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Chapter 1

1.1. Introduction

Soil erosion is defined as ‘the wearing away of the land surface by water, wind, ice,
gravity or other natural or anthropogenic agents that abrade, detach and remove soil
particles or rock material from one point on the earth's surface, for deposition elsewhere,
including gravitational creep and so-called tillage erosion’ (European Commission, 2011)
and erosion is listed as the first of eight main soil threats (European Commission, 2006).
According to Parsons et al. (2004) it is important to know rates of soil erosion by water for
two principal reasons: first, it is essential to our understanding of landform development.
Second, on agricultural land, these rates determine the long-term sustainability of
agricultural practices and have profound economic consequences. The first of these two
reasons, landform development, involves erosion over long (millennial) time-scales.
However, erosion by water occurs as a consequence of (a sequence of multiple) rainfall
events. There is a gap in time-scales between an erosive rainfall event (hours to days) and
landscape evolution (centuries to millennia). The contribution of, for example, an
extreme event to total erosion can only be evaluated if long-term average erosion rates
are known. Furthermore, different sequences of events can lead to different erosional
response. The effect of two consecutive large events will have a different effect than if
these two events occur several years apart. In a recent review, Hoffmann et al. (2010)
propose that future research should focus on quantifying the relative roles of allogenic
and autogenic forcing on fluvial regimes, extreme events and sediment fluxes. This
behaviour can be evaluated with landscape evolution models (LEMs; e.g. Tucker and
Hancock, 2010) using information on long-term erosion rates derived from for instance,
dated sediment archives. In addition, the consequences of climate change, for instance if
more extreme events are being predicted to occur, can be simulated with these kinds of
models.

The second reason mentioned by Parsons et al. (2004) involves human activity. As stated
by Hooke (2000), humans have arguably become the most important geomorphic agents
in sculpting the landscape. However, appreciating the actual importance of humans as
agents of global soil erosion necessitates knowledge of prehistoric erosion rates imposed
only by natural processes (Wilkinson, 2005). By comparing long-term and contemporary
erosion rates, some studies have found similar rates (e.g. Matmon et dal., 2003), others
found elevated contemporary rates, attributed to human impact (e.g. Gellis et al., 2004,
Vanacker et al., 2007), but also lower contemporary rates were found, explained by the
absence of high-magnitude, low-frequency (extreme) events in the contemporary record
(e.g. Kirchner et al., 2001, Tomkins et al., 2007, Meyer et al., 2010). To prevent or mitigate
the effects of land degradation and erosion, soil and water conservation measures should
be sustainable and targeted at the accelerated erosion due to human impact on the
landscape. This is not possible without understanding the natural landscape dynamics
(erosion and deposition processes).
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General introduction

If erosion due to human impact can be separated from natural erosion, sustainable
measures to combat erosion can be developed (Vanacker et al., 2007, Boix-Fayos et al.,
2008).

While the definition of erosion separates natural from anthropogenic causes of erosion,
in many erosion studies, the assumption is made that all observed erosion features are
the direct and indirect results of human actions (e.g. Bork et al., 2001, Vanacker et dl.,
2003). In geosciences, however, erosion is viewed upon as a natural denudational process.
Consequently, in erosion research, spatial and temporal scales as well as research
methods differ: plot-slope-small catchment scale, event based change, ‘human’ time-
scales (Kroonenberg, 2006) and field experiments on the one hand, landscape regional
scale, decadal change, time-scales of landscape evolution (Quaternary) and landscape
evolution models as tools on the other hand. The aim of this thesis is to bridge the gap
between these two contrasting approaches with focus on the time-scale gap between
rainfall events and landscape evolution and the relative contribution of human activity to
natural erosion. Tools of both approaches (i.e. field measurements and modelling on
different time-scales) are combined.

The remainder of this introductory chapter introduces the role of natural versus human
induced erosion in section 1.2. In section 1.3 the gap in time-scale between rainfall -
runoff events and landscape evolution is introduced. Section 1.4 introduces modelling of
landscape dynamics (erosion and sedimentation). In sections 1.5 and 1.6 the research
questions and thesis outline are given. The study area in SE Spain is described in section
1.7. Finally, in section 1.8 details of two models used in this study are described.

1.2. Natural and human-induced erosion

Generally, it is believed that human pressure upon the soil increased erosion rates (e.g.
Hooke, 2000, Syvitski et al, 2005, Knox, 2006), due to for instance urbanization,
deforestation, agricultural practices, mining and reservoir development. Moreover,
humans also indirectly influence erosion, for example when land use changes increase
the sensitivity of river dynamics to climate fluctuations (Verstraeten et al., 2009a). To
quantify the importance of humans as agents of erosion, knowledge of erosion rates due
to solely natural processes is required (Wilkinson, 2005, Vanacker et dal., 2007). Two
interconnected problems that arise are that the onset of anthropogenic influence
frequently predates historical records (Wilkinson, 2005) and that undisturbed areas
where natural rates can be assessed are difficult to find (Gellis et al., 2004).

Comparing estimates of world-wide modern rates of erosion to estimates of ancient and
geologic erosion rates, Hooke (2000) and Wilkinson (2005) conclude that humans have
become the most important geomorphic agents, moving more than an order of
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magnitude more sediment than the sum of all other natural processes operating on the
Earth’s surface. Syvitski et al. (2005) use a modelling approach to estimate the global
sediment flux on a river-by-river basis under modern and pre-human conditions,
concluding that humans have increased the sediment transport by global rivers trough
soil erosion but reduced the sediment flux reaching the coast due to retention within
reservoirs. Apart from these global estimates, many case studies exist that qualitatively
or quantitatively relate erosion to natural and/or human causes. Several examples
illustrate different methodologies to assess human versus natural sediment dynamics.

Many (case) studies use field observations and dating of sediment bodies, for example
river terraces, and qualitatively correlate the episodes of erosion or deposition to periods
of increased human impact or climate change (e.g. Little Ice Age). Examples include
Schulte (2002), Faust et al. (2004), Avni et al. (2006), Knox (2006), Fuchs (2007), De Moor et
al. (2008), Dearing et al. (2008) and Zielhofer et al. (2008). Carrién et al. (2007) use pollen
data to correlate the vegetation history to human and/or natural perturbations.
Dotterweich (2008) reviews past soil erosion and gullying in small catchments of central
Europe, concluding that sediment fluxes in small catchments are highly sensitive to local
land use changes, while river sediments show regional trends in land use and climate
changes.

Lang (2003) use a semi-quantitative approach in which a frequency distribution of optical
dates on colluvial sediments is constructed. Phases of increased colluviation are
correlated to periods of stronger human impact. Using a similar approach, Panin et al.
(2009) emphasizes the role of climate changes to trigger gullying in the last five millennia
and only since the Middle Ages human impact has amplified gully erosion.

Cosmogenic nuclide analysis can be used to quantitatively calculate long-term erosion
rates. These can be compared with present-day sediment yields, for example calculated
from reservoir sedimentation in steep mountain catchments (Vanacker et al., 2007), or
calculated using sediment traps and straw dams (Gellis et al., 2004). In both studies,
present-day sediment yields showed large spatial variation and modern erosion rates are
similar to the pre-anthropogenic benchmark rates if the area is well-covered by
vegetation. Removal of the vegetation cover leads to an exponential acceleration of
erosion rates. Gellis et al. (2004) relate the higher erosion rates to grazing activity.
Another approach to quantitatively evaluate sediment dynamics and their causes (e.g.
human or natural) is the sediment budget concept (e.g. Houben et al., 2009, Notebaert et
al., 2009, Verstraeten et al., 2009b). Verstraeten et al. (2009b) visualize not only the human
influence on erosion, but also the changing connectivity of hillslopes, colluvia and
floodplain area throughout the Holocene.

A third quantitative method to study landscape responses to human-induced changes is
to use simulation models. Govers et al. (2006) used an adapted version of the SPEROS
model to study the interaction of water erosion, tillage erosion and rock fragment cover
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under various land use scenarios over decadal time-scales. Van Oost et al. (2000) assess the
effect of changes in landscape structure on both water and tillage erosion using the
WATEM model. Although these applications simulate the effects of (human) land use
changes, they do not compare to non-human situations. Verstraeten and Prosser (2008)
apply the WATEM/SEDEM model to an Australian catchment by first modelling erosion
and sedimentation under pre-European land use and second, they use recent land use
patterns in the model. Long-term (i.e. millennial) modelling of the effects of human
impact on erosion and landscape dynamics are rare. Using the landscape evolution model
CAESAR Coulthard et al. (2000) modelled the effects of deforestation and climate change
separately and in combination for a UK catchment over 100 years. Using the same model
but over 9 millennia, Coulthard and Macklin (2001) conclude that Holocene river
evolution in temperate regions is driven primarily by climate change, but that it is also
influenced by land cover changes. Different from the previous is the use of agent-based
models (AGMs) to evaluate human interactions with geomorphic processes (Wainwright
and Millington, 2010).

