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Propositions

1. As opposed to Van der Meer, the formation, functioning and subsequent
closure of the sea-straits of Alora is an important tectonic indicator for the
causes of the Messinian Salinity Crisis (This thesis and Van der Meer, F.,
1995. Triassic-Miocenepalaeogeography andbasin evolution of theSubbetic
Zone betweenRonda andMalaga, Spain. GeologieenMijnbouw 74,43-63).
2. Under natural circumstances parent material affects modelled soil
redistribution rates(This thesis).
3. The off-site effects from an exogenous driven change in land use (EC
subsidies) might trigger endogenous land use changes in adjacent areas(This
thesis).
4. To estimate soil redistribution, the 137Cs technique is much cheaper than
measuring and experimenting inthefield duringtensofyears.
5. A "safe" calculated risk of a once in a thousand year flooding event can
happen tomorrow.
6. To write a Dutch thesis in English for a Spanish research area you needed
Belgium francs, have to have Mediterranean experience in Crete (Greece),
learn French, speak Spanish, understand Valenciano andthink Andalucian.
7. Since stress is causing RSI, AIO's or PhD's should live at walking distance
from their office to avoid traffic jams and public transport, especially the
Dutchrailways.
8. Better one soil scientist inthe field than tenbehind acomputer screen.
9. The steepest descent canbreakyour ankle.

J.M. Schoorl, Addressing theMulti-scale Lapsus of Landscape, thesis defence onthe 11 of
March 2002 in the Lecture Hall of Wageningen University (Aula), Wageningen, The
Netherlands
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A momentary lapse ofreason wasmyonly conclusion during the fieldwork of 1998 when I
was crawling back tomycarwith abroken ankle doubting ifI would ever finish thisthesis.
Nevertheless major part of the LAPSUS model source code were written during the weeks
that I spend athome with mylap-top computer onthe sofa andmyleginplaster, providing
me with thebase forthis thesis. Anyway, over theyears numerous acknowledgements have
been written in many dissertations all over the world, including the thesis of my greatgrandfather Prof. Dr.Nicolaas Schoorl exactly onehundred years ago (Schoorl, 1901).The
messagethatcanbefound inmostofthemisthatsuchamiracleasfinishing yourthesisisnot
the work of only one person. Therefore I can only hope that I mention all of you inthe
following paragraphs andthat those whofeel left outcanforgive mefor such a momentary
"lapsus"ofreasonandmemory.
InthefirstplaceIwould liketothank Prof.dr.ir.Johan Boumaforcreatingtheopportunities
for the initial research project andthis final thesis.Johan,youhave givenmethefreedomand
confidence to investigate along the various temporal and spatial levels combining the
foundations of our laboratory namely: soil science and geology. Youwere also one ofthe
initiators of the field practical "Sustainable Land Use"in Alora, more than ten years ago.
Without interfering toomuchyouwerealways interested intheprogress ofthework andyou
werealwaysthereforvaluable suggestions,theoccasionalpush andthefinishingtouch.
Without Dr.A.Veldkamp Icould nothave writtenthis thesis. Tom, thank youforgivingme
the trust andconfidence tobecome your first full AIO.Ihave enjoyed your informal way of
working andI have learned that youare against pre-cooked thesis outlines. Consequently, I
have appreciated very much the freedom I have enjoyed and to organise my own balance
between modelling andfieldwork.Ihopeyouagree with methat wedidnotachieve allthe
goalsthatwesetatthebeginning.Notbecausewecouldnotdoit,butbecausethere weretoo
much data, ideas and results for only four years and one single thesis. In the field your
expertise anddistinction of the general picture andatthe same time an eyeforthe smallest
details, areimpressive, especially concerning geology, soils, fossils andmineralogy. Without
getting lost ina "chicken-egg" discussion, Ihope youat least letmebelieve that wewere a
goodteamandthatImoreorlesspreparedandlocatedthe siteswhereyoucould discoverour
gem quality Schorl Tourmalinesandthe Stephanorhinus Veldkampschoorlus. Finally I also
wanttothank Margaandyour daughters forlending me"daddy Tom"inthefieldandforthe
occasional staysandnight-overs atyourhouse.
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I would like to thank Prof. dr. ir. Louise Fresco for kidnapping me from Amsterdam
University andintroducingmeinthescientific worldofWageningen University. EvenwhenI
was working onyours andTom's CLUE-project youalways encouraged metotrytofinda
way to obtain my PhD.You also played an important role in the development of the field
practical "Sustainable Land Use"andtheproposals that ledto this research project and my
thesis. So as you can see I have followed many of your advises except one,I still live in
Amsterdam.
Concerning the Laboratory of Soil Science and Geology I would like to thank Willem
Wielemaker forworkingwithmeintheAloraregionandsharinghisfield(inallaspects)with
me. Oneofthe highlights formeandhopefully foryoutoo,wasthetenth anniversary ofthe
Alorapractical inJune 2000.Willem,youknowthesoilsthere likenobody elseandmaybein
the future wecanfinishthat paper about thegneiss hills. I also shared some good moments
with RobvandenBergvanSaparoea atDuivendaal, inthefield,negotiating with Conchiand
Diego, as well as on the many terraces (both geomorphological as anthropogenic) that we
visited duringthepast 5yearsofwarmandsunnypracticals inthesouth ofSpain.Rob,thank
you for allthose Alora logistics andAlora materials you have provided me over theyears.
This holds alsopartlytrueforPiet Peters although often youwere leavingAlorabythetimeI
arrived. Iwould liketothank PeterBuurmanforvaluable suggestions inthefieldandsharing
his interest in the region. In addition to Joke, Henny and Thea for the valuable logistics, I
would liketothank allother colleagues ofBenG Duivendaal for sharing with meallsortsof
things from dust-room to coffee-break, from electronic balance to lunch discussion, from
excursiontoVlaamse reus (Aldo,Anne,Arie,Barend, Dennis,Douwe,Eef, Ellis,Eric,Ester,
Esther, Gerrit, Harry, Hugo,Jan,Jeroen, Jetse, Joke, Gert, Hans, Kasper, Klaas, Koen,Leo,
Lieven, Marcel, Michel, Mirjam, Neeltje, Nico,Norma, Paul, Peter, Peter, Piet, Pim,Renato,
Rienk, Rob,Roel, Tini, Toine, Virginie, Willem). Only a few months I coincided with Jan
Jaap van Dijke before he left for Delft, but I would have been helplessly lost without our
initialdiscussionsandhisprogramming techniques.
During these years I enjoyed the company of several roommates: Roel Plant, LeoTebbens
and Marthijn Sonneveld. Thanks guys for providing methe necessary more and sometimes
less scientific distractions, discussions, suggestions andevaluation oflife in general. Thanks
Leo,foryour listeningearandadvises,andalsoforallthesetimesthatIcouldspendthenight
in your guest room on those occasions when it was too late or too early to travel to
Amsterdam. Thanks Marthijn andLeofor improving some ofthe manuscripts that ledtothis
thesis. I also have enjoyed the company of six AV-students (supervising their Msc theses)
who contributed totheprogress ofmy research: Marthijn Sonneveld, Kjel Postema, Susanne
Laven,Jan-Peter Lesschen,Arnaud TemmeandNynkeSchulp.
All staff members ofthe field practical Sustainable Land Usearethanked for sharing Alora
with me, especially John Stuiver forhisdiscussions onflatless DEMs andaggregation levels
and for giving me the necessary back up for all maters concerning GIS. John, thanks for
everything andhopefully after thisthesisIwillfindsometimetowriteandfinishoneofthose
papersthatweonce started.
Iwould liketothank thepeople ofthe (Physical) Geography departments ofAmsterdamand
Valencia University that have inspired meto start a career in research. Especially Prof. Dr.
JaapvanderMeer,Prof.Dr. AntonImeson,Dr.Adolfo CalvoCasesandDr.Erik Cammeraat.
Thanks to Gijs Mesman Schultz I started to discover Spain and its inhabitants after which
Ellen vanMulligen, Nienke Bouma andIngeborg Tiemessen shared both the Mediterranean
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field as well as the city of Valencia with me. Also the EEZA research group of Dr. J.
Puigdefabregas, CSIC Almeria isgreatly acknowledged where Dr.Matthias Boer introduced
me totheinspiring Guadalentin region. Thesame holds true for Dr.Anja deWitwhotaught
me to never give up when she was investigating runoff in a semi-arid almost desert like
environment. Iwill never forget thebeautiful landscape, yourfield-Visacarandthe"Mellow
YellowNoRain"songboostingthroughthespeakers.
I would like tothank Prof. Dr.Alfred Stein andmyfellow participants ofthe Methodology
discussion group (1997-2000) of the C.T. de Wit Graduate School Production Ecology for
many discussions and meetings. Starting initially as a member of the CLUE group I have
enjoyed the company ofAldoBergsma, Kasper Kok, Free deKoning,PeterVerburg,Nicode
Ridderandothersatthe former department ofAgronomy.
I would liketothank thefollowing people ofthe Nuclear Geophysics Division attheKVIin
Groningenfortheanalysisconcerning theCesiumtechnique:Prof.Dr.R.J.deMeijer, Dr. E.
R.vanderGraaf and RontenHave.Concerning theinvestigation ofour Pliocene Rhino teeth
I would like tothank Dr.J. deVosofthe museum ofnatural history Naturalis inLeiden for
hishelpandsuggestions.
Inadditiontomyco-authorsmentionedatthebeginning ofeachchapter,Iwouldliketothank
Prof. dr. M.J. Kirkby, Dr. Anne Mather, Dr. Martin Stokes, Dr. Darryl Maddy, Dr. Carlos
SanzdeGaldeano,Dr.C.Huangandseveral anonymous reviewersfortheiruseful comments
onthemanuscriptsthathavebecomechapters inthisthesis.
EnEspana quiero agradecer aAndaluciayenespecialalaprovincia deMalagaporsupaisaje
yporlainspiration paramisestudios. GraciasaloshabitantesdeAloraysusalrededorespor
haberme dejado entrar en sus huertos, terrenos y caminos por el monte. Conchi Gordillo
Fernandez, Diego Aparicio Gomez-Lobo y Paco mehanayudado siempre durante todasmis
visitas. Gracias a Conchi y Diego yo he siempre tenido las mejores casas para ver las
procesionesdelamagnifica Semana SantaenAlora.Enlasfacultades deCienciasenGranada
y Malaga y especificamente en sus instalaciones de biblioteca he encontrado varias
publicaciones interesantes. Losultimos afios hetenido contacto conDr.Jose Damian Ruizy
Prof. Dr. Emilio Ferre Bueno de la Universidad de Malaga, espero quepodemos organizar
algoenel futuro.
Aunque el fantastico paisaje iberico no acabe nunca, mi vida en Espana no estaba solo
dedicada a la ciencia. Quiero agradecer a toda la gente de la tierra valenciana que meha
ayudado deuna forma u otra. Porejemplo, losgrupos de amigos politicos queaceptaron al
"extraterrestre" que soy desde el primer momento, incluso con mi aspecto "guiri" con
calcetinesysandaliasenVicoman (gracias Cristina,Mar,Carlos,Pilar,Mario,Pablito,Marisus
y Carlos); ypor Valencia y Madrid (gracias Isabel, Toni, Ester,Raul,Angela, Miguel-Angel,
Sara,Pilar,Emilio,AndreayCarlota,Cristina, Rafa).
Todo lo queacabo de escribir es cierto tambien para mi familia espanola delaAvenidadel
Cid. Ellosno solo mehanproporcionado apoyo logistico enmisnumerosos viajes al Surde
Espana en coche, cuando realizaba una parada tecnica en Valencia, obligado descanso
despues de 1900kms (en algunas ocasiones con estudiantes holandeses incluidos). Lomas
importante, jMare de Deu!, es que yo no se que habria hecho sin el apoyo psicologico,
emocional y gastronomico proporcionado por lapaella Fayos Camarena, las rutas turisticas
Boix Tomas o las palabrotas y demas conocimiento de la cultura espanola aportado porels
cunats. Muchisimas gracias MaAntonia, Rafa, Maite, Rafa, MaAngeles y Pecas por toda la
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ayuda, el carino, lametones de brazo (Pecas), amor y todo lo que haceis para la felicidad
nuestra.
Wat betreft mijn "Nederlandse"vrienden en familie denkik indeeersteplaats aandemensen
diedithelaas niet meermeekunnen maken.Mijn grootouders aanwie ikditwerk opgedragen
heb, zonder hen was dit alles niet mogelijk geweest (zowel biologisch, spiritueel als
financieel).Zij kunnen alle vier, zeker wat het reizen betreft, tevreden zijn, Opa Ge Schoorl
en Oma Willy wat betreft het vertoeven in en het bestuderen van de bergen, Oma Schoorl
voor het langere schrijfwerk (zie dit dankwoord) en Opa Jansen wat betreft het zoeken van
fossielen en het vinden van de kortste en mooiste routes. Vervolgens zijn mijn gedachten bij
Tante Bert die altijd alle details wilde weten van mijn vorderingen in Latijn, Grieks en
geografie en tot slot onlangs Anne-Mieke van Opstal die letterlijk en figuurlijk aan de wieg
vanmijn ontwikkelingen heeft gestaan.
De families van beide kanten zijn altijd betrokken geweest bij al mijn ontwikkelingen en
vorderingen, helaas ishet contact de laatstejaren wat minder geworden, mede ook door mijn
veleverplichtingen in Spanje. IniedergevalwilikTanteAnkie,OomTom,OomWim,Tante
Inge, Oom Dick, Tante Rina, Tante Vallie, OomNico en alle neven en nichten plus aanwas,
bedanken vooralles.Inhetbijzonder natuurlijk mijn lievePeet-tante Vallie diealtijd dicht bij
mijn universitaire voortgang heeft gestaan, omdat we in dezelfde stad en zelfs een tijdje in
dezelfde straat gewoond hebben. Het heeft ons (of mij) wel heel wat haren gekost op de
Tweede Bloemdwarsstraat, maar dat was geheel vrijwillig. Bo, gaarne proclameer ik
evolutioneel technisch dat den strijd reeds doch nog niet gecompleteerd is, ik werp U den
handschoen omdeze plausibele prestatie te evenaren of wellicht te excelleren. Tot slot wil ik
mijn neef Paul (volgens mij nog steeds familie van Sting) en "the Joy of a Toy" bedanken
voor een stukje muzikale ontwikkeling tijdens onze studententijd. Jammer dat het toen zo
afgelopen is, maar ik heb de master tapes nog steeds en als we later rijk zijn moeten we de
boelmaareensovermixenenopnieuw inzingen,MTV-TMFherewecome.
Wat betreft mijn vrienden kring (Marc, Hugo, Vicky, Coen, Eva, Hans, Patrick, Ben, JB) is
het altijd moeilijk om bepaalde personen niet te kort te doen. Maar een vriendschap van 29
jaar spant toch wel de kroon, bedankt Marc voor al die jaren van onvoorwaardelijke
vriendschap, aandacht en ontelbare telefoongesprekken. Eigenlijk horen daar Gerrit en
Magriet Voider ook een beetje bij door mij opjonge leeftijd al mee op reis te nemen naar
nieuwe landschappen en culturen, en jullie onophoudelijke belangstelling voor mijn
vorderingen tijdens mijn studies. Coen wil ik bedanken voor onze talloze discussies, etentjes
en andere activiteiten tijdens onze Amsterdamse studenten jaren. Hugo, Vicky, Dik en
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una sola persona. Aunque estoy dudando si tengo que escribir mejor en ingles o holandes?
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enteras dando las gracias amucha gente,pero por mi esta claro que sin ti no hubiera llegado
aqui. Simplemente por que sin ti no hubiera hecho tantos "estudios" en Espana y estuviera
ahora mismo en Groenlandia viviendo con los Inuits in un iglu. Sea lo que sea, tu has estado
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Gracies,Gracias,Bedankt, Merci,Thanks.
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Chapter 1
General Introduction

"Addressing the Multi-scaleLapsus of Landscape" is the title of this thesis. Lapsus has the
meaning of a slip of the tongue, a mistake or amissing link andrefers to the underestimated
importance of the landscape, in addition to serving as an acronym for the model developed
and used in this thesis. The central role of the "landscape" is based on the consideration that
the landscape is the main driving factor behind many processes at different temporal and
spatial levels in geo-environmental sciences. At the same time landscape is the consequence
of geological evolution and the result of geomorphological processes. Therefore landscape
canbedefined interms ofgenesis(how formed, processes),geomorphology (itspresent form,
shape), lithology/ soil (its composition), land cover (surface characteristics), landuse (itsuse,
human function) and even land management (human factor). Consequently both geological
and soil science related issues are considered within this landscape context throughout this
thesis.
1.1Re-inventingthelandscape
The role of the landscape in science was prominent in the early years of the nineteenth
century when the first systematic geomorphological and geological descriptions and
observations of the land surface were made. Itwas during this period that the first geological
maps appeared. Meanwhile inRussia the first soil maps wereproduced by soil scientists who
discovered the relation between soil and climate (Sibirtzev, 1897; Margulis, 1954). During
these earlyyearsmainly geologists,chemistsandagronomists wereinvestigating the soil.Soil
science as an individual discipline established itself in theNetherlands from the beginning of
thetwentieth century (seefor review:Felix, 1995).
Soil science initially focussed on soil taxonomy and mapping issues for many years. All
around the world major efforts were directed towards classifying soils and mapping of land
surfaces at different scales. During the first half of the twentieth century the landscape still
played an important role because of the widely applied physiographic mapping techniques,
linking soil units to geomorphological features (de Bakker, 1995). Also during this period
concepts like the "soil catena" and "chronosequence" were developed, placing the soils in
their logical landscape context (Milne, 1936).
These soil survey efforts have resulted in the division of the earth surface in coloured
polygonsand classified entitieswith asculmination the FAO global soil map (FAO, 1988).In
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the early years different classification systems have been developed all overthe world. Later,
the numbers of systems have been limited and some standards are nowmore widely accepted
(e.g.USDA, 1999;FAO, 1988).However, still manycountrieshavetheir"own" classification
systems.
In the second half of the twentieth century "landscape" started to loose its visibility in soil
science mainlybecause ofthe introduction of descriptive morphometricproperties inthe map
legends such as texture, structure, pedogenesis etc. (de Bakker, 1995). The interest for using
thesechemical andphysical soilproperties inthe soil surveyswere aconsequence ofthe more
detailedmappingunitsthatbecame standard inthosedays(< 1:50000)andthe shift ofinterest
from mapping units totaxonomy. Consequently the large scale landscape perspective and cooperation between soil science andgeomorphology decreased (Jacob andNordt, 1991).
Driven by the need for data in the taxonomy oriented scientific community the soil pedon
obtained acentral position. Soil properties were treated atthispedon scale only and therefore
soil science (pedology) started to study the soil pedon inch by inch. The main focus was
directed towards pedon dynamics mainly in atwo-dimensional way (top-down). First mainly
in vertical fluxes, much later also some horizontal and lateral inputs. As a consequence
everything was focussed on profile dynamics and the landscape around the soil pedon was
reducedtoavariable setofboundary conditions.
However, we have to be aware of using soil maps with monotonous and generalised
properties. In this sense we can consider the dualistic position of geostatistics. On the one
handuseful andpowerful in determining andevenpredicting ofspatial variation, dependency
and variability between and within soil classes, optimising sample strategies, predicting soil
attributes and soon(Boumaetal., 1996;DeBruin and Stein, 1998;Saldana etal., 1998).One
the other hand giving an apparent accuracy for land-units that may need a complete new
classification at the first place that properly reflects landscape processes (Lark and Beckett,
1998). At the same time it appears that sometimes geostatistics provides an elaborate
statistical analysis for recognising soil properties or geomorphological features that can be
recognised bysimpleobservation orphysiographic mapping (Park,2001).
Another consequence of the lacking landscape component can be found at the policy makers
level. Modern agriculture, especially in western Europe, is directed towards sustainable
development within the landscape. However, many aspects of sustainability are investigated
andevaluated attheprofile level,ignoring andeliminating theeffective processes operatingat
thehigher landscape level. This impliesthat international, national and regional legislation is
affected bygeneralisation,whichmayhaveundesirable andunrealistic effects. Forexampleat
the regional level the present day nitrate leaching legislation does not take into account site
specific soilproperties northe position ofafarmer inthe landscape. Therefore neglecting the
fact that the landscape is dynamic and that even the smallest gradient will have one farmer
leaching his nitrate away to the other farmer. At the international level of the European
Community, price controls and subsidies increasingly control land use and land use changes.
However, for example in southern Spain land use conversions, changed tillage practises or
land abandonment enhances significantly land degradation, which are not considered to
enhance sustainable development of the Mediterranean landscape (Rubio and Bochet, 1998;
DeGraafandEppink, 1999).
Fortunately the landscape context surrounding the soil is starting to revive and to receive
increasing attention again. Landscape was only atwo dimensional carrier of soil information.
Now, by means of information technology the realistic four-dimensional properties can be
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addressed, thus re-inventing the landscape. Inthe context of land use and land management a
re-invention if the soil in its landscape context is evidenced by the effect of years of
management in cultivated areas. Recently studies in the Netherlands have revealed the
importance of the management of the soil, showing that many years of agricultural
management can alter significantly the most important soil physical and soil chemical
properties and functioning of the system (e.g. Droogers and Bouma, 1997; Pulleman et al.,
2000).
Nevertheless, in many fields of environmental sciences, including soil science and geology,
the landscape context is often underestimated or even lacking at the different levels of
investigation (both spatial as temporal) causing a "Multi-scale Lapsus of Landscape".
Therefore this thesis will explicitly address the landscape following the issue raised by
American scientists Jacob and Nordt (1991) atthe end ofthe last century: "the soil-landscape
paradigm isthenaturalpathforpedology to follow".
1.2 Scaleissues and modelling
Including the temporal component, landscape can be considered as having four dimensions
(length, width, height and time). Therefore, as with all systems with more than two
dimensions,scale issuesorscaleproblems areacommonpoint ofdiscussion in environmental
sciences. In addition to the multifunctional and sometimes confusing use of the word scale
(e.g.hierarchical level,temporal and spatial resolution, temporal and spatial extension), these
problems refer tothe differences in observation, interpretation and calculation ofprocesses at
different organisational levels in the landscape. For example the relationships between the
detailed level of individual processes such as infiltration, sediment and water redistribution,
available soil water etc. as opposed to processes at global levels such as climate change and
landusechange.
Both ingeomorphology andhydrology the issue of scale hasbeen an important topic overthe
past years(e.g.Beven, 1995;Kalmaand Sivapalan, 1995).Different causes of scaleproblems
canbeidentified concerningthebehaviourofprocessesatdifferent scales(Schulze,2000):
1. Emergingproperties,newprocesses emergeatdifferent levels.
2. Spatial heterogeneity of processes influenced by all sorts of spatial factors such as
topography, soilsandlanduse.
3. Non-linearbehaviour ofprocessratesintime.
4. Thresholddependency totrigger aprocess.
5. Varyingdominantprocesses atdifferent levels.
6. Responsetodisturbances.
Typical scale effects in geomorphology at the level of spatial resolution-extension are for
example the decreasing erosion rates going from plot, hillslope, catchment to basin scale,
where spatial heterogeneity of key processes, local resedimentation, sediment transport
distances andthe resolution ofthemeasuring techniques play an important role.Another type
of scale effect can be found in investigations concerning the impacts of rainfall and flooding
events. Here an aspect of temporal resolution-extension is introduced: the magnitudefrequency distribution. For example at the scale of a slope, relations can be found between
hillslope erosion, parent material and magnitude-frequency distribution of rainfall (De Ploey
etal., 1991).Atthe catchment scalethereare stilluncertainties onthe exactrole ofmagnitude
and frequency of floods, considering the impact of large catastrophic floods with a very low
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frequency versusthe cumulative effect ofmany minor flooding events.The large catastrophic
floods seem important in the long term evolution of the catchment, whereas the smaller
floods, depending onthetiming,canhavealargercumulative impact (Coulthard etal.,2001).
In the geological sciences scale effects seem more accepted. For example, geological
landscape evolution is driven by three major components: climate, sea level and tectonics.
Longtermdynamics ofthese components canbetraced throughout theearth history, although
one could state that their temporal and spatial resolution becomes coarser going further back
intime.This increasing coarseness ofgeological observations andtheresulting stratigraphical
framework is in the first place a result of preservation. Secondly, even modern dating
techniques showincreasing coarseness inprecision andvalidity.
As a consequence both temporal and spatial resolution of knowledge about climate, sea level
and tectonics show muchmore detail for the Holocene than for the Pleistocene and even less
for the Miocene. Although science advances rapidly in unravelling the earth history
concerning global climate and sea level changes by for example ice core projects, spatially
local conditions of specific regions are more difficult to trace back. In addition, the temporal
resolution decreases rapidly, especially for global sea level and climate change when going
beyond thevalidity oftheMilankovitch glaciation cycles (Pliocene Miocene).Compared with
the global to regional character of plate tectonics, climate and sea level changes, local uplift
rates are spatially much more variable since in active areas uplift or subsidence rates often
depend,inadditiontothepastandpresentposition onthecontinents,onlocalfault systems.
Returning to the present day landscape forming processes, for many years, the tendency has
been to model the processes with the most detail possible, small-scale short time, and to
simply aggregate results to larger areas and longer time spans. However, as stated by Beven
(1995) the hydrological or geomorphological modeller will have to accept that it is virtually
impossible neither to model larger systems including the smallest details nor by simple
aggregation. Therefore amodelmustbeassembled with onlythose effective parameters atthe
grid scale of interest where the smaller sub-grid scales safely can be ignored (Kirkby et al.,
1996).
Going back to the central landscape context, its evolution can be simulated by different
processes, depending on the applied spatial and temporal resolution. In hydrology and
geomorphology, different groups of scientists are working at different spatial and temporal
levels. Inhydrology there are2major groups focussing on: (i)slope and catchment behaviour
dealing with event based predictions of runoff and hydrographs (e.g. Beven et al., 1984) and
(ii)global and regional circulation models including climate change (e.g.Alcamo, 1994).The
same division is found ingeomorphology, since the hydrologic behaviour isone ofthe inputs
for geomorphologic modelling: (i) slope and catchment event based erosion models (e.g.
Morgan, 1994) and (ii) landscape evolution models including climate and tectonics (e.g.
Howard, 1994).
Toinvestigate the soil inthe landscape context aspatial explicit model isneeded atthemulticatchment level,where thetemporal resolution will depend ontheprocesses and observations
involved. It is preferred not to use the empirical USLE or its derivatives (Wischmeier and
Smith, 1958), since common experiments are limited to agricultural land, deep clayey soils
and low gradient slopes. Furthermore there is no empirical basis for semi-arid to sub-humid
Mediterranean conditions and in the previous sections on scale problems major constraints
have been discussed of usingplot data at any other level than the plot itself. The decision not
to use sophisticated models like TOPMODEL or WEPP (Beven et al., 1984; Nearing et al.,
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1989), in addition to the large amount of data needed, is the too detailed temporal spatial
resolution that does not address the relevant processes and control factors at the resolutionextension needed for thisthesis.
Actual field data is needed to calibrate and validate geomorphic landscape process models.
Traditionally the type of field data that is collected shows a mixture of spatial and temporal
resolutions. From point measurements of rainfall, profile data of infiltration, runoff and
sediment yield ofvariousplot sizes,catchment discharge and sediment load in flumes and so
on. All these types of data have a variable spatial and event based temporal resolution.
Consequently model calibration and validation becomes a difficult and uncertain procedure.
One of the recently developed methods that shows a coarser temporal resolution is the 137Cs
technique. This technique enables monitoring soil redistribution over the last 30 to 40 years
bymeasuring the soil related redistribution oftheanthropogenic 137Csradionuclide, deposited
in the environment in the sixties. However, the obtained rates are limited to point data and
local soil profile conditions need various calibration techniques. Extension of the spatial
resolution is achieved by increasing the number of sample sites in (transects or grids),which
increases research costs. Still these costs are considerably lower as compared to the costs
involved of long term monitoring with traditional techniques to achieve the same spatial and
temporal resolution.
1.3 Thefifth dimension and sustainability
Asdiscussed intheprevious sectionsthe landscape inenvironmental sciences isconsideredto
have three spatial dimensions. Together with the temporal dimension landscape becomes a
four-dimensional entity within its bio-physical boundaries. However, at various spatial and
temporal levelsthehuman influence hasbecome an important factor of consideration. Atfirst
this human factor was only considered to be important"at short term temporal and limited
spatial levels of local land use change and management practises. Recently many research
efforts are directed towards the human role in past and future global environmental change
(Turner et al, 1995). Gradually we become aware that anthropogenic influences may affect
even geological development at regional to global scales (Van Loon, 2001). Therefore, the
human influence isintroducedhere asthefifthdimension oflandscape.
Over the pastyears the consequences ofthis human influences upon the environment has led
tothe need for sustainable development ofthis environment andthe concept of sustainability.
Numerous definitions of sustainability canbe found for all thevarious disciplines involved in
environmental sciences. However, the FAO (1992) uses one of the most elaborated
definitions, defining sustainability as: "The management and conservation of the natural
resource base, and the orientation of technological and institutional change in such amanner
as to ensure attainment and continued satisfaction of human needs for present and future
generations; such sustainable development conserves water, plant and animal genetic
resources, is environmentally non-degrading, technically appropriate, economically viable
and socially acceptable". This definition combines the ecological aspects of sustainability
with the economic and social aspects, emphasising that sustainability comprises various
dimensions. In other words, different perceptions on sustainable development exist and there
isnosinglemeaning orconcept for sustainable agriculture andrural development.
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20 km

Fig. 1.1Shaded relief image 50by 50 km of the study area inthe Malaga province, Andalucia, Spain.
Thewhite boxes indicate the extension ofthe areasstudied inChapter2 (C2),Chapter 6 (C6)
andChapter 7 {CI). Chapters 4 and 5are studied ata more detailed level, as a smaller part of
C7.
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It becomes clear that the concept of sustainability is not without discussion because of the
various disciplines involved, from policy maker to earth scientist. All these disciplines have
their own understanding, definition and implementation of the concept. However, for the
earth scientists there are certain aspects of sustainable development that need some attention.
By nature the earth is constantly changing, both gradual changes as apparently catastrophic
ones. Sustainability in the form of environmental protection and nature conservation needs a
framework ofprocessrates andthe interaction withthe four-dimensional landscape. As stated
byvan Loon (2000) it isthetask ofearth scientiststorise awareness and to inform public and
policymakersonthespatialandtemporal impactofthisgeological evolution.
1.4 Study area
The study area is situated in the south of Spain surrounding the village of Alora in the river
basinoftheGuadalhorce,provinceofMalaga,Andalucia.Thisregionisdominatedbyseveral
mountain ranges up to 1500 m.a.s.l. high comprising the Montes de Malaga, Sierra Prieta,
Sierra de Aguas, Sierra Blanca and Sierra Huma (Fig. 1.1). Geologically speaking, the area
has been studied as early as 1859 by Ansted who gave a first geological and
geomorphological description oftheregion surrounding the, inthose days, smallharbour city
ofMalaga.
This research area, comprising the middle to lower Guadalhorce river basin, was chosen for
its dynamic landscape ofmountains and hills, avariety of different lithologies within a small
area, its interesting complex geological history and active landscape processes ranging from
tectonics, land use changes to land degradation. Furthermore this area has been used for the
past ten years by the Wageningen University field practical "Sustainable Land Use"
integrating the disciplines of Agronomy, Irrigation, Soil and Water Conservation, Nature
Conservation, GIS & Remote Sensing and Soil Science. Over the years this resulted in
variouspublication aboutthe research area of different disciplines (DeBruin and Stein, 1998;
De Bruin et al., 1999; De Graaf and Eppink, 1999; De Bruin, 2000; De Bruin and Gorte,
2000; Schoorl and Veldkamp, 2000; Schoorl et al., 2000; Schoorl and Veldkamp, 2001;
Veldkampet al.,2001;Wielemakeret al., 2001;Schoorl and Veldkamp, 2002; Schoorl etal.,
2002a; 2002b, 2002c). Consequently, the local infrastructure and resources of a growing
databasewereavailableduringthisthesisproject.
In this thesis, different spatial levels have been investigated around the village of Alora,
situated inthe northwesternpart ofthe Malagaprovince, Andalucia (Fig. 1.1). Further details
of the area concerning the level of observation, spatial and temporal resolution-extension,
climate and other specific information, are given in each chapter in the introductionary and
methodological sections.Thegeological background oftheareawillbe discussed indetail in
Chapter2.Finally,detailsaboutthe landuseoftheresearchareacanbefound inChapter7.
1.5 Objectives andresearch questions
The general objective of this thesis is to investigate the role of the landscape at different
spatial and temporal levels (extension and resolution) in geomorphological processes,
focussing on the sustainability of land use within a representative Mediterranean landscape.
This general objective can be divided into the following 6 specific objectives for this thesis.
Eachoftheseobjectives isachieved bytryingtoanswerseveralresearchquestions:
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1. Toexploretheconstraints ofthegeological contextuponthelandscape.
- What is the geological background, composition and location of the different parent
materials intheresearch area?
- How doesthepresent topography relateto geological processes inthe past concerning
changes inglobal sealevel andglobal climate change?
- What arethepast andpresent uplift ratesthathaveinfluenced landscape evolution?
2. To develop a simple multi-scale landscape process model valid on different temporal and
spatiallevels.
- What is the effect of DEM resolution (i.e. the landscape representation) upon
modelling erosionand deposition?
- What are the effects of different flow routing algorithms at different resolutions and
extensions?
3. Tomeasureactual soilredistributionratesintheresearch area.
What is the validity of the Cs137 technique to measure net soil redistribution in the
research area?
- What is the influence ofthetypical Mediterranean environment concerning lithology,
steep slopes and shallow stony soils upon both natural and anthropogenic
radionuclides?
4. Tocomparemeasured soilredistributionrateswithmodellinglandscapeprocesses.
- What arethecommonly usedcalibrationtechniques andwhichone isthemost suitable
for theresearch area?
- Can we calibrate the LAPSUS model with these measured 137Cs soil redistribution
rates?
- What isthe influence oflanduseandtillageupontheserates?
5. Toinvestigatetheinfluence ofadynamiclandscapeuponimportant soilqualities.
- What is the influence of lithology upon the model input parameters of landscape
process modelling?
- Howisthesoilavailablewaterinfluenced bythedynamiclandscape concept?
6. Toresearchtheeffect oflinking landscapeprocessmodelling andlandusechanges.
- Whatparameters inmodelling landscape processesareinfluenced bylanduse?
- Whicharethepossible scenariosoflandusechangeinthestudyarea?
1.6 Outline ofthisthesis
Except the introduction (this Chapter 1) and the synthesis (Chapter 8), the Chapters 2 to 7
havebeenwritten atdifferent spatial andtemporal resolutions-extensions evolving aroundthe
central landscape theme (Fig. 1.2). All aspects around this theme have been investigated
starting from the general geological background, to involving landscape processes, to model
development, to calibration with field data, to landscape and soil properties, to integrating
landscapeprocesses andlandusechange.
Asthebase for theunderstanding ofthelandscape and itsprocesses Chapter 2isdealing with
the landscape evolution of the research area at a geological timescale of 107 [a] with a
difficult to determine temporal resolution of 104to 105 [a].Theorganisation ofthe landscape,
concerning parent materials and topography, is investigated in relation to long term process
rates ofclimate,sealevel andtectonics.Thisstudyisdirected towardsthewholeresearcharea
with aspatialextension intheorderof 102[km2].
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To investigate the most important landscape processes (water and soil redistribution) Chapter
3 is concerned with developing a multi-scale landscape process model valid at different
spatial/temporal resolutions calledLAPSUS(seemodel source codeintheAppendix).Model
behaviour is tested within as many fixed boundary conditions as possible. This is achieved
using a high level of abstraction with artificial DEMs and resolutions from 1to 81 [m] and
different extensions from 103[m2]to 105[m2].
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Fig.1.2Overviewofthespatialandtemporalresolution-extensionappliedinthedifferent chapters.
To measure net rates of soil redistribution at the landscape level, and to overcome the
limitations of extensive monitoring, the Caesium-137 (I37Cs)technique has been tested inthe
research area. Chapter 4 is investigating the applicability of the 137Cstechnique under typical
Mediterranean conditions. The technique is applied at the slope transect to catchment scale
within a spatial extension of 103 [m2]to 105 [m ].In Chapter 5the field-measured results are
used to calibrate net soil redistribution onthe temporal resolution of years and decades. Also
in Chapter 5 the results of the IJ 'Cs monitored erosion and sedimentation patterns are
comparedwithsimulations oftheLAPSUSmodelusing7.5 [m]resolutionDEMs.
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Knowing thepossibilitiesbut alsothe constraints oftheLapsus model,Chapter 6movesupto
the multi-catchment or basin scale with a spatial extension of 102[km2]. In this chapter the
soil-landscape relations are evaluated using a DEM with 100 [m] resolution. Temporal
resolution is again 1 to 10 [a] and the effects of soil redistribution upon water availability are
simulatedwithinthis soillandscape context.
Finally Chapter 7integrates landscape process modelling and changes in land use to evaluate
onsite and offsite effects. Several scenarios of land use change are tested at a temporal
resolution of 1[a] and temporal extension of 10[a].The study area is the Sabinal catchment
using a25 [m]resolution DEMofaround 1.7 101[km2].
Sinceeach chapter is(tobe)published inapeerreviewed scientificjournal,thegeneral layout
of each chapter includes an introduction, materials and methods, results, discussion and
conclusions section.Consequently onlyabrief synthesis isgiven inChapter8.
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Chapter 2
Geology and Landscape Evolution

The first step in any soil-landscape oriented research is the investigation of the evolution of
the landscape and the geological background in the study area. Landscape evolution is the
result of a variety of geomorphological processes and their controls in time. In the south of
Spain tectonics, climate and sea level fluctuations have mainly controlled Late Cenozoic
landscape evolution. In this area, geomorphological reconstructions can be made using
sedimentary evidence such as marine and fluvial deposits as well as erosional evidence such
as terrain form and longitudinal profile analysis. Data is obtained and analysed from the
Upper Miocene topresent. Thesereconstructions add information and constraints tothe uplift
history and landscape development of the area. Main sedimentation phases are the Late
Tortonian, Early Pliocene and Pleistocene. Important erosional hiatus are found for the
MiddleMiocene, Messinian andLatePliocenetoEarlyPleistocene.Thisresulted inarelative
large and elongated Tortonian marine valley filled with complex sedimentary structures.
Next, a prolonged stage of erosion of these deposits and incision of the major valley system
took place during the Messinian. InthePliocene a shortpalaeo-Guadalhorce, inanarrow and
much smaller valley existed, partly filled with marine sediments combined with prograding
fan delta complexes. During the Pleistocene, awider and larger incising river system resulted
inrearrangements ofthedrainage network. Evaluating theuplift history ofthearea, we found
thattectonic activitywashigher duringtheTortonian-Messinian andUpper Pleistocene,while
tectonic activity was lower during the Pliocene. Relative uplift rates for the study area range
for theMessinianbetween 160-276[mMa 1 ], for thePliocenebetween 10-15[mMa 1 ] and for
thePleistocene40-100[mMa 1 ].

