mit den Niederschlagssimulationen wurde
errechnet, dass Gullyerosion fir 91 % des gesamten Bodenverlustes im Einzugsgebiet
verantwortlich ist. Die Flache dient nur als Lieferant des Erosionsagens Wasser. Das
Verfullen des urspriinglichen Gullysystems mit Material der umliegenden Hénge flhrt zu

einer Erniedrigung der Gelandehdhe von durchschnittlich tber 5 cm.

Die vorgestellte Methodenkombination lasst eine gezielte Beschreibung der aktuellen
Geomorphodynamik in den Einzugsgebieten der Souss-Ebene zu. Durch die land-levelling-
MaRnahmen wird die Prozessdynamik signifikant erhoht. Eine Verminderung der
Vegetationsbedeckung,  schnelle  Krustenbildung  durch  Verschlammung  sowie
Bodenkompaktion unterstiitzen hohe Oberflachenabflussbildung und Sedimentabtrag. Durch
lineare Konzentration des Abflusses wird rapide Gullyerosion geférdert. Ganze Gullysysteme
konnen sich auf Planierungsflaichen durch nur ein einziges Starkniederschlagsereignis

ausbilden. Dadurch sind Anbaufldchen und Infrastruktur geféhrdet.
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Kapitel 1: Aktuelle Geomorphodynamik in Gullyeinzugsgebieten
in der Souss-Ebene/Stdmarokko

1.1 Einleitung

Die vorliegende Arbeit stellt eine kumulative Dissertation im Fach Physische Geographie des
Fachbereiches VI — Raum- und Umweltwissenschaften der Universitat Trier dar. Sie wurde
im Rahmen des deutsch-marokkanischen Forschungsprojektes ,,Gully-Erosion in agro-
industriell genutzten Landschaften zwischen Hohem und Anti-Atlas* erstellt, welches von der
Deutschen Forschungsgemeinschaft (DFG) unter der Nummer RI 835/5 gefdrdert wurde. Eine

weitere FOrderung wurde durch den Forschungsfonds der Universitat Trier gewéhrleistet.

Als malgebliches Ziel der Arbeit wurde die Untersuchung der aktuellen Geomorphodynamik
auf planierten und nicht-planierten Gullyeinzugsgebieten des Schwemmfachers Irguiténe in
der Region Taroudant des Souss-Beckens ausgeschrieben. Flachen werden hier planiert, um
die Expansion der agro-industriell geflihrten Plantagen fur Gemise und Zitrusfriuchte
voranzutreiben. Eine nachhaltige Nutzung dieser Flachen scheint aufgrund der hier hohen
Prozessdynamik fraglich. Daher wurden unterschiedliche Testflachen mit experimentellen
Feldversuchen analysiert sowie Luftbilder mit einer Drohne (Unmanned Aerial Vehicle
(UAV)) zum Monitoring der Untersuchungsflachen aufgenommen. Die hierdurch
gewonnenen Kenntnisse sollen zur Klarung der Auswirkungen von Planierungsmalinahmen
auf die Geomorphodynamik in Gullyeinzugsgebieten dienen. Mithilfe einer inhaltlichen
Bewertung und Interpretation der Zusammenhange kann abschlieend auf Konsequenzen fiir

die expandierende Plantagenwirtschaft hingewiesen werden.

1.1.1 Aufbau der Arbeit

Die Dissertation besteht aus sechs Kapiteln, den funf wissenschaftlichen Artikeln sowie dem
sie umklammernden, in zwei Abschnitte aufgeteilten Rahmen als Kapitel 1. Der erste Teil des
Kapitels 1 gibt eine Einleitung in die Thematik. Informationen zur Souss-Ebene leiten zu den
Forschungsfragen und den daraus resultierenden Ergebnissen tber. Wie in Abbildung 1
graphisch dargestellt, ist die Prozessdynamik der Bodenerosion in den Gullyeinzugsgebieten
unter dem Einfluss von land-levelling-MaBnahmen von zentraler Bedeutung (Kapitel 2).
Deren Analyse erfolgt auf den unterschiedlichen Testflachen, mit und ohne

Planierungseinfluss, mithilfe von Niederschlagssimulationen und UAV-Fernerkundungsdaten.

1
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Hierbei werden zunéchst die Ergebnisse der Niederschlagssimulationen dargelegt und auf die
Differenzen zwischen planierten und nicht-planierten Flachen hin analysiert. Zudem
thematisiert dieses Kapitel die Methode der photogrammetrischen Analyse von
groBmalistabigen Luftbildern zur Quantifizierung der aktuellen Erosion. AbschlieRend werden
die Resultate beider Methoden anhand eines Untersuchungsgebietes miteinander in

Verbindung gebracht.

Von diesem Kapitel ausgehend werden die Prozesssysteme der Bodenerosion einzeln
dargestellt (Kapitel 3 - 6), um daraus ein Gesamtbild auf die in der Souss-Ebene ablaufende
Geomorphodynamik zu erhalten. Dabei wird das Verhalten des Testgebiets zunédchst mittels
experimenteller Feldversuche (Kapitel 3 und 4) analysiert. Ein wichtiger Faktor bei der
Entstehung von Oberflachenabfluss stellt die physikalische und biogene Verkrustung des
Bodens dar. Diese l&sst sich durch die Untersuchung der Mikromorphologie von
Krustenanschliffen erlautern. Die Auswirkung auf die Oberflachenabflussbildung wird durch
Niederschlagssimulationen ermittelt. Unterschiedliche Krustentypen entwickeln sich auf
Testflachen mit und ohne Planierungseinfluss aus (Kapitel 3). Ebenso durch Bodenkrusten
beeinflusst ist die Infiltrationsrate. Zu ihrer Bestimmung werden, wie in Kapitel 4 erortert,
Messungen mit dem Einringinfiltrometer sowie einer Kleinberegnungsanlage durchgefihrt.
Die Ergebnisse beider Methoden werden zueinander in Bezug gesetzt. Zudem behandelt
dieses Kapitel die Herausarbeitung der Kontraste zwischen nivellierten und ungestorten
Flachen. Der Gegenstand des Kapitels 5 ist die vertiefende Erlauterung der Nutzung von
Luftbildaufnahmen durch das UAV. Neben dem eigentlichen Prozess der Luftbildaufnahme
mit einer genauen Ablaufbeschreibung werden auch die Nutzungsmoglichkeiten und
Auswertemethoden anhand der Testgebietsaufnahmen erortert. Die auch im Souss
problematische Uberweidungsthematik wird in Kapitel 6 anhand einer Versuchsreihe in
Sldspanien aufgezeigt. Es behandelt experimentelle Methoden zur Erfassung von Erosion,
welche durch Schafe und Ziegen ausgeldst wird. Diese Methoden und ihre Ergebnisse sind

auf das Testgebiet in Marokko tbertragbar.

Zum Abschluss fihrt der zweite Teil des ersten Kapitels die jeweils erarbeiteten Resultate
zusammen und bringt diese durch eine Gesamtbetrachtung miteinander in Bezug. Hierdurch
werden die Ergebnisse der Messmethoden inhaltlich interpretiert. Ein kurzer Ausblick weist
auf die Ergebnisse weiterfihrender Messprogramme sowie die Erosionsvermeidungs-

strategien der Plantagenbetreiber hin.
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Abb.1: Graphische Gliederung der Arbeit.
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1.1.2 Gegenstand der Arbeit

Das Souss-Tal in Sidmarokko wird einerseits von einem anhaltenden, dynamischen
Landnutzungswandel und einer hohen Bevolkerungsdynamik gekennzeichnet. Andererseits
erschweren die naturrdumlichen Bedingungen mit einem semi-ariden bis ariden Klima und
eine seit Uber 400 Jahren anhaltende, aktive Geomorphodynamik mit tief einschneidender
Wadi- und Gullyerosion diesen Fortschritt. Die starke raumliche Verflechtung von hochgradig
technisierten, oftmals durch Planierungsmalinahmen gewonnenen Bewésserungsflachen fur
Zitrusfrucht- und Bananenplantagen sowie Gemiseanbau und den geomorphodynamisch
hochaktiven Gullys stellt fir die Nutzung der agro-industriellen Flachen und fur die
Siedlungsbewohner im Badland-Randbereich ein wachsendes Geféhrdungspotential dar.
Daher soll diese Dissertationsschrift die aktuelle Geomorphodynamik in den
Gullyeinzugsgebieten, besonders unter dem Einfluss von land-levelling-MalRnahmen, genauer

beleuchten.

Die Region Souss-Massa-Draa bietet fur tiber 3,3 Mio. Menschen (PAAP, 2010), ca. 10 % der
marokkanischen Bevolkerung, einen Lebensraum. Alleine in der Provinz Taroudant leben
uber 770.000 Menschen. Mit 12,2 % des nationalen Bruttoinlandproduktes stellt sie nach
Grand-Casablanca die wirtschaftlich zweitstarkste Region Marokkos dar (DEPF, 2010). So
stammen ca. 50 % der exportierten landwirtschaftlichen Produkte des Landes, vorwiegend
Zitrusfriichte, von hier (Houdret, 2006). Durch eine relativ niedrige Arbeitslosenquote von
6,9 % — um 2,3 % niedriger als in Gesamtmarokko (HPC, 2013) — mit einem hohen Angebot
an Arbeitspléatzen, vor allem in der Landwirtschaft des Souss, entwickelt sich die Region zu
einem grofRen Anziehungspunkt, wodurch das jahrliche Bevoélkerungswachstum bei 1,7 %
liegt (PAAP, 2010). Dieses Bevolkerungswachstum ist zum Teil auf den starken
Landnutzungswandel zurlckzufiihren; gleichzeitig beschleunigt es ihn aber auch weiter. Seit
Beginn der 1980er Jahre hat die Region eine aulRerordentliche landwirtschaftliche
Entwicklung erfahren. Die Transformation von traditioneller Landwirtschaft zu
grol3flachigen, agro-industriell bewirtschafteten Plantagen fiir Zitrusfriichte, Bananen und
Gemise mit hochtechnisierten Bewésserungssystemen aus Tiefbrunnen nimmt stetig zu,
ebenso wie die Ausweitung von Bauland in die Peripherie. So wurde z.B. die
Bananenproduktion unter Plastik zwischen 1981 und 1995 um ca. 6.000 % gesteigert
(Belkadi, 2002). Neben der ackerbaulichen Nutzung des Landes spielt in Marokko auch die
Viehwirtschaft, vor allem mit Ziegen und Schafen, eine groRe Rolle (Chiche, 2007). So wird
ca. ein Drittel der Landesflache fir Viehwirtschaft genutzt (Breuer & Mahdi, 2011).
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Angepasst an Klima und Vegetation war der Nomadismus eine wichtige Form der
Bewirtschaftung. In den vergangenen Jahrzehnten wurde die mobile Weidewirtschaft durch
eine starke Ausweitung der Plantagenwirtschaft mithilfe hoher Investitionen sowie dem
demographischen Wandel mit Urbanisierungs- und weiteren Modernisierungserscheinungen
weitestgehend verdrangt (Gertel, 2011; Breuer & Mahdi, 2011). Heutzutage werden die
Herden in der landlichen Region um Taroudant in den Dorfern gehalten und Uber die
brachliegenden  Felder und zwischen Plantagen getrieben. Dies kann zu
Uberweidungserscheinungen fiihren und nicht unwesentlich zu Bodenerosionsprozessen

beitragen.

Hinderlich fur weitere Expansionsmalnahmen der agro-industriellen Landwirtschaft sind
allerdings die naturraumlichen Bedingungen der Souss-Ebene. Ein wichtiger Faktor ist das
semi-aride bis aride Klima mit einem Jahresniederschlag von nur ca. 200 mm im Raum
Taroudant, wodurch es immer wieder zu Dirreperioden kommen kann. Der Wassermangel
wird ebenfalls durch einen immer weiter abfallenden Grundwasserspiegel angezeigt. GroRter
Verbraucher ist hier die wachsende Landwirtschaft. Im Sommer herrscht eine extreme
Trockenheit mit hohen Temperaturen bis 50 °C. Die Niederschldge in Herbst und Winter sind
durch eine hohe Variabilitdt gekennzeichnet. Dadurch kommt es nach langer Trockenheit
immer wieder zu Starkniederschlagsereignissen, wobei in 2-3 Tagen der gesamte
Jahresniederschlag fallen kann. Hierdurch werden heftige Bodenerosionsereignisse ausgelost.
Diese gefédhrden die Anbauflachen in der Landwirtschaft. Zudem entstehen durch

Uberschwemmungen grofRe Schaden an der Infrastruktur (siehe Abb. 2).

Abb. 2: Starke Sché&den an Stral3en und Briuicken durch Wadilberschwemmungen.
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Die lehmigen, quartaren Schwemmfacher und alluvialen Terrassen der zwischen dem Hohen
Atlas im Norden und dem Anti-Atlas im Siuden gelegenen Souss-Ebene sind seit Uber
400 Jahren von starker Gullyerosion betroffen (Dijon, 1969). Die lineare Einschneidung der
Schwemmfacher, besonders im distalen Bereich, wurde vornehmlich durch den Niedergang
des Rohrzuckeranbaus Ende des 17. Jahrhunderts ausgeldst. Damals fiel die nahezu vollige
Degradierung der Arganwalder mit dem Brachfallen der ackerbaulichen Flachen zusammen,
wodurch die lineare Erosion einsetzen konnte (Ait Hssaine, 2002). Die resultierenden Wadis,
Gullys und Badlands sind noch heute tief zwischen den agro-industriellen Anbauflachen
eingeschnitten und bei Starkniederschlagsereignissen &uferst aktiv. Durch die hohe
Morphodynamik und das trockene, heilRe Klima findet kaum Pedogenese statt. Bei den Béden
handelt es sich meist um Rohbdden, die durch die fluviale Dynamik oft umgelagert werden.
Diese Fluviosole besitzen einen geringen Humusgehalt. Sie werden zumeist aus Schluffen
und Sanden aufgebaut, vor allem in nérdlichen Bereichen findet sich ein hoher Skelettanteil
(Peter et al., 2014). Besonders die Substratfolgen aus feinkdrnigen Sanden, Schluffen und
geringen Tonanteilen stellen durch ihre heterogene Zusammensetzung und inkohé&rentes
Geflige eine wichtige Voraussetzung fur die Entwicklung der Badlands dar. Die hohe
Erodibilitdt, die Neigung zur Austrocknung und zur Bildung von Trocken- und
Entlastungsrissen begunstigt insbesondere unter den aktuellen klimatischen Bedingungen die
Gullyerosion (Ait Hssaine, 1994).

Die Intensivierung und Ausweitung der Landwirtschaft ist in aller Regel mit land-levelling-
Malnahmen verbunden, durch welche haufig das Relief aufgelassener Badlands oder
traditionell genutzter Hange groRflachig umgeformt wird (Borselli et al., 2006; Capolongo et
al., 2008). Diese PlanierungsmalRnahmen werden oftmals mit schweren Maschinen durch-
gefiihrt, die durch die Fertigstellung des Autobahnausbaus Marrakesch-Agadir giinstig zur
Verfligung stehen (siehe Abb. 3).

Rinnen, Wadis und Gullys werden in kurzer Zeit mit umliegendem Material verfillt und
zugeschoben. Jedoch wird zumeist kein groRer Wert auf Bodenkonsolidierung, Stabilisation
und Einebnung gelegt. Oftmals bleibt die vorherige Tiefenlinie erhalten und Bulldozerspuren
geben Abflussbahnen vor. Die Verschlammung des schluffig-lehmigen Substrates bei
Niederschlagsereignissen fiihrt zu einer schnellen Krustenbildung und einem hohen
Oberflachenabfluss. Dadurch ist das rezente Erosionsgeschehen gepragt von der
Weiterentwicklung der bestehenden Gully-Systeme sowie der Neubildung bzw. Reaktivierung
von Gullys in Bereichen, die zur agro-industriellen Nutzung und zum Siedlungsausbau
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planiert wurden. Die Verdichtung des Substrates und die partielle Versiegelung der Flachen
begunstigen die erneute Gullybildung. Von den gekappten Gerinnesystemen entwickeln sich
im umgelagerten Substrat neue headcuts mit hoher Geschwindigkeit aus. Vielerorts pausen
sich alte Rinnen- und Badland-Strukturen durch. Neue Muster ergeben sich durch die
Gullyentwicklung entlang von Planierungsspuren. Die rasche lineare Zerschneidung bedroht

Anbauflachen, Gebaude und Infrastruktur.

Abb. 3: Planierungsarbeiten mit schwerer Baumaschine am Wadiufer.

1.2 Forschungsziele und Ergebnisse

Die aktuelle Geomorphodynamik in Gullyeinzugsgebieten umfasst vor allem Prozesse der
Bodenerosion durch Wasser, die im Wesentlichen an der Bodenoberflache ablaufen, aber
auch unterirdisch stattfinden konnen. Bedeutendster Einflussfaktor auf die Intensitat der
Prozesse ist neben dem Klima der Bedeckungsgrad der Bodenoberflache. Als Bodenerosion
wird der anthropogen ausgeléste, also Uber das natiirliche Ausmal} hinausgehende, Abtrag von
Boden bezeichnet (Bork, 1988; Richter, 1965). Dieser Prozess beinhaltet die Abldsung,
Verlagerung und Akkumulation von Bodenmaterial inklusive organischer Substanz und
Né&hrstoffen durch Wasser oder Wind (Blume et al., 2010). Als Folge tritt eine Verminderung
der Bodenfunktionen auf, darunter Puffer- und Speichervermdgen sowie eine

Verschlechterung der Bodenfruchtbarkeit. Im Extremfall kann dies zur irreversiblen
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Vernichtung der gesamten Bodensubstanz fiihren (Ries, 2011). Bodenerosionsprozesse durch
flachenhafte Abspilung von Feinmaterial, Rillen-, Rinnen- und Gully-Erosion auf
Trockenfeldbauflachen und extensiv genutzte Weideflachen in den semiariden Subtropen und
Tropen (z. B. Boardman & Poesen, 2006; Cammeraat & Imeson, 1999; Conacher & Sala,
1998; Lal et al., 1998; Thornes, 1990; Ries, 2010) und die mit Landnutzungswandel,
Bodenversiegelung und StralBenbau im agrarisch genutzten und periurbanen Raum
verbundenen Erosionsrisiken (z. B. Archibold et al. 2003; Faulkner, 1995; Guerra &
Hoffman, 2006; Jungerius et al., 2002; Nagasaka et al., 2005; Shi et al., 2007; Vanacker et al.,
2003; de Waele et al., 2004; Zucca et al., 2006) sind mehrfach in Studien beschrieben.
Ahnliches gilt fur Vermeidungs- und Regradationsstrategien (Boardman et al., 1990; Hudson,
1995; Morgan, 2005; Troch et al., 1980), allerdings missen die lokalen Bedingungen genau
analysiert werden und in die Strategien mit einflieBen. Zudem mangelt es an einer

sachgerechten Umsetzung.

In verschiedenen Studien wurden auch bereits Planierungsmal3nahmen fir Einebnungen oder
Flachengewinn behandelt. Sie zeigen, dass diese zu Stérungen des lokalen Umweltsystems
fiihren kdnnen, besonders zu einer Veranderung oder sogar Degradierung der Boden (Borselli
et al., 2006; Cots-Folch et al., 2006; Lundekvam et al., 2003). Aufgrund der Reduzierung der
Vegetationsbedeckung ist der nackte Boden bei intensiven Regenféllen erosionsanféllig. Die
Studie in Weinanbaugebieten in Nord-Ost-Spanien von Martinez-Casasnovas und Ramos
(2009) zeigt den fortschreitenden Verlust von Bodenmaterial, eine Reduktion der organischen
Stoffe und der effektiven Bodenmachtigkeit. Eine Kalziumkarbonatanreicherung in der
ackerbaulich genutzten Schicht sowie eine Degradierung der Bodenstruktur wurden ebenso
nachgewiesen. Eine wichtige EinflussgroRe im Degradierungsprozess ist besonders auch die
schnelle Krustenbildung auf den offenen Planierungsflaichen. Die Reduzierung der
Infiltrationskapazitat durch das Auftreten von Verschlammungskrusten wurde bereits oftmals
untersucht (Mbagwu & Auerswald 1999; Mclintyre, 1958; Tarchitzky et al., 1984; Valentin,
1991;), allerdings nicht im Zusammenhang mit Planierungen.

Insgesamt beziehen sich nur wenige Studien auf land-levelling-Malinahmen und
Terrassierungen in der europdischen Agrarlandschaft, jedoch wurden damit verbundene
Probleme und Auswirkungen noch nicht hinreichend untersucht (Cots-Folch et al., 2006). Vor
allem die aktuell ablaufende geomorphologische Prozessdynamik im Zuge von Planierungs-

malRnahmen und unter dem Einfluss hochtechnisierter und mechanisierter Bewadasserungs-
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landwirtschaft in Form von Dauerkulturen und unter Plastik-Gewdachshdusern ist noch vollig

unbekannt.

Aufgrund der bei land-levelling-MalRnahmen ungeklérten Prozessdynamik ergeben sich die
folgenden Themenschwerpunkte, welche innerhalb der vorliegenden Dissertationsschrift
behandelt werden. Jeweils in Bezug zu den PlanierungsmalRnahmen gesetzt, werden 1) auf
den Testflachen vorkommende Bodenkrusten untersucht, 2) die Auswirkungen der
PlanierungsmalRnahmen auf Infiltration, Oberflachenabflussbildung und Sedimentabtrag
analysiert sowie 3) das daraus bedingte Gullywachstum erdrtert. Hinzu kommt 4) eine Studie

zur Schaf- und Ziegenerosion.

In mehreren Geldndephasen im Souss-Becken sind auf sieben Testflachen in der Region
Taroudant verschiedene experimentelle Feldversuche durchgefihrt sowie Luftbildaufnahmen
mit dem UAV aufgenommen worden. Die Testflachen sind folgendermallen nach
umliegenden Siedlungen benannt: La Glalcha (GLA), EI Houmer (HOU), Gchechda (GCH),
Talaa (TAL), Lastah (LAS), Hamar (HAM) sowie eine Testflache zwischen Lastah und
Hamar (LAM). Sie liegen entlang eines Transektes von Stidwest nach Nordost auf demselben
Schwemmfacher, der nach dem Wadi Oued Irguitene benannt ist (Abb. 4). Die Testflachen
GLA und HOU wurden mehrfach planiert.

Der Schwemmfacher ist grundsétzlich durch einheitliche Bedingungen gekennzeichnet, die
nur durch die fluvialen Ablagerungsprozesse von Nord nach Sid variieren (Stock et al.,
2008). Dies lasst sich an der Textur der Boden mit leichter Abnahme der KorngréRen und des
Skelettanteils von proximaler zu distaler Lage erkennen. Das den Schwemmfacher
aufbauende Material stammt aus derselben Sedimentquelle im Hohen Atlas. Er endet zentral
im Becken gelegen im Wadi Oued Souss. Bis auf die steilen Wadi- und Gullyabhange findet
man im gesamten Untersuchungsraum leicht geneigte Flachen. Es herrschen deutliche
Unterschiede in den Nutzungsstrategien auf den Fldchen. Daher wurden die Testflachen auf
unterschiedlichen Nutzungsklassen verteilt, um deren typischen Eigenschaften zu
untersuchen. Dabei handelt es sich um planierte Flachen, regelméRig gepfligte Felder,
Weideland, junge Brachen, die noch landwirtschaftlich genutzt werden, oder altere Brachen,
die bereits mehrere Jahre nicht genutzt wurden. In jedem Testgebiet ist ein Gullysystem
ausgepragt. Diese Gullys liegen jeweils in enger Nachbarschaft zu Ackerland, Zitrusfrucht-,

Bananen- oder Gemuseplantagen sowie Siedlungsland (Peter et al., 2014).
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Durch die Auswertung und Interpretation der Versuchsresultate sollen Forschungsfragen zu
den oben genannten Themen beantwortet werden. Diese werden in den einzelnen Artikeln mit
den folgenden Schwerpunkten analysiert. Durch die Zusammenfiihrung der Erkenntnisse wird
ein Gesamtbild der Prozessdynamik auf den planierten sowie rezent ungestorten Flachen
gezeichnet.

TOOW ESTNW FOOW ESENW FSEUW FSTIW ETOW FEWW FBOW FISNW FSSUW FSO0W ESUW FSINW ESSUW SSZ0W E520W

i e |

Abb. 4: Souss Einzugsgebiet in Marokko (links, Kartengrundlage: USGS HydroSHEDS);
Testflachen (rote Rechtecke) im Untersuchungsgebiet auf dem Schwemmfacher des Wadis
Oued Irguitene. Das Flussbett des Oued Souss verlauft am unteren Ende des
Untersuchungsgebietes; die Stadt Taroudant liegt im Bildausschnitt unten rechts (rechts;
Quickbird 26.10.2009) (Peter et al., 2014).
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1.2.1 Bodenkrusten (Peter et al., 2014; Peter et al., subm.)

Bodenkrusten haben grofRen Einfluss auf Infiltration, Oberflachenabflussbildung und
Abtragsprozesse. Durch Verschlammung der oberflaichennahen Bodenporen wird die
Infiltration herabgesetzt, wodurch Oberflachenabfluss initiiert und dadurch das Risiko fir
Bodenerosion und Gullyentwicklung erhoht wird (Bresson & Valentin, 1993; Valentin et al.,
2005; van der Watt & Valentin, 1991). Auch biogene Krusten kdnnen einerseits eine
infiltrationshemmende Wirkung haben (Eldrige et al., 2000; Maestre, 2002), andererseits
wirken sie sich hdufiger positiv auf die Infiltration aus. Sie kdnnen durch Interzeption Wasser
aufnehmen sowie durch eine Erhéhung der Rauigkeit Infiltration férdern und
Oberflachenabfluss verlangsamen. Zusatzlich scheiden sie aufbauende Cyanobakterien und
Mikropilze Polysaccharide aus, welche Bodenpartikel binden und groliere Aggregate bilden
(Belnap, 2001), wodurch der Boden stabiler und Sedimentabtrag vermindert wird. Somit muss
geklart werden:

- Welche Krustentypen sind auf den verschiedenen Testflachen und Nutzungstypen
ausgebildet?

- Welche Unterschiede treten auf planierten und ungestorten Flachen auf?

- Welchen Einfluss hat die Mikromorphologie der Krusten auf die

Oberflachenabflussbildung und die Erosionsprozesse?

Verharzte Krustenproben werden anhand von Anschliffen auf ihre Mikromorphologie unter-
sucht. Dabei wird vor allem auf wichtige EinflussgroRen fur Infiltration und Oberfl&chen-
abflussbildung geachtet. Diese sind u.a. die Kornstruktur, vertikale Konnektivitdt und
Kontinuitat von Poren, Gefligestruktur, das Vorkommen von Héhlungen und Vesikeln sowie
Plattenstruktur. Zu jeder Krustenprobe wird eine Niederschlagssimulation durchgefuhrt, um
ihre Auswirkung auf Oberflachenabfluss und Sedimentabtrag zu ermitteln (Peter et al.,

subm.).

Die meisten Flachen der Testgebiete sind mit Bodenkrusten bedeckt. Dabei handelt es sich
vor allem auf planierten, frisch préparierten sowie kirzlich kultivierten und nun
brachliegenden Feldern um physikalische Bodenkrusten (siehe Abb. 5, rechts). Auf etwas
alteren Brachen und Weideland breiten sich biogene Krusten aus (siehe Abb. 5, links) (Peter
et al., subm.). Bei den physikalischen Krusten kann durch makroskopische Beobachtungen

auf zwei Entwicklungsprozesse geschlossen werden. Vereinzelt liegen Regenschlagkrusten
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vor, zumeist handelt es sich aber um Sedimentationskrusten (Peter et al., subm.). lhre
Machtigkeit liegt uberwiegend nur im Millimeter-Bereich. Dennoch handelt es sich dabei
durch die Verschlammung der Oberflache hdufig um dichte Bodenkrusten. Krusten mit
Plattenstruktur, die auf haufige Belastung mit schwerem Gerat hinweisen, und Vesikeln
werden zumeist in den planierten Testgebieten gefunden. Hier werden die hdchsten
Oberflachenabfliisse gemessen (Peter et al., 2014). Einzelkorn- und Aggregatstruktur sowie
biogene Krusten werden zumeist auf &lteren Brachen registriert. Durch aufgebrochene
Krustenoberflachen und vertikale konnektive Poren kann Niederschlagswasser gut infiltrieren.

Erst im spateren Verlauf der Niederschlagssimulationen kann hier ein gesteigerter

Oberflachenabfluss festgestellt werden (Peter et al., subm.).

Abb. 5: Beispiele fiir biogene (links) und physikalische (rechts) Krusten mit ihrem jeweiligen
Anschliff. a) biogene Kruste, b) Einzelkorn- und Aggregatstruktur, ¢) rauwandige Hohlungen,
d) Vesikel und Plattenstruktur in Sedimentationskruste, €) Plattenstruktur (Peter et al., 2014).

Wenn Mikropilze, Flechten und Cyanobakterien durch vorherige Niederschldge aktiviert sind
und eine geschlossene Kruste bilden, wirken sie starker wasserabweisend und eine starkere
Oberflachenabflussbildung setzt ein. Der Sedimentabtrag féllt dagegen durch die
aggregatstabilisierende Wirkung sehr gering aus (Peter et al., 2014; Peter et al., subm.). Auf
den unbedeckten, planierten Flachen kdnnen durch Splash-Erosion Sedimentpartikel abgeldst
werden. Durch schnell ansteigenden Oberflachenabfluss verstarkt sich die abspulende
Wirkung und ein hoher Sedimentabtrag kann gemessen werden. Mithilfe einer principle

component analysis kann eine klare Differenzierung der Krustenattribute und
12
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Oberflachencharakteristika durchgefiihrt werden (Peter et al., subm.). So fiihren vor allem
Plattenstruktur und Vesikel zu einer Erhdhung des Oberflachenabflusses, vertikale konnektive
Poren und Porenkontinuitat sowie Einzelkornstruktur fihren dagegen zu einer Verringerung

dessen und somit zu erhohter Infiltration.

1.2.2 Infiltration (Peter et al., 2014; Peter et al., subm.; Peter & Ries, 2013)

Die Infiltrationsrate spielt eine bedeutende Rolle in der Determinierung der Wasserbilanz
durch eine Aufteilung des Niederschlags in Gewinn an Bodenwasser oder Abflihrung als
Oberflachenabfluss (Cerda, 2001; Dunne, 1991). Verschiedene Faktoren wie Boden-
verkrustung oder Vegetationsbedeckung beeinflussen die Mdoglichkeit des Wassers zur

Infiltration in den Boden. Es stellen sich folgende Fragen:

- Inwiefern wirken sich die PlanierungsmalRnahmen auf die Infiltrationsrate im
Vergleich zu ungestorten Flachen aus?
- Kann ein Zusammenhang der Infiltrationsmessungen mittels Einringinfiltrometer und

Kleinberegnungsanlage identifiziert werden?

Zur Ermittlung der Infiltrationsraten in den Testflachen werden Einringinfiltrometerversuche
und Niederschlagssimulationen mit der Trierer Kleinberegnungsanlage (Iserloh et al., 2012)
an den gleichen Standorten parallel nebeneinander durchgefiihrt, um &hnliche
Ausgangsbedingungen zu erhalten. Dabei kann mit dem Einringinfiltrometer mit
Wassertiberstau  die  potentielle  Infiltrationsrate  gemessen  werden. Bei den
Niederschlagssimulationen wird die aktuelle Infiltrationsrate durch die Differenz zwischen
aufgebrachtem Niederschlag und gemessenem Oberflachenabfluss ermittelt (Peter & Ries,
2013).

Fur beide Methoden ergibt sich eine niedrigere mittlere Infiltrationsrate auf Testflachen, die
planiert wurden. Auf nicht-planierten Flachen erreichen die Infiltrationsraten bei
Beregnungssimulationen mit 24 mm/h den 1,5-fachen, bei den Einringinfiltrometern mit
78 mm/h sogar den 2,6-fach hoheren Wert (Peter & Ries, 2013). Dies hat zur Folge, dass bei
Niederschlagsereignissen die Infiltrationsrate des Bodens auf planierten Flachen schnell
uberschritten wird, wodurch die Bildung von Oberfldchenabfluss friih einsetzt, was zu hohem
Sedimentabtrag und anderen Erosionsprozessen fiihren kann (Peter et al., 2014). Die Ursache

liegt in einer starken Bodenverkrustung sowie Kompaktion des Bodens durch die
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PlanierungsmalRnahmen. An vielen Standorten kann in wenigen Zentimetern Tiefe ein
Verdichtungshorizont lokalisiert werden, der ein Eindringen des Wassers in grof3ere
Bodentiefen verhindert (siehe Abb. 6). Zudem wirken sich die land-levelling-MaRnahmen
dahingehend aus, dass sich auf diesen Arealen weitflachig Verschlammungskrusten bilden, in
die das Wasser nur unzureichend infiltrieren kann (Peter et al., subm.). Flr diesen
Zusammenhang liegen deutliche Korrelationen vor (Peter & Ries, 2013). Auch die starke
Verringerung der Vegetationsbedeckung wirkt sich negativ aus. Die Mdglichkeit der
Wasseraufnahme entlang von Grasern, Zweigen und Wurzeln sowie Poren und Hohlrdumen

wird bei Planierungen zerstort.

Abb. 6: Infiltrationsstauende Verdichtungsschicht an drei ausgewahlten Standorten.

Beim Vergleich beider Methoden ist erkennbar, dass mit den Einringinfiltrometern gemessene
Infiltrationsraten im Durchschnitt 3,8-mal hoher sind (Peter & Ries, 2013). Dies liegt zum
einen daran, dass beim Infiltrationsprozess mit dem Infiltrometer eine Uberstauhohe von 5 cm
vorherrscht, was Konditionen fir potentielle Infiltration hervorruft. Bei den
Niederschlagssimulationen mit einer Niederschlagsintensitdt von 40 mm/h findet die
Infiltration dagegen nur unter limitierenden Bedingungen statt (Cerda, 1997). Zum anderen
wird mit dem Infiltrometer eine wesentlich kleinere Flache bemessen: Beim Einschlagen des
Ringes kommt es dadurch zu verhaltnismaRig wesentlich groReren Stérungen des Bodens
(Peter & Ries, 2013). Das Auftreten von Rissen in den Bodenkrusten kann die Infiltrationsrate
deutlich verandern. Neben diesem Problem stellt u. a. das laterale FlieBen des Wassers unter
dem Ring eine weitere FehlergroRe dar (Cerda, 1997; Hills, 1970).
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Abb. 7: Ratio Infiltrationsrate (Einringinfiltrometer) / Infiltrationsrate (Kleinberegnungs-
anlage) verglichen zu Infiltrationsrate (Einringinfiltrometer) mit Linien zur Ableitung der
Korrekturfaktoren (Peter & Ries, 2013).

Das Verhéltnis der Infiltrationsrate gemessen mit dem Infiltrometer zur Infiltrationsrate
gemessen durch Niederschlagssimulationen ist bei niedriger Infiltrationsrate, also vor allem
auf den planierten Flachen, klein (Peter & Ries, 2013). Je hdoher die gemessene
Infiltrationsrate, desto groRer wird auch das Verhaltnis zwischen den Methoden. Dies lasst
einen deutlichen Zusammenhang zwischen den Ergebnissen beider Methoden erkennen. So
ergibt eine Korrelation zwischen dem Verhdltnis beider Methoden zu den
Einringinfiltrometermessungen ein hohes Bestimmtheitsmal R? = 0,84 (Peter & Ries, 2013).
Daher lassen sich aus der Ratio Korrekturfaktoren ableiten, um mit dem Infiltrometer
gemessene potentielle Infiltrationsraten in aktuelle Infiltrationsraten umrechnen zu kénnen

(siehe Abb. 7), woraus Informationen zu moglich auftretender Prozessdynamik ableitbar sind.
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1.2.3 Oberflachenabfluss und Sedimentabtrag (Peter et al., 2014; Peter et al.,
subm.; Peter & Ries, 2013)

Die Bildung von Oberfldchenabfluss ist stark von der Infiltrationskapazitdat des Bodens
abhéngig. Ist diese gering, tritt hoher Oberflachenabfluss auf, was zu hohen Sedimentabtragen

fiihren kann. Daher stellen sich folgende Fragen:

- Welche Oberflachenparameter wie Vegetations- oder Steinbedeckung, Verkrustung
etc. sowie Bodeneigenschaften wirken auf die Oberflachenabflussbildung und den
Sedimentabtrag ein?

- Welchen Einfluss besitzen hier die PlanierungsmalRnahmen?

- Stellen sich Veranderungen nach den PlanierungsmalRnahmen ein?

Eine Inventarisierung der Bodeneigenschaften und Oberflachenbedeckung in den einzelnen
Testgebieten soll zeigen, ob sich diese durch die PlanierungsmalRnahmen verandern.
Oberflachenabfluss sowie Sedimentabtrag werden in allen Testgebieten durch Niederschlags-
simulationen mit der mobilen Kleinberegnungsanlage quantifiziert. Diese Methode ist in der
Bodenerosionsforschung weit verbreitet (Cerda et al., 1998; Iserloh et al., 2013; Ries, 2010)
und bietet vor allem in semi-ariden und ariden Rdumen die Mdglichkeit, unabhéngig von
natlrlichem Niederschlag Beprobungen durchzufiihren (Iserloh et al., 2012; Ries, 2010). Die
wahrend der Simulation beobachteten Prozesse auf der Bodenoberflache werden fir eine
exakte Interpretation und Bewertung aufgenommen, um so ihre Auswirkungen auf die
Bodenerosion abzuleiten. Die Niederschlagscharakteristik der langjéhrig eingesetzten
Kleinberegnungsanlage  wurde  hinsichtlich  ihres  TropfengroRenspektrums,  ihrer
Tropfenfallgeschwindigkeiten und der Niederschlagsverteilung auf der Flache mit
unterschiedlichen Messmethoden von Fister et al. (2011) und Iserloh et al. (2013) analysiert.
Auf den einzelnen Testflachen werden jeweils 9 bis 28 Niederschlagssimulationen
durchgefiihrt, um moglichst alle  verschiedenen Oberflachenregionen anteilsmalig
abzudecken. Somit kann durch die verschiedenen Oberflachenbeschaffenheiten und
Bodenbedingungen auf die jeweiligen Ursachen der Erosionsprozesse geschlossen werden
(Peter et al., 2014).

Die Ergebnisse der Niederschlagssimulationen weisen deutliche Unterschiede zwischen
planierten und nicht-planierten Testgebieten auf (siehe Abb. 8). Das Maximum der

Oberflachenabflusskoeffiziente erreicht auf den planierten Testgebieten bis zu 79 %,
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wohingegen das Minimum mit 5 % auf ungestorten Flachen quantifiziert wurde. Insgesamt
sind die Abflusswerte in den nicht-planierten Flachen mit durchschnittlich 41,7 % bereits
relativ hoch, in den planierten Testgebieten steigt dieser Wert jedoch auf 56,8 % (Peter et al.,
2014). Wesentlich erheblichere Unterschiede werden fiir den Sedimentabtrag gemessen. Der
mittlere Sedimentabtrag auf planierten Flachen liegt bei 59,2 g/m2 und somit um 3,5-mal

hoher als auf nicht-planierten Flachen (17,1 g/m?) (Peter et al., 2014; Peter & Ries, 2013).
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Abb. 8: Boxplots des (a) Oberflachenabflusses in [%] des aufgebrachten Niederschlags und
des (b) Sedimentabtrags in [g/mZ2] auf den verschiedenen Testflachen (Peter et al., 2014).