1.3. The time-scale gap in landscape dynamics

There is an obvious gap in time-scales between runoff and erosion during a storm event
and the long-term landscape evolution of a catchment (Tucker and Hancock, 2010), i.e.
between hydrometeorologic time-scales (minutes to weeks) and geomorphic time-scales
(centuries to millennia and even geologic era; Tucker and Bras, 2000). As Schumm and
Lichty (1965) illustrate, dependent on the time-span involved, variables of a landscape
system may change status from independent to dependent or not relevant. On a
millennial time-scale, the independent variables are, for instance, lithology, climate and
vegetation, while hillslope and channel morphology are dependent variables and
observed discharge and flow characteristics are considered indeterminable on this
(millennial) time-scale. On the short time-scale (defined as < 1 year), the latter become
the dependent variables and hillslope and channel morphology become independent
variables.

Extreme events of low frequency but high magnitude seem to contribute
disproportionally to total erosion (e.g. Brunsden and Thornes, 1979, Hooke and Mant,
2000, Boardman, 2006, Gonzalez-Hidalgo et al, 2010). Comparing long-term and
contemporary erosion rates, some studies have found similar rates (e.g. Matmon et al,,
2003), others found elevated contemporary rates, attributed to human impact (see
section 1.2; e.g. Gellis et al., 2004, Vanacker et al., 2007), but also lower contemporary rates
were found, explained by the absence of high-magnitude, low-frequency (extreme)
events in the contemporary record (e.g. Kirchner et al., 2001, Tomkins et al., 2007, Meyer et
al., 2010). Due to the episodic nature of sediment fluxes, they can easily be missed in
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contemporary, short time, sediment measures, leading to underestimation of calculated
average erosion rates (Kirchner et al., 2001). Conversely, if an extreme event was included
in the measurements, average rates can be overestimated compared to long-term average
flux-rates. As Kirkby (2010) states, soil erosion measurements should not be reported
without their interpretation in terms of long-term average rates and magnitude-
frequency distributions.

Of importance for the interpretation of events in landscape evolution, e.g. from records
of deposited sediments, is the mechanism of shredding of environmental signals
(Jerolmack and Paola, 2010). Due to nonlinearity of sediment transport and autogenic
(self-organized) behaviour in the landscape system, an external signal will not show in
the sediment output if its frequency is smaller than the characteristic time-scale of the
system, unless its magnitude is large enough (Jerolmack and Paola, 2010). In line with
this, Van De Wiel and Coulthard (2010) showed that the application of identical rainfall
events (i.e. events of equal magnitude and regular sequencing) in their landscape
evolution model gave considerably different sediment outputs. This implies that
sediment records, used to infer past climate or environmental conditions could simply
reflect the internal system dynamics instead of external forcing such as climate
variability (Van De Wiel and Coulthard, 2010).

Although often modelled as a continuous process, landscape evolution is in fact driven by
discrete events (Tucker and Bras, 2000), which have a characteristic frequency
distribution varying in space and time.

In their review on modelling the response of river systems to environmental change, Van
De Wiel et al. (2011) state that the temporal resolution (i.e. the time step) of model
simulations should be sufficiently small to capture landform altering events. Many
landscape evolution models (LEMs) use a ‘geomorphologically effective’ runoff event to
drive erosion in the model (Tucker and Hancock, 2010). However, it is not defined what a
‘geomorphic effective’ or ‘landform altering event’ is or should be. Tucker and Hancock
(2010) also state that time variability in hydrologic forcing can have an impact on
landscape dynamics and should normally be incorporated in models. In an analysis on the
effect of rainfall variability as opposed to mean rainfall, Tucker and Bras (2000) found
that long-term average sediment transport capacity (and sediment flux) in rivers and on
eroding hillslopes should be higher under a more variable climate, all else being equal.
The degree of sensitivity to climate variability depends on (1) the intrinsic nonlinearity in
transport dynamics and (2) the magnitude of thresholds for runoff production (e.g. the
infiltration threshold) and sediment particle detachment.
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1.4. Approaches to modelling landscape dynamics

First of all it should be remembered that every model is by definition a simplified
representation of (parts of) reality (e.g. Mulligan and Wainwright, 2004, Nicholas and
Quine, 2007). Depending on the objective and scale of the modelling exercise, few or more
elements of reality can be incorporated in a model. The so-called reductionist approach
strives towards understanding and explaining a system by reducing it to its fundamental
components and attempting to analyse the behaviour of these components and the
interactions between them (Harrison, 2001). Thus, larger-scale system characteristics are
predicted as the product of lower-level process interactions, rather than being defined
explicitly (Nicholas and Quine, 2007). Often, reductionist models aim to include as many
primary and secondary processes as feasible, assuming that the inclusion of more
processes will result in enhanced realism in the simulations (Van De Wiel et al., 2011). The
disadvantages of this approach are, firstly, that there will always be a number of
processes which are not explicitly included and, secondly, that inclusion of more
processes increases the model’s complexity and thus simulation uncertainty and
parameter requirements (Van De Wiel et al., 2011). According to Preston et al. (2011), the
reductionist paradigm dominated geomorphic enquiry from 1960 - 1990, but the
challenge should now be to synthesize and extend understanding beyond the mechanics
of process and into the holistic function of complex landscape systems. The synthesist
approach (e.g. Paola, 2011), is underpinned by the recognition that process-form
interactions operate across a hierarchy of scales and by the belief that only certain
aspects of the dynamics at any level are essential to understanding system behaviour at
the level above (Nicholas and Quine, 2007). Complexity, in general, is ordered and
hierarchical, meaning that it is not additive (Paola, 2011). Harrison (2001) notes that
geomorphological landscapes may be ‘more than the sum of their parts’. Synthesists
advocate that understanding what is really essential requires simplification and that this
is essential if the goal is insight (Paola, 2011). Simplified representations of the complex
small-scale mechanics of flow or sediment movement capture the self-organization
processes that create apparently complex patterns (Paola, 2011). However, this
simplification introduces other problems, such as weakly-physical or empirical
parameterization instead of previously well-constrained properties or variables
(Brasington and Richards, 2007).

Most models are not strictly reductionist or synthesist. For example, models that are
considered reductionist, rarely resolve sediment transport at the level of individual
particle trajectories. Synthesist models may represent the same suite of processes at the
same scale, be underpinned by the same principles (e.g. conservation of mass) and retain
the same basic structure as traditional flow-sediment transport models (Nicholas and
Quine, 2007). The term reduced-complexity is therefore often used, which implies only
emphasis on simplicity (Nicholas and Quine, 2007).
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Reduced-complexity models may form the necessary bridge between the short-term,
small-scale, process-oriented and the long-term, large-scale elements of geomorphology
(Brasington and Richards, 2007).

1.5. Objectives and research questions

To better understand landscape response in terms of erosion and deposition dynamics,
there is a need to understand the role of human activity on the (naturally) eroding
landscape and the role of (extreme) events in long-term landscape evolution. In a recent
review on human impact on Holocene fluvial regimes and sediment fluxes, Hoffmann et
al. (2010) propose that more sophisticated datasets should be developed that combine (i)
contemporary and long-term hydrological and geomorphological information; (ii) DEMs
of contemporary floodplain topography and land use; and (iii) reconstructed DEMs of
palaeo-floodplain environments. For the future, Hoffmann et al. (2010) propose that
research should focus on quantifications of the relative role of allogenic and autogenic
forcing on fluvial regimes, extreme events and sediment fluxes and on improvement of
long-term river basin modelling.

Indeed, it is the main focus of this thesis to combine long-term (millennial) landscape
evolution and short-term (hours - days) rainfall runoff events using models that have
been developed for both extremes (i.e. of time-scales). On the one hand physically based
erosion models simulate the topographic effects during and after a single rainfall event
while, on the other hand, landscape evolution models simulate the topographic
development of a catchment as the effect of one (or more) landscape forming processes
over thousands of years. In this thesis, two such models are applied to the study area in
SE Spain (see section 1.7) and eventually combined in order to evaluate the effects of
rainfall events on long-term landscape evolution. Moreover, using these models, the
effects of human influence on erosion can be assessed, both in the long-term (millennia)
and on the shorter term (decades). Separating human from natural erosion is important
to appreciate the impact of human activities on the landscape and to be able to target
erosion mitigation measures to human induced erosion instead of to natural erosion.
Therefore, the main objectives of this thesis are to get insight in (i) the time-scale gap
between landscape dynamics (erosion and deposition) as a result of rainfall events on the
one hand and over landscape evolution time-scales on the other hand; and (ii) the
relative importance of natural processes versus human influence on landscape dynamics.
The following research questions are divided according to the first objective; the second
objective is addressed in chapters 2, 4 and 6 (see section 1.6. Thesis outline).
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1. Long-term landscape evolution:

a)
b)

c)
d)

e)

What are the main processes and drivers of long-term landscape evolution
in the research area?