Based on: Schoorl, J.M. & Veldkamp, A., 2002. Late Cenozoic landscape development and its tectonic
implications for the Guadalhorce valley nearAlora (Southern Spain). Geomorphology.
© inpress.
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2.1 Introduction
Landscape evolution is a continuing interplay of geomorphological processes and their
controls in time. Most present-day landscapes are the net results of this evolution and many
landscape properties, such as sediments and morphology, hold the keys to reconstruct their
past. Using a framework that focuses on the main controlling factors of fluvial systems:
climate, sea level and tectonics we can reconstruct landscape development. This approach
combines the existing knowledge available from wider literature with local findings and data,
especially when general curves of past sea level and climate changes are available (e.g.
Harvey etal, 1999;Mather, 2000;StokesandMather,2000).
In sedimentary basins, the lower reaches of fluvial systems are typically considered as the
best records for upstream erosion in fluvial basins. While in tectonic actively uplifting areas
theupperreaches are considered tobe less suitable for thepreservation of itshistory because
of dominating erosional processes (Tailing, 1998).This viewpoint is strongly contradicted by
research of fluvial deposits in upper and middle reaches of uplifting fluvial systems (e.g.
Maddy, 1997;Veldkamp and Van Dijke, 2000; Bridgland, 2000) and consequences of basin
inversion and base level changes (e.g. Mather, 1993; Mather, 2000; Stokes and Mather,
2000). Fluvial terraces record both erosion and deposition events and although often sparsely
distributed throughout the landscape, they do hold a more complete key of fluvial basin
dynamics than stacked sediment bodies. Reconstruction and numerical modelling exercises
demonstrate that stacked sediments in lower fluvial reaches have no direct link with the
climate triggered erosion events upstream or the sea level triggered changes downstream
(Veldkamp andTebbens,2001).
Most current landscapes inEuropewerepredominately shaped duringthe Pleistocene because
of the major influence of Glacial eras (e.g. Ehlers, 1996). Only a few basins have remnants
dating back tothe LateTertiary. The oldestknown terraces innorthwest Europe are from the
Pliocene (Van den Berg, 1994; Bridgland, 2000). The landscapes in the South of Spain are
exceptional because here much older landscape remnants can be found dating back to the
Miocene (Sanz de Galdeano, 1990; Weijermars, 1991). These older landscapes make
investigating landscape development in this area more complicated. Especially when for the
LateCenozoic onlygeneralknowledge oftheclimateand sealevel dynamics areknown.Also
the tectonic history of the Betic Cordillera are considered complex and only partly known
(Haqetal., 1987;Weijermars, 1991).
The aim of this chapter is to reconstruct several stages of the Late Cenozoic landscape
development inthe Guadalhorce valley near Alora. Published data and newfielddata will be
combined tomakeaquantitative reconstruction ofpalaeo-landscapes. Subsequentlythenature
ofregionaltectonic activitywillbeassessed.
2.2Location andgeological setting
The investigated area is situated in the middle reach of the Guadalhorce river between El
Chorro and Pizarra (Fig.2.1) inthe most northern part ofthe Malagabasin. This basin isone
ofmanysedimentary basinsintheBetic Cordillera of southern Spain (e.g.SanzdeGaldeano,
1990; Sanz de Galdeano and Lopez Garrido, 1991; Weijermars, 1991; Lopez Garrido and
Sanz de Galdeano, 1999). Our study area is only part of this basin and is bounded by the
Sierra de Huma and Sierra del Valle de Abdalajis in the north, the Sierra de Aguas in the
central western sector andtheMontes deMalaga inthesoutheast (see Fig.2.1).
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Fig.2.1Location of the study area with a) geological setting and b) position of the External and
InternalzoneoftheBeticCordillerainsouthernSpain.
Based on tectonics, lithology and palaeo-geography the Betic Cordilleras of southern Spain
are divided into a northern External Zone (Prebetic and Subbetic) and a southern Internal
Zone (e.g. Sanz de Galdeano, 1990; Weijermars, 1991; Biermann, 1995). In general, the
External Zone includes non-metamorphic Mesozoic and Tertiary rocks. The Internal Zone is
composed ofthree large,tectonically superposed complexes ornappes:the Nevado-Filabride,
the Alpujarride and the Malaguide complex from bottom to top. The Nevado-Filabride and
Alpujarride complexes include Palaeozoic to Triassic sediments, metamorphosed during the
Alpine Orogeny. TheMalaguide Complex comprises sediments from the rest oftheMesozoic
andTertiary,but onlypart ofitsPalaeozoic basement underwent metamorphism (e.g.Sanzde
Galdeano, 1990;SanzdeGaldeanoetal, 1993;Biermann, 1995).
Related with the (ongoing) interaction between the Iberian and African plates, structuring of
the Internal Zone in nappes took place in the Late Oligocene to Early Miocene (Martin
Algarra, 1987). In the lower Miocene the Internal zones began to be displaced towards the
west causing deformation in the contacts with the External zones, associated with horizontal
movements alongN70-100 strike slip faults. Fromthe Late Tortonian onwards movements in
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the area are mainly vertical, controlled by NW-SE and NE-SW faults as a result of regional
N-S compression (see faults in Fig. 2.1) and regional uplift of the Betic Cordillera (Sanz de
Galdeano, 1990;SanzdeGaldeanoandLopezGarrido, 1991).
The area comprises avariety of Neogene sediments, which were deposited mainly during the
Early Miocene, Late Tortonian, Pliocene and Pleistocene (Fig. 2.1). Important erosional
hiatus exist for the middle Miocene and the Messinian (e.g. Sanz de Galdeano, 1990; Lopez
Garrido and SanzdeGaldeano and literature citedwithin, 1999).Asdescribed intheprevious
section during the Early Miocene the area is still dominated by complex tectonic conditions
such as extensional deformation and westward movement. Consequently, the Malaga basin
andthusthestudy areaacquired theirpresent shapeatthebeginning oftheTortonian (Sanzde
Galdeano and Lopez Garrido, 1991). Therefore, our reconstructions start with the Late
Tortonian sediments.
Pizarra

ElChorro

Guadalhorce
60
80
100
DistancefromMalaga[km]

160

Fig.2.2Present day longitudinal profile of the Guadalhorce riverfromthe coast near Malaga (left)
towardsthesourceareainthemountainseastofAntequera(right).Dotsrepresentobservation
pointsmentionedinthetext.

2.3 Neogene deposits
All sites with Neogene deposits can be observed along the present day Guadalhorce
longitudinal profile given from thepresent daycoastnearMalagatothe source area(Fig.2.2).
Present day topography clearly outlines the general geology as described in the previous
section (Fig. 2.3). The different Sierras and Tortonian outcrops are clearly representing the
higher areas (old or erosion resistant), while the lower areas are occupied by the Early
Miocene flysch (less erosion resistant) and Pliocene and Pleistocene sediments (younger
lithologies).Fig.2.4 showstheNeogene depositsofthe studyarea since LateTortonian times.
Some of these deposits can not be found on the more general outline of the geological maps
of this area (IGME, 1978; ITGE, 1990). In the next sections the different units will be
described inmore detail from LateTortonian topresent.
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Fig.2.3Reliefofthe studyareavarying from 1100[m]inthe SierraHuma,900[m]inthe Sierrade
Aguastowards50[m]southofPizarra.Contourlineintervalis50 [m].
2.3.1Late Tortonian
In the study area several outcrops of sedimentary rocks can be found composed of micro to
large boulder conglomerates, various sized sands, silts and calcarenites. Atpresent they form
tabular mountains of several hundreds of metres in altitude (Fig.2.4). Sedimentary structures
such as channels, bedding and (mega-)ripples are common as well as marine slumps and
mudflows. In general the bottom layers contain the coarsest conglomerates while in the top
layersundisturbed marinebio-clastic layerscanbe found. Throughoutthewhole outcrop from
bottom to top macrofossils can be found. These macrofossils, especially pectinids, are
surprisingly often well preserved in the coarser sequences (Jimenez et al., 1991). These
materials are attributed to the Late Tortonian (Lopez Garrido and Sanz de Galdeano, 1991)
because oftheir stratigraphic similaritywith outcropsnearAntequera and Ronda,which were
datedontheirforaminifera contentasLateTortonianby Serrano(1979).
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Fig.2.4Neogenedeposits inthestudyareawitha)geographical distribution andnumberedimportant
locations and b) schematic geological cross sections (basement units are described in Fig.
2.1).
Threemain outcrops are situated inthe studyarea,from northto south,near ElChorro,Alora
andPizarra (Fig.2.4).Accordingtodetailedtopographic mapstheTortonian rocksoutcropup
to an elevation of662 [m]atEl Chorrowith abase at205 [m], atAlora they outcrop uptoan
elevation of559 [m]with abase at 303 [m]and atPizarrathey outcrop at an elevation of452
[m] with a base at 185 [m]. Although these elevations are slightly different, they compare
well with altitudes previously recorded in the literature (e.g. Sanz de Galdeano and Lopez
Garrido, 1991). These highs and lows of the Tortonian, including two smaller remnants, can
be observed along the present day Guadalhorce longitudinal profile (Fig. 2.5). The smaller
remnants canbe found between Alora andEl Chorro (numbered locations 1 and2 inFig.2.4)
and consist of cemented Tortonian blocks, several tens of meters in size, composed of
conglomerates and sandstones.Unfortunately thebasesoftheseremnants arenot exposed and
thereisalotofinterference withthe surroundingmaterials.
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Fig.2.5HighestandlowestexposuresofthepresentdayLateTortonianoutcropsgivenastheabsolute
heightabovethepresentGuadalhorceriverprofile.
For the three major outcrops several observations of the basal bounding surface are possible.
To the north of the El Chorro outcrop we find abrupt erosional contacts with Early Miocene
marls and sandstones.Near the village ofEl Chorro erosional and abrupt contacts are clearly
exposed with limestones from the External zone and phyllites from the Internal zone (Martin
Algarra, 1987). Both outcrops near Alora and Pizarra are again situated directly on top of
Early Miocene marls and sandstones. In a schematic cross section (Fig. 2.4) these Tortonian
outcrops seem to be part of a large channel form of which the deepest part is difficult to
determine.
2.3.2Messinian
In general little isknown aboutthe Messinian inthe middle and lower Guadalhorce valley.In
literature andmapsnodepositsareattributedtothisageandtheMessinian isconsidered asan
erosional hiatus in this area (e.g. IGME, 1978; ITGE, 1990; Sanz de Galdeano and Lopez
Garrido, 1991;Lopez Garrido and SanzdeGaldeano, 1999).
2.3.3Pliocene
In the Guadalhorce valley around Alora both marine and fluvial deposits represent the
Pliocene.Downstream ofAloramainlymarine clays,marlsandfine sorted sands,upstream of
Alora mainly fluvial sands and conglomerates can be found (Fig. 2.4). In general the fluvial
deposits are found topographically higher than the marine deposits. This can be observed
when the actual elevations of Pliocene fluvial and marine outcrops are plotted along the
longitudinalprofile ofthepresent GuadalhorceriverbetweenElChorroandPizarra (Fig.2.6).
The well layered blue-grey marine marls and clays are rich in macrofossils and foraminifera,
which datetothe Early andMiddlePliocene (Sanz deGaldeano andLopez Garrido, 1991).In
the studied area these marine sediments are 50 to > 100 [m] thick and are mostly deposited
directly on the basement rocks. They can be found in large areas south of Pizarra and Zalea
reaching altitudes of 155 [m] a.s.l. Smaller and local outcrops of marine clays can be found
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fromPizarra to Alora at variable altitudes and decreasing in thickness. At Alora the marine
clays arerestricted to small channelfillsof only a few metres thick at 151[m]a.s.l. Themost
northern site with marine Pliocene sediments, marine sands containing shell fragments, is
found afewkilometres northofAloraataround 180[m]a.s.l.
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Fig.2.6Pliocene outcrops within the study area with their absolute heights above the present
Guadalhorceriverprofile.
Pliocene fluvial sands and conglomerates are found as terrace remnants throughout the
landscape.Layering ofalternating coarsesands andpoorly sorted conglomerates arecommon.
The most important difference between the Pliocene conglomerates and older sediments
mentioned before is the poor cementation and better developed layering. The deposits are
between 20 to 50 [m] thick and are found at increasing altitudes to the north, up to 320 [m]
a.s.l. southofElChorro(Fig.2.6).
South of Alora and Pizarra, we have found slightly different conglomerates as mentioned
before (numbered locations 3 and 4 in Fig. 2.4). They consist of well cemented unsorted to
poorly sorted, coarse to fine, mainly whitish silt matrix supported conglomerates with
boulders up to 40 cm. No macrofossils were found. Layering is poor including sections of
tens of metres without any layering or structure. These sediments are best described as
mudflows.
These mudflow deposits are found in elongated lobes originating from the lower boundaries
oftheTortonian outcrops (at around 300 [m] south of Alora and at 200 [m]near Pizarra), all
the way down to the present level of the Guadalhorce river (around 100 [m] south of Alora
and 50 [m]near Pizarra). On the highest topographical positions sometimes whole blocks of
slumped and rotated Late Tortonian materials are incorporated. In the lower topographical
positions layering is more common and indicates continuation even below the present
Guadalhorce level. These mudflows are deposited on top of the basement rock, in this case
Miocenemarlsandsandstones.
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Fig.2.7Pleistocene deposits inthe study areawitha)geographical positionsandimportant locations
and b) overview of the Sabinal valley with block slumps and palaeo-drainage directions
(contourlineintervalis10[m],highestpointis559 [m]).

2.3.4Pleistocene
Pleistocene sedimentation in the Malaga basin has been mainly continental (Lopez Garrido
and Sanz de Galdeano, 1999). This holds also true for the study area where no marine
depositsfromthe Pleistocene havebeen found (Fig.2.7).Themost important fluvial deposits
are the alluvial plains of the Guadalhorce river with several terrace levels. Major tributary
systems from the Sierra de Aguas and Montes de Malaga have left alluvial fan complexes
interfingering with these terraces. Most of the fan complexes are severely dissected,
sometimes more than 25 [m]. In Fig. 2.8 the fluvial terrace remnants can be observed along
the present Guadalhorce river profile. A total of 7 levels have been recognised. These levels
of Pleistocene terrace remnants are, contrary to those of the Pliocene deposits, all parallel to
the current longitudinal profile of the Guadalhorce river suggesting a fluvial system in
dynamic equilibriumwith itscontrolling factors.
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Fig.2.8Pleistoceneterraceslevels 1 to7fortheareabetweenAloraandElChorro.Littlesquaresare
observationpoints(locationisgiveninFig. 2.7).

2.4Discussion
2,4.1Landscapeevolution
The sediments from the Late Tortonian indicate shallow marine conditions dominated by
strong marine currents in arelatively narrow sea strait. As opposed to Van der Meer (his Fig.
11, 1995) in this case a connection between the Atlantic Ocean and the Mediterranean sea.
During this period in the Tortonian several connections between the Atlantic Ocean and the
Mediterranean existed (Weijermars, 1991), which are reported in both the western (e.g.
Serrano, 1979; Sanz de Galdeano and Lopez Garrido, 1991; Lopez Garrido and Sanz de
Galdeano, 1999), and the eastern Betics (e.g. Fernandez and Rodriguez Fernandez, 1991;
Wrobel and Michalzik, 1999). Probably the main cause of these connections was a eustatic
sea level rise, but there was also a major influence exerted by local tectonic factors, such as
dip-slip movement on NW-SE and NE-SW trending faults, and prolonged regional uplift of
theBeticCordilleras (MartinAlgarra, 1987;LopezGarridoand SanzdeGaldeano, 1999).
In the present literature this Atlantic Mediterranean connection in the region of Alora is
considered tobe 5to 10kmwidth.Especially inthe areaswithweaker lithologies themarine
strait is considered to widen considerably, more or less following the contours of the Lower
Miocene sediments (Fig.4in Sanz de Galdeano and Lopez Garrido, 1991aswell asFig.4in
Lopez Garrido and Sanz de Galdeano, 1999). This suggests a pre Tortonian Guadalhorce
drainage system (terrestrial stage) more or less comparable to the present day system.
However, no deposits of this stage have been found so far. In addition, the first sediments
registered in the Late Tortonian are very coarse and angular, indicators of mountain building
and emerging land. Altogether if we combine the idea of a narrow sea strait with the
observations of the basal boundaries of the present day outcrops (channel forms in Fig. 2.4)
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the actual strait could have been even more narrow (Fig. 2.10a). This could explain as far as
preservation is concerned why the Tortonian is not found on top of the Early Miocene
sandstoneridgessouthwestandnortheastofAlora.
The Tortonian sedimentation ended with continued continental uplift in combination with a
eustatic sea level drop,resulting inthe closure oftheconnections between the Mediterranean
and the Atlantic Ocean (Lopez Garrido and Sanz de Galdeano, 1999). According to the
eustatic sea level curve for the late Tortonian, this major regression started around 7 to 6.7
[Ma], at amaximum of+10 [m] a.s.l. (Haq et al., 1987; Savoye et al., 1993).These closures
of all Atlantic Mediterranean connections by the aforementioned factors, together with
climatic controls caused the Messinian Salinity Crisis (Krijgsman et al., 1999). This crisis
implied aMediterranean base levellowering ofmorethan 1200 [m](Hsuet al., 1973; Savoye
et al., 1993).This drop inbase level ledto erosion of former coasts and severe incision ofthe
river systems that drained into the Mediterranean basin (e.g. Clauzon, 1978). During this
stageprobably 90%oftheTortonian sedimentswereremovedfrom thestudy area.
In the Early Pliocene a marine transgression re-established the sea connection between the
Atlantic Ocean and the Mediterranean through the strait of Gibraltar. As a result the
Mediterranean filled veryrapidlyuptothePliocenehigh standof+80 [m]at4.7 [Ma](Haqet
al., 1987; Savoye et al., 1993).These Pliocene materials filled the deeply incised Messinian
relief rapidly by fan-delta systems depositing gravels, sands and more distal marls and clays.
According to Weijermars (his Fig. 34, 1991) another connection existed through the Malaga
basin, but we agree with other observations that this Pliocene marine transgression reached
only until Alora (Sanz de Galdeano and Lopez Garrido, 1991;Lopez Garrido and Sanz de
Galdeano, 1999).The Pliocene landscape reconstruction in Fig. 2.10c shows a several times
narrower valley than in the Late Tortonian. An important detail is the Pliocene highstand
reaching halfway up the area north of Alora. This is actually a few kilometres more inland
thannormally given intheliterature (SanzdeGaldeano andLopezGarrido, 1991).
The first sediments attributed tothe Pliocene inthe study area arethe conglomerates south of
Alora and Pizarra. They are best described as mudflows and they are definitely the first
sediments after the prolonged period of Messinian erosion. Firstly because Pliocene marine
clays can be found overlying these mudflows on several locations. Secondly because these
mudflow deposits reach below the present level of the Guadalhorce river and are directly
overlying the basement topography. Summarising this means both mudflow deposits are
younger than Late Tortonian and older than the marine Pliocene highstand deposits.
Therefore, we have to place them at the Messinian-Pliocene boundary, in an environment of
steep gradients, recovering climate (wetter) and with a deeply eroded central Guadalhorce
valley.
The Pizarra mudflow originates from one of the major valleys within the Pizarra Tortonian
outcrop.Just south of this deposit large slumped and rotated block of Tortonian sediments is
situated a,which suggestarelation oflargescale slumping ofcementedblocksandthetrigger
of large quantities of unconsolidated materials. In other words the cementation of the
Tortonian outcrops is restricted tothe outer exposed surfaces and the process of cementation
probably datestothe Messinian.
As mentioned in the previous paragraph, important features in the area are massive block
mass movements. Especially around the Tortonian outcrops of Alora and Pizarra numerous
large blocks have slumped into devalleys with some of them reaching hundreds of metres in
size. These blocks consist of cemented Tortonian sediments (conglomerates, sands,
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calcarenites) including the original sedimentary structures. Normally they have slumped
backward with some rotation and slid down over considerable distances (up to 200 [m]). The
Sabinal valleyjust north of the Tortonian Alora outcrop is the best example with more than
ten blocks sliding down. They can easily be recognised on a detailed contour map (Fig. 2.7).
Thetopsofthethree lowestblocks inthe Sabinalvalleyareall situated around260 [m]a.s.l.
As can be observed the Pliocene marine deposits are situated at different heights in the
present landscape, which range from 180to 114 [m] a.s.l. There can be several reasons for
the altitude distribution of these marine sediments: 1)different high stands (recorded for the
Pliocene) andthus different agesofPliocenemarineterraces,2)differential uplift (regional or
along NW-SE and NE-SW faults), 3) erosion levels of the incising Guadalhorce during the
consequent marine regressions or 4) different distal facies of the prolonged Pliocene
highstand.
Accordingto eustatic sea level curve byHaq et al. (1987)the next transgressions reached25,
60and65 [m]lowerthantheoldesthighstand. Thealtitudes found inthe studyareaarewithin
this reach. However, Pliocene marine sediments are found outside the study area in the west
at400 [m](Alazoina)andgoing southandeasttowardsMalagabetween 100and 50[m]a.s.l.
This indicates at least important regional uplift. Fault movements are considered less
important in the study area, since marine sediments can be found at comparable altitudes on
both sides of the supposed fault lines. At least several low marine outcrops are known to be
topped with some fluvial material indicating former Guadalhorce terrace levels. Different
distal facies are evident, comparing the succession from north to south at decreasing altitudes
from sandswith shelvestochannel fill toextensive clayterraces.
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Fig.2.9TrendlinesofsealevelandrivergradientforthePliocenedeposits.
In general the Pliocene sediments are considered asa shallowing upward sequence,with fine
grained sands as an indication of an important regression in the Late Pliocene (Sanz de
Galdeano and Lopez Garrido, 1991;Lopez Garrido and Sanz de Galdeano, 1999). However,
these sands canbe found at aheight of 155 [m] a.s.l. in the south of the study area while the
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highest Pliocenedeposits found north ofAloraarelocated at 180[m]a.s.l.Thismatches quite
well with the 4.7 [Ma] +80 [m] and the 3.2 [Ma] +55 [m] highstands (lines 1and 2 in Fig.
2.9), suggesting no tectonic activity in the Alora to Pizarra area throughout the Lower and
Middle Pliocene. On the other hand the trend-line for the Pliocene fluvial deposits shows a
very steepgradient, which couldbe anindication of significant uplift oftheChorro area since
thePliocene (line3inFig.2.9).
Evidence suggests that for a longperiod during the Pliocene the palaeo-Guadalhorce was not
able to incise significantly in addition to more lateral erosion. As a result most of the
sediments of the Pliocene and earlier are removed by the Guadalhorce river and tributary
systems. This lack of evidence of incision supports a scenario of relatively low uplift rates
during that period. In addition, in this period the Sierra de Huma formed an important
obstacle sincetheElChorro canyon didnot existyet initsfull extent. Onthemomentthat the
uplift of the area resumes the Guadalhorce cuts through the bedrock of the Sierra Huma
(location 3 in Fig. 2.1Of). In addition to the canyon itself also antecedent incised meanders
north and south ofthe canyon, and several terrace levels (Fig. 2.8) indicate renewed uplift of
thearea.
As far as the Pleistocene terrace levels are concerned climate can provide the trigger for the
various erosion and deposition phases but has no bearing on whether terrace staircases are
formed. There has to be some kind of uplift. There are many theories on the causes for such
uplift ranging from direct erosional isostasy to glacio- and hydro-isostasy. Some theories
argue that glacio- and hydro-isostasy have a large spatial imprint as a result of crustal
dynamics (Maddy et al., 2000). All isostasy theories are supported by the observation that
when the climate oscillations increased during the Middle Pleistocene the uplift rates have
also increased as witnessed by nice staircases registering each 100 [ka] climate cycle as a
separate terrace. This tendency is clearly reconstructed inthe Thames (Maddy 1997),Meuse/
Maas (Van den Berg, 1994), Somme (Antoine, 2000) and Allier (Veldkamp, 1992).
Techniques to date calcrete formations in Pleistocene terraces could provide some
information onthechronology (Kelly etal.,2000).Atthe south sideofthe SierradeMijas, 50
kilometres south of the study area travertines were dated back to 217 [ka] B.P. at a height of
430 [m] a.s.l. (Duran et al., 1988). Unfortunately calcretes have not yet been located nor
analysed yet inthe study area.
2.4.2Developmentofthedrainagesystem
Directly after the closure of the straits in the onset towards the Messinian the Late Tortonian
sediments are supposedtohave occupied an approximately horizontal flat valley system from
Antequera to Malaga. This valley, filled with uncemented Late Tortonian deposits, continued
to receive water and sediments from the surrounding higher relief and a new terrestrial
drainage system started to form. Base level dropped progressively following the regressing
sea,inthis casetheAtlantictothenorth andthe Mediterranean tothe south.Probably slightly
higher uplift rates in the External Zone triggered the early Guadalhorce at least from the
Sierra de Huma in a southern direction. As a consequence rivers originating in the Sierra de
Aguas, Montes de Malaga and other areas to the west and south joined the growing
Guadalhorce river, which followed the regressing Mediterranean sea towards Malaga and the
Alboranbasin(Fig.2.10atod).
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Fig.2.10 Palaeo-geographical reconstructions and development ofthedrainage network inthestudy
areafromtheLateTortoniantopresent.
Because of the continued baselevel lowering, the early Guadalhorce started to incise. As a
result all three outcrops present a palaeo-valley morphology at their tops with drainage
patterns suggesting former connections withthe surrounding high relief (e.g. SierradeAguas,
Montes de Malaga), as canbe seen for example at Alora (Fig. 2.7b). Erosion continued until
the Pliocenehighstand, andbythattimetheGuadalhorce valley south ofAlorawas excavated
below the present level ofthe Guadalhorce river as canbe seen at the toes of the Pizarra and
AloraPliocenemudflows (Figs.2.10eandf).
The Pliocene fluvial deposits north of Alora indicate a palaeo-Guadalhorce more to the east
than at present (location 1 in Figs. 2.1Of and h). In this area a prominent sandstone ridge
formed the Messinian western side of the valley, which was filled by the Pliocene deposits.
Sedimentary structures inthese depositspoint to abraided river system (Fig.2.1Of). Question
remains when the Guadalhorce river reached it present length. Somewhere between the
Messinian and Pleistocene the Guadalhorce must have captured streams from the Antequera
basin to the north (location 2 Figs. 2.10f and h). Comparing the Early Pliocene fluvial
deposits atmorethan 300 [m]atElChorroto 50 [m]atPizarra andthe steep trend-line ofthe
Pliocene river gradient (Fig.2.9) it seemspossible that the Pliocene Guadalhorce was amuch
shorterriver system(upperreach).AtleasttheElChorrocanyon didnotexist atitfull extent.
During the Pleistocene major shifts in the drainage system took place. As mentioned in the
previous section on locations 1and 2 (Fig. 2.1Of) as a consequence of uplift and possible
capture events. In addition, to the south the removal of weaker lithologies of the Early
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Miocene flysch plays an important role. For example the Alora Pliocene mudflow palaeocurrents indicate adirection where atpresent noTortonian outcrops canbe found. Inthisarea
the Caflas and Sabinal rivers are actively eroding the Early Miocene flysch (Fig. 2.4).
Therefore these rivers must have developed after the Early Pliocene removing the Late
Tortonian materials from this area (location 3 Fig. 2.10h). This is supported by the fact that
Pliocene fluvial terraceremnantscanbe found alongtheeastern sideofthe SierraRobla(Fig.
2.4) indicating apalaeo-Canasafew kilometrestothewest(location 4,Fig.2.1Oh).
Table2.1 Minimumandmaximumuplift scenariosforthestudyarea.

Pleistocene
1
Pliocene-Pleistocene
2
Pliocene
3
Tortonian-Messinian
4
Tortonian-Messinian
5
a
scenariosmentionedintext
b
durationofuplift
c
+/-minimummaximumrange

Time
[Mai
0.7-1.64
2.6-4.0
1.66-3.06
2.0-2.3
2.0-2.3

Uplift
Pizarra
Alora
ElChorro
[mMa'r
[mMa'f
[mMa'f
68.2(27.4) 68.2(27.4)
100.0(58.1)
10.4(2.2)
10.4(2.2)
18.4(10.2)
15.3(4.5)
15.3(4.5)
28.2(17.4)
239.1(36.9) 239.1(36.9) 239.1(36.9)
159.8(11.2) 209.9(14.8) 239.1(36.9)

2.4.3Regionalupliftscenarios
From the geomorphological data presented so far, we can get an indication of uplift rates
since the Late Tortonian for the study area. Several important markers in height, time and
geographical position have been found, which help to limit different uplift scenarios (Table
2.1). These scenarios are defined by both stages in global eustatic sea level as incision ofthe
Guadalhorce river, which clearly reflects increasing uplift from Pizarra towards El Chorro
(see nickpoint at El Chorro in Fig. 2.2). Therefore resulting rates are minimum rates within
theuncertainty onthetemporalboundaries.
First, the youngest markers are the Pleistocene terraces ofwhich the highest level is situated
at67 [m]a.s.l.abovethepresent Guadalhorce at 1.64 [Ma].Theseterraces are found north of
Alora (see Fig. 2.7) and within the time frame towards the Pliocene higher uplift rates are
possible intheElChorro area. However, ifthese7levels ofterracesarerelatedtothe glacialinterglacial cycles, then the result is an uplift of at least 67 [m] over the last 0.7 [Ma]
(scenario 1 inTable2.1).
Second, the highest Pliocene marine deposit in the area is located at 180 [m]. Taking into
account the Early Pliocene sea level high stand of +80 [m] at around 4.7 [Ma] (Haq et al.,
1987; Savoye et al., 1993), this would mean a total uplift, Pliocene and Pleistocene, of 100
[m] in this area. As a consequence around 33 [m] uplift is left for the Pliocene, taking into
account around 67[m]uplift for the Pleistocene.Asmentioned intheprevious section marine
terrace levels could suggest very low tectonic activity between 4.7 [Ma] and 3.2 [Ma]
highstands. In combination withthe range of scenario 1 thisresults in2different scenarios of
uplift until terrace formation in the Late Pleistocene (scenario 2) or uplift restricted to the
Pliocene (scenario3).
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Third, the Tortonian deposition came to an end after the last highstand of+10 [m]before the
Messinian at around 7to 6.7 [Ma] ago (Haq et al., 1987; Savoye et al., 1993). This gives at
least 552 [m]uplift (652 [m] minus 100 [m] for the Pliocene and Pleistocene) for the region,
assuming that present differences in outcrop altitudes are due to erosion in the Early
Messinian (scenario 4). However, this 100 [m] Pliocene Pleistocene uplift is restricted to the
areas north of Alora between the Pleistocene terraces and the Pliocene outcrop. More to the
northuplift rates could havebeen higher for the Pleistocene,reducing the possible uplift rates
for the Tortonian Messinian period. Analternative scenario isassuming nosignificant erosion
of the top layers ofthe outcrops,which implies differential uplift from 552 [m]inthe Chorro
area, 449 [m] in the Alora area and 342 [m] near Pizarra (scenario 5). A constraint is the
global eustatic rise of +35 [m] at 5.5 [Ma] (Haq et al., 1987), which never reached the
Mediterranean (Savoy et al., 1993). Therefore the El Chorro area must show uplift rates
higherthan26.2(+/-2.9) [mMa 1 ].
Thehighest uplift rates are found in the Messinian, which agrees with the latest ideas on the
important tectonic causes oftheMessinian salinity crisis (Krijgsman etal. 1999).In addition,
in the eastern Betics increased tectonic activity is reported for the end of the Miocene (e.g.
Weijermars et al., 1985). In the study area the Pliocene seems a quieter period with uplift
rates of at least a factor 10lower while during the Pleistocene uplift increases again. For the
Sierra Nevada area Sanz de Galdeano and Lopez Garrido (1999) found the same temporal
distribution of tectonic events. Although actual rates are several times larger with a mean of
over 438 [mMa" ] since the beginning of the Tortonian. Uplift rates inthe study area for the
Plio-Pleistocene are slightly lower than those reported for the Sorbas basin in the Eastern
Betics, which range from over 160 [mMa-1] in the Sierras to 80 [mMa 1 ] in the basin centre
(Mather, 1991).Nevertheless inthe study area a similar spatial distribution exists considering
Alora and Pizarratobe situated towardsthe central part oftheMalagabasin and ElChorroto
thebasinmarginsand Sierras.
As far as the Pleistocene terraces in the study area are concerned we see very comparable
uplift rates associated with complete staircases ranging from 40-100 [m Ma"1] within the
Thamesbasin(Maddyetal.,2000),50-60 [mMa_1]forthe Somme(Antoine,2000),60 [mMa
'] for theMeuse/Maas(Van denBerg, 1994)to 100[mMa'jfor theAllier (Veldkamp, 1992).
Model simulations ofterraceformation have also clearly demonstrated arelationship between
uplift rate and terrace preservation potential (Veldkamp and Van Dijke, 2000). In settings
with slow uplift rates terraces are formed but aremostly subsequently eroded, while arapidly
uplifting setting prevents the formation of terraces. The possible interpretation for the
Guadalhorce that each terrace is assumed to have registered each glacial/interglacial cycle,
yield anaverageuplift rate ofapproximately 96 [mMa 1 ]. This isexactlyintherangeof uplift
rate for maximalterrace preservation.
2.5 Conclusions
Late Tortonian sediments indicate the tectonic activity near the end of the Miocene. This
mountain building in amarine environment combined with a narrow connection between the
Atlantic and the Mediterranean results in complex deposits and structures. From the end of
the Tortonian and during the Messinian a large portion of these Tortonian deposits were
removed. Theremnantsaresignificantly uplifted duringaperiodoftectonic activity.
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Messinian incision of the Guadalhorce river system only reached inland to Alora probably
because of a bedrock threshold. In addition, tributary river systems were not fully developed
yet and probably the drainage area of the Guadalhorce was limited and influenced by the
stronguplift inthe SierraHumaandElChorro area.
During the Pliocene the upper part of the river valley started to develop. This took place in
several stages indicating tectonic and climatic controls. In the second half of the Pleistocene
the Guadalhorce river system must have incised fully into the Jurassic Limestone at El
Chorro.Tectonic controlisalsoevidentform incisedmeandersbefore andafter ElChorro.
Especially for older sediments we have to take into account that erosion and compaction
causes minimal heights of the deposits. In addition, the temporal resolution is very variable.
Therefore these are means and minimal rates. Calculations of minimum uplift rates for the
study area during the Messinian range from 239-276 [mMa"1]for the El Chorro area to 160239 [mMa"1]for the Pizarra area. Inthe Pliocene sloweruplift rateshave been found ranging
from 10-15 [mMa 1 ].However, inthe Pleistocene tectonic activity increases again with uplift
ratesupto 100 [mMa 1 ].
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Chapter 3
Landscape Process Modelling

After investigating the geological background of the research area, this chapter describes the
development andtesting ofalandscape process model. Incontrast tothe field based approach
of the previous chapter, this chapter is rather experimental based and in search of a suitable
modelling approach for landscape development. Many landscape models have been
developed over the past decades, however there is relatively little known about handling the
effects of changing spatial and temporal resolutions. Therefore, resolution effects remain a
factor of uncertainty in many hydrological and geomorphological modelling approaches. In
this chapter wepresent an experimental multi-scale study of landscape process modelling.An
emphasis waslaid on quantifying the effect ofchanging the spatial resolution upon modelling
the processes of erosion and sedimentation. A simple single process model was constructed
and equal boundary conditions were created. The use of artificial Digital Elevation Models
(DEMs), i.e. straight and smooth slopes, eliminated the effects of landscape representation.
Only variable factors were DEM resolution and the method of flow routing, both steepest
descent and multiple flow directions. The experiments revealed an important dependency of
modelled erosion and sedimentation rates on these main variables. The general trend is an
increase of erosion predictions with coarser resolutions. An artificial mathematical
overestimation of erosion and a realistic natural modelling effect of underestimating resedimentation cause this. Increasing the spatial extent eliminates the artificial effect while at
the sametimethe realistic effect isenhanced. Both effects canbe quantified and are expected
to increase within natural landscapes. Themodelling of landscape processes will benefit from
integratingthesetypes ofresultsatdifferent resolutions.
3.1 Introduction
Overtheyears numerousmodelsrelated tolandscape processes andtheir dynamicshavebeen
developed. These models vary in their main focus (e.g. geomorphological, hydrological) and
Based on: Schoorl, J.M., Sonneveld, M.P.W. & Veldkamp A., 2000. Three-dimensional landscape process
modelling:the effect of DEMresolution. Earth Surface Processes andLandforms 25, 1025-1034.
© 2000,John Wiley & Sons,Ltd.
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the applied methodology (e.g. physical, empirical). Processes involved in landscape
development aretypically linkedtocertain spatial andtemporal scales,which iscausedbythe
non-linearity of landscape processes and the heterogeneity of the system (Beven, 1995),This
imposes important restrictions and asaresulttheused focus andmethodology are supposed to
determine the validity of the solutions (Rodriguez-Iturbe et al., 1984). These restrictions are
also referred to as scale effects and have led to interesting discussions especially in
hydrological studies (e.g.Beven, 1995;Kalmaand Sivapalan, 1995;Sposito, 1998).
At the core of a geomorphological model that can simulate dynamic landscape development
we find theprocesses oferosion and sedimentation (e.g.Moore andBurch, 1986).Wehaveto
bear in mind that not all models consider the process of sedimentation or re-sedimentation.
This relevance within a model can be called a scale effect and will depend on the applied
spatial and temporal resolution as well as the extent (Dietrich and Montgomery, 1998).
Taking intoaccount that geomorphological processes operate atdifferent spatial and temporal
resolutions, a multi-scale modelling approach seems most appropriate to construct landscape
process models.According to Beven (1995) the best approach is to start at coarser levels and
follow aprocedure of disaggregation. However, we strongly advocate ahierarchic multi-scale
approach, because it will enable us to combine data from different scales in the calibration
andvalidation exercises. Insuch anapproach both scaling-up (aggregation) and scaling-down
(disaggregation) enhance the integration and understanding of data and results from different
resolutions.Nevertheless,wehavetobe surethatnonewartificial scaleeffects are introduced
by modelling landscape processes at different scales and related spatial and temporal
resolutions. To avoid confusion on the meaning of scale we will restrict ourselves in this
study to spatial resolution and temporal resolution (e.g. cell sizes, time steps) and spatial
extentandtemporal extent (e.g.totalarea,timespan).
One of the key variables in many studies on geomorphological modelling over the last
decades isthe topography ofthe landscape represented by aDigital Elevation Model orDEM
(e.g. Willgoose et al., 1991a; 1991b; Howard, 1994; Dietrich et al., 1995). As a result there
exist a wide range of topographic attributes used in these models that can be computed by
several techniques of terrain analysis (Moore et al., 1991). The numerical values of these
attributes differ considerably with DEM resolution because of differences inrepresentation of
the landscape and the computational techniques (e.g. Quinn et al., 1991; Zhang and
Montgomery, 1994; Wang and Yin, 1998;Yin and Wang, 1999).Nevertheless there is little
known of the systematic effects of changing or improving resolution upon the results
producedbycurrent geomorphological models(Dietrich andMontgomery, 1998).
The objective of this chapter is to reveal and quantify the effect of DEM resolution upon
modelling theprocesses of erosion and sedimentation, unbiased by landscape representations.
To obtain comparable quantification of these effects we propose to use a simple model,
capable of calculating equal amounts of erosion and sedimentation under standard conditions
irrespective of DEM resolution. This simple model comprises key parameters and variables,
which areeasytodetermine andremainvalidatanyresolution. Artificial DEMsareusedwith
equal area and gradients to eliminate the effect of landscape representation. Once the effects
are quantified for the model output under standard conditions we can continue the
investigation on the effect of DEM resolution by changing other key parameters as flow
routing andgridextent.
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3.2 Methods
3.2.1Basicconcepts
This study has used amodelling approach called LAPSUS (LandscApe Process modelling at
mUlti dimensions and scaleS) and isbased on early works of Kirkby (1971; 1978; 1986) and
Foster and Meyer (1972; 1975). They assume the potential energy content of flowing water
over the landscape surface as the driving force for sediment transport. Another important
assumption is the use of the continuity equation for sediment movement, which states that the
difference between sediment input and output equalises the net increase in storage. Assuming
quasi steady state Foster and Meyer (1972; 1975) formulated down slope sediment transport
continuityas:
- ^ =^
St
A

(3.1)

whereziselevation [m],tstandsfor [time],Cissedimenttransportcapacity [m time"1],andSis
the sedimenttransport rate [m2 time"1].Term hundererosion conditions stands for detachment
rate, while under sedimentation conditions it represents the settlement rate. To find elevation
changeozovertimestep8tweneedtocalculatethechangesinthesedimenttransportrate8S.
These changes in the rate of transport are controlled by the transport capacity C, where an
capacity excess will be filled by detachment of sediment (e.g. erosion, surface lower) and a
capacity deficit will lower the amount of sediment in transport (e.g. sedimentation, surface
higher). According to Foster and Meyer (1972; 1975),after integration, assuming that transport
capacity and detachment or settlement capacity remain constant within one finite element, the
rateofsedimentintransportcanbecalculated asfollows:
S = C+{SQ-C)-edX/'h

(3.2)

where the transport rate S [m2time"1] over the length dx of a finite element is calculated asa
function oftransport capacity C[m2time"1]and detachment rate or settlement rate hcompared
withthe amountofsediment already intransportS0[m2time"1].PleasenotethatSisexpressed
as soil volume/ unit grid width/ year. To convert to erosion or deposition rate in
mass/area/year,S is divided by the grid length (dx)andmultiplied by soilbulk density. Term
h [m] refers to the transport capacity divided by the detachment capacity [mtime"1](C/D)or
to the transport capacity in proportion to the settlement capacity [-m time"1] (C/T).
ImplementationofEq.3.2willneedexpressionsfortransportcapacityC,detachmentcapacityD
and settlement capacityT. Thesecapacities arecalculated inthis study asfunctions ofdischarge
and slope(i.e.Kirkby, 1971; 1980; 1986;Willgoose, 1991a; 1991b;Montgomery and FoufoulaGeorgiou, 1993)whichgives:
C =a •Qm •A"

(3.3)

where Ciscalculated asafunction ofdischarge Q[m2time"1]andslopetangent (5z/8x)A[-],m
and n are constants (dummy variable a corrects the units). Assuming, amongst others, that
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detachmentandsettlementcapacityisproportional toacertainshearandthatthedrag coefficient
isconstant,weobtain:
D=KeSQA
T = P,,QA

(3.4)
(3.5)

where Kes is a lumped surface factor [m1] indicating the credibility of the surface and Pes a
similar factor indicating lumped sedimentation characteristics [m1]. Note that the erosion
conditions forDorsedimentation conditions for Twillresult inopposite signs forthechangein
Sandasaresultalso8z.
3.2.2Modelstructureandflowrouting
LAPSUS is based on a grid structure of square cells of equal size. Each cell presents a
generalisedpartofthelandscapethatcancomprise severaluniquecharacteristicslikealtitude,
soils etc. The model structure has been designed to make optimal use of the simulation of
both two-dimensional as three-dimensional characteristics added to the time dimension. In
this way the model considers the evaluation of capacities as atwo-dimensional process since
we are only using gravitational force and water flow down slope within a finite element.
However for the estimation and routing of the incoming and outgoing water and sediment
fluxes, the model evaluates the results of surrounding grid cells within the whole threedimensional landscape. The finite element methodology implies variable length but a unit
width atdifferent resolutions for each element.
We will both compare the effects of steepest descent and multiple flow directions for the
routing oftherunoff thatwillprovide theestimates of QinEqs.3.3 to 3.5.For many years the
method of steepest descent has been widely used in standard hydrological and
geomorphological models and GIS packages (e.g. Moore et al., 1991;Willgoose and Riley,
1998). Calculation of multiple flow directions is proposed as dividing the flow from a cell
towards all down slope neighbours, using a certain weighting factor for each fraction
(Freeman, 1991;Quinn etal., 1991;Holmgren, 1994)which leadstothe following:

f

t

= l ^ -

1(A);
H

where fraction^ oftheamount of flow outofacell indirection i,is equaltothe difference in
height or slope gradient A (tangent) in direction i powered by factor p, divided by the
summation ofAfor all(nevermorethan 8)down slopeneighboursypoweredbyfactor p.
3.3Data
To simulate true effects of DEM resolution upon the processes of erosion and sedimentation
we have constructed two types of artificial DEMs (Fig. 3.1). These DEMs are constructed in
such awaythat for each resolution we obtain aconstant extent and constant slope angle.Five
different spatial resolutions (lxl, 3x3, 9x9, 27x27 and 81x81 [m]) were compared for two
different extents namely ahillslope and a catchment. The total amount of cells in each DEM
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decreases with increasing spatial resolution, but always the spatial extent for the hillslopes
amounts 6561 [m2] compared with 78732 [m2] for the catchments. The height differences
result inslope gradients for allDEMsequaltoatangent of0.08(AinEqs.3.3to3.5).
To make sure that possible encountered effects are caused by resolution we need to create
equal boundary and input conditions for every experiment. For our standard runs with atime
stepofayearwehaveusedthe following assumptions:
1. Fixed m (2.0) and n (2.0) exponents in Eq. 3.3 as if only wash is the dominant process
(Kirkby, 1987).
2. Uniform rainfall in both amounts and intensity of 534 [mm] per year with a constant
annual infiltration andevaporation of63% (tocalculate QinEqs.3.3to 3.5)
3. Uniform soil characteristics, depths and erodibility, Kes and Pes are 0.002 (Eqs. 3.4 and
3.5).
4. Exponent/? of 4.0 (Eq. 3.6) for determining the fraction for the multiple flow directions
(Holmgren, 1994).