Diese Heterogenitat l&sst sich durch die verédnderten Oberflachen- und Bodenbedingungen
nach land-levelling-MalRnahmen erkldaren. So zeigen sich in den Testgebieten deutliche
Differenzen besonders fur Krusten- und Vegetationsbedeckung (Peter et al., 2014; Peter et al.,
subm.; Peter & Ries, 2013). Auf Planierungsflachen werden wesentlich mehr Anteile an
Verschldammungskrusten gefunden, oftmals mit 100-prozentiger Bedeckung, wohingegen die
Vegetationsbedeckung deutlich abnimmt, zum Teil auf 0 % (Peter et al., 2014). Auch auf
nicht-planierten Flachen finden sich verkrustete Bereiche; ihr Anteil liegt aber
durchschnittlich nur bei 38 %, wahrend fur Vegetation eine mittlere Bedeckung von 31 %
aufgenommen wird. Fir die Krustenbedeckung werden in Zusammenhang mit
Oberflachenabflussbildung und Sedimentabtrag statistisch signifikante Korrelationsergebnisse
mit einem Bestimmtheitsmald von R2 = 0,78 gefunden. Fir die Vegetationsbedeckung fallen
diese etwas geringer aus (R? = 0,48); Tendenzen sind also zu erkennen (Peter et al., 2014).
Wie schon weiter oben beschrieben, handelt es sich bei Verschlammungskrusten um einen

bedeutenden Einflussfaktor fur die Oberflachenabflussgeneration (Peter et al., subm.). Die
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Oberflachen der Planierungsgebiete werden durch Verschlammung wahrend einzelner
Niederschldge sehr stark versiegelt, sodass nahezu keine Infiltration des Niederschlagswassers
maoglich ist und ein Grofteil dessen oberflachlich abfliel3t (Peter & Ries, 2013). Zudem wird
die Vegetationsbedeckung deutlich verringert, welche eine bodenschutzende Wirkung gehabt
hatte und u. a. vor Splash-Erosion schiitzen kénnte. Eine weitere Korrelation kann zwischen
der KorngroRenverteilung und dem Oberflachenabfluss aufgestellt werden. So liegt das
BestimmtheitsmaR einer Korrelation zwischen der Gruppe Grob- und Mittelsand mit dem
Oberflachenabfluss bei Rz = 0,83 (Peter et al., 2014). Dies weist auf die wichtige Bedeutung
der Kdérnung hin. Je gréber das Material nach Norden hin wird, desto mehr Porenvolumen ist
vorhanden, wodurch mehr Wasser infiltrieren kann (Peter & Ries, 2013). Zusatzlich kénnen
im Testgebiet GLA Anzeichen von Bodenversalzung festgestellt werden. In GLA sowie in
HOU werden die hochsten pH-Werte gemessen. Sie liegen im maRig bis stark alkalischen
Bereich, was fir erhohte Gehalte an Ca- und Na-Carbonaten spricht. Dieses Mall an
Alkalisierung der Boden kann im semi-ariden bis ariden Klima erreicht werden, da die Basen
nicht ausgewaschen, sondern angereichert werden. Zusétzlich wird dies durch unsachgemafe
Bewadsserung noch verstarkt. In trockenem Zustand des Bodens kdnnen die Na-lonen
stabilisierend auf den Bodenverbund wirken, wohingegen sie bei Befeuchtung zu einer
beschleunigten Dispergierung der Bdden und somit erhohter Instabilitdt und Erodibilitét
fuhren (Auerswald, 1998; Mamedov et al., 2002).

Somit kann auf eine wesentlich hohere Prozessdynamik in den Gullyeinzugsgebieten der
planierten Flachen geschlossen werden. Hier setzt die Oberflachenabflussbildung besonders
schnell ein. Durch den hohen Sedimentabtrag kann eine hohe Erodibilitat der Béden angezeigt
werden. Bei linearer Konzentration des Abflusses kann es zu Gullyentwicklung kommen
(Peter et al., 2014).

1.2.4 Gullywachstum (d’Oleire-Oltmanns et al., 2012; Peter et al., 2014)

Wesentliche Auswirkungen der Prozessdynamik in den Gullyeinzugsgebieten, welche durch
die vorherigen Forschungsthemen geklart werden sollen, sind an den Gullys selbst zu
erkennen. Dabei ist in besonderem MaRe die erneute, rapide Gullyentwicklung auf planierten

Flachen von Interesse. Daher stellen sich folgende Fragen:

- Welche Vorteile bietet ein UAV zur Analyse der Gullyentwicklung?

- Welche Mdglichkeiten bestehen bei der Datenauswertung?
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- In welchem Ausmal veréndert sich das Gullywachstum auf planierten Flachen?

Zur Ermittlung des Gullywachstums mithilfe von grofmalstabigen Luftbildern wird in
diesem Forschungsprojekt eine Drohne eingesetzt. Mit diesem Hilfsmittel kann die
Datenllicke zwischen Skalen der direkten Feldaufnahme und Satellitenaufnahmen beim
Erosionsmonitoring geschlossen werden. Das UAV wird zur Aufnahme von Kleinformat-
Luftbildern der Testgebiete in verschiedenen Flugh6hen genutzt. Somit kdnnen einerseits
hoch auflésende Detailaufnahmen einzelner Gullysysteme erhalten werden, andererseits
konnen auch geringer auflésende Ubersichtsaufnahmen erstellt werden (d’Oleire-Oltmanns et
al., 2012; Peter et al., 2014). Hierdurch wird das groRe Potential des ferngesteuerten
Flugzeuges erkennbar, welches somit fur Kartierungen unterschiedlicher Skalen eingesetzt
werden kann. Mithilfe eines zuvor digitalisierten Flugplans und eines halbautomatischen
Flugmodus ist eine einfache Bedienung gewdhrleistet (d’Oleire-Oltmanns et al., 2012).
Zudem kann das UAV im Geldnde schnell aufgerustet werden. Dadurch ist es wesentlich
einfacher handhabbar als zuvor genutzte Kameratrdger wie Heil3luftzeppelin oder
Drachensystem (Aber et al., 2010; Marzolff & Poesen, 2009; Ries, 2010; Ries & Marzolff,
2003). Abhdngig von Skala und Gebietsabdeckung koénnen zwei unterschiedliche
Herangehensweisen zur Georeferenzierung der Luftbilder genutzt werden. Bei
hochauflésenden Messungen werden dazu mit einer Totalstation prézise eingemessene ground
control points genutzt, bei Ubersichtsaufnahmen reicht das log file des UAV mit den Daten
der externen Orientierung (d’Oleire-Oltmanns et al., 2012). Die photogrammetrischen
Bildbearbeitungsprozesse erlauben die Bildung von digitalen Gelandemodellen (DGM) und
Orthofoto-Mosaiken mit einer sehr hohen Auflésung im sub-Dezimeter Bereich. Mit der
eingesetzten Hardware liegt der Restfehler bei der ersten Methode und einer Flughdhe von
70 m zwischen 0,9 cm und 2,7 cm. Bei einer Flughthe von 400 m liegt der Restfehler mit der
zweiten Methode zwischen 1 m und 1,7 m. Die produzierten Modelle konnen fir die
Quantifizierung von Gullyerosion in 2D und 3D genutzt werden sowie fiir eine Analyse der
sie umgebenden Flachen (siehe Abb. 9) (d’Oleire-Oltmanns et al., 2012; Peter et al., 2014).
Limitierende Faktoren bei dieser Methode sind zum einen der hohe Zeitaufwand bei der
genauen Einmessung der ground control points, zum anderen kénnen Teile eines Gullys
durch Vegetation verdeckt sein. Ein weiteres Problem stellen Uberhange und Unterspiilungen

dar, die durch die Senkrechtaufnahmen nicht abgebildet werden kénnen.
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Abb. 9: a) Digitales Gelandemodell des Testgebietes GLA (Resolution 0.05m x 0.05 m),
28.09.2010. b) Orthobildmosaik des Testgebietes GLA. Die dunklen Flachen am Gullyrand
stellen Vegetation dar. Diese zeigt das frihere AusmaR des Gullys an (Peter et al., 2014).

FUr eine genauere Vermessung sowie Monitoring-Studie wurde der La Glalcha Gully aus-
gewdhlt. Wie auf Satellitenbildern zu erkennen ist, existierte dieser Gully bereits vor uber
40 Jahren und hat sich in vergangener Zeit nur &uferst langsam weiterentwickelt (Peter et al.,
2014). Im Oktober 2009 wurde der Gully durch PlanierungsmalRnahmen komplett verfillt und
sein Umland nivelliert. Im Herbst 2010 ist der Gully an gleicher Stelle jedoch wieder
aufgerissen. Durch Starkniederschlagsereignisse wurde das in den Hauptgully verfullte
Material wieder ausgerdumt. Anhand der durch Luftbildaufnahmen erstellten Gelandemodelle
kann fir das 3,5 ha grolRe Einzugsgebiet ein Gullyvolumen von 720 m3 gemessen werden
(d’Oleire-Oltmanns et al., 2012). Dies entspricht einem Erosionsmaterial von etwa 1080 t
(Peter et al., 2014). Des Weiteren konnen parallel verlaufende Rillen detektiert werden, die
fast senkrecht in den Gully minden. Diese Muster stimmen nicht mehr mit dem alten,
dendritischen Gullysystem uberein. Als Ursache kdnnen die Bulldozerspuren identifiziert
werden, die von den PlanierungsmalRnahmen zurlickgeblieben sind (Peter et al., 2014). In
ihnen kanalisiert sich das Oberflachenabflusswasser, wodurch eine erhthte Erosionskraft in
den Rillen und im Hauptgully auftritt. Zusétzlich kann fir das Einzugsgebiet eine
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Tieferlegung des Bodenniveaus um durchschnittlich Gber 5 cm errechnet werden, da das in
den Gully verflllte Material einfach von der umliegenden Flache abgeschabt wurde. Eine
erneute PlanierungsmaBnahme im Frihjahr 2011 konnte ein abermaliges Aufkommen des
Gullys im Frihjahr 2012 nach nochmaligen Starkniederschlagsereignissen nicht verhindern.

Dies konnte wieder mit dem UAV dokumentiert werden.

Somit zeigt sich die deutlich starkere Prozessdynamik in den planierten Gullyeinzugsgebieten
auch durch die Luftbildaufnahmen. Stagnierte das Gullywachstum des La Glalcha Gullys uber
die vergangenen 40 Jahre, so weist die planierte Flache heute eine signifikant starke
Erodibilitat auf. Innerhalb von nur einer Regenperiode konnte die lineare Einschneidung ein
komplettes Gullysystem entwickeln. Dies sogar jeweils nach zwei land-levelling-MalRnahmen
in Folge! Waéhrenddessen zeigen sich in den nicht-planierten Testflachen nur geringe
Gullyveranderungen nach den Starkniederschlagsereignissen (d’Oleire-Oltmanns et al., 2012;
Peter et al., 2014).

1.2.5 Schaf- und Ziegenerosion (Ries et al., 2014)

Die Viehwirtschaft mit Schafen und Ziegen spielt in der l&ndlichen Region um Taroudant eine
groRBe Rolle. Viele Tierherden werden uber die brachliegenden Felder und zwischen die

Plantagen getrieben. Folgende Fragen stellen sich:

- Wie tragen Schafe und Ziegen zu den Bodenerosionsprozessen bei?
- Welche Sedimentmengen konnen verlagert werden?

- Welche Auswirkungen treten fur die Vegetationsbedeckung auf?

Die Entwicklung der Versuche zur Untersuchung der Schafs- und Ziegenerosion basiert auf
den Grundlagen der Diplomarbeiten Andres (2010), Burczyk (2010) und Peter (2010). In
Sldspanien, wo die Versuche durchgefihrt werden, wie in Marokko, spielt die
bodendegradierende Wirkung der Uberweidung durch Verbiss sowie besonders durch die
Huftritte eine bedeutende Rolle (Ries et al., 2014). Da dies in der Literatur immer wieder
bestatigt wird, aber keine Informationen zur Quantifizierung der Bodenverlagerung und
Auflockerung vorhanden sind, wird diese in-situ Versuchsreine mit lebenden Tieren
durchgefuhrt. Senkrecht und parallel zur Laufrichtung der Tiere eingebrachte Gerlach-Trége
werden zum Auffangen des mobilisierten Materials genutzt. Dabei werden die

Laufgeschwindigkeit der Tiere veréndert sowie unterschiedliche Hangneigungen genutzt
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(siehe Abb. 10). Zudem werden markierte Steine auf eine Bodenoberflache platziert, um

Mobilisierungsrichtung und Weite des Materials nachvollziehen zu kdnnen (Ries et al., 2014).

Die Verlagerungsrate des Bodenmaterials ist Gberraschend hoch. Hangneigung sowie Lauf-
geschwindigkeit sind dabei wichtige Einflussfaktoren. Jede Ziege bewegt hangabwarts
Bodenmaterial und Steine von 0,6 g bis 6,5g pro Quadratmeter, abhangig von der
Hangneigung. In Laufrichtung liegt die maximale Verlagerungsrate bei 4,5 g/m? flir schnelles
Laufen und bei 1,3 g/m? fur langsames Fortbewegen (Ries et al., 2014). Zusétzlich 16st jedes
Tier 14 g/m? Bodenmaterial ab, welches durch Wind- oder Wassererosion leicht
abtransportierbar ist. Die Experimente mit markierten Steinen werden auf 4° und 11° steilen
Héangen durchgefuhrt. Eine Herde von 45 Ziegen fiihrt zu einer mittleren Versatzweite der
Steine (¢ 3 cm) von 8,8 cm. Zwar werden die Steine in alle Richtungen verlagert, der gréite

Anteil wird jedoch vorwérts gerichtet hangabwarts getreten (Ries et al., 2014).
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Abb. 10: Hangabwarts gerichtete Materialverlagerung in Abhéangigkeit von Hangneigung und
Laufgeschwindigkeit der Ziegen (Ries et al., 2014).

Ahnliche Resultate liefern Diplom- und Examensarbeiten (Nagle, 2013; Tumbrink, 2012;
Wilms, 2012) in den Testgebieten nahe Taroudant, hier werden bei den Steinversatzversuchen

allerdings deutlich groRere mittlere Weiten von 16,0 cm bis 21,9 cm gemessen. Zusétzlich
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durchgefuhrte Versuche mit der Beregnungsanlage verdeutlichten die Material aufbereitende
Wirkung des Huftritts. So wird auf einem mit 600 Tieren belaufenen Trampelpfad der
vierfache Sedimentabtrag verglichen zur ungestorten Referenz gemessen. Darlber hinaus
kénnen anhand mit dem UAV aufgenommener Luftbilder typische Vegetationsmuster
detektiert werden, die durch den hohen Beweidungsdruck entstehen. Diese zeigen die
regelmaRigen Laufwege der Tiere an und sind u. a. in Form von braided rivern, neuronaler
Netze oder radialer Systeme in Richtung von Gullyquerungen ausgeformt. Eine shrub-

intershrub-trail-Klassifizierung ergibt einen Anteil an offenem Boden von 17 %.

1.3 Zusammenfihrung der Prozesssysteme

In einer prozesssystemubergreifenden Gesamtinterpretation der Untersuchungsergebnisse
kann ein klares Verstandnis der lokalen Geomorphodynamik in den Gullyeinzugsgebieten der
Taroudant-Region im Souss aufgezeigt werden. Trotz verschiedener limitierender Faktoren
lasst der vorhandene Methodenmix einen prézisen Einblick in das Prozessgeschehen zu.

Hieraus ergeben sich die Antworten auf folgende Fragen:

- Welche Geomorphodynamik herrscht im Testgebiet vor?

- Wie wirken sich die Planierungsmal3nahmen auf die Prozessdynamik aus?

- Kann durch eine Kombination der Ergebnisse der experimentellen Feldversuche und
der Luftbildaufnahmen ein Zusammenhang zwischen den Erosionsprozessen auf der
Flache und in den linienhaften Gullys hergestellt werden?

- Woher stammt der Grofteil des ausgetragenen Materials?

Mit dem Einsatz von Einringinfiltrometer und Beregnungsanlage werden Messungen der im
Bodenerosionsgeschehen  wichtigen  Prozesse Infiltration, Oberflachenabfluss und
Sedimentabtrag durchgefihrt. Hierdurch lassen sich deutliche Aufschliisse (Gber die
Geomorphodynamik in den unterschiedlichen Testflichen ermitteln. Auf den von land-
levelling-MalRnahmen beeinflussten Testgebieten GLA und HOU wird eine signifikant
erhohte Prozessdynamik festgestellt (Peter et al., 2014; Peter et al., subm.; Peter & Ries,
2013). Durch Planierungen werden die Oberflachen- und Bodeneigenschaften negativ
beeinflusst. Sie verursachen oberflachlich eine erhdhte Bodenkompaktion und eine
Reduzierung der Vegetationsbedeckung. Auf den unbedeckten Bdden bilden sich bereits bei
geringen Niederschlagen Verschldammungskrusten aus, wodurch die Infiltrationskapazitat

stark erniedrigt wird. Daher konnen sich schnell sehr hohe Oberflachenabfliisse und
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Sedimentabtrage bilden. Eine Klar verstarkte Prozessdynamik tritt auf, wodurch ebenfalls die
Gefahrdung durch Gullyerosion erhoht wird (Peter et al., 2014; Peter et al., subm.; Peter &
Ries, 2013). Durch Bulldozerspuren, die von Planierungsmafnahmen zurtickbleiben, wird der
Oberflachenabfluss linear konzentriert. Da die Oberflachen zumeist zusétzlich nicht vollig
nivelliert sind, kommt es in den noch vorhandenen Tiefenlinien erneut zu Gullyerosion,
oftmals an denselben Stellen wie zuvor (Peter et al., 2014). Dies wird durch unsachgemaRe
hangabwaérts flhrende Planierungsrichtungen noch beschleunigt (siehe Abb. 11).

Abb. 11: Rillenbildung in Gréterfurchen auf hangabwaérts planierter Flache. Die Erniedrigung
der Gelandeoberflache kann durch eine Geléndestufe (linker Bildrand) erkannt werden.

Bei der mechanischen Verfullung des Gullys wird Material aus der Umgebung in ihn
hineingefillt und (berschoben. Die Oberflache des gesamten Gebietes kann so um mehrere
Zentimeter erniedrigt werden (siehe Abb. 11). Zusétzlich entsteht in der Verfullung des
Gullys  kein  natlrlich  gewachsenes, kohdrentes  Bodengefiige. Bei  einem
Starkniederschlagsereignis kann dieses Material z. B. durch riickschreitende Erosion vom
Wadirand aus in die Flache hinein &ulerst schnell wieder ausgetragen werden. So kdnnen sich
mehrere Meter tiefe Gullys durch nur ein Niederschlagsereignis ausbilden (d'Oleire-Oltmanns
et al., 2012; Peter et al., 2014). Als Paradebeispiel fir die Anderung der Prozessdynamik in
den Gullyeinzugsgebieten nach PlanierungsmalRnahmen kann eine Teilflache des Testgebietes
LAM herangezogen werden: Hier wurde eine schmale Rinne in einem Getreidefeld mit einem
Bulldozer mechanisch verfillt und das Gelédnde weitflachig Uberschoben. Dabei konnten im
Verlauf der Geldandekampagnen Aufnahmen der Oberflacheneigenschaften sowie
experimentelle Messmethoden unmittelbar vor und nach den land-levelling-MaRnahmen

durchgefuhrt werden. Die Vegetations- und Streubedeckung wurde fast komplett entfernt und
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die oberflachennahe Bodenschicht von 1,37 g/cm?3 auf bis zu 1,62 g/cm? verdichtet. Schon
durch leichten Niederschlag konnten erste Verschlammungserscheinungen ausgemacht
werden. Vor den Planierungsmanahmen zeigten die Niederschlagssimulationen relativ
niedrige Oberflachenabflusskoeffiziente von 20 % bis 30 % und wenig Sedimentabtrag von
16 g/m? bis 20 g/m2. Dagegen stieg der Oberflachenabfluss nach den MaRnahmen bis auf
40 % und der Sedimentabtrag steigerte sich mit 79 g/m? sogar um das 4-fache. Trotz spaterem
Pfligen des Feldes zur Saatvorbereitung, I0ste ein Starkniederschlagsereignis auf3erst hohe
Bodenverluste aus und ein mehr als 3 m tiefer Gully wurde weit in das Getreidefeld hinein
durch ruckschreitende Erosion gebildet. Dieses Prozessgeschehen kann auf die anderen

planierten Fl&chen Ubertragen werden (Peter et al., 2014).

Die nicht-planierten und zumeist weniger gestorten Testflachen zeichnen sich hingegen durch
stabile Boden und einen hoheren Bestand an Vegetationsbedeckung und Bodenstreu aus.
Zudem sind auf alteren Brachen und Weideland oftmals biogene Bodenkrusten ausgebildet,
die trotz erhohter Oberflachenabflussbildung nur wenig Sedimentabtrag zulassen (Peter et al.,
2014; Peter et al., subm.). Verschlammungskrusten werden hier seltener aufgefunden. Nach
Norden hin nimmt die Oberflachenabflussbildung mit  gréber  werdender
Korngrélienzusammensetzung stetig ab (Peter et al., 2014; Peter & Ries, 2013). Die
Sedimentabtrage fallen in diesen Testgebieten ohne Planierungseinfluss signifikant geringer
aus. Insgesamt sind die geomorphologischen Prozesse in diesen Testgebieten weniger aktiv
und nur ein maRiges Gullywachstum kann nachgewiesen werden. Erst bei stérkerem
anthropogenem Einfluss, u. a. in der Nahe von Fahrspuren, kann es durch weiterfiihrende
Rinnenerosion zur Gullybildung kommen. Dabei kdnnen vorhandene, biogene Krusten durch
fortschreitende regressive Erosion untergraben werden und erhohter Sedimentabtrag

einsetzen.

Auf allen Flachen erkennbar sind Hinweise auf Schaf- und Ziegenerosion. Vor allem auf
alteren Brachflachen kann durch typische Vegetationsmuster mit trail-shrub-intershrub-
Bereichen auf einen hohen Beweidungsdruck gedeutet werden. Aber auch direkt durch
Huftritte ausgeldste Bodenmaterialverlagerung ist im Bodenerosionssystem von Bedeutung
(Ries et al., 2014). Dadurch wird zusétzlich auch Bodenmaterial aufbereitet und aus dem
Bodenverbund losgeldst, so dass es durch Wasser- und Winderosion abgetragen werden

konnte.
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Die Aufnahme von Luftbildern mit dem UAV zur Erstellung von digitalen Gelandemodellen
zu Monitoringzwecken hat sich als sehr praktikabel erwiesen. Hiermit sind je nach Flughthe
sowohl hoch auflésende Detailaufnahmen als auch groRflachige Ubersichtsaufnahmen
maoglich, die das Ausmald von potentiellen Schadensfallen erkennen lassen (d'Oleire-Oltmanns
et al., 2012; Peter et al., 2014). Dies stellt besonders bei den weit ausgedehnten Wadi- und
Gullysystemen auf den groRBen Flachen des Schwemmfachers einen grof3en Vorteil dar. Des
Weiteren lasst sich auch vom Boden aus unzugangliches Terrain, z. B. zwischen den
abgesperrten  Plantagen, aufnehmen.  Limitationen  ergeben sich  durch  mit
Senkrechtaufnahmen nicht einsehbare Bereiche von Gullys, wie z. B. unter Uberhangen

liegende Unterhohlungen.

Die experimentellen Methoden lassen in Verbindung mit dem Luftbildmonitoring am Beispiel
La Glalcha auf die Verteilung des Bodenverlustes zwischen flachenhafter Abspilung und
linearer Gullyerosion schliefen. Dabei werden die Sedimentabtrdge der punktuellen
Niederschlagssimulationen auf das gesamte Gullyeinzugsgebiet extrapoliert. So ergibt sich,
dass der Gully fur 91 % des gesamten Bodenverlustes im Gullyeinzugsgebiet verantwortlich
ist. Die Flache dient durch die hohe Oberflachenabflussbildung nur als Lieferant des
Erosionsagens Wasser, Sediment wird verglichen zum Gully nur wenig ausgetragen (Peter et
al., 2014). Als weiterer Hinweis dafur kann die Sedimentkonzentration der
Niederschlagssimulationen gelten. Die hochste Konzentration wurde auf der Testflache GLA
mit durchschnittlich 7,8 g/l gemessen. Die Entnahme von Sedimentfrachtproben aus
verschiedenen Gullys wahrend Starkniederschlagsereignissen ergab dagegen eine
durchschnittliche Sedimentkonzentration von 60 g/l. Somit wird durch die lineare Erosion
eine fast 8-fach stirkere Sedimentkonzentration erreicht.

Die vorgelegte Methodenkombination in unterschiedlichen MaRstdben von Detailanalysen der
Mirkrostruktur von Krusten im Sub-Millimeterbereich Uber Niederschlagssimulationen auf
PlotgroRe bis hin zu groBmalstédbigen Luftbildern hat sich als sehr vorteilhaft erwiesen. So
kénnen Ursachen fir die Prozesse der Bodenerosion Uber die verschiedenen Skalen hinweg
verknupft und erklart werden. Darliber hinaus deuten die gemessenen Ergebnisse der
Feldversuche und des Luftbildmonitorings auf die Uberdurchschnittlich erhéhte
Prozessdynamik nach den land-levelling-MaBnahmen hin. Morgan (2005) nennt fur
mediterrane Regionen eine Toleranzgrenze fur Bodenverlust von 10 t/ha im Jahr. Capolongo
et al. (2008) modellierten fir eine semi-aride Region Siditaliens, die durch Erdrutsche und
Badland-Erosion gekennzeichnet ist, eine jahrliche Erosionsrate auf aufgelassenen und durch
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Planierungen umgeformten Flachen von 15,99 t/ha bzw., 10,64 t/ha. Sie schatzen die gesamte
Bodenerosion innerhalb von 20 Jahren auf ca. 100 t/ha ein. Auf der planierten Testflache
GLA wurde dagegen alleine durch ein Starkniederschlagsereignis eine Erosionsmenge von ca.
300 t/ha abgetragen. Ahnliche durch Extremniederschlagsereignisse ausgeldste Bodenverluste
beschreibt Garcia-Ruiz (2010) flr ein Weinbaugebiet mit 282 t/ha, wovon 58 % durch Gully-
und Rinnenerosion ausgelost wurden sowie ein Gerstenfeld in Spanien mit 350 t/ha. Der
Gully in GLA loste einen Volumenverlust an Boden von 720 m3 aus. Marzolff et al. (2011)
ermittelten an 9 Gullys in Spanien Uber 7 bis 13 Jahre ein Volumenverlust von nur 0,5 m3 bis
100 m3. Sie weisen aufgrund einer hohen Variabilitat der Gullyerosion auf die Wichtigkeit
eines mittel- bzw. langfristigen Monitorings hin. Zum Verstandnis der Prozessabldufe sind
jedoch auch kurzfristige Aufnahmen wichtig, besonders wenn menschliche Aktivitaten zu
unterschiedlichen Zeitpunkten in die Umwelt eingreifen. Dies zeigen die auBerordentlich
beeindruckenden Aufnahmen der rapiden Gullyerosion in der Untersuchungsregion Taroudant
deutlich.

Die Veranderung von Boden- und Oberflachencharakteristika nach Planierungsmalinahmen
wurde dhnlich zu den gezeigten Ergebnissen in der Literatur beschrieben. Bazzoffi et al.
(2006) weisen darauf hin, dass land-levelling-MalRnahmen schwere Stérungen im Boden
verursacht und aufgrund der daraus resultierenden Bedingungen unakzeptabel hohe
Wassererosionsschaden auftraten. Auch Borselli et al. (2006) sprechen von den negativen
Auswirkungen von PlanierungsmalRnahmen auf die Vegetationsbedeckung und dadurch
folgenden Bodenerosionserscheinungen. Ramos und Martinez-Casasnovas (2007) erklarten,
dass Verschlammung stérker auf stark gestorten als auf wenig gestorten Flachen nach
Planierungsmalinahmen auftreten. Die auf den Planierungsflachen in Taroudant gemessenen
Oberflachenabfliisse und Sedimentabtrage sind deutlich erhéht. Sie liegen auf den planierten
Flachen im Durchschnitt bei 53 % und 57 %, bzw. 77,1 g/m2 und 36,6 g/m2 (in 30 Minuten;
Niederschlagsintensitat 40 mm/h). Garcia-Ruiz (2010) listet mit 45,2 g/m?2 bis 264 g/m? (in
1 h) &hnliche und deutlich héhere Bodenabtragsraten durch simulierten Niederschlag auf,
diese wurden allerdings mit wesentlich hoéheren Niederschlagsintensitdten von bis zu
104 mm/h gemessen. Ries (2010) ermittelte im Ebro-Becken und den Pyrenden auf
aufgelassenem Farmland mittlere Oberflachenabflusskoeffiziente zwischen 19 % und 27 %
sowie Sedimentabtrdge von 5 g/m2 bis 11 g/m? (Niederschlagsintensitat 40 mm/h). Zu den
Planierungsflachen &hnlich hohe Werte fand er nur auf Schafpfaden mit 50 %

Oberflachenabfluss und 70 g/m2 Sedimentabtrag.
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Durch die Messergebnisse und weitere Beobachtungen in den Testgebieten konnte festgestellt
werden, dass das Gefahrdungspotential der Bodenerosion vor allem wahrend der Installation
von neuen Plantagen am hochsten ist. Die hierzu oftmals durchgefiihrten
Planierungsmallnahmen hinterlassen den ungeschitzten Boden durch Verkrustung und
Kompaktion in einem hochst erosionsanfélligen Zustand (Peter et al., 2014). Weitere
MaRnahmen der Anbauvorbereitung mussten in direktem Anschluss durchgefiihrt werden, um
hohe Bodenverluste durch Starkniederschlagsereignisse zu verhindern. Eine &hnliche
Anfélligkeit zeigen Gemiseanbauflachen wéhrend des Fruchtwechsels. In dieser Zeit sind die
aufgedeckten BoOden ebenfalls ungeschitzt. Einzelne Bepflanzungsreihen werden als

Erh6hung angelegt. In den sie trennenden Vertiefungen kanalisiert sich das Wasser bei

Niederschlagsereignissen und Bodenerosion setzt ein (siehe Abb. 12).

Abb. 12: links: Auf Gemiseplantage frisch angelegte Pflanzreihen neben brachliegenden;
rechts: Rillenentwicklung auf brachliegenden Pflanzreihen.

Uberdies zeigen Getreidefelder wihrend den Brachzeiten eine hohe Erodibilitat. Wie einzelne
Niederschlagssimulationen aufzeigen, reichen trotz Auflockerungsmalinahmen bereits geringe
Oberflachenabflisse aufgrund einer schnellen Verschlammung fur hohen Sedimentabtrag aus
(Peter et al., subm.). Als besser geeignet haben sich gewachsene Orangenplantagen
herausgestellt: Hier schiitzt die stdndige Laubbedeckung der Baume vor Splash-Erosion.
Zudem erhoht eine dichte Vegetations- bzw. Streuschicht zwischen den einzelnen
Baumreihen die Infiltrationskapazitdt und verringert dadurch die Bildung von
Oberflachenabfluss.  Hier  durchgefiihrte  Niederschlagssimulationen  zeigen  hohe
Infiltrationsraten  und  kaum  Oberflachenabflussbildung.  Auch  Bananen- und
Gemiseplantagen unter fest installierten Plastikgewéchshdausern sind vor Bodenerosion

geschutzt. Hier muss allerdings darauf geachtet werden, dass das Oberflachenwasser von den
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Déchern sachgerecht abgeleitet wird. Dieses kann sonst in den kinstlichen angelegten und
unbefestigten Abflussrinnen am Plantagenrand zu Erosionsschéden fiihren und die Plantage

untergraben.

1.4 Ausblick und weitere Untersuchungen

Die vorgestellten Ergebnisse verdeutlichen die Problematik der hohen Prozessdynamik in der
Souss-Region. Starkniederschlagsereignisse fuhren immer wieder zu hohen Bodenverlusten
und Schaden an der Infrastruktur. Jedoch hélt die Expansion der agro-industriellen
GroRplantagen mithilfe von immensen Investitionen immer weiter an. Die hierzu oftmals
durchgefuhrten PlanierungsmaBnahmen fllhren zu einer weiteren Steigerung der
Erosionsgefahrdung. Trotz der erbrachten Arbeit und den gewonnen Erkenntnissen, konnten
noch nicht alle Themenbereiche erschopfend bearbeitet werden. Es ergeben sich folgende
Fragen:

- Welche weiteren Faktoren sind fiir die Erosionsanfalligkeit zu untersuchen?

- Wie kann das Gullymonitoring verbessert werden?

- Wohin wird das erodierte Bodenmaterial verlagert? Wird es mit den Vorflutern direkt
in den Souss und damit in den Atlantik verlagert oder wird es als Sediment in den
kleineren Wadis zwischengelagert? Losen dabei die verstarkten Bodenerosionsraten
auf den planierten Flachen eine Veranderung in der Dynamik aus?

- Welche Verteidigungs- und Verminderungsstrategien gegen die Bodenerosion werden
in der Souss-Region angewendet? Sind diese an die lokalen Bedingungen angepasst?

Im Rahmen des Forschungsprojektes ,,Gully-Erosion in agro-industriell genutzten
Landschaften zwischen Hohem und Anti-Atlas“ wurden hierzu weitere Untersuchungen u. a.
fiir die Abschlussarbeiten von Kaiser (2013), Schimpchen (2013) und Schmidt (2013) sowie
Ghafrani (subm.) durchgefiihrt. Im Folgenden werden diese zusammengefasst. Zur
endgultigen Klarung der Fragen muss allerdings noch weiterer Forschungsaufwand betrieben

werden.

Erosionsanfalligkeit
Als wichtige Hinweise auf die Erosionsanfalligkeit von Bdden werden die Aggregatstabilitét
sowie die Dispergierungsneigung genannt (Le Bissonnais, 1996; Romero Diaz, 2007). Die

Aggregatstabilitdt der Boden in der Region Taroudant ermittelte Kaiser (2013) mit den

29



Kapitel 1: Aktuelle Geomorphodynamik

Methoden der Nasssiebung nach Kemper & Rosenau (1986) und der Perkolation nach
Becher & Kainz (1983). Hartge & Horn (2009) beschreiben den Wertebereich um 1,2 mm als
stabil, jenen bei 45mm als instabil. Kaiser (2013) ermittelte eine im Mittel
unterdurchschnittliche Aggregatstabilitdt der Bdden. Diese lag im Durchschnitt bei etwa
3,4 mm. Eine wichtige Rolle bei der Gullyentwicklung kann auch die unterirdisch ablaufende
pipe erosion spielen (Crouch, 1986; Faulkner et al., 2008). Durch Makroporen oder Risse im
Bodenmaterial hervorgerufen, kann ein konzentrierter, unter der Bodenoberflache
verlaufender Wasserfluss entstehen (Romero Diaz et al., 2007). Dabei wird Bodenmaterial
verlagert und es kommt zur Bildung einer Réhre. So wurde festgestellt, dass viele
Pipingformen in bestehende Gullys entwdassern und dass einige dieser Grabensysteme durch
kollabierte pipes entstanden sein mussen. Ein wichtiger Faktor fir diese Erosionsform ist die
Dispergierungsneigung des Bodens. Erste Experimente zur pipe Entwicklung wurden von
Schimpchen (2013) durchgefiihrt. Dabei spllte sie 1 m tiefe Bohrlécher mit 30 | Wasser aus.
Sie zeigt, dass hoher Sandanteil und ein ebenfalls erhéhter Skelettgehalt zu verstéarkter pipe
erosion fihren. Die gemessenen pH-Werte weisen auf das Vorkommen von Na-Carbonaten
hin, wodurch die Dispergierungsneigung von Tonen erhéht wird (Romero Diaz et al., 2007).
Fur genauere Angaben mussen die Na-Absorptionsrate und der Anteil an austauschbaren Na-
lonen, die als Parameter zur Bewertung der Dispergierungsneigung unterschiedlicher
Substrate betrachtet werden, noch analysiert werden.

Gullymonitoring

Zur Verbesserung des Gullymonitorings ist eine SchlieBung der Datenllicken nétig. Da mit
dem UAV verschiedene Bereiche von Gullys, wie Unterhéhlungen, nicht einsehbar sind,
muss nach weiteren Verfahren gesucht werden. Als eine Ldsung dieser Problematik kann das
von Kaiser (2013) genutzte structure from motion-Verfahren (sfm) angewendet werden, das
neue Potentiale im Bereich der terrestrischen 3D-Visualisierung aufdeckt. Dieser
kostengunstige Ansatz ermdglicht mit einer handelstiblichen Digitalkamera eine sehr
hochaufgel6ste Rekonstruktion von komplexen Landoberfldchen, indem die Fotografien soft-
waregestltzt weiterverarbeitet werden. Hiermit kdnnen problemlos Hohlformen oder Unter-
schneidungen aufgenommen werden. So wurde an einem durch eine Fahrspur anthropogen
beeinflussten Gully ein headcut retreat von 1,95 m innerhalb von 11 Monaten nachgewiesen.

Dies entspricht einem Bodenverlust im VVolumen von 3,5 m3 (siehe Abb. 13).
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Abb. 13: Seitenansicht der Volumenverdnderungen zu drei Aufnahmezeitpunkten in einem
Teil des Gullys Gchechda (Kaiser, 2013).

Ebenfalls ist ein langfristiges Monitoring der Gullys in den untersuchten Testgebieten
wichtig. So kann eine Zeitreihe entstehen, mit deren Hilfe das Wachstum und die
Bodenverlustraten von Gullysystemen Jahr fiir Jahr nachvollziehbar werden. Zudem missen
weitere Kartierungen aller aufgenommenen Gullys durchgefuhrt werden, um genaue
Wachstumsraten zu erhalten. Zusatzlich wéren offizielle Niederschlagsdaten erforderlich, um
die auf den Flachen gemessenen Bodenverluste und Gullywachstumsraten mit den gefallenen
Niederschlagswerten korrelieren zu kénnen. Diese Daten sind allerdings nicht frei verfligbar.
Zu Informationszwecken werden privat ermittelte Niederschlagsdaten aus einer
Orangenplantage genutzt. Da die Niederschlédge jedoch auch Uber die Testregion variieren,

waéren zuséatzliche Informationen wichtig.

Sedimentverlagerung in den Vorflutern

Weitere Aufschliisse Uber die Prozessdynamik in der Region kénnten Abflusswerte flr die
Wadis zwischen den Testgebieten erbringen. In diesen kleinen Wadis werden allerdings keine
Pegelmessungen durchgefuhrt. Fir die grofRen Wadis Oued Ouaar und Oued Souss sind

solche Daten vorhanden, aber ebenfalls wie Niederschlagsdaten nicht frei verfligbar.

Dennoch kdnnen erste Hinweise Uber das Abfluss- und Erosionsverhalten in den Wadis durch
sieben Kettenanker, die jeweils unterhalb des Gebietsauslasses der Testflachen in das
vorflutende Wadi eingebaut wurden, erkannt werden. Bei dieser Methode, verdndert nach
Miller & Leopold (1963), wird eine Gliederkette unter dem Gerinneschotter in das

Gerinnebett aus verbackenem, tonig-lehmigem Material in 1,60 m bis 2 m Tiefe verankert.