What is the relative importance of natural versus human influence on
erosion and sedimentation dynamics over time?

How large are erosion rates for different time periods?

Can sequerces of erosion and deposition be quantitatively modelled for the
research area?

Did tillage erosion contribute to long-term landscape development in the
research area and can this be evaluated with a landscape evolution model?

2. Event-based erosion:

a)

b)

Can typical Mediterranean storm events of different magnitudes of rainfall
intensity and duration be modelled?
How do these different magnitude storms contribute to total erosion?

3. Bridging the time-scale gap:

a)
b)

c)

Can results of an event-based and a landscape evolution model be
compared?

How can event information be incorporated into longer-term (e.g.
centennial) landscape modelling?

What are the effects of rainfall variability, extreme events and land use
change on landscape evolution?

1.6. Thesis outline

This thesis comprises seven chapters, including this introduction. Chapters 2 to 6 form
the core of this thesis (Fig. 1.1) and address the objectives and research questions
presented in section 1.5. Because this thesis focusses more on differences in temporal
scale (as opposed to spatial scale), the thesis chapters are related to temporal scales in
Fig. 1.1. Usually, but not necessarily, smaller temporal scales go together with smaller
spatial scales and vice versa.
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Chapter 1

Fig. 1.1. Schematic outline of the core chapters of this thesis

In Chapter 2, the geomorphological background of the research area is investigated with
the aim to get insight in the Late Pleistocene and Holocene landscape development. A
schematic model of erosion and sedimentation dynamics is developed and the character
(local or regional) of landscape forming factors are investigated (Question 1a). A tentative
correlation between episodes of erosion and deposition and natural or human impact was
made (Question 1b). From dated sediment archives, erosion rates were estimated for
different time periods (Question 1c). In Chapter 3 the originally hillslope-focused LAPSUS
landscape evolution model is adapted to incorporate fluvial behaviour. The adapted
model should be able to reproduce alternating aggradation and incision behaviour in a
river floodplain area, which was tested by using an artificial DEM and experimental set-
up. This addresses Question 1d in a theoretical way. Subsequently, in Chapter 4 the
adapted model is calibrated for the research area, thus quantitatively answering Question
1d. In this chapter the potential contribution of tillage erosion to observed erosion -
sedimentation - erosion sequences is analysed on the millennial time-scale using the
adapted LAPSUS model (Question 1e). The observed erosion and deposition sequences
were derived from the geomorphological inventory described in chapter 2.

In Chapter 5 the event-based soil erosion model OpenLISEM is used to simulate typical
Mediterranean storms of different magnitudes of rainfall intensity and duration
(Question 2a). Moreover, the relative contribution of these different magnitude storms to
total erosion is explored (Question 2b). In Chapter 6 the event-based OpenLISEM model
and the landscape evolution model LAPSUS are compared (Question 3a). Based on this
comparison, a way of incorporating event information into longer-term landscape
evolution modelling is explored (Question 3b). Furthermore, the effects of rainfall
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variability and extreme events are quantitatively evaluated and the effects of climate and
land use changes are explored (Question 3c).

Finally, Chapter 7 concludes with a synthesis of the findings of the previous chapters and
general conclusions of the thesis. In addition, suggestions for further research are given
in this chapter.

1.7. Study area

Research for this thesis was carried out in the semi-arid Guadalentin Basin (~3300 km?),
located in Murcia province, SE Spain. The research focused on the upper part of the
Guadalentin river, upstream of the city of Lorca (Fig. 1.2; UTM 30N 614800; 4171000). In
this section, the general characteristics of the study area are described; relevant specific
information is given in each chapter. Starting with the Guadalentin, Velez and
Torrealvilla rivers in chapter 2, chapter 4 focuses on the Rambla (Spanish for ‘ephemeral
river’) Torrealvilla (~250 km?), while chapters 5 and 6 zoom in to the Prado catchment
(~50 km?), which is a sub-catchment of the Torrealvilla (Fig. 1.2b).

Altitudes in the catchment range from ~300 to ~1500 meter above sea level. Current
climate is semi-arid Mediterranean. Average annual precipitation is about 250 mm in the
lower areas near Lorca to 530 mm in the northern mountains, with 75% of rainfall in
spring (mainly April) and autumn (mainly October). Inter-annual variability of
precipitation is high (Navarro Hervés, 1991). Average annual temperatures are ~17°C,
with lowest mean temperatures of 3 °C and highest mean temperatures of 34°C (Navarro
Hervds, 1991). Evapotranspiration exceeds precipitation during most of the year,
resulting in an annual moisture deficit (De Wit, 2001). Semi-natural vegetation in the
research area consists mainly of natural shrubs (matorral, mainly Stipa tenacissima) and
forest (Pinus halepensis). Land use is mainly dryland farming (cereals and almonds) and
irrigated crops (olives, almonds, vines and horticultural crops). Dominant rock types in
the area are limestone, calcarenite and conglomerates, with marls, sandstones and some
conglomerates occurring mainly in the lower parts of the catchment (IGME, 1981).
Dominant soil types are calcaric Cambisols, Regosols and Fluvisols, (petric) Calcisols,
(petric) Gypsisols and Leptosols (LUCDEME, 1988, 1993).
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a.

[ 2 R — e ' ' ._'KJ’ i 7 2 &
Fig. 1.2. a) Location of the research area in SE Spain; b) DEM of the research area with Guadalentin and
Velez rivers indicated. The white area is the Puentes reservoir, the black area the town of Lorca. Black

lines and grey shading delineate the Torrealvilla and Prado catchments.

1.8. Model descriptions

In this thesis, two different models are used: the event- and physically based OpenLISEM
soil erosion model and the landscape evolution model LAPSUS. Of these two models,
LAPSUS is the more synthesist, reduced complexity model, while OpenLISEM
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incorporates more processes and is more inclined towards the reductionist type of
models. In chapter 3 and 4, the LAPSUS model is adapted for and calibrated to the study
catchment, respectively. In the chapter 5, the OpenLISEM model is applied to the study
catchment. Finally, in chapter 6, the two models are compared. To avoid repeating model
descriptions in these chapters, both models are introduced here.

1.8.1. The event-based OpenLISEM soil erosion model

The OpenLISEM model is a physically based runoff and soil erosion model, based on the
original Limburg Soil Erosion Model (LISEM; De Roo et al., 1996b, Jetten and De Roo, 2001).
It simulates runoff and erosion during and immediately after a rainfall event. Fig. 1.3
shows a modelling scheme for the OpenLISEM model.

Following a standard surface water balance, OpenLISEM first calculates the net
precipitation by subtracting the actual interception storage, based on canopy storage
functions as described in De Jong and Jetten (2007). Subsequently the infiltration rate is
calculated by a one-layer Green and Ampt, based on a direct use of the Darcy equation for
one-dimensional flow (Kutilek and Nielsen, 1994). There is no need for an iterative
estimation of time to ponding as the model time step is very short (15 s). The infiltration
rate q (in m s™)is calculated as:

q = —Kear (% + 1) = —Kyur (? + 1) Eq. 1.1
with K, the saturated hydraulic conductivity (m s™); L the depth of the wetting front (m)
calculated as the cumulative infiltration (m) divided by the available soil storage (m*> m?);
h the negative matrix suction at the wetting front (m); and d the overpressure depth of
the water layer at the soil surface (m). The infiltration cannot exceed the soil depth in
case of impermeable sub soils so that saturation overland flow is eventually generated
when the soil storage is exceeded. The model considers different sub-pixel surfaces such
as fraction of crusted, compacted or impenetrable surfaces, or grass strips, for which
separate infiltration calculations can be done. In case of runoff, OpenLISEM assumes that
the micro roughness causes not only surface storage (Kamphorst et al., 2000), but also
determines the flow width through a fraction of the grid cell that is ponded and hydraulic
radius if there is ponding.