1x1

3x3

9x9

27 x27

81 x 81

Fig.3.1Theartificial DEMsusedinthischapterat lxl, 3x3,9x9,27x27and81x81[m] resolutionfor
artificial hillslopes(up)andcatchments(down).

3.4Results
Ourfirst experiments weremodelled for Hillslopes usingthe Steepest Descent method (HSD)
for all 5 different resolutions. Resulting soil loss is given in Fig. 3.2, calculated from the
sediment flux leaving the slope measured along the lower boundary. This graph shows a
strong increasing soil loss with coarser resolutions. Total soil loss is almost doubled
comparing the finest with the coarsest resolution with an increase of97.5percent. Theresults
of applying the Multiple Flow routing upon the same straight hillslope (HMF) reveals a
similar trend although the soil loss is slightly lower than the steepest descent results (lowest
dotted lineinFig.3.2).Notethatourcoarsest resolution (81x81 [m])iscomprised ofonlyone
singlegridcell andtherefore cannotbemodelledwithmultiple flow directions.
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36

45

Resolution

Fig.3.2Resulting soil loss at different resolutions for modelling Hillslopes with Steepest Descent
(HSD), Hillslopes with Multiple Flow directions (HMF), Catchment with Steepest Descent
(CSD)andCatchmentwithMultipleFlowdirections(CMF).
These same experiments were repeated for the different catchment resolutions (examples in
Fig. 3.1). The results given in Fig. 3.2 for Catchments with Steepest Descent (CSD) show
again an increasing amount of soil leaving the system with coarser resolution. However, this
increase of only 17 percent is less strong as on the hillslopes. For the Catchments with
Multiple Flow directions (CMF) the results in Fig. 3.2 still show increasing soil losses with
coarser resolution, but according toalogarithmic type of curve withthe biggest differences at
the finer resolutions. For all resolutions CMF shows lower amounts of soil loss than CSD.
The relative increase of 33percent for CMF from finest to coarsest resolution is lessthan for
HSDbut ismorethanCSD.
Differences between HSD and HMF are shown in Fig. 3.3 and range from a 3.3 percent
decrease for the finest resolution (lxl [m])to 2.2 percent decrease for the coarsest resolution
(27x27 [m]). The differences in Fig. 3.3 between CSD and CMF range from 13 percent
decrease for the finest resolution to 0.95 percent decrease for the coarsest resolution (81x81
[m]). Total amounts of (re-)sedimentation for slopes and catchments are given in Fig. 3.4.
Only the line of CMF is visible since during the hillslope and CSD simulations not a single
re-sedimentation eventwas calculated.

52

LandscapeProcessModelling

-•—HSD-HMF
•A--CSD-CMF

12

a

°- 6

18

27

36

45

54

63

72

81

Resolution

Fig.3.3 Comparison ofhillslope and catchment cases aspercent decrease comparing Steepest Descent
and Multiple Flow directions for Hillslopes (HSD-HMF) andCatchments (CSD-CMF)
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Fig.3.4 Simulated re-sedimentation for thehillslopes and catchments.
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3.5Discussion
In general we have to consider the simplicity of this single process modelling approach as a
tool to reveal the effects of changing resolutions. We are aware of the fact that more
sophisticated models exist, especially on finer temporal resolutions. These models often
include separate procedures for example for detachment by raindrops, interception,
infiltration, soil surface conditions etc. However, by excluding or considering constant these
kinds of components we create the boundary conditions for this experimental study.
Furthermore,theartificial DEMs inthis study should exclude landscape representation effects
as changing slope angles and drainage areas with different resolutions (e.g. Zhang and
Montgomery, 1994;Garbrecht and Martz,1994; Braun et al., 1997).Itwas expected with one
single formula and all parameters constant, except for resolution, that we would find equal
amounts of erosion and re-sedimentation for all hillslope simulations and equal amounts for
allcatchment simulations.
3.5.1 Resolutionanderosionpredictions
In contradiction to what we had expected the general trend for all simulations (HSD, HMF,
CSD and CMF) is an increase of erosion with coarser resolutions. Already the first
experiments with HSDrevealed the strongest effects. Alogical explanation wouldbelocalresedimentation, but during HSD simulation there was not one single event of re-sedimentation
calculated (Fig. 3.4). Since allparameters were exactlythe same,the answershad tobe found
in the calculated capacities of transport and detachment. In fact the major difference is found
inthe numberof calculations inthedownslope direction namely 81for the lxl [m]resolution
as opposed to only 1 for the 81x81 [m] resolution. In this downslope direction the only
variable inourexperiments wasthedischarge, as afunction ofthetotal surface of each single
cell and the resolution dx length in Eq. 3.2. As a result also the capacities of transport and
detachment both vary along the hillslope and especially in comparison with the different
resolutions.
Thismodelbehaviour hasbeentestedfor HSDsimulations byvaryingtheKesfactor. HighKes
values indicate transport limited conditions and low Kes values indicate detachment limited
conditions. Fig. 3.5a shows the model behaviour for the different resolutions. Under
detachment limited conditions,Keslower than 0.01,the parallel lines for different resolutions
indicate a systematic overestimation of sediment transport and resulting soil loss. Using the
numberofcalculations comparedwithresolution dximpliesthe following correction:
n•dx +dx
Corr=
n -dx
where nisthe number of calculations or steps down slope anddxresolution length. Thus, for
detachment limited conditions we actually correct one extra resolution length. The suggested
correction factor willhavetobe adapted for thoseKesvalues largerthan0.01 inthetransition
towards transport limited erosion (see Fig. 3.5b). When the hillslope is sufficiently long and
the resolution sufficiently fine this correction becomes virtually negligible, since the number
ofcalculations nisoneofthemainvariables inEq.3.7.
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Fig.3.5Total soilloss for thefiveresolutionsonHSDas a function of avaryingKesfactor for (a)
originaldataand(b)after applyingthecorrectionfactor.
Thus,with increasing our spatial extentthe difference causedbythedxresolution lengthwill
decrease.Thisisclearlydemonstratedwhenweincreaseourspatialextentfrom ourhillslopes
toourcatchments.Theresolutioneffect decreasesfrom 97.5percent(HSDcase)to 17 percent
in the CSD case. As far as the absolute differences are concerned it is obvious that the
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hillslope length is more dominant than surface area. Some examples are shown in Table3.1,
where in spite of a constant slope gradient and extent (drainage area), the sediment fluxes
increase with increasing slope length and grid size. Thus, the absolute increase of total soil
loss comparing HSD with CSD is the result of the increased extent and the increased slope
length from 81[m](hillslope)to 121,5 [m](catchment).
Table3.1Examples of the influence of effective slope length upon sedimentfluxesmodelled with
steepestdescentfortheCSDcaseandtwohillslopes(H243andH324).
CSD
H243
H324

Extent

Slope Length

rm 2 i

fml

78732
78732
78732

121.5
243
324

lxl
2.53
2.77
3.69

Outputperresolution [mha"
3x3 9x9
27x27
2.54 2.58
2.67
2.79 2.86
3.06
3.71 3.78
3.98

a1!
81x81
2.97
3.68
4.59

Variation oftheKesfactor defines the amount ofthe sediment detached inthe simulated area,
which is equaltothe amount ofnet erosionortotal soil loss (Fig. 3.4). Inourbasic approach
the Kes factor is the only knob for calibrating real-world situations. For example using
different Kesfactors for different soils orlithology oras afunction oflanduse (Dietrich etal.,
1995). We have to keep in mind however that wherever the Kes factor is lumping many
surface properties, the factor is also subjected to influences of changes in resolution, gradient
of slope and discharges. This explainsthe wide range and variety ofKesfactors found around
the world from USLE type approaches on experimental plots (Torri et al., 1997). The more
spatialortemporal resolution sensitive parameters areincorporated, themore calibration steps
are needed. This is reported for a comparable hydrological example of intensive parameter
calibration fordifferent casestudiesusingtheTOPMODELapproach (Beven, 1997).
3.5.2Resolution andflow routing
Differences found between HSD and HMF are a direct result of implementing multiple flow
directions. Thisway of routing facilitates the mimicking of diverging characteristics of water
flow over surfaces (Quinn et al., 1991). Every grid cell will divide its flow among his lower
neighbours. In doing so the former steepest descent neighbour will receive less water, which
will lowerthecalculated transport capacity and detachment capacity inthat steepest direction.
Convexitiesandconcavities inthe shapeofthe sloping surface enhancethis effect (Holmgren,
1994).Nevertheless,inspiteofourartificial straight slope,theeffect isstillnoticeable inFig.
3.2. Thus,the effect of multiple flow routing will decrease with coarser resolutions. This isa
different effect than that of enhancing re-sedimentation, which is discussed in the next
section.
3.5.3Resolution andre-sedimentationpredictions
Of all experiments the CMF case showed the most drastic differences in total soil loss as a
result of changing resolutions and flow routing. Local re-sedimentation in the catchment
accounts for an exponential decrease in soil loss with finer resolutions (see Fig. 3.4). The
multiple flow direction routing isdirectlyresponsible for thesere-sedimentation events.Finer
resolutions showtobemore affected bythisprocess becausethere aremore different waysof
routing possible. In this case the effect is especially enhanced in the headwater positions in
the catchments, where different water flow paths will meet. These different flows are all
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partlyfilledwith sediment and especially inthesepositions anew equilibrium will havetobe
formed depending on the local discharge and slope gradient of this channel. If, in these
positions, there is an excess of sediment in transport as a function ofthe discharge and slope
gradient the sediment will be deposited. Moore and Burch (1986), describing differences
between final sediment output and internal erosion and deposition events reported a similar
effect.
3.6Concluding remarks
This experimental study examined the effects of DEM resolution upon modelling the
processes of erosion and sedimentation in the context of landscape development. Five
different resolutions were tested on a 6561 [m2] hillslope and on a 78732 [m2] catchment.
Instead of predicting only two amounts of erosion for these two different extents, we have
found different outcomes for all simulations. As a result twenty soil loss rates have been
calculated from similar areas with completely identical model procedures, boundaries, and
parameters.
We clearly saw that changing the DEM resolution influenced the outcomes of our simple
landscape process model. In general there are two different effects we have observed in our
scaling experiment ofcoarseningresolutions.First,theoverprediction oferosion,aresolution
and extent related scale effect caused byKesdependent artificial calculation errors. Secondly,
the underestimation of re-sedimentation, a more realistic and natural scale effect related to
erosion rate and re-sedimentation events that are more plausible to occur in a fine grid using
multiple flow routing. The latter istherefore amore realistic representation of the real world
processesthan steepest decent andcoarsegrids.
As far asthefirstmore artificial effect is concerned a systematic correction canbe necessary,
depending on theKesmagnitude and total extent of the DEM. This is especially relevant for
lower Kes values used in modelling detachment limited hillslope processes, where the
effective length overthehillslopewhere detachment takesplacebecomesthe dominant factor.
However, higher Kes values do not require specific correction in this modelling approach.
Because under transport limited conditions the only dominant factor becomes the transport
capacity asfunction ofdischarge Qand slope gradient.
The second realistic effect of underestimating re-sedimentation can be considered as one of
the main scale effects found in erosion studies. Many examples are known of overestimation
oferosionratesincoarseresolution studies andtheintroduction ofsediment deliveryratios.A
tempting solution for this scale effect canbetestedwith ourapproach.Namely toquantify resedimentation rates for representative fine resolution areas and to integrate these results at
coarserresolutions.
Finally we can conclude that it ispossible to model landscape processes within a multi-scale
framework by changing the DEM resolutions. It is important however, that the extent of the
landscapeanditsrelief characteristics arerealisticallyrepresentedbytheusedDEM.Byusing
information of for example re-sedimentation rates from finer resolutions we can simulate
morerealistic landscape development for larger areasandcoarserresolutions.
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Monitoring Long Term Soil Redistribution

This chapter investigates the possibility within the research area to monitor actual soil
redistribution rates inthe field. Consequently concentrations in the soil of anthropogenic and
natural radionuclides have been investigated to assess the applicability of the ] 7Cstechnique
in an area of typical Mediterranean steep slopes. This technique can be used to estimate net
soil redistribution rates but its potentials in areas with shallow and stony soils on hard rock
lithology have not been evaluated so far. In this chapter the radionuclide concentrations are
discussed in relation to other soil properties, lithology and slope position in a Mediterranean
environment. Both natural Potassium-40 (40K),Uranium-238(238U),Thorium-232 (232Th)and
anthropogenic Caesium-137 (137Cs) radionuclides have been determined in samples taken
along slope transects on soils developed on serpentinite and gneiss lithologies. In addition to
the radionuclide concentrations also parameters such as slope position, slope angle, aspect,
soil depth, surface stone cover, moss, litter, vegetation cover, soil crust, stone content and
bulkdensity havebeen estimated.
Allnatural radionuclides K, U, Th show significant higher concentrations inthe gneiss
than in the serpentinite soils. As opposed to the 137Cs concentration, which is found
significantly higher inthe serpentinite soils, for the reference profiles probably because ofthe
difference in clay mineralogy. The exponential decreasing depth distribution of 137Cs and its
homogeneous spatial distribution emphasise the applicability of the 137Cs technique in this
ecosystem. The 137Cs inventory and concentration are in agreement with the expectations
according to the soil erosion and degradation indicators measured. Surfaces with erosion or
degradation signs (higher bulk density, shallow soils or surface crust development) show
lower 137Cs concentrations and protected surfaces by vegetation show higher 137Cs
inventories. The distribution of 137Cs along the slopes can be explained to a high extend
within existing conceptual models. The gneiss slopes show azonation of four to five areasof
differential erosion/ accumulation processes corresponding with moreregularised slopes. The
Based on: Schoorl, J.M., Boix Fayos, C , De Meijer, R.J., Van der Graaf, E.R. &Veldkamp, A.,
technique onsteepMediterranean slopes(PartI):analysingtheeffects oflithology and slopeposition.
© submitted. Catena, Elsevier.
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serpentinites show more erosion areas with less accumulation downslope as an example ofa
moreunstable slopetype.
4.1 Introduction
Over the past few decades the so-called 137Cs technique has been applied in many
environments to determine net soil redistribution rates (e.g.Martz and de Jong, 1987; Ritchie
and McHenry, 1990; Walling and Quine, 1990). This technique overcomes many of the
common problems encountered in monitoring erosion dynamics at field and landscape scale
and is applicable for medium long term (30 to 40 years) soil redistribution estimates (e.g.
Walling and Quine, 1992; Chappell et al., 1998). In this technique the anthropogenic
radionuclide Caesium-137(137Cs)isused as a sediment tracer from upland erosion studies,to
catchment sediment budgets, to depositional areas in colluvial positions, river terraces, lakes
anddeltas(e.g.RitchieandMcHenry, 1990;WallingandQuine,1991).
Important assumptions of the 137Cs technique are: (i) a spatially uniform deposition within a
climatic zone and (ii) immediate fixation to the clay fraction, which results in redistribution
associated with soil particles (e.g. Ritchie and McHenry, 1990; Walling and Quine, 1990;
Chappell, 1999). Before the measured radionuclide concentrations can be related to
quantitative ratesoferosion ordeposition,these assumptions ofthe 137Cstechnique havetobe
evaluated. For example the exponential decreasing depth distribution within a undisturbed
reference soil profile can be influenced by original fallout concentrations and rainfall
distribution, soil properties (clay mineralogy, pH, organic matter content) and bioturbation
(e.g. Livens and Loveland, 1988;Isaksson and Erlandsson, 1998;Baeza et al, 2001;Tyler et
al., 2001). In case of sloping cultivated areas, in addition to overland flow driven soil
redistribution, profile distributions will be influenced by tillage practises (e.g. Zhang et al.,
1998;Quine, 1999).
Dominant factors in the context of a soil are the climatology, lithology and the landscape.
Highly inter-related they determine theweathering ofparentmaterial, soil formation, soilgain
orsoillossandsoon.These arealsothemostimportantparameters intheredistribution ofthe
soil associated 137Cs. So far only a few studies address the issue of the soil context and
lithology (Pennock et al., 1995;Kachanoski and Carter, 1999).Furthermore, in the analysing
procedures of soil samples both anthropogenic and natural radionuclides can be measured.
However, only a few authors take these natural radionuclides into consideration despite of
their potential to further explain radionuclide profile distribution (VandenBygaart et al.,
1999). Moreover many interesting studies investigating the amounts of radionuclides in the
environment tend to underestimate the context of the soil and landscape (Karahan and
Bayulken, 2000;Rubio Montero and Martin Sanchez, 2001). This soil context may therefore
become highly significant in Mediterranean environments, for example the role of soil
texture, soil depth and parent material on available quantities of both anthropogenic and
natural radionuclides (Kissetal.,1988).
Especially for the Mediterranean area the limited soil depth, stoniness, steep dissected
topography and different parent materials could hamper a successful implication of the 137Cs
technique (Chappell, 1999). Studies using the 137Cs technique in Mediterranean ecosystems
mainly focus on the estimation of net soil loss and were carried out on intermediate slopes
(Navas and Walling, 1992;Quine et al., 1994;Navas et al., 1997;Porto et al., 2001;Kosmas
et al., 2001). It remains unclear if this technique can be applied to more extreme conditions
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veryfrequentlyfound in Mediterranean landscapes, such as shallow soils, high stone content
andsteepslopes(>20-35°).
This chapter summarises the first part of an investigation where the l37Cs technique was used
to model soil redistribution in a Mediterranean landscape. This first part focuses on the
feasibility of the technique and the exploration of the 137Cs data, their analysis and
significance in relation to important environmental factors such as soil context, lithology and
slope morphology. The second part (Chapter 5) investigates the erosion rates and soil
redistribution patterns derived from ' 7Cs data in relation to the calibration of a landscape
evolutionmodel.
Thus, the objectives of this chapter are (i) to test the applicability of the 137Cs technique on
steep slopes and shallow stony soils under Mediterranean environmental conditions, (ii) to
verify the influence of lithology onboth anthropogenic and natural radionuclides and, finally,
(iii) to explore the relationships between ' 7Cs and soil properties, indicators of soil
degradation and slopeposition.
4.2 Materialsand methods
4.2.1Studyarea
Forthe detailed slope to catchment scale study ofthis chapter (see also Fig. 1.2), two sample
areas have been chosen comprising two different lithologies in an areajust north of Alora on
the slopes ofthe Sierra deAguas(Fig.4.1).Asmentioned inpreviouschaptersthisregion has
a summer dry Mediterranean climate (Csa) with decreasing precipitation from west to east.
The area around Alora shows a mean annual temperature of 17.5°C and receives a mean
yearlyrainfall of534[mm], mainly from OctobertoApril.

r.i:duGneiss
•

Serpentinite
Sampleareas
8 km

Fig.4.1Samplearea location intheresearch area,thesampled lithologies inthe Sierra deAguasare
gneiss(G)andserpentinite(S).
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Thefirstsample area (GinFig.4.1) is located inasmall catchment ongarnet gneiss bedrock,
while the second sample area (S in Fig. 4.1) is a typical ultramaffic peridotite/ serpentinite
hilltop. The lithological transition between these parent materials is rather sharp (within
several metres). Both lithologies stem from the Alpine Orogeny in the Tertiary, when fluid
mantle material, forming a peridotite massif, intruded into the slates and schists deposits in
this area (Sanz de Galdeano, 1990).The garnet gneiss was formed by contact metamorphosis
of these slates and schists. Furthermore water uptake converted large parts of the peridotite
intoserpentinite (Acosta etal., 1997).
Both lithologies show a steep dissected topography with general slope angles from 25 to 35
degrees. Soils inthe studied areas range from Leptosols, Regosols to Cambisols (FAO, 1988;
Ruiz et al., 1993). In general more Leptosols are found in the serpentinite area where bare
rock outcrops are also common in the steeper and unstable areas. Soil depths in the
serpentinite soils range from 12 to 32 [cm]. Average stone cover on the surface is 85 [%],
average gravimetric stone content is 39 [%] and average matrix bulk density is 1.2 [g cm"3].
The serpentinite soils under semi-natural vegetation show silty-clay to sandy-loam textures
with clays high in smectite and low in vermiculite and kaolinite. In the gneiss area soils are
slightly deeper (between 17and 56 [cm]deep) and less coarse and show clay-loam to sandyloam textures with clays high in kaolinite and low in illite and smectite. They show an
average surface stone cover of 36 [%], a stone content of 19 [%] and an average matrix bulk
density of 1.6 [gcm"3].
4.2.2Samplingstrategy
In both sample areas 3 reference profiles were selected (SAR 1to 3 and GR 1to 3). All
reference siteswere located on isolated hilltops, inan areaofnoerosion (Table 4.1, Fig.4.2).
Thetopography ofthe areatogether with human factors complicate the selection of reference
locations. Therefore, itwasconsidered necessary tolocate morethan onereference profile for
each lithology to assure the representativeness of the reference data. These profiles allow the
study of the undisturbed profile distribution of the radionuclides. Reference profiles have
been sampled following standard procedures (Walling and Quine, 1990) with a 20 [cm]
diameter core sampler with depth increments of 4 [cm] until the bedrock or saprolite was
reached.

Table4.1Detailsofthesampling strategy withthenumber ofgneissreference samples (GR),gneiss
bulk samples (GCB), serpentinite reference samples (SAR) and serpentinite bulk samples
(SAB).
Reference profiles
Bulk transects
Total

Volume
[cm3l
1256.6
a

Surface

rcm2i

314.2
50.3

Sites
3
4
7

Gneiss
Samplesb
22 (GR)
26 (GCB)
48

'variablevolumessincedepthshavebeensampleduntilbedrockorsaprolite
'samplecodingusedinthetextgivenbetweenbrackets
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Serpentinite
Sites Samples'3
3
16 (SAR)
4
20 (SAB)
7
36
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T2

SAR3
T1

GR2
X

SAR2
X
T6 <a
T5

GR1
X

T3

x:x
. SAR1
T4

516.5
GR3

ft

0—

—

drainageline

200 [m]

> samplingpoint

X referencesite

Fig.4.2DEMof the sample areaswith acontour line interval of 5[m]andtransect locations inthe
Sierra de Aguasjust north of Alora for a) serpentinite slope transects (SAB) T4to T7and
references profiles SAR1 to3andb)ongneissslopetransects(GCB)Tl toT3andreference
profiles GR1 to3.
Furthermore ineachsample area series ofbulk samples along slopesweretakenwith a 8[cm]
diameter core sampler of45 [cm] length, until the bedrock or 45 [cm] soil depth was reached
(SAB and GCB samples).These bulk samples were taken incatenas directed downslope with
equal slope length increments. In some of these catenas also crest and upslope areas have
been sampled, which can be used also as a reference inventory. In the field a description of
the soil surface was made at each sampling point including: slope angle, slope position,
aspect, soil depth, vegetation cover, surface stone cover, position and average size of the
stones,rock outcrops,moss cover, lichens and the presence and thickness of soil crust. In the
laboratory after sieving andweighting also the stone content ofthebulk samples (stoniness),
the percentage of soil matrix, and the bulk density of the soil with and without stones was
determined for each sampling point. Intotal46bulk samples and 6reference profiles with 38
samplesatdifferent depthsweretaken(seeTable4.1).
To determine the radionuclides concentration samples were air-dried, hand disaggregated and
sieved through a 2 [mm] mesh. Thereafter the samples were sealed and placed in 1 [dm3]
Marinelli beakers and stored for at least three weeks to obtain approximate secular
00f\

000

__

equilibrium between Ra and Rn. The samples were analysed on a Hyper-Pure
Germanium gamma-ray detector in a low background setup. Activities of 2 U were
determined from the decay of 214Pb (295 and 352 [keV] gamma-rays) and 214Bi (609, 1120
and 1764 [keV] gamma-rays). 232Th activity was calculated from the intensityof gamma-rays
from the decay products 218T1, 212Pb, 212Bi and 228Ac. For the 40K and '"Cs activity the
gamma-rays of 1461 [keV] and 662 [keV] were used, respectively. All activities were
corrected for background radiation and self-absorption. Typical counting times for gamma
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emission were between 104- 105 [s],with mean analytical precision decreasing rapidly with
minorquantities.
As indicators of the anthropogenic radionuclide 137Cs, concentration within the sampled soil
[Bq kg"1] and inventory activity of the sampled surface [mBq cm"2] have been used. The
concentration gives avery good indication of the degree of absorption and immobilisation of
the radionuclide by the soil particles. The inventory takes into account the area and the bulk
densityofthesoil,thus incorporating thestructure ofthesoilbodyintothe indicator.
4.2.3Data analysis
Thedata were analysed withthree different statistical approaches. Consequently, thepotential
relationships between the measured radionuclides (both concentration activity and inventory
surface activity), soil and landscape properties, soil cover characteristics and slope position
were investigated.
Straight forward Correlationmatrixes were calculated between the measured radionuclides
(concentration and inventory activity) and other soil properties (percentage of stone content,
soil bulk density with and without stones and soil depth), soil cover characteristics
(percentage ofvegetation cover, stone cover,moss,litterand crust) and somecharacteristic of
the sampling position (morphological position on the slope, expected 137Cs content according
tothe slopeposition, aspect and slope angle). Some ofthesevariables have been occasionally
used as indicators of soil erosion and degradation processes (Boix Fayos et al., 2001;Rubio
and Bochet, 1998).Ameasure oftheassociation between these indicatorshelps to understand
therelationships between soil characteristics and soil movement.
Principal Component Analysis was used to reorganise the data set along a new data set of
independent orthogonal axes and identifying groups of related variables. The variables used
as input for this analysis have to be un-correlated, so in that sense some variables from the
original data matrix used for other statistical analysis (correlation matrix for instance) could
not be used in this analysis. Furthermore the Varimax normalised rotation was applied to
normalise the factor loadings (raw factor loadings divided by the square roots of the
respective communalities).Thisrotation isaimed atmaximising thevariances inthe columns
of the matrix of normalised factor loadings. The Kaiser criterion was applied to select the
numberof factors, onlyfactors witheigenvalueshigherthan 1 wereretained.
Finally a Cluster analysis was carried out to identify diagnostic groups within the set of
samples by a simple classification method. The joining or tree clustering method uses the
dissimilarities ordistancesbetween objects when forming the clusters.These distances canbe
based on a single dimension or multiple dimensions. In this case the Euclidean distance was
used,which isthegeometric distance inthemultidimensional space.
The linkage or amalgamation rule isbased inWard's method. This method isdistinct from all
other methods because it uses an analysis of variance approach to evaluate the distances
between clusters. In short, this method attempts to minimise the Sum of Squares (SS) of any
two(hypothetical) clustersthatcanbeformed ateachstep.
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Fig.4.3Radionuclide concentrations for the six reference profiles with from left to right 137Cs, 40K.
238
U and 232Th and from top to bottom the gneiss profiles GR1, GR2 and GR3 and the
serpentinite profiles SARI, SAR2 and SAR3.Errorbarsindicatemeasurement precision.
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4.3Results and discussion
4.3.1Influenceoflithology on' 7Cs contentandnaturalradionuclides
In Fig. 4.3 the radionuclide concentration profiles are given for all reference locations. In
general the concentrations of the anthropogenic 137Cs decreases rapidly with depth as
generally expected. Below adepth of28 [cm]into the soil no significant 137Cs concentrations
were found. Typically 90 [%] of all 137Cs can be found in the first 12 [cm] of soil. Profile
GR2deviatesfrom theotherreference locationsbytheabsenceofasurface 137Cspeak.
Itcanbenoticed that atthe surface the 137Csconcentrations atthe serpentinites are somewhat
higher than at the gneiss locations. Consequently, calculating and fitting a exponential curve
through the data from both lithologies couldresult in slightly different parameters.Apossible
reason for this couldbethat gneiss soils arerich inkaolin claythat isreported tohave avery
low level of adsorption (Livens and Loveland, 1988). This can be seen in the lower
concentration of I37Cs in the gneiss soils compared to the serpentinite soils where kaolin
minerals are present in much lower concentrations. However, the depth decreasing
distributionpattern ofthe Csconcentrations ingneiss and serpentinite are similar(Fig.4.3).
In addition, comparing total mean values for the reference profiles on both lithologies the
results are statistically similar. This agreement supports the hypothesis of a homogeneous
surface deposition of 137Csand strengthens the assumption that' 7Cscan be used for erosion
andredistribution ofsoils.
Comparing all samples Fig. 4.4 illustrates the average, standard deviation and standard error
of the radionuclides measured on gneiss and serpentinite soils. In addition, a single-way
ANOVA test was performed to check if there were statistical significant differences between
soil properties and the radionuclide content according to the gneiss or serpentinite lithology
for all samples(Table4.2).
Table4.2 Comparing measured radionuclides and soil characteristics between lithologies. Mean
valuesandeffects oftheANOVAtest(N=52).
Variables
Surface stones [%]
Moss [%]
Litter [%]
Stones insoil [%]
BDb(+stones) [gm"3]
BDbMatrix [gm'3]
Crust [mm]
137
Cs[Bqkg-']
137
Cs [mBqcm'2]
4
°K[Bqkg-']
238
U[Bqkg-']
232
Th fBq kg'l
a

Averagevalues
BulkDensity

b
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Gneiss3
52.7
0
13.3
20.4
1.6
1.3
3.2
3.2
140.0
505.0
20.9
56.22

Serpentinite"
85.8
8.7
72.4
41.2
1.4
0.8
0.4
10.1
170.8
68.6
8.0
6.49

F-test
28.97
3.31
83.06
71.71
21.61
108.83
11.81
35.85
1.37
635.02
86.37
448.84

p-level
0.000
0.075
0.000
0.000
0.000
0.000
0.001
0.000
0.247
0.000
0.000
0.000
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Fig.4.4Mean,standarddeviation andstandarderrorsoftheconcentrations oftheradionuclides Cs,
40 238 232
K, U, Th(N=85)ongneissandserpentinitelithologies.
Analysing the results of Fig. 4.4 and Table 4.2, statistically significant differences between
gneiss and serpentinite soils were found in all the measured variables except for 7Cs
inventory (surface activity). Considering the other measured parameters surface stoniness,
litter, moss and stoniness into the soil are significantly higher in the serpentinite soils, while
gneiss soils show higher bulk densities and more crust development. The large difference
between the lithologies for the anthropogenic
Cs radionuclide concentrations for all
137
samples in Fig 4.4, clearly indicates an increased loss of
Cs for the gneiss areas as
compared tothe serpentinite area. As canbe observed for the natural radionuclides there are
threemarkeddifferences (seeFigs.4.3 and4.4):
1. The radionuclide concentrations in gneiss are an order of magnitude higher than in the
serpentinite.
2. Whilst in gneiss the concentrations hardly vary with depth, in serpentinite the
concentrations decreasewithincreasing depth.
3. InserpentinitetheU/Thratioisabout 1,ingneissabout0.3.
The first and third observation reflects the general difference between metamorphic and
ultramaffic rocks in content of natural radionuclides and is related to their differences in
geochemistry. The second observation suggests a clear relationship with soil forming factors
and weathering conditions of which clay content and clay type are the dominant resultants
(Livens and Loveland, 1988; VandenBygaart et al., 1999). Due to the different dominant
chemical components in the parent material in the study area the gneiss soils show kaolinite

67

Chapter4
asthe dominant clay mineral,whilethe serpentinite soilsshowmore smectite asthedominant
claymineral (Wedepohl, 1978).
Furthermore the direct influence oflithology onthemeasured natural radionuclides (40K,238U
and 2 Th) is far more important than onthe anthropogenic ' 7Cs. Mean activity values inthe
gneiss area for the radionuclides 40K, 238U and 232Th (614,22 and 59 [Bq kg"1] respectively)
are a factor 10higher than those for the serpentinite area (56,5and4 [Bq kg"1]respectively).
Comparing other locations and lithologies, the soils in the gneiss area are rather high in 40K
and 32Th compared with results from other areas around Istanbul, Turkey (342, 21 and 37
[Bqkg"1]respectively, Karahan and Bayulken, 2000) and results from Saskatchewan, Canada
(480, 19and 8[Bqkg"1]respectively, Kiss etal., 1988).However,the soilsinthe serpentinite
areaareagainextremely lowcomparedtoallothernatural radionuclide concentrations.
4.3.2Relationsbetween Cs, soilpropertiesandsoilcoverage
A correlation-matrix between the total 137Cs content indicators of the sample (inventory
surface activity and concentration activity),thenatural radionuclides concentrations and other
soil characteristicsmeasured atthe same samplingpointshasbeen calculated (Table 4.3).The
137
Cs concentration seems to be a much more sensitive indicator than the 137Cs inventory
activity, showing a higher number of significant relationships with other soil characteristics.
The strongest positive correlations have been found between 137Cs concentration and litter,
indicating stablepositions,andbetween concentration and stoninessofthesoil.
Table4.3Correlation matrix between measured radionuclides concentrations (anthropogenic 137Cs
concentration, 137Csinventory activity,natural radionuclides40K,238Uand232Th)andother
soilparameters(N=52).

Slope position
Expected value
Slope [°]
Aspect [°]
Stone cover [%]
Vegetation [%]
Moss [%]
Soil crust [mm]
Litter [%]
BD a +stones [g cm"3]
BD a matrix [g cm"3]
Soil depth [cm]
Stones [%]
a
Bulk Density
Significance levels:
*= p<0.05
**=p<0.005
***=p<0.001
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,37
Cs
concentration
[Bqkg'l

,37
Cs
inventory
[mBqcm"2]

40
K
concentration
[Bqkg'l

238
U
concentration

0.13
-0.07
0.02
0.12
0.40**
0.16
-0.04
-0.37**
0.63***
-0.35*
-0.59***
-0.47***
0.60***

0.00
-0.04
0.02
0.12
0.06
0.27*
-0.03
-0.07
0.24
0.19
-0.01
0.04
0.17

-0.23
0.00
0.05
-0.18
-0.60***
0.04
-0.26
0.30*
-0 77***
0.52***
0.76***
0.52***
-0.70***

-0.32*
-0.05
0.18
-0.05
-0.32*
-0.07
-0.18
0.29*
-0.72***
0.23
0.50***
0.40***
-0.54***

[Bqkg'l

232Th

concentration
fBq kg"']
-0.17
0.03
0.05
-0.12
-0.58***
0.05
-0.23
0.41**
-0.75***
0.65***
0.82***
0.58***
-0.68***
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Anegative relationbetween 137Cs concentration and soil depth appears. The concentration of
l37
Cs decreases with increasing soil depth. Soil bulk density and soil crust are also negatively
associated with 137Cs concentration, indicating that in more eroded or degraded soils (high
bulk density, extended soil crust) 137Cs have been washed away or moved out. The only
significant relationship of 137Cs inventory is with the vegetation cover, apositive association
between these twoparameters appear. When the soil is more protected against erosion higher
values of 137Cs concentration or inventory appear. Natural radionuclides can be easily
distinguished from the anthropogenic one because they show completely opposite
relationships. In this way all the natural radionuclides show positive relationships with soil
crust, bulk density and soil depth, and negative associations with stone cover, stone content
andlitter cover.
The concentration of 137Cs is found positively associated with the stone content. With
increasing stoniness of the soil, higher concentrations of 137Cs can be found. Similar results
havebeenreported alsobyLuandHiggit(2000).This strongcorrelation isanindicatorofthe
depth dependent and rapid adsorption of 137Cs within the soil matrix and the limited vertical
displacement. The sameamount of 137Cswas deposited asinother surfaces butwhen less soil
matrix for adsorption is available, the amount of adsorbed 137Csper unit mass of soil matrix
becomes higher.
The associations shown by the correlation matrix between some soil properties and
concentration and inventory of 137Csindicate thatthebehaviour of 137Csis in agreement with
the expectations according to the measured soil erosion and degradation indicators. Surfaces
with erosion or degradation signs like higher bulk density, limiting soil depth and surface
crust development show lower 37Cs activities. These are exactly the signsthat are frequently
used as degradation indicators (Mouat et al., 1992; Stolte, 1997).As a consequence the more
stable surfaces protected by vegetation or litter show higher 137Cs activities, indicating areas
where less erosion is expected or where sediment is trapped (Nicolau et al., 1996; Lopez
Bermudezetal., 1998,Kosmasetal.,2000).
Tobetterunderstand thevariance andthe contributions ofthevariousvariables,the datawere
subjected to a Principal Component Analysis. The results indicate that there are some
combinations of variables explaining a relatively high percentage of the total variation
between the samples. From the 6 extracted components 4 have been selected because they
have Eigenvalues higherthan 1(Table4.4).Therationale for this isthat acomponent with an
Eigenvalue less than 1 accounts for less of the total variance than any of the original
variables.Thefactor loadingscanbefound inTable4.5.
Table4.4EigenvaluesandvariancefromthePrincipalComponentAnalysis
Eigenvalue
Factor 1
Factor2
Factor3
Factor 4

6.0
2.2
1.7
1.3

Total variance

F%1

40.1
14.7
11.1
8.6

Cumulative
Eigenvalue
6.0
8.2
9.9
11.2

Cumulative
variance[%]
40.1
54.9
65.9
74.6

These selected first 4 components (Tables 4.4 and 4.5) together explain about 75 [%] of the
variance. Thefirstand strongest component (explaining 40.1 [%] ofthe variance) is referring
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tothe soil structure and alithological factor. Itismainly acombination ofthe stoniness inthe
soil, the soil bulk density and the litter cover, on one hand; and the natural radionuclides on
the otherhand. The second component refers tothe morphological position of the soil sample
onthe slopebecause itisacombination oftheslopeposition andthe slope angle.This second
component explains 14.7 [%] of the variance. Thethird is an erosion-degradation component
because it is a combination of vegetation and crust variables and explains 11.1 [%] of the
variance. The fourth component is dominated by the inventory surface activity of 137Cs and
explainsabout 8.6 [%] ofthevariance.
Table4.5Factorloadings(Varimaxnormalised)ofthePrincipalComponentAnalysis.
Factor 1 Factor2 Factor3
Factor4
Aspect [°]
Slopeposition
Slope angle [°]
BDmatrix [gc'm 3 ]
Stones [%]
Soil depth [cm]
Vegetation [%]
Stones [%]
Moss [%]
Litter [%]
Crust [mm]
137
Csinventory
40
K concentration
238
U concentration
232
Th concentration
Expl.Var
Prp.Totl

0.163
0.217
0.000
-0.866
0.803
-0.723
0.157
0.690
0.317
0.754
-0.465
0.082
-0.931
-0.784
-0.941
5.751
0.383

0.693
-0.781
0.890
-0.065
0.152
0.136
-0.169
0.272
-0.305
-0.140
0.132
0.133
0.055
0.229
0.013
2.234
0.149

0.044
0.291
0.115
-0.275
0.365
-0.176
0.737
0.054
-0.586
0.086
-0.736
0.164
0.110
0.056
0.071
1.827
0.122

-0.154
0.032
0.093
-0.027
-0.051
-0.359
-0.347
0.343
0.114
-0.417
-0.189
-0.731
0.210
0.410
0.050
1.376
0.092