31



Kapitel 1: Aktuelle Geomorphodynamik

Eine horizontale Verlagerung der Kettenglieder flussabwarts sowie Ab- bzw. Zunahme des

Materials an der Kette zeigt eine Erosions- bzw. Akkumulationstendenz an. Urspriinglich

dient diese Methode fir Langzeitmessungen. Da jedoch vor, bzw. wahrend einiger

Gelandephasen jeweils ein Starkniederschlagsereignis aufgetreten ist, vor dem Frihjahr 2013

zwei Ereignissen, die ein Anspringen der vorflutenden Wadis ausgeldst haben, konnten

bereits folgende Werte aufgenommen werden (siehe Abb. 14 und 15):
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Abb. 14: Schematische Anordnung eines Kettenankers und dessen Einbau (oben);

Niederschlagsdaten von einzelnen Starkregenereignissen (zumeist Uber mehrere Tage),

gemessen in einer Orangenplantage (unten).
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Abb. 15: Oberflachenveranderung im Gerinnebett sortiert nach Aufnahmezeitpunkt (oben);

Umlagerungstiefe nach Abflussereignissen sortiert nach Standort (unten).

Nach dem Niederschlagsereignis 2011 mit maRigem Niederschlag von ca. 40 mm an drei
aufeinanderfolgenden Tagen wurden an vier der sieben Kettenanker, vor allem in den
nordlichen Gebieten, deutliche Akkumulationen mit bis zu 30 cm Materialauflagerung
gemessen. In LAM1 und LAS4 weist feinkdrniges bis toniges Schwemmmaterial auf dem
Wadischotter auf hohen Austrag aus der Testflache hin. Das Material wurde nicht weit
verlagert. Die Starkniederschlagsereignisse 2012 und 2013 sind durch einzelne Tage mit
extremen Niederschldgen von bis zu 137 mm gekennzeichnet. Bei den Messungen wurden an
fast allen Kettenankern starke Erosionserscheinungen identifiziert. In GLA wurde in beiden
Jahren insgesamt 51 cm Material abgetragen. Die beiden Niederschlagsereignisse vor den
Messzeitpunkten 2014 fielen niedriger aus. Hiernach konnten wieder leichte
Akkumulationstendenzen erkannt werden. Auch die Betrachtung der maximalen
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Umlagerungstiefe, also wie weit die Kette abgeknickt wurde, verdeutlicht die durch die
Starkniederschlagsereignisse 2012 und 2013 ausgel6ste starke Prozessdynamik. Dabei wurden
die Wadischotter in den vier ndrdlichen Testflachen bis in eine Tiefe von 40 cm bis 60 cm
umgelagert. In GLA, wo sandiges Material tberwiegt, erreichte die Umlagerung sogar eine
Tiefe von 116 cm. Die Messungen in den Jahren 2011 und 2014 nach den geringeren
Niederschldgen erbrachten dagegen deutlich geringere Tiefen. Durch diese Beobachtungen
lasst sich ableiten, dass das Erosionsmaterial aus den Flachen bei Extremereignissen direkt
uber die Vorfluter abgeleitet wird. In diesen herrscht eine starke Dynamik und
Erosionserscheinungen treten auf. Bei geringeren Niederschlagsereignissen wird weniger
Material umgelagert und die Erosionsfracht wird in den kleineren Wadis zwischengelagert,
Akkumulationstendenzen sind zu erkennen. Hinweise auf eine verénderte Prozessdynamik

unterhalb der Testflachen mit PlanierungsmalRnahmen konnten nicht gefunden werden.

Verminderungs- und Vermeidungsstrategien von Bodenerosion

Die Entwicklung von Verminderungs- und Vermeidungsstrategien von Bodenerosion ist fur
die stark von der Landwirtschaft abhéngige Taroudant-Region von zentraler Bedeutung. Zwar
sind solche Strategien in der Literatur oftmals beschrieben (Boardman et al., 1990; Hudson,
1995; Troch et al.,, 1980), jedoch muss die praktische Anwendung auf die lokalen
Gegebenheiten angepasst sein. Zudem ist eine Wissensbildung und Vermittlung der
Kenntnisse in dieser landlichen Region substantiell. Eine Befragung von Schmidt (2013)
zeigte, dass das Gefahrdungspotential von Erosionserscheinungen in der lokalen Bevolkerung
erst bei unmittelbarer Néhe eine Betroffenheit auslost. Allerdings konnte bei 32 von 54

Personen ein Grundwissen uber den Prozess der Bodenerosion nachgewiesen werden.

In der Landwirtschaft werden beim Trockenfeldbau oftmals einfache Mittel wie Blische, Holz
oder Steine zur Verminderung der Gullyerosion eingesetzt. Diese werden in die Rinnen und
Grében hineingeworfen und sollen einen weiteren Sedimentabtrag hemmen. Hangabwaérts
gerichtete Pflugspuren weisen hdufig auf eine unangepasste Bodenbewirtschaftung hin. Hier
wirden auch unkomplizierte Mallnahmen, wie hangparalleles Pfligen, zu weniger
Erosionserscheinungen fuhren. In der kostenintensiveren Plantagenwirtschaft werden haufig
hohere Investitionen getatigt, um Erosionsformen zu bekdmpfen. Erste Nachforschungen von
Ghafrani et al. (subm.) zeigen auf, welche MaRnahmen von Plantagenbetreibern aktuell
genutzt werden, um Schéden durch Bodenverluste zu vermindern. Es werden biologische und

mechanische Methoden genutzt. Am hadufigsten eingesetzt werden Baum- und Heckenreihen
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als Abgrenzung zu den Wadi- und Gullyabhéngen. Durch Vegetationsbedeckung und
Verwurzelung des Bodens soll eine in die Plantagen fortschreitende Erosion aufgehalten
werden. Zumeist werden Zypressen eingesetzt, aber auch Schilfpflanzen, Oliven, Kakteen
oder Akazien. Eine Bepflanzung der Freiflachen mit einer dichten Vegetationsbedeckung aus
Grésern, Krautern und Buschen in der feuchten Periode ist ebenfalls nitzlich, da auch die
zuriickbleibende, trockene Streuauflage nach dem Sommer den Boden beli
Starkniederschlagsereignissen schiuitzen kann (siehe Abb. 16). Dies zeigen auch einzelne
Niederschlagssimulationen auf solchen Flachen, wo es kaum zu Oberflachenabflussbildung
gekommen ist. Allerdings ist bei langer anhaltenden Trockenperioden Uber mehrere Jahre eine

bodennahe Vegetationsbedeckung nicht aufrecht erhaltbar.

Abb. 16: Dichte Vegetationsbedeckung als Erosionsschutz (links); trockene Straucher und

Streuschicht wirken ebenfalls noch erosionsmindernd (rechts).

Als mechanische Hilfsmittel werden oftmals einfache Schutzmauern aus Steinen und Beton
eingesetzt, um den Boden vor Abspilung zu schitzen. Diese konnen jedoch bei
Abflussereignissen schnell untergraben werden und verursachen daher Kosten fiir
Instandhaltungsarbeiten. In den letzten Jahren vermehrt aufkommend ist der Einsatz von
Gabionenwénden. Der Verbau von Gabionen ist eine sehr teure Investitionsform, was auf die
Bedeutung der Agrarwirtschaft fur die Gesamtwirtschaft der Region hinweist. Hiermit werden
komplette Gerinnebetten von Wadis ausgekleidet, um so benachbarte Plantagen zu schitzen.
Allerdings kann an manchen Stellen eine unsachgemaRe Neuausrichtung des Gerinnebettes
mit rechtwinklig ausgeformten Kurven eine Verstarkung der Erosionskraft und somit
neuerliche Schaden erahnen lassen (siehe Abb. 17). Die mechanischen Hilfsmittel erscheinen
daher fur die Landwirte zundchst als beste Losungen, da sie schnell Wirkung zeigen.

Allerdings sind sie langerfristig durch die hohe Erosionskraft gefahrdet und kostenintensiv.
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Die biologischen HinderungsmalRnahmen bendétigen mehr Zeit und Pflege bei der Installation,
zeigen sich aber langfristig bei sachgerechter Handhabung besser angepasst. Diese und andere

Verminderungsstrategien mussen weiter erforscht werden.

Abb. 17: links: Bau einer Gabionenwand, anschliefend wird der Freiraum aufgefllt, dadurch
nahezu Halbierung des Gerinnebetts; rechts: neuer Wadiverlauf mit rechtwinkligen Kurven,
altere Plantage geschitzt durch Gabionenwand und Akazienhecke (oben), an neuer

Gabionenwand aufgefullte und planierte Flache als Plantagenvorbereitung (unten).
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combining punctual process analysis through experimental rainfall simulation and gully mapping as well as
volume quantification analysing on a local scale using unmanned aerial vehicle (UAV) remote sensing data.
Thus, the influence of the impacts of land levelling in the catchment area on the linear soil erosion by gullies
can be elucidated. Soil surface characteristics, modified by land levelling, lead to higher runoff generation and

ﬁﬁ”:"m'gf;n sediment production. Mean runoff coefficients from 54% to 58% are found in levelled study sites, and 38% to
Land levelling 47% are found in undisturbed areas. Mean sediment loads reach 48.6 g m~2 to 81 g m~2 under the influence
Rainfall simulation of levelling, but only 9.3 g m~?2 to 23.7 g m~ 2 without it. Quantification of soil erosion by UAV data showed
UAV that a gully in a levelled study site eroded about 720 m® of soil within only one rain period. The surface of the
SFAP catchment area was lowered 0.054 m on average due to land levelling, whereas in study sites without land
Gully levelling, the monitoring did not show significant differences of shape and extent of the gullies at two different

points in time. The strong influence of land levelling can be documented with the connection of these two

methods. A clear amplification of soil erosion is induced by land-levelling measures.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The Souss valley, South Morocco, is characterized by ongoing
dynamic land-use change with transformations from traditional agri-
culture to vast agro-industrial plantations of citrus fruits, bananas and
vegetables. These plantations, as well as other arable land, are threat-
ened by gully and other forms of soil erosion triggered by heavy rainfall
events. In this region, land-levelling measures are used for the imple-
mentation of the land-use change. They are usually employed for the
reclamation of severely eroded areas, including gullies and badlands
and for the removal of unwanted vegetation (Borselli et al., 2006).
However, land-levelling measures also lead to disturbances in the
environment, thus to the degradation or alteration of soil properties
(Borselli et al., 2006; Cots-Folch et al., 2006; Lundekvam et al., 2003).
Due to the reduction of vegetation cover, the bare soil is left vulnerable
for intense rainfall events. The progressive loss of soil material, a

* Corresponding author at: Universitit Trier, Behringstr., 54296 Trier, Germany.
Tel.: +49 6512014545; fax: +49 6512013976.
E-mail addresses: peterk@uni-trier.de (K.D. Peter), doleire@em.uni-frankfurtde
(S. d'Oleire-Oltmanns), riesj@uni-trier.de (J.B. Ries), marzolff@em.uni-frankfurt.de
(1. Marzolff), Aithssaine55@gmail.com (A. Ait Hssaine).

0341-8162/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.catena.2013.09.004

reduction in organic matter content and effective soil depth, calcium
carbonate enrichment of arable layers and degradation of soil structure
is found in the study by Martinez-Casasnovas and Ramos (2009) that
analyses the impact of land-levelling measures on vineyards in North
East Spain. Only few studies refer to land levelling and terracing in
European agriculture, but associated problems and impacts have not
been widely studied (Cots-Folch et al., 2006). Peter and Ries (2013)
investigate the impact of land-levelling measures on infiltration rates
in South Morocco. They found 3.5 times higher infiltration rates on
non-levelled than on levelled study sites. However, there is still little
information about the effects of land-levelling measures in arid and
semi-arid Northern Africa. Therefore three main questions arise that
need to be answered: (1) the impact of land levelling on soil surface
characteristics, (2) the influence of land levelling on soil erosion and
(3) the dimension of gully erosion in levelled areas.

A recent approach for the investigation of soil erosion on land-
levelling influenced areas in southern Morocco is presented in this
article: Combining punctual process analysis through experimental
rainfall simulation and aerial surveying using an unmanned aerial
vehicle (UAV) for gully mapping and quantification of minimum erosion
rates. Thus, it is possible to clarify the relationship of soil erosion in the
gully catchment area to the linear erosion of gullies themselves. Rainfall
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simulations are widely used for analysis concerning runoff generation
and sediment erosion in different landscape units and elements
(Cerda et al., 1998; Dunkerly, 2012), as well as for different stages of
land abandonment and land-use change (Lasanta et al., 2000; Nadal-
Romero et al., 2011; Ries et al., 2003). So they are applicable for the
gully catchments in this fast changing region of the Souss. The soil sur-
face characteristics and thus the influencing factors for erosion such as
soil crusts and vegetation cover can be studied with this method (Hu
etal, 2012; Mayor et al., 2009; Ries, 2010; Ries and Hirt, 2008). Measur-
ing the linear erosion of gullies by aerial surveying campaign is a
prevalent approach (Aber et al., 2010; d'Oleire-Oltmanns et al., 2012;
Marzolff and Poesen, 2009; Ries and Marzolff, 2003). Analysing the
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linked information gained through both methods is the aim of the
following article.

2. Materials and methods
2.1. Study area
2.1.1. Souss basin
The study area is located in the centre of the Souss valley in South
Morocco near the city of Taroudannt (Fig. 1). The Souss basin extends

from 30 to 31° northern latitude and from 7 to 9° western longitude. It
is drained by the river Souss. Seven test sites, La Glalcha (GLA), El

WWON WWWN WITUN WIPWON WWON WWWN WHON NWWN VWON UWWN  ONON  0IWON  0WON 070N 0ION  0WON  WON  0UWN  0WON NN WWON  WIWUN

Fig. 1. Souss catchment in South Morocco (left; own illustration; Basemap: USGS HydroSHEDS). Investigated study sites (red rectangles) within the whole study area on the alluvial fan
of Oued Irguiténe. The Souss river bed runs along the lower edge of the study area; the city of Taroudannt is located near the lower right edge (right; Quickbird 2009/10/26). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Houmer (HOU), Gchechda (GCH), Talaa (TAL), Lastah (LAS), one
between Lastah and Hamar (LAM) and Hamar (HAM), were chosen
on an alluvial fan which is discharging from the High Atlas Mountains
into the plain (Fig. 1).

The High Atlas Mountains with Palaeozoic, Mesozoic and Cenozoic
rocks in the North and the Anti-Atlas Mountains with Precambrian
and Palaeozoic rocks in the South build up the frame around the valley.
There is a complex interconnection of both Atlasic domains beneath the
Souss valley which builds up the alluvial depression of the Souss basin. It
is filled by thick Pliocene and Quaternary deposits which overlay a
Cretaceous-Eocene succession, including significant fluvial-lacustrine
sequences (Dijon, 1969). Loamy Quaternary alluvial fans and terraces
cover the surface. Ait Hssaine and Bridgland (2009) give a precise
sequence of Pliocene-Quaternary material deposition. An all-season
negative water balance exists due to the precipitation of only around
200 mm and a mean annual temperature of 20 °C. The arid climate is
characterized by a hot dry summer and a mild winter with short rain
periods showing high variability. Soils are mostly immature due to
recent accumulation and little pedogenesis, which is caused by hot
and dry climatic conditions. High proportions of fine sand, silt and clay
are induced by colluvial and alluvial formation. Ghanem (1974)
mapped three different types of soils in the Taroudannt area using the
French soil classification (“référentiel pédologique francais”). He
found “sols a pédogenése externe”, which are underlying strong
morphodynamic processes. Fluvial erosion and accumulation constrict
pedogenetic development. These mostly alluvially accumulated, xeric
soils have little content of humus but high contents of silt and sand, as
well as local pebbles. In context of the World Reference Base for Soil
Resources (WRB), these soils can be classified as Fluvisols. They are
mostly found along the wadis, which are dissecting the Taroudannt
area. This is also mostly the location where our test sites are situated.
The second soil group classified by Ghanem (1974) is the “sols
holocalcaires xériques”. From this group, he mapped crusted Regosols
(WRB) in our test area, which are silty-sandy and calcareous. These
raw soils are also characterized by the dry climatic conditions. The
thick layer of substrate in the initial state of soil formation is prone to
sealing and crusting. This type of soil is mostly found in the less
disturbed areas between the wadis. The last soil type is a mixture of
the first type and modest Regosols (WRB) which are profound with
a mixed proportion of silt, sand and clay. They are called “sols
polygéniques, polyphasés et association de sols” and are mostly found
in the southern part of the study area. Similar allocation of soil types
was done by Tagma (2011), EI Ghannouchi (2007) and Watteeuw
(1964). Also our own studies confirm the statements of the former
authors. We found in all study sites mostly profound raw soils with
mixed substrate and little pedogenesis. The strong morphodynamics
of this region are continuously reshaping the substrate (Fig. 2).

Vegetation cover is determined by subtropic, desert and
Mediterranean species. Argania spinosa, Acacia, Euphorbia, Artemisia
herba-alba and Ziziphus are typical for the widespread bush and shrub
steppe. Gramineous species are Dactylus glomerata, Cynodo dactylon
and Andropogon hirtus. Tamarix, Salicornia and Salsola are only found
in years with high precipitation. In the Souss valley, a highly dynamic
land-use change is going on, accompanied by labour migration. Nowa-
days, land use is dominated by citrus fruit and banana plantations
which are irrigated by deep wells (Fig. 1). There is further cultivation
of vegetables, cereals and small remains of the traditional small-area
mixed agriculture. The sedimentary fans of the Souss valley are heavily
dissected by gully erosion in their distal part, particularly in the
Taroudannt area. The linear incision was triggered by the decline of
sugarcane cultivation at the end of the 17th century, when the near-
complete degradation of the argan forests coincided with the abandon-
ment of the agricultural fields (Ait Hssaine, 1994, 2002). Since this time,
the Souss valley has been affected by soil erosion (Dijon, 1969). The
resulting badlands reach deep between the modern fruit tree planta-
tions and irrigation areas. In order to increase the productive area,

Fig. 2. Typical raw soil (here in HAM) with different layers of substrate, freshly cut after
rainfall event.

currently it is attempted to restore them to cultivated land by
bulldozing and land levelling. These measures are emerging recently,
as heavy machines are easily available since finishing the highway
Marrakesh-Agadir. Hired for a couple of days, they are used to infill
gullies with the surrounded material and to level the area in short
time. However, not much value is set on soil consolidation, stabilisation
and smoothing of the surface, and a distinct pattern of levelling furrows
by the bulldozer's grating action often remains. The same methods are
used for the generation of new spaces in the periphery for building
constructions, as the population is still growing.

2.1.2. Study site Taroudannt

All seven study sites were chosen along a transect from South-West
to North-East through the same alluvial fan, which is named after the
wadi Oued Irguiténe (Fig. 1). The fan is controlled by similar conditions,
accumulated material originates from the same source, a homogeneous
gentle slope is found throughout the study area. The texture of soils is
differing, there is a slightly decreasing of grain sizes from proximal to
distal locations. Also, the treatment strategies on the study sites differ.
We set the study sites on areas with land levelling, regular ploughing,
fallow land and no treatment in recent years (Table 1). Each of the
study sites is characterized by a gully system which traverses it. These
gullies are in close vicinity to or even cut into arable land, plantations
of bananas and citrus fruits or housing areas. The fan originates in the
foothills of the High Atlas Mountains in the North of the Souss valley
near the village Bou Lajelat (Fig. 1). It reaches the wadi Oued Souss in
the South of Taroudannt along about 15 km of the riverbed. The alluvial
fan is incised by the wadi Oued Ouaar into which many smaller wadis
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Table 1
Land use, treatment strategies and soil parameters (mean values) of different study sites.

27

Testsite  Main land use Treatment strategy pH-value  Organic matter ~ Bulk density  Inorganic carbon  Mean grain diameter
(%] [gem?] [%] [mm]
GLA Vegetable field (fallow) Levelling 861 5.11 - 1.61 008
HOU Building lot/maize field/fallow land Levelling 829 5.88 1.59 1.62 0.08
GCH Fallow land Non 794 3.77 149 1.36 0.11
TAL Fallow land/cereal field/banana plantation  Partly ploughing 7.72 383 1.46 1.62 0.14
LAS Orange plantation/fallow land Non 798 581 140 1.94 013
LAM Fallow land/cereal field Ploughing, partly levelling 793 4.16 146 2.26 0.16
HAM Fallow land/cereal field Partly ploughing 763 278 150 1.98 0.19

discharge. The whole area, but especially the southern part of the
alluvial fan, underlies heavy gully erosion. As the different impacts of
land-levelling measures on soil erosion concerning runoff and sediment
rates will be investigated in this article, study sites were selected in
levelled and non-levelled areas underlying different land use. GLA and
HOU present levelled study sites. They are located southernmost near
the wadi Oued Ouaar. GLA was levelled once in the second half of
2009 and again in spring 2011. In HOU, several levelling measures
took place since 2000, the southern part of the area was also ploughed.
Following to north-eastern direction are the study sites GCH, TAL, LAS,
LAM and HAM. They are all not levelled except of a small part of LAM
which was levelled in autumn 2011. Land use and treatment strategies
as well as soil parameters can be found in Table 1.

2.2. Methods

For the investigation of the gully catchments and the gullies
themselves, rainfall simulations and aerial survey campaigns are used.
Rainfall simulations are widely used for the quantification of runoff
and erosion processes (Cerda et al., 1998; Ries, 2010). Comparison of
runoff and erosion under different conditions such as varying land use
or soil surface structures is possible. The reasons for applying aerial sur-
vey campaigns are (1) mapping the study sites at a larger areal extent
with very high image resolution, (2) the photogrammetric analysis of
small-format aerial photographs (SFAPs) for quantification of actual
erosion and (3) the monitoring of the long-term gully development. In
this article the focus is set on photogrammetric analysis of SFAPs for
quantification of actual erosion.

2.2.1. Rainfall simulation

In total, 122 rainfall simulations were conducted on the seven test
sites. The test plots were selected systematically along the gully systems
of each study site to cover their catchment areas. In order to cover most
features of the landscape, test plots were set on positions representative
for different land use, surface characteristics and treatment strategies in
these areas.

Various characteristics of surface types were analysed by the rainfall
simulations. The features of each test plot were registered descriptively.
Some of the features could also be recorded quantitatively, e.g. for
vegetation cover, physical crust cover or stone fragment cover (in % of
the surface of the test plot). A visual estimation of these features was
done in the entire area of each test plot. The grain size distribution of
the fine earth was determined by means of the pipette method (Kéhn,
1929). On each of the seven different study sites, two to four soil
samples were taken of the 0.1 m topsoil. The location of sampling was
near test plots which typify the study site; the mean value was calculated
for each site. Analysed particle size fractions are coarse sand = 2-
0.63 mm, medium sand = 0.63-0.2 mm, fine sand = 0.2-0.063 mm,
coarse silt = 0.063-0.02 mm, medium silt = 0.02-0.0063 mm, fine
silt = 0.0063-0.002 mm and clay < 0.002 mm (after BS EN ISO,
14688-1: 2002). In total, 21 soil samples were examined.

A small portable nozzle rainfall simulator (Iserloh et al., 2012) based
on the one designed by Calvo et al. (1988) and Lasanta et al. (2000), was
used for the rainfall simulation experiments. The rainfall simulations

were carried out on circular plots with a size of 0.28 m?. Each of them
is delimited by a2 mm thin and 0.07 m high steel ring, which is inserted
into the soil at least 0.03 m. Great care was taken with the installation of
the ring to avoid disturbances of the soil. The outlet is V-shaped and
placed at the deepest point of the plot at surface level (Fister et al.,
2011). A motor pump boosts the water regulated by a flow metre into
the commercial full cone nozzle (Lechler 460.608) at a height of 2 m.
The rainfall intensity was maintained at about 40 mm h~' for the
whole experiment, which has been used as a standard in the study
group over the last 15 years (Peter and Ries, 2013; Ries and Langer,
2002; Ries et al., 2000, 2009). Each rainfall simulation lasts for 30 min
and is divided into six measuring intervals of 5 min each. Runoff
water and suspended sediment are collected in 0.5 L wide-opening
PE-bottles for each interval separately. The duration from the beginning
of the experiment until the start of runoff generation is recorded as well
as the exact times of exchanging the bottles when runoff exceeds the
capacity of the PE bottles (0.5 L) during the measuring intervals. The
amount of runoff water is calculated by subtracting the tare weight of
the plastic bottles and the sediment weight from the weight of the filled
plastic bottles. Runoff amount in litres is assumed to be the same as the
calculated weight. Each bottle with the collected runoff water and the
suspended sediment is filtrated separately with circular fine-meshed
filter papers (Rotilabo® round filter type 15A, less than 2 um mesh-
width). The filters are dried to constant weight at 105 °C and weighted
thereafter for determining suspended sediment load for each measured
interval (Iserloh et al., 2013). We used common tap water with an elec-
tric conductivity of around 720 pS cm™ ! for the simulations. We did not
observe any soil dispersivity problems when using this water. We dried
25 filtrates of the rainfall simulations to determine the weight of
dissolved solids. They did not vary significantly from the weight of the
dissolved solids in the tap water (mean difference 0.01 g), neither did
the electric conductivity. Therefore dissolved solids were neglected.

2.2.2. Statistical analysis

For 122 rainfall simulations, data of runoff generation and sediment
production were summarised for the whole experiments of 30 min.
Furthermore, runoff coefficients and sediment concentrations for each
rainfall simulation were calculated. For a better understanding of factors
on the plot influencing runoff and sediment generation, explorative
data analysis and correlation analysis were performed with the SPSS
18.0 statistical package as well as with Sigma Plot 11.0. Spearman's-
Rho correlation coefficient was chosen for correlation estimation
between the quantitative characteristics of the soil surface and runoff
and sediment production (Seeger, 2007). This rank-correlation method
is considered robust against outliers and non-normal distribution of the
data. Boxplot diagrams are used to display the various plot characteris-
tics of the study sites as well as to clarify the differences of runoff and
sediment generation in the different study sites. Each boxplot consists
of the upper and lower quartile, the median, minimum and maximum
and outliers if necessary. As the data were not normally distributed, a
Kruskal-Wallis test was performed to analyse the differences among
the test sites. An all pairwise multiple comparison procedure (Dunn'’s
Method) gives the significance of the difference of one study site to
each of the others.
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2.2.3. Aerial survey campaigns

The acquisition of SFAPs by survey campaigns using a fixed-wing
UAV enables photogrammetric analysis of aerial photographs finally
leading to quantification of actual erosion rates. The battery-powered
fixed-wing aircraft type Sirius | (MAVinci, Germany) is used for the sur-
vey flights. The UAV is made from Elapor, has a wingspan of 1.63 m and
a length of 1.20 m. In total the UAV weighs approx. 2.7 kg including
payload. The UAV is hand-launched and controlled autonomously dur-
ing take-off and flight by the autopilot software from MAVinci. During
survey flights it follows predefined flight plans. After completing a
survey flight, the pilot is landing the UAV using a half-autonomous
mode, the so-called assisted mode. The pilot is permanently supported
by the autopilot software during UAV control. This assisted flying
mode enables the pilot to safely steer and land the plane while confining
the navigation area to a predefined range. For difficult terrain, where
fully-autonomous landing may not be possible, this is highly useful
(d'Oleire-Oltmanns et al., 2012).

As optical onboard-sensor a digital interchangeable lens system
camera is installed (Panasonic Lumix GF1). The complete description
including all technical details of the applied hardware is given by
d'Oleire-Oltmanns et al. (2012).

Aerial survey campaigns took place in autumn 2010 and in autumn
2011. A total number of more than 17,500 SFAPs was acquired. In this
article the study site GLA (Fig. 1) was selected for detailed analysis. It
is an example of a dynamic location where land-levelling measures
are continuously taking place.

Ground control points (GCPs) were installed before image acquisi-
tion took place. Each GCP was precisely measured with a total station
(approx. 0.01-0.02 m precision) using a local coordinate system. This
is required for georeferencing during the photogrammetric analysis.

Different flying heights were applied for the surveying flights. Lower
flying heights result in higher image resolution values and smaller
image extents whereas higher flying heights lead to proportional
decrease of image resolution while the image extents grow simulta-
neously. For the analysis of aerial photographs with very high resolution
the flying height was set at 70 m above ground. In order to achieve
sufficient resolution and simultaneously arrive at a large image extent
for the overview photographs, the flying height during the survey of
the surrounding areas was set at 400 m above ground. The matter of
different scales for image acquisition using a UAV has recently been
discussed by d'Oleire-Oltmanns et al. (2012). The calculated resolution
of the images at a flying height of 70 m above ground is at 1.5 cm x
1.5 cm per pixel. This resolution at a flying height of 400 m above
ground still is at 8.6 cm x 8.6 cm per pixel.

2.2.4. Acquisition and analysis of the SFAPs

During data acquisition the aerial photographs were saved on a
memory card within the camera. The original RAW file format was
converted to TIFF format, and modest image enhancement regarding
contrast, saturation and brightness was applied. Leica Photogrammetry
Suite (LPS) was used for all photogrammetric analysis. In addition, GIS
software was used for the quantification of erosion rates.

For the creation of photogrammetric image blocks of selected aerial
photographs acquired at a flying height of 70 m above ground, the
measured coordinates were assigned to the GCPs on each image, adding
additional tie points manually where necessary and finally using an
automated tie point generation routine within LPS software. The
exterior orientation of each image was then established by bundle-
block triangulation. From the resulting stereo models, a very detailed
Digital Terrain Model (DTM) with a resolution of 0.05 m x 0.05 m
was created for the gully site (d'Oleire-Oltmanns et al., 2012; cf. Aber
et al,, 2010). The x/y/z errors of position of this precise DTM were
below 0.01 m.

Using a similar workflow on aerial photographs acquired at a flying
height of 400 m above ground (Fig. 11e), a second DTM was created
with a resolution of 1.0 m x 1.0 m, covering the farther surroundings

of the gully site. For this workflow, GCPs were not measured in the
field but assigned after manually identifying coordinate values from
the satellite image provided. The selected aerial photographs cover the
larger area neighbouring the main gully environment and therefore
allow analysis of environment the study site GLA is located within.
The errors of position of the second DTM (resolution of 1.0 m x
1.0 m) amount to x/y/z values of 1.7/1.04/1.1 m.

Based on the second DTM, hydrological analysis took place in the GIS
software environment. After determining the flow directions for each
pixel, the existing sinks were identified and filled to assure that there
are no drainless areas left. The intermediate result was a depressionless
DTM. The pour point was set at the exit point of the main gully entering
the wadi. Next, a flow accumulation raster was calculated and this
finally led to the derivation of a synthetic hydrological stream network.
A second product derived from the depressionless DTM is the water-
shed containing the hydrological network. These two data products -
the watershed and the modelled hydrological network - were used in
order to relate the erosion rates to the runoff contributing area as
described in Section 3.2.

The second DTM was created from aerial photographs with a smaller
image scale. Due to this finer scale, the image resolution is lower and the
degree of details is reduced compared to the detailed gully site DEM.
Therefore, the micro-relief of rills and furrows created by the levelling
process is not captured by the DTM and the modelled hydrological
network which follows the actual downslope direction of the terrain
rather than being diverted by the levelling pattern.

In Fig. 3 the three main working steps for quantifying the gully
volume are schematically illustrated. The generated gully-site DTM
was required as input data for the quantification of the minimum gully
volume. Moreover, the digital stereo models were used in a stereo-
digitizing environment (3D graphics card and shutter glasses) for
manually digitizing the edge of the gully system (Fig. 3, Step 1). The
gully edge is well identifiable for the presented study site GLA: Occur-
ring regressive erosion created a sharp cut in the natural continuous
surface. This breakline where the vertical gully sidewalls and the terrain
surface meet was set as gully edge.

On the basis of the raster DTM and the 3D polyline of the gully edge,
the calculation of the erosion volume took place in the GIS software
environment: A 3D-polygon was created using the digitized 3D edge
line. This 3D-polygon was taken as the minimum terrain level before
erosion occurred. The polygon was then transformed to raster format
and the DTM was subtracted (Fig. 3, Step 2). This step led to a raster
containing the height difference from before erosion minus the current
state for every raster cell. Multiplying each value with the surface of
each cell and finally summing up all single cell values result in the quan-
tified volume of the gully system (Fig. 3, Step 3).

3. Results
3.1. Rainfall simulation analysis

On the gently tilted alluvial fan, we found mostly rather flat areas in
the study sites. These sites were tested by the rainfall simulations with a
median inclination of only 3° for all test plots. In total, the slope of the
plots ranged from 0.5° to 11°, but only seven test plots were installed
on slopes steeper than 7° on the flanks of gully- or wadi-systems. The
highest median of slope angles was found in GLA with 4.5°. We found
the lowest slope inclination in GCH with a median of only 1° (Fig. 6a).
The slope varied here significantly (P < 0.05) compared to all other
test sites. Vegetation cover (Fig. 6b) was also rather low. Nevertheless,
vegetation cover could vary from 0 to 100% on the entire test plots,
but the median reached only 20%. The lowest vegetation cover was
found in GLA and HOU with medians of only 5% and 0% respectively.
We measured the highest result in LAS with a median of 40%. Signifi-
cantly different (P < 0.05) was only the study site HOU from TAL and
LAS. The rock fragment cover for the test plots ranged from 0 to 95%,
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Cover plate / height difference

Fig. 3. Quantification of the gully volume. The digitized 3D gully edge is set as minimum elevation level for the creation of the pre-erosion surface.

the median however was only 15%. All study sites had similar median
rock fragment covers of around 15%. Only HAM with a median of 35%
had a slightly higher median (Fig. 6¢). GCH with a median of 5% differed
significantly (P < 0.05) from HOU, TAL, LAM and HAM. Soils were
dominantly covered by physical crusts, with a median of 50% of the
total area. The highest crust cover with medians of 90% was found in
GLA and HOU, where the bare soils after land levelling are highly sealed
and crusted after the first rainfall events. These two test sites were also
significantly (P < 0.05) different from all other test sites, except that
GLA and LAM did not vary significantly. We found the lowest amounts
of physical crusts in LAS with only 20% (Fig. 6d).

In LAS, as well as in GCH, there were high proportions of biological
crust with medians of 40%. For all other study sites except for TAL
(25%) biological crusts were rare. Visual differentiation of physical and
biological crusting was easily possible in the field and is illustrated by
polished sections in Fig. 4. The biological crust shows a rough micromor-
phological surface. Single grain structure, cavities and vertical connec-
tivity are recognizable. The physical crust is characterised by a flat
surface, vesicles and a dense, platy structure which develops under

multiple pressure impacts by heavy machines. In general, soils were
very dry. On the upper 0.05 m of the soil at the beginning of each exper-
iment, the soil moisture content ranged from 0.48 to 13%, with a very
low median of only 1.80%. High soil moisture contents of over 5% were
only found on 19 test plots. These contents were due to natural rainfall
events in short advance of the rainfall experiment. However, there was
no relationship found between the initial soil moisture content and the
rainfall simulation outcomes.

The pH-values in the study sites are high around 8. The highest mean
value of 8.61 is found in GLA, the lowest with 7.63 in HAM. The bulk
density of soils varies from 1.40 g cm™ in LAS to 159 g cm™ > in
HOU, where also the absolute maximum of 1.82 gcm > is found.
Here, the influence of levelling can be distinguished. Soil organic matter
ranges between 2 and 6%. Highest contents over 5% are found in HOU,
LAS and GLA. The particle size of the fine fraction decreases from bigger
fractions in the North to smaller fractions in the South (Fig. 5). The
smallest proportion of coarse and medium sand is measured in the
levelled test sites HOU and GLA which are also the southernmost
study sites in the distal part of the alluvial fan. The highest proportions

Fig. 4. Two examples of biological (left) and physical (right) soil crusts with their respective polished section. a) biological crust, b) single grain structure, c) cavity, d) vesicles, e) platy

structure.
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HAM
LAM W coarse sand: 2 - 0.63 mm
LAS ® medium sand: 0.63 - 0.2 mm
m fine sand: 0.2 - 0.063 mm
TAL
M coarse silt: 0.063 - 0.02 mm
GCH = medium silt: 0.02 - 0.0063 mm
w fine silt: 0.0063 - 0.002 mm
HOU
» clay: < 0.002 mm
GLA
0% 20% 40% 60% 80% 100%

Fig. 5. Particle size distribution of fine earth (<2 mm) of study sites.

are found in HAM and LAM, which are the northernmost test sites. All
other results can be seen in Fig. 5.

For the rainfall simulations, the produced runoff varied from 0.29 L
to 4.67 L (median 2.62 L), which is equivalent to runoff coefficients
(RCs) from 5% to 79% (median: 46%). The start of runoff ranged from
0:30 min to 10:05 min with a median of 3:10 min. Suspended sediment
loads of 0.1 g up to 53.1 g (median 4.5 g) were measured on the
test plots, which result in amounts of 04 gm™2 to 188.0gm 2
(median 15.9 g m~2). The average sediment concentration ranged
from0.1 gL 'to 128 gL' (median 2.0 g L") (Table 2).

The highest RCs were found on the levelled study sites in HOU and
GLA as well as in GCH (non-levelled) with median values of 57%, 53%
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and 51%. We measured less runoff in the other non-levelled study
sites with 47.5% to 40% (Fig. 7a). The boxplots also show that there is
a wide dispersion of the data in almost all study sites, especially in TAL
and LAS. Moreover, there are outliers in the minimum and maximum
sectors. The highest suspended sediment loads were also collected in
the levelled test sites GLA and HOU with 77.1 gm~2 and 36.6 g m 2
respectively (median values). Very distinctive lower amounts of
sediment were eroded on the non-levelled study sites. The values
range from 44 g m 2 to 20 g m~2 (Fig. 7b). The dispersion of the
data is not as high as for RCs. However, there are also outliers found,
especially in the maximum sectors. The all pairwise multiple compari-
son procedure (Dunn's method) indicates that for RCs, only HOU
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Fig. 6. Boxplots of the soil surface characteristics a) slope; b) vegetation cover; c) rock fragment cover; and d) physical crust) in % of the test plot area for the seven study sites. The
differences in the median values among the treatment groups are greater than would be expected by chance; there is a statistically significant difference (a, ¢,d: P = <0.001, b: P = 0.003).
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Table 2

Statistics of the rainfall simulation dataset of 122 rainfall simulations.
Variable Min Max Median Mean
Runoff start [min] 0:30 10:05 3:10 3:48
Runoff [L] 029 467 262 251
Runoff coefficient [%] 5 79 46 44
Sediments [g] 0.1 532 45 73
Sediment concentration [g L] 0.1 128 20 27
Vegetation cover [%] 0 100 20 28
Rock fragment cover [%] 0 95 15 24
Physical crust cover [%] 0 100 50 48
Biological crust cover [%] 0 100 0 17
Slope [°] 05 1 3 3
Moisture [%] 05 13 18 29

varies significantly (P < 0.05) from LAM and HAM. However, for the
suspended sediment load, GLA and HOU differ significantly (P < 0.05)
from all other test sites except from LAM.