The flow width is calculated form the surface roughness using the empirical equation
(Jetten and De Roo, 2001):

w =dx - f,, = dx - (1 — e 18754/RR) Eq.1.2
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Fig. 1.3. OpenLISEM modelling scheme.

with w flow width (m); f,, fraction of ponded area (-); d the depth of the runoff water (m);
and RR the standard deviation of micro roughness surface heights (m). Runoff water is
routed with an implicit solution of the kinematic wave (Chow et al., 1988). In case of
natural or artificial channels the stream flow is routed with its own kinematic wave,
determined by the channel dimensions, roughness and bed slope. Infiltration in channel
beds is possible, but once water has entered a channel it cannot leave it, in other words
there is no flooding possibility in OpenLISEM.
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Sediment is generated by rainfall splash detachment and detachment by overland and
channel flow. Splash detachment D, (kg s™) is based on rainfall kinetic energy (Van Dijk,
2002) multiplied by an empirical aggregate stability factor based on splash tests:

dx?
dt

2.82 —
Dy = (22-KE - e3¢ 4 2.96) - P,

Eq. 1.3
With As the soil aggregate stability from the Lowe drop test (kg J™); KE the rainfall kinetic
energy (J m? mm™); d the depth of the surface water layer (mm); P, net precipitation
(mm); dx* grid cell surface; and dt the time step (s). The model accounts for fractions of
the grid cell covered by vegetation or that are ponded.

Flow detachment, sediment transport and deposition are calculated with a streampower
based transport capacity equation (Govers, 1990; see also Morgan et al., 1998):

TC=p-Cl-(w—w)P =p-Cl-(S-V —0.004)P Eq. 1.4

With TC the transport capacity (kg m?); w and w, the unit streampower and critical unit
streampower (m s™); S slope gradient (m m™); p the particle density (2650 kg m®); V mean
flow velocity (m s™); and Cl and DI empirically derived coefficients, depending on the
texture median (D50) of the upper soil layers. Sediment from splash detachment is added
to the amount of sediment in transport. It is assumed that the flow will cause detachment
(Df in kg s™) as long as the transport capacity TC is larger than the concentration of the
suspended sediment C (kg m®), while a soil strength factor has to be overcome (based on
cohesion):

Df=Y-(TC-C)-Q Eq. 15
with Y the detachment efficiency based on the reverse of the soil cohesion (Morgan et al.
1998, see below) and Q the discharge (m’® s™). Deposition (Dp in kg s™) occurs whenever the
transport capacity is less than the total suspended sediment in flow:

Dp=w-dx-v,-(TC—C) Eq. 1.6
with w width of flow (m) and v, settling velocity of the particles (ms™).

It is important to note that the same equations are used for overland flow and for channel

flow, where a separate stream power is calculated based on channel velocity and bed
slope.
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1.8.2. The LAPSUS landscape evolution model

Landscape evolution model LAPSUS (Landscape Process Modelling at Multi-Dimensions
and Scales) is a reduced complexity model, based on early works of Kirkby (1971, 1986)
and Foster and Meyer (1972) and is described in detail in Schoorl et al. (2000, 2002). To
ensure wide applicability of the model, mathematical descriptions of the processes have
been formulated to use a limited amount of input data and to represent annual averages.
The original model simulates erosion and deposition by overland flow. Model
development started with programming, validation and calibration in Spain (Schoorl et
al., 2000, 2002, 2004, Schoorl and Veldkamp, 2001). In later versions of the model more
processes were added: biological and frost weathering, tectonics, soil creep, vegetation
effects and solifluction (Temme and Veldkamp, 2009), tillage erosion (Schoorl et al., 2004,
Heuvelink et al., 2006), landsliding (Claessens et al., 2005, 2006a,b, 2007a,b, 2009, 2010,
Keijsers et al., 2011) and saturated overland flow (Buis and Veldkamp, 2008). In addition,
issues of DEM resolution and the treatment of pits and sinks in the landscape have been
investigated (Temme et al., 2006). The model has been used in regional nutrient balance
studies in Africa (Haileslassie et al., 2005, 2006, 2007), to investigate phosphor pathways in
the Netherlands (Sonneveld et al., 2006) and to assess the role of connectivity, agricultural
terraces and land abandonment on erosion dynamics (Lesschen et al., 2007, 2009). Fig. 1.4
shows a methodological scheme of the LAPSUS model.

Water, sediment flux and transport capacity is routed using the multiple flow algorithm
(Freeman, 1991, Quinn et al., 1991, Holmgren, 1994):

__ @y Eq. 1.7
i E;n:af(g(/\)f q. 1.
where fraction F, of flow out of a cell in direction i, is equal to the slope gradient A
(tangent) in direction i, to the power of convergence factor p, divided by the summation
of A for all (maximum eight) downslope neighbouring cells j, to the power of convergence
factor p.

For sediment transport, continuity of transport and conservation of mass principles
apply. For each cell sediment transport capacity C (m® a”) is calculated (Eq. 1.8) as a
function of discharge Q (m* a™) and tangent of slope A (Kirkby, 1971):

C=a-Qm-A" Eq.1.8
with discharge exponent m, slope exponent n and variable a the constant for unit
conversion. Transport capacity C is compared to the incoming amount of sediment in

transport S, (m* a™) to calculate the amount of sediment S (m® a”) that is actually
transported:
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Fig. 1.4. LAPSUS modelling scheme.
S=C+(Sy—C) e x/h Eq. 1.9

with dx the cell size (m). Term h (m) refers to the transport capacity divided by the
detachment capacity (D; m® a™) in case of erosion, and transport capacity divided by
settlement capacity (T; m® a™) in case of sedimentation:

D=K-Q-A Eq. 1.10
T=P-Q-A Eq. 111

where K (m™) is an aggregated surface factor representing the erodibility (the ease to
erode) of the surface. P (m™) is a similar factor for sedimentation potential. These lumped
factors include the effects of vegetation. A high K-factor indicates that sediments are
easily eroded (e.g. little vegetation) and a low K-factor means low erodibility. A high P-
factor means that sediments are easily deposited, while a low P-factor keeps sediment in
transport longer. Note that a high P-factor does not necessarily mean high sedimentation;
sedimentation depends on the amount of sediment in transport and thus indirectly also
on e.g. the K-factor. If erodibility is low, there may be little sediment in transport and
little sediment deposited, even if sedimentation potential P is high.
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Chapter 2

Unravelling Late Pleistocene and Holocene
landscape dynamics

Landscapes in SE Spain have developed in response to tectonics, climate fluctuations and, more
recently, human activity. Fluvial and colluvial sediments in the valleys reflect a complex interplay
between landscape forming processes. Investigating these sediment archives, we reconstructed
landscape evolution for the Upper Guadalentin Basin, SE Spain, placing recent erosion processes in
a landscape evolution context. Palaeo-lake sediments dated between ~17 and ~13.8 ka form evidence
for a Late Glacial lake. Differences in relative height above the floodplain and age between the river
terraces of parts of the Guadalentin river indicate that they have not been in equilibrium in the Late
Quaternary. Deposition of river terraces along the upstream part of the river is recorded at ~13 and
~9.5 ka, whereas no evidence of deposition is found for that period along the lower part of the river.
There, episodes of sedimentation occur at ~7.5-5 ka, ~3.4, ~1.6, ~0.7 and ~0.4 ka. This discrepancy is
explained by the palaeo-lake and its influence on erosion and sedimentation processes through base
level changes. We propose a schematic model of Late Pleistocene and Holocene landscape evolution.
Correlation of erosion and sedimentation episodes with climate change and human impact is
discussed. There is strong evidence that climate was not the main driver of landscape processes. We
suggest that internal dynamics and local processes are more important drivers for landscape
dynamics in the Upper Guadalentin Basin than external and regional factors.

Based on:
Baartman, J.E.M., Veldkamp, A., Schoorl, ].M., Wallinga, J., Cammeraat, L.H. 2011.
Geomorphology 125: 172-185



Chapter 2

2.1. Introduction

Landscapes in south-eastern Spain have developed in response to tectonics, climate
fluctuations and, more recently, human activity. Fluvial and colluvial sediments are
found in the form of river terraces and pediments. Studying these sediments reveals
complex sequences of erosion and deposition varying in time and space (e.g. Temme et al.,
2008). Driving forces of sedimentation and erosion can be external (e.g. tectonics,
climate) or internal (e.g. complex response; Schumm, 1981) and can have a regional or
more local character. By correlating episodes of sedimentation and erosion to past
climate fluctuations and human impact on the land, insight can be gained into the
relative influence of both factors on landscape dynamics (Faust et al., 2004; Gellis et al.,
2004; Houben et al., 2009). We used a multi-scale system-approach (Veldkamp et al., 2001;
Temme et al., 2008) to reconstruct dynamic landscape formation and evaluate its most
important agents in the semi-arid region of the Guadalentin Basin in SE Spain.