Markedloadings(bold)are>0.07

4.3.3Soilredistributionprocessesandslopemorphology
The variables which explain mainly the first four components of the PCA (except for the
natural radionuclides) intheprevious section,havebeenused asinputto reorganise the setof
samples in clusters using the Ward's classification method. These variables were: stoniness
[%], bulk density of the soil matrix [gcm"3], litter [%], slope position, slope angle [°], soil
depth [cm],vegetation [%] and inventory of 137Cs [mBqcm"2]. By comparing the inventory
activity of samples with the reference level for the area a qualitative estimate of soil
redistribution can be made. Samples above this reference level indicate soil gain, samples
underthisreference levelindicatesoilloss.
The basic lithology classification was kept to perform a more clear analysis of the 137Cs
distribution along the different slope transects. Two cluster analysis were conducted, one for
the samples taken on gneiss lithology and the other one for the samples taken on serpentinite
lithology. Figs. 4.5 and 4.6 show the results of the classification for the gneiss and the
serpentines slopes, respectively. An interpretation of the resulting groups from the cluster
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classification hasbeenperformed taking intoaccountthe distribution ofthe samples alongthe
slopesandthe I37Cscontent ofthesamples(gainorloss).
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Fig.4.5Classification ofthesoil samples(cluster analysis,uppergraph)andlocationofthesamples
andtheidentifiedgroupsonthegneissslopes(lowergraph).
For the gneiss slopes four main groups of samples can be distinguished. Without going into
detail about theactual erosion or sedimentation rates, thegroups have been related to
positions onthe slopes where processes of Csorsoil loss (erosion) and Csorsoil
accumulation (sedimentation) take place (Fig. 4.5). Group Icorresponds with soil loss areas
located at the medium slope in convex areas (samples 5,6and 8of transect 1;sample 10of
transect 2), there isa subgroup within group I and this isformed by samples 4 and 7 of
transect 1that correspond to slight concave slope positions where aslight soil accumulation
takes place, acting asbuffer areas.Group II contains areas of slight soil loss in more straight
segments oftheslope (samples 11, 12, 14, 15, 16, 17,20,21 oftransect 2;samples 22 and23
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oftransect 3).Group III (samples 18, 19oftransect 2;samples 3and2oftransect 1)contains
samples located inareaswith severe soil lossdownslope inslight convex segmentswith steep
slope gradients. FinallyGroup IVisformed byaccumulation areas located downslope andnot
eroded surfaces upslope (sample 1 and 9intransect 1;sample 13intransect 2;samples24,25
and26intransect3).
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Fig.4.6Classification ofthesoil samples (cluster analysis,upper graph)and location ofthesamples
andtheidentified groupsontheserpentiniteslopes(lowergraph).
Forthe slopes onserpentines 5major groupshavebeenidentified (Fig.4.6).Group I,areas
no loss or slight accumulation of soil and 37Cs, located upslope transect 7and downslope
transect 4, respectively (samples 20, 19, 17, 13). Group II, area ofslight soil loss locatedat
medium-down slope positions of transects 6and7(samples 14, 15, 16, 18). Group III, areas
of medium soil loss at transect 4 mainly (samples 3,4, 5,6).Group IV,areas of high
accumulation ofsoil and 137Cs , downslope transect 5and upslope before the erosion area
72

of
of

MonitoringLong TermSoilRedistribution

begins in the same transect (samples 12, 11, 7). Finally group V containing areas of severe
soil 137Cslossatmidslopepositions oftransect 5(samples 8,9, 10).
At the catchment scale the 137Cs technique is demonstrated to be an effective method of
estimating soil redistribution revealing high correlations with topographical elements. Martz
andJong(1987) found that evenwhentopographical-morphological classes seemnotto differ
very much one from another, it is still possible to distinguish between depositional (main
channels and upland depressions) and erosional classes (small channels, crests and level
sites). At the slope scale ahigh variability of 7Cs distribution is usually found, however the
conceptual model of 137Cs distribution along a hillslope, first established by Campbell et al.
(1982) and later revised and adapted by Loughran et al. (1989) explains satisfactorily the
theoretical processes ofsoilredistribution atslopescale.
The distribution of 137Cs along the slopes of this study can be at a high extend explained
within the conceptual model of Loughran et al. (1989), transects 1and 2 (gneiss slopes) fit
quitegoodthismodel. Othervariations onthis model concerning the sequence of erosion and
accumulation processes are mainly due to the different lithologies and slope length.
Nevertheless, the studied slopes can be classified in four types according to the present-day
condition of soil redistribution, from upslope to downslope: (i) Slopes with a non-erosion
area/medium erosion area: short slopes on serpentinites lithology (transects 4 and 6); (ii)
Slopes with a non-erosion area/slight erosion/ accumulation area: these are short slopes both
on serpentinite and gneiss lithology (transects 3 and 7); (iii) Slopes with non-erosion
area/severe erosion/ high accumulation area: these are short slopes on serpentines lithology
(transect 5);(iv) Slopes with non-erosion area/medium erosion area with slight accumulation
processes in depressions/ a severe erosion area/ an accumulation area: this sequence appears
inlongerandmoreregularised slopes ongneiss lithology (transects 1 and2).
4.4 Conclusions
Except for profile GR2the soil profile depth distributions ofthe anthropogenic 137Csisotopes
show the typical exponential decrease with soil depth, which is indicative for undisturbed
reference profiles. This suggests that indeed no soil management has taken place and that
there are neglectable influences of pedogenic processes and bioturbation in the reference and
bulk profiles ofthe research area (VandenBygaart et al., 1999;Tyler et al., 2001). In contrast
to the natural radionuclides the exponential decrease with depth into the soil of 137Cs and its
homogeneous distribution emphasises the applicability of the 137Cs technique in this typical
Mediterranean environment, in spite of the limited soil depth, hard rock lithology and steep
slopes.
The 137Cs method to estimate soil redistribution seems to have an important potential of
application even for very steepMediterranean slopescharacterised byshallow and stonysoils.
Field sampling techniques must be adapted to the characteristics of these slopes and special
attention must be given to the determination of parameters like stone content and bulk
density.Alimitation ofthetechnique isthe high difficulty offindingreference sampling sites
due to the high level of human disturbance on the Mediterranean landscapes, nevertheless
takingasmanyreference profiles aspossible isrecommended toassurerepresentativeness.
All together, the strongly parent material dependent characteristics of the radionuclides
emphasisesthe importance ofthesoil context. While studying environmental effects of fallout
and radiation, including soil surveys and topographical data will enhance accuracy and
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significance. Unfortunately thisfull soil context issometimesunderestimated inthesetypesof
environmental studies (Karahan and Bayulken, 2000; Rubio Montero and Martin Sanchez,
2001).
The results with respect to the morphological position along the hillslope of erosion and
accumulation areas have been interpreted in the framework of existing conceptual models
with satisfactory results. This validates the use of this technique for estimating soil
redistribution in this type of environment. The relationships between anthropogenic and
natural radionuclides and other soil cover characteristics have been established. Erosion and
degradation symptomsatthe scaleofsoilprofile were associatedwithlowerconcentrations of
137
Cs.
Comparing different lithologies reveal significant differences in the concentrations of the
natural radionuclides, smaller differences are found for the concentrations of the
anthropogenic radionuclide. However, for the surface activity of 137Cs no significant
differences have been found. The source of parent material and therefore different soil
forming factors, clay mineralogy and type of weathering are marking the difference in the
natural radionuclides. The lack of significant difference in the inventory surface activity of
137
Csindicates homogeneous deposition overthe area,justifying the applicability ofthe ' 7Cs
techniquetoestimatesoilredistribution inthisMediterranean environment.
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Chapter 5
Landscape Evolution Model Calibration

Asmentioned inthe previous chapter, over thepastyearsthe Caesium-137 ( Cs) technique
hasbeen successfully applied innumerous environments all overthe world. Thistechnique is
using the world-wide distribution of the anthropogenic 137Cs radionuclide and its
redistribution associated with soil particles as an effective estimation of net soil-loss rates. In
contrast to numerous studies on deep, often cultivated, clay soils with gentle to intermediate
slopes, typical Mediterranean shallow stony soils on steep slopes have received almost no
attention thus far. In this chapter, the landscape evolution over the past 37 years has been
evaluated using the 137Cstechnique for two lithological different areas in the Alora research
area. In soils ongneiss and serpentinite bedrock several transects have been selected on steep
slopes up to 35 degrees with mean soil depths ranging from 37 to 24 [cm] for gneiss and
serpentinite respectively. Estimating net soil redistribution rates from radionuclide
distributions depends on the calculation of the local area reference inventory and the applied
calibration technique. Several methods have been tested andfinalresults were found to differ
considerably. After careful parameter selection, the resulting net soil redistribution estimates
for the different transects have been compared with simulations of a simple landscape
evolutionmodel,resulting indifferent possible scenariosoferosionalresponse.Totalnet soilloss for the research area range from 2.3 ±0.25 [t ha'a"1] to 69.1 ±7.8 [t h a ' V ] for
serpentinite and gneiss slopes respectively. Differences in total slope sediment budgets as
well as differences along the transects reveal influences of landscape representation and land
use. In this case the impact of tillage translocation and resulting erosion rates are far more
important than possible parent material induced differences. However, comparing the two
sampled areas not only net rates but spatial patterns as well reveal important differences in
distribution overthe landscape ofneterosion andnet sedimentationzones.

Based on: Schoorl, J.M., Veldkamp, A., Boix Fayos, C , van der Graaf, E.R. & de Meijer, R.J., 2002. The l37Cs
technique on steep Mediterranean slopes (Part II):landscape evolution and model calibration.
© submitted. Catena Elsevier.
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5.1 Introduction
Soil redistribution is a common feature in sloping landscapes under both natural and
agricultural conditions. Over the years, many studies have intended to quantify soil
redistribution rates over various temporal and spatial scales. Overcoming the difficulties of
monitoring soil redistribution in extended areas, the 137Cs technique has the potential to
evaluate both erosion and deposition over a period of decades (e.g. Ritchie and McHenry,
1990;Walling and Quine, 1990; 1991; 1992).
One of the important uncertainties of the 137Cs technique is the translation of the measured
inventory activities into quantitative erosion and deposition rates. Over the years many
relationships have been tested. In general, several investigations have been dealing with
agricultural fields where 137Cs is found to be mixed into the plough-layer (e.g. Zhang et al.,
1990; Walling and Quine, 1991;Kachanoski, 1993). As a consequence to evaluate net soil
redistribution, inaddition tosoiltransport bywater, alsotillage erosion needstobetaken into
consideration (e.g. Poesen et al., 1997;Quine, 1999). Furthermore, as net soil-loss seems to
be dominant in many field, slope and catchment studies, no deposition calibration techniques
havebeen used (Zhang etal., 1998;Kachanoski and Carter, 1999;Nagleetal.,2000). Studies
that did take deposition in cultivated areas into consideration often make use of the equal
mixing of ' 7Cs into the depositional layer (e.g. Martz and de Jong, 1987; 1991; Bussaca,
1993; Sutherland, 1998).
Because of this focus on agricultural landscapes, there are fewer studies taking into account
(semi-) natural conditions. Innatural landscapes the decreasing 137Csdepth distribution inthe
soil shows acharacteristic exponential profile, concentrating the 137Csnearthesurface (Zhang
et al., 1990). Therefore, depending on which part of the soil profile is eroded a loss of a
certain amount of 7Cs quantifies the amount of erosion for natural conditions, this means
that an equal amount of 7Cs loss corresponds to considerably less erosion for agricultural
conditions. Again several authors report only net soil-loss with no need for deposition
calibration techniques (e.g. Loughran et al., 1990). Those who did take deposition into
consideration are dealing with the uncertain labelling of the sediments, including dust
deposition (e.g.Chappell, 1999).
The assumption that the original fallout build up in the soil profile is the same for level
reference sitesand (steep) slopingpositions issubjected todiscussion. Forboth cultivated and
uncultivated slope positions this means no significant redistribution of l37Cs during the fall
outbuild upfrom the 50's tothe 70's, especially not around 1963(Walling and Quine, 1992).
The wetter the research area the more likely itwill become that soil redistribution could have
taken place. However, in semi-arid to sub-humid Mediterranean Spain the assumption seems
justified. Anyway for studies involving cultivated land this assumption becomes less
important usingtheplough-layer mixing models (Martz andDeJong, 1991;Sutherland, 1998;
Zhangetal., 1998).
Calibration techniques concerning deposition face theproblem oftheunknown 137Cslabelling
of the deposited material (Yang et al., 1998). 137Cs concentrations vary considerably
depending onwhichpart oftheupslopeprofile iseroded, especially whentheupslope sources
of the sediments are undisturbed natural exponential profiles. Sedimentation in an area of
extreme converging water and sediment flows can mean deposition of sediments with ahigh
concentration of Cs from several surrounding locations. In such a case a 100 [%] increase
in 137Cs represents only a few [cm] of soil gain. This as opposed to the situation where the
deposited sediment is coming from one and the same location, which can give a 100 [%]
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increase of 137Cs only if the source profile is completely eroded (normally more than 20
[cm]).
Soil redistribution in cultivated areas is often evaluated using the cultivation layer / ploughlayer mixing models (Sutherland, 1998;Zhang et al. 1998).These models incorporate incase
of erosion the unlabeled soil into the yearly plough-layer. However, uncertainty remains in
cases where the plough depth is considerably less then the layer containing the 137Cs for
example with chisel or duckfoot ploughs in stony soilson steep slopes.Another disadvantage
is that to estimate net sedimentation rates Sutherland (1998) uses the thickness of the 137Cs
layer. This approach requires again depth depended radionuclide analyses at each sample
point,whichincreasethenumber of(costly)analysisascomparedtobulk samplesusedinthis
study. Martz and De Jong (1991) use for both cultivated and natural profiles a plough-layer
mixing model. For natural positions with exponential profile distributions this means
underestimating erosionrates comparedwithexponentialmethods.
Before even starting touse calibration techniques,the most important assumption ofthe Cs
technique is the local uniform distribution of the fallout. Therefore the establishment of a
reliable fallout baseline inastudy area, also calledthereference inventory, is essential for the
quantification of the 137Csredistribution (Walling and Quine, 1992).In general this reference
inventory has to be sampled within the chosen research area in stable undisturbed locations,
where since the beginning of the fallout in the 1950's no significant loss or gain of soil has
taken place. However, these locations are often difficult to identify within a certain area,
mainly because of the constantly changing topography and human disturbances (Quine et al.,
1994;Chappell, 1999).As aresult thereference inventory inmany studies isbased on onlya
single reference soil profile, which is not a statistically sound basis (Sutherland, 1998).
Furthermore,uneroded reference locations areoften limitedtovery small areas.Especially on
isolated hill tops in Mediterranean upland areas,the effective area (zero slope, no erosion) is
too small andoften allowsonlyonesingle samplingprofile (Sutherland, 1996).
Despite the potentials of the 37Cs technique to assess soil erosion and redistribution in any
environment (Walling and Quine, 1990), relatively few 137Cs studies are reported for the
south of Europe and the Iberian Peninsula. Fortunately recent work in the Mediterranean
region has shown the potentials of the 137Cs technique in Greece and Italy (Kosmas et al.,
2001; Porto et al., 2001). Concerning the Iberian Peninsula some work has been done in the
northandmiddleofSpainforboth soilerosionandredistribution assessments (e.g.Navasand
Walling, 1992; Quine et al., 1994; Navas et al., 1997). However, on quantification of l37Cs
related soil redistribution in semi-natural environments in the south of Spain, so far, no
reports couldbe found.
The objective of this chapter isto analyse the applicability of the 137Cstechnique to calibrate
landscape evolution modelling in a Mediterranean steep slope and shallow soil environment.
In this case the slope transect data of 137Cs distribution is translated into amounts of soil
redistribution (erosion and deposition) for different parent materials and land use. Comparing
these 137Csredistribution resultswith themodelling ofthe sametransect provides information
onmodelbehaviour andpossible limitations.
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5.2Materialsand methods
5.2.1 Studyarea
The research area is situated close the village of Alora in the middle of the research area. In
the Sierra de Aguas just north of Alora two sample areas were chosen in two different
lithologies (Fig. 5.1). Thesample areas arelocated on an isolated serpentinite hill top covered
by semi-natural vegetation and in a small catchment on garnet gneiss bedrock with olive
orchards onseveral slopes.ADigital Elevation Model(DEM)with aresolution of7.5[m]has
beenextracted from aerialphotographs (Fig.5.1).
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Fig.5.1Topographicoverviewofthetwosampleareasontheserpentiniteandgneisslithology.
As mentioned before in previous chapters, the area around Alora has a summer dry
Mediterranean climate (Csa) with a mean annual temperature of 17.5°C and a mean yearly
rainfall of 534 [mm], mainly in the period from October to April. However, in the
Mediterranean region, annual rainfall is often variable. Historical records show that mean
annual rainfall variesroughlybetween 250and 1050 [mm]overthepast fifty years(Fig. 5.2).
Inthe research area the year of maximum bomb testing and thus fallout (1963) is also ayear
withrelatively enhanced rainfall.
5.2.2Referenceinventoryandbulkli7Cs sampling
In the research area 9 reference profiles and 7 transects were sampled, following standard
procedures (seeparagraph 4.2.1, Chapter 4).Alltogether atotal of 86sampleswere analysed.
For the 9 reference sites 6 profiles (3 in each lithology) were sampled with 4 [cm] depth
increments until the bedrock or saprolite was encountered. The rest of the samples in
reference sites and along the transects were taken as a single bulk sample until 45 [cm] of
depth,oruntilthebedrock orsaprolitewasreached.
The sample areas are located in an area of steeply dissected topography. Slope profiles are
typical convex with slope lengths from 50to 150 [m] ending in v-shaped channels or gullies
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with hardly any sediment instorage.Mean soil depth rangesfrom37to24 [cm]and stoniness
from 19to38 [%] for gneissand serpentinite slopes,respectively. Slopeanglesinthe sampled
areas range between 15 and 30 degrees for the gneiss transects and up to 35 degrees for the
serpentinite transects. Slope profiles are given in Fig. 5.3, with 3 transects sampled in the
gneissand4transects intheserpentinite area.Thetransectsweresampledwitheffective slope
length intervals of 10 [m] (Tl, T3, T4, T5 and T7), 15 [m] (T2) and 22 [m] (T6). Total
sampled slopelengthsweremainly constrainedbyroad cutsorotherhumanactivity.
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Fig.5.2Annual rainfall data for the last 50 years at Alora Estacion, situated in the middle of the
researcharea.
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Fig.5.3Slopeprofilesofsampledtransectsfor a) gneissTl to T3 and b) serpentiniteT4toT7.

5.2.3Soilredistribution modellingwith Cs
Tocalculate the net soil flux alongthetransectsinthe study areathedistributions of the "'Cs
inventories have been evaluated using two different models. The first model is based on the
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exponential decreasing profile distribution of Cs innatural soils (uncultivated) and belongs
to the group of profile distribution models (Walling and Quine, 1990). The second model is
based ontheevenly mixture of 137Csintheplough-layer ofcultivated areasandbelongstothe
group ofmassbalance models (Walling and Quine, 1990).
Assuming that the maximum rate of 137Cs deposition occurred in 1963, soil-loss has been
calculated for the natural soils in our uncultivated serpentinite sample area using the
following calibration procedure (Zhangetal., 1990;Chappell etal., 1998):
b-\LN\

Y-a
(5.1)

R = 100 Bdc-y
where Re stands for net annual soil-loss [t ha'V 1 ], Bd soil bulk density [kg m~3], Ythe total
137
Csinventory ofthe samplepoint [mBqcm"2],y numbersofyearsbetween 1963andyearof
sampling [a],under the assumption that the parameters a [mBq cm"2], b [-] and c [m1] andd
[mBq cm"2] are known from the exponential growth curve simulating the cumulative 137Cs
activity Xh [mBq cm"] against depth into the soil hsj [cm] for all samples at undisturbed
reference sites:
X, =a +d •e'

(b-c-h,d)

(5.2)

For the gneiss area soil-loss has been calculated using a calibration procedure developed for
cultivated areas assuming that the Cs is mixed into the plough-layer (Zhang et al., 1990;
Zhangetal., 1998):
I\

(5.3)

-\0HBd
\X"f)

where Re, Bd, n and Yare the same as above,H is the depth of the plough-layer [m] andXre/
thetotalreference inventory for the study area [mBqcm"2].All oftheabove described models
were adequately tested in different regions of the world (e.g. Zhang et al., 1990; Chappell et
al., 1998;Zhangetal., 1998;Chappell, 1999;Portoetal.,2001).
5.2.4Runoffbasedsoilredistribution modelling
The results of the 137Cs soil flux modelling have been compared with a simple landscape
evolution model LAPSUS (see Chapter 3). This model is a basic surface erosion model for
Digital Elevation Models (DEMs) and is based on the continuity equation for sediment
movement (Eq. 3.1). LAPSUS evaluates the sediment transport rate (Eq. 3.2) by calculating
the transport capacity of water as a function ofrunoff and slope gradient (Eq. 3.3). When the
capacity is higher than the actual transport rate, this capacity is filled by the detachment of
soil particles from the soil surface (Eq. 3.4). Detachment is highly dependent on the
erodibilityKes[m"]ofthesurface andconsequently causes lowering ofthe surface or erosion.
When the actual transport rate exceeds the local capacity, for example because of lower
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gradients, then the surplus of sediment intransport will be deposited by a settlement function
causing ahigher surface orsedimentation (Eq.3.5).
Therouting ofthe overland flow and theresulting model calculations aredone comparing the
Steepest Descent method (SD) with a Multiple Flow (MF) algorithm (Eq. 3.6) to allow for a
better representation of divergent properties of the convex topography (e.g. Freeman, 1991;
Quinn et al., 1991;Holmgren, 1994). A DEM with a resolution of 7.5 [m] was used in this
study for both lithologies. In addition to the topographical potentials, main input parameters
have been annual infiltration and evaporation losses (starting from 73 [%]) related to soil
depth [m], annual precipitation (534 [mm a"1]) and parent material (local bulk densities
between 863-2263 [kgm"3]).
5.2.5Tillagesoilredistribution modelling
Forthegneissareaalsotillageerosionwillhavetobetaken intoconsideration, since transects
Tl and T2 are situated in an olive orchard. Common tillage practises in these typical
Mediterranean areas consistofpassing aduckfoot chiselploughbyatrackedtractorto control
weeds (competing for water) andenhanceinfiltration (Poesenetal., 1997;Gomezetal., 1999;
Quineetal., 1999).
Net downslope soil flux per tillage operation S,m [kgm"1]canbe calculated with a diffusiontype equation assuming alinear relationship between soil flux and slope tangent (e.g. Govers
etal., 1994):
Sim=ksf-A

(5.4)

where ksf isthe soil flux coefficient [kgm"1]along the slope and Athe slope tangent [mm"1].
The soil flux coefficient ks/for the study area was derived following the experiments by
Poesen etal.(1997) andQuine etal.(1999):
ksf=kld-Bd-H

(5.5)

where ktj isthetillage displacement coefficient [m], Bdsoilbulk density [kgm"3]andH isthe
depth of the plough-layer [m]. Since experimental data on tillage erosion for the study area
was lacking, the k,j was calibrated and compared with the data provided by Poesen et al.
(1997) and Quine et al. (1999). The experimental design, slope characteristics and soil
properties intheir studyareacomparewellwiththecasestudypresentedhere.
5.3 Results and discussion
5.3.1 Reference inventory
In Fig. 5.4, the 137Cs surface activities are given for all reference profiles with depth
increments of 4 [cm].Measured concentrations [Bqkg 1 ] have been converted into activities
per unit area [mBqcm"2] by multiplying the concentration with the total sample weight <2
[mm] (so without stones) and dividing by the sampled surface. In general, the profile
distribution of Cs follows the general assumptions of the Cs technique. High Cs
activities arefound inthetopsoil layers,decreasing rapidlywith increasing soil depth. Deeper
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than28 [cm]intothe soilnosignificant quantitiesof 137Cswere found. Typically 90 [%] ofall
137
Cscanbefound inthe first 12[cm]of soil.Comparing all profiles GR2 shows the weakest
typicalprofile distribution.
Establishing a reliable reference inventory for the study area is crucial for any further
interpretations or evaluation (Sutherland, 1996). Unfortunately there are some major
constraints in establishing this reference inventory by sampling in a research area. First
undisturbed reference sites will have to be available. Topography and human interference
often hamper establishing one or more profiles inside or near the research area, especially
with the land use history of the Mediterranean area (e.g. Le Houerou, 2000). Even when
several reference profiles are available, the spatial variability can be considerable (Fig. 5.4).
Finally, in literature different methods have been used to extract the exponential distribution
from the samples of the reference profiles. (Chappell et al., 1998;Porto et al., 2001;Walling
andQuine, 1990;Yangetal.,1998).
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For all reference samples (Fig. 5.4) and for each lithology a reference inventory has been
determined by fitting an exponential model (Eq. 5.2) to the measured concentrations or
activities at each soil depth (Table 5.1). First, different methods have been tested: (i) ID
inventory surface activity [mBq cm"2] against depth [cm] (Yang et al., 1998), (ii) CD
concentration [Bq kg"1] against depth [cm] (Chappell et al., 1998), (iii) CMD concentration
[Bqkg"1]against massdepth [kgcm"2](Porto etal.,2001)and (iiii)ICDcumulative inventory
[mBq cm"2] against depth [cm] (Walling and Quine, 1990). Secondly different sample sizes
havebeentested separatingthe lithologies andremoving theweakest profiles
Table5.1Exponential curve fitting for activity and concentration depth distributions with different
methodsusingNsamples.
Method N
r2
XJ
a
B
All samples
ID
All samples
CD
All samples
CMD
All samples
ICD
ICD
Gneiss
Serpentinite
ICD
All samplesbc
ICD
Gneiss*
ICD
Serpentinite0
ICD
a
in [mBq cm'2]with standard
without profile GR2

41
41
41
41
23
18
33
18
15
error

0.93
0.88
0.84
0.89
0.86
0.92
0.92
0.98
0.97

238 ±29
249±36
179 ±13
194 ±18
177±23
207±14
210+13
198+24
219+14

5.0
1.4
0.9
0.2
-1.2
1.1
-0.3
-0.9
0.23

5.45
4.34
4.01
5.27
5.19
5.32
5.35
5.29
5.39

-0.41
-0.54
-0.38
-0.24
-0.19
-0.27
-0.23
-0.23
-0.23

:

withoutprofileSAR2

The different curve fitting procedures in Table 5.1 show that the explained variance is
increasing when separating the two lithologies and removing the weakest profiles interms of
exponential depth distribution (GR2 and SAR2). In addition to the effect of removing these
profiles this apparent increasing explanation is also enhanced by the decreasing N sample
size. When using only one of the profiles, as in many studies, fit's can go up to 99 [%]
(Chappell et al., 1998; Porto et al., 2001). This as opposed to Sutherland (1998), who
suggested that there is a minimum number of samples needed to prevent over or under
estimation, although uncertainties remain dueto the influence of spatial variability combined
withlocalvariability ofdifferent depthsamples.
The results in Table 5.1 also demonstrate clearly the importance of a good determination of
the reference inventory since the different solutions for the mean area activity vary from 177
±23 to 249 ±36 [mBq cm"2] influencing directly the calibration rates and threshold between
erosion and deposition. In addition to the reference inventory, the shape coefficient of the
exponential curve (factor c)alsoplays acrucial role inthe determination of soil redistribution
rates. In Fig. 5.5 is given an example of the variation of soil redistribution rates using the
Zhang et al. (1990) model of Eq. 5.1 by introducing the different solutions of Table 5.1.
Absolute differences are increasing considerably with increasing soil redistribution rates. For
example, a sample with a 137Cs inventory of 50 [mBq cm"2] shows soil loss rates in Fig. 5.5
ranging from 6to 14[tha'a"1].
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100
150
200
Inventory [mBqcm"2]

250

300

Fig.5.5Example of soil redistribution rates for the different methods of fitting an exponential curve
andtheresultingdifferences inshapefactor.
Analysingtheprevious sectionthebest fit models (lasttworows inTable 5.1) havebeenused
for the rest of this paper. In the first place because the removed profile GR2 is clearly
disturbedanddoesnot showthenaturalexponential decrease (Fig.5.4)whileremoved profile
SAR2 is too shallow with only 12 [cm] of effective soil depth. Secondly because statistical
analysis have clearly suggested differences in various soil and slope properties between the
lithologies asfor examplethe 137Csconcentration (see Chapter 4).Both reference inventories,
198±24 and 219 ±14 [mBq cm"2]for gneiss and serpentinite respectively, are comparable to
other inventories found in the northern hemisphere not influenced by the Chernobyl accident
(e.g. Walling and Quine, 1990;Zhang et al., 1998;Porto et al., 2001). These reference levels
for both lithologies havebeenplotted asdotted lines inFig.5.5.Compared with the reference
found by Quine et al.(1994) in a semi-arid region in Spain our reference inventory is slightly
higher because of the wetter climate in our study area. The resulting shape coefficient c of
0.23 is the same as used by Zhang et al. (1990) representing a steeper and shallower profile
distributionthanthe0.16/0.093 ofChappell etal.(1998) andthe 0.14 ofPortoetal.(2001).
5.3.2Measured137Cs redistribution
InFig. 5.6, the 137Csinventory activities [mBq cm"2]aregiven for all samples inthe different
transects. For the gneiss area, only 3 out of 27 samples are showing inventory activities
significantly above thereference level indicating deposition of sediment ofwhich GCB9was
actually an undisturbed reference location and GCB 24 shows an extremely high inventory.
The serpentinite area shows only one sample more with significant inventory activities above
the reference level indicating deposition of soil and 137Cs for 4 out of 19 samples. Sample
SAR 13isconsidered tobe situated inanundisturbed reference location andwasrepeated in
Fig. 5.6 since itwas the starting point of all transects (see also Fig. 5.3). The mean inventory
activity for the gneiss area is 140±19 [mBq cm"2] as opposed to 171+17 [mBq cm"2] for the
serpentinite area.When considering onlyerodingprofiles themean inventory drops to96±10
and 121±10 [mBqcm"2]while for profiles with deposition themeaninventory is278±41and
265±21 [mBq cm"2],for thegneissandserpentinite area,respectively.
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Fig.5.6Measured 137Cs activities inthebulk samples forthetransects Tl toT7inthe gneiss and
serpentinite sample areas. GCB9, SAB01 and SAB13 are actually undisturbed reference
profiles. Measurement significance given byerror bars. Reference levels forboth areas are
givenasdottedlineswithstandarddeviationasseconderrorbar.

5.3.3Modellingsoilredistribution
First ofallthe 137Csinventory activities wheretranslated intonetsoilredistribution rates. For
the undisturbed semi-natural profiles of the serpentinite sample area Eq. 5.1 was used,
including local sample Bd[kgm"3],anexponential curve shape factor cof0.23 [mBqcm"3]
(see Table 5.1)anda n l r e / of219 ±14[mBq cm"2]. Thecultivated soils ofthe gneiss area
were evaluated using Eq. 5.3,with also local sampleBd,aplough-layerHof0.16 [m]andan
XrefOf 198±24 [mBq cm"2].All sampleswheretakenandanalysed duringashortperiod inthe
sameyear (2000) sonocorrection fordifferential decayisneeded. For the 37yearperiodthe
resultingnetannual soilredistribution ratesarepresentedinFigs.5.7and5.8(Cs-mod).
Tocalibrate the LAPSUSmodeltwodifferent simulations havebeenperformed, starting with
theundisturbed semi-natural slopesoftheserpentinite. Toobtainanindication ofthepossible
ratesthetotal soilredistribution budgetshavebeen calculated foreach slopetransect andboth
the lowest total output (-2.3 ±0.25 [tha'a"1] atT7) and the highest total output (-8.9 ±0.24[t
ha'V 1 ] atT4)have been evaluated (Table 5.2).The first simulation used a low Kes value
giving catena averaged netsediment outputs similar toT7.Thesecond runused ahigherKes
valueincreasingthenetsedimentoutputuntilthesamelevelsasT4werereached.
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Table5.2 Serpentinite transects mean soil-loss and percentage deviation from the
comparingthe137CsandLAPSUSmodelsfordifferent Kes. values.
137
:
Csmodel
LAPSUS

T4
T5
T6
T7

[t h a ' a ' ]
-8.9+0.24
-4.3+0.26
-5.6+0.26
-2.3+0.25

Ke
(7.4 10'5 rm'i)
[tha'a' 1 ]
r%l
-2.1
-76.7
-3.4
-20.1
-0.6
-89.7
-2.3
-

137

Cs model

Kes
(3.8 10'4[m 'D
[tha'a' 1 ]
r%i
-8.9
-14.9
249.1
-56.4
-2.5
-11.2
403.4

In Fig. 5.7 acomparison ispresented ofmodelling soilredistribution with the 137Cstechnique
(Eq. 5.1) andthe LAPSUSmodel for theundisturbed natural slopesoftheserpentinite sample
area using a high Kes factor (to match T4) and a low Kes factor (to match T7). In addition,
different flow routingprocedures havebeenapplied (seeChapter 3,Eq.3.6)toallow for more
divergent properties, Multiple Flow (MF), as opposed to using the Steepest Descent (SD). In
general the slope profiles extracted from the DEM compare well with the ones measured in
the field. However, results differ considerably in total sediment output from the slopes
comparing both Kes scenarios (Table 5.2). Comparing individual sample points, even though
thetrends ofincreasing and decreasing erosion aresimilar, net quantities of soil redistribution
differ for the 137Cs model and LAPSUS simulation (Fig. 5.7). In general the MF simulations
are slightly better than the SD simulations. Considering these trends T7 reveals the weakest
relation.
The same as for the serpentinite also for the cultivated gneiss transects different scenarios
have been tested. A test run on T3 showed that modelling only water erosion using theKes
factor from the serpentinite area is not sufficient (see lower T3 graph in Fig. 5.8). Tillage
erosion has to be included and in this case both transects Tl and T2 have been used to
calibrate themodel outputsresulting inahigh and alowkSf value (seeEq. 5.4 and 5.5,Table
5.3). Again for each transect the net soil redistribution output budget has been used to
calibrate the LAPSUS model (see Table 5.3). In Fig. 5.8 is presented the resulting net soil
redistributionforboth scenarios alongthegneisstransects.
Table5.3 Gneisstransects mean soil-loss and percentage deviationfromthe 137Csmodel comparing
the137CsandLAPSUS modelsfordifferent Rvalues.
137

Csmodel

LAPSUS
ksf

(49.5 [kgm
Ttha'a' 1 ]
Tl
-69.1 ±7.8
T2
-40.7+8.1
T3
1.4+9.1
a
out ofproportion
b
water erosion only
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[tha'V']
-26.6
-40.7
240.9

'D

r%i

-60.1
>»a

ksf

(138.2rkgm'l)
rtha'a"']
[%]
-69.1
-109.2
168.2
-19.lb
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Soil redistribution
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Fig.5.7 Comparing the net soil redistribution results from the field 137Cstechnique (Cs-mod)with the
LAPSUSmodel alongthenatural serpentinite transects T4toT7for different K<,s values (left),
on the right a comparison of the transects slope profiles measured in the field and extracted
fromtheDEM.
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Slope profil es
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Fig.5.8Comparingthenetsoilredistributionresultsfrom thefield137Cstechnique(Cs-mod)withthe
LAPSUS model water erosion (W) and including tillage erosion (WT) along the gneiss
transectsTl toT3(left) andacomparisonofthetransectsslopeprofiles measuredinthe field
andextractedfromtheDEM(right).
Ingeneral, overlooking the Figs. 5.5 to 5.8 the number of sample points indicating deposition
is remarkable, especially for those under natural conditions. Especially because of the time
span of 37 years on steep slopes, net soil loss would be expected dominant and net
depositional areas on the slopes to be limited. Consequently, in the majority of comparable
studies only soil loss and net erosion is reported dominant (e.g. Zhang et al., 1998; Porto et
al., 2001). However, the study area reveals typical climatological conditions of the
Mediterranean environment. This implies that normally only the extreme events cause
functioning of the whole drainage system (De Ploey et al., 1991). In addition, Mediterranean
slopes are known to show complicated patterns of runoff generation and reinfiltration within
severalmetersofslopelength(Nicolau etal., 1996;Bergkamp, 1998).
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The results of the 137Cs calibrated soil redistribution for the natural slopes of the serpentinite
area resulted inmodelling both a low and a highKesscenario. Which one ofthe scenarios is
more realistic or whether the actual Kes lies somewhere in between the estimated values
(Table 5.2) is difficult to estimate. Clearly, the model underestimates differences in local
runoff and infiltration generation patterns, which cause resedimentation on the slope. This
could be the result of the resolution and precision of the used DEM. Although transect
gradients seem comparable (Fig. 5.7) this does not necessarily have to be the case for the
neighbouring altitudes of grid points,influencing the diverging and converging properties of
the DEM and as a result the extracted transect. The found differences could also be an
indication that different Kesvalues arevalid andneeded for the different transects, since these
Kes factors combine by definition numerous local soil surface characteristics such as
roughness,crustetc.
In the gneiss area the modelling of Tl and T2 have resulted in different tillage soil flux
coefficients {ksf). These kSf values between 138.2 and 49.5 [kg m"1] are low compared to
values given by Quine et al. (1999) but compare well to values given for contour ploughing
by Poesen et al. (1997)and Lobb et al. (1995) respectively, although the latter isreported for
mouldboard ploughing. However, the ksf values for this study represent actually the average
annual tillage erosion over the simulated period of 37 years, while values given in literature
often represent a single tillage pass during an experiment. Consequently, the differences
betweenTl and T2couldhave been causedby differences inthe number oftillage operations
ontheseslopes.Farmers intheareaareknowntotilllessindryyearsandwhenprices arelow
(De Graaf and Eppink, 1999). Since the land management history for the specific transects is
unknown, uncertainties remain about exactly how much tillage operations have been
performed in these 37 years and when for example the duckfoot chisel plough by a tracked
tractorhasreplaced conventional (lesseroding)techniques.
Asecondfactor ofuncertainty incomparing tillage soil fluxes from literature andthis studyis
the used procedure to simulate tillage. Tillage is simulated in LAPSUS using multiple flow
directions to allow for a better representation of diverging and converging properties of the
topography. The same as for flowing water, the use of multiple flow directions implements
longer paths of transport, decreasing tangents and decreasing effective erosion (Chapter 3;
Schoorl etal.,2000).
Looking atthe soilredistribution patternsalongthe slope the differences ingneiss transect Tl
can clearly be explained by the poor precision ofthe DEM in that place (Fig. 5.8). The topsection of Tl is missing the flatter area measured in the field therefore overestimating
considerably tillage erosion in this top-section. Mid-slope of Tl the DEM is missing the
convexity ofthefield, theresulting straight slopereducestillagetranslocation, and asaresult,
the model simulates a clear underestimation of tillage erosion. Of all the gneiss transects, T2
reveals the best results,following at least more or lessthe trends alongthe slope.Again local
differences alongthetransectareduetosmalldifferences intheprofile gradients.
In Fig. 5.9 an example is given of the spatial impact of soil redistribution for the highest
eroding LAPSUS scenarios (MF), separating net erosion and net sedimentation in the two
sample areas. Spatial patterns for the (semi-)natural serpentinite slopes reveal common
patterns of increasing erosion downslope, in the channels and in areas of converging water
flows (more potential water flowing, increasing capacity to transport sediment). The
sedimentation patterns are similar to the erosion patterns, although less elevated and almost
zeroatthe divides,simplybecausethere havetobefirstsediment intransport before it canbe
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deposited in areas of decreasing capacity. This as opposed to the patterns in the cultivated
gneissarea,whereboth erosion and sedimentation reveal severemovement of soilevenonthe
divides. The highest rates of soil redistribution in the gneiss area can be found in the midslope areas and on the edges of the steeper gully walls, where the steepest gradients can be
found. Inaddition,tillage erosion isdominant inthe convex slope areas (often upslope),while
deposition isdominant inconcaveareas(down slopenearthevalley floor).
Serpentinite(water)

Fig.5.9Examples of LAPSUS simulations giving erosion patterns (on the left) and sedimentation
patterns(ontheright)fortheserpentinitearea(onlywatererosion)andthegneissarea(tillage
andwatererosion).

