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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 Mesginian Salinity Crisis {This thesis and Van der Meer, F.,
1995, Triassic-Miocene palaeogeography and basin evolution of the Subbetic
Zone between Ronda and Mdlaga, Spain. Geologie en Mijnbouw 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 arcas (This
thesis).

4. To estimate soil redistribution, the '*’Cs technique is much cheaper than
measuring and experimenting in the field during tens of years.

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 and think 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
Duich railways.

8. Better one soil scientist in the field than ten behind a computer screen.
9. The steepest descent can break your ankle.

JM. Schoorl, Addressing the Multi-scale Lapsus of Landscape, thesis defence on the 117 of
March 2002 in the Lecture Hall of Wageningen University (Aula), Wageningen, The
Netherlands
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La ciencia es una estrategia

Es una forma de atar la verdad
Que es algo mas que materia
Pues el misterio se oculta detras

© Luis Eduardo Aute, De Paso, Albanta, 1987

Cover illustrations by C. Boix Fayos and I.M. Schoorl. Cover illustration front: Digital
Elevation Model of the Sabinal catchment just north of Alora indicating the differences in
runoff generation between two land use related scenarios (see Chapter 7). Cover illustration
back: Digital Elevation Model of the Lower Guadalhorce catchment area from El Chorro to
the coast near Mdlaga. Every 10 meters coloured contour lines are given from 0 to 220 m.
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One slip, and down the hole we fall
It seems to take no time at all

A momentary lapse of reason

That binds a life for life

© David J. Gilmour, Pink Floyd 1987
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Chapter 1

General Introduction

"Addressing the Multi-scale Lapsus of Landscape” is the title of this thesis. Lapsus has the
meaning of a slip of the tongue, a mistake or a missing link and refers 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
can be defined in terms of genesis (how formed, processes), geomorphology (its present form,
shape), lithology/ soil (its composition), land cover (surface characteristics), land use (its use,
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.

1.1 Re-inventing the landscape

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. It was during this period that the first geological
maps appeared. Meanwhile in Russia the first soil maps were produced by soil scientists who
discovered the relation between soil and climate (Sibirtzev, 1897; Margulis, 1954). During
these early years mainly geologists, chemists and agronomists were investigating the soil. Soil
science as an individual discipline established itself in the Netherlands from the beginning of
the twentieth century (see for 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). Alse 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
polygons and classified entities with as culmination the FAO global soil map (FAQ, 1988). In
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the early years different classification systems have been developed all over the world. Later,
the numbers of systems have been limited and some standards are now more widely accepted
(e.g. USDA, 1999; FAQ, 1988). However, still many countries have their “own” classification
systems.

In the second half of the twentieth century “landscape” started to loose its visibility in soil
science mainly because of the introduction of descriptive morphometric properties in the map
legends such as texture, structure, pedogenesis etc. (de Bakker, 1995). The interest for using
these chemical and physical soil properties in the soil surveys were a consequence of the more
detailed mapping units that became standard in those days (< 1:50000) and the shift of interest
from mapping units to taxonomy. Consequently the large scale landscape perspective and co-
operation between soil science and geomorphology decreased (Jacob and Nordt, 1991).
Driven by the need for data in the taxonomy oriented scientific community the soil pedon
obtained a central position. Soil properties were treated at this pedon 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 a two-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
reduced to a variable set of boundary 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
hand useful and powerful in determining and even predicting of spatial variation, dependency
and variability between and within soil classes, optimising sample strategies, predicting soil
attributes and so on (Bouma et al., 1996; De Bruin and Stein, 1998; Saldafia et al,, 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 propetties or geomorphological features that can be
recognised by simple observation or physiographic mapping (Park, 2001).

Ancther consequence of the lacking landscape component can be found at the policy makers
level. Modem agriculture, especially in western Europe, is directed towards sustainable
development within the iandscape. However, many aspects of sustainability are investigated
and evaluated at the profile level, ignoring and eliminating the effective processes operating at
the higher landscape level. This implies that international, national and regional legislation is
affected by generalisation, which may have undesirable and unrealistic effects. For example at
the regional level the present day nitrate leaching legisiation does not take into account site
specific soil properties nor the position of a farmer in the 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;
De Graaf and Eppink, 1999),

Fortunately the landscape context surrounding the soil is starting to revive and to receive
increasing attention again. Landscape was only a two 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. In the 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) at the end of the last century: "the soil-landscape
paradigm is the natural path for pedology to follow".

1.2 Scale issues 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 issues or scale problems are a common point of discussion 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 to the differences in observation, interpretation and calculation of processes 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
land use change.