Research in this area has focussed on current processes such as gully dynamics as a result
of intense rainstorms (Vandekerckhove et al., 2000; Bull et al., 2000), channel morphology
(Hooke and Mant, 2000; Hooke et al., 2005), hillslope erosion (Cammeraat, 2004; Bracken
and Kirkby, 2005), the impact of land cover and land use (Kirkby et al., 2002) on erosion
dynamics and land degradation and desertification (Onate and Peco, 2005; Van Wesemael
et al., 2006). These recent processes have not, up to now, been placed in the larger context
of landscape dynamics. However, this is necessary if the objective is to get insight in
longer term process dynamics which may have time-lags of thousands of years between
cause and effect (e.g. Temme and Veldkamp, 2009). Appropriate time-scales for such a
study would range from 0.1 to 10 ka, i.e. between recent erosion processes (years—
decades) and landscape evolution (10-1000 ka). Processes of Holocene erosion and
sedimentation in the context of natural climate fluctuations and/or human influences are
described for the Lower Guadalentin river (Calmel-Avila, 2000; Silva et al., 2008), forming a
reference for our study on the Upper Guadalentin river and the Lorca Basin.

The objectives of this chapter are 1) to get insight into Late Pleistocene and Holocene
landscape development in the study area, in particular sedimentation and erosion
dynamics and to develop a schematic model for these processes; and 2) to determine
which drivers have been and still are most important for landscape formation and
whether they have a local or regional character; and 3) to assess the relative importance
of natural versus human influence on erosion and deposition processes over time.
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2.2. Study area

The Guadalentin Basin (~3300 km”®) is located in Murcia Province, south-east Spain. Our
study area is restricted to the upper part of the Guadalentin river, upstream of the city of
Lorca (Fig. 2.1; UTM 30N 614800; 4171000). Research is conducted along this stretch of the
river and along three of its tributaries: the Rambla Torrealvilla and Rambla Estrecho
(‘rambla’ meaning gully or ephemeral river in Spanish), draining the Lorca Basin, and the
Velez river, one of the rivers upstream of the ‘Puentes’ reservoir. Additionally,
observations are available from north of the Puentes reservoir along small ramblas
draining directly into the reservoir.

General characteristics of the study area are described in section 1.7. Geologically, the
area is located in the Betic Cordillera, an NE-SW oriented alpine orogenic belt, resulting
from the ongoing convergence of the African and Iberian plates. The Lorca-Alhama Fault
(LAF) is located at one side of the active graben known as the Guadalentin Depression (Fig
2.1b). The LAF formed from the Late Neogene to the present as part of the Eastern Betic
Shear Zone (EBSZ; Silva et al., 2008). Left-lateral slip (8-20 km) is recorded from the
Messinian to the present (Silva et al., 1997), as well as significant tectonic uplift of = 0.08 m
ky" during the Quaternary (Silva et al., 2003). The Lorca Basin is a Neogene intramontane
depression (Thrana and Talbot, 2006). Dominant rock types are limestones and dolomite,
marl, sandstone, conglomerates and calcarenite, while some schists and phyllites occur
(IGME, 1981; Geel and Roep, 1998).

Late Pleistocene and Holocene landscape evolution has been studied relatively sparsely
for the Guadalentin Basin. Schiitt (2006) made three corings in an alluvial fan in the
north-western part of the Guadalentin Basin. Using radiocarbon dating on charcoal
pieces and chemical analysis of the sediments, Schiitt (2006) made a first reconstruction
of local environmental conditions from the Late Glacial to recent times. Benito and
Thorndycraft (2005) and Benito et al. (2008, 2010) reconstructed the magnitude and
frequency of palaeo-floods using geological evidence such as slackwater flood deposits
and silt or scour lines for the Rio Guadalentin, upstream of the Valdeinfierno reservoir.
Calmel-Avila (2000) identified phases of erosion and sedimentation over the past 10 ka for
the lower Guadalentin (near Librilla), and analyzed the role of natural and human
induced processes. Silva et al. (2008) analysed in detail the aggradation and dissection
phases of the Lorca Fan; i.e. the alluvial fan on which Lorca is situated and which forms
the transition from our study area to the Guadalentin Depression (Fig 2.1b). For
surrounding basins in SE Spain, studies covering Quaternary landscape evolution include
Harvey et al. (1999; Cabo de Gata ranges); Mather et al. (2002; Sorbas Basin); Schulte (2002;
Vera Basin); Schoorl and Veldkamp (2003; Malaga Basin); and Schulte et al. (2008; River
Aguas).
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2.2.1. Palaeo-climate in SE Spain

Terrestrial records of palaeo-climate in the region are based on fragmented pollen
analyses (Jalut et al., 2000; Zazo et al., 2008; Jalut et al., 2009; Carrién et al., 2010). Two
marine cores are available from the Alboran Sea; core ODP-977A (Martrat et al., 2004) and
core MD95-2043 (Cacho et al., 2001; Fig 2.1a). Retrieved from this latter core (Cacho et al.,
2001; Cacho, 2006), sea surface temperature (SST) fluctuations can be used as a proxy for
moisture regime. Although not confirmed and under debate, Mediterranean geomorphic
change may have responded more to change in precipitation than in temperature
(Bridgland and Westaway, 2008; Zielhofer et al., 2008).

Already from the onset of the Holocene, SE Spain experienced a semi-arid Mediterranean
climate (Jalut et al., 2000; Zazo et al., 2008), and Pantaleon-Cano et al. (2003) deduce four
main phases: i) from 18 000-15 000 cal y BP, the area was relatively warm and humid with
deciduous and evergreen Quercus and Pinus vegetation; ii) between 15 000-7 000 cal y BP,
the pollen record shows a decrease in arboreal pollen and an increase in steppe-type
plant species. At Padul, a clear climatic amelioration is recorded at 13 000 y BP (Pons and
Reille, 1988), which can also be seen in the SST reconstruction; iii) the Holocene Climatic
Optimum lasted from ~7000 to ~5000 cal y BP with a reduction of steppe type plant
species and an increase of shrubs and arboreal pollen. This phase is recognised by Carrién
et al. (2010) as the mesophytic optimum / xerophytic minimum with lowest fire activity
and (local) high lake levels; and iv) from 5000 cal y BP, a radical change is recognised
which marked the onset of the definite installation of steppe vegetation (Zazo et al., 2008),
also displaying increased fire activity (Carrién et al., 2010). This radical change is not well
visible in the reconstructed SST, although a drop in SST is visible slightly earlier (around
6 ka).

2.2.2. Human occupation in SE Spain and Lorca

Human occupation of SE Spain started as early as at least 7.5 ka BP. However, the impact
of this early occupation on the land in terms of erosion is limited. Therefore, the
occupation history since Roman times is outlined here. In 209 BC, Romans invaded SE
Spain at Carthago Nova (modern Cartagena; Orejas and Sdnchez-Palencia, 2002). Lorca
functioned as a regional agricultural and craft market (Pérez Asensio, 2007). More than 45
large or medium-sized rural sites and many small villages have been identified in the
municipality of Lorca (Orejas and Sdnchez-Palencia, 2002). From the 3rd century AD,
population was spread over the country mainly in large rural villae rusticae (Pujante
Martinez, 2002). The rural areas comprised of arable fields, often irrigated and mostly in
the valleys, some vineyards and olive groves, a vast area of pastoral land on the slopes
bordering the Guadalentin valley and residual and degraded forest on the higher slopes of
the Sierra Espufia and Carrascoy (Calmel-Avila, 1998). In Roman as well as in Arabic times,
irrigation schemes were widely improved and enlarged (Lépez-Bermddez et al., 2002).
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With the decline of the Roman Empire around ~350 AD, intensity of agriculture as well as
maintenance of its structures decreased.

Arab rule started in 713 AD in the Lorca area. Villages were prominently situated on
fluvial terraces or near springs (Pujante Martinez, 2002). Vita-Finzi (1969) reports Arab
irrigation works underlying 8 m of alluvium in the Guadalentin valley. Population grew,
especially in the 9th to 13th centuries, and agriculture intensified with the development
of irrigation techniques (Calmel-Avila, 1998). Contrary to the Roman period, when only
the best lands were used, in the Arab period an exploding population had to be fed
(Calmel-Avila, 1998). New territories were put in cultivation. Remarkably, the increased
population pressure did not result in increased erosion, according to Calmel-Avila (1998).
She attributes this to the more skilled agricultural techniques used. In 1244 Lorca was
recaptured by Christians and located on the frontier with the Arab territory. Because of
insecurity, rural population decreased dramatically from 18 to 2.5 habitants per km?
(Calmel-Avila, 1998). During the 13th and 14th centuries, the territory of Lorca was
virtually free of agriculture and nearly uninhabited, except for a small area surrounding
the town (Lpez-Bermudez et al., 2002). Livestock breeding was more flexible than
agriculture. In an effort to repopulate the area, locals were allowed to cut every tree
except when it carried fruits, resulting in heavy deforestation in the nearby Sierra the
Carrascoy (Calmel-Avila, 1998). This social-political and economical crisis lasted from the
13th to 15th centuries. During the 16th and 17th centuries, a slow expansion of
agriculture occurred, mainly in the valley close to Lorca town and on the nearby
hillslopes (Lépez-Bermidez et al., 2002). The 18th century marked a change in land use
around Lorca with mostly dryland farming (cereals) and an increase in population
(Lépez-Bermidez et al., 2002). These authors further describe the land use changes over
the last centuries in the Guadalentin Basin, which are of less importance for the present
chapter.