Comparing the natural transects of the serpentinite sample area with the cultivated gneiss
area, the mean net soil-loss increases by almost a factor 10. In this case, land use and land
management cause these differences, since inthe gneiss areathe lacking vegetation coverand
tillage operations arethe dominant factors oferosion.These dominant human factors obscure
the natural effects of different parent material and the disturbances of T3 make this transect
unsuitable for comparisons with the natural serpentinite transects. Pennock et al. (1995) also
found significant difference between net soil-loss and parent material, although less extreme
(12 to 30 [t ha"1 a"1]) than in this study (2 to 69 [t ha"1 a"1]) due to shorter slope lengths and
lowerslopeangles.
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5.4 Conclusions
Aspart ofthe 137Cstechnique the determination ofthe reference inventory for a study area is
an important input for anycalibration model and should notbe underestimated. Inaddition to
climate (e.g. rainfall), also the lithology should be taken into consideration, since the
undisturbed exponentialprofile depends onparent material characteristics but also soil depth,
stoniness and bulk density. Furthermore, different methods of extracting the exponential
curvefrom thedatareveal significant differences.
For the slope data, DEM resolution and sampling strategy used in this study, calibrating the
total net soil redistribution from slopes and catchments seem more feasible than local slope
patterns comparing field point data with spatial modelling. The main source of uncertainty is
therepresentation ofthelandscapeanditsdivergingandconvergingproperties.Therefore, the
DEM resolution and precision is an important factor in modelling landscape evolution.
Furthermore, increasing the spatial resolution of the 137Cs derived soil redistribution rates
would enhance the possibilities of calibrating the different erosional response between
transects and lithologies. Especially the future application of continuous measurements
techniques for entire slopes andcatchments couldprovidethenecessary spatial input.
Differences in parent material influence important soil properties such as clay content and
bulk density. These soil properties enhance the differences in net soil redistribution estimates
since the their influences are incorporated in many of the local reference inventory estimates
and soil redistribution calibration formula. However, the impact of human factors such as
tillage and management are far more important and obscure the natural differences in
erosional response. Furthermore, the spatial impact of water erosion and tillage erosion are
very different. Whereas slope length and convergingwater flows enhancewater erosion down
slope and into the channels and gullies, tillage erosion is dominated by the change in local
gradient showing net erosion in convex areas over the whole slope while net accumulation
takesplaceinconcaveareasdownslope.
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Dynamic Landscape

In this chapter, the LAPSUS model is applied at the landscape level, aiming at the coarser
level of multiple catchments over a period of ten years. Soil suitability assessments for land
use plannung are commonly based on on-site specific topographic, soil and climatic
characteristics, and are often neglecting the effects ofphysical landscape processes by water.
However, soil science is gradually evolving from the one-dimensional profile view towards
the three-dimensional landscape context. Furthermore, the spatial and temporal resolution of
the landscape level requires specific input data and modelling procedures. Existing studies
aiming at the landscape level often are data driven approaches operating at detailed
resolutions of seconds and hours for single slopes or catchments. In this chapter LAPSUS
simulations are focussed on the effects of soil and water redistribution within a landscape
(run-on, runoff, erosion and sedimentation) on soil water availability. By means of four
scenarios with increasing complexity, patterns of soil loss and sediment deposition are
simulated and resultant effects of water routing, soil depth and erodibility on water
availability are evaluated for all scenarios. Themodel operates inthe landscape context using
annualtime steps andboth on-site effects (local changes interms ofboundary conditions) and
off-site effects (caused by changes elsewhere) were accounted for. Different approaches for
surface runoff routing have a major influence on the magnitude and spatial patterns of soil
redistribution. Also initial conditions such as soil depth, parent material characteristics and
parent material dependent erodibility have spatial impacts upon soil erosion and
sedimentation within the landscape. Locally decreasing water storage capacity (on-site) may
cause increased runoff and erosion at lower positions in the landscape (off-site). Localised
soil redistribution can cause significant changes in actual soil depth and indirectly affect
related total amounts of available soil water. The changing patterns of soil redistribution for
the different scenarios areboth related tomodelling techniques aswell astothe implemented
boundary conditions. This study indicates that at the landscape scale spatial variability in for
Basedon: Schoorl, J.M.,Veldkamp A. andBoumaJ., 2002.Modelling water andsoil redistribution in a dynamic
landscape context. Soil Science Society ofAmerican Journal.
© inpress.
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example soil properties is inherent to both the complexity of the landscape (parent material)
and on-siteand off-site effects ofcontrollingprocesses.
6.1 Introduction
In addition to for example yield data and distance to markets, soil suitability assessments or
land evaluations are often based on available soil survey data, because soils do not occur in
random patterns in a landscape but, rather, in recognisable patterns governed by the soil
forming factors (e.g. Buol et al., 1989; Bouma, 1999). Such spatial patterns are shown on
maps of different scales and soils areusually described by representative profile descriptions.
Traditionally, soil suitability assessments and land evaluation is largely based on the soil
profile data (e.g. FAO, 1976). This profile based one-dimensional view has governed soil
science for many years. However, soil science is gradually evolving towards the threedimensional landscape context (Jacob and Nordt, 1991). Consequently an increasing number
of studies is directed at the slope and catchment level (e.g. Beven et al., 1984;Nearing et al,
1989;Gessler et al.,2000).Nevertheless,the detailed spatial andtemporal resolutions ofsuch
studies hamper the implementation athigher landscape levels such asmultiple catchments on
varying lithologies.
Landscapes are the result of and shaped by a set of interrelated and non-linear processes
(Milne, 1991). These processes all show specific impacts in space and time. In most
landscapes, water and soil redistribution (erosion and sedimentation) are the main processes
that cause a logical self-organisation of relief, soils and ecosystems (Holling, 1992;Rigon et
al., 1994). The main effect of these landscape processes is that they connect soil pedons in
specific ways such as topo-sequences and catenas, causing changes in soil properties (from
soil depth to available water) to have both on- and off-site effects. On-site effects are
considered locally forced changing conditions (e.g. reduced infiltration by crust forming,
erosion),whileoff-site effects aretheresult of changed conditions elsewhere. However, these
off-site effects within landscapes such asdeposition, changes inrun-on oreven land use have
been mostly neglected in land evaluations and other agricultural research (Fresco, 1995;
Veldkamp et al., 2001). In contrast with current procedures, land use suitabilities should also
beevaluated forbothon-siteandoff-site effects. Whilecreating simulation scenarios,average
rainfall data can be used for each land unit while major differences inwater input may occur
due to runoff and run-on. Also aspect, slope gradient and wind direction may result in
different impacts of radiation, evaporation and temperature upon available water, factors that
are not commonly expressed in simulation models of land evaluation. Furthermore, relevant
time scales should be considered ranging from a growing season for annuals (<1 year) up to
multiple decades(>10to 100years)forperennials andnatural vegetation.
Aside from soil properties, soil redistribution (e.g. erosion and sedimentation) is considered
an important reason for each landscape element to have its own specific productivity (Hall
and Olson, 1991). Consequently, similar soils in different landscape positions may have
different productivity potentials. Theresulting landscape processes can have large impacts in
sloping areas, which is well known from various erosion studies (Lai, 1997). These studies,
however, mainly focus onthe erosion aspects ofthe landscape processeswhile deposition can
have an equally large impact. Payton and Shishira (1994) published an well-illustrated
example including both aspects of erosion and deposition for Tanzania. They demonstrated
how within one century a good productive district turned into a marginal area with very
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limited productivity, illustrating the effects of erosion and sedimentation along a soil catena.
Productive soilswereeither eroded orburied asaresultofmis-management ofarableland.A
similar example for a less sloping and drier environment inNiger is described by Bromley et
al.(1997).
Evaluating landuse systemsthusrequires acombined on-andoff-site approach insuchaway
thatnot only soil processes atthepedon level,but alsothree-dimensional landscape processes
are taken into account. Such an approach should aim at exploring natural soil and landscape
processes in such a way that desirable land use can lead to continuing productivity without
reducing soil quality. This aim will require a landscape approach focusing not only on
evaluating pedon characteristics but also on introducing landscape components. To meet the
aimof 'landscape evaluation', studies integrating on-and off-site impacts of landuse for both
short and long time-spans are required (e.g. Pennock and van Kessel, 1997; Schoorl and
Veldkamp,2001).
Ideally, the results of these landscape-scale studies should be used in a dynamic landscape
modelling approach to gain more insight inthe complex functioning of ecosystems and soils
atthelandscape scale (Gessler etal.,2000).Furthermorethesetypesof studies should include
not only agricultural production systems but also many non-agricultural land uses as well.
There are many sophisticated hydrological and geomorphological models available (e.g.
Beven etal., 1984;Nearing etal, 1989)butthey allrequirehigh temporal (uptoseconds) and
spatial (slope segment) resolution of the input data and are therefore unsuitable for the
proposed soil landscape suitability assessment.
This chapter will describe a simple modelling approach to integrate three-dimensional
landscape processes with one-dimensional soil processes, based on readily available soil
survey data.Thus,itis intended toprovide anewdimension tosoil survey interpretations that
currently do not consider the multi-dimensional landscape context. Examples of scenario
building will show the impact and unexpected effects of this annual integration over aperiod
often yearsatthemulti-catchment level.Model simulations willallow assessments ofcurrent
and possible water and soil redistribution for on-site effects (local changes in terms of
boundary conditions) andoff-site effects (causedbychangeselsewhere)withinthe landscape.
6.2 Materials andmethods
6.2.1 Studyarea
A study area of about 239 [km2] has been selected in the Guadalhorce River basin with a
range in altitudes from 100 to 1200 [m] (Fig. 6.1). The area is situated near the village of
Alora (longitude 04-41-57W, latitude 36-49-10) in the province of Malaga, southern Spain
and was selected because of its lithological diversity and resulting soils. General climate is
summer dry Mediterranean with a mean annual temperature of 17.5°C and mean annual
rainfall of 534 [mm], mainly from October to April (Alora Estacion). This landscape is
composedbygeologicalunitsand soilunits asshowninFig.6.1b (Ruiz etal., 1993).
Comparing Figs.6.1aand 6.1b itisclearthat steeper areas(high contour density)reflect more
resistant parent material like in the north east limestone (LM), the central western zone
serpentinite (SP),molasse (MO)and gneiss (GN)andthe south east cornerphylites (PL).The
less steeper areas (less contour density) can be found from the southwest to the northeast
marls(MA).Finally, inthemiddleanalmost flat area canberecognised ofriverterraces(RI).
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This same broad geological outline and the resulting soils of the area are reflected in the
simplified soil depth map (Fig. 6.1c). This map has been developed by field survey of the
dominant land units, geo-referenced sampling and spatial interpolation. The main criteria to
discern land units such as terraces, footslopes, hills, upland area etc. have been the parent
material andtopographic position (Wielemaker etal.,2001).
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Fig.6.1Study area in the lower Guadalhorce River basin with (a) DEM of the area, contour line
interval is50[m],(b)major soilunitsaccordingtoparentmaterial:riverterraces (RI),gneiss
(GN),molasse (MO),marls(MA),limestone (LM),phylites (PL)and serpentinite (SP),and
(c)initialsoildepthmap.

6.2.2Modelling
Topography, representedbyaDigital Elevation Model (DEM),isthedriving force behind the
geomorphic processes.Thisreadilyavailable DEMhasbeenprocessed from 20meter contour
linesbyinterpolation toarastermapaccording tox,yandzwith agrid cell resolution of 100
[m] (SGE, 1997).Withthisresolution the study area is divided inaraster of 132rowsby 181
columns. Because of the relevant temporal resolution for this study of 1to 10years and the
spatialresolution uptomultiplecatchments the LAPSUSmodel wasused(Chapter 3, Schoorl
etal.,2000).Consequently, input dataandresulting modelling structures wereimplemented at
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an annual basis. LAPSUS is a finite element model and uses sediment transport equations
based on early works of Kirkby (1971) and Foster and Meyer (1972, 1975) on the continuity
equationfor sedimentmovement(Chapter 3,Eq.3.1).
In this way this approach simulates net annual soil redistribution by mimicking one average
yearly event to shape the landscape. Therefore, annual sediment transport rates (Eq. 3.2) are
driven by the topographical potentials imposed upon the runoff water, taking into account
annual infiltration and evaporation losses by using the amount of net annual runoff reaching
the main drainage system. Total amount of annual runoff water and the downslope gradient
determine transport capacity (Eq. 3.3). When this transport capacity is higher than the actual
sediment transport rate, the sediment in transport can be increased by detachment implying
erosion (Eq. 3.4). Therate of detachment is controlled bytheKesfactor, which stands for the
erodibility ofthe soil surface (e.g.Beven and Kirkby, 1979;Kirkby, 1987).By definition this
Kes factor incorporates many properties of the soil surface including crusting and land use.
This factor should not be confused with the Universal Soil Loss Equation (Wischmeier and
Smith, 1958) erodibility factor K.Nevertheless both factors comprise numerous local surface
characteristics andresulting variability isconsiderable (Torri etal., 1997).Whenthe sediment
transport rate becomes higher than the transport capacity because of decreasing gradients in
slope or discharge, the excess of sediment is deposited by sedimentation taking into account
the settlement factor Pes(Eq.3.5).
Runoff routing is simulated with both steepest descent and multiple flow directions. The
steepest descent flow routing divides the runoff towards one single cell with the steepest
gradient and is also called the D8 method (Moore et al., 1991). This as opposed to multiple
flow directions of Holmgren (1994) where in case of multiple downslope neighbours a
weighted fraction of the collected run-on in a grid cell is divided over all lower neighbours
(Eq. 3.6). The same weighted division then applies for calculation and evaluation of the
sediment transport rates (Eq. 3.2) sincewater routing and evaluation ofthe transport ratesand
capacities areperformed simultaneously. Thismeansprocessing onthemomentthatthe water
balance is known, which enhances the diverging and converging properties of the landscape
(Schoorl etal.,2000).
Available water for crop growth is an important land quality within the dynamic landscape
context. Factors determining available water for different soil units are e.g. texture, bulk
density,organicmatter andeffective soil depthwhicharerelatedtotheeffective rooting depth
of the crop considered. Local on-site processes can cause considerable differences in net
decreasing orincreasing soil water(BoumaandDroogers, 1999).However, since our focus is
on the influence of the landscape, we have chosen in this study to define available water for
any soil unit as the difference in water content between -10 [kPa] and -1500 [kPa] and as a
function of the effective soil depth (see Fig. 6.1c). The on- and off-site effects on soil water
arereflected throughchangesinsoil depthduetoerosionand sedimentation.
6.2.3Inputparametersandscenarios
In addition to the topographical potentials of the DEM, precipitation is the principal input
parameter. The spatial and temporal distribution of rainfall in this Mediterranean area is
highly variable (Pardo Iguzquiza, 1998; Renschler et al., 1999). For example mean annual
rainfall ranged from 248 [mm] in 1994 to 1052 [mm] in 1996 at Alora Estacion. However,
since we want to demonstrate the spatial impact of slope and soil related landscape
sensitivities we assume constant mean annual rainfall for all scenarios, neglecting these
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effects of climate variation. The effect of altitude on annual rainfall amounts was calculated
following the linear regression (r2 of 0.63) established by Pardo Iguzquiza (1998) giving
annualrainfall Ra [m]ataltitudea[m]as:
/?„=0.402+5.27-10"a
Themeanannualrainwater retention and evaporation lossinthisregion isapproximately75%
of the precipitation, based on measured mean annual discharges in various tributaries in the
Guadalhorce River basin, leaving 25% of the annual rainfall as run-off (e.g. CHS, 1974).
Since land use inthe region isrelated totheparent material, effects of different land uses are
considered constant in both time and space to allow for specific evaluation of the main
scenario parameters. We formulated four scenarios (Ato D) with increasing topographic and
soil related complexity. The last scenario (D) is considered as the most realistic one (Table
6.1). The simulation period was 10 years with a time step of 1year, resulting in a yearly
update of the input parameters such as soil depth, topography and available water storage
capacity.
Scenario A is the baseline condition for all experiments, showing only few landscape
dynamics, as implied by the aforementioned inputs. All soil related parameters are assumed
uniform andconstant, soil depth is setat2 [m],storage capacity at0.132 [m].TheKesandPes
factors are calibrated on a standard value for the whole area, giving soil losses comparable
with other studies in this region (e.g. Poesen and Hooke, 1997; Renschler et al., 1999). The
calculations of the transport rate and the distribution of the collected run-on are made by
routingtherunoff towardsthe steepest downslope (SD)neighbour cell (Mooreetal., 1991).
Scenario B introduces the first step towards a more dynamic landscape concept by applying
the multiple flow (MF) direction algorithm (Eq. 3.6) to all parameters of scenario A. The
weight factorp of Eq. 3.6 is set at 4.0 for the topography in the research area following the
experiments of Holmgren (1994).This scenario will introduce the diverging properties ofthe
topography, since the grid cell size of 100 [m] in this study is far below the effective (mean)
slope length in the research area of over 400 [m], resulting in a sufficient number of grids
representing theslope.
Scenario C implements the initial soil depths of Fig. 6.1c. As a result every grid cell has its
own separate capacity for annual infiltration and storage. Due to storage limits, shallower
soils will generate more runoff than other areas with deeper soils. As a result within (sub-)
catchments redistribution of the runoff will take place. We calibrated the model by adjusting
the infiltration loss so that the total mean annual runoff leaving the catchments and subcatchments equalstotheprevious scenarios.
ScenarioD,finally provides different Kes(erodibility ofthesurface) factors for each soiltype.
A simple relationship is used in assigning lower Kes values to the more resistant parent
materials in relation to their actual soil depth. Data on different Kesfactors were aggregated
from qualitative field observations, bulk density and literature review on different parent
materials (e.g. Kosmas et al., 1997; Cerda, 1999; Romero Diaz et al., 1999). Following the
major soil units of Fig. 6.1b, final Kes factors used in this study ranged between 1.10" and
3.10 s [m 1 ](Table 6.1).
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Table 6.1 Main scenario inputparameters for waterrouting, soildepthand erodibility.
Timestep
Routing
Soil depth
Duration
[al
rmi
ScenarioA
10
1
SD1
2.0
ScenarioB
10
1
MF*
2.0
ScenarioC
10
1
MF
0.1-1.2
ScenarioD
10
1
MF
0.1-1.2

Kesfactor5

fm-'l

2.10 s
2.10"5
2.10'5
1.10s -3.10 s

'steepestdescent
'multipleflowdirection
SedimentationfactorPesequalserodibilityfactorKes

6.3Resultsand discussion
6.3.1Waterredistribution
The run-off pattern of scenario A is presented in Fig. 6.2a. It shows a typical pattern
generated by many of the standard modeling approaches and Geographical Information
Systems (GIS)using asteepest descent flow routing (Moore etal., 1991).Thecentral channel
inthe middle of the graph collects most ofthe runoff and transports the water out ofthe area
atthelowermiddle (south)boundary. Notethatthetotalrunoff doesnot change asaresult of
different routing algorithms in scenarioBas long asthe annualprecipitation, evaporation and
infiltration balance remains the same. However, the pattern inside sub-catchments does
change considerably going from scenario A to B (Fig. 6.2b) because of the effects of more
divergent routing.These changes,after implementing themultiple flow direction algorithm of
Eq. 3.6 in scenario B, can be found on both the slopes and in the channels of the subcatchments. In general the water is allowed to diverge more on the irregular and convex
slopes,increasing the length ofthe flow paths andnarrowing thewater divide (compareFigs.
6.2c and d).As aresult inupland areas less water is flowing directly towards the upper parts
of the channels although the total discharge from each catchment does not change (Desmet
andGovers, 1996;Tarboton, 1997).
Resulting differences in runoff comparing scenario A and B to scenarios C (Fig. 6.2e) are
directly related tothe effects of different soil depths,allowing lessormore water tobe stored
and infiltrated. In this way these imposed scenario conditions cause the shallow soil areas
(e.g. soils onlimestones, serpentinites) to generate morerunoff, while areas with deeper soils
(e.g. soils on marls) generated less runoff which is consistent with field measurements (van
Wesemael et al., 2000). When only considering scenarios C and D the initial runoff patterns
will not have any influence since they will be the same for each scenario. However, after the
first time step of one year, erosion and sedimentation patterns started to change initial soil
depths and topography throughout the area differently for each of the scenarios. As a result
after the first year duringthenext time steprunoff patterns started to change aswell between
scenarios. This implies that when analysing terrain attributes from a DEM (e.g. Boer et al.,
1996; Tucker et al., 2001), such attributes need to be evaluated for each step in time of the
model.
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Fig.6.2Waterredistributionwith(a)runoff patternsofannualrainfall excessunderstandardscenario
Aconditions,(b) changes in runoff between scenario Aand Busing MFinstead of SD,(c)
detailed area indicated in (a) with SD, (d) detailed area with MFand (e) changes in runoff
betweenscenarioC andD.

6.3.2Soilredistribution
An example of erosion and sedimentation patterns for scenario D is plotted in Fig. 6.3. In
general lower erosion rates are situated on low gradient slopes, especially near the center of
the study area. Higher erosion rates can be found along the major tributary channels (high
discharges) and, for example, on some steep slopes inthe north of the study area (Fig. 6.3a).
Sedimentation inthe landscape is located onthe longer slopes and valley bottoms of the area
(Fig. 6.3b). Higher sedimentation rates can be found mainly in the central river terrace area
where tributary channels lose their energy in the flatter river plain. This can also locally
happen in the tributary channel itself because of changes in channel gradient and lateral
sedimentbudgets.

102

DynamicLandscape
. (a)Erosion
^

•>1

.rf>
/ "
.'" " 's

^

Uf iJ- i

t

f

-

*

.

'

'

<

-

-

"

i:
*

i
*

-

•

!

/

v-"
i

t

r

••:'.?
.,'

(

1

\

[tha"V 1 ]

}

J"'

\ '••

*•

>

•

:

j

(b)Sedimentation [tha'a"1)

..*

Fig.6.3Example of annual soil redistribution in the landscape for scenario D (a) erosion and (b)
sedimentation.
InTable 6.2 simulation results for the different scenarios arepresented with meanerosionand
sedimentation rates andnet soil lossfor thewhole area. Ingeneral,erosionrates are dominant
over the sedimentation rates although both react differently to the implemented scenarios. In
this case erosion rates increase some 8%,while sedimentation rates increase up to 64% after
introducing landscape dynamics (scenario D). Comparing all scenarios, the largest changes
occur for erosion from scenario B to C, indicating the effect of increasing runoff rates on
steep slopes with shallow soils. Implementing the multiple flow directions resulted in the
largest changes in sedimentation ratesbetween scenario A and B.This is clearly an effect of
increasing flow directions and therefore lowering the dominant down slope flow gradient and
increasingthe lengthsofflow paths(Schoorl etal.,2000).

Table6.2 Mean annual soil redistribution rates inmetrictonsper hectare andpercentages ofchange
betweenscenarios.
Scenario
A
B
C
D

[tha'a'l
-8.1
-8.4
-9.3
-8.8

Erosion
%A %B
4
14
10
8
4

%C
-5

Sedimentation
%B
[tha'a '1 %A
1.2
2.1
71
2.2
73
1
64
-4
2.0

%C
-5

Net soil loss
[tha'a'l
-6.9
-6.3
-7.1
-6.7
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To find out where these changes occur in our study area, we have plotted differences larger
than 5% in maps of both erosion (Figs. 6.4a to 6.4d) and sedimentation (Figs. 6.5a to 6.5d)
between different scenarios. Figure 6.4a shows the shifting erosion patterns from scenario A
toB.Changes occurrandomly overthewhole area moreor lessconsistent withthe shifting of
the drainage patterns indicated in Fig. 6.2b, stressing the importance of flow routing
algorithms used in modeling (e.g. Quinn et al., 1991;Desmet and Govers, 1996; Tarboton,
1997;Yin and Wang, 1999). Sedimentation patterns in Fig. 6.5a show the dominant increase
relatedtotheimproved simulation ofdivergentproperties ofthelandscape.
Introducing initial soil depths from scenario BtoC(Fig.6.4b) showsageneral trendof larger
areas with more erosion (the higher areas of Fig. 6.1) and the lower areas with less erosion.
As indicated above this is the effect of the shallower soils on the steeper slopes that cause
more runoff and generate more streampower. An unexpected effect isthat not only soil units
as whole are affected by increased or decreased erosion, the off-site effects also influence
areas located down stream. For example increased erosion is found especially along major
tributary channels (Fig. 6.4b) and increased sedimentation is found in the central river area
(Fig. 6.5b). Sedimentation shows on-site effects on local spots with isolated increased
sedimentation rates due to the excessive sediment delivered tothese locations and changes in
channel gradients(Fig.6.3b).

(c) scenario C - D . . . .[drfj
>5%

'.

:\

f±; .***&'h£ti
(b) scenario B-C

' ^ V r f l f f i J W y W scenario'*A-D"

u;*>j*Vv.•"..•- \ v * V -

-" ) ' • •

Fig.6.4Changes in soil erosion patterns, shown with 5%decreasing or increasing threshold for (a)
scenarioAtoB,(b)scenarioB toC,(c)scenarioC toDand(d)totalchangefromscenarioA
toD.
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Fig.6.5Changesinsedimentationpatterns,shownwith5%decreasing orincreasingthreshold for(a)
scenarioAto B, (b)scenario B toC,(c)scenario C to D and(d)totalchangefrom scenario A
toD.
Patterns of change after implementation of different Kes factors, which represent mainly the
erodibility of the parent material, are shown in Figs. 6.4c and 6.5c. This case represents the
opposite effect than in Fig. 6.4b. Lower areas show increased erosion while the higher areas
reveal less erosion (Fig. 6.4c). In addition, sedimentation decreases although not for the soil
unit as a whole but much more segregated on the slopes (Fig. 6.5c). This is the effect of the
softer and more erodible parent materials on lower positions in the landscape, while harder
parent materials including bedrock are situated in the higher elevated areas. Therefore, when
less soil material can be detached upslope, it causes less soil to be re-deposited on the lower
slopepositions.
Finallythe maps of Figs. 6.4d and 6.5d showthe cumulative results of changes from scenario
A to D, implementing the most dynamic scenario in our simulations. Although areas of
increased erosion dominate in Fig. 6.4d, this effect is compensated by increased
sedimentation in the river terrace area (Fig. 6.5d) and decreased erosion in the upland areas
giving the same net soil loss for both scenarios (Table 6.2). Thus, without spatial explicit
information about true on-site and off-site effects, general indications of changing erosion or
sedimentation rates remain difficult to interpret. Still, with adequate field data the present
methodology offers the possibility to locate and quantify these landscape processes. For
example with the 137Cs-technique (Walling and Quine, 1990) which can provide landscape
widesoilredistribution dataatthe adequatetemporal resolution (yearsanddecades).
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Fig.6.6 Changes inavailablewater storage capacity for scenario Dcompared with scenarioA.

6.3.3 Available soil water
Spatial distribution of changes in available water (AW) in the study area for this chapter is
presented in Fig. 6.6 for scenario D. The majority of areas with a decreasing AW are located
in the north and along tributary channels especially in the gneiss (GN) and serpentinite (SP)
area. Here the shallow soils are more prone to soil loss, as opposed to increases in AW of
more than 10% in the central river valley. To illustrate the effects of our scenarios, 4 major
soil units were chosen comprising different parent materials (Table 6.3). Since the AW is
related to effective soil depth, we have only considered scenarios C and D here.

Table 6.3 Initial mean soil depth, available water (AW) as percentage of soil volume, AW mean
amounts for initial soil depths and changes in AW and soil loss after 10years of simulation
for the studyregion andlandscape units.
Simulation
Initial
Soil depth
AW
ScenarioC
ScenarioD
t
Soil loss1
Soilloss*
AAW
AAW
[m]
%vol
[mm]
[tha'a 1 ]
[tha'a 1 ]
[mm]
[mm]
Region
0.35
-7.1
-6.7
RI
0.96
0.146
139.6
1.36
14.9
1.7
15.1
MA
0.54
0.118
63.5
-0.51
-4.8
-0.79
-8.9
MO
0.13
0.102
13.4
-0.43
-0.31
-5.6
-2.9
GN
0.19
13.7
-0.58
-0.63
-9.2
0.073
-10.7
GNup
0.14
10.4
-0.11
-0.06
0.073
-1.7
-0.9
GNmv
0.17
12.3
-0.21
-0.23
0.073
-3.5
-3.8
GNmc
0.18
13.4
-0.3
-0.33
0.073
-5.0
-5.5
0.24
GNdo
0.073
17.5
-6.53
-6.21
-103.1
-108.7
RI river terraces, MA marl, MO molasse, GN gneiss, GNup gneiss catena upslope, GNmv
midslope convex, GNmcmidslope concave andGNdo downslope.
'Soilloss :negativevaluemeans erosion,positive value means deposition
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Comparing different lithologies under scenario C(Table 6.3), gneiss (GN) shows greater soil
and AW losses, the latter up to 0.6 mm, while the molasse (MO) and marls (MA) show less
soil and AW losses than the mean regional soil loss rates (e.g. soil loss is erosion plus
sedimentation, see Table 6.2), indicating an increased net soil loss from these areas. Under
scenario D,however, soil and AW losses are increased for the marl area (MA) and decreased
forthemolasse (MO).Attheriverterrace area(RI)veryhigh sedimentationrates,oranetsoil
andAWgainwerefound underboth scenariosCandD.
Again these trends indicate that within a dynamic landscape, different soil units attribute in
their own way to the overall picture. For example the soil AW increases in the river terrace
area where soils are already deep andwell developed (Table 6.3). Since this area already has
morethan 100mmavailable water for vegetationthesechangeswillnotbe significant. Thisis
in contrast, however, with other areas such as serpentinites and gneiss that are loosing
valuable topsoil and AW. These decreases can be serious, if the soil depth drops below the
threshold for vegetation growth (e.g.Kosmasetal.,2000).
This study indicates that each soil unit should be taken into consideration in the landscape
context. Comparing for example molasse (MO) and marl (MA), the latter unit has much
deeper soils and is therefore less sensitive to a small change (Table 6.3). In this case the
gneiss area (GN) ismost vulnerable with shallow soils andhigh erosion rates. Consequently,
the mean AW is likely tobe depleted rapidly. Although the loss ofAW seems hardly serious
asit appears onlytobe a few percent, we haveto consider that these values are the means of
theentireareaandthelocalvariability canbedetrimental atsomesensitive locations.
A selected catena in the gneiss area is also presented in Table 6.3. In this case, the up-slope
area shows lowrates of change (GNup),with anAWloss of0.1mm.Here run-onfromother
areas is not important and only local factors affect soil loss. Data in Table 6.3 show
significant differences between concave (GNmc) and convex (GNmv) mid-slope positions.
Concave positions receive more run-on, which increases the local transport capacity and
therefore show higher soil losses. The down-slope position is associated with an active
eroding channel since soilandAWlosses areextremely high,thelattermorethan6.5mm.
Differences among the different scenarios are closely linked to on-site and off-site effects.
Under scenario D, the up-slope position shows a decreased on-site erosion and AW (Table
6.3). Consequently, the off-site effect is that at both mid-slope positions, there is more soil
and AW losses (0.02 - 0.03 mm) because the transport capacities are not completely used
upslope. These kinds ofpatterns onthe concave and convex slope positions are also found by
Gessler etal.(2000) for soilproperties suchassoil Carbon and soilbulk density.Eventhough
their study is much more quantitative and more detailed, this shows that within a dynamic
model acoarserresolution doesnotnecessarilymeanlossof information.
6.4 Conclusions
At the landscape scale, different spatial inherent properties and physical processes can
contribute to the changing run-on, run-off, erosion, and sedimentation patterns. In this study
we distinguish four major effects causing these changing patterns: 1) the differences in
generation of run-on and run-off from different flow-routing algorithms; 2) the effect of
changinginfiltration patterns associated with initial soil depth; 3)the effect of soil erodibility;
4) the changing soil depths and topography during simulation. The first and last effects are
more related to modeling techniques, while the other two effects have to do with the
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implemented boundary conditions. However,they all implyboth on-site andoff-site effects in
the landscape and different impacts for erosion and for re-sedimentation. Realistic modeling
ofprocesses indynamiclandscapes shouldatleast includethese effects.
When discussing and evaluating effects of soil redistribution one should always consider the
landscape context.Anet soil loss from awatershed doesnotreveal important spatialvariation
and implications. Erosion can become critical in one area while other areas can benefit from
the net sedimentation. In the case ofavailable soil water, it isimportant toknow the interplay
of soil depth, storage and infiltration at the soil profile level, and run-on and run-off, slope
andparentmaterial intheirspecific position inthelandscape.Therefore, soilprofile, catenaor
hillslope investigations will have to be combined into usable data for landscape analysis on
thehigher aggregation levels asdiscussed inthispaper. Since quantitative data aredifficult to
obtain (by existing measuring techniques) and as aconsequence calibration and validation are
hampered on coarser spatial and temporal scales, the use of scenarios and modeling can
provide aspatially explicitbackground for qualitative evaluation.
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Chapter 7
Linking Landscape Process Modelling and Land Use

In this chapter the single process landscape evolution model LAPSUS, developed in Chapter
3, is used to explore the impacts of land use changes on landscape and soil properties.
Examples are shown of both on-site as well as off-site effects of land use change and the
influence ofdifferent pathways of change inthe study area ofthis thesis. Inthis areathemain
land use consists of citrus, olive/almond, wheat, semi-natural vegetation and a rest-group
(bare, river beds, urban). For a period of 10 years LAPSUS calculates soil redistribution
(erosion and sedimentation) for different scenarios of input parameters. These inputs are a
DEM (e.g. slope lengths and angles), precipitation, soil credibility, and land use related
infiltration. Foreach scenario different assumptions aremade onthedirection andrate ofland
use change. As an example the effects of abandonment of olive orchards are demonstrated,
simulating both a fast and gradual change for a period of 10years. Each scenario produces
different spatial and temporal patterns of total amounts of erosion and sedimentation
throughout the landscape. Consequently potential land use related parameters like soil depth,
infiltration and flooding risk change significantly too. The scenario of an abrupt change
produces the highest erosion rates, compared to the gradual change scenario and the baseline
scenario.However, because ofthemulti dimensional characteristics ofthe landscape not only
the area suffering from land use changes is affected. Increasing erosion and runoff rates from
upstream-located olive orchards have an impact on down slope local run-on, erosion and
sedimentation rates.Inthis case thecitrus orchards situated inthevalleybottom locally suffer
damages from re-sedimentation events but benefit from the increase in run-on water and
nutrients. Thus, the off-site effects from an exogenous driven change in land use (EC
subsidies)mighttrigger endogenous landusechanges inadjacent areas.

Based on: Schoorl, J.M. &Veldkamp, A., 2001.Linking land use and landscape process modelling: acase study
for theAloraregion (South Spain).Agriculture, Ecosystems and Environment 85,281-292.
© 2001 Elsevier Science B.V.
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7.1 Introduction
It is well known that changing land use affects on-site landscape properties, for example soil
degradation and increased erosion after deforestation. Processes causing these effects operate
inalltypesoflandscape,althoughtheyarenot alwaysthatevident and showlowerrateswhen
there is a continuous vegetation cover. Landscapes are considered multi-dimensional with
vertical (on-site) and horizontal (off-site) properties and processes. The most dynamic
interactions between agro-ecosystems and landscapes involve water-related processes.Wateras
precipitation is partly intercepted, evaporated and taken up by vegetation after which the
remaining water isreleasedintothelandscapebyinfiltration orrunoff. Thismigratingwaterhas
the potential to change a landscape by weathering (infiltrated water), erosion (runoff) and
sedimentation (run-on). These landscape-changing processes arethus directly influenced bythe
existing agro-ecosystems by water uptake or by slowing down the surface water, therefore
stimulating infiltration. Land use has thus an effect on landscape processes, which, in turn,
determine soil properties. If we consider a temporal scale of one year to one century we can
focus our attention on erosion and sedimentation since weathering processes can safely be
ignored.
7././ On- andOff-site effectsoflanduse
Land use change can affect soil properties in the landscape context, either in a positive or
negativeway.Deforestation, for example,will almost alwaysnegatively affect soilproperties.
Inmost cases this leadsto short-term soil productivity loss (Veldkamp and Bouma, inpress).
The conversion of forest to grasslands and permanent crops such asplantations usually leads
toless degradation after several yearsbecausethese systems allowthe soil torecoverto some
extent. Conversion from forest or grassland to arable lands is the worst scenario in terms of
soilproductivity andquality (e.g.Dick, 1992,Caravaca etal., 1999).
However, wehavetokeep inmindthatthese changestakeplace inalandscape context where
landscape processes on-site often cause unintended off-site effects in sloping areas. For
example a decrease of the infiltration for one land use can lead to on-site increased erosion
and runoff rates. Consequently for other land uses in areas down slope this can cause an
increased sediment delivery, anincrease inwater availability orevenmore erosionbecause of
theincreased runoff (Bathurst etal., 1996).
7.1.2Dynamiclandscapeconcept
Threshold effects are other typical aspects of landscape processes. Since the non-linear
landscape processes tend to self-organise into stable domains they do not immediately
respond to a shift in one or a few of its many controlling factors. When many controlling
factors are changing or if their magnitude of change is very large, the whole system will
reorganise itself into a new stable domain (Milne, 1991). Such reorganisations often happen
suddenly and are viewed as catastrophic events. An apparent small change in one of its
controlling variables, likeaprecipitation event, may trigger such a catastrophic event. It isas
ifthe system ispushed over athreshold (Holling, 1992).It cantake years of small events and
changes in the landscape to bring it to the brink of such a reorganisation. Examples of such
catastrophic events are abrupt land use changes like abandonment, landslides, mudflows,
large erosion and deposition events, but also fire, pests and diseases represent natural effects
of ecosystem reorganisation. For example forest fires in the Mediterranean, in addition to
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changing the vegetation, can alter soil properties like clay content, aggregate stability and
water retention capacity (Boix Fayos, 1997).Again within the landscape context this will not
onlyaffect on-sitebutwillalsohaveoff-site impacts.
7.1.3 Mediterranean landusechanges
In addition tothe intense deforestation since romantimes, land use has changed significantly
in the Mediterranean region in the last decades (e.g. Le Houerou, 2000). Imeson et al (1998)
mention severalkeyprocesses suchasontheonehandpopulationgrowthanddevelopment of
industry, tourism andmodern irrigated agriculture and onthe otherhand land abandonment in
marginal areas because of economic and environmental factors. Since the founding of the
European Community a third factor can be added namely the influence of European
Community directed policies. Their main influence consists of subsidies and price controls.
For example for olive orchards the current OCM (Community organisation of the olive oil
market) implements intervention mechanisms to guarantee income levels, to modernise the
production process and to stabilise prices and production. In recent years changes in these
policies, market demands and available technology have triggered important transformations
inolivetree cropping insouthern Spain(RalloRomero, 1998;DeGraafandEppink, 1999).
Theobjective ofthischapter istorevealthe effects oftwo different landuse change scenarios
upon the spatial and temporal distribution of landscape shaping processes. The single process
surface erosion model LAPSUS of Chapter 3 is used to simulate changing erosion and
sedimentation patternswithinthe landscape represented by a digital elevation model (DEM).
Themain land userelated parameters incorporated inthis study areinfiltration, soil depth and
credibility. Both on-site and off-site effects for two scenarios of abandonment of olive
orchardsareexemplified and demonstrated.
7.2Materials andmethods
7.2.1 Geo-referencedbase-line information
ADigital Elevation Model (DEM) with a spatial resolution of 25 [m] isthe starting point for
ourgridbasedcasestudy.Forthisuni-scaleexperiment wehave chosen adetailed sectionjust
north ofAloraof 17.12 [km2](Fig.7.1).With aresolution of25 [m]on an area extent of 5.35
by 3.2kmwe obtain agrid of 128rowsby 214columns (total 27392 grids).Therelief for the
study area shows altitudesranging from 100to625 [m]abovesealevel.
Fieldwork, aerial photographs, satellite images and expert knowledge provide the basis for
building thebase-line maps for the study area. Themain land usecanbe divided into 5 major
classes (Fig. 7.2) namely 11[%] annuals (wheat Triticum aestivum,chickpea Cicereuropea),
26 [%] citrus (orange Citrussinensis,lemon CitrusUnion), 39 [%] olive (Oleaeuropea)with
some almond (Prunusdulcis), 19[%] semi-natural vegetation (matoral and forest) and 5 [%]
restgroup (urban,bare,riverbed).
Soil types and properties ofthe area are described by Ruiz et al. (1993) and comprise typical
catenas for semi-arid tosub-humid areas.Parentmaterial andtillagepractises haveresulted in
stony soils especially under olive and almonds. These soils are tilled several times a year,
depending on the rainfall, to control weeds and improve infiltration (e.g. Poesen et al., 1997;
Quine et al., 1999).Extensive fieldwork (soil description, sampling and depth measurements)
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provided the resulting soil depth map (Fig. 7.1), which represents clearly the underlying
geology,slopegradientsandtopographical position (DeBruinand Stein, 1998).

2 [km]

SoilDepth[m]

Fig.7.1Location ofthestudy areainsouthern Spain including (a)the20mcontour linemap,(b)the
DEM and (c) the soil depth from deeper than 1.50m (shaded black) to less than 0.30 [m]
(shadedwhite).
7.2.2Landscapeprocessmodelling
For the calculation of the landscape dynamics the LAPSUS model is used (see Chapter 3).
The LAPSUS model evaluates the rates of sediment transport (Eq. 3.2) by calculating the
transport capacity of water flowing down slope from one gridcell to another as a function of
the discharge and the gradient of the slope (Eq. 3.3). Surplus of capacity is filled by the
detachment of sediment, which depends on the erodibility K«s [m"1]of the surface (Eq. 3.4).
This detachment of sedimentprovokes lowering ofthesurface orerosion.However, whenthe
rate of sediment in transport exceeds the local capacity, for example because of lower
gradients, the surplus of sediment in transport will be deposited by a settlement function
causing ahigher surface or sedimentation (Eq. 3.5). Therouting ofthe overland flow and the
resulting model calculations are done with a multiple flow algorithm (Eq. 3.6) to allow for a
better representation of divergent properties of the convex topography (e.g. Freeman, 1991,
Quinnetal., 1991, Holmgren, 1994).Ourmodelling framework wastested elaborately for the
effects of changing flow algorithms, spatial resolution and temporal resolution (see Chapter
3). LAPSUSwas onlyvalidated for itsbase scenariobyfieldobservations, it displays erosion
and sedimentation patterns which match closely with real world erosion and sedimentation
patterns atthesamespatialresolution (25by25[m]).
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Fig.7.2 Main land use inthe case study area shaded black for (a) citrus, (b) annuals, (c) olive and (d)
semi-natural vegetation withtherestgroup inwhite.

Table7.1 Scenario input parameters depending on parent material and land use: surface erodibility
(K<.s),water retention capacity (AWC), surface erodibility factor (EF) and infiltration factor
(IF).
Parent material
Landuse
EF[-]a
IF r-r
K.Jm-'f AWC [m3 m-3]b
Colluvium
7-410-"
0161
Citrus
0-5
10
Marls
111 10"6
0105
Annuals
1-3
1-2
Sand/gravel
7-4 10"6
0151
OliveA
0-75
1-5
Schist
0-135
OliveB
6-7 10 6
1-5
0-75
Gneiss
5-2 10"6
0066
OliveC
1-5/0-75 0-75/ 1-5
3-7 10 6
0055
Semi-natural
1-2
0-75
Conglomerate
Serpentinite
2-2 10-6
0044
rest
001
0
OliveA,BandCindicate thedifferent scenarios
a
literature/model calibration
b
reference profiles

7.2.3 Case study scenarios
Main input parameters for the grid-based LAPSUS model are the topographical potentials
(slope gradients) from our DEM and the evaluation of the rainfall surplus that will generate
the overland flow. Within each gridcell of 25 by 25 [m] we assume uniform conditions for all
parameters involved. The model will evaluate all considered parameters on an annual basis
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for a total run time of 10 years. For the scenarios given annual rainfall of 534 mm is
considered to be constant over time and uniform over space, thus neglecting for example
regional topographical effects.
The current situation is reflected in base scenario A (Table 7.1), which assumes that
infiltration and erodibility depend on land use and underlying soil properties (e.g. Bonachela
et al. 1999;Cerda, 1999). Indicative values given in Table 7.1 are compiled from fieldwork,
literature and model calibration (e.g. Nicolau et al., 1996; Kosmas et al., 1997; OostwoudWijdenes et al., 1997;Vanderlinden et al., 1998).As a result the infiltration (/) for each grid
celliscalculated as follows:
I = IF-AWCds

(7.1)

where / is a function of soil depth [m1] (ds), water retention capacity [m3 m"3] (AWC)and
managementpractises [-] (IF).Detachment ofsurface particlesD [m2/s]dependson:
D=K*sEFQA
whereKesisthe erodibility oftheparentmaterial[m1],EFa surface management factor [-],Q
isdischarge [m /s]andAtheheightdifference orslope [-].
Scenarios Band Caretwo simple examples of the links between the different components of
the system by implying an abandonment of olive orchards inthis area. This could happen for
example as a result of changing EC policies and subsidising systems (e.g. Rallo Romero,
1998, de Graaf and Eppink, 1999). The assumption is that for the 5 to 10 year simulation
period infiltration decreases while the erodibility and runoff increase upon abandonment
because of crusting and compaction ofthe soil (e.g. Boix Fayos et al., 1998;Renschler etal.,
1999;Lasanta etal.,2000),poorregeneration ofvegetation (e.g.Ruecker etal., 1998;Lasanta
et al, 2000) and the lack of tillage practises (Gomez et al., 1999).In this case the scenario B
uses an abrupt change of abandoning of all orchards within one year (see olive B parameters
in Table 7.1), while scenario C implies a gradual annual change over 10years of taking the
olive orchards out of production. In this case the highest and steepest fields first, after 10
yearsthesamevalues asfor scenarioBarereached.
7.2.4Floodingrisk
To evaluate the effects of changing land use we will use a simple indicator of flooding risk.
Forthis case studytheyearly flooding risk for each grid cell iscalculated asafunction ofthe
distance to a channel, the discharge within that channel and the height difference with the
channelbed.
7.3 Results
Whilepresenting and discussing the outcomes ofthesimulated scenarioswe have totake into
account the different temporal and spatial levels used in this section and in Figs. 7.3 to 7.6.
These temporal levels vary from cumulative 10year means (Fig. 7.3 and 7.5) to yearly rates
(Fig. 7.4 and 7.6) and spatially from grid level (amounts inFig. 7.3 and 7.6) to land use units
(Fig.7.4and7.5)tototalarea (patternsofFig.7.3 and7.6, andgraphs ofFig.7.4a and7.5a).
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Local erosion and sedimentation rates for each gridcell and their spatial distribution are
presented inFig.7.3 for each scenario.Local erosionratesthroughout the area for the 10year
period varied from 0tomore than 300 [tha'V], with means of 1.3, 2.2 and 1.7 [tha'a"1] for
scenario A, B and C respectively. In general erosion rates are clearly higher in down slope
areas, on the steeper slopes and in areas where the runoff is concentrated in channels.
Sedimentation is mainly concentrated within specific points in the main channels and on the
transition from thesteepslopestothemoreflat areasinthecentral valley. Sedimentation rates
varied from 0tomorethan 1.5 [t h a ' V ] .
Thecalculated annualamounts oferosion for thethree scenarios inmetrictonsperhectare are
given for the area asawhole inFig.7.4a and for the main landusetypes inFigs.7.4b to 7.4f.
Note the different scaling ofthe y-axis for Figs. 7.4a and 7.4b while comparing the amounts.
Under baseline conditions (scenario A) areas under semi-natural vegetation show the highest
erosion rates followed by annuals and olive just above the mean rates for the whole area.
Citrus andtherest group show much lowererosion rates.Ingeneral for scenario Ball erosion
rates are higher except for semi-natural vegetation and the rest group. The highest erosion
rates arefound inthe olive area,which cause also amajor increase inthemeantotal amounts.
Also the annuals and citrus show an increase in erosion rates resulting in even higher erosion
rates for the annuals than semi-natural vegetation. Finally the generaltrend for scenario Cisa
gradual non-linear increase of erosion rates during simulation. For the area under olive this
increase isslightly exponential, while for annualsthe increase in erosion rates is less halfway
the simulation. Exceptions areagain semi-natural vegetation andthe rest group,which hardly
show anychanges.