Fig. 8 shows the progress of the ongoing rainfall simulation experi-
ments in mean values for the different study sites in six intervals each
with 5 min. After low overland flow of around 0.1 | for all study sites
in the first interval, there is an immediate rise in the next interval
(min. 0.25 L, max. 0.49 L). From the third and fourth step onwards an
almost constant level is reached with the highest values in the last
interval (e.g. 0.69 L in HOU or 0.50 L in HAM). A steady state between
infiltration and overland flow is attained. Only the course of LAM
shows a further stronger rise in the last intervals. The highest values
in all intervals are found for the levelled study sites HOU and GLA. The
basically uniform rise of the RCs in all study sites describes the same
process during the rainfall simulation. When the applied water amount
exceeds the infiltration after a few minutes, runoff rises to a certain level
reaching a steady state, while infiltration and runoff remain constant.

With regard to the sediment load, the courses of the rainfall simula-
tion experiments in the different study sites are more differentiated. On
the non-levelled study sites, there is a slight rise of sediment load in the
first three intervals up to 1.3 g in LAM. This low level is maintained
constantly to the end of the experiment. The lowest value of 0.51 g in
the last interval is reached in GCH, the highest with 1.65 g in LAM.
The curves of the levelled study sites GLA and HOU reach 2 to 4 times
higher levels. There is a strong increase of sediment load from the first
to the second interval; the sediment load rises in GLA from 149 g in
the firstinterval to 4.51 gin the third. It continues to rise to a maximum
of 4.69 g per interval. In HOU, the sediment load remains on a constant
level of around 2.5 g from the second interval. The maximum is reached
in the fifth interval with 2.72 g.

By the use of a Spearman-Rho correlation (Table 3), it is discovered
that there are mostly low correlations between the results of the rainfall
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simulations and the plot characteristics. The highest correlations are
found between physical crusts and sediment yield (p = 0.78) and
runoff (p = 0.64). There is only a slight but still significant (at the
0.01 level) negative correlation between vegetation cover and sediment
yield of about p = 0.47. Further higher negative correlations can be
found between runoff and water infiltration depth (p = 0.72) and
runoff and runoff start (p = 0.71). All other statistically significant
correlations are below p = 0.5 or correspond to autocorrelation
phenomena.

For a better understanding of the coherencies between the influence
of plot characteristics and runoff generation and sediment production,
scatter plots of different features combined with runoff and sediment
load are used (Fig. 9). The scatters of rock fragment cover and runoff
and sediment load do not show a coherency, neither does slope. Better
correlations can be seen with vegetation cover. In combination with
runoff, there is a tendency of lower runoff with higher vegetation
cover. However, there is still a high dispersion and high RCs are also
found under high vegetation cover conditions. The sediment load also
declines reasonably with more vegetation cover. The combination of
runoff and crust cover shows a clearer output. Higher RCs are achieved
with higher crust cover. Even more explicit is the correlation of crust
cover and sediment load. With higher sealing crust covers, the sediment
load increases continuously.

Furthermore, it is possible to compare the mean values of RCs and
sediment loads and the mean values of the surface characteristics of
the different study sites (Fig. 10). There is a statistically significant
(P = 0.004 and P = 0.008) correlation between the RCs and coarse
and medium sand as well as with crust cover with coefficients of
determination R? of 0.83 and 0.78. A little lower relation is found with
vegetation cover (R?> = 0.48). For sediment load, the correlations are
not very clear. The combination to coarse and medium sand has only a
coefficient of determination R? of 0.27. Hardly better is the relation to
vegetation cover with R?> = 0.48. A good coherency is only found for
sediment load and crust cover with a coefficient of determination of
0.71 (P = 0.017). It can be seen that the levelled study sites GLA and
HOU have the highest crust cover which results in the highest runoff
and sediments. Same accounts for the lowest vegetation in these
study sites. For coarse and medium sand fractions, the runoff follows
exactly the order through the alluvial fan from South (distal part)
with the highest runoff to North (proximal part) with the lowest runoff.

32. Analysis of SFAP

The La Glalcha gully (GLA) investigated in this study is a dendritic
system developed by regressive erosion, incising the north-western
bank of a small wadi draining into Oued Ouaar. Fig. 11 shows the devel-
opment of the GLA gully in a time series from 1968 to 2012. The Corona
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Fig. 7. Boxplots of (a) Runoffin % of total simulated rainfall amount on plot (RC) and (b) sediment loads in g m ™~ for the different test sites. The differences in the median values among the
treatment groups are greater than would be expected by chance; there is a statistically significant difference (a: P = 0.002, b: P = 0.001).
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satellite image shows the state of GLA in January 1968 (Fig. 11a).
Comparing the gully system of 1968 (Fig. 11a) with the SPOT satellite
image from December 2006 (Fig. 11b), the existing gully system has
only slowly developed over this almost 40 years long time period. It
appears slightly deeper and wider incised especially in the eastern
branches. On the Quickbird satellite image from October 2009
(Fig. 11c), the whole gully system has been filled up and levelled. The
northern part is already under cultivation, so it must have been levelled
already earlier. Fresh traces of heavy machines (such as bulldozers leave
after land levelling) may be recognized in the southern part indicating
recent levelling measures. The southern area is still not vegetated. In
September 2010, the gully has deeply cut the cultivated field again
nearly to its former extent (Fig. 11d); brown vegetation litter from
weeds trace the original branches of the former gully that still remain
as thalweg depressions. This implies that most of or all infilled soil
material within the gully was eroded within only one rain period
(2009/2010) with total precipitation of around 430 mm (measured at
a nearby fruit plantation). This is an extremely fast gully development
compared to the long time period of the initial gully growth. After
further levelling measures in spring 2011, incision processes of the
gully are starting already again. Fresh levelling traces and cracks of
sagging are recognizable in the most recent SFAPs from March 2012
(Fig. 11e). The material used for infilling the gully is not transported
to the site from other regions, but has obviously been scraped off the
surrounding land by the bulldozer, thus lowering the field surface in
the gully vicinity.

Several products result from photogrammetric analysis of the
acquired SFAPs for the study site GLA. A gully-site DTM with a resolution
of 0.05 m x 0.05 m was created for the gully state of 2010/09/28 as
shown in Fig. 11d. The heights given in Fig. 12a are relative values to
the zero level that was generated while creating the local coordinate
system (see 2.2.3 Aerial survey campaigns). The relative height values
range from 2.49 m to —6.93 m. The actual maximum incision of the
gully is 425 m at the wadi bottom. The pink line indicates the digitized
gully edge and defines the gully area of 869 m? that was used for further
processing. The quantification of the actual erosion volume produces a
total of around 720 m® of material that was carried out due to the
heavy rainfall events between October 2009 and September 2010.
Precipitation values that were measured at a fruit plantation during
this time period reached a maximum of 73 mm per day (measured
2010/02/16). The catchment, which extends from the mouth of the
gully at the wadi bend towards North-North-East, has a total area of
3.53 ha, with a maximum slope length of 310 m (Fig. 13). The southern
part of the overall catchment area that is affected by land-levelling
measures has a slope length of 160 m and covers an area of
13,690 m?. It is located NW from the wadi, ranges up to the ditch that
vertically crosses the main gully north and ends in the west point
where the ploughing rills disappear (see Figs. 11e and 13).

The outlines of this re-activated gully system show a strikingly
parallel course of side branches rather than the typical dendritic pattern.
After the levelling took place, the main gully developed at the same
location as before, re-excavating the original main drainage line of the

Table 3
Spearman-Rho correlation of soil surface characteristics with rainfall simulation results of the whole dataset, 122 rainfall simulations.
Runoff Runoff Runoff Sediment  Sediment  Slope Vegetation Rock fragment  Crust Biological Moisture Infiltration
coefficient ~ start conc. cover cover cover crusting depths
Runoff 1
Runoff Coefficient 0.989** 1
Runoff start —0.700** —0.712** 1
Sediments 0.554** 0.543**  —0.331** 1
Sediment conc. 0.198* 0.190*  —0.052 0.884** 1
Slope 0.088 0.072 —0.082 0.400** 0.421%* 1
Vegetation cover —0398** —0.397** 0.364** —0472** —0300** —0.145 1
Rock fragment cover 0119 0.115 -0.131 0.306** 0.221* 0.365** —0274** 1
Crust cover 0.634* 0.643**  —0.432** 0.784** 0.573** 0.119 —0.576** 0.151 1
Biological crusting —0.026 —0.022 -0.123 —0.550** —0.595** —0.333** 0.140 —0311%* —0.506** 1
Moisture 0.128 0.130 —0.094 —0.084 —0.188*  —0.064 0.077 -0.137 -0.014 0.088 1
Infiltration depth —0692**  —0.715** 0.523**  —0.344** —0.092 0.131 0291** 0.080 -0471**  —0.158 0.198* 1

** Significant at the 0.01 level.
* Significant at the 0.05 level.
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Fig. 9. Scatter plots of RC and sediment load against soil surface characteristics (crust cover, vegetation cover, rock fragment cover and slope).

old system. The lateral rills, however, do not follow the original gully
side-branches (as seen in Fig. 11b and traced by the weeds in Figs. 11d
and 12b): Their course in most places deviates from the old system
and follows the levelling furrows instead. In order to explain and discuss
this, the gully system was divided into the main gully and the lateral
rills. The two different values for gully volume were calculated and
amount to 693 m? for the main gully and 27 m? for the lateral rills.
These are minimum values as the main gully is at maximum as deep
incised as before refilling.

The volume of the main gully also equals the minimum amount of
soil that was scraped from the hillslope into the channel of the old gully
system during infilling and land levelling. Subtracting the gully area
(869 m?) from the levelled part of the catchment area (13,690 m?)
results in the area of 12,750 m? from which the eroded soil material has
been ablated which equals the main gully volume of 693 m? Dividing
the gully volume by this area results in the minimum average height of
0.054 m by which the area was lowered due to the mechanized scraping
and thereby amplified erosion events.
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Fig. 10. Comparing mean RC and mean sediment load to (a) mean crust cover, (b) mean vegetation cover and (c) mean coarse and medium sand of the study sites.

In Fig. 12b the orthorectified image mosaic for the study site GLA is investigated main gully which started incising from the wadi bottom
illustrated and allows a more realistic impression. The gully may be towards the agricultural area (regressive erosion process). In addition
identified as well as further smaller rills that are located right from the to the direction of the main gully also smaller rills may be recognized.

e EL LT 4

Fig. 11. Time series showing the development of the gully system at study site GLA: a) January 1968 (Corona satellite imagery, resolution: 7.5 m x 7.5 m), b) December 2006 (Spot
satellite imagery, resolution: 10 m x 10 m), ¢) October 2009 (Quickbird satellite imagery, resolution (pan-sharped): 0.6 m x 0.6 m), d) September 2010 (SFAP survey, resolution:
0.086 m x 0.086 m), e) March 2012 (SFAP survey, resolution: 0.086 m x 0.086 m).
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Fig. 12 a) DTM of study site GLA (resolution 0.05 m x 0.05 m), 2010/09/28. The light blue areas are the lowest (see legend). b) Orthorectified image mosaic of study site GLA (images
acquired September 2010). Darker areas bordering gully rills are vegetation. These areas show former extent of the gully system. ( For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this artidle.)

These rills cut in orthogonal direction to the main gully. This emphasizes
the assumption that land-levelling measures increase gully growth
along the bulldozer tracks.

4. Discussion

Comparing the study sites with respect to runoff coefficients and
sediment production confirms a clear difference between the study
sites under the influence of land-levelling measures and the non-
levelled study sites. For the RCs, there is a difference of 15.1% between
the levelled study sites with a mean RC of 56.8% and the non-levelled
study sites with 41.7%. Only GCH has a similar high RC, too. This is due
to biological crusting, which can repel water, limit infiltration and there-
fore promote runoff (Eldridge et al., 2000). However, the suspended
sediment load in this study site is the lowest also due to biological
crusting. Polysaccharides extruded by cyanobacteria and microfungi
entrap and bind soil particles together, creating larger soil aggregates
(Belnap, 2001b). The RCs of the other study sites are on a distinct
lower level. However, runoff is still relatively high in all test sites and

able to erode soil and create gullies all over the entire study area. Results
are comparable to the study of Seeger (2007), who analysed rainfall
simulations in semi-arid regions of North-East Spain. Even more consid-
erable is the difference for the sediment erosion. The mean sediment
production for the levelled study sites is 59.2 g m~2, 3.5 times higher
than the sediment erosion in non-levelled study sites (17.1 g m~2).
This agrees to the observations of Bazzoffi et al. (2006), who point out
that land levelling determines severe disturbance of soil profile and
that in the high vulnerable conditions of soil after land levelling soil
erosion by water resulted unacceptable. A similar impact could directly
be measured by rainfall simulations on a cereal field in the test site LAM.
During observation time, a small rill was infilled and levelled. Bulk
density was increased from 1.37 up to 1.62 g cm >, Rainfall simulations
in this area prior to levelling showed only relatively low results in runoff
from 20 to 30% and suspended sediments from 16 to 20 g m~2, where-
as after land levelling up to 40% of runoff and even 4 times higher
amounts of suspended sediments with 79 g m~? were measured.
After further ploughing for field preparation, a subsequent heavy rain-
fall event caused high soil losses by a deeply, about 3 m, incising gully

Fig. 13. Part of study site LAM: initially small rill in fallow cereal field in autumn 2010 (left), after land-levelling measure in autumn 2011 (middle) and deeply incised gully after heavy

rainfall event in autumn 2012 (right).
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(Fig. 13). This sequence of treatment processes and their erosional
impacts corroborates the negative influence of land-levelling measures
on soil erosion. Due to compaction and sealing of the bare soil, overland
flow generation is accelerated and more sediment can be transported.
Thus, gully development is triggered. The same processes occurred in
La Glalcha (Fig. 11a-e) and El Houmer.

Soils of the non-levelled study sites are consolidated and despite the
relatively high runoff amounts, they are not very prone to soil erosion.
Thus, sediment erosion in these areas is much lower.

Furthermore and similar to Ramos and Martinez-Casasnovas (2007),
who stated that sealing is higher in high disturbed areas than in low
disturbed areas after land-levelling measures, we found that study
sites with levelling measures (GLA, HOU) have the highest amounts of
sealing and physical crust cover. After the heavy machines have flat-
tened the terrain, bare soils tend to seal and crust in the first rainfall
events due to their texture with high amounts of fine sand and silt.
These physical crusts reduce infiltration and also inhibit consequent
vegetation growth (Belnap, 2001a), which leaves soils unprotected
against splash and soil erosion. Crust cover of non-levelled study sites
is explicitly lower (2.3 times lower). In contrast, GLA and HOU have
the lowest fractions of vegetation cover; the other study sites are still
low, but have 2.2 times higher amounts of vegetation cover. Land level-
ling may also be used for the removal of unwanted vegetation (Borselli
et al., 2006). Thus, soils may be left bare and vulnerable for heavy rain-
fall events.

These results are also highlighted in the course of the rainfall simu-
lations as well as in the boxplots. The curves of the levelled study sites
HOU and GLA start off with the highest runoff due to the compacted
and sealed soil surfaces. Infiltration is hardly occurring on these areas
(Peter and Ries, 2013). However, at the end of the experiment both
runoff rates are only a little higher than in GCH and LAM. In GCH,
most of the test plots are characterized by biological crusting which
reduces infiltration (Maestre et al., 2002) and can lead to high overland
flow. The high runoff of LAM is due to high sealing crust values (Fig. 6d)
on the fallow arable land. The rise of sediment load in the first intervals
is caused by rising runoff water which washes loose material from the
test plots. Only on the levelled study sites GLA and HOU, very high sed-
iment loads are reached. Due to the levelling measures and consecutive
physical crusting, these study sites have very even surfaces with little
roughness. Physical crusts cause smoothing of the soil surface
(Rodriguez-Caballero et al., 2012). Soil crusts may still be broken up
by splash during the experiments; runoff is not constrained due to
low roughness (FAO, 1993) and thus, runoff water is able to erode a
lot of sediments. Additionally, due to low infiltration and fast ponding,
high overland flow on the crusts is able to transport all the detached
sediment (Singer and Shainberg, 2004).

Slopes in all study sites are rather flat due to their position on the
plane alluvial fan. Rock fragment cover is very equal on a low level in
all study sites. Only HAM in the North and GCH in the South-West differ
with high and low values respectively. The influence of stone cover is
highly variable due to their ambivalent effect on infiltration depending
on position, size and cover (Poesen et al., 1998). As stone occurrence on
the test plots is mixed with embedded in and positioned on the soil
surface, there is no correlation recognizable. Moreover, the influence
of the other soil parameters is rather unclear. Solely the bulk density
of HOU is clearly high due to the levelling measures. The compaction
of the soil reduces infiltration and thus increases runoff and sediment
erosion. The bulk densities of the non-levelled study sites are slightly
lower. It is assumed that aggregate stability is generally strongly corre-
lated to organic matter content (Chaney and Swift, 1984). However, for
our study sites two of the highest organic matter contents were mea-
sured in GLA and HOU, which have instable soils and the highest soil
losses. This is contradictory to the thesis. Only LAS with similar high
results in organic matter shows very low soil erosion. Prasad and
Power (1997) stated that under similar climate conditions, the organic
matter content in fine textured (clayey) soils is two to four times that

of coarse textured (sandy) soils. At least GLA also has the highest
amount of clay. The highest pH-values are also found in the study sites
GLA and HOU. An alkaline influence of sodium carbonate is assumed
in the study site GLA which is intensified by irrigation water. Induced
fast clay dispersion might be a further factor for high erosion results
(Mamedov et al., 2002).

When using the Spearman-Rho correlation (Table 3), mostly low
correlations for the results of the rainfall simulations and the plot
characteristics are found. Similar are the correlation results of Seeger
(2007). He found only a weak to none correlation between the soil
surface characteristics on the plot and runoff or erosion for rainfall
simulations throughout different landscapes. In our results, only soil
crusting tends to higher correlations with runoff generation and erosion
quantity. Soil surface sealing sharply reduces infiltration, decreases
water storage in the soil and triggers runoff, and hence soil erosion
(Singer and Shainberg, 2004; Valentin and Bresson, 1992). Clearer
trends can be seen in the scatter plots (Fig. 9). Here, also crust cover
shows the best correlations. There are also tendencies recognizable for
vegetation cover. However, they are not as clear as for crusting and
high runoff generation and sediment erosion are also possible with
high vegetation cover. Ries (2010) stated that dense vegetation cover
does not always correlate with stability in erosion and the increase in
cover does not generally lead to a stabilisation of erosion processes.
Even under increasing vegetation cover of more than 60%, high erosion
and runoff rates are possible, particularly in connected rills and on sheep
trails.

In contrast, the correlations of the mean values of the study sites
(Fig. 10) indicate a clearer influence of plot characteristics on runoff
generation and sediment production and combine the above mentioned
correlation approaches. There are rather good correlations between
runoff generation and crust cover, vegetation cover and coarse and
medium sand. Again, the levelled study sites GLA and HOU have the
highest crust cover and lowest vegetation cover which result in the
highest RCs and sediment losses. For the coarse particle size fractions,
there is a clear decrease of this fraction on the alluvial fan from the
distal to the proximal part, which is caused by the fluvial deposition
(Stock et al., 2008). This leads to a decrease of infiltration and a higher
runoff. However, this development does not account for sediment
load. Higher runoff does not automatically lead to higher sediment
production.

All these correlations illustrate the influence of the soil surface char-
acteristics on runoff generation and sediment erosion. Not one specific
but the combination of all characteristics is responsible for the scale of
soil erosion. The lowest variations in these conditions are also found in
GLA and HOU due to the equalising effects of the levelling measures.
This also leads to low variations in the RCs with standard deviations
of only 9.7 and 13.2. In the study sites TAL and LAS, there are high
variations in vegetation, rock fragment and crust cover (Fig. 6). Thus,
there are also high variations in runoff results with standard deviations
of 20 and 19.1.

Overall seen, it is shown that the strong disturbances to which land
levelling leads, especially the modification of the surface characteristics,
high soil crusting and low vegetation cover, result in the highest
amounts of water runoff and sediment erosion. Other soil conditions
like organic matter or sodicity might influence erosion, but no more
dominant effect than levelling was determined. Besides, on non-
levelled study sites which are less disturbed, less crusting and more
vegetation is found, thus lower RCs and clearly lower sediment loads
are measured. The study of Ramos and Martinez-Casasnovas (2007)
shows similar results, when the most disturbed plot showed a higher
sediment concentration in runoff, which together with higher runoff
volumes gave higher erosion rates and soil losses than the low disturbed
one.
Results from the SFAP analysis also prove the negative impact of
land-levelling measures on gully erosion development and therefore
complement the results from the rainfall simulation analysis. Mapping

57



Kapitel 2: Soil erosion affected by land levelling

K.D. Peter et al. / Catena 113 (2014) 24-40 37

the gully as well as generating the catchment results in a quantified
statement on soil erosion: Within the catchment of 3.53 ha an amount
of 720 m? of soil erosion occurred on a gully area of 869 m?,

Considering several aspects, this value of 720 m® must be considered
the minimum value for the soil material removed by gully erosion.
Especially within the gully, the automatic terrain extraction process is
subject to errors and omissions of height values due to shadowing and
sight-shadowing (Giménez et al., 2009; Marzolff and Poesen, 2009).
Steep walls, narrow and deep rills and subsurface concavities created
by piping processes may not well or not at all be modelled in the
DTM. Nevertheless, the derivation of high-resolution DTMs from SFAP
is considered a valuable method for erosion quantification purposes
(Betts et al., 2003).

In addition, the manual digitizing of the gully edge only delineates
the main gully with the most prominent lateral rills, not including
every single small and deep rill developing in the furrows created by
the bulldozer during land levelling. Furthermore, the digitized gully
edge is based on individual human perception of the person to digitize
the gully edge. In the presented case of GLA the gully edge was rather
easy to be defined whereas other gully systems may be more challeng-
ing and would therefore stronger influence the accuracy of the overall
results. Defining the location of the gully edge therefore still remains a
challenge which requires further discussion as for mapping purposes
gully edges may be considered as the critical features (Evans and
Lindsay, 2010).

Land-levelling measures clearly influence the runoff characteristics
within the catchment: The orthogonal orientation of ploughing rills
towards the main gully (see Fig. 12a and b) leads to the accumulation
and concentration of runoff water during rainfall events. This leads to
an increase in the runoff speed while simultaneously the amount of
water per area unit also increases. Shortly, more water may run off
faster. Subsequently, the erosive impact is constantly increasing along
ploughing rills and gullies, though rainfall events may remain constant
concerning the water amount.

The channelling role of the bulldozer furrows is also well illustrated
when the alignment of the gully's side rills (Fig. 12b) is compared to
the original hydrological network of the gully: One of the biggest
contributing rills - in the upper left of Fig. 11b at around x10/y95, or
just left of the centre of Fig. 11d - running orthogonal to the main
gully clearly does not follow the old direction of the gully branches
traced by the dried weeds (and visible in Fig. 11a), but cuts across the
field following the pattern of the furrows created during land levelling.
In Fig. 14 the orthorectified image mosaic showing study site GLA is
overlaid with the modelled hydrological network in order to illustrate
the described mismatch between ploughing rills and modelled hydro-
logical network.

In the case of GLA, nearly all of the gully's side-branching lateral rills -
a minimum of 27 m® eroded soil material - have developed along new
courses pre-defined by the levelling pattern, rather than re-excavating
the infilled old gully system. This important role of ploughing and
land-levelling patterns for the enhancement of runoff and the develop-
ment of linear erosion forms has also been discussed by Ries and Hirt
(2008) and Marzolff (1999) for abandoned fields in semi-arid Spain
and by Kalisch (2009) for the study site HOU in this Moroccan study
area.

Furthermore visual interpretation of SFAPs from study sites without
land-levelling measures such as HAM and LAS also took place. These
non-levelled study sites do not show significant differences of shape
and extent comparing SFAPs from two different points in time. It may
be concluded that the impact of erosion on these study sites is a multiple
lower than on study sites with anthropogenic land levelling taking
place. Betts et al. (2003) confirm this assumption with their finding
that there is a more direct response to rainfall events by incipient
gullies.

It is shown that the two presented methods, rainfall simulations as
well as aerial survey campaigns, identify the levelled study sites to be

more prone to soil erosion than the undisturbed study sites. Higher run-
off generation and sediment production on the test plots of the levelled
study sites also lead to more linear runoff which finally initiates gully
erosion and increases gully growth.

A comparison of the dimension of the erosion in the catchment area
and of the erosion of the gully itself may be attained by an attempt to
upscale the results of the rainfall simulations of GLA to the catchment
area. We clearly consider the importance of various spatial and tempo-
ral scales in geomorphic and hydrological processes (Garcia-Ruiz et al.,
2010). However, as it is only a small catchment with relatively uniform
surface characteristics, we operate a rough calculation using rounded
values. The median soil erosion rate of around 150 gm 2h~'
(~75 g m~2 in 30 min) in GLA, measured by the rainfall simulations,
is extrapolated to the gully catchment area of 3.5 ha. Assuming that all
the precipitation of the rain period 2009/2010 (around 430 mm
measured at a nearby fruit plantation) would fall in the same rainfall
intensity as the simulated rainfall (40 mm h~'), the soil loss could be
calculated as follow:

CxP
SCZQFS; )

with S¢ = soil loss in catchment area [g], Es = simulated erosion rate
[gm~2h™"], C= catchment area [m?], P = natural precipitation
[mm] and Ps = simulated precipitation rate [mm h~']. In total, around
56,500,000 g (56.5 t) of soil material would be eroded in the catchment
area. The gully volume eroded in the rain period of 2009/2010 amounts
to a volume of 693 m? for the main gully, resulting in a weight of
1039.5 t soil material, and the lateral rill volume of 27 m® in 405 t.
This assumes a bulk density of 1.5 g cm™2, which is the mean bulk
density of 38 measurements in all study sites. This big amount of soil
loss has to be seen with care as it is measured in one specific year
with high precipitation compared to the mean annual precipitation of
around 200 mm. Seeger et al. (2009) found a very high temporal vari-
ability of gully growth for two gullies in Spain. The variability of process
intensity is attributed to the high variability of the rainfall pattern in the
Mediterranean, similar to our region. Nevertheless, the results of this
year indicate that the main gully erosion accounts for 91% of the total
soil loss, lateral rill erosion for 4% and the interrill erosion only for 5%.
These proportions fit to the results of Poesen et al. (1996), who found
that 80% and 83% of the total soil loss were due to gully erosion in two
Mediterranean catchments in Portugal and Spain. In the context of
Poesen et al. (2003), who also compared soil loss rates by gully erosion
from different parts of the world which ranged from 10 up to 94%, our
results would be allocated in the maximum group. The interrill area is
only important as runoff source. The presence of a highly active gully
in the catchment may imply the soil erosion of the interrill area as
comparatively negligible, considering overestimation of the rainfall
simulations due to assumed maximum erosion on the test plots and
maximum rainfall application, but disregard of connectivity. In this
special case, human activity by bulldozing the gully is the main reason
for the high erosion rates as the supply of soil material, which can be
eroded, is sustained by scraping it from the catchment area into the
gully. However, comparing the erosion results of both methods, rainfall
simulation and SFAP analysis, have to be seen with caution. It is impor-
tant to consider spatial and temporal scales. It is well known that geo-
morphic and hydrological processes are scale-dependent (De Vente
and Poesen, 2005; Lesschen et al., 2009; Skien et al., 2003), with each
scale relying on certain processes (Cammeraat, 2002; Cerdan et al,
2004; Yair and Raz-Yassif, 2004). Studies focused only on experimental
plots or rainfall simulation emphasize processes such as infiltration,
splash or runoff generation, but do not consider connectivity with the
fluvial channel and the consequences on sediment outputs from catch-
ments and on temporal sediment stores (Garcia-Ruiz et al., 2010).
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Fig. 14. Modelled hydrological network for study site GLA. The blue stream lines are illustrated on the orthorectified image mosaic (Images acquired September 2012). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

5. Conclusions simulations showed a clear impact of land levelling on runoff generation
and sediment production. On levelled study sites, runoff was 1.4 times

In the Souss valley, South Morocco, the influence of land-levelling higher than in undisturbed areas. Sediment production was even 3.5
measures on soil erosion was investigated. The results of 122 rainfall times higher under the influence of land levelling. It was also illustrated
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that the soil surface characteristics which are most important for soil
erosion were influenced by land levelling. Vegetation cover is 2.2
times higher in undisturbed areas than in smoothed areas. In contrast,
crust cover is 2.3 times higher in levelled study sites.

Similar results were found using the UAV remote sensing data. In a
catchment of 3.53 ha, a gully of 869 m? eroded about 720 m> of soil in
only one rain period. Due to levelling measures, the surface of the area
surrounding the gully was lowered 0.054 m on average. This implies a
vast anthropogenic amplification of the erosional event. Other study
sites in this area without land levelling did not show significant differ-
ences of shape and extent comparing SFAPs from two different points
in time.

The connection of both methods showed that in the catchment area
land levelling leads to higher runoff and soil erosion rates which was
elucidated by rainfall simulations. Thus, due to higher accumulation of
water in depression lines development of gullies increased and their
growth was amplified, measured by the UAV data. Altogether the soil
erosion in the catchment area accounts only for 5% of the total soil
loss, whereas the gully erosion (including side-branches) provides
95% of the total soil loss.
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Abstract

Surface crusts are widespread in the Souss valley, Morocco. Physical soil crusts with platy structure
and vesicles develop on bare soils after land-levelling measures for expansion of agro-industrial
plantations for citrus fruits, bananas and vegetables as well as on cereal fields. Biological crusts
establish on old fallow land and rangeland. They are characterized by single grain and aggregate
structure as well as vertical pore connectivity. The micromorphological structures of the different
crust types were analysed by polished resin block samples. The impact of crust types on runoff
generation and soil detachment was measured by means of rainfall simulations. Results show very
high to extremely high runoff coefficients (up to 77 %) and sediment loads (up to 161.8 gm?) on
physical soil crusts due to sealed surfaces and low pore volume. On biological crusts, low to medium
runoff coefficients were quantified. Even when high runoff coefficients were reached, sediment
detachment was low (median of 4.8 gm™ on biological crusted fallow land) due to the protecting
function of this microphytic crust.

1. Introduction

The Souss basin, Morocco, is characterized by strong geodynamic processes. Especially in the
Taroudant region, high rates of soil erosion and gully growth are causing damages to the agro-
industrial cultivation of citrus fruits, bananas and vegetables. The decrease of vegetation cover, soil
degradation by physical crusting and erosion are present problems since several decades. They are
mostly caused by an inadequate land use system. Its potential is estimated too high, what provokes
negative effects on agro- and forest systems (Ouassou et al., 2004). Already over 400 years ago, the
near-complete degradation of the argan forests for sugarcane cultivation caused the start of linear
soil incision (Ait Hssaine, 1994, 2002; Dijon, 1969). Further inappropriate techniques for
mechanization and intensification of agriculture were introduced in the colonial times. Nowadays, a
dynamic land-use change with transformation to vast agro-industrial plantations needs new areas.
Between 1981 and 1995, banana production under plastic raised about 6,000 % (Belkadi, 2002) with
increasing tendency. Land-levelling measures with heavy machinery are used to flatten prior
unfeasible areas. Therefore, vegetation cover is reduced, soils are compacted and infiltration
capacity is reduced by high soil crusting (Peter et al., 2014). As consequence of high crust and poor
vegetation cover, especially at the start of the rain season in this semiarid region, soil surfaces are
unprotected against the impact energy of raindrops and high surface runoff causes high soil erosion
rates.

Biological crusts have been found on old fallow land as well as physical soil crusts on freshly prepared
and recently cultivated fields, especially after land-levelling measures hit. The development of
physical soil crusts is caused by rainfall in a complex sequence of processes (Bresson and Boiffin,

1
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1990). Differing processes produce different crust types with specific morphologies. Aggregates are
broken up by splash energy of raindrops at the surface to smaller fragments. When these fragments
are redistributed and deposited by sheet flow, they seal pores and sedimentary crusts develop.
Structural crusts occur through a disaggregation by entrapped air compression when soil is
moistened. The sealed surface might be protected against wind exposure due to its higher
compactness and stronger shear strength. However, the decreased infiltration capacity triggers
runoff and thereby water erosion and the risk of gully development (Bresson and Valentin, 1993;
Valentin et al., 2005; van der Watt and Valentin, 1991). Other consequences of physical soil crusts
are the reduction of seedling emergence, impairment of gas exchange and a decrease of plant
available water (Belnap, 2003), what hampers the root and plant growth.
Biological crusts spread under moistened conditions. Partly, they overlay older developments of
physical crusts. The microphytic crusts consist of cyanobacteria, soil algae, mosses and lichens.
Cyanobacteria and soil algae are able to extrude secrete gels and polysaccharides (Belnap, 2003; De
Philipis et al., 1993) which form mucilaginous sheets directly onto the soil surface. Soil particles are
bonded and build bigger aggregates. Therefore they are much more stable and able to prevent soil
erosion by wind and water (Belnap and Gardner, 1993). On the other hand, biological crusts reduce
infiltration (Eldrige et al., 2000; Maestre, 2002). Thus higher runoff is able to erode soils.
Besides the macroscopic analysis of the crust surface in the field, the analysis of the
micromorphological structure of crusts with microscopic observations of resined crust samples helps
to understand their development (Kapur et al., 2008; Stoops et al., 2010). With this method, the
study of soil structure and components is able without disturbance of the natural composition and
soil structures which is a high advantage (Bullock et al., 1985). The applicability of the analysis of
micromorphological structures to characterize the development and processes of crusts was shown
in several studies (Bissonnais et al., 1989; Bresson and Cadot, 1992; Bresson and Valentin, 1993;
Norton, 1987; Ries and Hirt, 2008; Slattery and Bryan, 1994; Valentin, 1991).
For our study, we choose different test sites with applied land-levelling measures, with recent cereal
cultivation and fallow land. The following questions arise to understand the important erosion
processes:

1. Which crust types are developed in the test area?

2. Which micromorphological features of crust types are developed under the influence of

land-levelling measures and without recent disturbances?

3.Is there an influence of micromorphology of crust types on runoff generation and soil

erosion?
We produced polished resin blocks of 30 crust samples from four test sites to study their
micromorphological features after rainfall simulations. The rainfall simulations were used to
investigate the correlation between the crust structure and the runoff processes on the crusted areas
to get information about potential erosional processes. Additionally to the 30 rainfall simulations at
the test plots where crust samples were taken, 92 further rainfall simulations were conducted in the
test area (Peter et al., 2014).

2. Materials and Methods

2.1 Study area

The Souss basin in South Morocco is framed by the High Atlas Mountains with Palaeozoic, Mesozoic
and Cenozoic rocks in the North and the Anti-Atlas Mountains with Precambrian and Palaeozoic rocks
in the South. It is oriented East-West, stretching over a length of about 150 km from its upper
reaches to the coastline with an overall catchment area of 16,000 km? (ElImouden et al., 2005). The
study area is located near the city of Taroudant in the centre of the Souss valley which is drained by
the river Souss (Fig. 1).
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Fig. 1: Study area near the city of Taroudant (South-West corner of the image). The river bed of Oued
Souss is located in the South of the image. Additionally to the conducted rainfall simulations in all
test sites, crust samples were taken from test sites GLA, HOU, TAL and LAM.

The test sites in this area were chosen for a research project about gully erosion (d’Oleire-Oltmanns
et al., 2012; Peter and Ries, 2013; Peter et al., 2014): La Glalcha (GLA), El Houmer (HOU), Gchechda
(GCH), Talaa (TAL), Lastah (LAS), Hamar (HAM) and one between LAS and HAM (LAM) (Fig. 1). They
are located along a transect from South—West to North—East through the same alluvial fan, which is
named after the wadi Oued Irguiténe. Crust samples were only taken from the test sites GLA, HOU,
TAL and LAM. Each of the test sites is characterized by different land use and a gully system which
traverses it. These gullies are in close vicinity to or even cut into arable land, plantations of bananas
and citrus fruits or housing areas. GLA and HOU are mechanically levelled test sites. GLA was levelled
recently before crust sampling. HOU was levelled several times since the year 2000, but not in the
last 3 years before crust sampling. The test site TAL consists of old fallow land and rangeland for
several years. LAM was recently cultivated with cereals, but is now fallow land. A further description
of test sites with soil conditions can be found in Tab. 1 and Peter et al., 2014.
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Tab. 1: Main land use and varying treatment strategies on the test sites.

Test site Main land use Treatment strategy
GLA Vegetabls fiekd Recent levelling
(fallow)

HOU Building lot / maize  Multiple levelling

Crust samples and field / fallow land (>3 years ago)

data from rainfall

simulation Fallow land / cereal .
TAL field / rangeland Partly ploughing
Fallow land / cereal ~ Ploughing, partly
LAM . ;
field levelling
GCH Fallow land / None
rangeland
No crust samples,
but data from Orange plantation /

rainfall simulation LAS fallow land None

HAM Hargeland ) taliow Partly ploughing

land / cereal field

The low precipitation of only around 200 mm and a mean annual temperature of 20 °C lead to an all-
season negative water balance. The arid climate is characterized by a hot dry summer and a mild
winter with highly variable short rain periods. The initial vegetation cover in the study area is
determined by subtropic, desert and Mediterranean species. Today, the widespread bush and shrub
steppe is typically formed by Argania spinosa, Acacia, Euphorbia, Artemisia herba-alba and Ziziphus.
Gramineous species are Dactylus glomerata, Cynodo dactylon and Andropogon hirtus. In years with
high precipitation also Tamarix, Salicornia and Salsola can be found.

The Souss valley forms an alluvial depression which is filled by thick Pliocene and Quaternary
deposits which overlay a Cretaceous-Eocene succession, including fluvial-lacustrine sequences (Dijon,
1969). The surface is covered by loamy Quaternary alluvial fans and terraces. Ait Hssaine and
Bridgland (2009) give a precise sequence of Pliocene-Quaternary material deposition.

Soils are mostly immature due to recent fluvial accumulation and little pedogenesis, which is related
to hot and dry climatic conditions, too (Peter et al. 2014). According to Ghanem (1974), there are
three different types of soils predominant in the Taroudant area. Along the wadis, which are
dissecting the whole area, there are calcaric fluvisols. These soils underly strong morphodynamic
processes with high rates of fluvial erosion and accumulation which constrict pedogenetic
development. These xeric soils have little content of humus but high contents of silt and sand, as well
as local pebbles. Mostly found in the less disturbed areas between the wadis are crusted regosols,
which are silty—sandy and calcareous. These raw soils develop under the dry climatic conditions. The
thick layer of substrate in the initial state of soil formation is prone to sealing and crusting (Ghanem,
1974). The third soil type is a mixture of the first type and modest regosols, which are profound. They
are mostly found in the southern part of the study area. El Ghannouchi (2007), Tagma (2011) and
Watteeuw (1964) allocated soil types in a similar manner. Also our own studies confirm the
described soil conditions. We found in all test sites mostly profound raw soils with mixed substrate
and little pedogenesis. The strong morphodynamics of this region are continuously reshaping the
substrate.
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2.2 Methods

122 rainfall simulations on all test sites were used to analyse the soil surfaces with respect to runoff
generation and soil detachment. Pieces of crusts were sampled from 30 of the rainfall simulation
plots to compare the crust properties to the rainfall simulation results. Thus, runoff generation could
be correlated to the properties of different crust samples from the test plots. The soil crust samples
were taken from the plots on four of the seven test sites: 5 in GLA, 7 in HOU, 7 in LAM and 11 in TAL.
Crust samples were resined after drying. Polished blocks were produced for macro- and microscopic
analysis.