2.3. Methods

2.3.1. Fieldwork

An inventory of sediments was made along the Guadalentin river and three of its
tributaries: the Velez river, Rambla Torrealvilla and Rambla Estrecho (Fig. 2.1c). Presence
of gravel layers, imbrication and stratification, colluvial deposits overlying gravel layers,
and thickness of the gravel layers were investigated. If visible, the base of the gravel layer
was recorded using a GPS (Garmin eTrex Legend); if not, its top was recorded.
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2.3.2. Reconstruction of floodplain profiles

To calculate the relative height of river terrace levels, the floodplain of the river was
reconstructed by smoothing a trendline through the distance-height profiles of the
rivers (Fig. 2.2). For the Guadalentin and Velez rivers, an exponential trendline fitted best
(Eq. 2.1), while for the Ramblas Torrealvilla and Estrecho, polynomial smoothing was
applied (Eq. 2.2).

H=a-e®D Eq. 2.1
H=c-D*+d-D+e Eq. 2.2

With H = (absolute) height (m); D = distance along the floodplain (km) from a zero-point
which was chosen at the upstream edge of the city of Lorca; and a to e river-specific
regression constants. Parameter values given in Fig. 2.2 are valid for D between 0 and 12.5
km for the Guadalentin river and D between 15.8 and 25 km for the Velez river. Between
12.5 and 15.8 km, the height of the Guadalentin/Velez river is not recorded because of the
presence of the reservoir. The two profile lines would connect at an angle, suggesting a
geological barrier (bedrock step), possibly where the Puentes reservoir dam is located.
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Fig. 2.2. Height profiles of reconstructed floodplains of the Guadalentin river, Velez river and Ramblas Torrealvilla

and Estrecho. Parameters and correlation coefficients are indicated for the trend lines (grey lines).
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2.3.3. Chronological control

To determine the timing and deduce rates of sediment deposition, sediment samples
were taken for Optically Stimulated Luminescence (OSL) dating. In addition, charcoal
fragments encountered in the terrace sediments were sampled for AMS radiocarbon
dating. A total of 26 dating samples were taken at 11 locations (Fig. 2.1). For some of these
locations, both OSL and radiocarbon dating could be applied, offering the opportunity to
check the consistency of dating results obtained by the two independent methods.

Optically Stimulated Luminescence (OSL) dating

The OSL signal of quartz grains is erased upon light exposure and builds up after burial
due to ionizing radiation from the surrounding sediments and a small contribution from
cosmic rays. Thereby the method determines the time of deposition and burial of the
sediments, provided that light exposure prior to burial is sufficient to reset the OSL signal
of at least part of the grains (e.g. Wallinga, 2002; Rittenour, 2008). To obtain an OSL age,
two quantities need to be determined: i) the amount of ionizing radiation received by the
sample since the last exposure to light; the equivalent dose (D,, Gy); and ii) the millennial
radiation dose the sample is exposed to in its natural environment; the dose rate (DR, Gy
ka™). The age is then obtained through (Eq. 2.3):

Age (ka) = D, /DR Eq. 2.3

Thirteen OSL dating samples were taken at five sites (Figs. 2.1 and 2.3) from coarser parts
of the sediments. Sand-sized grains are preferred for analysis as this allows detection of
heterogeneous bleaching of the sediments (e.g. Duller, 2008). Metal cores (diameter ~10
cm; length ~50 cm) were hammered into the sediment; sealed and transported to the
laboratory. Outer parts were removed under subdued orange light and used for dose rate
determination, while inner parts were used for determination of the equivalent dose.
Detailed information on applied procedures and OSL properties of the samples is
provided in the Appendix to this chapter (p. 56-64).

Single-aliquot equivalent dose distributions of all samples showed significant scatter,
likely due to limited light exposure during fluvial transport. Taking the mean value would
result in OSL ages that overestimate the burial age. To overcome this problem, we applied
the Finite Mixture Model of Roberts et al. (2000), using an overdispersion parameter of
10% (based on Rodnight et al., 2005), and selecting the number of components with the
lowest BIC value. We assume the lowest component to reflect the burial dose, apart from
sample NCL-2108074 where the lowest component only contained some rogue low
outliers.
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For this sample the second component was used. Based on the equivalent-dose
distribution, the percentage of single-aliquot equivalent dose estimates attributed to the
lowest component, and the consistency of OSL dates at a site, we provide an estimate of
the validity of each OSL age.

Radiocarbon dating

Charcoal fragments were radiocarbon dated using the Accelerator Mass Spectrometer
(AMS) at the Centre for Isotope Research, University of Groningen, the Netherlands
(Gottdang et al., 1995). Conversion of **C years BP to calibrated years BP was done using
the IntCal04 calibration curve (Reimer et al., 2004) and the WinCal25 calibration program.

2.4, Results

We found three types of sediments in the study area; river terrace sediments, slope
deposits and lake sediments. These are described below, followed by the results of OSL-
and radiocarbon dating. Finally, for some of the sites, sedimentation rates are derived.

2.4.1. River terrace sediments

Correlation of relative heights above the floodplain for observation points with gravel
resulted in several river terrace levels along the Guadalentin and Velez rivers as well as
along the Ramblas Torrealvilla and Estrecho (Figs. 2.4 and 2.5; Table 2.1). Within the same
terrace level, stratigraphical and spatial correlation was based on sediment
characteristics such as stoniness, texture, colour and strata-transitions (see Fig. 2.5 for an
example of three profiles along the Rambla Torrealvilla). Observation points were
correlated (lines in Fig. 2.4) when they had a distinct river terrace morphology, i.e.
stratified gravel with overlying finer sediments for the lower terraces (Fig. 2.5) and
distinct gravel bands in between other material for the higher terrace levels. In the
Guadalentin river and the Rambla Torrealvilla, some observations of gravel (‘higher
terrace deposits’ in Fig. 2.4) could not be correlated to form one distinct level. For the
Velez river, even more observations are encountered that do not form a distinct level
(‘other gravel’ in Fig. 2.4).
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Fig. 2.4. River terrace levels: relative heights (m) above floodplain for the a). Guadalentin river, b). Velez river, c).
Rambla Torrealvilla and d). Rambla Estrecho. Note differences in scale of x-axis. Sampling sites for radiocarbon/OSL
dating indicated with star and roman numbers. Terrace levels are labelled after their average relative height (see

Table 2.1).

Average heights of the river terraces (Table 2.1) correlate well between the Guadalentin
river and Ramblas Torrealvilla and Estrecho, but not for the Velez river. In general, the
higher levels show steps of approximately 10 m vertical distance between each level. The
lower levels do not follow this trend.

Table 2.1. Average relative height (m) above floodplain of river terrace
layers for the Guadalentin river and three tributaries (the Velez river,
Rambla Torrealvila and Rambla Estrecho)

Guadalentin ~ Velez Rambla Rambla
river river Torrealvilla Estrecho

2 0.3 2 2

5 3 5 6

10 10 10 13

21 20 - 21

32 34 - 30

- - - 39

River terrace levels are named after their relative height, where the stretch of the river
will be indicated if applicable; i.e. T-2m (Rambla Torrealvilla) for the 2 m terrace level of
the Rambla Torrealvilla. Profiles of the lowest terrace level (T-2m) consist completely of
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coarse-grained, fluvial material. Profiles belonging to the T-5m (Rambla Torrealvilla) all
show a succession of coarse gravel layers, finer, non-layered strata, coarse gravel and
again finer, non-layered sediments (Fig. 2.5). Profiles belonging to T-10m (Rambla
Torrealvilla) also show an alternation of coarse and fine fluvial strata and colluvial
sediments. The profiles encountered directly north of the Puentes reservoir are small and
located in protected positions related to narrow reaches between bedrock outcrops. They
show fluviatile and slope deposits directly over marl bedrock, with in one case sands and
coarse subrounded gravels over stratified marl, and course, imbricated, clast supported
gravel, overtopped with sandy and silty slope deposits in the other profile,

T-5m profiles (Rambla Torrealvilla)
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Fig. 2.5. Example of schematic profile descriptions for three profiles of terrace level T-5m (Ramble Torrealvilla) with
sediment layers, depth (cm), stoniness, texture and colour. OSL and radiocarbon sampling location and ages (ka) are

indicated.