[ton/ha/a]
+ 1.5
+ 0.6

I

-0.6
-1.5
-15

-300

Fig.7.3Spatial distribution for the 10year simulation period of total erosion (negative values) and
sedimentation(positivevalues)for(a)scenarioA,(b)scenarioBand(c)scenarioC.
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Total cumulative amounts of sedimentation inmetric tonsper hectare are given for the whole
area inFig. 7.5a andper landuse in Figs. 7.5b to 7.5f for the 10year simulation period. Note
the different scaling of the amounts for the rest group showing almost four times higher
amounts of sedimentation than the other land uses. All land uses show an increase in resedimentation, except for the areas under semi-natural vegetation, giving a total increase
going from scenario A to B of 71.9 [%] and from A to C of 7.3 [%]. As a rule the smallest
amountsofre-sedimentation arefound intheareasunderannuals andsemi-natural vegetation.
Citrusandolive showlarger amounts ofre-sedimentation. While semi-natural vegetation does
not show any effect of changing scenarios, olive shows the strongest increase of resedimentation quantities for scenarioBandCof 159.6 [%] and9.9[%]respectively. Followed
bycitrus(53.1 and 8.1 [%]) andannuals(16.8and4.9 [%]).
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Fig.7.4Simulation ofannualerosion for the scenariosA,BandCfor (a)wholecase study area,(b)
olive,(c) citrus,(d)semi-naturalvegetation,(e)annualsand(f)restgroup.Notethe different
scalingofthey-axisfor(a)and(b).
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A

B

C

Rest group

Fig.7.5Cumulativesedimentationforthesimulatedperiodandscenariosinmetrictonsperhectarefor
(a)wholecasestudyarea,(b)annuals,(c)semi-naturalvegetation, (d)citrus,(e)oliveand(f)
restgroup.Notethedifferent scalingofthey-axisfortherestgroup.

7.4 Discussion
In this case study only a limited number of parameters have been used, which makes the
model relatively sensitive to these inputs. Also not taken into account is the temporal
variation of these parameters with the changing soil depths or vegetation regeneration.
However, changing soil depths doaffect the runoff during the simulation, which is one ofthe
major variables in calculating the transport capacity and detachment capacity (Qin Eq. 7.2).
Theinfluence ofvegetation regeneration isconsidered minimal for the 5to 10year simulation
period (Ruecker et al., 1998,Lasanta et al., 2000) and the effect of no tillage will dominate
the infiltration characteristics (Gomez et al., 1999). Nevertheless together with the temporal
resolution of 1to 10years this provides a simple and realistic example of an easy to adapt
scenario driven comparison at the landscape level. For example theKes factor (Table 7.1), in
ourcasestudy,aggregatesmanysurface characteristics (includingtillage andcrusting)atalarge
spatial resolution. Although ourKesfactor not comparable by definition, thevariability inthese
type of factors is high even under standardised conditions as is clear from numerous K-factors
found inUSLErelatedstudies(e.g.Torrietal.,1997).
7.4.1 Casestudyareageneralimpression
Although at first sight, the overall impression of the erosion and sedimentation rates in Fig.
7.3 seemnotto differ very much between scenarios,when concerning the patterns within the
landscapewe canseethe different influence ofthe scenarioswithinthe landuseunits.Notthe
unit as awhole,but certain confined areas react more than other areas do (Puigdefabregas et
al., 1998).These mainpatterns aredeterminedbytheunderlyingtopography andthe resulting
drainage network, while the actual rates and impact of the erosion and sedimentation are
determined by the parent material and land use (e.g. Cerda, 1998; 1999). Comparing the
spatial distribution for the three scenarios shows the impact of the olive abandonment
especially in the mid-slope areas where the largest changes in the erosion and sedimentation
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patterns canbe found. However, alsowithout any landusechange (scenarioA),the landscape
will stillbealteredbythenaturalprocesses oflandscape evolution.
7.4.2 On-site landuseeffects
In spite of the general trends during the simulation for scenarios A and B and increasing
erosionratesfor scenarioC,theactualratesfor each landusediffer considerably (Fig.7.4and
7.5). They range from almost 3.7 [tha'a"1] for olive in scenario Bto less than 0.62 [tha"'a_1]
for citrus under baseline conditions. The same holds true for the re-sedimentation as
mentioned in the previous paragraph although there the citrus shows the highest and the
annualsshowthelowestrates.
Erosion rates for olive in this case study are moderately high compared to rates given by
Poesen and Hooke (1997). However their data was compiled from different land uses, slope
gradients andparent materials on small scale plot studies without major channels andgullies.
Romero Diaz et al. (1999) give some differences in erosional response between olive and
abandoned fields inthe Mediterranean but their abandoned fields donot originate from olive
orchards. In addition, erosion studies mentioned by Kosmas et al. (1997) show almost no
erosion for olive in Greece because of management practises (notillage, dense undergrowth).
Thequestion remains whether this example from Greece would be apossible scenario for the
degraded environment ofsouth Spain (Ruecker etal., 1998,Gomezetal., 1999,Lasanta etal.,
2000). Ontheotherhandourerosionrates seemlowcompared torates found atthe field level
for olive orchardsby Laguna and Giraldez (1990), indicating the potentials of many years of
tillage erosion. Their results could indicate a slight underestimation of tillage erosion in our
initial K^s factor for thescenarios,although importantparameters atthelandscape levelasslope
gradient,slopelength,parentmaterialandstoninessaredifferent fortheAloraregion.
Since the topographical potentials move the water and sediments down slope, only areas
down slope of olive areas will be affected. As a consequence the citrus area, located in the
valley floor, reveals the largest impact followed by the annuals. Semi-natural vegetation
however is hardly affected by the scenarios because most of the as semi-natural vegetation
classified areas are located in the landscape upslope of the olive fields. An exception to the
general erosion and re-sedimentation rates isthe rest group because of the fact that for urban
areasandtheriverbedtheerodibilityKeswassetto0.
7.4.3 Off-siteeffects:flooding risk
Comparing scenarios A with B and C it was to be expected that olive would reveal an
increased erosion since the scenario directly alters the input parameters for infiltration and
especially erodibility. Of course this increase is not uniform and visualisation of the patterns
in the three-dimensional landscape show the important relationship with the main parameters
as slope length, slope angle and discharge. Nevertheless, the input parameters for the other
landusesdidnotchange,sotheencountereddifferences (seeFig.7.4andFig.7.5) areadirect
off-site result of changes in our dynamic landscape. In this case the increased erosion, the
decreasing soil depth and decreasing infiltration of the areas under olive provoke an
increasingrunoff andsediment intransport intotheotherareas.
An example of this off-site effect is given in Fig. 7.6 where a simple evaluation is given for
the risk of flooding. First of all the areas in Fig. 7.6a which are most prone to flooding also
are the most affected ones by the off-site effects of the scenarios in Figs. 7.6b and 7.6c. The
mid-slope on-site changes inthe olive orchards trigger increased flooding inthewhole valley
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area where no olive orchards canbe found. Increasing amounts of runoff from the slopes are
diverged intothe channels,which continue tocollect all extrarunoff until the river is reached
andthewater leavesthecase studyarea. Especially vulnerable areasarethe sharpriverbends,
inner terraces and the alluvial fan area where the catchment drains into the central river
valley. Inour case study all these areas areused for citrus,which consequently have suffered
flood damages inthepast.
7.4.4Pathwayofchange
As shown inthe previous sections,when considering the pathway of change,the total impact
of scenario B is much higher than scenario C. This holds true for erosion rates, resedimentation and flooding. However, the different responses comparing B and C are not
linear. Accumulating the effects over the 10 year period suggests that gradual change of
scenario Ccauses 53 [%] less erosion and even 90 [%] less re-sedimentation. Apparently the
threshold effect of asudden land use change in scenario Btriggers slightly more erosion and
muchmorere-sedimentation thanthe gradual changeof scenarioC.
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Fig.7.6Floodingmapsfor (a)thefirst time stepT=l (valid for bothAandCscenario),(b)increase
forthelasttimestepT=10ofscenarioB,(c)increaseforthelasttimestepT=10ofscenario C
and (d) increase for thefifthtimestep T=5 of scenario C.White (low) to black (high)grey
scaleindicatesincreasing flooding.
However, the increased flooding risk map of Fig. 7.6b for scenario B is relatively stable for
every single simulation year, sincethemost important flooding factor isthe discharge. Thisis
in strong contrast with scenario C where the flooding maps of Fig. 7.6c and 7.6d change
considerably (after 10and 5years of simulation respectively) since every year there are less
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olive orchards left and more runoff and erosion is generated. As a result the final flooding
map of scenario C in our last simulation year in Fig. 7.6c resembles to and shows a similar
impact as Fig. 7.6b. Even in the case of a gradual change scenario C if we do not alter the
consequences of the simulated land use change by conservation measures or stimulating
vegetation regeneration (e.g.DeGraaf andEppink, 1999,Lasanta etal.,2000)thefinalresult,
as far as annual erosion rates and increased runoff are concerned, are similar for both
scenarios.
7.5 Conclusions
In this case study we demonstrated that in the landscape system the on-site consequences of
land use change can result in major off-site effects. Of major importance for the impact of
changes in land use isthe position of a certain land use within the landscape. Concerning the
simulated landscape processes the most important changing rates as a consequence of a land
use change arerunoff, run-on, infiltration, erosion andre-sedimentation. These changes occur
both on-site as off-site of the land use under change. Changes in upland areas will influence
both mid-slope and downslope areas. On the other hand upland areas receive initially less
water than mid-slope areas and the impact will be less intensive. In addition, the effects will
not be limited to the case study area alone. For example the increased runoff and sediment
transport will eventually enter and possibly alter the down stream part of the whole river
drainage system.
In our scenario examples we have simulated the impact of changes in landscape processes
originated from changes in olive orchards. These orchards are mainly situated on mid-slope
positions and as a result the on-site changes show off-site consequences for areas located
down slopeand inthevalley floor. FutureEuropean policiesonoliveoilproduction canproof
the significance of scenarios on olive field abandonment as an example of the impact of one
land use change upon the landscape and other land uses. Implications of these types of
changes in policies for subsidising crops can have serious influences on the biophysical
landscape andtheagro-ecological systemasawhole.
These scenarios have also clearly demonstrated the dynamic interactions between land use
anderosion/sedimentation.Especially the off-site effect might trigger unintended side effects.
The significant increase of sedimentation on the valley bottom might hamper the citrus
growth or destroy citrus plantations. Thus the decision to change the olive land use might
indirectly drive achange inthe citrus.This is aclear example ofthe feedback mechanisms of
land use change. An exogenous driven change in land use (EC olive subsidies) might trigger
endogenous landusechangesinthecitrus duetotheoff-site effects oftheolive abandonment.
The model presented in this paper can be used as atool to explore possible effects of certain
land use changes within a dynamic landscape context. All type of changes affecting the
infiltration and erodibility can be evaluated within the model, including management
practises. Also the other way around, the effect of changes in landscape dynamics upon land
use can be evaluated, for example variations in precipitation. The current model is far from
complete since itonly calculates effects ofwater erosion andre-sedimentation. Other relevant
regional processes like land sliding, slumping and related mass movements are not included.
Nevertheless, despite these limitations the model is able to catch overall landscape system
dynamicsquitewell.
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Chapter 8
Synthesis

This final chapter will address the most important issues of this thesis to synthesise the
implications andto indicate possible improvements and future research. Ashas become clear
from the previous sections, this study is necessarily made at different spatial and temporal
levels within the landscape. Such an approach implies consideration of spatial and temporal
resolution-extension related topics. Therefore, the level of observation needs to be specified
andplaced inthe context ofitsboundaries andlimitations. Especially where coarse resolution
seems automatically related to large areas and long-term processes as opposed to fine
resolution in small areas with short-term processes. However, this is not necessarily always
the case and maybe the most interesting field of investigation are those areas where different
scale levels interchange. The first part of this chapter will be dedicated to the more technical
aspects of the applied models in this thesis. The second part comprises the coupling and
integration of the results from the different chapters and the final part will discuss the
possibilities offuture research.
8.1 Landscape andthe useofmodelsandDEMs
8.1.1Modellingtechniques
In general specific technical details seldom are available for existing modelling techniques of
which TOPMODEL is one of the exceptions (Beven, 1997). Nevertheless, even when these
models are extensively described and tested the actual source code and modelling techniques
often remain a blackbox. Also most existing models are event based and require large
amounts of high resolution temporal and spatial data. However, one could argue whether
these event based catchment models address the valid processes for annual landscape
development. Therefore, the development of a simple landscape evolution model seemed
justified. Consequently, the development of LAPSUS provided many insights on technical
modelling aspects, including calculation errors. Certainly it provided the model developer
withcontrol oneveryparameter, calculation stepandsimulation outcome (seeAppendix).
One of the major assumptions within this thesis is the validity of the LAPSUS model at the
landscape-annual scale. The underlying theory of the potential energy content of flowing
water over a landscape surface and the continuity equation for sediment movement are rather
process based. Stretching the temporal and spatial scales of these actual processes from
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seconds or hours per centimetre towards annual rates per hectare goes against the human
perception and challenges the theoretical and physical background. However, a model is by
definition a strong simplification of reality and actual conditions. Therefore, the assumption
thatevery yearacertain amount ofwater flows overasurface and causesa certain amount of
sediment intransport seemsalsojustified. Furthermore amodel isonly atool tocalculate and
visualise the modeller's perception of the geomorphological response of a particular system
(Beven, 1997). Consequently inthisthesis,the system under consideration wasthe landscape
andnetannual effects weremimicked withonesingletimestep.
Consideringthe spatial components,theLAPSUSmodel isaprocessbasedmodelusing finite
elements to simulate soil redistribution by flowing water over a length of surface. The
question ishow long and howwide canthis finite element become? With the assumption that
as long as the simulated length and corresponding gradient represent a slope segment, any
size could be valid. Examples from hydrological modelling have shown spatial resolutions
from 2 to 120 [m] (Beven, 1997). Although natural slopes rarely exceed a few hundred
meters, even with grid sizes of more than 1km the general gradients (potentials) within the
landscape can be modelled. Of course, this includes a certain amount of abstraction and the
physical basis isweakened (Kirkby et al., 1996).However, if model results can be calibrated
concerning quantities and spatialpatternsthe modeller's goal canbe satisfied. From Chapter3
ithasbecomeclearthatthe LAPSUSmodelresultscanbecompared for changing resolutions.
Consequently insteadofthevalidation ofthetheoretical base ofthe LAPSUSmodel,themain
concern becomes the representation of the landscape such as DEM quality, resolution and
extension.
The temporal components of the LAPSUS model are a compromise between the spatial
resolution of interest andthe applied process based lumped parameters. Considering response
time and geomorphic equilibrium of systems, relevant time scales vary between hours and
decades, even thousands of years (Howard, 1982). Nevertheless, in contrast to spatial
resolution, many authors allow significantly less scaling of the temporal components. In
addition to the spatial resolution for TOPMODEL discussed in the previous section, an
example of this apparent spatial-temporal contradiction is the flooding simulation of the
Meusebasin ataspatial resolution of 1[km]grids for atemporal resolution of 15minutes(De
Roo et al., 2000). In this example, evidently, the spatial components of key processes were
generalised extensively whiletheprocessrateswere stillquite detailed.
Oneofthetechnical modelling aspectsusedinthe LAPSUSmodel istheneighbour technique
(see iand7loops ofthemodel source code inthe Appendix). During the calculation cycle the
gridsareprocessed intheorderatwhichboundary conditions becomeavailable.Therefore the
model actually starts to process first those grids that have no possibility of run-on, i.e. that
have no higher neighbours. These grids can only be found on the ridges and the divides
throughout the landscape. Therefore, themodel exhibits anatural behaviour ofprocessing the
grids following actually the direction of the running water. After processing and evaluating
the sediment transport rates, the running water with sediment in transport is then divided
using a multiple flow algorithm; all the lower neighbours receive a certain weighted fraction
of the flowing water. Technically speaking the model is checking constantly in so called
"loops" whether all higher neighbours have been processed and which lower neighbours will
receive the water and sediment in transport. Consequently the model mimics a natural
behaviour ofwater and sediment fluxes inthelandscape, asopposedtoworking with overlays
ofdischarge mapsandDEMs.
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8.1.2DEMs
In this thesis the landscape is represented by a Digital Elevation Model (DEM), which is a
digital array (raster) of longitude z, latitude y and elevation z of varying resolutions. DEMs
can be processed by various techniques: (i) digitising contour-lines from topographic maps
(which normally are processed from stereo aerial photographs), (ii) survey techniques (laser
theodolites, remote sensing), (iii) direct digital processing of aerial photographs or
orthophotos. Furthermore, once the contour lines and spot height points have been extracted,
different interpolation techniques can be used to provide the final raster (roughly from
triangulation to kriging). Important aspects of a DEM are the extension (area covered, slope,
catchment, basin etc.),resolution (size of asingle cell) and precision (quality ± [cm] or [m]),
whichareallspatialentities.
Ideally DEMs would represent large extensions of fine resolution grids, since larger grids
hamper the simulation of for example ridges,channels and rivers.Although calculation speed
and memory restrictions of computer based modelling have improved considerably over the
years, the availability or production of fine resolution DEMs is still restricted. Nevertheless,
depending on the level of observation and simulation not always the most detailed DEM is
needed to represent adequately the landscape (e.g. Thompson et al., 2001). As long as the
landscape features of interest such as for example slope length, slope angle or curvature are
sufficiently modelled, the DEM resolution canbe easily 100 [m]. Except from the resolution,
the precision or quality of a DEM is rarely investigated, which can have an important
influence onhydrological orgeomorphological simulation results(Wise,2000).
However, even before assessing DEM quality there are common problems encountered when
processing DEMs:sinksand flats. Sinksarelocations intheDEMthatare surrounded onlyby
higher neighbouring grids, inotherwordswhen calculating overland flow areas of only water
accumulation without any outlet. Flats are areas of exactly the same altitude without any
gradient, again difficult toimagine innatural landscape wherezerogradientshardlyexist.The
problem with these features is that they can have a natural or an artificial origin. Possible
natural sinks are dolines, subsiding basins, inter-dunal areas or depressions in till plains.
Natural flats canbesaltplains orstandingwaterbodiessuchaslakesandreservoirs.
Theartificial sinks andflatsoriginate from theapplied interpolation technique and from DEM
resolution or precision. Most problems arise in areas with small gradients such as valley
bottoms and alluvial plains. For example a common error in triangulation is interpolation
across breaklines such as terraces or river channels. Any triangle calculated during
triangulation should always include this lineation or channel in one of its sides, preventing
that crossing triangles can be formed. Resolution can be a problem with incised channels
smaller than the grid size, where the grid cell is assigned the height of the river bank instead
of the channel. Precision is one of the major causes for artificial flats, for example if the
precision is±1 [m]andthe gradient ofanalluvial plain is 0.1 over 100 [m]than several grids
willbeassignedthe sameheight.
Most of standard GIS packages have procedures to fill sinks until the same height is reached
as the outlet or spill,thus, creating a new flat area. Depending on where this spill is located,
the source of the DEM and the DEM resolution this can become quite an extensive area
(Wise,2000).Flat areas inthesepackages arethen forced to drain inthe direction ofthespill,
forcing asteepest descent and often "fishbone" drainage structure. However, filling sink areas
is only the simplest solution and therefore arbitrary. For example locating and lowering the
area of the spill could implicate less grids to be adapted but is technically more difficult. In
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addition, the solution of draining fiat areas towards a spill is geomorphological speaking not
always the best solution. For example a flat area in a DEM along a river channel could be a
river terrace, which will not drain perpendicular or directly towards the channel but will
originally have more or less the same gradient as the river bed and drain parallel to the river
channel.Unfortunately thesepossible improved solutions arenotyetavailable in any standard
GISpackage.
Whether the sinks and flats are problematic or not is highly related to the type of modelling
andtheway inwhich the DEM isimplemented. Standard procedures using the DEM only for
the topographic gradients, aspect, curvature etc. will hardly be affected. More hydrological
directed approaches such as watershed delineation, flow direction and flowaccumulation at
least need removal of sinks. Inthe case of more geomorphological oriented applications such
asLAPSUS,both artificial sinks and flat areas need tobe removed. Inthefirstplace because
the use of multiple flow directions to simulate diverging properties of topography is equally
important on slopes as on river terraces, alluvial fans and deltaic areas. Effectively areas of
zero height difference can hardly be found innature. In the second place because these areas
areimportantzonesof sedimentation andamodel drivenbytopographic gradientswill simply
notdoanything inzero slopeareas.
8.2 Landscape evolution andcouplingofresults atdifferent scales
8.2.1Landscapeevolution andlanduse
The present day topography and organisation of the landscape in the research area is the
logical result of the past twenty million years of landscape evolution. A general structure of
mountain ranges and basins (pull apart type) controlled by major fault systems becomes clear
from even the simplest contour line map. The highest mountain ranges consist of the more
resistant limestones and serpentinites, the lower mountain ranges comprise the older
Paleozoic schists and phylites, while the basins have been filled with more easily erodible
flysch materials from the Tertiary. The interplay of erosion, uplift, climate and sea level
changes have further shaped the landscape, from the tabular mountains of Tortonian marine
conglomerates, Pliocene marineterraces and fluvial depositstoPleistocene alluvial fans, river
terraces and mass movements in the lowest positions of the landscape. This same logical
distribution can be found for the resulting soils and the general land use of the region. The
mountainous areas, high altitudes, difficult to access, with steep slopes and shallow soils are
left under semi-natural vegetation, some reforestation and occasionally grazing. The
intermediate sloping areas of the old metamorphic Paleozoic rocks show somewhat deeper
soils, areassessable from the central valley systems and aremainlyused for olive and almond
orchards. The former flysch basins contain large areas with marls, intermediate slopes (not
too steep) anddeepclayey soilswhich areusedfor the growth of cereals because ofthevertic
properties of the marl soils. Finally the river terrace area, almost flat with deep soils is used
for irrigatedcitrus.
The result is a logical relation between geology and land use, which is clearly visible from
aerial photos or satellite images. However, modern technology and socio-economic
developments are starting to disturb this general picture. For example, the use of drip
irrigation is increasing considerably within the area. For the traditional citrus fields in the
river terrace area this means no significant change where drip irrigation can save water and
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improve cropperformance. However, these systems are also increasingly applied inthe areas
with olive and almond orchards, implying a major change in management practises such as
tillage. Consequently, changes in hydrologic and geomorphic behaviour both on-site as offsitecanbeexpected (seeChapter 7).Thesameholdstrueforthemarlareawherethepast few
years several farmers have transformed their traditional cereal fields into drip irrigated
orchards. By maintaining a constant water supply, the soil remains wet and the vertic
properties of these marl soils are eliminated and the root system can survive. However, what
happens when the water supply can not be maintained in very dry years or because of
changing policies on water redistribution for urban purposes. In addition these areas are very
vulnerable for landsliding triggered by severe rainfall in the rain season, irrigation systems
willincreasetheantecedent moisture conditions and increase landsliderisks.
Even though the case study area presents some remarkable examples of palaeo-landscape
preservation, such as the undeformed uplifted remnants of marine conglomerates and sands
from the Late Miocene and marine terraces from the Early Pliocene, several hiatus can be
identified that influence theuncertainty oftectonicuplift rates.Therefore, toevaluate tectonic
rates, both spatial and temporal resolution of the observations determine the validity of the
results. Nevertheless, according to the geological evidence in this case study area the final
present day uplift rates range between 40-100 [mMa 1 ], which equals 0.04 to 0.1 [mma"1].
Although slightly lower and depending onthe bulk density ofthe sediment, these rates are in
the same orderof magnitude asthe measured net erosion rates inChapters 4and 5for natural
slopes inthe serpentinite study area ofthe Sierra deAguas namely 0.1 to0.5 [mma"1] or 2to
8 [t ha'a"1]. This suggests a link of the spatial-temporal resolution of geological landscape
evolution and actual natural landscape development. Especially when comparing these same
rateswithneterosionratesofthe cultivated areas inthegneiss area.Theerosionratesof40to
70 [th a ' V ] or 24to 43 [mm a"1] indicate a factor 10or more increase of soil redistribution,
demonstrating the enormous impact of human induced landscape evolution and land use
change. Although recent studies indicate that after abandonment soil surface characteristics
and properties recover considerably (Martinez Fernandez et al., 1995), the consequences of
permanent loss of soil depth and the recovery rate of the geomorphic equilibrium remain
uncertain.
8.2.2Soilredistribution
Modelling landscape development involves the simulation of processes of erosion and (re)sedimentation throughout the landscape. From literature reviews often the "multi-scale
lapsus" of landscape becomes apparent in the discussion and presentation of modelling
results. A simple statement of a certain erosion rate without indicating the temporal and
spatial constraints and domains,hampersthe correct interpretation of suchresults.Depending
on land use, lithology and topography, net soil loss rates differ from location to location, as
well as from plot, slope, catchment to multiple-catchments. From chapters 4 to 7 it has
become clearthattherearemanywaysofpresenting anddiscussing soilredistributionrates.
Formost slope andplot studiesnet soil losshavebeen found dominant attheannual or longer
resolution. The same holds true for the landscape development at the geological time scale
when considering uplifting areas. This as opposed to the landscape context of years and
decades where both erosion aswell as sedimentation have tobe taken into consideration. The
LAPSUS results of the research area inthe chapters 5to 7 indicate clearly different areas of
sedimentation at different resolutions. Consequently, in the landscape context acceptable net
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regional soil loss rates arejust an average, concealing the areas of serious soil loss aswell as
areasof sedimentation.
Especially in the Mediterranean area the issue of soil redistribution is highly related to
important factors as parent material, soil depth, vegetation and runoff generation. Within the
landscape context this means that changing conditions in one area of the landscape can
influence conditions elsewhere. For example land use change, abandonment or vegetation
regeneration can alter infiltration, runoff generation and erodibility. These type of on-site
changes canhave major consequences for down slope and downstream located areas in terms
ofchangesinrun-onandamounts ofsediment intransportreachingtheseareas.
Soil redistribution patterns differ considerably between natural and cultivated areas, or in
other words between overland flow and tillage erosion. While overland flow is dominated by
the capacity oftherunning water intermsof gradient andamount,tillage ismainly dominated
bythe gradient incombination with depth and direction oflabour.The latter ismore sensitive
to changing gradients, since on astraight slope net soiltranslocation will be zero (input isthe
same as output), while erosion is dominant in convex positions (including upslope) and
sedimentation dominant in concave positions (often downslope). This as opposed to water
erosion that will increase always down slope and in areas of converging water flows but
remains highly dependent on availability and erodibility of transportable material.
Consequently, the most important difference in addition to the actual rates is the impact of
tillage erosion directly starting from the water divides and normally unlimited supply of
transportable material.
8.2.3 Sustainability
The "multi-scale lapsus" of landscape becomes evident as well when discussing issues of
sustainability in the research area. For the sustainable development of the use of land in the
Alora region, this implies understanding of the specific geological and climatological
conditions in relation to the present landscape. Necessarily the multiple temporal and spatial
levels of key processes, including their extension and resolution, have to be taken into
consideration. However, there are not many signs of any dialog of policy makers and earth
scientistsinthisregion.
For example, inthe arable sector the distribution ofthe limitedwater supplies isan important
issue. Annual or inter-annual temporal variability of precipitation as well as long term
development of climate change influence possible demand for and availability of water. In
addition, choices have to be made between irrigated crops or tourist industry. If economic
development orpolicies (from local to the international EC level) increase the marginality of
present land use than, as stated in Chapter 7, the abandonment of land or land use change
possibly implies both on-site as off-site effects. With such a scenario the Alora area could
face increased erosionrisk inupland areasandincreased flooding riskinthealluvialareas.
At this moment urban land development should also consider the geological and
climatological constraints of the research area. Local authorities should be encouraged not to
allow building in landslide prone areas such as the Miocene flysch marls and to prevent
construction of houses in flood plains. Maybe the worst example in the area is the
construction over the past years of an industrial complex at the distal area of an alluvial fan.
Unfortunately allthese examples canbe found atthismoment intheresearch area.The future
will learn whether the spatial-temporal expectations and planning of such projects will
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interfere with the temporal and spatial resolution of the geological evolution of landscape
development.
8.3Future Research
Following theclassical paradigm ofascientific investigationthese four years ofresearch have
raisedjust as many questions ashave been answered. In addition, from the previous sections
it becomes clear that still many improvements are possible in modelling landscape
development at different spatial and temporal resolutions-extensions. In the following
paragraphs someofthesenew questions and improvements arediscussed asground for future
research.
8.3.1DEMpreparation
An important input for LAPSUS,as for any other spatial explicit landscape process model,is
the representation of the landscape by a DEM. As discussed in one of the previous sections,
theseDEMsoften includetypical errors suchasartificial sinksandflat areas.Especially when
these DEMs are used to simulate geomorphologic processes, the standard procedures in GIS
packages to solve these errors can influence the geomorphic behaviour. Therefore, when
preparing DEMs new standard cleaning procedures for sinks and flats have to be developed
from ageomorphological point of view. Suchprocedures should implement removal of sinks
byadapting the leastnumber ofgridspossible andtilting of flat areasusing geomorphological
criteria.
8.3.2Landscapeprocesses
LAPSUS so far is only simulating sheet and wash erosion on the slopes as dominant
landscape forming processes onthe appliedtemporal and spatial resolution ofthisresearch.In
other areas with for example different lithology, land use or topography other processes such
as splash erosion (short term), river incision (long term), soil creep (diffusive) or landslides
(catastrophic) could become more important. To avoid underestimation of the landscape
process rates in different areas these kind of processes should be included into the model.
Further investigation for example could focus on the capability of LAPSUS to capture these
kind of processes by adjusting the m and nexponents and the general Kesfactor (see Chapter
3,Eq.3.3).
8.3.3Continuingthemulti-scaleexperiments
The experiments of Chapter 3with artificial DEMs are indicating different resolution effects.
This is only one example of many artificial and natural scale effects that can be found in
landscape processmodelling. Investigating someofthese effects onreal DEMs ispartly done
in Chapter 6 and 7. However, the real challenge is to develop a multi-scale modelling
approach that can simulatethe essential processes ontheir optimal resolution-extension level.
For example key slope processes can be modelled in a small detailed part of the catchment
and resulting data on erodibility can be extrapolated over the rest of the watershed under the
sameboundary conditions.Consequently suchamulti-scale approach should function alsothe
other way around where for example constraints on climatological inputs or land use change
for a whole region should be disaggregated into applicable inputs for catchment or slope
simulations
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8.3.4 Cs continuous measurement
Oneofthemajor constraints ofthe 137Cstechnique asdescribed inthisthesis isthenumberof
samples and the sampling strategy. For an exploratory investigation, sampling along transects
ashasbeen done inChapters 4 and 5results sufficient to obtain indicative rates. However, to
improve the spatial component of the 7Cs derived soil redistribution rates, increasing the
number of samples and sampling in a grid structure would improve considerably the validity
of the estimated spatial patterns of soil redistribution. Furthermore, technological advances
constantly improvetheequipment andmethodology for detectingradionuclides andthus 137Cs
in the environment. Recent developments in this field are the continuous measuring devises,
which can be used on land, in the sea and in the air. Such continuous measurements at the
landscape level could provide maps of 137Cs distribution, and thus soil redistribution, for
entire slopes and catchments. This would eliminate the spatial extrapolation of point
measurements along transects and grids. Providing that the obtained accuracy is sufficient
these continuous measurements couldbe easily applied upon different lithologies insearch of
theparentmaterial dependent erodibility factors.
8.3.5Furthercouplingwithlandusechangemodelling
Analysing the results of Chapter 7 it becomes clear that the implementation of land use
change scenarios can have an important impact upon the spatial distribution and rates of
landscape processes both on-site as off-site from the area under change. However, this
relation between land use change and landscape processes is dynamic and reversible,
consequently theimpactoflandscapeprocesses cancause landusechange.Forexamplewhen
agricultural areas suffer depletion of valuable (top-)soil and nutrients, which can cause
cultivation of a certain crop biophysically or economically unfeasible. Further coupling of
land use and landscape process modelling therefore seems justified, especially with the
application of sophisticated land use change models that can handle the multi-scale spatial,
temporal, biophysical and socio-economic key factors. An example of dynamic land use
change modelling at different spatial and temporal levels is the CLUE-framework (The
Conversion of Land Use and its Effects, Veldkamp and Fresco, 1996a; 1996b). Most
applications ofCLUEuntilnowuserather staticbiophysical drivingfactors. Anintegration of
CLUE and LAPSUS would increase considerably the possibilities of simulating and
predicting landusechangeinrelationtoactual landscapeprocesses (Veldkamp etal.,2001).
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Summary

"Addressing theMulti-scaleLapsus ofLandscape"with the sub-title "Multi-scale landscape
process modellingtosupportsustainableland use:A casestudyfor theLower Guadalhorce
valleySouthSpain" focuses onthe role of landscape as the main driving factor behind many
geo-environmentalprocesses atdifferent temporal and spatial levels.LAPSUS7isthenameof
the geomorphological model developed in this study and at the same time it is taken, with a
certain degree of freedom, as a reference to the underestimated importance of landscape as
causeandresultofgeomorphological processes.
The main objective of this research is to investigate the role of the landscape at different
spatial and temporal levels (extension and resolution) in geomorphological processes,
focussing on the sustainability of land use within a representative Mediterranean landscape.
Landscape is defined in terms of genesis, geomorphology, lithology/ soil, land cover, land
use,andevenlandmanagement (human factor).
The research area chosen for this study is located in the south of Spain, surrounding the
village ofAlora, inthe central Guadalhorce river basin inthe province of Malaga, Andalucia
(Fig. 1.1). The area has a mean annual temperature of 17.5 °C and receives a mean yearly
rainfall of 534 [mm], distributed mainly from October to April. This research area was
selected as representative for a wide variety of Mediterranean environmental conditions in
termsofacomplex geological historyresulting inaspatial diversification over short distances
of morphology, lithology and active landscape processes ranging from tectonics, land use
changestoland degradation.
The study is directed, from the beginning to the end, at different spatial and temporal
extensions-resolutions, studying different landscapeprocesses withintheir specific spatial and
temporal boundaries (Fig. 1.2).The first step inthis investigation is the understanding of the
evolution of the landscape and the geological background of the research area (spatial
extension 102 [km2], temporal extension 107 [a],temporal resolution 104 to 105 [a], Chapter
2). The second step is the development of a multi-scale landscape process model LAPSUS,
valid at different spatial and temporal resolutions (spatial extension 103 to 105 [m2], spatial
resolution from 1to 81 [m],Chapter 3).The third step comprises the actual measurement of
net soil redistribution rates at the landscape level using the 137Cs technique. First, the
applicability ofthistechniqueunderthecurrent Mediterranean conditions oftheresearch area
7