2.2.1 Rainfall simulation

A small portable nozzle rainfall simulator (Iserloh et al., 2012) was used for the rainfall simulation
experiments. The rainfall simulations were carried out on circular plots with an area of 0.28 m% As
boundary, a 0.07 m high and very thin steel ring was used, which was inserted into the soil at least
0.03 m (Fister et al., 2011). The rainfall intensity was regulated by a flow metre and maintained at
about 40 mm h™ for the whole 30 min experiment, which has been used as a standard in the study
group over the last 15 years (Peter and Ries, 2013; Peter et al., 2014; Ries and Langer, 2002; Ries et
al., 2000, 2009; Seeger, 2007). Each rainfall simulation lasted for 30 minutes and was divided into six
measuring intervals of 5 minutes each while rainfall continued. For each interval separately, runoff
water and suspended sediment were collected and measured according to Iserloh et al. (2013).
Common tap water with an electric conductivity of around 720 uS cm™ was used for the simulations.
No soil dispersivity problems were observed when using this water. 25 filtrates of the rainfall
simulations were dried to determine the weight of dissolved solids. They did not vary significantly
from the weight of the dissolved solids in the tap water (mean difference 0.01 g), neither did the
electric conductivity. Therefore, dissolved solids were neglected (Peter et al. 2014).

The locations of the test plots were selected in order to obtain an overview over the whole extent of
the test sites and to be representative of different features of land use and surface characteristics
with different types of soil crusts. The four main land use types were i) rangeland, ii) fallow land since
varying years, iii) levelled areas and iv) cereal field under cultivation. The surface features were
registered for each test plot descriptive and also for some quantitative, e.g. for vegetation cover,
crust cover or stone fragment cover (in % of the surface of the test plot). The estimation was done in
the entire area of the test plot. Additionally, the water penetration depth was measured at each test
plot after the rainfall simulation.

2.2.2 Crust sampling

For 30 of the 122 rainfall simulations, crust samples were taken cautiously with a trowel. An
approximately 0.1 m x 0.05m x 0.05 m big peace was ditched out of the plot. Each sample was
transported in a box with sufficient buffer material. The rainfall simulation number and the runoff
direction were marked on the box.

2.2.3 Production of polished block sections

Micromorphological studies are usually performed on thin sections with light microscope
observations (Bullock et al., 1985). Polished block sections are achieved as an intermediate step in
the thin section production. For our purposes, polished block sections were sufficient, as a detailed
micromorphological structure analysis of the crust samples by microscopic observations was feasible.
For the production of polished block sections, we applied the procedure after Altemdiiller (in Freund
1971). Firstly, the soil crust samples are air-dried. The dried samples are embedded in the polyester
resin Oldopal P80-21 (company Biifa). The crust samples have to be saturated with the resin mixture
over a time period of one to two weeks. The slow saturation of the samples is very important in
order that every pore can be filled by the resin and no damages would be caused during the sawing
and polishing process.

The hardened samples are cut with an oil coded diamond saw. A low sawing velocity is important as
high velocities can cause tensions and mineral bodies can break easily (Humphries, 1994). The

5
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samples are grinded with a mixture of oil and silicon carbide powder on a grinding plate. Finally, the
crust samples are polished with a diamond paste of 3 um grain size. We receive a smooth and bright
surface which is needed for the microscopic observation. The description of polished blocks was
carried out according to Bullock et al. (1985), FitzPatrick (1993) and Stoops et al. (2010). Additionally,
the attributes of the crusts and their surfaces were ranked in 6 classes from 0O = none to 5 =
extremely high.

2.2.4 Statistical analysis

For 30 rainfall simulations on the plots where crust samples were taken, data of runoff generation
and sediment yield are summarized for the whole experiments of 30 min to compare the results with
the micromorphological structures of the soil crusts. Furthermore, runoff coefficients and sediment
concentrations for each rainfall simulation are calculated. Boxplot diagrams for all 122 conducted
rainfall simulations in the study area are used to display the differences of runoff and sediment
generation on the various land use and crust types. Each boxplot, generated by the software package
Sigma Plot 11.0, consists of the upper and lower quartile, the median, minimum and maximum and
outliers if necessary. For the analysis of the impact of micromorphological features on runoff
generation, a principal component analysis (PCA) was performed. With this statistical procedure it is
possible to convert a set of observations of possibly correlated variables into a set of values of
linearly uncorrelated variables using an orthogonal transformation, which are called principal
components. Different soil crust attributes can be related to runoff generation using the software
package PC-ORD Version 5.02 (MjM Software, Gleneden Beach, Oregon, USA). The PCA analyses the
variance between the attributes and is very useful to divide different attribute groups.

3. Results

In total, we obtained 30 rainfall simulations with their according crust samples. For the rainfall
simulations, the maximum runoff coefficient reached 77 % with also the maximum suspended
sediment load of 161.8 gm™ on a simulation plot in HOU. The lowest runoff was measured in TAL
with only 8 %. The minimum sediment loss was quantified on another plot in TAL with 2.2 gm™
(Tab. 2).

The highest mean value for runoff was measured in HOU with 53 % and a mean sediment loss of
46.8 gm™. The maximum mean sediment loss of 70.9 gm™ was found in GLA though, with a mean
runoff coefficient of 51 %. We measured the lowest mean values in TAL with a runoff coefficient of
only 36 % and 17.4 gm™ of soil loss. In between of these extremes lay the runoff coefficients and
sediment loss weights of LAM with mean values of 46 % and 19.5 gm?, respectively.

On the test sites GLA and HOU, we found similar crust types. On these test sites, land-levelling
measures were applied to gain new areas for cultivation. Vegetation cover is highly reduced. The soil
surface is strongly crusted by thin, but dense seals. Thus, very high runoff coefficients were
measured. Due to high splash erosion and strong runoff, very high sediment losses were measured
despite the soil crusts. On the test site LAM, soils were under cultivation of cereals in recent years.
However, they are currently fallow land. First appearance of sealing on the soils is evident in almost
all areas. Some parts are already stronger crusted. In the border area of the fields as well as on fallow
parts and rangelands, also biological crusts can be found. Thus, differing results for runoff were
measured. Mostly, runoff is high, but also low values were measured. The suspended sediment loads
are rather low. The test site TAL is located on old fallow land and rangeland which is heavily dissected
by gully erosion. Therefore, it was not used anymore for agriculture in recent years. The area is
widely covered with biological crusts and sparse vegetation. In some smaller areas, also physical
crusting is existent. The runoff coefficients are generally lower. However, there are some outliers
with very high runoff. Also sediment detachment is very low for most of the experiments.
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Tab.2: Results of rainfall simulations and analysis micromorphological structures of the according
crust sample as well as surface characteristics. Classification of runoff groups: low >1-10 %, middle
>10-30 %, high >30-50 %, very high >50-75 %, extremely high >75 %. Classification of attributes varies
from 0 = none to 5 = extremely high.

Test Runoff A Sediment  Sediment Vesl Platy Vert. Pore Cavic St Vegeta- Bio.
Plot Coult, Group Loa_(li Cor_11c ' cles Shrue- Fae .Cor'l- ties Cracks Hon Crust
[%] [gm™] [gl”] ture Conct. tinuity Cover

HOU1 57 very high 25.9 219 3 3 2 2 2 2 0 0
HOU2 77 extr. high 161.8 10.0 3 3 0 0 2 0 0 0
HOU3 56 very high 151 1.4 4 4 1 1 2 2 3 2
HOU4 62 very high 55.1 4.5 4 5 0 & 0 2 0 0
HOUS 36 high 23.4 2.6 4 2 0 0 0 3 1 0
HOU6 48 high 23.3; 2.8 3 4 1 2 1 4 0 0
HOU7 36 high 23.1 3.3 4 2 0 1 0 3 4 1
mean 53 46.8 3.8

GLA1 56 very high 79.2 7.6 1 0 0 0 2 4 0 0
GLA2 43 high 41.1 4.9 2 3 2 2 3 2 3 0
GLA3 53 very high 126.9 12.2 2 3 1 2 3 2 0 0
GLA4 46 high 29.7 29 0 0 3 3 4 1 0 0
GLAS 59 very high 77.6 6.5 4 3 1 1 3 3 0 0
mean 51 70.9 6.8

LAM1 74 extr. high 28.8 1.8 4 4 0 0 2 0 1 0
LAM2 39 high 16.2 2.2 3 2 1 1 ik 1 1 0
LAM3 25 middle 5.4 1.2 0 0 1 2 3 2 4 0
LAM4 58 very high 22.2 19 4 4 2 2 2 1 5 1
LAMS 56 very high 26.7 24 5 5 1 1 2 0 2 1
LAM6 38 high 20.6 2.8 3 2 1 1 2 4 i 0
LAM7 30 middle 16.7 2.7 0 0 3 3 1 4 1 0
mean 46 19.5 2.1

TAL1 52 very high 6.1 0.6 0 0 0 0 0 3 0 1
TAL2 8 low 5.1 3.2 0 0 4 4 4 3 4 3
TAL3 23 middle 4.9 11 0 0 2 2 0 4 0 3
TAL4 17 middle 2.2 0.7 1 0 2 2 4 3 S 2
TALS 18 middle 4.9 13 0 0 3 3 2 2 2 5
TAL6 54 very high 20.6 2.0 2 0 0 0 4 0 0 0
TAL7 73 extr. high 54.6 3.7 3 2 2 2 2 0 0 0
TAL8 42 high 30.9 3.6 3 2 2 2 3 2 3 2
TAL9 56 very high 7.8 0.7 0 1 2 1 3 2 0 4
TAL10 44 high 41.7 5.0 2 2 1 2 3 2 4 0
TAL11 14 middle 13.0 4.8 0 0 3 2 2 2 5 2
mean 36 17.4 24

3.1 Crust samples

The following five crust samples in Fig. 2-6 were chosen to explain the recorded features of different
types of crusts. The images show the polished block sections of a crust sample from the test site TAL,
two crust samples from test site LAM and one from both levelled test sites GLA and HOU. A close-up
view of a small area gives more details. The features of the crusts cause a rise of runoff coefficients
from the first to the last example from 8 % up to 62 %.
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3.1.1 Biological crust

Fig. 2: Polished block section of crust sample TAL2. 1. Total view, 2. Close-up view. a. Biological crust
(in 2. not recognizable), b. Single grain and aggregate structure, c. Vughy structure (rw cav. = roughly
walled cavity).

The polished block section of the crust sample TAL2 shows in the top layer remains of biological
crusting with a high surface roughness. The biological crust is not continuous. It is burst due to the
dryness (Fig. 2.1, layer a.). The close-up shows the loose soil matrix with single grains and aggregates.
This structure provides a high pore volume as well as a high pore continuity and connectivity in layer
b. Furthermore, cavities with rough walls are recognizable in layer b., but especially in layer c., which
are partly interconnected and form a vughy structure. Despite the multitude of cavities in layer c.,
aggregates are slightly more compact and build a denser soil matrix. The pore connectivity is lower
than in layer b.

The high roughness and the interrupted crust prevent a fast runoff and water can quickly infiltrate
into the soil by the interconnected pores in the soil layers. The rainfall simulation on TAL2 produced
almost no runoff in the first 20 minutes. Only in the last minutes, there was a light rise of runoff and
sediment transport. In this period, water was probably already infiltrated to the deeper and denser
layer c., thus runoff raised on the surface of the saturated soil matrix. For TAL2, we found the

8
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deepest mean water penetration depth with 7.3 cm. In total, the crust characteristics lead to a low
runoff rate of 8 %. The sediment loss was very low, too with only 4.8 gm™.

3.1.2 Physical, undulating crust

1,

Fig. 3: Polished block section of crust sample LAM6. 1. Total view, 2. Close-up view. a. Compact grain
structure, b. Platy structure, c. Spongy and subangular blocky structure (vs = vesicles, cav. = cavities,
sub. = subangular blocky structure).

The surface of the crust sample LAM6 (Fig. 3) is slightly undulated. The top layer a. is built up by a
thin sealing crust with a thickness of only 0.1 mm. Subsequently, a layer with platy structure is
following. Beneath this layer, a subangular blocky structure with rounded corners can be identified.
Various smoothly walled and mostly elongated cavities and cracks form a spongy structure (layer c.).
Also in layer c., a few vesicles appear isolated.

The runoff during the rainfall simulation starts after about 5 minutes. Drying cracks on the plot
surface, which are not recognizable in Fig. 3, because of scale, promote infiltration in the first
minutes. After 20 min, the runoff rises over 50 % up to 62 % in the last 5 minutes of the experiment.
When the drying cracks were closed by fine material due to splash and silting, only low infiltration
occurs. In total, a high runoff coefficient of 38 % for the whole simulation is measured. 20.6 gm™ of
sediment is detached from the surface. The rainfall water penetrates to a mean depth of 6.2 cm.
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3.1.3 Physical crust by silting

Fig. 4: Polished block section of crust sample LAM4. 1. Total view (consisting of two images), 2. Close-
up view. a. Compact grain structure, b. Spongy structure, c. Vesicular structure, d. Fine plats (vs =
vesicles; pl = platy structure).

Fig. 4 shows the polished block section of crust sample LAM4. The layer a. is characterized by a dense
and compact grain structure. It is up to 0.4 mm thick. In layer b., a spongy structure appears due to
the mixture of coarse and smaller grains as well as fine aggregates with cavities. This leads to a
higher pore volume. The structure of layer c. is determined by small and large vesicles. Their
diameter rises up to 1 mm and form a vesicular structure. Beneath this composition, a distinctive
platy structure starts.

Due to a high vegetation cover on the rainfall simulation test plot, the runoff starts only after
5 minutes. It reaches quickly a very high level over 70 % after 10 minutes. The very compact top layer
inhibits infiltration. Moreover, the absence of vertical pore connectivity is reducing infiltration. The
vesicles and the platy structure also lead to more runoff. In total, a runoff coefficient of 56 % is
measured on the test plot. Despite the higher runoff compared to LAM6, a similar soil detachment of

10
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only 22.2 gm™? is measured. This is due to the high vegetation cover, which reduces the effect of
splash erosion and the detachment of soil particles.

3.1.4 Fresh sealing crust after land levelling

Fig. 5: Polished block section of crust sample GLA4. 1. Total view, 2. Close-up view. a. Copact grain

structure, b. Spongy structure with small pores, c. Dense grain structure with large cavities (cav. =
cavities).

The crust sample of GLA4 consists of a reworked and mixed soil matrix (Fig. 5). At the surface, a
0.5 mm to almost 1 mm thick sealing crust already developed and forms the top layer a. Only very
small individual pores can be detected. From layer b. to layer c., the pore volume rises with larger
cavities. However, the cavities stay individual and the pores are only slightly interconnected. At the
bottom of layer c., some fine and interconnected horizontal pores are recognizable.

The runoff on this crust sample starts after about 4 minutes. It rises over 60 % after 15 minutes due
to the crust and the lack of pore connectivity between the surface and the porous soil with
connected pores in the deeper layer. Over the 30 minutes experiment, a runoff coefficient of 46 % is
measured. Rainfall can detach a lot of soil particles by splash on the slightly undulated surface.
Furthermore, the soil is not yet consolidated after the land-levelling measure. The sediment yield
reaches despite the lower runoff with 29.7 gm™ a higher amount than on the crust sample LAMA4.

11
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3.1.5 Multiple fine layered crust

Fig. 6: Polished block section of crust sample HOU4. 1. total view, 2, close-up view (consisting of two
images). a. compact grain structure, b. platy structure with vesicles, c. platy structure (vs = vesicles, pl
= platy structure).

-

In Fig. 6, a dense layer with compact grain structure and some small vesicles builds up the top layer a.
of crust sample HOU4. The soil particles are adjusted in a compact way due to silting processes in this
area. They form a smooth surface. In layer b., a platy structure is present with individual large and
numerous small vesicles. In part c., there is a dense platy structure with a multitude of thin layers.
These layers developed in a cycle of multiple erosion and accumulation processes after heavy rainfall
events, which caused one layer each, on this area, which was levelled several years ago. No vertical
pore connectivity is perceptible.

The runoff on the test plot starts rapidly after 2 minutes. The compact top layer a. strongly inhibits
infiltration. The runoff coefficient rises quickly up to 75 % after 15 minutes and stays constantly at
this level during the remaining rainfall simulation. Water is not able to infiltrate nor to penetrate
deeply into the crust due to the platy structure and lack of vertical pore connectivity. The mean
penetration depth of water is only 3.5 cm. For the whole duration of the experiment, a mean runoff
coefficient of 62 % is measured. There is no vegetation cover on the plot surface. Despite the surface
crust, the high amount of runoff and an increased runoff velocity on the smooth surface lead to a
very high sediment detachment with 55.1 gm™.

3.2 Overall Results

A classification of all 122 rainfall simulations according to their land use and crust type in comparison
to runoff coefficients and sediment loads can be seen in Fig. 7. The highest runoff coefficients are
measured on the physical crusted test plots on the levelled test sites (Fig.7; 1, 2) with medians of
56 % and 53 %. There is only a slight decrease over old fallows (46 %) and rangeland (45.5 %) (Fig.7;
6, 5), both with biological crusting, to cereal fields and young fallows (Fig.7; 9, 8) with medians of
41 % and 39 %, respectively. Solely under orange trees (Fig.7; 10), there is a significant lower runoff
coefficient with a median of 10 %. For sediment loads, also the physical crusted test plots on the
levelled test sites show the maximum values with medians of 41.1 gm™ and 61.0 gm™. Significantly
lower sediment loads were measured on the biological crusted rangeland and old fallows as well as
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under orange trees with medians of less than about 5 gm™ each. With a median of 30.2 gm?, there is
a recognizably increased sediment detachment on freshly cultivated cereal fields.
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Fig. 7: Runoff coefficients and sediment loads on different land use cover and crust types for 122
rainfall simulations on all project test sites.

1 = strong levelling (physical crusts); 2 = levelling for cultivation (physical crusts); 3 = miscellaneous
anthropogenic (mostly physical crusts); 4 = badland (stony physical crusts)); 5 = rangeland (biological
crusts); 6 =old fallow (>5vy., biological crusts); 7 = medium-aged fallow (2-5vy., physical +biological
crusts); 8 = young fallow (1-2 y., physical +biological crusts); 9 = freshly cultivated cereal fields (seals);
10 = orange trees (no soil crusts).

With the micromorphological structure analysis of all crust samples under the microscope, different
crust attributes as well as surface characteristics of the test plots like vesicles, platy structure, vertical
pore connectivity, pore continuity, cavities, surface cracks, vegetation cover and biological crusts are
classified in five groups (from 0= none to 5 = extremely high). Tab. 2 gives the results of the
classification of the crust samples. The crusts of the test plots in HOU, which reach the highest runoff
coefficients, are mostly classified as very and extremely high for vesicles and platy structure. Here, as
well as in GLA, where the highest mean sediment detachment is measured, no biological crust is
found. Additionally, there is only a very low to none vertical pore connectivity and pore continuity.
These are also low in LAM. The highest classifications for the vertical pore connectivity and pore
continuity are found in TAL. Here, also the highest values for biological crusts were measured.
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Fig.8: Correlation of platy structure (left) and vesicles (right) to runoff coefficients.

When correlating platy structure with runoff coefficients, we found a significant increase of runoff
coefficients with a stronger appearance of platy structure (Fig. 8). The coefficient of determination is
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only R? =0.41, but the trend is clearly recognizable. There is a similar trend for vesicles, even if the
coefficient of determination is slightly lower (R? = 0.38).

The PCA transforms the data set in an orthogonal linear transformation to a new coordinate system
such that the greatest variance of the data comes to lie on the first principal component. The second
greatest variance lies on the second coordinate and so on. For our data, the first three principle
components explain already 75 % of the variance in the data. The highest variance with 45 % is
visualized in axis 1 (Fig. 9). The values for all axes can be seen in Tab. 3.

Tab. 3: PCA results: Eigenvalue, percentage of variance and cumulative percentage of variance.

Axis Eigenvalue % of Variance Cum. % of Variance
1 3.607 45.089 45.089
2 1.409 17.614 62.704
3 1.020 12.745 75.448
4 0.719 8.985 84.433
5 0.658 8.229 92.662
6 0.362 4.528 97.190
7 0.145 1.811 99.001
8 0.080 0.999 100.000

With the given visualization of the PCA (Fig. 9), it is possible to conceive the influence of different
attributes of the crust samples to the runoff generation. It is feasible to identify two main groups of
crust types with oppositional covariances to runoff (Fig. 9). Group 1 combines samples with all
selected micromorphological properties which increase infiltration (e. g. vertical pore connectivity
and continuity and stabilizing biological crusts). Here, we find test plots with low and middle runoff
coefficients, e. g. the crust sample TAL2. Group 2 combines in contrast all micromorphological
properties which reduce infiltration and increase runoff (e. g. vesicles and platy structure). All test
plots classified in this group produce high, very and extremely high runoff coefficients, like the
example HOU4 (Fig. 9). Furthermore, there were soil crust samples which lay in between these
groups. These samples are influenced by mixed properties which do not clearly trigger or prevent
infiltration, e.g. the crust sample LAM®6. Those rainfall simulations showed mostly high runoff results.
The crust sample LAM4 is characterized by a very high vegetation cover and platy structure. Thus, it
is located in the lower part of the PCA visualization. It produces high runoff.

14

76



Kapitel 3: Soil crusts

Runoff [%]
O low (>1-10%)
A middle (>10-30%)
% high (>30-50%)
O very high (>50-75%)
© extreme high (>75%

O

Surface cracks

3
©
=
o~
O
[+

-1

°
Vegetation cover
0O LAM4
-3

5 3 -1 1 3
PC1 [45%]

Fig. 9: Principle component analysis of different crust and surface attributes to runoff. Each arrow
points in the direction of the steepest increase of values for the corresponding attribute. The angles
between arrows indicate correlations between the attributes and the arrow lengths indicate the

approximate variance of the attributes.

4. Discussion
We found soil crusts with different microstructures which influence runoff and soil degradation in
various ways. There is a distinct difference between biological crusts and physical crusts. Because
there is a big variety of crust types and mixtures, a clear assignment of causes for runoff generation
and soil erosion is not applicable. The combination of different crust features leads to a specific
reaction.
As shown in Fig.2, biological crusts, which burst due to dryness, lead to a rough surface with small
barriers where water is able to pond. A direct runoff generation is inhibited. Also the biological crust
itself is able to absorb water (Belnap, 2006). The single aggregates with high pore volume trigger
infiltration. The biological crust maintains this loose structure, so sealing is avoided (Belnap, 2006;
Langhagen, 2001). Furthermore, there is a spongy structure (Bullock, 1985) underneath the surface.
We found a high pore continuity and connectivity. Water infiltrates easily through cracks into the
biological crust to rough walled cavities which are more stable than smooth ones. Thereby, they
prevent a compact soil matrix (Kubiena, 1967) and have a positive effect on the infiltration capacity.
Additionally, microcracks and vegetation cover on the soil surface promote infiltration and reduce
runoff (Belnap, 2006; Garcia-Estringana et al. 2010; Stolte et al., 1997). Low sediment detachment is
determined by the fact that biological crusts are partly built by cyanobacteria and microfungi which
extrude polysaccharides and thus entrap and bind soil particles together, creating larger soil
aggregates (Belnap, 2003) and a type of biofilm. Moreover, fine material can be washed into the pore
cavities (Bresson & Cadot, 1992) instead of being detached.
We analysed biological crusts mostly under dry conditions. Due to shrinking and contracting, they are
not consistently covering the soil surface. The cyanobacteria, microfungi and lichen were not active
15
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in the beginning of the experiments and water could easily infiltrate into the soil. Therefore, we only
found low runoff coefficients from 8% to 23 % with the rainfall simulations. In two other
experiments (without crust sampling), we found moist conditions after rainfall events (Fig. 10). The
mycrophytes were already green, active and densely covered the whole test plot. So their water
repelling effect reduced infiltration and promoted runoff (Eldridge et al., 2000; Maestre et al., 2002).
We found high runoff coefficients of 52 % and 56 %. However, the soil detachment on these test
plots stayed low because of the biofilm with only 6.3 gm™ and 4.1 gm™ respectively.

W v
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Fig. 10: Green and active biological crust after rainfall events.

On the test site GLA, land-levelling measures took place recently before crust sampling. The physical
crusts we found, only developed after one heavy rainfall event. On the bare soils with high amounts
of clay and silt, these very thin physical soil crusts are developing rapidly. A thin and compact sealing
crust as top layer is sufficient to strongly reduce potential infiltration and thus generate even higher
runoff and promote soil erosion. This infiltration decreasing effect of soil crusts was confirmed in
several lab and field tests by Assouline (2004), Bissonnais et al. (1989), Bresson and Boiffin (1990),
Fohrer et al. (1999), Singer & Bissonnais (1998) and Valentin (1991). Furthermore, land degradation is
fostered by the removal of vegetation due to the levelling processes (Borselli et al., 2006). Land
levelling on the test site HOU was applied several times since the year 2000, the last measure was
already over 3 years ago. Several heavy rainfall events formed each one crust layer which build up
together a distinct platy structure (Fig. 6). The lower platy structure might also be caused by the
frequent usage of the heavy machinery for the land-levelling measures. The platy structure leads to a
strong decrease of infiltration capacity (Casenave & Valentin, 1990; Miller, 1971) and the runoff
coefficients on the test plots rose mostly over 50 %, up to 77 %. This effect was also found for some
crusts in LAM. Here, the development of platy layers due to sedimentation after rainfall events was
starting after the usage of heavy agricultural machinery.

Another patterning of soil crusts was found similar to Ries and Hirt (2008). On parts of the test sites
GLA and HOU, where soils were originally prepared for cultivation, sedimentary crusts developed
mostly in furrows. Their compact grain structure with low cavity volume of only 5 % to 15 % is caused
by the clay and silt rich soil matrix (Peter et al., 2014). In contrast to that, structural crusts developed
on the ridges.

Platy and vesicular structure is generally predominant in the test areas GLA and HOU. Additionally to
platy structure, infiltration is reduced by redistribution of fine material particles which close drying
and micro cracks on the soil surface (Norton, 1987; Stolte et al., 1997). Those were often found on
the test plots before rainfall simulations, but not anymore afterwards. The splash erosion is able to
detach a lot of soil particles which can be dislocated by the high surface runoff, especially with high
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velocities on the smooth surfaces. This leads to a maximum sediment detachment of 161.8 gm™ in
our experiments. When sheet wash is concentrated in linear depressions, runoff water can lead to rill
and gully erosion. This phenomenon is found in both levelled test sites GLA and HOU and well
documented for the test site GLA (d'Oleire-Oltmanns, 2012; Peter et al., 2014).

A possible crust development can be seen for the presented crust samples of the test site LAM.
Miller (1971) described the development of vesicular structure with wetting and drying cycles during
irrigation. More air is trapped each cycle and the volume of vesicles increases with number of
irrigations, as small vesicles merge to become larger ones. In crust sample LAM6, we have several
small vesicles as well as smoothly walled cavities and platy structure. After additional wetting and
drying cycles, the further development of these cavities to larger vesicles can be estimated. The
result would be a similar crust structure to sample LAM4 with large vesicles. For a positive effect on
infiltration capacity, a soil treatment with tillage would be needed to loosen up the developed crusts
(Valentin, 1991; Zhang, 1998). It can be assumed, that this happened more recent on sample LAM 6
than on sample LAM4. With no soil treatment, the crust of LAM6 could further develop to the same
state as LAM4 and thus, increase erosion impacts. On the levelled test sites, heavy rainfall events
caused soil erosion on the crusted surfaces before the land could be cultivated and protected by
vegetation cover.

The PCA is very useful to clarify the influence of a multitude of different attributes of soil crusts and
surfaces on the runoff generation and sediment detachment. It gives a good division of which
attributes lead to an increase of runoff and which have a reducing impact. Higher runoff was
measured on platy structure. Vertical pore connectivity and pore continuity lead to an increase of
infiltration and therefore reduce runoff. When looking at land use, biological crusts mostly developed
on rangeland and old fallow land. They are also found on medium-aged and young fallows in a
mixture with physical crusts. As Fig. 7 shows, the runoff on these land use types is little lower to the
levelled areas. However, the differences are not very high. In contrast to that, the sediment loads on
rangeland and old fallows with biological crusting is significantly lower than on all the other land use
types except for orange trees. This shows again the ability of biological crusts to protect the soil by
entrapping and binding soil particles together (Belnap, 2006). On levelled areas, the development of
sedimentary crusts is widespread. These crusts are relatively thin, but soils are sealed what provokes
very low infiltration rates (Peter and Ries, 2013). They lead to strong surface runoff and high
sediment detachment rates (Fig. 7). Other land use types with mixtures of biological and physical
crusting show medium values for runoff and sediment detachment. Freshly prepared cereal fields
show relatively high sediment loads despite low runoff coefficients compared to the other land use
types. Here, splash erosion on the not covered, unprotected and thus rapidly sealing surfaces during
the rainfall experiments leads to this high soil detachment.

Conclusions

The micromorphological structures of crusts were examined very well by the usage of polished block
sections. The influence of micromorphological structures on runoff generation and sediment
detachment was clearly proved by the use of rainfall simulations. The main trigger for high runoff
values is land levelling. Here, immediate soil crusting on bare surfaces during heavy rainfall events
fosters high runoff and soil erosion distinctively. After multiple rainfall events on these levelled areas,
a platy structure builds up by several thin crust layers developed through erosion and sedimentation
cycles. Single grain and aggregate structure, vertical pore connectivity and rough walled cavities have
a contrasting effect. Mean runoff coefficients rise on the levelled test areas to more than 50 % with
mean sediment discharge of 50 gm™ to 70 gm™ respectively. On the not levelled test areas, runoff
coefficients reach on average 46 % and 36 %, but sediment yields of only less than 20 gm™.

We could identify clear differences of soil crusts under varying land use. On the levelled test sites,
physical crusts developed on bare soils under the influence of heavy machinery. They are dominated
by platy structure and vesicles. On recently cultivated fields, physical crusts are also spreading. The
development of vesicular structures could be identified. On old fallow land and rangeland, biological
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crusts established on the older soil surfaces. Single grain and aggregate structure with high vertical
pore connectivity and continuity was found.

Acknowledgements

The presented work is taking place within the international research project AGASouss (Assessment
of gully erosion in agro-industrial landscapes of the Souss Basin (Morocco), a bi-national cooperation
of Frankfurt, Trier and Agadir University. Funding for the research project “AGASouss” is granted by
the German Research Foundation (Deutsche Forschungsgemeinschaft/DFG) under the research
contract Ri 835/5 and gratefully acknowledged. Additionally, the field trip of Christiane Giudici was
granted by the German Academic Exchange Service DAAD. The authors also want to thank Abdellatif
Hanna, Maja Né&gle and Sebastian d’Oleire-Oltmanns for their valuable help during the field campaign
and data acquisition.

References

Ait Hssaine, A., 1994. Géomorphologie et Quaternaire du piémont de Taroudant-Oulad Teima, vallée
du Souss, Maroc. (Doctorat d'Etat, PhD) Université de Montréal, Montréal.

Ait Hssaine, A., 2002. Le cadre physique de la Dépression du Souss et la dégradation de
I'environnement sédimentaire, in: Bouchelkha, M. (Ed.), L'espace rural dans le Souss:
Héritage et changements. Méditerranée, Aix-en-Provence, pp. 22-27.

Ait Hssaine, A., Bridgland, D., 2009. Pliocene—Quaternary fluvial and aeolian records in the Souss
Basin, southwest Morocco: a geomorphological model. Global Planet. Change 68 (4), 288—
296.

Assouline, S., 2004. Rainfall-induced Soil Surface Sealing - A Critical Review of Observations,
Conceptual Models, and Solutions. Vadose Zone J. 3, 570-591.

Belkadi, A. (2002): Le Souss-Massa face a I'écoulement de sa production agricole en fruits et légumes,
in: Bouchelkha, M. (Ed.), L'espace rural dans le Souss: Héritage et changements.
Méditerranée, Aix-en-Provence, pp. 179-209.

Belnap, J., Gardner, J.S., 1993. Soil microstructure in soils of the Colorado Plateau: the role of the
cyanobacterium Microcoleus vaginatus. Great Basin Nat. 53(1), 40—47.

Belnap, J., 2003. Comparative structure of physical and biological soil crusts, in: Belnap, J., Lange, O.L.
(Eds.), Biological Soil Crusts: Structure, Function, and Management. Springer-Verlag, Berlin,
pp. 177-192.

Belnap, J., 2006. The potential roles of biological soil crusts in dryland hydrologic cycles. Hydrol.
Process. 20, 3159-3178.

Bissonnais, Y. Le, Bruand, A., Jamagne, M., 1989. Laboratory experimental study of soil crusting:
Relation between aggregate breakdown mechanisms and crust stucture. Catena 16, 377—-
392.

Bresson, L.-M., Boiffin, J., 1990. Morphological characterization of soil crust development stages on
an experimental field. Geoderma 47, 301-325.

Bresson, L.-M., Cadot, L., 1992. llluviation and Structural Crust Formation on Loamy Temperate Soils.
Soil Sci. Soc. Am. J. 56, 1565-1570.

Bresson, L.-M., Valentin, C., 1993. Soil surface crust formation: contribution of micromorphology, in:
Ringrose-Voase, A.J., Humphreys, G.S. (Eds.), Soil Micromorphology: Studies in Management
and Genesis. Elsevier, Amsterdam, pp. 737-762.

Borselli, L., Torri, D., @ygarden, L., de Alba, S., Martinez-Casasnovas, J.A., Bazzoffi, P., Jakab, G., 2006.
Soil erosion by land levelling. In: Boardman, J., Poesen, J. (Eds.), Soil Erosion in Europe. John
Wiley and Sons Inc., Chichester, pp. 643—658.

Bullock, P., Fedoroff, N., Jongerius, A., Stoops, G., Tursina, T., 1985. Handbook for soil thin section
description, Waine Research Publications, Albrighton, Wolverhampton.

Casenave, A., Valentin, C., 1990. Les Etats de Surface de la Zone Sahélienne. Influence sur
I'Infiltration. ORSTOM, Paris, France.

18

80



Kapitel 3: Soil crusts

De-Philipis, R., Margheri, M.C., Pelosi, E., Ventura, S., 1993. Exopolysaccharide production by a
unicellular cyanobacterium isolated from a hypersaline habitat. J. Appl. Phycol. 5, 387-394.

Dijon, R., 1969. Etude hydrogéologique et inventaire des ressources en eau de la vallée du Souss.
Notes et Memoires du Service Géologique du Maroc, Rabat.

d'Oleire-Oltmanns, S., Marzolff, I., Peter, K.D., Ries, J.B., 2012. Unmanned aerial vehicle (UAV) for
monitoring soil erosion in Morocco. Remote Sens. 4, 3390-3416.

Eldridge, D.J., Zaady, E., Shachak, M., 2000. Infiltration through three contrasting biological soil crusts
in patterned landscapes in the Negev, Israel. Catena 40, 23-36.

El Ghannouchi, A., 2007. Dynamique éolienne dans la plaine de Souss: Approche modélisatrice de la
|utte contre I'ensablement. (Thése de Doctorat) Université Mohammed V, Rabat.

Elmouden, A., Bouchaou, L., Snoussi, M., 2005. Constraints on alluvial clay mineral assemblages in
semiarid regions. The Souss Wadi Basin (Morocco, Northwestern Africa). Geol. Acta 3, 3—-13.

Fister, W., Iserloh, T., Ries, J.B., Schmidt, R.G., 2011. Comparison of rainfall characteristics of a small
portable rainfall simulator and a combined portable wind and rainfall simulator. Z.
Geomorphol. 55 (Suppl. 3), 109-126.

FitzPatrick, E.A., 1993. Soil microscopy and micromorphology, Wiley, Chichester, New York.

Fohrer, N., Berkenhagen, J., Hecker, J., Rudolph, A., 1999. Changing soil and surface conditions during
rainfall: Single rainstorm/subsequent rainstorms. Catena 37, 355-375.

Freund, H., 1974. Handbuch der Mikroskopie in der Technik: 8 Bande, 2nd edn., Umschau-Verl.,
Frankfurt am Main.

Garcia-Estringana, P., Alonso-Blazquez, N., Marques, M.J., Bienes, R., Alegre, J., 2010. Direct and
indirect effects of Mediterranean vegetation on runoff and soil loss. Eur. J. Soil Sci. 61, 174—
185.

Ghanem, 1974. Monographie pédologique de la plaine du Souss. Serv. Rech. Ecol. Direction de la
recherche agronomique, Oujda.

Humphries, D.W., 1994. Methoden der Dlinnschliffherstellung: Praparation von Diinnschliffen und
Anschliffen von Gesteinen und Keramik, Enke-Verlag, Stuttgart.

Iserloh, T., Fister, W., Seeger, M., Willger, H., Ries, J.B., 2012. A small portable rainfall simulator for
reproducible experiments on soil erosion. Soil Till. Res. 124, 131-137.

Iserloh, T., Ries, J.B., Cerda, A., Echeverria, M.T., Fister, W., GeiBler, C., Kuhn, N.J., Ledn, F.)., Peters,
P., Schindewolf, M., Schmidt, J., Scholten, T., Seeger, M., 2013. Comparative measurements
with seven rainfall simulators on uniform bare fallow land. Z. Geomorphol. 57 (1), 11-26.

Kapur, S., Mermut, A., Stoops, G., 2008. New trends in soil micromorphology. Springer-Verlag, Berlin.

Kubiena, W.L., 1967. Die mikromorphometrische Bodenanalyse, Enke-Verlag, Stuttgart.

Langhagen, R., 2001. Untersuchungen zum Aufbau von Schlammkrusten und mikrobiellen Krusten
und deren Funktion im Oberflachenabfluss-/Abtragsgeschehen auf Brachflachen in Aragén/
Spanien. Diplomarbeit, Johann Wolfgang Goethe-Universitat, Frankfurt am Main.

Maestre, F.T., Huesca, M., Zaady, E., Bautista, S., Cortina, J., 2002. Infiltration, penetration resistance
and microphytic crust composition in contrasted microsites within a Mediterranean semi-arid
steppe. Soil Biol. Biochem. 34, 895-898.

Miller, D.E., 1971. Formation of Vesicular Structure in Soil. Soil Sci. Soc. Am. J. 35, 635-637.

Norton, L.D., 1987. Micromorphological study of surface seals developed under simulated rainfall:
Micromorphology and submicroscopical studies of North American soils. Geoderma 40, 127—-
140.

Ouassou, A., Amziane, T.H., Lajouad, L., 2006. State of natural resources degradation in Morocco and
plan of action for desertification and drought control, in: Kepner, W., Rubio, J., Mouat, D.,
Pedrazzini, F. (Eds.), Desertification in the Mediterranean Region. A Security Issue. Springer,
Netherlands, pp. 251-268.

Peter, K.D., Ries, J.B., 2013. Infiltration rates affected by land levelling measures in the Souss valley,
South Morocco. Z. Geomorphol. 57 (1), 59-72.

19
81



Kapitel 3: Soil crusts

Peter, K.D., d'Oleire-Oltmanns, S., Ries, J.B., Marzolff, I., Ait Hssaine, A., 2014. Soil erosion in gully
catchments affected by land-levelling measures in the Souss Basin, Morocco, analysed by
rainfall simulation and UAV remote sensing data. Catena 113, 24-40.