2.4.2. Lake and delta sediments

Along the Guadalentin river, from about 10 km upstream of Lorca, finely laminated
sediments are encountered (Fig. 2.6a,b), deposited directly on top of coarse gravels (Fig.
2.6g). Layers consisting of remnants of carbonate-coated roots or stems occur in these
laminated sediments (Fig. 2.6e). Upstream along the Velez river, thick packages of gravel
are found as well as finely layered deposits consisting of very fine silty to coarser sand
and gravel material (Fig 2.6e). At one side, ridges are found with flat tops consisting of
layered carbonate accumulations standing out in the present landscape (Fig. 2.6d,f). Two
levels of these ridges are observed, at ~470 and ~490 m above sea level. The 490-m
contour line (grey line in Fig. 2.6a) indicates the highest level. Supposed margins of a lake
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(i.e. not including related deltas) are sketched. The southern and eastern margins are
derived from lake sediments and layered carbonate accumulations (solid line). The
western margin is obscured by the modern Puentes reservoir, while the northern margin
could not be established well (dashed line in Fig. 2.6a). Combined with the 490-m contour
line, an impression of the size of the lake and possible delta-sediments (e.g. photo 2.6e) is
pictured.

2.4.3. Dating results

Results from OSL and radiocarbon dating are given in Tables 2.2 and 2.3. Ages are
consistent in the sense that they increase with depth within each profile. Between
profiles, sediments from higher terrace levels are older than those of lower terrace levels.
Where radiocarbon and OSL samples overlap, ages show similar values for most sites and
samples. For site III, OSL sample O-IIIb (NCL-2108073) yields a ~1.5 ka greater age than
underlying radiocarbon ages. There are two possible reasons for this: i) the percentage of
‘well-bleached’ grains may be too low to allow accurate dating of this sample using small
aliquots in combination with the Finite Mixture Model. ii) The dose rate experienced by
the sample during burial may be underestimated because it was sampled just centimetres
below a lithological transition. The overlying, finer grained, unit will have a higher
radionuclide concentration, and its contribution to the dose rate was not taken into
account. Possibly the age discrepancy is caused by a combination of these two
phenomena.

Based on luminescence-dating characteristics (mostly equivalent-dose distribution) and
internal consistency of results from a single section, a validity mark is given to all OSL
ages. Most samples are valued to be ‘Likely OK’, but some are ‘Questionable’. This applies
especially to samples where the FMM equivalent-dose estimate is based on few aliquots,
or in the case of sample O-IIIb, due to its location close to a lithological transition.
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Fig. 2.6. Illustrations of lake and delta sediments. a) Location of lake sediments (white dots) and carbonate-topped
ridges (black dots); supposed lake margins indicated with black line; 490m-contour line in grey. b) Close-up of finely
laminated lake sediments; location indicated on a). c) Detail of root remnants coated with carbonate. d) Flat-topped
ridges with layered carbonate accumulations on top (Photo towards W as indicated on a). e) Deposit of fine to coarse
sediment, correlated to the onset of the lake; location indicated on a). f) Close-up of carbonate accumulations covering

the ridges; and g) Boundary between lake sediments (upper) and terrace sediments (lower).
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In the Rambla Torrealvilla, T-5m is sampled at two locations (sites I and II). Site I gives
ages of 1.6-0.4 ka, and site II gives an age of 3.4 ka for a piece of carbon found halfway the
profile. Ages for T-10m (Rambla Torrealvilla) are 7.6-5.6 ka (Site IIT). Ages of T-5m in the
Guadalentin river coincide with both levels of the Rambla Torrealvilla at 7.5-3.4 ka (Site
VI). T-2m of the Guadalentin (Site IV) is distinctly younger (0.7 ka) than T-5m of the same
river. Ages for the Velez river are older than those of the other rivers, ranging from 13.8-
9.5 ka for T-3m (Site VIII) and 17 ka for a charcoal fragment found at the bottom of finely
layered sediment (Fig. 2.4). Ages for the laminated lake sediments are 16 and 13.8 ka (Fig.

2.6).

Table 2.2. Results of radiocarbon dating with calibrated ages (15)

Sample River/ Terrace Depth Age BP Calibrated age
Sample code
ame Rambla level (cm) (ka BP) (ka BP)
GrA-40384 C-le Torrealvilla T-5m 30 0.14 +0.025 0.27 - 0.01
GrA-40390 C-1 Torrealvilla T-5m 300 3.20 £ 0.03 3.44-3.39
GrA-40389  C-llic  Torrealvilla  T-10m 280 4,70 £ 0.03 5.57 -5.33
GrA-40388  C-Illb  Torrealvilla  T-10m 490 5.12 +0.03 5.92 - 5.77
GrA-40385 c-1d Torrealvilla T-10m 520 5.10£0.03 5.91-5.76
GrA-40682  C-llla  Torrealvilla  T-10m 730 5.77 £ 0.07 6.65 - 6.50
GrA-40391 C-Vib Guadalentin T-5m 300 3.24+£0.03 3.48 - 3.40
GrA-40516 C-VII Velez - - 14.19 £ 0.05 17.00 - 16.80
GrA-40684  C-VIIIb Velez T-3m 325  11.70+0.06  13.62 -13.47
GrA-45170  C-IXa  Guadalentin - - 11.91+0.06  13.82-13.73
GrA-45452  C-IXb  Guadalentin - - 13.58 +0.07  16.24 - 16.06
GrN-25452 C-X N of Puentes - 350 1.98 £ 0.06 2.00 - 1.87
GrN-26176 C-XI N of Puentes - 150 0.65 + 0.035 0.66 - 0.56

43



Chapter 2

Table 2.3. Results of OSL dating with validity estimates (see Section 2.3.3. and appendix for explanation)

Si?(fele Sample River/ Terrace Depth Equivalent Dose rate Age validity*
(NCL) name Rambla® level (cm) dose(Gy) (Gyka?) (ka)

2108071 O-le T T-5m 110 0.89+0.03 1.95+0.07 0.46=0.02 1
2108070 O-Id T T-5m 280 0.54+0.03 1.38+0.05 0.39+0.03 1
2108069 O-Ic T T-5m 330 1.38+0.10 0.93+0.04 1.49+0.13 2
2108068 O-Ib T T-5m 420 1.32+0.08 0.81+0.04 1.62+0.13 1
2108067 O-la T T-5m 510 258+0.17 1.87+£0.06 1.38%0.10 2
2108074 O-IlIc T T-10m 280 8.78+0.26 1.31+0.05 5.86x0.29 1
2108073 O-IIIb T T-10m 490 6.67+0.27 0.88+0.04 7.57x0.46 2
2108078 O-IV G T-2m 270 1.06+0.09 1.49+0.05 0.71x0.07 2
2108076 0O-VIb G T-5m 310 7.09+0.25 2.07+0.07 3.43+0.17 1
2108075 O-Via G T-5m 530 9.81+0.62 1.31+£0.05 7.48%0.54 2
2108081 O-VIIIc \% T-3m 230 31.10+£2.58 3.27+0.10 9.52+0.84 2
2108080 O-VIIIb \% T-3m 325 39.19+2.26 2.84+0.09 13.81+0.90 1
2108079 O-VIlia \Y% T-3m 590 30.17+1.69 2.27+0.07 13.29%0.86 1

3T = Torrealvilla; G = Guadalentin; V = Velez

®1 = Likely OK; 2 = Questionable

2.4.4. Sedimentation rates

As there are four sites with vertical sequences of ages (sites I, I, VI and VIII), each site
representing a different terrace level, we can estimate minimum sedimentation rates for
these levels (Fig. 2.7). For most sites, rapid deposition of part of the profile, followed by a
phase of non-deposition at that specific site with subsequent reactivation of rapid
deposition is observed (sites I, VI and VIII in Fig. 2.7). For site XI, fast, high energy
fluviatile processes deposited the coarse material, followed by slower slope deposits
consisting of charcoal-rich silty material. For site III, sedimentation rates are estimated at
0.42 cm y™ for the dated part (730-280 cm) based on the radiocarbon ages, although also
on this site it is probable that deposition occurred in phases. Consequently, given rates
are minimum rates not accounting for discontinuous or erosional phases.
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Fig. 2.7. Ages and depths of sampled sediments for sites I, I1I, VI and VIIL

2.5. Discussion

2.5.1. River terrace deposition

As can be deduced from Table 2.1, the higher terrace levels of the Guadalentin river and
its tributaries show a vertical distance of approximately 10 m between each level. No
colluvium was found on top of the gravel layers, while it was found on the lower terraces.
Without further data (e.g. age estimates), we tentatively interpret these levels as ‘full
cycle’ river terraces, being formed during a full cycle of glacial + interglacial (Schoorl and
Veldkamp, 2003; Bridgland and Westaway, 2008). The terrace levels lower than 10 m are
not ‘full cycle’ terraces, as evidenced by their sedimentary architecture (e.g. close relative
positions, which are also not equally divided; Table 2.1). Colluvium is found on top of the
coarse gravels and, more importantly, their ages suggest that they are Late Pleistocene
(Velez river) to Holocene (Guadalentin river and Ramblas Torrealvilla and Estrecho).