Both in geomorpholegy and hydrology the issue of scale has been an important topic over the
past years {e.g. Beven, 1995; Kalma and Sivapalan, 1995). Different causes of scale problems
can be identified concerning the behaviour of processes at different scales (Schulze, 2000}):

1. Emerging properties, new processes emerge at different levels.

2. Spatial heterogeneity of processes influenced by all sorts of spatial factors such as
topography, soils and land use.

Non-linear behaviour of process rates in time.

Threshold dependency to trigger a process.

Varying dominant processes at different levels.

Response to disturbances.

Typica] 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 and the resolution of the measuring 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 magnitude-
frequency 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
et al., 1991). At the catchment scale there are still uncertainties on the exact role of magnitude
and frequency of floods, considering the impact of large catastrophic floods with a very low

S
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frequency versus the cumulative effect of many minor flooding events. The large catastrophic
floods seem important in the long term evolution of the catchment, whereas the smaller
floods, depending on the timing, can have a larger cumulative impact (Coulthard et al., 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.
Long term dynamics of these components can be traced throughout the earth history, although
one could state that their temporal and spatial resolution becomes coarser going further back
in time. This increasing coarseness of geological observations and the resulting stratigraphical
framework is in the first place a result of preservation. Secondly, even modern dating
techniques show increasing coarseness in precision and validity.

As a consequence both temporal and spatial resolution of knowledge about climate, sea level
and tectonics show much more 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
lecal 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 the validity of the Milankovitch glaciation cycles (Pliocene Miocene). Compared with
the global to regional character of plate tectonics, climate and sea level changes, local uplift
rates are spatiailly much more variable since in active areas uplift or subsidence rates often
depend, in addition to the past and present position on the continents, on local fault systems.
Retuming 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 a model must be assembled with only those effective parameters at the
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. In hydrology there are 2 major 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 in geomorphology, since the hydrologic behaviour is one of the 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).

To investigate the soil in the landscape context a spatial explicit model is needed at the multi-
catchment level, where the temporal resolution will depend on the processes 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 using plot 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 resolution-
extension needed for this thesis.

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 of various plot 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 *’Cs
technique. This technique enables monitoring soil redistribution over the last 30 to 40 years
by measuring the soil related redistribution of the anthropogenic '*’Cs radionuclide, deposited
in the environment in the sixties. However, the obtained rates are limited to point data and
local soil profile conditions need vanous 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
invelved of long term monitoring with traditional techniques to achieve the same spatial and
temporal resolution.

1.3 The fifth dimension and sustainability

Ags discussed in the previous sections the landscape in environmental sciences is considered to
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 levels the human influence has become an important factor of consideration. At first
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 is introduced here as the fifth dimension of landscape.

Over the past years the consequences of this human influences upon the environment has [ed
to the need for sustainable development of this environment and the concept of sustainability.
Numerous definitions of sustainability can be found for all the various disciplines invoived 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 a manner
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 ecelogical 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
18 no single meaning or concept for sustainable agriculture and rural development.
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Fig. 1.1 Shaded relief image 50 by 50 km of the study area in the Malaga province, Andalucia, Spain.
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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 ¢arth 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 of process rates and the interaction with the four-dimensional landscape. As stated
by van Loon (2000) 1t is the task of carth scientists to rise awareness and to inform public and
policy makers on the spatial and temporal impact of this geological evolution.

1.4 Study area

The study area is situated in the south of Spain surrounding the village of Alora in the river
basin of the Guadalhorce, province of Malaga, Andalucia. This region is dominated by several
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 of the region surrounding the, in those days, small harbour city
of Malaga.

This research area, comprising the middle to lower Guadalhorce river basin, was chosen for
its dynamic landscape of mountains and hills, a variety of different lithologies within a smail
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
various publication about the research area of different disciplines (De Bruin 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; Scheorl et al., 2000; Schoorl and Veldkamp, 2001;
Veldkamp et al., 2001; Wielemaker et al., 2001; Schoorl and Veldkamp, 2002; Schoorl et al.,
2002a; 2002b, 2002c). Consequently, the local infrastructure and resources of a growing
database were available during this thesis project.

In this thesis, different spatial levels have been investigated around the village of Alora,
situated in the northwestern part of the Malaga province, 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. The geological background of the area will be discussed in detail in
Chapter 2. Finally, details about the land use of the research area can be found in Chapter 7.

1.5 Objectives and research questions

The general objective of this thesis is to investigate the role of the landscape at different
spatial and temporal levels (extension and reselution) 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.
Each of these objectives is achieved by trying to answer several research questions:
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1. To explore the constraints of the geological context upon the landscape.

- What is the geological background, composition and location of the different parent
materials in the research area?