LandscApe Process modelling atmUltidimensions and Scales
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is evaluated (spatial extension 103 to 105 [m2] Chapter 4). Secondly, net 137Cs derived soil
redistribution rates on the temporal resolution of years and decades is simulated and the
monitored erosion and sedimentation patterns are compared with the possibilities of the
LAPSUS model (spatial resolution 7.5 [m], Chapter 5). The fourth step is the evaluation of
the soil-landscape context at the multi-catchment or basin scale with special attention to the
effects of soil redistribution upon water availability for vegetation (spatial extension 102
[km2], Chapter 6). The fifth step is the integration of landscape process modelling and
changes inlanduseto evaluate on-site and off-site effects (spatial extension 10[km2], spatial
resolution 25 [m],temporal extension 10[a],temporal resolution 1[a],Chapter 7).As a final
stepasynthesis ofresults,commentsandevaluation oftheresearch isdone(Chapter8).
Landscape evolution from a geological perspective. Landscape evolution is the result of a
variety of geomorphological processes and their controls in time. Tectonics, climate and sea
level fluctuations have mainly controlled landscape evolution in the research area. Data is
obtained and analysed from the Upper Miocene to present (Chapter 2). Consequently,
geomorphological reconstructions are made using sedimentary evidence such as marine and
fluvial deposits, as well as erosional evidence such as terrain form and longitudinal profile
analysis. These reconstructions add information and constraints to the uplift history and
landscape development of the research area. Main sedimentation phases are the Late
Tortonian, Early Pliocene and Pleistocene. Important erosional hiatus are found for the
Middle Miocene, Messinian and Late Pliocene to Early Pleistocene. Concerning the palaeolandscape, this resulted in a relative large and elongated Tortonian marine valley filled up
with complex sedimentary structures.Next aprolonged stage of erosion ofthese deposits and
incision of the major valley system took place during the Messinian. In the Pliocene a short
palaeo-Guadalhorce, in a narrow and much smaller valley existed, partly filled with marine
sediments combined withprograding fan deltacomplexes. Duringthe Pleistocene awiderand
larger incising river system resulted in rearrangements of the drainage network (Fig. 2.10).
Evaluating the uplift history ofthe area, the tectonic activity was relatively higher during the
Tortonian-Messinian and Late Pleistocene, while it was lower during the Pliocene. Relative
uplift ratesforthe studyarearangebetween 160-276 [mMa 1 ] inthe Messinian, 10-15[mMa~
'] inthePlioceneto40-100 [mMa 1 ] duringthePleistocene (Table2.1).
Multi-scale landscape process modelling. Once the geological background is understood,
the development and testing of a landscape process model is undertaken (Chapter 3). Since
resolution effects remain a factor ofuncertainty inmany hydrological and geomorphological
modelling approaches, an experimental multi-scale study of landscape process modelling is
presented, with emphasis on quantifying the effect of changing the spatial resolution upon
modelling the processes of erosion and sedimentation (Fig. 3.1). A simple single process
model is constructed and equal boundary conditions are created. The use of artificial DEMs
eliminates the possible effects of landscape representation. Consequently, the only variable
factors are DEM resolution and the method of flow routing, both steepest descent and
multiple flow directions. An important dependency of modelled erosion and sedimentation
rates onthese main variables is found. The general trend is an increase of erosion predictions
with coarser resolutions (Figs. 3.2 and 3.3). An artificial mathematical overestimation of
erosion andarealisticnatural modelling effect ofunderestimating re-sedimentation causethis.
Increasingthe spatial extent eliminates the artificial effect while atthe sametimethe realistic
effect is enhanced. Both effects can be quantified and are expected to increase within natural
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landscapes. Themodelling oflandscape processeswillbenefit from integrating thesetypes of
results atdifferent resolutions.
The use of the 137Cstechnique in aMediterranean environment. The 137Cs technique has
been used in all sorts of environments all over the world to estimate net soil redistribution
rates. However, its potentials in areas with shallow and stony soils on hard rock lithology
remain unclear. Concentrations in the soil of artificial and natural radionuclides are
investigated to assess the applicability of this technique in the study area as a mean to
estimate soil redistribution (Chapter 4) and to calibrate the LAPSUS model (Chapter 5). The
radionuclide concentrations vary in relation to lithology: natural radionuclides such as
Potassium-40 (40K), Uranium-238 (238U) and Thorium-232 (232Th) show significant higher
concentrations in the gneiss than in the serpentinite soils for both reference profiles as all
other samples. This as opposed to the artificial radionuclide Caesium-137 (137Cs), which is
found significantly higherintheserpentinite soils,for thereference profiles probably because
ofthedifference inclay mineralogy and for the transect samplesbecause of difference in soil
distribution. The exponential decrease of 137Cs with soil depth and its homogeneous spatial
distribution emphasise the applicability of the 137Cs technique in this type of Mediterranean
environments. The spatial distribution of the 137Cs inventory and concentration are in
agreement with the soil erosion and degradation indicators measured in the field. Surfaces
with erosion or degradation features (higher bulk density, shallow soils or surface crust
development) show lower Cs concentrations and inventories, while protected surfaces by
vegetation show higher 137Cs concentrations and inventories. The distribution of 137Cs along
the slopes can be explained within existing conceptual models. In this way the serpentinite
and gneiss slopes are classified in four models according tothepresent soilredistribution and
thedetection oferosionanddeposition areas(Fig.4.5and4.6).
Furthermore the landscape evolution over the past 37 years is evaluated. Estimating net soil
redistribution rates from radionuclide distributions depend onthe calculation ofthelocal area
reference inventory and the applied calibration technique (Fig. 5.5). The resulting net soil
redistribution estimates are compared with simulations of the LAPSUS model. Total net soil
loss for the research area ranges from 2 to 69 [t ha'V 1 ] for serpentinite and gneiss slopes
respectively (Table 5.2, Fig. 5.7, Table 5.3, Fig. 5.8). Differences in total slope sediment
budgets as well as differences along the transects reveal influences of landscape
representation and land use. In this case the impact of tillage erosion is far more important
thanpossible parentmaterial induced differences.
Dynamic landscape, soil and water redistribution. Soil suitability assessments for landuse
purposes are commonly based on on-site specific topographic, soil and climatic
characteristics, often neglecting the effects of physical landscape processes by water. The
LAPSUS model is applied, including the effects of soil and water redistribution within the
landscape (run-on, runoff, erosion and sedimentation) on soil water availability (Chapter 6).
The approach focuses at the coarser level of multiple catchments over a period of ten years.
By means of four scenarios with increasing complexity (Table 6.1), patterns of soil loss and
sediment deposition are simulated and resultant effects of water routing, soil depth and
erodibility on water availability are evaluated (Figs. 6.2 to 6.6). The model operates in the
landscape context using annual time steps and both on-site effects (local changes in terms of
boundary conditions) and off-site effects (caused by changes elsewhere) are accounted for.
Different approaches for surface runoff routing have a major influence onthe magnitude and
spatial patterns of water and soil redistribution within the landscape, as well as initial
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conditions such as soil depth, parent material characteristics and erodibility. Locally
decreasing water storage capacity (on-site) may cause increased runoff and erosion at lower
positions in the landscape (off-site). Apparent acceptable mean regional soil loss rates, often
include local soil redistribution rates that cause significant changes in actual soil depth,
indirectlyaffecting relatedtotalamountsofavailable soilwater.
Linking landscape process modelling and land use change. LAPSUS is also used to
explorethe impacts of landuse changes scenarios on landscape development (Chapter 7).For
a period of 10 years LAPSUS calculates soil redistribution (erosion and sedimentation) for
three scenarios (Table 7.1). Main inputs are a DEM, precipitation and land use related
infiltration and erodibility. Examples are shown of both on-site as well as off-site effects of
land use change and the influence of different pathways of change. Each scenario produces
different spatial and temporal patterns of total amounts of erosion and sedimentation
throughout the landscape (Fig. 7.3). Consequently, potential land use related parameters like
soil depth,infiltration and flooding risk(Fig.7.6) change significantly too.Thescenario ofan
abrupt change produces the highest erosion rates, compared to the gradual change scenario
and the baseline scenario (Fig. 7.4). However, because of the multi-dimensional
characteristics of the landscape not only the area suffering from land use change is affected.
Increasing erosion and runoff rates from upstream-located olive orchards have an impact on
downstream local run-on, erosion and sedimentation rates. In this case the citrus orchards
situated inthe valley bottom locally suffer damages from re-sedimentation events but benefit
from the increaseinrun-onwater andnutrients (Fig.7.5).
Synthesising, the landscape was studied atdifferent levels of temporal and spatial extensions
and resolutions. Consequently it is not easy to link the results of the processes understood at
those different levels, however the abstraction of some findings can give some direction:
according to the geological evidence in this case study area the final present day uplift rates
rangebetween 0.07to 0.1 [mm a"1].Theserates areinthe same order of magnitude asthenet
erosion rates for natural slopes measured with the 137Cstechnique. This suggests alink ofthe
spatial temporal resolution of geological landscape evolution and actual natural landscape
development. Atthe sametimethecultivated areasongneiss lithology indicate a factor 10or
more increase of soil redistribution, demonstrating the enormous impact of human induced
landscape evolution and landusechange.
LAPSUS has been developed as a single process landscape evolution model, based on the
potential energycontent offlowing water overalandscape surface andthecontinuity equation
for sediment movement, operating atthelandscape-annual scale.Thetemporal components of
themodel area compromise between the spatialresolution of interest andthe applied process
based lumped parameters. It also can be used at different grid sizes. It has shown quite
reasonable results for simulating erosion/accumulation rates at slope, subcatchment and
catchment scale, introducing the effect of different lithologies and land uses. This
simplification of the reality and the isolation of the influence of different factors in the
landscape evolution canhelptounderstand the on-siteandoff-site effects oflanduse changes
onthe landscape andthe impactonthe sustainability development oftheregion.
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Este estudio con el titulo "Sobrelas distintas escalasdel Lapsus delpaisaje" y el subtitulo
"Modelizacion de losprocesos delpaisaje a diferentesescalascomoapoyoal usosostenible
del suelo: caso de estudio del valle bajo del Guadalhorce,Sur de Espana" se centra en el
papel del paisaje como principal factor conductor a partir del cual tienen lugar distintos
procesos geo-ambientales a diferentes niveles espaciales y temporales. LAPSUS8 es el
nombredel modelo geomorfologico desarrollado en esta investigacion y almismotiempo se
utiliza, con un cierto grado de libertad, como unjuego de palabras que hace referenda a la
subestimada importancia delpaisaje comocausayresultado deprocesos geomorficos.
El principal objetivo del trabajo consiste en investigar el papel del paisaje a distintos niveles
espaciales y temporales (extension y resolucion) en los procesos geomorficos, poniendo
especialatencion alasostenibilidad delusodelsuelo enunpaisaje representativedemontafia
media Mediterranea. El paisaje se define en terminos de genesis, geomorfologia, litologia,
suelos,cobertura superficial, usodelsueloeincluso gestiondelmismo(factor humano).
El area de estudio seubica en el Sur de Espana, en los alrededores de la localidad de Alora,
cuencabaja delrioGuadalhorce enlaprovincia deMalaga,Andalucia (Fig. 1.1). Elareagoza
deunatemperatura media anual de 17,5°yrecibe unaprecipitation media anual de 534 mm,
distribuida principalmente de Octubre a Abril. Esta zona de estudio fue seleccionada como
representativa deuna ampliavariedad decondiciones,teniendo encuenta lacompleja historia
geologica del area, que resulta en una amplia diversidad espacial demorfologias, litologias y
procesos activos del paisaje en una corta distancia desde tectonicos, pasando por cambios de
usos del suelohastaprocesosdedegradation delmismo.
El estudio se aborda, desde el principio hasta el final, a distintas extensiones y resoluciones
espaciales y temporales, cambiando de escala espacio-temporal segun lo requiera el proceso
del paisaje estudiado. La Figura 1.2 esquematiza los cambios de escala en el enfoque de los
temasquesehan idoalternando alolargodetodoelestudio.
El primer paso en la investigacion es la caracterizacion y entendimiento de la evolution del
paisaje y de los antecedentes geologicos del area (extension espacial 102 km2, extension
temporal 107a,resoluciontemporal de 104a 105a,Capitulo 2).Elsegundopasoconsiste enel
desarrollo de un modelo del paisaje a diferentes escalas, LAPSUS, valido asimismo a
diferentes resoluciones espaciales y temporales (extension espacial de 103 a 105 m2,
AcronimodeLanscApeProcessmodellingatmUltidimensionsandScales.
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resolution espacial de 1 a81m,Capitulo 3).Eltercerpaso comprende lamedidaactual delas
tasasnetasderedistribution desuelousandolatecnicadelisotoporadioactivo 137Cs.Paraello
se evalua, en primer lugar, la aplicabilidad de esta tecnica en las presentes condiciones
ambientales mediterraneas del area de estudio (extension espacial de 10 a 105m", Capitulo
4). En segundo lugar, se simulantasas deredistribution de suelobasadas en losvalores netos
de ' 7Csconresolution temporal deafios ydecadas.Lospatrones deerosion y sedimentation
resultantes se comparan con los resultados obtenidos con el modelo LAPSUS (resolution
espacial 7.5 m, Capitulo 5). El cuarto paso evalua los efectos de la redistribution de suelo
sobre la disponibilidad de agua en el contexto paisaje-suelos a nivel de cuenca (extension
espacial 10 km2, Capitulo 6). En el quinto paso se afiade el factor uso del suelo a la
modelizacion de los procesos del paisaje, con el fin de evaluar los efectos on-site y off-site
comoconsecuencia decambiosen losusos delmismo(extension espacial 10km2, resolution
espacial 25 m, extension temporal 10 a, resolution temporal 1a, Capitulo 7). Finalmente se
realiza una pequena sintesis de resultados, comentarios y evaluation de la investigation
realizada(Capitulo8).
La evolution del paisaje desde una perspectiva geologica. La evolution del paisaje es el
resultado de una variedad de procesos geomorficos y de sus controles en el tiempo. La
tectonica, el clima y las fluctuaciones del nivel marino han controlado principalmente la
evolution del paisaje en el area de estudio. Consecuentemente, las reconstrucciones
geomorficas serealizanutilizando evidenciassedimentologicas tales comodepositos fluviales
y marinos, asi como evidencias erosivas como las formas del paisaje y analisis de perfiles
longitudinales. La reconstruction paleogeografica se centra en el periodo de tiempo
comprendido entre Mioceno Superior hasta nuestros dias (Capitulo 2). Las principales fases
de sedimentation datan de finales del Tortoniense, de principios del Plioceno y del
Pleistoceno.En elPleistocenoMedio,enelMesiniense,afinales delPlioceno yprincipiosdel
Pleistoceno aparecen importantes vacios en la information sedimentologica. En lo que
respecta al paleopaisaje reconstruido, este resulta en un valle marino de edad Tortoniense,
relativamente grande y alargado, relleno con complejas estructuras sedimentarias. Durante el
Mesiniense tuvolugarunestadioprolongado deerosioneincision delvalle.EnelPliocenoun
pequenopaleo-Guadalhorceexistio,enunvallemuchomaspequenoyestrecho,parcialmente
relleno con sedimentos marinos en combination con complejos de abanicos deltaicos
progradantes. Durante el Pleistoceno un sistema de incision fluvial mucho mas amplio dio
lugar a una reorganization de la red de drenaje. Al evaluar la historia de levantamiento del
area seencuentra quelaactividad tectonica fue altadurante elTortoniense, elMesiniense yel
Pleistoceno Superior, mientras que durante el Plioceno la actividad tectonica parece haber
sido mucho menor. Las tasas relativas de levantamiento para la zona de estudio oscilan entre
160-276 mMa"1 en el Mesiniense, 10-15 mMa"1 en el Plioceno a 40-100 mMa"1 durante el
Pleistoceno (Tabla2.1).
Modelizacion de los procesos del paisaje a diferentes escalas. Una vez entendidos los
antecedentes geologicos del area, se lleva a cabo el desarrollo y prueba de un modelo de
procesos del paisaje (Capitulo 3). Los efectos de la resolution constituyen un factor de
incertidumbre en muchos modelos hidrologicos y geomorfologicos, asi pues se aborda un
estudio experimental de modelizacion a diferentes escalas poniendo especial atencion en la
cuantificacion del efecto del cambio de la resolution espacial sobre la modelizacion de
procesosdeerosionysedimentation (Fig.3.1).Deestemodoseconstruyeunmodelode flujo
superficial (LAPSUS) y setoman iguales condiciones departida.Eluso deun MDT artificial
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elimina los posibles efectos de la representation del paisaje. Consecuentemente los unicos
factores variables son la resolution del MDT y los sistemas de direction del flujo, utilizando
tanto el sistema de descenso a la celda masbaja como el sistema de direccionesmultiples de
flujo. Se encuentra que las tasas de erosion y sedimentation modelizadas dependen
enormemente de estas variables. Latendencia general es un incremento de latasa de erosion
estimada a mayores resoluciones (Fig. 3.2 y 3.3). Una sobrestimacion matematica de la
erosionyuna subestimacion enlosmodelos de lare-sedimentacion natural causan este efecto.
El incremento de la extension espacial elimina el efecto artificial mientras que al mismo
tiempo el efecto realista mejora. Ambos efectos pueden ser cuantificados y se espera su
incremento al utilizarse en la simulation paisajes naturales. La modelizacion de los procesos
del paisaje podria verse enormemente beneficiada si se integraran estos tipos de resultados a
diferentes resoluciones.
El usodelatecnica del 137Csen ambientes mediterraneos. Latecnica del 137Cssehausado
en todo tipo deambientes para la estimation de lastasasnetas deredistribution de suelo. Sin
embargo supotential sobre suelospocoprofundos ypedregosos desarrollados sobre litologias
duras seencuentra pocodefinido. Enestetrabajo seinvestigan lasconcentracionesenel suelo
de isotopos radioactivos,naturales yartificiales, con elobjetivo deevaluar la aplicabilidad de
esta tecnica en el area de estudio como medio para estimar la redistribution del suelo
(Capitulo4)ypara calibrar elmodeloLAPSUS(Capitulo 5).Las concentraciones de isotopos
radioactivos varian en funcion de la litologia, los isotopos naturales tales como Potasio-40
(40K), Uranio-238 (238U)yTorio-232 (232Th)semuestran enmayor concentration en elgneis
que en los suelos de serpentinitas, en contraste con el isotopo artificial Cesio-137 (137Cs)que
aparece en mayor concentration en los suelos de serpentinitas, probablemente debido a la
diferencia en la mineralogia de arcillas. La distribution espacial del inventario y la
concentration del 137Cs estan en concordancia con los indicadores de erosion y degradation
de suelo estimados. Superficies con senales de erosion o degradation muestran
concentraciones e inventarios mas bajos de 137Cs, mientras que superficies protegidas por la
vegetation muestran concentraciones e inventarios mas elevados de 137Cs. La distribution de
137
Cs a lo largo de las laderas puede ser explicada dentro de los modelos conceptuales
existentes. En este sentido las laderas de serpentinitas y gneis se pueden clasificar en cuatro
modelos segun ladistribution actualdesuelo quepresentan yladetection deareasdeerosion
y deposition.
Ademasseevalualaevolution delpaisaje enlosultimos37afios calibrando LAPSUScon los
resultados de redistribution de suelo derivados de la tecnica del 137Cs. La estimation de las
tasas netas de redistribution de suelo a partir de la distribution de isotopos radioactivos
depende del calculo del inventario de referenda local y del sistema de calibration aplicado
(Fig. 5.5). Las tasas resultantes de redistribution de suelo estimadas se comparan con los
resultados de las simulaciones de LAPSUS. La perdida neta total de suelo para el area de
investigation oscila desde 2 a 69 [t ha'a"1] para las serpentinitas y para los gneis
respectivamente (Tabla 5.2, Fig. 5.7, Tabla 5.3, Fig. 5.8). Las diferencias en el balance total
de sedimentos a escala de ladera asi como las diferencias a lo largo de transectos revelan las
influencias de la representation del paisaje y los usos del suelo. En este caso el impacto del
laboreo sobrelaerosionesmuchomasimportante quelainfluencia delalitologia.
La dinamica del paisaje, redistribution de suelo y agua. La evaluation del uso adecuado
del suelo sebasaprincipalmenteenlascaracteristicastopograficas, edaficas yclimaticas dela
zona en concrete amenudo ignorando los efectos de los procesos hidrologicos en el paisaje.
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El modelo LAPSUS se aplica incluyendo los efectos de la redistribution de suelo y agua
dentro del paisaje (simulando procesos de escorrentia erosion y sedimentation) sobre la
disponibilidad de agua (Capitulo 6).Elproblema se aproxima desde una resolucion mayor de
cuencasmultiples sobreunperiodo de 10afios. Utilizando cuatroescenarios a lo largo de los
cuales seva incrementando la complejidad (Tabla 6.1), se simulan lospatrones deperdida de
suelo y sedimentation y se evaluan los efectos resultantes de profundidad del suelo,
distribution de flujos y erodibilidad sobre la disponibilidad de agua (Fig. 6.2, 6.3,6.4, 6.5,y
6.6). El modelo opera en el contexto del paisaje utilizando incrementos de tiempo anuales,
efectos on-site (cambiando las condiciones locales de partida) y off-site (causados por los
cambiosenotraspartesdelacuenca).Lasdiferentes aproximaciones alsistema de redirection
del flujo de agua ejercen una gran influencia sobre la magnitud y los patrones espaciales de
redistribution de suelo. Tambien las condiciones iniciales de profundidad del suelo y
caracteristicas de la roca madre ejercen gran influencia espacial sobre la redistribution de
suelo en elpaisaje. Localmente el descenso de la capacidad de almacenamiento de agua(onsite) puede causar incrementos de la escorrentia y la erosion en las posiciones mas bajas del
paisaje (off-site). Tasas medias regionales de perdida de suelo aparentemente razonables,
incluyen amenudotasas de redistribution locales de suelo que causan cambios significativos
enlaprofundidad delmismo,afectando indirectamente alacantidaddeaguadisponible.
Conexion entre los procesos del paisaje y los cambios de uso del suelo. El modelo
LAPSUS seutilizatambiencomoherramientaparaexplorar elimpacto dedistintos escenarios
concambios en losusos del suelo en eldesarrollo delpaisaje (Capitulo7). Paraunperiodo de
10 afios LAPSUS calcula la redistribution de suelo (erosion y sedimentation) para distintos
escenarios propuestos (Tabla 7.1). Las principales entradas para el modelo son el MDT, la
precipitation, la infiltration y la erodibilidad relacionadas con el uso especifico del suelo. Se
muestran ejemplos con efectos on-sitey off-sitede cambios de usos del suelo y la influencia
delasdistintastendencias decambio.Cadaescenario produce diferentes patrones espacialesy
temporales de erosion y sedimentation (Fig. 7.3). Como resultado, parametros relacionados
con el uso del suelo como profundidad del mismo, infiltration y riesgo de inundation (Fig.
7.6) cambian tambien significativamente. El escenario en el cual se introduce un cambio
abrupto produce lasmayores tasas de erosion comparado con el escenario donde se introduce
un cambio gradual y el escenario base (Fig. 7.4). Sin embargo, debido a las caracteristicas
multidimensionales del paisaje, no solo el area que sufre directamente el cambio de uso del
suelo se encuentra afectada. El incremento de la erosion y las tasas de escorrentia de los
camposde olivos delaparte altade la cuencaproduce un impacto en lastasas de escorrentia,
erosion y sedimentation en la parte baja de la misma. En este caso los campos de citricos
ubicados en la base del valle sufren localmente danos debido a los efectos de la
resedimentacionpero sebenefician delamayordisponibilidad deaguaynutrientes (Fig.7.5).
A modo de sintesis se puede decir que el estudio del paisaje ha sido abordado a diferentes
niveles, haciendo alusion a distintas resoluciones y extensiones tanto espaciales como
temporales.Comoconsecuencianoesfacil enlazarlosresultados delosprocesosentendidosa
tan variadas escalas, sin embargo es necesario un intento de conceptualization de resultados:
segun laevidencia geologica en esta area deestudio, lastasas de levantamiento actual oscilan
entre 0.07 a0.1 mma"1.Estastasas seencuentran enelmismoorden demagnitud quelastasas
de erosion neta medidas para laderas naturales con la tecnica del 137Cs. Esto sugiere una
conexion entre laresolucion espacio-temporal de la evolution geologica yla evolution actual
natural delpaisaje. Almismotiempo lasareascultivadas yasentadas sobre gneisesindicanun
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factor 10omas de incremento de laredistribution del suelo,demostrando el enormeimpacto
delasactividades humanasyloscambiosdeusodel suelosobrelaevolution del paisaje.
LAPSUS se concibe como un modelo de evolution del paisaje sobre un proceso linico
(escorrentia superficial), basado en el contenido de energia potential del flujo de agua
superficial y la ecuacion de continuidad para el movimiento de sedimentos, operando a una
escala anual. Los componentes temporales del modelo constituyen un compromiso entre una
resolution espacial determinada y los parametros agrupados del proceso aplicado. Se puede
utilizartambien aplicando distintasresoluciones espaciales. Elmodelohamostrado resultados
bastante razonables para las distintas tasas de erosion/acumulacion simuladas a nivel de
ladera, subcuenca ycuenca, introduciendoelefecto delasdistintaslitologiasyusos delsuelo.
Lasimplification delarealidad yel aislamiento de lainfluencia delosdistintos factores enla
evolution del paisaje puede ayudar a comprender los efectos on-sitey of-site de los cambios
delusodelsueloysuimpactoeneldesarrollo sostenible delazona.
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Dit proefschrift "eenverhandelingoverde lapsusvanhet landschapopverschillende schaal
niveaus" met als ondertitel "het modeleren vanprocessen in het landschap op meerdere
schaal niveaus ter ondersteuning van duurzaam landgebruik: een studie in de
benedenstroomseGuadalhorcevallei in hetzuiden vanSpanje"richt zich op de rol van het
landschap als de belangrijkste sturende factor voor vele geo-ecologische processen op
verschillende temporele en ruimtelijke niveaus. LAPSUS9 is de naam van het
geomorfologische model dat voor dit proefschrift ontwikkeld is terwijl het tegelijkertijd, met
een zekere graad van vrijheid, refereert aan de regelmatig onderschatte rol van het landschap
als oorzaak en gevolg van de belangrijkste geo-ecologische processen met betrekking tot
duurzaam landgebruik.
De hoofd doelstelling van deze studie is het onderzoeken van de rol van het landschap in
geomorfologische en bodemkundige processen op verschillende ruimtelijke en temporele
niveaus (zowel extensie als resolutie),met speciale aandacht voor de duurzame ontwikkeling
van landgebruik in een representatief Mediterraan landschap. De term landschap is een zeer
breed begrip en kan gedefinieerd worden in het kader van ontstaanswijze, geomorfologie,
lithologie enbodem,landbedekking,landgebruik enzelfs demenselijke factor management.
Het onderzoeksgebied voor deze studie isgesitueerd inhet zuiden van Spanje, midden inhet
stroomgebied van de Guadalhorce, in de omgeving van Alora, provincie van Malaga,
Andalusie (zieFiguur 1.1). Het gebiedheeft eengemiddeldejaar temperatuurvan 17.5graden
Celsius en een gemiddeldejaarlijkse neerslag van 534 millimeter die voornamelijk valt in de
winter tussen oktober en april. Deze condities in het onderzoeksgebied zijn representatief
voor de mediterrane omgeving. Dit gebied is geselecteerd op grand van zijn complexe
geologische geschiedenis met daardoor een grate verscheidenheid over betrekkelijke korte
afstanden aan morfologie, lithologie en actieve landschapsprocessen varierend van tektoniek,
veranderingen inlandgebruik totbodemerosie ensedimentatie.
Processen in het landschap zijn schaal afhankelijk zowel in de tijd (temporeel) als in de
ruimte.Verder hebben dezeprocessen eenbepaalde omvang,duur ofbereik (extensie) en een
snelheid, grootte of eenheid (resolutie). Dehoofdstukken in ditproefschrift zijn van begin tot
einde gericht op de verschillende ruimtelijke en temporele extensies en resoluties van
processen in het landschap (Figuur 1.2).De eerste stap in dit onderzoek is het begrijpen van
acroniem voor Landschap proces modeleren op meerdere schaal niveaus en dimensies (LandscApe Process
modelling atmUltidimensionsand Scales)
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de vormingsgeschiedenis van het landschap en haar geologische achtergrond in het studie
gebied (ruimtelijke extensie 102km2, temporele extensie 10 jaar, temporele resolutie 104tot
105jaar, Hoofdstuk 2). De tweede stap in dit onderzoek was het ontwikkelen van een model
(LAPSUS) voor het simuleren van processen in het landschap dat gebruikt kan worden op
meerdere schaal niveaus(ruimtelijke extensie 103tot 105m2,ruimtelijke resolutie van 1 tot81
m,Hoofdstuk 3).Dederde stapomvattehet eigenlijke metenvan nettobodemherverdeling op
landschapsniveau met behulp van de Cesium techniek. Als eerste is de toepasbaarheid van
deze techniek geevalueerd voor de typische mediterrane omstandigheden in het
onderzoeksgebied (ruimtelijke extensie 10 tot 105 m2, Hoofdstuk 4). Daarna is de netto
bodem herverdeling berekend met de Cesium techniek voor een geldige temporele resolutie
vanjaren tot decennia en deresulterende erosie en sedimentatie patronen zijn vergeleken met
de mogelijkheden van het LAPSUS model (ruimtelijke resolutie 7.5 m, Hoofdstuk 5). De
vierde stap in deze studie was het evalueren van de bodem landschap relaties op het niveau
van een uitgestrekt stroomgebied met speciale aandacht voor het effect van
bodemherverdeling op debeschikbaarheid van water voor gewassen (ruimtelijke extensie 10
km2, Hoofdstuk 6). De vijfde stap is de integratie van het modeleren van processen in het
landschap en de veranderingen in landgebruik om zowel lokale effecten als niet-lokale
indirecte effecten te kunnen evalueren (ruimtelijke extensie 10 km2, ruimtelijke resolutie 25
m, temporal extensie 10jaar, temporal resolutie 1 jaar, Hoofdstuk 7). De laatste stap is een
synthesevanderesultaten eneenevaluatie vanhet onderzoek (Hoofdstuk 8).
De evolutie van het landschap vanuit een geologisch perspectief. Het landschap onstaat
door een scala van geomorfologische processen en hun controles in de tijd. Fluctuaties in
tektoniek, klimaat en zeespiegel zijn devoornaamste actoren in de evolutie van het landschap
in het studiegebied. Gegevens zijn verzameld en geanalyseerd vanaf het Boven Mioceen tot
heden (Hoofdstuk 2).Hierdoor was het mogelijk om een geomorfologische reconstructie van
het gebied te maken zowel op basis van fluviatiele en mariene sedimenten als ook op basis
van erosieve kenmerken inhet landschap zoalsdemorfologie en gradient ontwikkeling. Deze
reconstructies dragen bij tot het verklaren van de opheffings geschiedenis en ontwikkeling
van het landschap in het studie gebied. Belangrijke sedimentaire fases zijn gevonden in het
Laat Tortonien, VroegPlioceen enPleistoceen. Belangrijke erosievehiatenkomenvoor inhet
Midden Mioceen, Messinien en Laat Plioceen tot Vroeg Pleistoceen. Dit betekent met
betrekking tot het paleo-landschap, dat in het Tortonien een relatief lange maar nauwe
zeestraat bestond in een recent opgeheven landschap. Deze zeestraat is opgevuld met
complexe sedimentaire structuren. Gedurende het Messinien is de zee uit het gebied
verdwenen en was er een langdurige periode van erosie van de Tortonien sedimenten en de
insnijding vanhet huidigehoofddal systeemkwamtot stand. Door een ingrijpende zeespiegel
stijging gedurende het Plioceen bestond er een aanzienlijk korter en minder uitgebreid oer
Guadalhorce rivier systeem met in het benedenstroomse deel meerdere delta systemen en
afzetting van mariene sedimenten. In het Pleistoceen ontstaat er een meer uitgebreid rivier
systeem dat zich over het algemeen insnijd en zorgt voor meerdere herschikkingen van het
drainage patroon (Figuren 2.10).Voor de geschiedenis van opheffing betekent dit: (i) relatief
hogere ophef snelheden gedurende het Tortonien, Messinien en het Laat Pleistoceen en (ii)
relatief lage opheffingssnelheden tijdens het Plioceen en Vroeg Pleistoceen. Deze relatieve
ophef snelheden varieren tussen de 160-276 mMa" voor het Messinien, 10-15 mMa" voor
het Plioceen tot40-100mMa"1gedurendehetPleistoceen (Tabel2.1).
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Het modeleren van landschapsprocessen op meerdere schaal niveaus. Na het bestuderen
van de geologische achtergrond van het onderzoeksgebied, is er een begin gemaakt met het
ontwikkelen en testen van een model dat de landschapvormende processen kan modeleren.
Resolutie effecten blijven een factor van onzekerheid in de meeste hydrologische en
geomorfologische modellen. Daaromiser eenexperimenteel landschapsmodel voor meerdere
schaal niveaus getestwaarbij denadruk lagophet kwantificeren van de effecten van resolutie
veranderingen opdebodemherverdelings-processen (Figuur 3.1).Een simpelprocesmodel is
ontwikkeld entijdens deexperimenten zijn alleinvoer enrandvoorwaarden gelijk gehouden.
Het gevolg was dat de resolutie van het digitale hoogte model (DEM) en de methode van
waterherverdeling als enige variabele factoren overbleven. Waterherverdeling in een DEM
kan namelijk berekend worden met alleen de steilste, laagst gelegen omringende eel of via
meerdere lager gelegen cellen. Tijdens deze experimenten zijn belangrijke verbanden
gevonden tussendevariabele factoren alsDEMresolutie enwaterherverdelingsmethodeende
erosie en sedimentatie processen. De algemeen gevonden trend is een toename van erosie
wanneer er grovere resoluties gebruikt worden (Figuren 3.2 en 3.3). De oorzaak van deze
trend is een mathematische overschatting van erosie en een realistisch modeleer effect met
betrekking tot het onderschatten van sedimentatie. Het vergroten van de oppervlakte
(extensie) van het te modeleren gebied verkleinen deze kunstmatige mathematische effecten
maarvergroten hetrealistische effect. Beiden effecten zijn tekwantificeren enverwachtwordt
dat dezeeffecten zullentoenemenwanneer DEMsvannatuurlijke landschappen gebruikt gaan
worden. De resultaten van deze experimenten en het kwantificeren van dit soort schaal
effecten zullen het uiteindelijke modeleren van processen in het landschap op verschillende
schaalniveaustengoedekomen.
De Cesium techniek in een mediterrane omgeving. Tot nu toe is de Cesium techniek voor
het schatten van bodemherverdelingsnelheden toegepast in veel verschillende omgevingen
over de gehele wereld. Echter, de toepasbaarheid van deze techniek in ondiepe en stenige
bodems is nauwelijks onderzocht. Daarom zijn de concentraties in de bodem van zowel
antropogene als natuurlijke radionuclei'den onderzocht om de toepasbaarheid van de Cesium
techniek in het onderzoeksgebied te bepalen met betrekking tot verschillende
moedermaterialen (Hoofdstuk 4) en het bepalen van bodem herverdeling voor het kalibreren
van het LAPSUS model (Hoofdstuk 5). De concentraties van de radionuclei'den zijn
afhankelijk van de lithologie: de natuurlijke radionuclei'den zoals Kalium-40 (40K),Uranium238 (238U) and Torium-232 (232Th) vertonen significant hogere concentraties in de gneis
bodems dan in de serpentiniet bodems zowel voor de referentie profielen als voor alle
monsters bij elkaar. Dit integenstelling tot de antropogene radionuclide Cesium-137(137Cs)
welkesignificant hogere concentraties vertonen in serpentiniet bodems.De sterk exponentiele
afname van 137Cs met bodem diepte in alle referentie profielen en de homogene ruimtelijke
distributie benadrukken de bruikbaarheid van de 137Cs techniek in dit soort Mediterrane
omgevingen. Bodemoppervlaktes met degradatie verschijnselen (zoals een hogere bulk
dichtheid, ondiepe bodems of korst ontwikkeling) vertonen lagere 137Cs concentraties, terwijl
de stabielere en door vegetatie beschermde bodems hogere 13 Cs concentraties vertonen. De
ruimtelijke verdeling van 137Cs over de helling kan verklaard worden binnen de bestaande
conceptuele modellen. Als gevolg hiervan zijn de serpentiniet en gneis bodems
geclassificeerd op basis van dehuidige bodem herverdeling en het onderscheiden van helling
segmenten meterosieofsedimentatie (Figuren4.5 en4.6).
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Vervolgens zijn de proces snelheden en de vorming van het landschap over de laatste
decennia geevalueerd. Het schatten van netto snelheden van bodemherverdeling aan de hand
van radionuclide distributies hangt af van de bepaling van de lokale referentie inventarisatie
en de toegepaste ijk-methode (Figuur 5.5). De uiteindelijke netto snelheden van
bodemherverdeling zijn vergeleken met de uitkomsten van LAPSUS simulaties. Totale netto
bodemherverdelingen inhet studiegebiedvarieren van2tot69tonha"V voorde serpentiniet
en gneis hellingen, respectievelijk (Tabel 5.2, Figuur 5.7, Tabel 5.3, Figuur 5.8). De
verschillen in bodemverlies tussen de hellingen en binnen de transecten onthullen de
invloeden van zowel landgebruik als de hoogte representatie van het landschap (DEM). In
iedergevalzijn inhet studiegebied degevolgen vanploegerosieveelbelangrijker dandievan
verschillen inhetmoedermateriaal.
Dynamisch landschap, bodem en water herverdeling. Bodemgeschiktheidsstudies voor
landgebruikplanning worden vaak gebaseerd op lokale bodem en klimaat karakteristieken.
Vaakworden hierbij de schaal effecten vanactueleprocessen inhetlandschap genegeerd. Het
LAPSUS model is toegepast om de effecten van bodem en water herverdeling in het
landschap opdebodemwaterbeschikbaarheid voorgewassen te simuleren (hoofdstuk 6).Deze
benaderinglegtdenadruk ophetniveauvanmeerdere vanggebieden tegelijk overeenperiode
van tienjaar. Door middel van vier scenarios met toenemende complexiteit (Tabel 6.1) zijn
patronen van bodemerosie en hersedimentatie gesimuleerd, met speciale aandacht voor de
gevolgen van waterherverdeling, bodem dieptes en erosie gevoeligheid op de
waterbeschikbaarheid voor gewassen (Figuren 6.2 t/m 6.6). Het model simuleert met
tijdstappen van een jaar en beschouwt zowel lokale effecten (on-site, plaatsgebonden en
randvoorwaarden) als niet lokale effecten (off-site, veroorzaakt door veranderingen van
buitenaf). Het gebruik van verschillende methoden voor het verdelen van oppervlakkige
afstroming, alsook initiele condities zoals bodemdiepte, lithologische karakteristieken en
erosiegevoeligheid hebben een belangrijke invloed op de hoeveelheid en de ruimtelijke
patronen van bodemherverdeling in het landschap. Een afnemende water opslag capaciteit in
de bodem op een bepaalde plaats kan leiden tot een toename van afstromend water en kan
daardoor zowel lokaal meer erosie veroorzaken alsook op lager gelegen plaatsen in het
landschap. Op het eerste gezicht aanvaardbare regionale erosie snelheden zijn slechts een
gemiddelde en kunnen erosie snelheden negeren of uitmiddelen die op bepaalde locaties wel
degelijk een significante afname kunnen veroorzaken van bodem diepte en daardoor
hoeveelheid beschikbaar watervoorgewassen.
Het koppelen van het modeleren van processen in het landschap en veranderingen in
landgebruik. Het LAPSUS model is ook gebruikt om het effect te onderzoeken van
veranderingen in landgebruik op de ontwikkeling van het landschap (Hoofdstuk 7). LAPSUS
heeft met verschillende scenarios voor een periode van 10 jaar de bodem herverdeling
berekend (zowel erosie alssedimentatie). Debelangrijkste invoer gegevenswaren een digitaal
hoogte model (DEM), neerslag en landgebruik gerelateerde infiltratie en erosie gevoeligheid
(Tabel 7.1). Dit heeft een aantal voorbeelden opgeleverd van lokale en niet-lokale effecten
van landgebruikverandering ende invloed van verschillende temporele trajecten. Elk scenario
produceertverschillende ruimtelijke entemporelepatronen endushoeveelheden vanerosieen
sedimentatie in het landschap (Figuur 7.3). Dit heeft als gevolg dat ook de aan landgebruik
gerelateerde parameters zoals bodemdiepte, infiltratie en overstromingsgevaar (Figuur 7.6)
significant veranderen. Het scenario van een plotselinge landgebruikverandering veroorzaakt
de hoogste erosie snelheden, in vergelijking met de geleidelijke verandering en de baseline
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scenarios (Figuur 7.4). Echter door het multi dimensionale karakter van het landschap wordt
niet alleen het gebied dat met de landgebruikveranderingen te maken heeft getroffen. In dit
gevalhebben toenemende hoeveelheden erosie enafstromend water vanboven aan de helling
en bovenstrooms gelegen olijf boomgaarden een belangrijke invloed op de hoeveelheid
erosie, sedimentatie en afstromend water beneden aan de helling en in benedenstrooms
gelegen gebieden. Hierdoor kunnen de in het dal gelegen citrus velden lokaal schade
ondervinden van overstromingen, erosie en sedimentatie maar ook profiteren van de
verhoogde aanvoer vanwaterennutrienten(Figuur7.5).
Synthese.Het landschap isonderzocht opverschillende ruimtelijke entemporele extensies en
resoluties. Door het werken met modellen vergt de koppeling van de resultaten van deze
verschillende processen enige vorm van abstractie. Volgens de geologische aanwijzingen en
interpretaties in het studiegebied liggen bijvoorbeeld de huidige opheffingssnelheden tussen
de 0.07 en 0.1 mm a"1. Deze snelheden zijn in dezelfde ordevan groorte als de gemeten netto
erosie snelheden voor natuurlijke gebieden met de 137Cs techniek. Dit suggereert dat er een
verband bestaat tussen de ruimtelijke en temporele resolutie van de geologische
landschapsontwikkeling en de actuele bodemherverdelingsprocessen innatuurlijke gebieden.
Tegelijkertijd vertonen de gecultiveerde hellingen een toename van erosie met een factor 10
of meer, wat de enorme invloed aangeeft van door de mens veroorzaakte landschap evolutie
en landgebruikverandering.
LAPSUS is ontwikkeld als een eenvoudig landschap evolutie model, gebaseerd op de
potentiele energievan stromend water overhet landoppervlak en de continuiteits-vergelijking
van sediment beweging opjaar basis. The temporele componenten van het model zijn een
compromis tussen de beoogde ruimtelijke resolutie en de toegepaste proces parameters. Het
model kan gebruikt worden voor verschillende resoluties. Het vertoont aannemelijke
resultaten van erosie en sedimentatie snelheden op de schaal van helling, vanggebied tot
stroomgebied waar effecten van lithologie en landgebruik worden gei'ntroduceerd. Deze
vereenvoudiging vandewerkelijkheid en deisolatievanverschillende invloeden van factoren
in de ontwikkeling van het landschap kan behulpzaam zijn bij het begrijpen van de lokale en
niet-lokale effecten van landgebruikveranderingen op het landschap en kan daarmee een
belangrijke bijdrage leveren aandeduurzame ontwikkeling van deregio.
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LAPSUS Source Code

»ch,
nr,nc,
Slerror,
S2_error,
row,col,

LAPSUS 1.1
*
J.M. Schoorl&A.Veldkamp
*
LandscApe Processmodelling atmUltidimensionsandScales*
(C)Copyright 1997-2002byWageningenUniversity
*
27-11-2000 -infiltrationmoved from sedtr toq^outloop *'
-removedroot2 fromdhfordigonal flowinstead*>
thedxlength laadapted (d_x)
*•
08-12-2000 -anti-sink:newsedimentationanderosion loop,•
sediment is forceddownstream,
*
erosion islimitedon-site
*<
15-08-2001 -forSAandONexperiments infilop0.2*soildep*'
- t c a p andd e t r mulipliedwithd x length
*<
(C)Copyright 2002 Soil scienceandGeology
*••
ttinclude<bios.h>
((include<stdio.h>
((include<stdlib.h>
#include <conio.h>
((include<dos.h>
((include<math.h>
ttinclude<alloc.h>
#include <string.h>
#defineROOT2 1.4142135
#definePI
3.1415926
typedefdoubleMATELEMS;
typedefMATELEMS "vector;
typedef intINTELEMS;
typedef INTBLEMS *intvector;
vector *dtm,
//damheightvalues,changeafterdt
*dtmnew, //dummymatrix
*q_mat, //discharges for timet
•sedtr, //sediment transport rate foreachcell
•dzero, //dz lowering or erosion Coreachcell
•dzsed, //dzhigher or sedimentation foreachcell
•Kfac, //local erosionK-factor
•Pfac, //local sedimentationP-factor
*aoildep,// localsoildepth
*infil; //local infiltration losses
intvector "neigh_b,// 0or 1tocheck neighbours
*errorm,//Tostoreerrorlocationsasintege
*soilmap, //
,,integer
;, numbers ' forsoilmap
*lumap;
//numbers toindicate landuse
num_out, //number ofoutputsduring run
numfile, //output filenumber
dh_nul, //number of zero slope neighbours
flat,
//number of zero slopeneighbours
low,
//numberof lowerneighbours
high,
//numberofhigherneighbour
sink,
//onlyhigher neighbours
top,
//only lowerneighbours
ps flat, //pseudo flat,no lows,oneormorehighs
spill,
//nohighsonlyonelow
round,
//loopcounter

// loopswitch
//number of rows,numbero:
//error switches

//

//rowcolumncounter
//neighbour counter
er_ifile, //input fileerror switch
result,
scan_int, //input file integer scan
numtel,
//counter
rr.rrr, //extraneighbour loop counters
ccccc, //
ii,jj,
//
nbok,
//neighbourprocessing check
direct
//uniquevalue forsteepest descent
lock,
tell,tel2,tel3,tel4,
gncnt,mocnt,macnt,rlcnt,
intmax,intmin,intcoun,intout;
long scanlon,
//integer fileinputs
scancnti
//integer fileinputs
doubleh,dh,dhl,
dhmaxi,
inpul,inpu2, // inputstofile
inpu3,
// inputstofile
dhmax,
//maximum erosion
dhmin,dhtemp,
dmax,dmin,
KRO,NCO,//number ofrowsand <
CSIZE,
tcap, //transportcapacity
d e t r , //detacbmnetrate
set_r, //settlement rate
tra_di, // traveldistance
set_di, // settlement distance
gnsdp, //local soildepths
masdp,mosdp,risdp;