Ries, J.B., Langer, M., Rehberg, C., 2000. Experimental investigations on water and wind erosion on
abandoned fields and arable land in the Central Ebro Basin, Aragén/Spain. Z. Geomorph., N.
F. Suppl. 121, 91-108.

Ries, J.B., Langer, M., 2002. Runoff generation of abandoned fields in the Central Ebro Basin. Results
from rainfall simulation experiments, in: Garcia-Ruiz, J.M., Jones, J.A.A., Arnaez, J. (Eds.), in
Environmental Change and Water Sustainability. Instituto Pirenaico de Ecologia, Zaragoza,
pp. 65-81.

Ries, J.B., Hirt, U., 2008. Permanence of soil surface crusts on abandoned farmland in the Central
Ebro Basin/Spain. Catena 72, 282-296.

Ries, J.B., Seeger, M., Iserloh, T., Wistorf, S., Fister, W., 2009. Calibration of simulated rainfall
characteristics for the study of soil erosion on agricultural land. Soil Till. Res. 106, 109-116.

Seeger, M., 2007. Uncertainty of factors determining runoff and erosion processes as quantified by
rainfall simulations. Catena 71, 56-67.

Singer, M., Bissonnais, Y. Le, 1998. Importance of surface sealing in the erosion of some soils from a
mediterranean climate. Geomorphology 24, 79-85.

Slattery, M.C., Bryan, R.B., 1994. Surface seal development under simulated rainfall on an actively
eroding surface. Catena 22, 17-34.

Stolte, J., Ritsema, C., Roo, A. de, 1997. Effects of crust and cracks on simulated catchment discharge
and soil loss. J. Hydrol. 195, 279-290.

Stoops, G., Marcelino, V., Mees, F., 2010. Interpretation of micromorphological features of soils and
regoliths. Elsevier, Amsterdam.

Tagma, T., 2011. Ressources en eau souterraine de I'aquifére du Souss-Massa: étude de la qualité et
de la vulnérabilité. (Thése de Doctorat) Universitat Ibn Zohr, Agadir.

Valentin, C., 1991. Surface crusting in two alluvial soils of northen Niger. Geoderma 48, 201-222.

Valentin, C., Poesen, J., Li, Y., 2005. Gully erosion: Impacts, factors and control Catena. 63, 132-153.

van der Watt, H.H. v., Valentin, C., 1991. Soil crusting: The African view, in: International symposium
on soil crusting: chemical and physical processes. University of Georgia, Athens (USA), 34 p.

Watteeuw, R., 1964. Les sols de la plaine du Souss et leur réparation schématique au 1/500.000. Tire
a part, Al Awamia, Rabat, Maroc, 10, pp. 151-185.

Zhang, X., Miller, W., Nearing, M., Norton, L., 1998. Effects of surface treatment on surface sealing,
runoff, and interrill erosion. American Society of Agricultural Engineers 41, 989-994.

20

82



Kapitel 4: Infiltration rates

Kapitel 4 — Artikel

Peter, K.D., Ries, J.B. (2013):

Infiltration rates affected by land-levelling measures in the Souss
valley, Morocco

Zeitschrift flir Geomorphologie 57(1), 59-72.

83



Kapitel 4: Infiltration rates

Infiltration rates affected by land-levelling measures in the
Souss valley, Morocco

PETER, K.D. and RIES, J.B.
Dep. of Physical Geography, Trier University, Germany
with 9 figures and 1 table

Summary. For the investigation of changes in infiltration rates by land-levelling measures,
measurements by means of simulated rainfall and cylinder infiltrometer were operated on an
ample alluvial fan in the Souss valley, South Morocco. Field data was collected on both levelled
and non-levelled test sites. Infiltration rates were very low on levelled test sites, where soils are
sealed by crusting. Higher infiltration rates were found on non-levelled test sites, with less
crusting and more vegetation cover.

Both rainfall simulations as well as cylinder infiltrometers are suitable to study the infiltration
process. Due to the small observation area encompassed for each experiment, the latter needs
more replications. Measurements by rainfall simulation experiments are more elaborate, but also
more realistic and accurate. The infiltration rates measured by means of ponding were 3.8 times
higher than by means of simulated rainfall at an intensity of 40 mm h™.

Both methods result in lower median infiltration rates on levelled test sites, 16 mm h™ for rainfall
simulations and 30 mm h™ for ponding. O n non-levelled test sites infiltration rates are 1.88 times
higher for rainfall simulations and respectively 3.5 times higher for ponding. This means there is
more runoff water on areas with land-levelling measures which can lead to a higher potential of
erosional hazards. O ther influential factors are crusting and grain size distribution.

Furthermore, a correction factor was found to derive the actual infiltration rate out of potential
infiltration rates by means of ponding. This is only applicable for consistent rainfall intensities
and homogeneous test areas.

Key words: infiltration, land levelling, soil erosion, Morocco

1 Introduction

Infiltration plays an important role in soil erosion processes. Infiltration is the process of water
entering the soil (HORTON 1933). Soils with reduced infiltration have an increase in the overall
amount of runoff water. This runoff water can conduct to soil erosion.

There is a multitude of infiltration models, which are evaluated by MISHRA et al. (2003), but
there is still lack of actual field data (DUNNE et al. 1991, THORNES 2009). Infiltration is
controlled by diverse factors, mostly at the soil surface. This includes the vegetation
(THoMPSON et al. 2010), soil surface crusts (ELDRIDGE et al. 2000), stone cover (ABRAHAMS &
PARSONS 1991), macropores and soil moisture content. Furthermore, soil profile characteristics
also affect the process (BLACKBURN 1975). Soil sealing and crusting is widespread in the
analysed test area and so an important factor for reducing infiltration. RAMOS & MARTINEZ-
CASASNOVAS (2007) found that sealing is higher in high disturbed areas than in low disturbed
areas after land-levelling measures. The bare soil is compacted, clogging of the soil is triggered
and the connectivity of pores is reduced. A variety of different crust types are classified in
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VALENTIN & BRESSON (1992). A reduction of infiltration can be caused by different kinds of
crusts. It can be induced by algal growth as well as by rainfall compaction or precipitate
development (THORNES 2009).
In the Souss basin (South Morocco), land-levelling measures are used for the implementation of
land use change. Huge plantations of citrus fruits and bananas are established. Land levelling is
also used for the reclamation of severely eroded areas, including gullies and badlands and for the
removal of unwanted vegetation (BORSELLI et al. 2006). Land-levelling measures also contribute
to the degradation or alteration of soil properties (LUNDEKVAM et al. 2003, BORSELLI et al.
2006, CoTs-FoLCH et al. 2006). When land-levelling measures reduce the vegetation cover, the
bare soil is left vulnerable for intense rainfall events. The study by MARTINEZ-CASASNOVAS &
RAMO's (2009) of vineyards in north east Spain shows that land levelling leads to the progressive
loss of soil material, a reduction in organic matter content and effective soil depth, calcium
carbonate enrichment of arable layers and degradation of soil structure. There are few studies on
land levelling and terracing in European agriculture, but associated problems and impacts have
not been widely studied (COTs-FOLCH et al. 2006). There is even less information about the
effects of land-levelling measures in arid and semi-arid N orthern Africa.
The objective of this paper is to improve the knowledge of the impacts of land levelling on
infiltration.

(1) How does land levelling influence infiltration rates?

(2) Which soil surface characteristic influences infiltration rates in this region?

(3) Is there a relationship between infiltration rates measured by ponding and rainfall

simulations?

Experiments with simulated rainfall and measurements by means of a cylinder infiltrometer
similar to the study of CERDA (1997) were carried out in the agro-industrial used semi-arid
region of the Souss valley in autumn 2010 as well as in spring and autumn 2011. Little knowledge
exists for this region about infiltration, runoff and soil erosion processes. The measurements
were made as part of a number of different studies on gully erosion in this area (D’O LEIRE-
OLTMANNS et al. 2011), for which seven test sites were also chosen. Two of them are heavily
influenced by land-levelling measures.

2 Materials and Methods

2.1 Study area

The study area is located in the surroundings of the city of Taroudannt in the Souss valley in
South Morocco. The Souss basin lies between 30 and 31 degrees northern latitude and between 9
and 7 degrees western longitude. The river Souss drains the basin which is framed by the
mountainous regions of the High Atlas with Palaeozoic, Mesozoic and Cenozoic rocks (N orth)
and the Anti-Atlas with Precambrian and Palaeozoic rocks (South). It stretches in East-West
orientation over a length of about 150 km from its upper reaches to the coastline with an overall
catchment area of 16,000 km2 (ELMOUDEN et al. 2005). The eastern extension is limited by the
connection of High and Anti-Atlas in the Siroua formation. In the West, the valley is bounded
by the Atlantic O cean coast line. The Souss basin is an alluvial depression between both Atlasic
domains which are interconnected in a complex way beneath the Souss valley. It is filled by thick
Pliocene and Quaternary deposits which overlay a Cretaceous-Eocene succession, including
significant fluvial-lacustrine sequences (AMBROGGI 1963). The surface is covered by loamy
Quaternary alluvial fans and terraces. A precise sequence of Pliocene-Q uaternary material
deposition is given by AIT HSSAINE & BRIDGLAND (2009).
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Fig.1. Souss catchment in South Morocco (left; basemap: USGS HydroSHEDS) and seven test
sites on Irguiten fan (right; basemap: Q uickbird 2009/10/26)

The study sites are located on the Irguiten alluvial fan nearly in the centre of the Souss valley
around the city of Taroudannt (Fig.1). The precipitation of around 200 mm and a mean annual
temperature of 20°C mean an all-season negative water balance. The climate is characterized by a
hot dry summer and a mild winter with short rain periods with high variability. Soils are mostly
immature. Colluvial and alluvial formation induce high proportions of fine sand, silt and clay.
Vegetation cover is influenced by subtropic, desert and Mediterranean species. A bush and shrub
steppe with Argania spinosa, Acacia, Euphorbia and Ziziphus is widespread. Gramineous species
are Dactylus glomerata, Cynodo dactylon and Andropogon hiztus. In wetter years also Tamarix,
Salicornia and Salsola are found.

There is a highly dynamic land use change going on. N owadays, it is dominated by citrus fruit
and banana plantations which are irrigated by deep wells. There is further cultivation of
vegetables, cereals and small remains of the traditional small-area mixed agriculture. Also the
population is growing and the construction of buildings is advancing into the periphery. For
both the agro-industry with its plantations as well as the new housing, new spaces are required.
Therefore massive land-levelling measures with big machines are carried out. For over 400 years,
the Souss valley underlies soil erosion (D 1JON 1969). The recent erosional activity is induced by
the vast expansion of the plantation area and therewith assists advancement of existing gully
systems and recent gully generation.
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2.2 Methods

In order to achieve infiltration rates, two different methods are used. The potential infiltration
rate can be directly measured by means of ponding. The second approach is to calculate the
infiltration rate by the results of rainfall simulations. At each test plot, both experiments were
held at close vicinity to have similar soil properties to compare the results. The different test
plots were chosen during further investigations of gully catchments on the seven test sites
throughout the area. The names of the test sites are abbreviated as follows: EI Houmer - HO U,
La Glalcha — GLA, Gcheschda — GCH, Talaa — TAL, Lastah — LAS, Hamar — HAM, between
LASand HAM — LAM (Fig.1). Also the infiltration rates by means of ponding and by means of
rainfall simulation are called 1(P) and I(RS) respectively.

2.2.1 Plot characteristics

The test sites were selected to be representative of different features of land use, surface
characteristics and levelled or non-levelled areas, so various characteristics of surface types could
be analysed. For each test plot the features were registered descriptive and for some also
guantitative, e.g. for vegetation cover, crust cover or stone fragment cover (in % of the surface).
The estimation was done in the area of both experiments and accounts for ponding and rainfall
simulation. On the seven different test sites the grain size distribution of the soil was determined
by means of the pipette method (KOHN 1929). Analysed particle size fractions are coarse sand =
2 —0.63 mm, medium sand = 0.63 — 0.2 mm, fine sand = 0.2 — 0.063 mm, coarse silt = 0.063 — 0.02
mm, medium silt = 0.02 — 0.0063 mm, fine silt = 0.0063 — 0.002 mm and clay < 0.002 mm. In
total, 21 soil samples were examined, a mean value was calculated for each test site.

2.2.2 Infiltration rate by means of rainfall simulation

For the rainfall simulation experiments, a small portable nozzle rainfall simulator (ISERLOH et al.
2012) is used (Fig.2, left). The rainfall simulations are carried out at plots of the size of 0.28 m2.
The standard rainfall intensity of the study group over the last 15 years of around 40 mm h™ is
used (RIEs et al. 2000, RIES & LANGER 2002, RIES et al. 2009, FISTER et al. 2011). The duration
of each experiment is 30 minutes and the fall height of the drops is 2 m. The uncertainty of
factors determining runoff and erosion processes as quantified by rainfall simulations are
discussed by SEEGER (2007). The infiltration rate is calculated by the difference in the applied
amount of rainfall and the measured runoff. The fraction of water which does not run off is
infiltrated.
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2.2.3 Infiltration rate by means of ponding

For measuring the infiltration rates by means of ponding, a single ring infiltrometer (Fig.2, right)
is used according to LINK (2000). It consists of a steel ring with a diameter of 15 cm and it is
penetrated 5 cm into the soil. A water ponding height of 5 cm is maintained by a float assembly
with a valve and a water tank. The measurement takes place every 30 seconds.

To compare the results of both methods, we didn't use the steady-state infiltration rate which is
usually measured for ponding after around 90 minutes. Instead, we used the early-time
infiltration rate which analyses the first 30 minutes of the experiment. This was used in the
rainfall simulation experiment as well. This is also the geomorphological active time in which
runoff and soil erosion start. The different results of infiltration rates are then compared directly.

3 Results

3.1 Soil surface characteristics

The results for crust cover estimations range from 0 to 100 %. In mean values, we found the
highest proportions of crust cover on the levelled test sites HOU and GLA (over 80 % ), mostly
sealing crusts. Also a high result is found in GCH (71 %), where biogenic crusts are dominant.
Both types of crusts lead to high runoff amounts and low infiltration rates. All other test areas
have crust coverage below 50 %, the lowest mean result is given in TAL (25.5%).
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Fig.3. Soil surface characteristics of test plots (vegetation cover, crust cover and rock fragment
cover in %)

In contrast, the lowest mean cover of vegetation is found in the levelled test areas (GLA: 10.5 %,
HOU: 21 %). However, the other test sites have also low mean results. They range between 23.5
% in LASand 35 % in TAL. The individual values range from 0 to 85 %.

Rock fragment cover is rarely existent. 77 % of the test plots have rock fragment cover values of
less than 30 %, only 5 test plots have values over 70 % rock fragment cover. The values range
from less than 5% up to 90 % (Fig.3).

The grain size distribution shows the smallest proportion of coarse and medium sand in the
levelled test sites HOU and GLA which are also the southernmost test sites at the end of the
alluvial fan. The highest proportions are found in HAM and LAM which are the northernmost
test sites. All other results can be seen in Fig.4.

HAM
LAM ‘ W coarse sand
LAS ® medium sand
‘ m fine sand
TAL )
‘ w coarse silt
GCH medium silt
HOU ‘ fine silt
‘ clay
GLA
! I ; I }
0% 20% 40% 60% 80% 100%

Fig.4. Grain size distribution on test sites
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3.2 Infiltration by means of ponding

Information about the maximum or potential infiltration rate can be observed by measuring
infiltration by means of ponding. In total, 43 infiltration experiments were carried out on seven
test sites (4 to 10 experiments at each test site). In mean values, the infiltration rate for the whole
test area was 84 mm h™. However, the values range from 7 mm h™ to 265 mm h™ for individual
measurements. The highest mean value was recorded on the test site HAM (147 mm h™), the
lowest in HOU (27 mm h™). Test plots with high soil crust cover (>= 70 %) show a low mean
infiltration rate of 45 mm h™. In contrast is 129 mm h™ the result for test plots with a low soil
crust cover (<= 30 %). The test plots with medium soil crust cover have a medium infiltration
rate of 81 mm h™. However, there is still a high variability in the individual results (see Fig.5).
For vegetation and rock fragment cover, there is no tendency recognizable (coefficient of
determination (R?) for relationship to infiltration rate = 0.03 in each case). However, there is a
clear relationship between the grain size distribution and the infiltration rate with a coefficient of
determination (R2?) of 0.86. For each test site, the mean values of grain size distribution are
compared to the appropriate mean value of infiltration. High infiltration rates are measured for
test areas with high proportions of coarse (0.63—2 mm) and medium sand (0.2-0.63 mm) in the
soil sample. Lower proportions of this grain size provide low infiltration rates (Fig.6).
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Fig.5. Infiltration rate (ponding I(P) and rainfall simulation 1(RS)) compared to crust cover

3.3 Infiltration by means of rainfall simulation

There is one rainfall simulation corresponding to each infiltration experiment (Tablel). The
surface characteristics for both experiments are the same. The mean value of infiltration for the
43 rainfall simulations is 22 mm h™. The range of individual values goes from 10 up to 39 mm h™,
The lowest mean value is measured again in HO U with 16 mm h™, but the highest mean value is
reached in TAL with 29 mm h™. There is a considerable correlation between the soil crust cover
and the decrease of infiltration rate with a coefficient of determination (R?) of 0.7 (Fig.5). A low
mean infiltration rate of 15 mm h™ is found on test sites with a high soil crust cover (>= 70 %).
Contrary, 29 mm h™ is the result for test sites with a low soil crust cover (<= 30%). Medium soil
crust cover leads to a medium infiltration rate of 22 mm h™. Vegetation and other influences take
only small account on the results. The coefficient of determination (R?) for the relationship
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between infiltration rates and vegetation respectively rock fragment cover is very low (vegetation
cover: 0.27, rock fragment cover: 0.01).
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Fig.6. Infiltration rate (ponding I(P) and rainfall simulation I(RS)) compared to coarse and
medium sand proportion

Tablel. Infiltration rates [mm h™] by means of ponding (I1(P)) and rainfall simulation (I(RS)) and
their quotient (Q) on the seven test sites
GLA LAM GCH
I IR | Q ® | IRy | Q 1 | IRy | Q
35,32 16,04 2,20 187,48 21,34 8,78 109,59 17,39 6,30
91,48 22,33 4,10 49,81 24,03 2,07 33,51 17,17 1,95
56,15 24,10 2,33 50,72 18,45 2,75 54,34 20,35 2,67
32,61 9,89 3,30 182,96 31,38 5,83 48,91 20,85 2,35

HOU 60,68 17,67 3,43 TAL
i | IR | @ 67,02 2396 2,80 i | IRrRY) | @
7,25 968 0,75 9691 27,63 351 | 8423 3880 2,17
11,77 1661 071 6703 2558 2,66 | 40,76 3413 1,19
2808 1519 185 LAS 72,46 3929 1,84
8514 2438 349 i | IRy | @ 83,33 1929 4,32

13,59 11,45 1,19 127,71 26,08 4,90 86,04 23,89 3,60
16,30 16,11 1,01 77,89 28,69 2,71 120,46 23,89 5,04

HAM 265,38 27,28 9,73 56,15 23,89 2,35

P | IRs) | 0 41,66 1286 324 | 11050 36,89 3,00

106,88 20,92 511 33,50 18,45 1,82 147,63 34,42 4,29
113,22 25,51 4,44 96,91 15,34 6,32 140,39 19,72 7,12
150,35 19,86 7,57 68,83 20,78 3,31
216,47 21,20 10,21
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3.4 Relationship between ponding and simulated rainfall measurements

On average, the infiltration rates measured by means of ponding (I1(P)) are 3.8 times higher than
when they are measured by means of simulated rainfall (I(RS)). Except for two test plots in
HOU, the infiltration rate measured by means of cylinder infiltrometer is always greater than
the one measured by means of simulated rainfall (Tablel). The ratio (I(P)/1(RS)) is different for
each plot. The values vary from 0.71 to 10.21. The lowest mean ratio is found in HOU (1.74), the
highest in HAM (6.71). There is no clear correlation between the two different infiltration rates.
There is a slight grouping of the test sites in HOU and GLA with low infiltration rates by means
of both experiments (Fig.7). There is a big variability in the other test sites.

45
40
» % GCH
= 30 X
= X BGLA
E 25 e
E ;ﬂf a » A
— 20
= L 2 # HOU
= 15 X<>_
- LAM
10 }Xm
LAS
5
TAL
0
0 50 100 150 200 250 300
I(P) [mm h1]

Fig.7. Infiltration rates measured by rainfall simulation 1(RS) compared to infiltration rates
measured by ponding I(P) by test sites

4 Discussion
The infiltration rates under simulated rainfall show a slight negative correlation between soil
crusting and the infiltration rate. The higher the soil is crusted by sealing or biogenic crusts the
less infiltration is possible. This result leads also to high runoff amounts and partly to high
erosion rates. Reducing of infiltration by sealing crusts is well analysed (MCINTYRE 1958,
TARCHITZKY et al. 1984, VALENTIN 1991, MBAGWU & AUERSWALD 1999). The test sites in
HOU and GLA are affected by repeated land-levelling measures to achieve new areas for
plantations and housing. The soils are compacted and sealing is strongly prevalent. So the mean
infiltration rates (I(P)) in these areas are low (HOU: 27 mm h™, GLA: 54 mm h™). The mean
infiltration rates of the other test sites without land-levelling measures are higher. They start
with GCH at 62 mm h™ over TAL with 94 mm h™ up to HAM with 147 mm h™.
However, the trend of lower infiltration rates under higher crust cover cannot be measured by
means of ponding when all individual experiments are compared. A high variability exists. This
can be a result of the penetration of the steel ring into the soil. Thereby the soil crust is highly
disturbed (CERDA 1997, HiLLS 1970) and often broken. FATTAH & UPADHYAYA (1996) stated
that thin crusts do not affect infiltration. Already small cracks impede the effect of the crust.
Thus, water can infiltrate easier into the soil. However, there is still the distinct difference of
median infiltration rates on the test sites with land-levelling measures (I(RS): 16 mm h™, I(P): 30
mm h™) and the others (1(RS): 24 mm h™, 1(P): 84 mm h™) for both experiments (Fig.8). By means
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of ponding, the results on levelled test plots are 3.5 times higher. By means of rainfall simulation,
the factor is 1.88. So land levelling is an important factor for infiltration.

Infiltration rate [mm h 1]
o
(=]

_ P ==

levelled 1(P) non-levelled [(P) levelled I(RS)non-IeveIIIed I(RS)
Test area and experiment
Fig.8. Boxplots of infiltration rates on levelled and non-levelled test sites measured by ponding
I(P) and rainfall simulation I(RS)

Infiltration rates by means of ponding show another high correlation by grain-size distribution.
The higher the proportion of coarse and medium sand in the soil sample, the higher the
infiltration rate is. More clay and silt leads to denser bedding and lower infiltration rates.
Coarse-grained material has more pore volume and infiltration is easier. We find similar
tendencies in the infiltration rates by means of rainfall simulation. H owever, there is TAL as an
outlier which inhibits a high correlation. Due to the generally low vegetation cover on the test
sites there is no correlation between vegetation and infiltration recognizable. Only the mean
infiltration rates by rainfall simulation show a low relationship to the mean vegetation covers of
the test sites with a coefficient of determination (R?) of 0.57.

With regards to soil erosion, the infiltration rates of the whole test area are low and water
discharge is high. High proportions of the applied water would lead to runoff. On the levelled
test sites the mean runoff coefficient is 58.3 % and the mean soil erosion is 72.7 g m™ for in this
study used rainfall simulations. The results on non-levelled test sites are 40.9 % and 19.4 g m™
respectively. Land-levelling measures have 3.75 higher amounts of soil erosion as a consequence.
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Fig.9. Ratio Ponding I(P) / Rainfall simulation I(RS) compared to I(P) with lines for correction
factors

If you compare the infiltration rates by means of ponding (I(P)) with the ratio of ponding and
rainfall simulations (I(P)/I(RS)), there is a high correlation (Fig.9). This means the higher I(P) the
potential infiltration is, the higher a correction factor to get the actual infiltration rate in a rainfall
event of 40 mm h™ would be. In our case, the correction factor for infiltration rates by ponding
of 0 to around 30 mm h™ would be 1, from 30 to 50 mm h™* would be 2 and so on (Fig.8). With
this knowledge as a key for correction factors, only the cheaper and less complex experiments of
ponding would be necessary to gain potential infiltration results. So it would be possible to
calculate the infiltration rates of a 40 mm h™ rain storm event, instead of using the laborious
rainfall simulators. Hence runoff and soil erosion could be estimated. This result is found in the
data of this study on mostly homogeneous test fields. However, this correlation is not shown in
the results of CERDA (1997), who also compared infiltration rates by means of ponding and
simulated rainfall, but on heterogeneous test fields with steep slopes facing north and south.

The cylinder infiltrometer experiment comprises only a reduced surface during the
measurement. So the results produce a high spatial variability between plots. Hence, more
replications of experiments are necessary to understand the spatial distribution of infiltration
properly when it is measured by means of ponding. Measurements by means of simulated
rainfall are large enough with plots of 0.28 m2 to characterize the spatial variability of the
infiltration of the studied landscape (CERDA 1997).

The high differences in infiltration rates by means of rainfall simulation or ponding occur
because of the different conditions of the experiments. Under simulated rainfall the surface
measured is greater, the soil is less disturbed and the rainfall is similar to the natural one (MEYER
1994). On the other hand, the measurements by means of cylinder infiltrometer have some
negative attributes: disturbance of the soil during emplacement, lateral flow of water underneath
the cylinder, water seepage down the cylinder (soil interface), air within and underneath the
cylinder, ranging depth of cylinder emplacement, effect of head of water over the soil, etc.
(H1LLs 1970). Moreover, there are other soil surface factors influencing ponding infiltration.
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SMETTEM & COLLIS-GEORGE (1985) stated that ponded infiltration rates are controlled
predominantly by the number and size of conducting macropores present within an
infiltrometer ring. Also soil physical properties, e.g. porosity and aggregate stability, are
affecting infiltration processes. The role of biogenic crust cover in controlling infiltration
increases as soil surface conditions decline (ELDRIDGE 1993). Furthermore, the infiltration
process is measured under potential conditions with the cylinder infiltrometer and under limited
conditions (40 mm h™ of rain intensity) in the simulated rainfall (CERDA 1997). Due to the high
spatial variability of the infiltration process in semiarid environments (BERNDTSSON & LARSON
1987) and the small plot area of the ponding experiment, a high number of experiments is
essential.

In summary, the lowest infiltration rates are found on the levelled test sites. There are also the
highest proportions of soil crusts found here, which play an important role. The whole area
shows high results for runoff and sediment production with a maximum of 77 % runoff and
181.8 g m? sediment load for an individual rainfall simulation in HO U. This is also due to the
land-levelling measures, high crust coverage and so minimal infiltration rates. Vegetation and
rock fragment cover do not significantly affect the results of the infiltration experiments. In
contrast, grain size distribution has an influence.

5 Conclusions

Land-levelling measures have a perceptible influence on infiltration rates. On levelled areas of
the test sites, very low infiltration rates are found due to artificial changed soil surface
characteristics. N on-levelled areas of this semiarid environment with homogeneous soil surface
characteristics have higher infiltration rates, but overall seen they are still on a low level. So the
whole area is at risk of high surface runoff and soil erosion episodes in heavy rainfall events.

Both methods, infiltrometer cylinder and rainfall simulation, are appropriate for measuring
infiltration rates. Due to the small observation area, ponding needs more replications. The
influence of grain size was still identified. The rainfall simulations seem more realistic and
accurate, but also need more effort and costs. Here it is found, that crusting plays an important
role in the infiltration process. Sealing of soils decreases the infiltration of water and leads to
higher runoff amounts.

A good relationship is achieved between infiltration rates by means of ponding and simulated
rainfall for this special, overall homogeneous test area. A key for correction factors from
potential (by means of ponding) to actual (by means of rainfall simulation) infiltration rates is
applicable.
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Abstract: This article presents an environmental remote sensing application using a UAV
that is specifically aimed at reducing the data gap between field scale and satellite scale in
soil erosion monitoring in Morocco. A fixed-wing aircraft type Sirius I (MAVinci,
Germany) equipped with a digital system camera (Panasonic) is employed. UAV surveys
are conducted over different study sites with varying extents and flying heights in order to
provide both very high resolution site-specific data and lower-resolution overviews, thus
fully exploiting the large potential of the chosen UAV for multi-scale mapping purposes.
Depending on the scale and area coverage, two different approaches for georeferencing are
used, based on high-precision GCPs or the UAV’s log file with exterior orientation values
respectively. The photogrammetric image processing enables the creation of Digital
Terrain Models (DTMs) and ortho-image mosaics with very high resolution on a
sub-decimetre level. The created data products were used for quantifying gully and badland
erosion in 2D and 3D as well as for the analysis of the surrounding areas and landscape
development for larger extents.

Keywords: UAV; SFAP; soil erosion; monitoring; photogrammetry
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1. Introduction

Small-format aerial photography (SFAP) acquired by Unmanned Aerial Vehicles (UAVs) is gaining
approval and usage for a wide range of natural resources management applications and geospatial
research. Although the military has used UAVs for decades, their availability for scientific and other
public purposes is quite modern. In a recent publication, Watts e al. [1] give a detailed disquisition on
the chronological development of Unmanned Aircraft Systems (UAS) as well as on their use. The
scope of the paper is limited to remote sensing and scientific research.

The (scientific) environmental sector in particular increasingly takes advantage of the application of
UAVs. For example, applications of UAVs and UAS for environmental remote sensing purposes are
the focus of two special issues published in 2011. The special issue “Small-Scale Unmanned Aerial
Systems for Environmental Remote Sensing” published in GIScience and Remote Sensing in March
2011 presents several recent approaches. The editorial introduction by Hardin and Jensen [2] gives a
valuable overview of the topics covered: ground cover mapping [3], rapid aerial terrain mapping [4],
multi-scale analysis combining UAS and satellite imagery [5], two sensor-based experiments [6,7] and
finally the challenges and opportunities associated with small-scale UAS [2].

The special issue “Unmanned Airborne Systems (UAS) for Remote Sensing Applications” published in
Geocarto International also in March 2011 presents numerous approaches of wildfire detection and
mapping [8]. Almost all of these projects involve cooperation with the NASA and are therefore located in
the United States. In addition to wildfire mapping, the paper authored by Cress et al. [9] deals with
applying UAS for projects of the US Geological Survey, and Laliberte ez al. [10] present their analysis
on UAS missions for rangeland applications. The latter article emphasizes the high potential of very
high-resolution remote sensing products obtained from UAS and the resulting high accuracy of the
products. A detailed workflow on the image processing of the acquired optical aerial photography is given,
including adjustment of exterior orientation parameters, orthorectification and mosaicking [10] (p. 145).

The recent special issue on ‘Unmanned Aerial Vehicles (UAVs) based Remote Sensing’, of which
this paper is a part, covers a broad range of applications and topics. Towler ef al. [11] present a more
applied approach of terrain and radiation mapping in post-disaster environments, using a
self-developed autonomous helicopter. Laliberte ef al. [12] describe multispectral UAV-based remote
sensing for rangeland environments including image processing workflows. A sensor-focused
approach is presented Kelcey & Lucieer [13]. A method to detect and track moving objects from
UAVs is presented by Rodriguez-Canosa ef al. [14]. The diversity of the contributions in these special
issues clearly shows the increasing importance of UAVs or UASs respectively for environmental
remote sensing purposes. This importance can also be observed in cultural heritage and archaeological
sciences (e.g., [15-17]). Monitoring purposes with UAV-based data [18] and habitat mapping
approaches from aerial orthoimages [19] have also been realized. The growing number of UAV
case-study publications is accompanied by an increase of studies which focus on the technical and
methodological aspects of using autonomously flying, unmanned platforms. All these platforms utilize
consumer-grade digital cameras. For example Rock e al. [20] explored the influence of the number of
ground control points (GCPs) and flying heights for the accuracy of UAV-derived DEMs. Blaha et al. [21]
as well as Li er al. [22] investigated the possibility of direct georeferencing without GCPs. Eisenbeiss
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and Sauerbier [23] developed an interface between UAV control software and photogrammetry
software in order to ease and accelerate the processing workflow.

What are the reasons for the increase in interest and applications of UAV-based remote sensing?
UAV-based remote sensing enables user-controlled image acquisition and bridges the gap in scale and
resolution between ground observations and imagery acquired from conventional manned aircrafts and
satellite sensors. It presents a cost-effective method that allows adapting image characteristics to the
size of the observed objects, to the monitored processes, and to the speed of change within a landscape.
UAV-based remote sensing yields the best possible spatial and temporal resolutions for the respective
research question or application [10,24,25].

The Remote Sensing & GIS Research Group at Frankfurt University’s Institute of Physical
Geography has long-time experience with SFAP, developing high-resolution remote sensing systems
and analysis workflows. From 1995 onwards, the research project EPRODESERT (Evaluation of
Processes Leading to Land Degradation and Desertification under Extensified Farming Systems in
North-East Spain) used a hot-air blimp for low-altitude aerial photographic monitoring [26,27]. Then, in
the early 2000s, gully monitoring using kite aerial photography in Sahelian landscapes was performed [28],
and both types of platforms continued to be used in further investigations in Spain [29].

The work of the research group focuses on the application of UAV remote sensing and the use of
SFAP for mapping and monitoring gully development. Gullies represent an important phenomenon of
soil erosion and have a high impact on land degradation especially in semi-arid regions. Both their
distribution and the various factors and processes involved continue to be subject to geomorphological
research. Several remote sensing studies have presented mapping approaches for local to regional scale
using high to medium resolution satellite data, e.g., [30,31]. However, measuring, monitoring and
understanding gully erosion on a detailed site scale presents methodological difficulties. Gully erosion
occurs at different spatial scales with temporal variability. The measurement precision and repetition
rate attainable with conventional airphotos or satellite imagery are not able to correspond with the
process magnitudes and dynamics that are required for recording and investigating the short-term spatial
and temporal variability of gully retreat ([24], p. 194). Here, UAV-based SFAP has proved to be a valuable
tool for high-resolution mapping and monitoring. This holds true for 2D and 3D analysis [29,32].

The aim of this paper is to describe the application of a fixed-wing aircraft type Sirius I (MAVinci,
Germany) equipped with an optical digital system camera (Panasonic). Furthermore the paper presents
the results of gully mapping within the ongoing international research project AGASouss (4ssessment
of gully erosion in agro-industrial landscapes of the Souss Basin (Morocco)), which is a cooperation
among the Universities of Frankfurt, Trier and Agadir (see d’Oleire-Oltmanns e al. [33]). The research
project focuses on the mapping of gully systems and badlands in the region of Taroudant with UAV-based
remote sensing (see below). Further components of the AGASouss project’s methodological approach
are field mapping, experimental measurements and satellite remote sensing. The main objectives of the
UAV surveys are (a) very high resolution monitoring of the investigated gullies (site-scale) with
optical remote sensing data, (b) the detailed analysis of the gully site surroundings (land use,
vegetation patterns, local catchment areas, efc.) using lower-scale overview surveys (local to regional
scale), and (c) the creation of detailed digital maps and elevation models for the quantification of gully
area and volume as well as their change from time series analysis. Located between data collected
from direct field measurement and satellite-based data, the SFAP data closes a scale gap. The scale of
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field data provides direct contact to the object of interest and potentially unlimited resolution. The
scale of satellite-based data provides spatially continuous, permanent documentation of a momentary
state of the landscape at lower resolution. Within this scale gap exists high potential for UAV-based
data acquisition and analysis on different intermediate scale levels. The very high image resolution as
well as the photogrammetric potential of SFAP data enables a broad range of applications with a much
higher degree of detail than satellite data and higher efficiency and spatial completeness than
traditional field work. The main prerequisite for the design of the UAV survey approach was to meet
varying requirements of scale, resolution and accuracy.

As a further objective of the research project, information from the SFAPs is further included in the
development of a combined and iterative classification approach using object-based image analysis
applied on satellite image level. The aim of this approach is to classify gullies on a larger spatial
extent. One example for using SFAP data within an object-based approach for landform mapping is
given in d’Oleire-Oltmanns et al. [34].

2. Study Area

The area surrounding the city of Taroudant, Souss-Massa-Draa, Morocco was chosen as the study
area (see Figures 1 and 2). The Souss Basin is situated in the semi-arid southern part of Morocco,
framed by the mountainous regions of the High Atlas (North) and the Anti-Atlas (South). It stretches
over a length of about 150 km from its upper reaches in the East to the Atlantic coast and the city of
Agadir to the West. The catchment area encompasses some 16,000 km” [33,35].

Figure 1. Souss catchment in South Morocco (Basemap: USGS HydroSHEDS).
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Figure 2. Overview of the study area with investigated gully sites. The dark-green
patterned areas are fruit-tree plantations; the light-blue, mostly rectangular shapes are
greenhouses. The city of Taroudant is situated in the lower right and surrounded by less
industrialized, more fractured agricultural areas (Quickbird2; 26 October 2009).
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The large sedimentary fans originating in the High Atlas region provide the largest and most
important land resource for the agro-industrial production of citrus fruit and vegetables in the Souss
(fruit-tree plantations and irrigated greenhouses). This makes the area one of the most intensive and
dynamic agricultural regions of Morocco. Apart from the domestic market, the main target market of
the agrarian products is the European Union. The intensive agricultural production is accompanied by
increasing labor migration. This migration is characterized by highly speculative and capital-intensive
structures on the one side and an extensive consumption of the ground water in the valley’s aquifer on
the other [36]. Thus, the already fragile and vulnerable natural environment is subject to numerous
threats to environmental, social and economic sustainability, particularly with respect to water scarcity,
the impacts of climate change and globalization processes [35].

In their distal part, particularly in the Taroudant area, the sedimentary fans are heavily dissected by
gully erosion [37]. In some parts, the resulting badland areas reach deep between the modern fruit tree
plantations and irrigation areas. Today, these badland areas are being restored to cultivated land in
order to increase the productive area Utilizing bulldozing and land-leveling as common measures. The
required machinery is easily available from road construction works. In the direct vicinity of existing
villages, badland areas are also leveled to create seemingly suitable building ground. High demand
exists due to the immigration of laborers from the rural areas. This migration is associated with the
land use intensification. Due to land leveling the drainage systems and incision networks of the
gullies—some of them highly active—are cut off and infilled with unconsolidated material. These
superficially compacted surfaces are particularly runoff-productive and prone to soil erosion. New
gullies develop that endanger and destroy the newly created agro-infrastructure or even buildings.
Some of these gullies re-excavate the old, buried systems, while many new ones develop along the
linear patterns that were created by the bulldozing process.

3. Methods

The choice of possible unmanned platforms for low-altitude Earth observation is huge and
continues to grow. It is difficult to generalize advantages or disadvantages for particular platforms,
because possible applications and working conditions vary greatly around the world. Manually
navigated tethered systems such as kites and blimps are ideal for the precise coverage of small sites
that require only a few images. These systems however, are hardly useful for systematic surveys of
larger areas, where regular overlaps along evenly-spaced flight lines are preferable for an efficient
processing workflow. GPS (global positioning system) and INS (inertial navigation system)
technologies are two examples of recent developments in UAV technology. These developments have
led to the availability of a range of autopiloted systems such as planes, drones, multicopters, efc. that
can autonomously follow prescribed flight lines.