- How does the present topography relate to geological processes in the past concerning
changes in global sea level and global climate change?

- What are the past and present uplift rates that have influenced landscape evolution?

2. To develop a simple multi-scale landscape process model valid on different temporal and
spatial levels.

- What is the effect of DEM resolution (ie. the landscape representation) upon
modelling erosion and deposition?

- What are the effects of different flow routing algorithms at different resolutions and
extensions?

3. To measure actual soil redistribution rates in the research area.

- What is the validity of the Cs'?’ technique to measure net soil redistribution in the
research area?

- What is the influence of the typical Mediterranean environment conceming lithology,
steep slopes and shallow stony soils upon both natural and anthropogenic
radionuclides?

4. To compare measured soil redistribution rates with modelling landscape processes.

- What are the commonty used calibration techniques and which one is the most suitable
for the research area?

- Can we calibrate the LAPSUS model with these measured *'Cs soil redistribution
rates?

- What is the influence of land use and tillage upon these rates?

5. To investigate the influence of a dynamic landscape upon important soil gualities.

- What is the influence of lithology upon the model input parameters of landscape
process modelling?

- How is the soil available water influenced by the dynamic landscape concept?

6. To research the effect of linking landscape process modelling and land use changes.

- What parameters in modelling landscape processes are influenced by land use?

- Which are the possible scenarios of land use change in the study area?

1.6 Outline of this thesis

Except the introduction (this Chapter 1) and the synthesis (Chapter 8), the Chapters 2 to 7
have been written at different spatial and temporal resolutions-extensions evolving around the
central Jandscape 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
landscape processes and land use change.

As the base for the understanding of the landscape and its processes Chapter 2 is dealing with
the landscape evolution of the research area at a %eological timescale of 107 [a] with a
difficult to determine temporal resolution of 10* to 10° [a]. The organisation of the landscape,
concerning parent materials and topography, is investigated in relation to long term process
rates of climate, sea level and tectonics. This study is directed towards the whole research area
with a spatial extension in the order of 107 [km?].
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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 called LAPSUS (see model source code in the Appendix). 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 | to 81 [m] and
different extensions from 10° [m?] to 10° [mz].
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Fig. 1.2 Overview of the spatial and temporal resolution-extension applied in the different chapters.

To measure net rates of soil redistribution at the landscape level, and to overcome the
limitations of extensive monitoring, the Caesium-137 (**Cs) technique has been tested in the
research area. Chapter 4 is investigating the applicability of the 7Cs technique under typical
Mediterranean conditions. The technique is aplzjlied at the slope transect to catchment scale
within a spatial extension of 10° [m?] to 10° [m?]. In Chapter 5 the field-measured results are
used to calibrate net soil redistribution on the temporal resolution of years and decades. Also
in Chapter 5 the results of the ""’Cs monitored erosion and sedimentation patterns are
compared with simulations of the LAPSUS model using 7.5 [n] resolution DEMs.
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Knowing the possibilities but also the constraints of the Lapsus model, Chapter 6 moves up to
the multi-catchment or basin scale with a spatial extension of 10? {km?]. 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
simulated within this soil landscape context.

Finally Chapter 7 integrates 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
resclution of 1 [a] and temporal extension of 10 [a]. The study area is the Sabinal catchment
using a 25 [m] resolution DEM of around 1.7 10' [km?].

Since each chapter is {(io be) published in a peer reviewed scientific journal, the general layout
of each chapter includes an introduction, materials and methods, results, discussion and
conclusions section. Consequently only a brief synthesis is given in Chapter 8.
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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 geomorphelogical processes and their controls in time. In the south of
Spain tectonics, climate and sea level flucmations 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 to present. These reconstructions add information and constraints to the 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
Middle Miocene, Messinian and Late Pliocene to Early Pleistocene. This resulted in a relative
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. In the Pliocene a short palaco-Guadalhorce, in a narrow and
much smaller valley existed, partly filled with marine sediments combined with prograding
fan delta complexes. During the Pleistocene, a wider and larger incising river system resulted
in rearrangements of the drainage network. Evaluating the uplift history of the area, we found
that tectonic activity was higher during the Tortonian-Messinian and Upper Pleistocene, while
tectonic activity was lower during the Pliocene. Relative uplift rates for the study area range
for the Messinian between 160-276 [mMa’'], for the Pliocene between 10-15 [mMa™'] and for
the Pleistocene 40-100 [mMa™].

Based on: Schoorl, JM. & Veldkamp, A., 2002. Late Cenozoic landscape development and its tectonic
implications for the Guadalhorce valley near Alora (Southern Spain). Geomorphology.
& in press.
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