//
//

//differencemax,mincounter
//grid size inbothxandy
//lengthofdx finiteelement
//tolerance factor
//Annual Evapotranspirationlosses
//timeBtep
//Timecounter forloop
//Total endtimeof loop
//Timecontrol intime/simulationloop
//effective precipitation
//Actual erosionK-factor
//Actual sedimentation P-factor
//capacity slopeanddischarge exponents
Slope,
//Gradient
//convergence/divergence factor
conv_fac,
dS,dz,dztot, //Difference insediment/deposition/erosio;
scan_do.
//Inputdouble from file
//Summationover lowerslopes
slope sum,
sedtrloc, //Local sediment transportrate
all_grids, //Total number ofgrids tostoploop
fraction,
// fraction slopebyalopesum
// fraction ofdischarge intolowergrid
frac_dis,
fractr,
// fractionof transport rate
q_out,
//discharge,runoff
dzleft,
//unfulfilled sedimentation
dz leftl,
dz fill,
dzmin. mmin,//minimum lowest neighbour
dcount,
dx,dy,
dx,
dhtol,
ET0,
dt,
actualt,
end time,
outt,
eff_prep,
Kact,
Pact,
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dz max,maxx,// maximum lowest neighbour, steepest descent
dzj)al,
//balancestocheckdz
dz_pal2,
//erosion/sedimentation balances
sedbal,
sedbal2,
erobal,erobal2,
erobalto,sedbalto,
erocnt,
//check numberoferoding grids
sedcnt,
//check numberofsedimentation grids
}
sed out, //sediment transport outputofsystem
}
nb_check; //checkifall neighbour cells are processed }//end ini_mat()
ch[30], fname130].filename[30];

K_fac[row][col] - 0.0;
P_fac[row][col]-O.i
soildep[row][col] «= i
infiltrow][col]-O.Oj
neigh_b[row][col]«0;
error_m[row][col]:
soilmap[row][col] ••
lumaptrow][col] '

imatO
** make mat0 makes/declares matricesinthe memory *
**
both doubleasinteger matrices

*

int make_mat()
{ result=l; //double matrices
dtm= (vector ») calloc(nr+1,sizeof(vector));
if (dtm—NULL) result-0;
dtmnew= (vector *) calloc(nr+l,sizeof(vector)),if (dtmnew--NULL) result-0;
q_mat= (vector *) calloc(nr+1,sizeof(vector));
if (q_mat—NULL) result-0;
Bedtr= (vector *) calloc(nr+1,sizeof(vector));
if (sed_tr--NULL) result-0;
d z e r o = (vector *) calloc(nr+1,sizeof(vector));
if (dz_ero--NULL) result-0;
dz sed= (vector •) calloc(nr+1,sizeof(vector));
if ( d z s e d — N U L L ) result-0;
K f a c - (vector *) calloc(nr+1,sizeof(vector));
if ( K f a c — N U L L ) result-0;
P_fac= (vector *) calloc(nr+1,sizeof(vector));
if (P_fac—NULL) result-0;
soildep= (vector *) calloc(nr+1,sizeof(vector));
if (soildep--NULL) result-0;
infil- (vector •) calloc(nr+1,sizeof(vector)),if (infil—NULL) result-0;
// integer matrices
neigh_b = (intvector *) calloc(nr+l,sizeof(intvector)
if ( n e i g h b — N U L L ) result-0;
errora = (intvector *) calloc(nr+1,sizeof(intvector)
if (error_m—NULL) result-0;
soilmap- (intvector *) calloc(nr+1,sizeof(intvector)
if (soilmap==NULL) result-0;
lumap- (intvector *) calloc(nr+1,sizeof(intvector)),if (lumap--NULL) reBUlt=0;
for(i-0;i<(nr+1);i++){
dtmti]-(vector) calloc(nc+1,sizeof(MATELEMS));
if(dtm[i]-=NULL) result=0;
dtmnew[i]-(vector) calloc(nc+1,Bizeof(MATELEMS));
if(dtmnew[i]— N U L L ) result-0;
q mat[i]-(vector) calloc(nc+1,sizeof(MATELEMS));
if(q_mat[i]==NULL) result=0j
sed_tr[i]=(vector) calloc(nc+1,sizeof(MATELEMS));
if(sed_tr[i]==NDXL) r e s u l t - 0 ;
d z e r o t i l - ( v e c t o r ) calloc(nc+1,sizeof(MATELEMS));
if(dz ero [i]—NULL) r e s u l t - 0 ;
dz_sed[i]-(vector) calloc(nc+1,sizeof(MATELEMS));
if (dz_sed[i]—NULL) r e s u l t - 0 ;
K_fac[i]-(vector) calloc(nc+1,sizeof(MATELEMS));
if(K_fac[i]==WULL) result-0;
P_fac[i]-(vector) calloc(nc+1,sizeof(MATELEMS));
if(P_fac[i]»NULL) rasult=0;
soildep[il-(vector) calloc(nc+1,sizeof(MATELEMS));
if(soildep[i]— N U L L ) result=0j
infil[i]-(vector) calloc(nc+1,sizeof(MATELEMS));
if(infil[i]«NULL) result=0;
neigh b [ i ] - ( i n t v e c t o r ) calloc(nc+1,sizeof(1NTELEMS)
if (neighj>[i]—NULL) result=0;
error_ra[l]-(intvector) calloc(nc+1,sizeof(INTELEMS)
if(error_m[i]--NULL) result=0;
soilmap[i]-(intvector) calloc(nc+1,sizeof(INTELEMS)
if(soilmap[i]--NULL) result=0;
lumap[i]-(intvector) calloc(nc+1,sizeof(INTELEMS));
if(lumap[i]--NULL) r e s u l t - 0 ;

>
return(result);
} //end make_mat()
fill matricesonzero values
void ini_i t(void)
{
for(row-0;row<-nr;row++) {
for(col=0;col<-nc;col++) {
dtmlrow][col] - 0.0;
dtmnew[row] [col] = 0.0;
q_mat[row][col] = 0.0j
s e d t r [ r o w ] [ c o l ] = 0.0;
dz ero[row][col] - 0.0;
dz sed[row][col] - 0.0;
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free the matrices from the memory

void f r e e m a t O
{
f o r ( i = 0 ; i < ( n r + l ) ; i •+> {
free(lumap [ i ] ) ;
free(soilmap[i])
free(error_m[i])
free(neigh_b[i])
free(infil[i]);
free(soildep[i])
free(P_fac[i]);
free(Kfacti]);
freeCdz s e d t i ] ) ;
free(dz ero [ i ] ) ;
free(sedtr[i]);
free(q_mat[i]);
free(dtmnew[i]);
free(dtm[i]);
}
free(lumap);
free(soilmap) ,free(error_m);
free(neighb);
free(infil);
free(soildep);
free(P_fac);
free(K_fac);
free(dz_sed);
free(dzero);
free(aed t r ) ;
free(q_mat);
free(dtmnew);
free(dtm);
} / / end free mat 0

/* ini_mod()

input data from the
parameters Bettings

parameter.TXT file

// *name0isgiver.
void ini_mod(char *name0)
{
// parameter file.
FILE *para;
strcpy(f_name,name0);
streat(f_name,".txt");
para-fopen(f name,"r'J;
er_ifile=l; e c a n c n t s O ;
if (para==NULL){
(void)printf("Error: unabletoopen %s\n
e r i f i l e =NULL;

in main()
txt

}

iff (erifile 1-NULL) ){
for (numtel-l;numtel<ll;numtel++){
if ( e r i f i l e — N U L L ){

}
else{
scan_lon •0; scan_cnt++;
fscanf(para,"%lf•,&scan_do);
scan Ion - ceil(scan_do);
if (numtel—1) NRO-scan_do;
if (numtel-.2)NCO = scan_do;
if (numtel--3) CSIZE-s c a n d o ;
if (mratel--4) actualt-scan do;//
if (numtel--5)dt- s c a n d o ;
if (numtel=-6) end time - s c a n d o
if (numtel=-7) eff_prep - s c a n d o
if (numtel==8) m -scan_do;
if (numtel—9)n-scan_do;
if (numtel—10) conv_fac=scando;//•
switch (scanlon){
case 0:

// numberofrows
// numberofcols
// Cell size
Start time
Time steps
end time
precipitationinmm
discharge exponent
slope exponent
convergence/divergence

(void)printf(" File %s empty after %ld numbers\n",
f_name,(scan_cnt-l));
(void)printf(" Input file format error \ n " ) ;
er_ifile=NULL;
break;
default:
break;

LAPSUSSourceCode

nr=(int)NRO;nc=(int)NCO;
dx=CSIZE;dy=CSIZE;
(void)printf(•Scanned %B header%ldnumbers\n", fname,

for(row*o;row<nr;row++) {
for(cal»0;col<nc;col++){
intcoun=map3[row][col];
if (intcoun>intmax)intma.x*intcoun;
if (intcoun<intmin)intmin=intcoun;

scan_cnt);
sprintf(ch,-Results\nnr:%dnc;%d actt:%4.1f
dt:%4.1f\n",nr,nc,actual_t,dt);
gotoxy(l,4);printf(ch);

>

>

}

sprintf(ch," end t:%4.1f prec:%4.3f m:%4.1f n:%4.1f conv:%4.1f
dx/dy: %4.lf\n",endtime,eff_prep,m,n,conv_fac,dx);
gotoxy(l,6); p r i n t f ( c h ) ;
getchO;
} else {
(void)printf("inputfile formaterror/n");
(void)printf('Pressany key");
getchf);

}
fclose(para);
} //end inimod(nameO)*/
iair_fil() initialise doubleor floatingpoints
read from file
inputdata from the ascii .TXTfile
data starting fromleftdowncornerrow=0col»0
read from leftcol=0 torightcol-nc tillright
uppercornerrow=nrcol«nc
void inirfil(char*n

{

ml, vector *mapl)

-txt,sdp.txt
FILE*pp;
strcpy(f_name,namel);
streat(fname,•.txt-};
pp>fopen(f_name,"r");
er ifile*l; scancnt-0;
if (pp==NDLL){
(void)printf("Error:unable toopen%s\n", f n a m e ) ;
erifile -NULL;

}

if( (erifile !=NULL) ){
for(row»0;row<nr;row++){
for(col"0;col<nc;col++){
if (er_ifile=»NULL){
scando =0.0;
} else{

Bean do * 0.0; scan_cntt+;
fscanf(pp,"%lf",&scan_do)j
map1[row][col]»scan_do;

>
}
(void)printf("Scanned %sheader%ldnumbers\n", fj
scan_cnt);
} else {
(void)printft"\n input file format error\n\n");
(void)printf("Press any key\n");
getch();

}
fclose(pp);
} //end inir_fil(namel,mapl)
* iniintfO initialise integer forthissimulation **
*
read from file
**
oid ini_intf(char *name2,intvector *map2)
FILE*in_file;
strcpy(f_name,name2);
strcat(f_name,".txt"); //extension
in_file=fopen(fname, "r");
if (infile-.NULL)SIerror=l;
else {
for(row-0;row<nr;row++){
for(col-0;col<:nc,-col++){
fscanf(in_file,"%d",iscanint);
map2[row] [col] =scanint;

>

}
fcloae(in_file);

)
strcpy{f_name,naxne3);
Btrcat(fname,•.grd");
p=fopen(f name,"w");
fprintf(p,"DSAA \n"),fprintf(p,"%3d%6d\n",nc,nr);
fprintf(p,"%3d%6d\n",(idx) ,(nc*idx)),fprintf(p,-%3d%6d\n",(idx),(nr*idx));
fprintf(p,"%3d%6d\n",intmin,intmax);
for(row=0;row<nr;row++){
if (row>0) fprintf(p,"\n");
for(col=0;col<nc;col++){
intout»map3[row][col];
if ((col+l)%(nc/2)«0) fprintf(p,"%d\n",intout);
else fprintf(p,"%d ".intout);
}
}
fclose(p);
} //endint_fila{)
surffileO outputdoubles intoasurfer .grdfile
voidsurf_file(char
'name4.vector*map4)
{
FILE*ppp;
intidx;
dmax=0.0;
dmin=9999.0;
idx=(int)dx;
for(row*0;row<nr;row++){
for(col=0;col<nc;col++){
dcount=map4[row][col];
if (dcount>dmax)dmax=dcount;
if (dcount<dmin)dmin=dcount;

>

>

strcpy(f_name,name4);
strcat(f name,•.grd");
ppp=fopen(f_name,"w");
fprintf(ppp,"DSAA \ n " ) ;
fprintf(ppp,"%3d %6d\n",nc,nr);
fprintf(ppp,"%4.5f%4.5f \n",(dx),(nc*dx)),
fprintf(ppp,"%4.5f%4.5f \n",(dx),(nr*dx));
fprintf(ppp,*%4,5f %4.5f \n",dmin,dmax);
for(row*0;row<nr;row++){
if (row>0) fprintf(ppp,"\n");
for(col=0,-col<nc;col++){
h«map4[row] [col] ,if ((col+l)%(nc/2)—0) fprintf(ppp, "%4.5f\n",h);
else fprintf(ppp,"%4.5f ",h);

}

}
fclose(ppp);
} //end surffileO
*•logfileO logallrunoutputdata into

.txtfile**

.........„.......**..*.*...**.,*...*.**.***.*.****..*../
void log_file(char "name5)
{
FILE*pppp;
strcpy(f_name,name5);
strcat(fname,•.txt")j
pppp*fopen(f_name,"a");
if (numfile==l){
fprintf(pppp,"%6.6f initP%6.6f Duration
%6.6f\n",K_act,P_act,end_time);

}
fprintf(pppp,"%dout%6.6f ero%6.6f sed%6.6f ec%6.6fi
%6.6f\n",numfile,dzbal,erobal,sedbal,erobalto,sedbalto);
fclose(pppp);
} //end log_file()

)

} //end ini_intf(name2,map2)
*•logfileO logallrunoutputdatainto
utput integersintoasurfer .grdfile
oid int_file(char *name3,intvector *map3)
FILE*p;
intidx;
intmaxaOjintout=0;
iutmin-9999;
idx=(int)dx;

voidsadis(char*name6)
{
FILE'pppppp;
strcpytfname,name6);
strcat(f_name,•-txt");
PPPPPP-fopen(fname,"a");
fprintf(pppppp,"%7.8f\n",inpul);
fclose(pppppp)j
} //end sadisO
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** logfileO logallrunoutputdatainto

.txtCile

void saero(char•name7)
{
FILE*ppppppp;
strcpy(fname,name7);
street(fname,•.txt");
ppppppp=fopen(f_name,"a");
fprintf(ppppppp,•%7.8f\n",inpu2);
fclose(ppppppp);
} //endsaerof)
logfileO logallrunoutputdata into

.txtfile*'

voidsasedfchar*name8)

{
FILE*pppppppp;
strcpy(f_name,name8);
strcat(f_name,".txt");
PPPPPPPP*fopen{f name,"a•);
fprintf(pppppppp-"%7.8f\n",inpu3),fclose(pppppppp);
} //endsadis()

**calc_process{) actualiseerosion/sedimentation

••

void calc_pro(void)
{

for(row=0;row<nr;row++) {
for(col-0;col<nc,-col++) {
soildep[row][col]+-((dz ero[row][col]+dz_sed[row][col]));
if (soildep[row][col]<0.0) soildeptrow][col]=0.0;
dtm[row][col]+=(dzero[row][col]+dz_sed[row][col]);
}
}
} //end calc_pro()
**inisok Initialise thelandusemsoilorgeology
*•
relatedparameters aserodibilityK.Pand
**
infiltration

**
**
**

void ini sok(void)
{
for(row»0;row<nr;row++) {
for (col=0;col<;nc;col++) {
K_fac[row][col]=K_act; P_fac[row][col]=P_act;
infillrow] [col]=dx*0.1;
/ / i n f i l given with AWC r a t i o s
if (eoilmap[row] [col]» 1 ) { / / Holocene-Pleistocene colluviui
K_fac[row]tcol]=K_act; P fac [row][col]=P_act;
infil[row][col]=dx*0.161*soildep[row][col];

>

if (soilmap[row][col]==2) { / / Flysch, marls and sandstones
Kfactrow][col]=1.5*K_act; p_fac[row][col]=1.5*P_act;
infillrow][col]-dx*0.10S*soildep[row][col];
}
if (soilmaplrow] [col]==3) { / / Pliocene, sands/gravels
K_fac[row][col]=K_act; P_fac[row][eol)=P_act;
infillrow][col]-dx*0.151*soildep[row][col];
}
if (soilmap[row][col]==4) { / / Schists
K_fac[row][col]«0.9*K_act; P_fac[row][col]=0.9*P_act;
infillrow] [col]-dx*0.135*soildep[row] [col] ,}
if (soilmaplrow] [col]=-5) { / / Gneiss
K_fac[row][col]-0.7*K act; Pfac[row][col]=0.7*P_act;
infilfrow] [col]=dx*0.066*soildep[row] [col];
}
if (soilmaplrow] [col]--6) { / / Molasse/conglomerates
K_fac[row][col]=0.5*K_act; Pfaclrow][col]-0.5*P_act;
infillrow] [col]=dx*0.055*soildep [row] [col];
}
if (soilmap[row] [col]==7) { / / Peridotite/Serpentenites
K_fac[row] [col]-0.3*K_act; P_fac[row] tcol]=0.3*P_act;
infil[row][col]-dx*0.044*soildep[row][col];
}
if (lumaptrow][col]--l) { / / Citrus
K_fac[row] [col]*=0.5; P_fac [row] [col]*-2.5;
infil[row][col]*=1.0;
}
if [lumaptrow] [col]—2) { / / Annuals
K factrow) [col]*-1.3; P fac[row] [Col]*=1.3;
infillrow][col]*=1.2;
}
if (lumap[row]tcol]==3) { / / Olive
K_fac[row][col]*=0.75;//seen A
P_fac[row][col)*=0.75;//Scen A
infillrow][col]*=1.5;//Seen A
K_fac[row][col]*=1.5;//Scen B
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P_fac[row] [col]*=1.5;//Scen B
infillrow] [col]*«0.75;//Scen B
K_fac[row] [col] *-(0.675*((0.075) 'actual t)) ,-//Scen C
P_fac[row][col]*=(0.675+((0.075)"actual t ) ) ; / / S c e n C
infil[row][col]*=(1.575-<(0.075)*actual_t));//Scen C
/ / Alternative scenario of linear vegetation regeneration
K faclrow][col]*-{1.5-((0.075)*actual_t>);//Scen CI
P factrow][col]*=(1.5-((0.075)"actual_t>);//Scen CI
infillrow][col]*=(0.675+((0.075)-actual t ) ) ; / / S c e n CI
/ / Altitude dependent abandonement highest f i r s t abandoned
if (actual_t==l> {olihei=340.568,-}
if (actual_t==2) {olihei=305.159,-}
if (actual__t==3) {olihei=277.712;}
if (actual_t==4) {olihei=257.645;}
if <actual_t==5) {olihei-237.289;}
if (actual_t==6) {olihei=216 .514,-}
if (actual_t==7) {olihei-197.124;}
if (actual_t==8) {olihei-180.238;>
if (actual_t==9) {olihei-158.537,-}
if (actual_t==10> {olihei-100.00;}
if (dtm[row][col]>olihei){
K_fac[row][col]*=1.5;//Seen C2
P factrowj [col]*=1.5;//Scen C2
infil[row][col]*=0.75;//Seen C2
> else {
K_fac[row][colj*=0.75;//seen C2
P_fac[row][colJ*=0.75;//Scen C2
infillrow][col]*=1.5j//Scen C2
}
/ / Altitude dependent abandonement highest f i r s t abandoned
if (actual t==l) {olihei-158.537;
i f (actual t--2) {olihei-180.238;
if (actualt—3) {olihei-197.124;
if (actual t-«4) {olihei-216.514;
if ( a c t u a l t - - 5 ) {olihei-237.289;
if (actual t=-6> {olihei-257.645;
if (actual_t==7) {olihei=277.712;
if (actual t==8) {olihei-305.159;
if (actual_t--9) {olihei-340.568;
if (actual_t«10) {olihei-1200.00;}
if (dtm[row][col]<=olihei){
Kfactrow][col]*=1.5;//Scen C3
P_fac[row][col]*-1.5;//Scen C3
infillrow][col]*-0.75;//Scen C3
} else {
Kfactrow][col]*-0.75;//scen C3
P faclrow][col]*-0.75;//Scen C3
infillrow]tool]*=1.5;//Scen C3
}
}
if (lumaptrow] [col]=-4) { / / Nature
K_fac[row][col]*=1.2; P_fac[row][col]*-1.2;
infil[row][col]*=0.75;
}
if (lumaptrow] [col]==5} { / / Riverbed/buildings/bare
K £ac[row][col]*=0.01; P_fac[row][col]*=2.5;
infillrow] [eol]*-0.0;
}
} //for
} //for
} / / end ini sole()
* control() checking for sinks, p i t s + error map

**

.•a*....*.**.*................*.........*...........**/

oid control(void)
char textch[100] ,round-0; s_ch-0;
for(row=0;row<nr;row++) {
for(col=0;col<nc;col++) {
error_m[row] [col] = 0;

>

}
while (sch>=0>
{ //beginwhile
sink=0; top=0; flat=0;round-0;ps_flat=0;spill=0;
round*+; schiO;dh_maxi=0.00000000000;
for(row-0;row<nr;row++) {
for(col-0;col<:ncicol++){
dhnul-0; low-0;high=0;
for{i=(-l);i<-l,-i++){
for{j=(-l);j<=l;j++){
dh=0.000;
if(((row+i) >=0) && ((row+i]<nr) &.&. //boundaries
((col+j)>-0) &&. ((col+j)<nc)&fc
I((i==OUft(j--0>) ){
dh_nul++;
if((rowl-row+i)&&(colI=col+j)){dx=dx*ROOT2;}
else {d_x-dx;}
dh=(dtm[row][col]-dtm[row+i][col+j]);
if (dh>dhmaxi){dhmaxi=dh;}
if (dh<0.000000) {// i,j ishigherneighnour
high++; dhnul--;
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+dzsed[row+i][col+j]));
if((rowl=row+i)ftt(col1=col+j)){d_x»dx«ROOT2;
} else {dx-dxj}
if (dh<0.000000){//ijisahigherneighbour
if (dh>dz_inin) {dz_min=dh;}
if ((dh<0.000000)){//ijisahigher neighbour
if (dhl>dhmin){dhmin.(dhl),-}

if (dh>0.000000){//i,jislowerneighbour
low++; dhnul--;

}
}//endif
}//endfor
}//endfor
//Sinksandpittsandflatsafter thismovetonextrow/col
if (low==8) {top++; error_m[row][col]=0;}
if (high==8){sink++;error_m[row][col]=-99;S2_error=l;}
if (dh_nul==8) {flat+t;errorjm[row][col]=5,-}
if (((dh_nul+low)==8)
ftft
(low==l))
{spill++;errorm[row][col]=3;}
if (({dhnul+high)==8)&&1((dh_nul==0)j|(high==0)))
{psflat++;error_m[row][col]=5;}

}
}
if (dh>0.000000){//ijisalowerneighbour
if (<dh>0.000000)){
if (dhl>dhmax-dh_tol){dhmax=(dhl-dh_tol);}

}
dh=dh/d_x;
if <dh>dz_max>{dzmax=dh;direct=<i"3+5+j);}
dh=pow(dh,conv_fac),s1ope__sum=slopesum+dh;
}//endif
}//endif
}//endfor
}//endfor
if (dhmin==-9999.99){dhmin=0.0;}
else {dhmin=(dhmin*(-l.on;}
if (dhmax=*0.0){dhmax=dh_tol*-l.0;}
else {dhmax=(dhmaxM-1.0>);}
for(i=(-l);i<=l;i++){
for(j»(-l);j<=l;j++){

>
}
sprintf(textch,"sinks:%dtops:%d flats:%d \npsflatss%d
spills:%d \nround:%ddhmax:%3.8f",sink,top,flat,psflat,
spill,round,dh_maxi);
gotoxy(1,14);
printf(textch);
if (s_ch==0) B_ch=(-1);
} //endwhile
} //controlO
**calcqtrf) main calculations followthewtaer downslope **
**
untilallneighboursareprocessed
**
**
determinethedischargegforthis timestep**
**
andthetransport ratescapacitiesetc.
**
void calcgtr(void)

{
charchtext[100];
//setallstartqvalueseffectiveprecipitationattimet
nb_ok=0,-nb_check=0.0; all_grids=0.0;dz_bal=0.0; sed_out=0.0;
g_out=0.0;erocnt=0.0;sedcnt-0.0; sedbal=0.0;erobal=0.0;
dhmin=-9999.0;dh_tol=0.00025;ET0=0.4373;sedbal2=0.0;
erobal2«0.0; tell=0;tel2=0; tel3=0;tel4»0;
for(row-0;row<nr;row++){
for(col=0;col<nc;col++){
//rainfall from input fila dtmnew[row][col]
//
q_mat[row][col]=
((dtmnew[row][col]/1000.0)*ET0*dx)infil[row][col];
//normal effective precipitation
q_mat[row][col]= (eff_prep*ET0)-infil[row][col],if (q_mat[row][col]<0.001)q_mat[row][col]=0.001;
neighbtrow][col]«0;
//neighbour checkis0isfalse
aedtr[row][col] =0.0;
dz_ero[row][col] M0.0;
dz_sed[row][col] M0.0;
}
}
//intowhileloopforallgridsifnotallneighboursprocessed
allgrids=double(nr)"double(nc),while (nb_check<all_grids)
{//beginwhile
for(row=0;row<nr;row++){
for(col=0;col<:nc;col++){
// intoloopforsuroundinggridsofcertaingrid
//Start firsttheslopesumloopforalllowerneighbour grids
slope_sum-0.0;dhmax=0.0;dz_min=-9999.99; d_x-dx;
direct=20;dz_max«-l.0;dhtemp=-99999.99;dhmin-t-9999.99);
if (neighJa[row][col]==0){
//Repeatthelooptodetermine ifallneigboursareprocessed
nb_ok=l;
for(i=(-l);i<=l;i++){
for(j=(-l);j<=l;j++> {
dh-0.000;
if( ((row+i)>=0)S& ((row+i)<nr) && //boundaries
((col+j)>=0)&& ((col+j)<nc> &&

dh»0.000000; fraction=0.0; t_cap=0.0;
fracjjis=0.0; frac tr=0.0; det_r=0.0;
set_r=0.0; tra_di=0.0; set_di=0.0; d x=dx;
iff ((row+i)>=0) && ((row+i)<nr) && / / boundaries
((col+j)>=0) && ((col+j)<nc) &&
M(i==0U&(j==0)> ) {
dh=(dtm[row] [col]-dtm[row+i] [col+j]);
//dh=((dtmtrow][col]+dz ero[row][col]+dz sed[row][col])(dtm[row+i][col+j]+dz_ero[row+i][col+j]+dz_sed[row+i][col+j]));
/ / Multiple Flow: If there are lower neighbours s t a r t evaluating
if (dh>0.000000){
/ / Steepest descent only one neighbour
//
i f <<i*3+5+j> -I direct){
/ / fraction of discharge into a neighbour grid
if((rowl-row+i)ftft(colI=col+j)){d_x=dx*ROOT2;}
else{d_x-dx;}
Slope»dh/d_x;
dh=dh/dx;
dh=pow(dh,convfac);
fraction-(dh/slope_sum);
//
fraction-1.0;
frac_dis=(q_mat[row][col]*fraction),q_mat[row+i][col+j]+=frac_dis;
//CalcCapacity,detachment,settlement, travel/settle distance
t c a p * (pow(frac_dis,m))*(pow(Slope.n));
d e t r - (Kfac[row][col]*(frac_dis*Slope));
sett- (-1.0)*(P_fac[row][col]*(frac_dis*Slope));
t_cap*=d_x;det_r*=d_x;set_r*=d_x;
dtmnew[row][col]=t_cap;
tradi = (tcap/detr);
setdi• (tcap/setr);
//EvaluateTransport ratesandsedimentation/erosion
//SedimentTransport Ratefordefractionofthedischarge
frac_tr=(sed_tr[row][col]*fraction*d_x),//Startanewalinea
if (fractr == t_cap)sedtr[row+i][col+j]+=(frac_tr/d_x);
if (fractr <t_cap)
//Sedimentrateoftransportislower thanitscapcity overslope
//Erosion

{
erocnt+=l.0; lock=0; dzfill=0.0;
sedtr_loc=t_cap+((frac_tr-t_cap)*axp(((d_x*(-1.0))/tra_di)));
dS=sedtr loc-frac_tr;
if (dS>0.00){//allerosion isprocessed sinkspossible
dz=(((-1.0)M(dS/1.0)*dt))/d_x);
dz fill=dz;
if (dz<(dhmax)){
sprintf(chtext,"dhmaxerosion error");
gotoxy(1,5);
printf(chtext);
dz_fill=(dhmax),-

K(i—o)u(j»o))) {
dh=(dtm[row][col]-dtm[row+i][col+j]);
if (dh<0.000){//selecthigher neighbour
if (neighb[row+i][col+j]==01 {nb_ok=0;}
}//endif
}//endif
}//endfor
}//endfor
}//endif
//Repeat loopdetermine flowifalldrainingneighboursareknown
//butdothisonlyonce
if ((nb_ok«=l) SLCL (neigh_b[row][col]==0)){
neigh_b[row][col]=l;//gridtobeprocessed sosetto1
for(i=(-l);i<=l;i++){
for{j=(-l);j<=l;j++){
dh.0.000000;dhl«=0.000;dhtemp»-99999.99;dx«dx;
if( ((row+i)>«>0)&& ((row+i)<nr)&& //boundaries
((col+j)>«0)&& {(col+j)<nc)&&
1<<i—0)&ft<j==0))){
dh=(dtm[row][col]-dtm[row+i][col+j]);
dhl=((dtm[row][col]+dzsed[row][col])(dtm[row+i][col+j]+dz_ero[row+i][col+j]

}
if <dhmax>=(dh_tol«-1.0)) {dz fill=0.0;}
dz_ero[row][col]-dzero[row][col]+dz_fill;
dz_left=dz-dz f i l l ;
dhmax-*dz_fill;
erobal+»dz_fill;
erobalto+ndzfill;
sedtr_loc"sedtr_loc+(dz_left*d_x);

)//•/
if (dS<0){Sl_error=l;}

}
if (fractr > tcap)
//Sediment rateoftransportisexceedingthecapacity
//Deposition

{
sedcnt+«1.0; lock=0;dzfill=0.0;
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sedtr_loc=t_cap+( ( f r a c t r - t cap)»exp((d_x/set_di) ) ) ;
dS=sedtr_loc-frac_tr;
if <dS<O.0Q){
dz=(((-1.0)M(dS/1.0)*dt )>/d_x);
if ( (dz>(dhmin-dz_ero[row][col]-dhtol))) {
dz fill-(dhmin-dhtol-dz_ero[row] [col]>;
i f (dz fill<=dh tol) dz f i l l - 0 . 0 ;
if <dhmin<=dh tol) d z f i l l - 0 . 0 ;
dz_sed[row][col]=dz_sed[row][col]+dz_fill;
dzleft^dz-dz f i l l ;
dhmin-=dz_fill; lock++;
dhmax--dzfill;
if (dhmin<-dh tol) {dhmin-dhtol;}
rr=row; cc=col; tell++;
while (dz_left>0.0){
maxxaO.0;mmin=-9999.9;lock++;
for(ii=(-l);li<=l;ii++> {
for(jj=(-l);jj<=l;jj++) {
dh=0.000000;
iff ((rr+ii)>=0) && ((rr+ii)<nr) && / /
boundaries
((cc+jj)>=0) &&((cc+jj)<nc) &&
1 ((ii—0)&Mjj«0)) ) {
dh=((dtm[rr] [cc]+dz erotrr] [cc]+dz_sed[rr] [cc])(dtm[rr+ii][cc+jj]+dz ero[rr+ii][cc+jj]+dz_sed[rr+ii][cc+jj]));
if (dh>0.000000){// i j i s a lower neighbour
if (dh>maxx){
maxx=dh; r r r = r r + i i ; ccc^cc+jj;
}
}//end if
}//end if
}//end for
}//end for
for(ii-(-l);ii<=l;ii++) {
for(jj«(-l)ijj<-lijj++) {
dh-0.000000;
if( ((rrr+ii)>-0) && ((rrr+ii)<nr) && //boundaries
((ccc+jj)>-0) && ((ccc+jj)<nc) &&
i({ii--0)u(jj.-0)) ){
dh={(dtm[rrr] [ccc]+dz_sed[rrr] [ccc]><dtm[rrr+ii][ccc+jj]+dz_ero[rrr+ii][ccc+jj]+dz_sed[rrr+ii][ccc+jj]

));

if (dh<0.000000){// i j i s a higher neighbour
if (dh>mmin) {nnnin=dh;}
}//end if
}//end if
}//end for
}//end for
if ((dz left>((mmin*(-1.0))-dh_tol))){
dz_leftl«((mmin*(-1.0))-dh t o l ) ;
i f (dz leftl<=dh tol) dz_leftl=0.0;
if <mmin«(-9999.9)) dz_leftl=0.0;
dzleft.dz left-dzleftl;
} else { dz_leftl=dz l e f t ; dz l e f t - ( - 1 . 0 } ; }
dz_sed[rrr][ccc]=dz_sed[rrr][ccc]+dz_leftl;
if (dzleft>0.0) {rr=rrr; cc-ccc;}
i t (maxxioO.O){
dz=dz-dz_left;
sedtr_loc-sedtr_loc+((dz_l«ft)*d_x);
dz_left=-1.0;
}
if ((rr<0) ||(cc<0) ||(rr>=nr) ||(co=nc)){
dz=dz-dz_left;
sedtr_loc»sedtr_loc+((dz left)*d_x);
dz left=-1.0;
sprintf(chtext,"Outof Area sedimentation e r r o r ' ) ;
gotoxy(l,3);
printf(chtext);
}
} //end while */
} / / end if */
if <dhmin<=dhtol) tel3++;
if ((dz<=((dhmin-dz_ero[row][col])-dh tol))&fc(lock==0)) {
dz sed[row][col]=d«_sed[row][col]+dz;
dhmin=(dhmin-dz); lock++; tel2++;
dhmax-=dz;
}
if ({(dhmin-dz_ero[row][col])<=dh_tol)&&(lock==0)) {
sedtr loc=sedtr_loc+((dz)*d_x); dz=0.0; tel4++;
}
sedbal+adz;
sedbalto+-dz;

>
if (ds>0.00){sl_error=l;}
}
//aftercalculationthelocal tanaport rateisaddedtothetotal
sedtr[row+i][col+j]+=(sedtr_loc/d_x);
//Endofinspringalinea
}//endif
}//endifboarders
}//endforj
}//endfori
}//endifatartprocess once
}//endforcol
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}//end for row
/ / check if a l l the grids are processed to leave t h i s function
nb_check=0.0;
for(row=0;row<nr;row++) {
for(col=0;col<nc;col++) {
nb_check+adouble(naigh_b[row][col]};
}
}

sprintf(chtext,'Process nbcheck: %8.1f to go
:%8.If",nbcheck,allgrids)j
gotoxy(l,8);
printf(chtext),}
/ / end while
/ / tab correction towards end
/ / Outlet for 100 alora dam
for{row=0;row<nr;row++) { / / divide by dx to get mperm
for(col=0;col<nc;col++) {
if (dtm[row][col]==0.0) {g_mat[row][col]=0.0i}
//
q_mat[row][col]-(q_mat[row][col]/dx),//

}

>

sed_out=(sedtr[72] [141]); g_out=(g_mat[72] [141]); //gneiea
sed_out-(sed_tr[17] [30]); q_out=(q_mat[17] [30]);
//Sar
/* sed_out«0.0;
sed_out+m(dz_ero[22][30]+dz_sed[22][30]); / / t r a n s e c t 4
sed_out+-(dz_ero[21] [30]+dz_sed[21] [30]);
eed_out+-(dz_ero[20] [30]+dz_sed[20] [30]);
sed_out+»(dz_ero[19][30]+dz_sed[19][30]);
sed_out+-(dz_ero[18] [30]+dz_sed[18] [30]);
sed out+-(dz_ero[17][30J+dz_sed[17][30]);
sed out/-l.009721;//*/
/* eedout+-(dz_ero[23][30]+dz_sed[23][30]);// transect 5
sed_out+-(dz_ero[23] [29]+dz_sed[23] [29]);
sed_out+-(dz_ero[23] [28]+dz sed[23] [28]);
sed out+-(dz ero[23] [27]+dz_sed[23] [27]);
sed_out+=(dz_ero[23] [26]+dz_sed[23] [26]);
sed_out+-(dz_ero[24] [25]+dz_sed[24] [25]);
8ed_out+=(dz_ero[25] [24]+dz sed[25] [24]) ;
V
sed_out=0.0;
sed_out+=(dz_ero[64] [46]+dzsed[64] [46]) ;
sed out+-(dz_aro[63] [47]+dz_sed[63] [47]) ; / / t r a n s e c t 2
sed out+=(dz ero[62] [48]+dz_sed[62] [48]);
sed out+«(dz_ero[61] [49]+dz_sed[61] [49]);
sed out+=(dz ero[60] [50]+dz_sed[60] [50]);
sedout+=(dz_ero[59][51]+dz_sed[59][51]);
sed_out+=(dz ero[5B] [52]+dz sed[58] [52]);
sed_out+=(dz ero[57] [53]+dz eed[57] [53]);
sed_out+=(dz_ero[56] [54]+dz_sed[56] [54]);
sed_out+=(dz ero[55] [55]+dz sed[55] [55]);
sed_out+=(dz ero[54][56]+dz sed[54][56]);
sed_out/=1.3 90098;//«/
for(row=0;row<nr;row++) {
for(col=0;col<nc;col++) {

>

erobal2+=dz_ero[rowl[col];
sedbal2+=dz_sed[row] [col];
inpul=q_mat[row] [col];
inpu2=dz_ero[row][col];
inpu3=dz sed[row] [col];
sprintf(filename,"gndis2");
sadis(filename);
sprintf(filename,"gnero2");
saero(filename);
sprintf(filename,"gnsed2 B );
sased(filename);//*/

}
dzbal-(eedbal+erobal);
dz_bal2-(sedbal2+erobal2);
sprintf(chtext,'dzbal:%6.6f%6.6fsedout:%6.6fq_out:
%6.6f-,dz_bal,dz_bal2,(sedout*10000),g_out>;
gotoxy(l,10);
printf(chtext);
sprintf(chtext,"Erosiongrids:%8.If Sediment.grids:%8.If
•,erocnt,sedcnt);
gotoxy(1,11);
printf(chtext);
sprintf(chtext,"BalanceBrol:%6.6f2:%6.6fSedl:%6.6f2:%6.6f
",erobal,erobal2,sedbal,sedbal2);
gotoxy(1,12),printf(chtext);
sprintf(chtext,"Brobaltotal:%6.6f Sedbalancetotal:%6.6f %<
%d%d%d n,erobalto,sedbalto,tell,tel2,tel3,tel4);
gotoxy(l,13);
printf(chtext);
}//endcalc_qtr()
**mainO mainprogramwith time loopandoutputs

**

voidmain()
{
//Setmainparametresandvariablesbefore simulation
strcpy(filename, 'paragnei');
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inimod(filename);
numout-1;
//Number ofoutput filesduring simulation
numfile=2;
// K_act-0.000289;
//ActualK-factorSerp trans4
Kact-O.lS;
//Actual K-£actorGneiss trans2
P_act=0.6;
erobalto-0.0;
sedbalto-0.0;
-0;
S2_error=0;
Sl_
if{ (make
ji
clrscr();
ini mat();
atrcpy(filename, "gneiss");
inirfil(filename,dtm);
strcpy(filename, "gnsdp"),i n i r f i Kfilename,soildep),strcpy(filename, "rain_2km");
inir_fil(filename,dtmnew),strcpy(filename, "vege_2)an");
iniintf(filename,Boilmap);
if( (er_ifile I-NULL) ){
gotoxy(l,3);
printf("MatricesandDTM completed");
gotoxy(1,4);
printf("Matricesinitialised (infil,
fac etc..)•);
gotoxy(1,6);
printf("Pleasepressanykey to start");
clracr(),8printf(ch,"Initialdt=%6.4f Endtirae%6.4f",dt.endtii
gotoxy(l,2);
printf(ch);
//Start the timeloop
while (actual t<=end_time)
{//beginwhile timeloop
sprintf(ch,"Time
%10.Of".actualt);
gotoxy(1,4);
printf(ch);
if ((Sl_error==0)ss(S2_error«0)){
ini B O M );
calc_qtr();
calc_pro();
control();

}
if (Sl_errorl«Q){
sprintf(ch,"dSErroronTime:%10.Of•,actualt);
gotoxy(1,4),printf(ch);
actual_t«end_time+l;

}

sprintf(ch,"sinkErroronTime:%10.Of",actualt);
gotoxy(1,4),printf(ch);
actual_t«end_time+l;

>
if (fmod(actualt,endtime/num_out}«-Q) {
sprintf(filename,"log_2tan");
log file(filename);
sprintf(filename,"gnero%d",numfile);
surf_file(filename,dzero);
sprintf(filename,"gnsed%d",numfile);
surf_file(filename,dzsed);
sprintf(filename,agndis%d",numfile);
surf_file(filename,q_mat);
sprintf(filename,"gndem%d",numfile);
surf_file(filename,dtm);
sprintf(filename,"sdp%d",numfile);
surf_file(filename,soildep),sprintf(filename,"infilD%d",numfile);
eurf_file(filename,infil),sprintf(filename,agntra%d",numfile);
surffile(filename,dtmnew);
sprintf(filename,"lu_in%d",numfile);
int_file(filename,lumap);
sprintf(filename,"geogin",numfile);
intfile(filenama,soilmap);
sprintf(filename,"err%d",numfile);
intfile(filename,errorm ) ;
gotoxy(1,6);
sprintf(ch,"last filewritten:%d",numfile);
printf(ch);
numfile++;

//
//

//
//
//
//
//
//
//
//
//
//
//
//

>
actual_t+=dt;
}//endwhile timeloop
gotoxy(l,18);
freemat0;
printf("Endof Program");
getchf),> •!•• {
printf("inputDEM fileerror\n\nEndof Program");
}
} else getch();
{
printf("not enoughmemory fo
matrices\n*);
getchO;

}
} //endmain

if (S2_errorl-0){
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