3.1. UAV Specifications

For this study, a fixed-wing aircraft type Sirius I (MAVinci, Germany) is employed (see Figure 3).
It is equipped with a digital system camera (Panasonic Lumix GF1). The battery-powered system is
based on a model airplane made from Elapor. It has a wingspan of 163 cm and a length of 120 cm; its
weight is approx. 2.3 kg without payload. At a ground speed of 45-85 km/h the flight time with 550 g
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payload and one battery is up to 40 min. The plane is hand-launched, no runway or catapult is required
(see Figure 3). During take-off and flight, the UAV is controlled completely autonomously by the
MAVinci Autopilot and its GPS/IMU components. The UAV follows predefined flight paths computed
by the flight-planning software (see Section 3.3). After completing the flight plan the UAV returns to the
starting point and remains rotary in a predefined altitude. The starting point sets also the center for the
so-called bounding box. This is a circular unit with a diameter of 200 m (see Section 3.3). The bounding
box limits the maximum distance between the UAV and the starting point while the pilot is using the
assisted flying mode (see below). Whenever the UAV hits the limit of the bounding box it
automatically turns to remain within its given extent. Therefore it is an important safety aspect.

Figure 3. Fixed-wing aircraft Sirius I by MAVinci (Photo: W. d’Oleire-Oltmanns 2011).

The system also features a half-autonomous mode, the so-called assisted flying mode. In this mode,
the pilot is permanently supported by the autopilot software during UAV control: Height loss while
flying turns or destabilization due to wind is corrected automatically. Turn radii are limited within the
software to avoid material stress which might cause UAV damage. Furthermore, steering is simplified:
software-controlled interaction of yaw rudder and roll-aileron enable the pilot to directly turn the UAV
left or right. Limits for maximum values of pitch and roll angles are set within the software. This
assisted flying mode enables the pilot to safely steer and land the plane while confining the navigation
area to a predefined range. This is highly useful for difficult terrain, where fully-autonomous landing
may not be possible. It also increases the flexibility during the survey, since the pilot may cover extra
targets not previously included in flight-planning. However, the assisted flying mode does not relieve
the pilot of his or her responsibility. The pilot must be able to safely steer and land the plane. Therefore
passing the training courses offered by MAVinci prior to independent surveys is indispensable.

As the optical onboard sensor, a 12 MP digital interchangeable lens system camera is installed
(Panasonic Lumix GF1 with 20 mm Pancake lens). The mirror-less Micro Four-Thirds camera with
SLR-comparable quality is much smaller (12 cm * 7 cm x 6 mm incl. lens) and lighter (450 g) than
traditional single-lens reflex cameras. These properties make it highly suitable for unmanned
platforms. This camera features several characteristics important for the photogrammetric analysis of
the images (cf. [24], pp. 78-80): single focal length, comparatively large image sensor, lossless RAW
file format and lack of image stabilizer. The camera is completely concealed in the body of the plane.
It points vertically to the ground through an opening in the plane bottom. The camera exposure is
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triggered by the on-board computer in the regular intervals computed by the flight-planning software.
Thus, a continuous image series is taken during the survey.

Generally, the flight-plans are designed as parallel flight lines in order to achieve regular along-line
stereoscopic overlap. At the end of each line the roll of the UAV may reach large angles up to 60°, where
the image axis is off-nadir. Due to this, a rather large overshoot must be taken into account—this always
results in a considerably larger area covered by the flight plan than the actual image acquisition area.
Large amounts of oblique images at the flight-line ends are avoided due to restricted triggering control.
Maximum pitch angles (e.g., 10° off-nadir) are set within the flight-planning software.

3.2. Ground Control

For all applications that involve measuring and mapping, georeferencing and geometric correction
of the images is imperative [38,39]. However, a highly exact geometric correction requires time, effort,
a digital elevation model, and excellent ground control. Many UAYV applications may not really require
such efforts, and depending on the image and relief characteristics, simpler solutions might be quite
sufficient ([24], p. 160). For this study, the requirements regarding geometric accuracy also vary,
ranging from very precise for exact gully edge delineation and 3D modeling to less ambitious for
overview image mosaics.

There are two possibilities for reconstructing the location of an image within a given ground
coordinate system. The first possibility uses GCPs. These are features that appear on the photographs
and whose locations in a reference system are known. The second possibility determines the exterior
orientation—position (X, Y, Z) and rotations (yaw, pitch and roll of the platform or k, ¢ and ® of the
image)—of the images during the flight. Although the latter is accomplished by most autonomous
UAYV systems—including the autopilot system of the Sirius I UAV—the recorded data are not precise
enough compared to the image scales and resolution to enable direct georeferencing. However, as
shown below, they may be used as initial values for approximate orientation of larger UAV flying
heights. Likewise, GCP collection methods typical for satellite remote sensing or conventional aerial
photography—map reference points or GPS data of existing features such as road junctions, field
corners, and individual trees—do not yield coordinates precise enough for the rectification of images
with centimeter ground sample distance (GSD). Thus, GCPs for high-precision UAV applications are
usually pre-marked artificial features whose coordinates have to be determined in the field using total
stations or differential global positioning systems (DGPS), providing a measurement precision of 10 mm.

In our study, 20-80 GCPs were installed prior to the survey in each study site by driving short
pieces of a metal pole into the ground. The GCPs were distributed on the surface around the gully as
well as within the gully (where possible) in order to cover the varying terrain heights. They were then
marked with target signals composed of 30 x 30 cm red cardboard squares, and additionally fitted with
a CD labeled with a black-and-white bullseye design (Figure 4). This setup has proven to yield optimal
visibility in the digital imagery at various scales. All GCP coordinates were measured with a total
station using a self-defined local coordinate system since official survey points enabling the connection
to the national reference system or a DGPS were not available. The precision of the total station
measurements was estimated to approx. 0.5 cm for x/y and 1 cm for z. However, the GCPs are
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additionally measured with a standard GPS unit, so the local coordinate system may be transposed into
the national reference system later.

Figure 4. Ground control point (GCP) installation workflow (Photo: W. d’Oleire-Oltmanns 2011).

The time required for the installation of the GCPs varies depending on the number of GCPs. A
small number of around 20-25 GCPs were installed and measured within around 2—4 h. Installing and
measuring a very large number of 80 GCPs takes around 7-8 h and therefore reaches the limit of the
possible number of GCPs to be distributed and measured per day.

In Figure 5 two distribution patterns of GCPs are shown. Each GCP is represented as one circle.
The left image illustrates a smaller rectangular area with 41 GCPs. The right image illustrates a long
narrow gully system on a crop field with 80 GCPs distributed.

Figure 5. GCP distribution patterns measured with standard GPS (Quickbird2; 26/10/2009).
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Most study sites are agricultural fields, pasture land or wasteland directly adjoining settlements.
Hence, it is not possible to install all GCPs permanently because the metal poles will be dug out by the
farmers, shepherds or local children. Some permanent reference points were installed and measured at
all gully sites. These reference points were hidden under bushes or permanent features such as concrete
bases of utility poles were used. This enables us to re-establish the same local coordinate systems for
repeat surveys.

3.3. Image Acquisition Survey

The study sites that are monitored within the AGASouss project range from individual gullies to
badland areas including the surrounding settlements, plantations and greenhouses. The required image
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scales and resolutions vary depending on the processes observed. Detailed changes of gully edges by
headcut retreat, infilling of badlands by bulldozing, construction of new greenhouses, are examples for
different processes. In order to take into account the different site extents and observation scales,
different flight plan designs are employed for image acquisition.

Contrary to other unmanned platforms that belong to the hovering type, such as kites, blimps or
copters, a plane is constantly moving. That fact makes it difficult to hit a small target area precisely.
Rather than flying regularly spaced parallel flight lines, it is advisable to design a flight plan that
crosses the same spot as often as possible. This increases the number of images covering the target
with varying overlaps. One designed flight plan was duplicated and its orientation was rotated against
the orientation of the first flight plan. As a result, the number of flight lines that cross the target area
directly is doubled. Below, in Figure 6 a small target area is illustrated: The selected study site HAM3
(yellow polygon) has an extent of about 0.5 ha. The two flight plans with 85 m flying height cover a
much larger area, as the overshoot zone must be taken into account. In this overshoot zone, only
oblique images were acquired during the UAV turns. The flight lines are very closely spaced, resulting
in a 60% sidelap. Taking into account the minimum turn radius of the UAV and its average speed, this
case represents almost the lower survey limit. In Figure 7 the medium-sized study site HOU with an
extent of about 3.0 ha is shown. The corresponding flight plan covers an area of 6.7 ha from 85 m
flying height. Figure 8 shows the large study site LAS with an extent of about 200 ha. The summed
length of the individual flight lines is 26.5 km. The survey flight took place at S00 m above ground.
Note how the overshoot area—the difference between the actual study area and the area covered by the
flight plans—decreases with larger study areas.

Figure 6. Flight plan for a small study site (HAM3, 85 m flying height). The variably
shaded blue lines are two consecutive flight plans that are offset and rotated against each
other to enable complete coverage of the small site.
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Figure 7. Flight plan for a medium sized study site (HOU, 85 m flying height).

Since the extents of the different study sites vary, not only the area to be covered changes but also
the required flying height above ground. For small to medium extents a high level of detail in the
acquired SFAPs is usually desired. Thus, consequently a lower flying height above ground is required.
For larger and vast extents an increase of the flying height is necessary. That means, however, a
reduction of detail in the images. If the flying height were set too low for a large area the total number
of acquired SFAP would increase enormously. Furthermore the processing of a very large number of
SFAPs would require a huge amount of time. Therefore the desired outcomes have to be considered
very carefully in advance.
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Table 1 contains the different values, such as flying height, extent, and more, for the three study
sites shown above as well as for study sites presented in the following. In addition these values
demonstrate the mapping capability of the chosen fixed-wing aircraft.

Table 1. Selected parameters for image acquisition survey on selected study sites. Values
are taken from MAVinci software since, e.g., setting the parameter flying height defines
the area covered by the resulting flight plan.

Flying Height Above Ground Area Covered by Flight Plan  Calculated Image Resolution

(m) (ha) (cm X ¢cm)
HAM3 (Hamar 3) 85 1.0 1.8x1.8
HOU (Houmer) 85 6.7 1.8x18
HOU (Houmer) 170 6.7 3.7%x3.7
GLAL (Glalcha 1) 70 4.1 1.5x15
GLA (Glalcha) 400 20.2 8.6 % 8.6
LAS (Lastah) 500 >200.0 10.8 x 10.8

Most study sites in our project are covered with at least two survey scales—a detailed,
high-resolution survey of the individual gullies, which enables precise measurements of gully areas,
volumes and change, and an overview survey including the surrounding area, which allows the
interpretation of gully development in its spatial context. Precise ground control as described in
Section 3.2 may, however, not be established for the large areas, and other ways of georeferencing this
imagery had to be found.

3.4. Image Processing

Depending on the survey scale and the presence of high-precision GCPs, two different workflows
were used. Both workflows are photogrammetry-based and allow the creation of Digital Terrain
Models (DTMs) and ortho-image mosaics after creating photogrammetric image blocks by
bundle-block triangulation. The main difference between the two workflows is that SFAPs derived
from surveys at lower flying heights are processed using high-precision GCPs installed and measured
in the field. In contrast, for SFAPs acquired at large flying heights the exterior orientation values are
taken from the log-files recorded during the survey flight for initial direct georeferencing of the
images. The log files contain values for different angles (k, ¢ and ®) and a GPS value for the center of
each image. During image processing, the values for image orientation are refined in iterative
triangulation calculations. In addition, for image orientation camera calibration parameters are used.
These parameters were derived from self-calibration using a well-suited study site.

The preparation in advance to SFAP processing using either one of the two workflows is applied
likewise. First, all SFAPs acquired during surveying flying are screened and well-suited SFAPs with
stereoscopic overlap are selected for further processing. Taking the information saved in the log files
enables visualization of image distribution and location using GIS software. Selecting well-suited
SFAPs for further processing can then be done in a much faster manner using an attribute-based
selection of points, e.g., by excluding images exceeding a certain threshold for maximum deviance
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from a nadir position during image acquisition or images with deviating flying height (taken during the
staring and landing phase).

The original file format is RAW which requires transformation to TIFF format during which
modest image enhancement regarding contrast, saturation and brightness is applied. All further
processing of transformed image data is done using Leica Photogrammetry Suite* (LPS).

The first workflow uses existing GCP values. Image data as well as measured GCP coordinate
values were imported into a photogrammetric block file in order to enable geometric referencing and
stereo-model creation by bundle block triangulation. Subsequently, every single coordinate value
(X/Y/Z) was assigned to the corresponding GCP on all SFAPs (see Figure 9).

Figure 9. Assignment of image coordinate values for the GCPs on two images with stereo
overlap, highlighted with green circles. GCPs are distributed around the gully system and
within the gully to cover the different elevations (study site GLA1).
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At least 3 GCPs per SFAP or 6 tie points are necessary for triangulation. Following the manual
assignment of GCPs and minimum required tie points, a large number of additional tie points are
automatically generated for increased robustness of the created image block. Figure 10 shows the
distribution of GCPs as well as the corresponding residual vectors appearing in an unsystematic order.
The residual vectors are illustrated as blue lines and scaled by a factor of 200,000 for better visibility.
The images are illustrated as grey rectangles.

The triangulation process calculates values for the root mean square error (RMSE) of the orientation
for the whole image block, as well as for the GCPs. This is an iterative process which requires
refinement, e.g., elimination of blunder tie points—until satisfying error values are reached depending
on the necessary accuracy of the resulting product. All triangulation was performed with fixed interior
orientation (as the camera was self-calibrated shortly before; see Table 2), slight tolerances for image
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point (0.33 pixels standard deviation) and a tolerance of 0.5 cm (X/Y) and 1 cm (Z) standard deviation
for the GCPs. This reflects the estimated positioning and measuring accuracy of the image point and
GCP coordinate positions. These slight tolerances allow them to fluctuate within the range of these
values during the bundle adjustment.

Figure 10. Distribution of GCPs with corresponding residual vectors in no systematic
order. GCPs indicated as red rectangles and error vectors indicated as blue lines (image
block from study site GLAT).

error vector

(scaled by 200,000)
A GeP

(Ground Control Point)
. image area

f————— 20Meters

Table 2. Camera calibration parameters derived from self-calibration of Lumix GF1.

Focal length (mm) 19.1015
Principle point Xo (mm) —0.0266
Principle point Yo (mm) 0.0539
Radial lens distortion Konrady coefficients
K1 —5.9629000e—-05
K2 2.2113300e—07
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Successful triangulation of the whole image block is the prerequisite for further analysis: Due to the
stereoscopic overlap of the images, the extraction of Digital Terrain Models (DTMs) with very high
resolution is possible. Using the SFAPs as input data, the resulting DTMs have a very high resolution
which also means that large computing power is necessary for data processing. In order to keep the
processing time low, not all SFAPs were processed. Image pairs with a well-suited overlap of the study
area were selected. The terrain extraction was then carried out with standard settings in order to create
single DTMs, which were finally mosaiced (see Figure 11). Using this DTM, ortho-image mosaics
with very high resolution were calculated (see Figure 12).

A second workflow is used for those SFAPs which were acquired at larger flying heights for large
areas. GCPs were not installed and measured. In this case, the information for image orientation is
derived from the log files which are recorded during the survey by the MAVinci software. The log
files contain—among other information—the measured X/Y/Z GPS position for each image acquired
as well as the information on tilt of the image axes (k, ¢ and ®). This information was used as initial
values of exterior orientation for the images in the photogrammetric block file. The accuracy of these
values is unknown. It is dependent on the measurement accuracy and precision of the GPS and IMU
units, and the alignment of the camera with respect to the IMU coordinate system. Moreover, there
may possibly occur a time-lag between triggering command and actual triggering of the camera that
may influence the accuracy These values can therefore be expected to deviate up to several meters and
degrees from the actual values.

Figure 11. Generated DTM of study site GLAI.
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Figure 12. Ortho-image mosaic of study site GLA1.

The triangulation process in LPS requires a minimum amount of GCPs. X/Y/Z coordinates for
well-defined points such as street-kerb corners, small bushes or similar were taken from a Quickbird
satellite scene (c¢f Figure 2) and an SRTM elevation model to fulfill this software requirement. The
measured coordinates were then assigned to each corresponding SFAP image point in the block file.
The triangulation was subsequently processed—with accordingly higher tolerances of 0.5 m for the
GCPs—and also allowed the generation of DTMs by automatic terrain extraction as well as creating
ortho-image mosaics.

3.5. GIS Analysis of Gully Volume Change

Monitoring the gully volume change is accomplished using the generated DTMs from the SFAP
data. Interestingly, there are two different directions of volume change present in the study area: on the
one hand, continuing erosion occurs and leads to a negative volume change, whereas, on the other
hand, infilling of the gullies and badlands by land-leveling measures leads to a positive volume
change. The general approach for calculating the gully volume change is to subtract the DTMs created
for two different points in time. In order to quantify the starting volume of a gully for the first
monitoring date, it is necessary to reconstruct the (potential) original former surface prior to erosion by
creating some kind of 3D cover plate.

Generation of this so-called cover plate was done by firstly digitizing the gully edge in 3D using
stereoscopic glasses. Secondly, the resulting 3D-polyline was used for generating a 3D-polygon.
Finally, a TIN surface model was created from this polygon and converted to raster format. This
resulted in a DTM with approximate height values of the gully system as it was prior to the incision.
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The height difference between this raster and the gully DTM was calculated for each raster cell. These
values were then multiplied with the raster resolution and summed up in order to receive a value for
the gully volume.

3.6. Accuracy Assessment

The accuracy of the UAV-derived data mainly depends on two aspects: the accuracy of the
photogrammetric restitution based in the bundle-block triangulation, and the accuracy of DEM
extraction. Both could only be independently assessed by using precise ground truth data, preferably as
spatially continuous elevation data or at least a substantial number of check points [38]. However, due
to the very high resolution of the UAV data, there is no spatially continuous reference data available
for the chosen study area that would provide sufficient accuracy and precision. The lack of reference
data at this level of data resolution is a common issue in UAV studies and also described by Harwin
and Lucieer ([40], p. 1584). Although the use of check points—distributed and measured with the
GCPs—is a reasonable alternative, this approach requires substantial additional time and effort during
the field survey. Ultimately this approach is considered as not viable for most cases ([40], p. 1585).

For the case study of GLA1 presented below, we have refrained from distributing additional check
points for the named reasons. Instead, the residual errors of the triangulation were computed, which
allows to estimate the quality of the photogrammetric restitution and compare them to accuracies
achieved in a similar study. In order to minimize errors in the photogrammetric restitution process, care
was taken to maximize the precision of exterior orientation (usage of GCPs measured by total station; see
Section 3.2) and interior orientation (usage of camera calibration parameters; see Section 3.4).

4. Results
4.1. DTMs and Orthoimage

During two field campaigns which took place in autumn 2010 and autumn 2011, more than 17,000
SFAPs were acquired over 13 study sites. Flying heights varied from 50 to 600 m above ground. The
number of installed GCPs for ground control ranged from 12 to 80 depending on the size of the
respective study site.

The generated DTM from the study site GLA1 (see Table 1 and Figure 10) is shown in Figure 11.
The flying height was 70 m above ground and a total number of 31 images were processed. In
Figure 10 the corresponding image mosaic is illustrated. The enlarged inset shows the structure of the
gully sidewall in detail.

In Figure 13 the DTM is illustrated that was processed with the second workflow (described under
Section 3.3). Here, the flying height was 400 m above ground. The area has an extent of about
1,000 m x 400 m. The white circle indicates the location of study site GLA1 (see Figure 11).

The results presented in Figures 11-13 illustrate the high degree of detail achievable with the
chosen approach of UAV-based SFAP and subsequent analysis. Aside from the main gully, also very
small lateral rills are visible over the whole extent of the mapped area (see Figure 11 inset and
Figure 12). In contrast, satellite images with very high resolution such as Quickbird (see Figure 2) do
not allow this degree of detail but are limited to larger elements only—such as the main gully rill-and
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they also lack 3D information. Available DTMs derived from satellites with stereoscopic capabilities,
such as SPOT, also do not allow a detailed analysis. For instance, the resolution of a SPOT-DTM with
10 m x 10 m is too coarse and only allows the identification of the slight depression of the thalweg
where the gully incises-if the main gully has already grown large enough. Airborne LIDAR data—not
available in Morocco or for this project—usually yields excellent resolutions and accuracies compared
to other remotely sensed terrain data, but is also limited to approx. 0.5-1 m resolution.

Figure 13. Generated Digital Terrain Models (DTM) of study site GLA.
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Regarding traditional field work, one established method of gully erosion monitoring is the manual
measurement of gully profiles by tape or total station. For quantification of erosion rates, simple
geometric shapes (e.g., trapeze or cuboids) could then be calculated. Such field work would, however,
significantly increase the time required for data acquisition. In addition, the degree of detail is much lower
since the accuracy of manual measurement and measurement point density would be the limiting factor.

The resulting DTMs and ortho mosaics show the agriculturally used areas and their shaping by soil
erosion phenomena in detail. The depression of existing erosion lines (i.e., gully erosion) is well
visible. The gully volume was quantified using the generated DTM and digitized gully edge (see
Section 3.5.), which delivered an approximate amount of 720 m® of gully volume. The gully area used
for quantification of the volume change has an extent of 869 m”. The elevation heights given in Figure
11 are relative to the zero level that was created while setting up the local coordinate system. The
actual maximum incision depth of the gully reaches 4.25 m at the lowest point, which is the level of
the wadi bottom. The incision depth decreases slowly while moving up the main gully, from the
deepest point at the wadi bottom towards the more recently eroded areas (see Figures 11 and 12).

In order to be able to further interpret the values given above, the catchment area for GLA1 was
created using the DTM of GLA (see Figure 13) for hydrological modeling: Flow directions for the
entire DTM were calculated. Then all sinks within the DTM were filled. Setting the pour point where
the gully enters the wadi enabled the calculation of the overall catchment. The size of the catchment
amounts to around 3.5 ha.
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4.2. Accuracy and Residual Errors

In Table 3 calculated values for the residual errors of the triangulation, as well as information on the
spatial resolutions of the data is provided. The RMSE for the GCP position and the mean accuracy of
the exterior orientation was calculated for the DTMs processed with the two workflows. For study site
GLA1, which was processed with the field GCP workflow, the RMSE of the GCPs reaches values
between 0.9 and 2.7 cm in horizontal directions. In vertical direction the error is below 1 cm. The
mean accuracy of the exterior orientation ranges between 2 and 4 cm. For the whole study site GLA
that was processed with the second workflow, the RMSE of the GCPs taken from the satellite data
ranges between 1 and 1.7 m. The mean accuracy of the exterior orientation amounts to 0.3-0.4 m. The
mean difference values between the exterior orientation values computed during triangulation and
those taken from the UAV log files are only available for the GLA data set. They reflect the quality of
the in-flight GPS measurements, confirming the fact that their precision is rather low and would not be
sufficient for direct referencing of higher-resolution SFAP taken from lower flying heights. Finally, the
resolution of each data set is given in the last column.

Table 3. Triangulation accuracy and resolution values of presented results.

Mean Accuracy Mean Difference DTM
RSME GCPs Exterior Exterior Orientation Original Image Resolution
(X/Y/Z) in (m) Orientation (X/Y/Z) From Log Values Resolution (m) (i)
in (m) (X/Y/Z) in (m)
GLAI
0.0093/0.027/
(DTM. first 0,007 0.037/0.024/0.021 - 0.015 x 0.015 0.05 x 0.05
workflow)
GLA (DTM.,
second 1.7/1.04/1.1 0.3/0.31/0.38 4.19/5.0/8.24 0.086 x 0.086 1.0 x 1.0
workflow)

In a study conducted by one of the authors ([24], pp. 32-34), the accuracy of triangulation and
DTM has been assessed in detail for a similar SFAP survey design. Additional GCPs were distributed
as independent check points. These check points were measured with the total station in the field.
Findings show that horizontal error values range between original image resolution and mean exterior
orientation accuracy. Vertical errors (i.e., z-values) are about 2-3 times larger ([24], pp. 32-34). Flying
height, GCP and check point signaling and measurement method and DEM extraction method
correspond with those presented in this paper for the first workflow. Accordingly, findings are
regarded as transferable. For the case of GLA1, we may therefore expect an accuracy of approx.
1.5-3 cm in location and 5-8 cm in height for elevation points computed by space resection from the
stereo models.

4.3. Land Leveling and Soil Erosion Processes

The GLAI1 gully presented here is an interesting and typical example for erosion processes
occurring in this study area. Gully erosion often takes place in ancient depression lines that have
temporarily been smoothed over by land-leveling measures. The gully systems as illustrated in
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Figures 11 and 12 may already be identified on older satellite data such as Corona military
reconnaissance data, showing the state of the study area around 40 years ago.

Heavy rainfall events cause high amounts of run-off leading to sediment discharge over the entire
catchment area. At the lowest point of the catchment, the water enters the adjoining wadi. This
gradually causes the initial edge fraction that evolves into regressive erosion. Both aspects lead to and
starting the gully growth. A more recent SPOT satellite image from 2004 (currently appearing in
GoogleEarth) shows the same gully system: the main gully rills are further incised and more lateral
rills building a fine dendritic system have developed. On the Quickbird satellite image from 2009 (as
shown in Figure 2), the gully system has been infilled by land-leveling measures. The material from
this infilled gully was probably taken out by renewed erosion after only one heavy rainfall event which
occurred in February 2010. This illustrates the enormous dynamics which occur in the study area:
Around 720 m® of soil material have been eroded most probably within a single rainfall event.

The intensification of the agriculture permanently increases the pressure on available arable land. In
order to gain even larger agricultural extents, landowners started to infill existing gullies and badlands
throughout the region. Bulldozers were applied to shift material from the neighboring soil surface into
the gullies and thus create additional arable land. These leveling measures destroy the soil surface. The
material filled into the gullies does not begin to feature stable conditions as compared to naturally
developed soil horizons, and the surrounding surface is often compacted by the leveling. Then, if a
heavy rainfall event occurs, the erosion caused by the run-off is much higher than in a
natural environment.

The ploughing rills and furrows created by the bulldozers even increase the impact of erosion
processes since rainfall accumulates within these small linear depressions, which accelerates the
erosion process. Next to the main gully, which has already been eroded until reaching the base level of
erosion defined by the wadi bottom, small erosion rills are visible in Figure 11 indicating future
locations for regressive erosion and gully development.

5. Discussion

The applied methodology for soil erosion monitoring provides a good way of reducing the existing
gap between field scale and satellite scale using SFAP. The variable scale, where image acquisition
may take place using the presented UAV proves the high potential of this technique. Survey flights
were successful at low and large flying heights as well as for small, medium and large study
site extents.

The number of 80 GCPs distributed as shown in Figure 3(right) reaches the limit of possible areas
mapped with this method. Distributing and measuring 80 GCPs using the total station required more than
half a day’s work. The surveying flight(s) had to take place on the same day since the GCPs cannot be
left over night in the field. Illumination also has to be considered for good image results which finally
limits the time slot. Another limit for data acquisition using an UAV is the extent of the area to be
mapped and/or the flying height since the UAV has to be visible during the whole surveying flight.

Flight plans as shown in Section 3.3. define the possible area extents and flying heights. Flight plans
with even smaller extents and flight lines that were even closer to each other were theoretically possible.
However, the resulting SFAP would not fit the required value ranges concerning image quality as well as
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coverage (yaw, pitch and roll of the platform or x, ¢ and ® of the image). Overall the chosen
UAYV appeared to be well-suited for mapping the broad range from small areas at low flying heights to
large-scale coverage at large flying heights. The presented system covers all of these scopes and proves
its good applicability. For a comparison of different UAVs see also Chapter 8 in Aber et al. [24] as well
as Watts et al. [1].

The derived data products enable detailed 2D and 3D analysis. Change detection or landscape
development analysis for larger areas is possible. The DTMs used for quantification of erosion
volumes lead to tangible statements of gully growth. The high resolution and precision of the derived
data products is yet missing on satellite scale level. Also other high resolution data products such as
LIDAR point clouds are not yet available for large areas, such as our study area. Especially for these
areas, the UAV-based monitoring provides a valuable alternative for mapping and monitoring
short-term development of soil erosion and other environmental applications. A good example is given
by Laliberte and Rango [41] discussing texture and scale in UAV imagery.

The first workflow (including GCP values) leads to very precise results with high-level accuracy. In
order to assure this high accuracy GCPs were distributed and measured with a total station. This
delivers very precise local coordinates. Total stations have an uncertainty in position of ~1 cm and an
uncertainty in elevation of ~2 cm as analyzed by Walker and Willgoose [42]. Our own measurement
precision—as estimated from repeat measurements—is somewhat higher, possibly due to shorter
measurement distances. Due to a lack of spatially continuous reference data traditional accuracy
assessment is not yet possible. This is also described by Harwin and Lucieer [40] (p. 1584). For the
presented work, the results from a previous case study with accuracy assessment were applied.
Aber et al. [24] assessed the accuracy using independent check points. The data acquisition took place
in the same way as presented in this paper. Therefore, the results are considered to be transferable. The
resulting accuracy values correspond well with the high level of resolution that is implied in the
acquired SFAPs. This holds true for results from both workflows presented.

The presented approach allows to map and measure erosion in very high detail. Otherwise, that
could only be approximated by extremely laborious and time-consuming field measurements with total
stations, differential GPS or terrestrial laser scanners. However, all these systems would most probably
fail to capture the complete form of such complex erosion gullies due to accessibility and visibility
problems. Hence the good applicability of the chosen UAV may be seen as an advantage for
time-effective data acquisition of large areas. That very is needed in several disciplines dealing with
dynamic processes as stated by Eisenbeiss and Sauerbier ([23], p. 404). The extremely high resolution
of the images and resulting DTMs allow the mapping of numerous spatial details. Small erosion rills or
surface structure resulting from leveling and ploughing may be identified in the field. This is not
possible with any other remote sensing data such as traditional aerial photographs or high resolution
satellite images. As high-precision georeferencing is required, this approach involves some field work
for installing and measuring the GCPs.

The results derived from the second workflow gain high potential for large-area mapping, although
this workflow is less accurate because it does not use previously installed field-measured GCPs,
Compared to traditional remote sensing data, these data products are still much more detailed and
accurate. Their image resolution of ca. 5-10 cm is approximately one order of magnitude better than
recent high-resolution images taken by WorldView or Quickbird. Larger areas may be analysed in
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considerable detail with such commercially available imagery. One example is our complete study area
shown in Figure 2. Anyhow UAV data from flying heights of around 500 m account for the coverage
of local study areas with even higher precision at user-specified times, repeat rates and lighting
conditions. Thus, they may additionally provide the spatial context for yet smaller study sites which
are located within the area (see Figure 13). The concept of mapping the spatial context of small study
sites by acquiring overview data from high flying heights is used by Hendrickx ez al. ([16], p. 2970).
Nevertheless, the applied Microdrone cannot cover the same range of flying heights as the UAV
presented within this paper.

One fact to be mentioned is that the flying height for images processed with the second workflow
has to be set rather high. In our experience and for our UAV the flying height must not be below
250 m. Otherwise the accuracy of the initial exterior orientation values taken from the in-flight GPS
logs (see Table 3) would be too low compared to the area size covered by the image. If the initial
position of the image during the triangulation process is too inaccurate, no overlap with the neighboring
images may be computed. Thus, no tie points and therefore no relative orientation between the images
can be established. Larger image extents—acquired at higher flying heights—decrease the relative
mispositioning of the images. Accordingly, this allows the necessary initial triangulation and
subsequent refinement.

The quantification of gully volume changes was shown as an application for soil erosion monitoring
utilizing the generated DTM with very high resolution. Gaining reproducible values, this methodology
is considered to be valuable. However, the workflow is not completely independent from manual
influences, such as digitizing the gully edge. In order to achieve accurate results, this part requires
expert knowledge as well as precise digitized data. Since there is also some inaccuracy implied in the
height values of the DTM, the presented value for the gully volume should be considered as a good
estimation of the magnitude of erosion-induced change rather than a precise absolute amount.
Especially small lateral rills are captured with less detail and accuracy. This is due to their deeply
incised and narrow shape. Poor visibility conditions emerge therefrom and prevent complete mapping
due to shadowing and low contrast (see also [43]). In addition to superficial erosion, these lateral rills
are often subject to subsurface erosion processes such as piping. Quantifying these underground
erosion volumes is not possible with the presented method. Still the achieved quantification values are
considered to deliver a good estimation of the magnitude of erosion-induced change. Within the
AGASouss project erosive processes are also analyzed by applying rainfall simulation. Rainfall events
are the main cause for soil erosion in semi-arid regions [33]. Those rainfall simulation experiments
were applied on different soil surfaces. Results from these rainfall simulation experiments will be
published in an upcoming article. The combination of the remote sensing approach with the analysis of
soil erosion processes indicates interesting and tangible results in the overall context of this topic.

Image processing that aims for results with a high level of detail is rather work-intensive and still
requires future improvement. However, this required manual input may also be seen as an advantage:
the user remains in a position with more control over the process ([16], p. 2973). More recent
techniques may lead to further more facilitation, such as the workflows based on Structure from
Motion (SfM) techniques [44]. SFAP acquisition at too low flying heights remains one problem for
accurate triangulation of SFAPs. Due to high image overlaps only little stereo parallax exists. The
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correlation of single pixels then sometimes leads to noise in the data products which may also be
identified at some places in Figure 11.

Further evaluation of image processing workflows will be an ongoing task for future work. The
quantitative analysis of the derived DTMs will be continued, including further data acquired at a
second point in time. This monitoring analysis will lead to insights in soil erosion development in the
study area and provide the basis for future interdisciplinary analysis within the AGASouss project.

6. Conclusions

This paper has presented the application of an Unmanned Aerial Vehicle (UAV) for monitoring soil
erosion in Morocco. Data acquisition at multiple scales, closing the gap between field scale and
satellite image scale, was successfully performed with the chosen fixed-wing UAV. For the image
analysis, two different photogrammetric workflows were applied, that cope with the very high
resolution of the acquired small-format aerial photographs (SFAPs). The first workflow is applied on
SFAPs that were acquired from lower flying heights (i.e., 70 m above ground). Accordingly the image
resolution is very high with only a few centimeters. Precisely measured coordinate values from
manually installed GCPs were used in the first workflow. This leads to very accurate triangulation
values for the photogrammetric image block. The RMSE errors of the GCPs reach values between
0.009 and 0.027 m in horizontal directions. In vertical direction the error value amounts to 0.007 m.
The second workflow was applied on SFAPs that were acquired from larger flying heights (i.e., 400 m
above ground). The image resolution still remains below 10 cm at these flying heights. Since this aerial
survey covers a very large area, no GCPs were distributed in the field. Instead, direct georeferencing
using the UAV GPS log was applied for creating the image block, supported by a small number of
GCPs taken from a Quickbird satellite scene and a SRTM elevation model. This method enables the
creation of image blocks for large areas without manually installed GCPs. Here, accuracy values in
horizontal directions reach values between 0.09 and 0.3 m. In vertical directions the accuracy values
range from 0.3 to 0.8 m. After triangulating the image block, using either one of the workflows, Digital
Terrain Models (DTMs) and subsequently ortho-images could be derived. The presented approach was
applied at two different levels of scale. At a local scale, single study sites may be analysed in high
detail. These data products allow analysis of soil erosion at a level that is comparable to direct field
work due to its high resolution. As one example the quantification of the gully volume at a site near
Glalcha, Taroudant, was processed. The more regional scale puts single study sites in their larger
spatial context which is especially required for a profound understanding of numerous aspects that
influence the whole erosion process. Both levels are located between field measurement scale and
satellite scale. Therefore this approach is valuable in terms of reducing this existing scale gap. The
presented mapping method extends beyond traditional SFAP acquisition by incorporating
unconventionally designed flight plans. Hence, almost all kinds of different study sites may be
mapped. Apart from mapping soil erosion, this approach may be used for any kind of environmental
mapping purposes. It is furthermore well-applicable for repeated data acquisition.

In future work, the mapping approach will be continued to arrive at a regular monitoring.
Quantification of erosion rates as well as the combination of the presented mapping approach with
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process analysis will be focused on. A profound understanding of the erosion processes within their
spatial context may be achieved using this approach.
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Abstract

The grazing of goats and sheep is regarded as an important factor for soil degradation in
semi-arid landscapes. Nevertheless, hardly any data can be found in literature. In the
presented study, the process dynamics of material disaggregation and translocation directly
caused by trampling animals was quantified by means of experimental methods on test plots.
Gerlach troughs were installed in order to quantify material mobilization in different
directions. The slope angle and the running speed of the animals were varied. Additionally,
the amount of material that was loosened by the hooves of the goats was measured.

The translocation rates were surprisingly high and slope angles as well as running speed
turned out to be important influencing factors. In downslope direction, each goat translocated
rock fragments from an amount of 0.6 g up to 6.5 g on each square meter, depending on
slope. The maximum translocation rate in movement direction reached 4.5 g m? per goat for
fast running and 1.3 g m™ per goat for slow motion. Additionally, each goat could loosen 14 g
of soil material per square meter; this material could easily be removed by wind or water.
Experiments with marked rock fragments on slopes of 4° and 11° showed that a flock of 45
goats translocates rock fragments (g 3 cm) by a mean distance of 8.8 cm. While rock
movement occurred in all directions, most often the rock fragments were kicked forward
downslope. Net mean downslope translocation rates varied between 1.5 cm and 6.6 cm
corresponding with slope and the total number of rock fragments moved.

Keywords
erosion, sheep and goats, experimental geomorphology, sediment translocation

1 Introduction

About 40 % of the earth's land-surface is used for grazing and 80 % of this grazing area is
situated in landscapes with semi-arid and arid climates (e.g. BRANSON et al. 1981,
MONFREDA et al. 2008, 2009, RAMANKUTTY et al. 2008). Over-grazing is considered the
main cause of 35 % of world-wide soil degradation (OLDEMANN et al. 1991). On the African
continent, 49 % of the soil surface is already degraded due to grazing and in Australia the
affected area amounts to 81 % (EVANS 1998, OLDEMANN et al. 1991). Accordingly,
grazing-induced soil degradation is one of the most widespread land-degradation
phenomena.

Numerous field surveys in literature focus on the degradation of vegetation due to browsing
damage by animals (e.g. ALADOS et al. 2004, ANDRESEN et al. 1990, MWENDERA &
MOHAMED SALEEM 1997b, MWENDERA et al. 1997, NOY-MEIR 1975, 1978, 1995,
PEARSON et al. 1990, PEGAU 1970, RIES et al. 2003, VALENTIN 1985, WANG et al.
2002). There also exist many studies dealing with the formation of specific grazing-induced
vegetation patterns (e.g. BARBIER et al. 2006, BOONKORKUEA et al. 2010, BORGOGNO
et al. 2009, DEBLAUWE et al. 2008, GALLE et al. 2001, GOLODETS & BOEKEN 2006,
HILLERISLAMBERS et al. 2001, MONTANA 1992, TONGWAY et al. 2001, TONGWAY &
LUDWIG 2001, WORRALL 1959). Vegetation density and distribution patterns play a crucial
role in soil erosion processes. According to basic literature (ELWELL & STOCKING 1976), a
vegetation cover of 30-40 % is sufficient to protect soil surfaces against degradation.
SEUFFERT (1999) confirmed these values. Other studies, focusing on sediment yield in low
open matorral shrublands in Mediterranean mountain regions show that a considerably
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denser vegetation cover is needed to reduce erosive processes (MOLINILLO et al. 1997,
RIES 2005). They ascribe this to the patchy pattern of tussocks. Spots densely covered with
Stipa tenacissima show high infiltration rates and low runoff coefficients, while the bare areas
around them experience sheet flow and rill erosion. Grazing in these areas leads to a higher
contrast between tussock patches and bare soil (CERDA 1997).

ROSTANGO et al. (1991) found a remarkable distinction in terms of infiltration rates and
chemical and physical soil properties on comparing shrub mounds and inter-mound areas for
soils in northeastern Patagonia. Similar results were presented by DUNKERLY & BROWN
(1995) for banded vegetation covers in patterned chenopod shrublands in New South Wales,
Australia. They divided their areas of investigation into different source sections,
characterized by high runoff rates, and sink sections with vital importance for the
redistribution of water. Furthermore, the article illustrates the wvulnerability of these
shrublands against grazing-induced erosion.

Basically, two main theses on the impacts of grazing can be found in literature. Studies with
a more ecological or botanical focus regard grazing animals as ‘ecosystem engineers’ and
emphasize the increased biodiversity of grazing areas with different biospheres for other
biota, as compared with non-grazing areas (e.g. JONES et al. 1994, SCHAICH 2007, STAVI
et al. 2009). More soil scientific, geomorphologic and hydrologic studies focus on the
physical compaction phenomena and, accordingly, the reduced infiltration rates of the soils
(MULHOLLAND & FULLEN 1991, PARIENTE 2002, PIETOLA et al. 2005, PROFFITT et al.
1995, STAVI et al. 2008a, b, STAVI et al. 2009, STEWART & CAMERON 1992, TABOADA
& LAVADO 1993, MWENDERA & SALEEM 1997a).

However, the immediate influence of the trampling of sheep and goat hooves on the soil
surface has been overlooked. The destruction of crusts and the loosening and mobilization of
soil material for further transport through wind and water are possible effects. Correlating
geomorphologic rates are also unknown, so far. Only few studies suggest that the impact of
animal trampling is significant and should not be neglected any more (e.g. UNGAR et al.
2009, RIES 2005, 2010).

Even fewer publications discuss the issue of rock fragment translocation. GOVERS &
POESEN (1998) investigated the translocation of rock fragments by sheep and goat
trampling in a study area with steep, debris-covered slopes in Turkey, and discovered
significant rock fragment movements. They conclude that particularly the long-term effects of
animal trampling on debris-covered slopes should be subject to further investigation
(GOVERS & POESEN 1998). UNGAR et al. (2009) determined considerable rock fragment
movement regardless of fragment size on grazed areas as opposed to the reference area
without grazing influence in the Negev desert. They regard vegetation cover to be the most
important factor influencing rock-fragment movement by animal trampling. On existing trails
more rock fragments were moved than on areas with dense vegetation cover. NYSSEN et al.
(2006) emphasize that rock fall and material movement induced by animal trampling are the
most important geomorphologic processes in Ethiopia. On grazed test-areas, up to 95 % of
the rock fragments on the soil surface were moved in the course of 20 months.

Only a small number of experimental studies focus on the influence of grazing on vegetation
cover and geomorphodynamics (RIES et al. 2003, ELDRIDGE 1998, MWENDERA &
MOHAMED SALEEM 1997a). RIES et al. (2003) observed that sheep and goat trails in
dense matorral with intensive grazing can be regarded as the most active surfaces due to the
concentrated trampling impact. They proved an increase in trail density, even when shrub
density increased. By means of rainfall simulations, runoff coefficients of up to 98 % and
sediment discharges of up to 328 g m? were measured on trails using 40 mm h™ rainfall
intensity and simulated rainfall duration of 30 minutes (RIES 2010). These values are very
high compared to runoff coefficients and sediment discharges on other surfaces in the same
study area (runoff up to 76 %, sediment discharge up to 68 g m?). ELDRIDGE (1998)
determined a higher erodibility, decreasing infiltration rates, increasing overland flow
generation, a decrease in surface crust-cover and an increase of loose, bare soil, also using
rainfall simulations on areas with crusted soil surfaces and simulated animal trampling
(artificial sheep hooves).
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Nevertheless, livestock-induced erosion rates are hitherto practically unknown although the
fundamental significance of trampling erosion is undisputed. There are few quantitative field
studies that conducted measurements of animals in their natural surroundings. This lack of
research might be due to the complexity of the processes involved, being far from thoroughly
understood, and to non-existing adequate research methods. In addition, handling live
animals and using them as research objects is difficult and should not be underestimated.
Particularly, data are missing on: (1) the impact of hooves on dry coherent crusted surfaces;
(2) the influence of trampling on the translocation of fine material in downslope as well as in
and against the animals’ moving direction; (3) the influence of slope and moving speed on
those translocation rates; and (4) the impact of trampling on the translocation of rock
fragments.
In this context there is need for comparative studies of the rock translocation experiments in
the Taurus conducted by GOVERS & POESEN (1998). Even though this phenomenon is
ubiquitous in nearly all semi-arid and arid regions, the impact of trampling livestock on stone-
covered surfaces is clearly understudied. Above all, quantitative studies on the distance and
direction of translocated rock fragments and fine material are missing. Finally, the impact of
trampling livestock on fluvial erosive forms is of particular interest since little is known about
how detached material is eroded when flushing occurs, for instance in rills or gullies.
Following those points, the main objectives of this study are

1. to develop methods for the quantification of translocation rates of soil-material and

rock fragments by sheep and goat trampling on in-situ sites,

2. to present first results concerning ranges of moved rock fragments and soil material
under these specific experimental setups and

3. to quantify the effect of animal trampling on sediment availability in rills.

In this way, the directly measured translocation or loosening rates caused by goat trampling
were evaluated and compared with the rates of other erosion processes. In addition, the
discussion on the methodological development was intended to be encouraged.

2 Material and Methods

2.1 Study Area

The study area Freila is located in the Hoya de Baza sedimentary basin (see figure 1). The
bedrock is composed of Pliocene marls and sandstones on which calcareous Lithosols in
loamy sand developed. The semi-arid climate is characterized by an average annual
temperature of about 14.2 °C and an annual precipitation of 368 mm, with a high inter-annual
variability. The vegetation is dominated by low shrub-land of Thymus vulgaris and Stipa
tenacissima grassland. The land-cover on the southern lake-side of the Negratin reservoir is
dominated by abandoned cereal fields, which are extensively grazed by flocks of sheep and
goats. Agricultural land-use comprises mainly cereal dry-farming, almond plantations and
olive orchards (SEEGER 2007). Generally, crusts appear in non-vegetated areas partly with
embedded rock fragments. Only on recently used trails, the crusts were destroyed and rock
fragments are covering the substrate.
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Fig. 1. Localization of the study area in High Andalusia.

2.2 Methods:

All experiments were performed on test plots with similar footprints (see fig. 2), installed in
contour line direction, but carried out on sites with differing surface properties and slopes.
The test plots were representative for areas used as pasture.

Altogether 15 goats were guided over each test plot several times. Meanwhile, translocated
material was collected and the transport direction recorded. Surface type, slope and running
speed were varied in accordance with the observed way of natural flock movement patterns.
The used ‘Malaga-goats’ (DOPPELBAUER 2002) and sheep weighed between 45 and 50 Kg
each. In detail, we conducted the following experiments:

Experiment 1: Translocation quantity in down-slope direction

Experiment 1 was conducted on slopes of 8.5°, 12° and 20°. Vegetation cover was less than
5 % on the plots. Plot size was 2 m x 1 m (see fig. 2a). A Gerlach trough with the length of
2 m was implemented as a sediment trap at the down-slope end of the plot. 15 goats were
guided over the plot 4 times in a row (= 60 goats). Afterwards, the sediment traps were
emptied and weighed. This process was repeated 10 times in order to simulate the impact of
the passage of a flock of 600 animals. In experiment 1c (slope 20°) we increased the running
speed of the animals after the 5™ run (= 5 x 60 goats), in the other 2 versions, the running
speed was kept constant over all runs.

Experiment 2: Translocation quantity parallel to contour lines

Experiment 2 was conducted on an 8.5° steep sheep trail. The test plot was covered with
13 % vegetation and 18 % rock fragments. The footprint of the experiment was a
combination of two separate plots (each 2 m x 1 m) resulting in a total size of 4 m x 1 m. The
Gerlach troughs (each 1 m in length) were placed at a right angle to the moving direction of
the goats at the end of those plots (see fig. 2b). Again, the material collected in the troughs
was weighed after each run of 60 goats. In experiment 2a, the running speed of the goats
was increased after the 5™ run, in experiment 2b the speed was kept constant.
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Experiment 3: Translocation direction and distance of rock fragments
Experiments 3a, b and ¢ were conducted on test plots of 2 m x 0.6 m (1.2 m?) on 4° (3a & 3b)
and 11° slopes (3c). On all plots, 120 colored and numbered rock fragments (g ca. 3 cm)
were spread in a 10 cm x 10 cm pattern (see fig. 2c). After the passing of 3 x 15 goats (= 45
goats), the translocation vector (distance and angle) of each rock fragment was measured.
The original position of each fragment was marked by a nail that was driven into the ground.
The resulting values were categorized into 4 segments according to the measured angles:

- (1) 0-89° forward-downslope

- (2) 90-179° backward-downslope

- (3) 180-269° backward-upslope

- (4) 270-359° forward-upslope
Since the bulk of our rock fragments landed in segment 1, this segment was further divided,
allowing for a more precise interpretation:

- (1a) 0-44° forward-forward-downslope

- (1b) 45-89° downslope-forward
Later on, we applied the law of sines to calculate the vertical up- and downslope
translocation distances of all moved rock fragments.

Experiment 4: Loosening quantity

The test plot of the 4™ experiment had a rectangular footprint of 4 m x 0.5 m (see fig. 2d) and
was characterized by a flat, crusted surface. It was covered sparsely by dead vegetation
(about 5 %); rock fragments were not present. A flock of 15 goats was guided over the test
plot 4 times (= 60 goats) before it was swept with a regular hand broom. The loosened fine
material was collected and weighed. This procedure was repeated 10 times in order to
simulate the gradual loosening process of a soil crust caused by a flock of 600 animals.

Experiment 1

slope directionﬂ

slope 8.5° - 12° - 20°

moving direction s

Experiment 2

!

slope 8.5°

Experiment 3

i

slope 4°

Experiment 4

Fig. 2. Setup of the experiments. 2a: Translocation quantity in down-slope direction; 2b:
Translocation quantity in running direction; 2c: Translocation direction and distance of rock
fragments, black dots are the rock fragments; 2d: Loosening quantity.
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Experiment 5: Flow detachment of the loosened material

The rill experiments consisted of two runs. First, the rill was tested under field conditions; in a
second run, about 15 minutes later, the same rill was tested under wet conditions. Using a
motor driven pump, a constant discharge of 250 L min™ was maintained during 4 minutes,
resulting in a total water inflow of 1000 L. The mobilization of material by the water jet at the
inflow was prevented by covering the substrate with a doormat. For gathering intermediate
data on suspended sediment transport, three adequate measuring points (MP) were
selected. Small knick-points in the rill had proven to be the best sampling points because at
these points, it was not necessary to press down the PET-bottles which were used for
sampling, to the bottom of the rill. Here, four water samples were taken. The first was taken
immediately with the arrival of the waterfront. The second one was taken after 30 seconds,
the third after 90 seconds and the fourth 150 seconds after the arrival of the water. The
sediment concentration was determined by filtration of the samples in the laboratory. Flow
velocity was also measured for each meter flow length using a stopwatch (WIRTZ et al.
2010, 2012).

The same rill was tested with and without goat trampling. The rill had an average slope of
8.8° and a maximum slope of 15.2°. The tested flow length was 16 m. Gravel content was
30 %, antecedent soil moisture 3 %, vegetation cover about 20 % and rock fragment cover
was 60 %. The maximum depth of the rill was 10 cm and the maximum width about 40 cm.
Grain density was 2.69 Mg m™ and (dry) bulk density was 1.44 Mg m™.

Methodology for analysis:

In order to describe the results, different methodological approaches were used.

In experiment 1, the translocation quantity [g] was measured. The translocated material
was removed from a defined test site area and collected in Gerlach troughs. This quantity
refers to an area of 2 m2 and 60 goats per run; the cumulative values represent 600 goats.
As the mobilization occurred in a downslope direction, we could also state the translocation
flux [g m™], i.e. the translocation quantity per unit length in downslope direction. As the
downslope length was 1 m, the translocation flux equals the translocation quantity. The
translocation quantity was measured over the test plot length of 2 m, which leads to the
following equation:

. ransl ion nti
translocation flux _ trans ocatg quantity Eg. 1

The translocation rate can be calculated from the translocation quantity. It refers to 1 m?
and one goat:

. translocation quanti
translocation rate = g ty Eq. 2

120

In experiment 2, we use the translocation quantity and the translocation rate. The
translocation flux is not used because the measurements were not the result of a downslope
movement. It is noteworthy that in this experiment each trough collected the material from an
area of 2 m?, cumulated material from both troughs refers to 4 m2. Additionally, in experiment
2, we discuss a trail erosion rate. This value is given in Mg per ha and 600 goats,
calculated from the translocation rate in g per m? and goat. The calculation is representative
in this case, because on trails, the goats run similarly fast and similarly close as in our
experiments.

In experiment 3, we calculate a net mean downslope translocation rate (NMDTR) for each
individual rock fragment per experiment:

_ *
NMDTR = 29* DM[S)RFUQ UMD Eq. 3

with DQ = downslope quantity, DMD = downslope mean distance, UQ = upslope quantity,
UMD = upslope mean distance and SRF = all spread out rock fragments.

In experiment 4, the loosening quantity was measured by brushing off and collecting the
loosened material from the flat test plot. The quantity is given in [g], referring to an area of 2
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m2 and 60 goats in each run. The loosening rate [g m™ per goat] refers to 1 m? and 1 goat,
leading to:

. loosening quanti
loosening rate = 94 y Eq. 4

120

In experiment 5, the detachment rate [Kg s* m™] and the transport rate [Kg s™] are
calculated as follows:
transport rate = sediment concentration * flow velocity * flow cross section EQ. 5

transport rate Eq. 6

flow lengthxwetted perimeter 4.

The sediment concentration is given in [g L™], flow velocity in [m s™], the flow cross section in
[m?], flow length and wetted perimeter in [m].

detachment rate =

3 Results and interpretation

3.1 Translocation quantities in downslope direction
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Fig. 3. Translocation quantities in down-slope direction.

The first runs were not taken into account in order to eliminate possible errors due to the
installation of the Gerlach troughs. Due to comparability reasons, the 10" runs of the
experiments on 12° and 20° slopes were not considered in figure 3d.

On the 8.5° slope plot, rock fragments were translocated only in the 4™ run, in all other runs
only fine material was affected by the trampling. The quantities were similar, they ranged
between 41 g and 75 g, only run 4 with 282 g and run 8 with only 4 g were out of line (figure
3a). In total, 83 g of rock fragments (11 %) and 662 g of fine material were translocated
(figure 3d). The translocation flux was equal to translocation quantity.

The course of the translocation quantity of fine material and rock fragments in down-slope
direction on a 12° slope is presented in figure 3b. From run 2 to 8, the quantity of fine
material was higher than the quantity of rock fragments, the percentage of rock fragments on
total translocated material lay between 20 % and 25 % (in runs 4, 6 and 7, it is 0 %). Run 9
and 10 showed an increase in rock fragment quantity; in run 9 the percentage increased to
70 % and in run 10 even to 81 %. The translocation rate of fine material was similarly high in
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runs 2 to 5, while runs 6 to 10 showed lower fine material amounts except for run 8 with a
fine material amount in the range of the first group. The total translocated fine material
weighed 1245 g, rock fragments with 496 g amount to 28 % of total sampled material (figure
3d).

On a 20° slope (figure 3c), the mass of translocated material increased up to a mean value of
788 g (runs 2-5). From run 6 to 10 the running speed was increased, which can be regarded
as typical for the more difficult slope segments. The amount of eroded material for the slow
runs 2 to 5 ranged between 475 g and 961 g. In the faster runs 6 to 10, values between
1032 g and 1573 g were measured, which is equivalent to a medial increase of 66 %. The
percentage of rock fragments of the total mass of eroded material increased from 10 % in the
slow runs to 21 % in the fast runs. In total 8096 g were translocated, of which 16 % were rock
fragments.

Interpretation:

Experiment la (8.5° slope) only showed low material translocation rates. The given slope
was too flat to transport the material to the troughs. The material seemed to be loosened and
after deposition and remobilization in several temporary storages, the material reached the
troughs in run 4.

Also in experiment 1b (12° slope), only a low amount of material was translocated with
1.8 g m” per goat. The fluctuating amounts of moved soil material could be explained by the
fact that the material either reached the Gerlach troughs directly, or it was temporarily stored
in the still existent micro-relief of ridges and furrows. The rock fragments were only mobilized
after about 480 goats have passed. The threshold was exceeded this late because the rocks
were embedded into the soil and are gradually detached by the trampling.

Due to the increase of slope to 20° in experiment 1c, the translocation rates in the slow runs
were 3 times higher and reached values of up to 6.6 g m? per goat. Again, the translocation
rate increased with higher running speed up to 10 g m? per goat and thereby reached the
same range as the loosening rate in experiment 4. Due to the steep slope, the material
reached the Gerlach trough directly, without temporary storage. The amount of transported
rock fragments increased considerably in later runs, because a certain number of crossing
animals is necessary to mobilize the rock fragments from their embedded position. This
could already be observed on the 12° slope. Movement of rock fragments increased with
running speed.

3.2 Translocation quantities parallel to contour lines

Again, the first run was not taken into account in order to avoid errors resulting from the
installation of the Gerlach troughs. Amounts of material which were moved on existing trails
parallel to contour lines ranged between the values measured on the abandoned fields in
downslope direction with 8.5° and 12° slopes (experiment 1).

In a first experiment, we changed the running speed after the 5" run and measured fine
material as well as rock fragment translocation. In a second experiment with constantly slow
running speed, we wanted to ensure to have measured the influence of differing speed in the
first experiment, not the influence of a longer trampling time and higher animal quantity.

In the first experiment (figure 4a), rock fragments were not moved in the first 5 slow runs.
From run 6 onwards, the running speed of the animals was increased so that the goats were
now really 'running' along the trail, just in a way that can be regarded as typical for faster
movements of flocks. This faster movement led to an increase of the translocation quantity
by a factor of five. The peak increase lagged as it was recorded only in the 7" run. In addition
to the higher fine material amount, rock fragments were moved in runs 7 to 10. Their
proportion rose and fell from 31 % in the 7™ run over 35 % and 29 % down to 9 % in the last
run. Altogether, 4134 g of material was moved in this experiment, 1237 g or 30 % of this
material were rock fragments (see figure 4a).
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Fig. 4. Translocation quantities parallel to contour lines.

In the second experiment, hardly any rock fragments were present on the plot. In mean,
145 g material was moved in each run, this is similar to the 155 g measured in the slow runs

in experiment 2a.
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Interpretation:

The similar mean values of the 4 slow runs in experiment 2a and the 9 runs in experiment 2b
show that the differences between the slow and the fast runs in experiment 2a were caused
by the different running speeds and not by trampling time and animal quantity.

In the trail experiment, the measured translocation rates parallel to contour lines reached
values around 1.3 g m? per goat for the slow runs and were comparable to the values
measured on the abandoned field. At higher running speed, as it was more typical for the
trails, the translocation rate was five times higher with 5.9 g m? per goat. In the following
experiment, it became clear that the speed influenced the translocation rate and not the
longer trampling time and the higher number of animals. That means the running speed is an
important parameter for the quantity of translocated material. The movement of rock
fragments again could only be observed after the passing of about 300 goats.

3.3 Translocation direction and distance of rock fragments

Figure 5 shows the previously introduced segments, the proportion of rock fragments that
was translocated into each of them, as well as the mean distance the fragments were
moved. While the number of rock fragments is illustrated by the width of the arrows, their
length represents the mean movement distance.

Experiments 3a and b were both conducted on test plots with a slope of 4°. In experiment 3a,
94 % of the rock fragments were moved over a mean distance of 7.4 cm. Out of these 44 %
were relocated forward downslope, 22 % backward downslope, 12 % backward upslope and
18 % forward upslope. The mean transportation distances for the segments 1-4 were 8.4 cm,
7.0 cm, 8.9 cm, and 5.3 cm, respectively. The values in the sub-segments 1a and 1b closely
resemble each other in input proportion (22 %, 22 %) and movement distance (8.4 cm,
8.3 cm).

In experiment 3b, 71 % of all spread out rock fragments were relocated with a mean distance
of 5.0 cm. A total of 56 % were moved forward downslope, 14 % backward downslope, 13 %
backward upslope and 16 % forward upslope. The corresponding mean translocation
distances measured 7.2 cm, 4.4 cm, 3.6 cm, and 4.6 cm. Again, the sub-segments 1a and b
showed equal input proportions (28 %, 28 %), but considerable differences in mean
movement distance can be stated (8.7 cm, 5.6 cm).

Experiment 3c was conducted on a steeper slope (11°) than experiments 3a and b. Here,
90 % of all spread out rock fragments were moved with a mean transportation distance of
14.1 cm. The dominating translocation direction was forward downslope with an input
proportion of 71 % of all moved fragments. The input in segment 2 was 15 %, in segment 3 it
was lowest with 4 % and in segment 4 it was 10 %. The mean transportation distances for
the 4 segments were 16.8 cm, 9.3 cm, 11.2 cm and 19.0 cm. The input in sub-segment la
was more than twice as high as in 1b (49 %, 22 %). The mean transportation distance,
however, was higher in sub-segment 1b (14.1 cm, 22.9 cm).

In contrast to figures 5a-c, figures 6a and b do not distinguish between the four segments,
but juxtapose the vertical up- and downslope translocation for the three experiments. In
experiment 3a, 61 % of all spread out rock fragments were moved downslope, as opposed to
the 23 % that were pushed upslope. Also, the mean translocation distance was higher
downslope (5.4 cm) than upslope (3.2 cm). In experiment 3b, 49 % of all rock fragments
were translocated downslope with a mean distance of 3.7 cm. 16 % were pushed upslope
with a mean distance of 2.4 cm. The most contrasting results were generated in experiment
3c, where 66 % of all rock fragments were moved downslope with a mean distance of
11.4 cm, while 11% were transported upslope with a mean distance of 7.9 cm.
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Fig. 5. Translocation direction and distance of rock fragments. Length of the arrows
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138



Kapitel 6: Sheep and goat erosion

70 a = 90
60 = % = 80
= = L 70
50 = _ 8
< = = = - 60
= = = = & Upslope %
g 40 E = = L 50 £ peiope
Z = = = € =Downslope %
S 30 . = = = - 40 3 .
e = = = O mUpslope Quantity
s = = =
* 20 4 = s = Ju 50 Il Downslope Quantity
= = = b 20
© & . .
0 = = = L o
Exp.3a Exp.3b Exp.3c
14 5

12 ¢

10 ¢

'g 2 Mean Distance upslope
= 8 9
2 = Mean Distance downslope
c
f. 6 1 m Standard Deviation upslope
a

4 i Standard Deviation downslope

2 9

0 + ——

Exp.3a Exp.3b Exp.3¢c
Fig. 6. Net up- and downslope translocation.
Interpretation:

Experiments 3a, b and ¢ showed that, on average, 85 % of all marked rock fragments were
mobilized after the passing of 45 goats. As figure 5 illustrates, the main direction of
translocation throughout all 3 experiments was forward downslope (segment 1) with an
average proportion of 57 % of all moved rock fragments. All 3 experiments confirmed that
significantly more rock fragments were pushed forward than backward (on average 62 % to
28 %). Hence, the goats’ moving direction and slope direction seemed to correlate with the
translocation direction of our rock fragments. As expected, the results of experiment 3c
showed that once slope is steeper, gravity plays an increasingly important role. Here, 86 %
of all moved rock fragments were relocated downslope, compared to 70 % in experiments 3a
and b combined. Furthermore, the input proportion in the forward directions (segments 1 and
4) was strongly skewed in favor of the forward downslope compartment with a ratio of 71 %
to 10 %, compared with 44 % to 18 % and 56 % to 16 % in experiments 3a and b,
respectively. This indicates a change in the trajectory of the kicked rock fragments due to
steeper slope. Rock fragments that would come to a halt in segment 4 on a flatter slope, now
landed in segment 1.

This hypothesis is also well supported by the analysis of the sub-segments 1a and b. Since
the input quantities were similar for both sub segments in experiments 3a and b, they did not
allow for a judgment of whether the goats’ moving direction or slope had a higher impact on
the rock fragments relocation. In experiment 3c, however, where slope was much steeper
(12°), the input in segment 1a was more than twice as high as in 1b. Likely, this result could
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be ascribed to an additional input of rock fragments in 1a, which on flatter slopes would have
remained in segment 4.

Finally, the distribution of rock fragments across all 4 segments, i.e. all directions, is
noteworthy. The hooves’ impact could not be easily translated into a forward-downslope
kicking direction of rock fragments. While this was true for the lion’s share of all measured
rock fragments, segments 2, 3 and 4 constantly contained at least some of the total quantity.

Interestingly, the highest mean translocation distances were not always recorded in the
forward-downslope direction. In fact, this was only the case in experiment 3b. In experiments
3a and 3c, the upslope segments 3 and 4, respectively, showed the highest values.
However, since only few rock fragments were moved into these segments, outliers have a
high influence on the resulting mean value.

As expected, the mean translocation distance increased with slope. In experiments 3a and b
the mean translocation distance averaged in 6.2 cm, whereas in experiment 3c the values
reached 14.1 cm. The impact of gravity was clearly evident. After analyzing the results of the
sub-segments la (forward-forward-downslope) and 1b (downslope-forward) in all 3
experiments, the impetus of the factor slope became evident once more. On the relatively flat
surface in experiments 3a and b, the mean translocation distances of the sub-segments were
nearly identical in experiment 3a (8.4 cm, 8.3 cm) and a little higher in sub-segment la in
experiment 3b (8.7 cm, 5.6 cm). On the steeper 11° slope in experiment 3c, the mean
translocation distance in the downslope-forward sub-segment (1b) was significantly higher
(14.1 cm, 22.9 cm). The difference in experiment 3c can probably be explained by the high
overlap of the driving forces of initial kicking impulse and gravity in sub-segment 1b. While
we assume that la contains some rock fragments that were initially kicked in upslope
direction, fragments that ended in 1b have likely been kicked in downslope direction by the
goats right away. In that case, impulse and gravity would meet best in 1b, leading to the
highest mean translocation distance (22.9 cm).

The mean net downslope translocation rates for experiments 3a, b and ¢ were 2.6 cm,
1.5 cm and 6.6 cm. Again, slope appears to be the dominating factor and this fact explains
why the highest distance is recorded in experiment 3c. The low net mean downslope
translocation rate of 1.5 cm in experiment 3b was caused by the relatively high proportion of
unmoved stones.

3.4 Loosening quantity
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Figure 7 shows that the loosening quantity increased from 305 g in the 1% to 1538 g in the 3™
run and stayed at this level until the total of 600 goats had passed after the 10" run. After the
5™ run, a slight decrease could be observed, but this was probably not significant.

Interpretation:

The increase in the amount of loosened material from run 1 to 3 could be traced back to a
step-by-step cracking of the sediment crust on the whole test plot. After the crossing of 180
goats, the crust was completely destroyed and the soil material was loosened at a
respectively high rate of 12.5 g m2 per goat (Eqg. 4). The slight decrease in the trend can be
explained by lower availability of detachable crust material and by increasing compaction.

3.5 Flow detachment of loosened material

All three erosion parameters showed higher values in the experiment with goat trampling, but
the difference is most obvious in the dry run. In the second (wet) run, the values were equal
or at least similar to the values of the experiments without trampling. Transport and
detachment rate were about 5 times higher in the dry run with goat trampling as in the runs
without trampling. Sediment concentration in the dry run with trampling was about 2.5 higher
compared to the experiment without trampling (see figure 8).

Interpretation:

The rill experiment clearly corroborated the short-term influence of goat trampling as an
important source of eroded material. Livestock’s hooves’ impact prepared the soil surface
and a large quantity of loose material was made ready for transport (see experiment 4) to be
removed very fast; the second run of the experiment with trampling showed nearly the same
sediment concentration values as both runs of the experiment without trampling. The
sediment concentrations at the waterfront were clearly higher in the experiment with
trampling, whereas, the other samples showed similar concentrations. Accordingly, trampling
provided a large quantity of loose material but its impact on mobilization was only detectable
for a short time.

3.6 Statistical analysis

In table 1, the statistical values of the experiments 1, 2 and 4 are summarized. In experiment
1 and 2, the first run was not used in the calculations to avoid mistakes caused by the
installation of the troughs. Regarding the values for the movement parallel to contour lines
(experiment 1), the average amount of translocated material increases with slope. The
variation coefficient decreases with increasing slope, meaning that on steeper slopes the
influence of goat trampling is more consequent. In experiment 2, the Gerlach trough 1 shows
always clearly lower variation coefficients than Gerlach trough 2. Because of the low n-
values, we do not want to over-interpret the values and conclude that the low variation
coefficient values for trough 1 were caused by the comparably regular movement of the
animals in the middle of the fenced test plot. Once they reached the end of the fenced
course, the movement is more irregular. Figure 9 shows that again, the fast running speed
can cause very high values as well as low values, the mean values are clearly higher than
those with slow movement but the values vary sharply. The low variation coefficient in the
loosening experiment could be explained by the slow increase at the beginning due to
breaking the crust.
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Fig. 8. Sediment concentrations, transport and detachment rates of the rill experiment with
and without goat trampling (MP = measuring point).

Table 1. Statistical values of the experiments 1, 2 and 4. St.Dev. = standard deviation,
Var.Coeff. = variation coefficient (St.Dev/Mean), T1 = Gerlach Trough A, T2 = Gerlach
Trough B

Experiment Mean [g] Median[g] St.Dev. [g] Var.Coeff.
la Slope 8.5° 93.1 66.1 104.9 1.13
1b Slope 12° 250.5 231.9 132.3 0.53
1c Slope 20° 1047.0 1032.3 299.1 0.29
2 Trail A slow T1 92.3 76.5 34.3 0.37
2 Trail A slow T2 62.6 67.0 32.9 0.53
2 Trail Afast T1 374.2 402.0 120.1 0.32
2 Trail A fast T2 328.8 233.0 169.0 0.51
2 Trail B slow T1 105.1 116.0 255 0.24
2 Trail B slow T2 39.6 31.1 28.2 0.71
4 Loosening 1322.2 1431.5 394.8 0.30
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Fig. 9. Boxplots of the different experimental setups. T1 = Gerlach Trough A, T2 = Gerlach
Trough B.

4 Discussion

As expected previously, the calculated translocation rates increase with slope and with the
running speed of the animals. This positive influence of slope on soil erosion rates is also
shown by OOSTWOUD WIJDENES et al. (2001) who measured transport rates, which were
on a 50 % slope twice as high as on a 20 % slope. The total amount of loosened material by
trampling of 6.6 Kg m? on the test plots in the presented study can be evaluated as very
high. The provided loose material could easily be eroded by wind and water (cf. our rill
experiments 5). All soil erosion rates in this study reach explicitly high values compared with
the tolerable soil erosion rate of 3 t ha™ a™* for completely mechanized agriculture (RIES
2011).

The trails in the study area had a total trail length of 2350 m and were distributed very
irregularly (see figure 10). The trail density of the whole test area was 247 m ha™; the trail
density of the ‘trail zone’ in which trails appear significantly agglomerated was 985 m ha™* and
only 68 m ha™* outside this zone, in which trails appear scattered. Assuming a mean trail
width of 30 cm, the total trail area took up 705 m2; 545 m? in the ‘trail zone’ and 160 m2
outside. Hence, the areal proportion of trails of the whole test area was 0.7 % (see table 2).
Regarding to the proportions of the zones, the trail area was 3 % in the ‘trail zone’ and 0.2 %
outside the ‘trail zone’.

Table 2: Trails length and area sizes of different landscape units in the test area
Value % of total area

Total area study site [m?] 95430 -

Total trail length [m] 2350 -

Total trail area [m?] 705 0,7

Trail zone [m?] 17300 18

Trail length in Trail zone [m] 1818 -

Trail length outside Trail zone [m] 532 -
Abandoned fields [m?] 49000 51

Steep slopes [m?] 27830 29

Untreated zones [m?] 1300 2
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On the trails, sheep ran closely and with equal speed as simulated in our experiments, which
allows us to calculate trail erosion rates: Parallel to contour lines (in and against running
direction), each slow moving goat could translocate 1.3 g m?, and, if speed was increased,
the value could reach 5.9 g m? For an extrapolation, we assume an average value of
3.6 gm? per goat and the same slopes as in our experiments, since the plots were
representative for trails in the study site. The total area comprises 9.5 ha, the trail area
covers 705 m2, meaning the trail erosion rate reached 160 Kg ha™ per 600 goats. This value
should clearly be higher in trail zones (1.7 ha, trail area 545 m?), where the trail erosion rate
reached 692 Kg ha™ per 600 goats. Outside the trail zones, the value is 44 Kg ha™ per 600
goats.

The translocation of rock fragments resulted in an almost complete reworking of the rock
fragment cover. According to CERDA (2001), rock fragments retard ponding and surface
runoff and cause greater steady state infiltration rates and lower interrill runoff discharges,
sediment concentrations and interrill erosion rates. He performed rainfall simulations with
55 mm h* for 120 minutes, in the middle of which he removed the rock fragment cover. The
steady-state infiltration rate diminished from 44.5 to 27.5 mm h*, the runoff coefficient
increased by the factor 3, sediment concentration by the factor 33 and the erosion rate by the
factor 39. That means the rock fragments are an important erosion protection and if they are
removed by animal trampling, the substrate below becomes vulnerable to other erosion
processes.

We measured distance and direction of the rock fragment translocation in experiment 3. The
mean translocation distance of the three experiments 3 a, b, and c only reached 8.8 cm, thus
being much lower than the mean displacement distance of 38 cm on Lesvos (Greece) that
was determined by OOSTWOUD WIJDENES et al. (2001). However, this rather short
distance might be a consequence of the considerably flatter slopes of 4° - 11° in the present
study vs. 2° - 24° in OOSTWOUD WIJDENES et al. (2001). It is important to notice that
OOSTWOUD WIJDENES et al. (2001) measured the distance of 38 cm after a one-year
period with the grazing peak between April and June. It is not comprehensible how far the
rock fragments were displaced after a certain number of sheep passed the area. Additionally,
they corrected the negative distances (upslope movement) by adding the largest negative
distance plus one centimeter to all negative distances. This transformation resulted in a
slightly overestimated mean. The smaller rock fragments on our test plots were probably not
the reason for these differing results, as OOSTWOUD WIJDENES et al. (2001) showed that
the rock fragment displacement distance was not depending on mass. The study started in
May and in the first 7 months the displacement distances were lower than in the second 5
months (OOSTWOUD WIJDENES et al. (2000). In the 5-month period, only one of the
grazing peak months was included; in the 7-month period two of them. That means that
despite longer measuring times and despite a higher trampling intensity, the values were
higher in the 5-month period. A reason could be the winter months December and January,
in which other erosive processes influenced the displacement distances. This fact justifies
the short-term experiments of the present study isolating the influence of animal trampling.
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GOVERS & POESEN (1998) measured an average horizontal displacement distance of 38
cm for rock fragments on slopes between 27° and 31°. But the test sites had different widths
(between 1.4 m and 4.1 m) and the number of sheep and goats ranged between 22 and 100.
To make the measured values comparable, they calculated a unit displacement distance in
cm per animal and meter. They presented values between 0.47 cm per animal and meter
and 5.6 cm per animal and meter for the smallest and the largest plot respectively. Again, we
used a plot width of 0.6 m and 45 goats and measured an average distance of 8.8 cm. Thus,
our test plot was smaller than the smallest one used by GOVERS & POESEN (1998).
Calculating the unit displacement distance using the same equation (displacement distance /
(number of animals / plot width)) we receive a value of 0.1 cm per animal and meter. Once
more, slope was probably responsible for this much lower value; its effect concealed that the
plot width of the smallest Govers-Poesen-plot was twice as large as our plot width.
Furthermore, in our experiments, the marked rocks were positioned on top of loose or
embedded rock fragments. This means our rocks were probably easier to move than
naturally occurring rock fragments, and still our values were much lower than those of
GOVERS & POESEN (1998).

The values of mobilized material exceeded the expected trampling-induced erosion rates for
the whole study area. This is remarkable as a medium-sized flock crossed our test plots for a
single time. The effects of the mobilization of soil material by the animals’ hooves were
scarcely regarded in literature until now. There was a plethora of studies, however, on the
decrease in vegetation cover by grazing animals and the consequent increase in bare soil
areas that are unprotected from erosion (e.g. ALADOS et al. 2004, ANDRESEN et al. 1990,

145



Kapitel 6: Sheep and goat erosion

DUNKERLEY & BROWN 1995, MWENDERA & MOHAMED SALEEM 1997b, MWENDERA
et al. 1997, NOY-MEIR 1975, 1978, 1995, PEARSON et al. 1990, PEGAU 1970, RIES et al.
2003, VALENTIN 1985, WANG et al. 2002). CERDA (1997) showed that runoff and soil loss
increase with decreasing vegetation cover. He used rainfall simulations on bare plots (0-3 %
vegetation cover), on plots vegetated by herbs (30-85 % vegetation cover) and on plots
vegetated by tussocks (75-100 % vegetation cover). The mean runoff coefficient after 60 min
on bare plots was 31 %, on herbs plots 2 % and on tussock plots 0.3 %. The mean erosion
rate on bare plots was 37 g m?h™, on herbs plots 1.44 gm?h™and 0 g m?h™ on tussock
plots. Accordingly, our preliminary results on mobilization of soil material and rock fragments
by animal hooves give evidence that these processes cause tremendous erosion rates.
Thus, further investigations in different areas should be conducted in future studies.
Necessarily, the experimental designs should be discussed and reviewed to be further
developed.

5 Conclusions
Regardless of the discussible extrapolation of the measured values to a larger area of
several hectares, the determined values have to be evaluated as high, concerning the land-
use of extensive grazing in the test area. In comparison to erosion rates on agricultural fields,
the measured values are considered to be too high for a sustainable land use of
Mediterranean rangelands.
Our experimental results lead to the following conclusions:

1. Slope and running speed influence the translocation rates by the factor 2.5 to 5.5.

2. Embedded rock fragments appear to be resistant against goat trampling until approx.
300 animals pass.

3. Rock fragments that rest loosely on top of the soil surface are prone to be moved by
animal hooves even at low slope angles.

4. Crusted soil surfaces provide a high amount of detachable fine material once the
crust is destroyed by livestock trampling.

5. The provided fine material can be eroded by overland flow within a short time and is
immediately available for wind erosion processes.

6. The experimental methods have proven to be suitable for the determination of area-
and animal-number-related rates that are surprising in their magnitude. Nevertheless,
the methods require further validation and development.

The results of the present study support the conclusion that sheep and goat erosion is a
severely underestimated problem.
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