Most profiles of the younger terraces show a succession of coarse gravel layers, finer,
non-layered strata, coarse gravel and again finer, non-layered sediments. The finer strata
are probably overbank deposits and/or colluvium. The two layers of coarse material
could point to an overall reactivation of the fluvial system during terrace development,
but could also be attributed to lateral displacement of the riverbed inside its floodplain,
thus representing a diachronic layer (point bar structures were encountered). As noted
before, fluvial terrace formation occurred in phases of rapid sedimentation, followed by
periods of quiescence at that particular location and subsequent reactivation of
sedimentation in later phases. We assume that sedimentation and possibly erosion during
the ‘quiet’ phase continued in other parts of the floodplain. This is evidenced by
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deposition of T-5m in the Rambla Torrealvilla, which started at ~3.4 ka at one side of the
river, while ages of the same terrace level at the other side of the river start at ~1.6 ka.
Differences in thickness of the strata can be due to local differences at the time of
deposition (e.g. various flow-velocities and associated transport capacities in inner or
outer curve of gully for fluvial deposits or landscape position and distance to source area
for colluvium) or local differences following deposition (e.g. re-erosion of sediments in
erosion-prone spots and conservation of protected sediments).

In the Velez river, two phases at around 13 and 9.5 ka deposited the T-3m sediments.
Afterwards, incision of this terrace level occurred except for a 0.3 m level that is not
dated. The present deposition in the riverbed is associated with the lake level and
sediment fill of the modern Puentes reservoir dam.

For the Guadalentin river, deposition of T-5m sediments first occurred around 7.5 ka with
reactivation around 3.4 ka. Deposition possibly continued as the dated sample (0-VIb) is
located halfway the terrace level, with incision afterwards. The next terrace level (T-2m)
is dated at ~0.7 ka. Current incision is visible in the present riverbed and probably
influenced by the modern Puentes dam, which retains the river’s sediments.

For the Rambla Torrealvilla, no information is available from before ~6.6 ka, when T-10m
sediments started to be deposited. Deposition of this level occurred from 6.6 to ~4.8 ka
(see Section 2.4.3). Deposition of T-5m started at ~3.4 ka at one location (site II). At the
other side of the modern riverbed (site 1), deposition of this terrace level occurred in two
phases at ~1.6 and ~0.4 ka. The non-dated T-2m level that only occurs at some locations is
assumed to be a present phenomenon, representing floodplain morphology. Present
incision is visible in the current riverbed. Sediments directly north of the Puentes
reservoir (Sites X and XI) were deposited around 2.0 and 0.6 ka.

2.5.2. Influence of palaeo-lake and delta

The finely laminated sediments (Fig. 2.6b) were interpreted as sediments deposited in
standing water, at the bottom of a lake. The lake is probably formed as a consequence of
sudden blockage of the Guadalentin river. Although the blocking agent is not visible
anymore, a possibility is mass movement of saturated marly sediments from a side valley,
blocking the Guadalentin river. A relict of such a mudflow, visible as a ridge in the
present landscape, is present downstream of the lake sediments. As there are many faults
in the area, it is conceivable that a major earthquake could trigger such mass movement.
As a result of the blockage, local base level would rise abruptly. At the distal end of the
lake, at the inlet of the Velez river, a delta was built. Sequences of coarsening upward
gravels and finer sediments provide evidence for such delta built-up with fluctuating
water levels. The latter are also deduced from remnants of carbonate-coated roots or
stems at the lake bottom (Fig. 2.6c; Mount and Cohen, 1984), indicating that the lake dried
out completely at least several times. At the shallow edges and fringes of the lake, calcite
precipitated, forming layered carbonate accumulations that were encountered around
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the lake margins on the top of flat ridges. Similar features have been described for
palaeo-lakes in the Dead Sea Basin (Bartov et al., 2007; Waldmann et al., 2009; Abu Ghazleh
and Kempe, 2009).

The age of the lake sediments is measured on very small amounts of charcoal, giving Last
Glacial Maximum (LGM) ages of ~16.2 and ~13.8 ka. The finely layered sediments found
upstream along the Velez river (Fig. 2.6e) are interpreted to belong to the onset of the
lake existence, when the Velez river deposited its finer sediments as a result of the
sudden base level rise. Their age of 17-16.8 ka indeed corresponds to the lake sediment
ages.

Differences in relative height above the floodplain (Table 2.1) and age (Tables 2.2 and 2.3)
between the terraces of the Velez and Guadalentin rivers indicate that they have not
been in equilibrium at least for some time. T-3m (Velez river) is dated at 13.3 ka at its base
(sample O-VIiiab), while the oldest age for the Guadalentin terrace level is 7.5 ka. This
discrepancy can be explained by the presence of the palaeo-lake and its influence on
erosion and sedimentation processes.

Timing of the onset of the lake is around or slightly earlier than ~17 ka. An estimate for
the time of disappearance of the lake can be derived from the river terrace levels of the
Velez river, A relatively large vertical distance is observed in the Velez river between T-
10m and the subsequent T-3m sediments. We interpret this vertical distance to be the
result of blockage failure, causing a base level lowering for the Velez river and
subsequent fast and deep incision. Thus, the palaeo-lake can be placed between 17-13.8
ka. However, the lower part of T-3m (Velez river) consisting of coarse gravels and dated
at ~13.3 ka (Fig. 2.3) could also be a remnant of the delta of the lake, on top of which T-3m
was deposited and into which the river later incised.

Processes of erosion and sedimentation for the Guadalentin and Velez rivers were
interrupted by the palaeo-lake. As we do not know exactly what caused the blockage of
the Guadalentin river, we do not know its nature or the way it eventually failed (e.g.
sudden collapse or gradual removal). We presume that, while upstream a delta was being
built and sediments accumulated in lower parts of the lake, some clean water spilled over
or through the blockage, causing incision downstream. After failure, the upstream effects
are the rapid incision described before, while downstream the effect is increased
sediment loads as the accumulated lake sediments are gradually, but incompletely,
removed. Lake sediments were only partly removed, as they can be encountered at
present on many locations. Transport-limited sediment redistribution depending on
water availability in the river in this semi-arid area probably played an important role in
the removal of lake sediments.
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2.5.3. Synthesis: landscape reconstruction

As Schumm (1981) suggested, it may not be possible to explain certain features of a
landscape within the concepts of erosion cyclicity or dynamic equilibrium. Especially the
more recent deposits may be the result of complex response inherent to erosional
development of a landscape. Moreover, erosional/depositional phases need not be in
phase. From our results, it is clear that the Upper Guadalentin river displays complex
response. In the following, we unravel the complex set of processes that formed the
landscape of the Upper Guadalentin Basin from the Late Glacial to present times. We
propose a schematic model of sedimentation phases, based on fieldwork findings and age
estimations (Fig. 2.8).

Schematic model of landscape development

In Fig. 2.8a-e, a schematic model of landscape development is sketched for the last ~17 ka.
Figs. 2.8a—c display the processes of erosion and deposition for the Guadalentin study
area. Solid lines and arrows indicate dated episodes of deposition, dashed lines indicate
probable processes of erosion or deposition (undated).

Ages of the lake sediments give evidence of its existence between ~17-13.8 ka, indicated
in Fig. 2.8 with vertical lines. While T-3m (Velez river) is deposited at ~13 and ~9.5 ka, no
evidence for deposition is found for the Guadalentin river and Rambla Torrealvilla at that
time. In the Velez river, furthermore, no younger terrace sediments are found, except for
the T-0.3m level. This can be attributed to the influence of the palaeo-lake on erosion and
sedimentation processes after its disappearance: i) downstream (Guadalentin river):
removal of lake sediments and increased sediment loads (complex response in Fig. 2.8b);
and ii) upstream (Velez river): adjustment to lowered base level after failure of the
blockage.
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Fig. 2.8. Schematic model of deposition episodes (solid lines) and possible erosion (dashed lines). Arrows indicate
dated pulses of deposition. a-c). Schematic model for the Upper Guadalentin Basin with a) Velez River; b)
Guadalentin river, part downstream of the palaeolake, and; c) Rambla Torrealvilla. d) Schematic model for the Lorca
fan, as described by Silva et al. (2008); e) Deposition episodes as described for the lower Aguas valley, based on Schulte
(2002); and f) Sea surface temperature fluctuations, data from marine core MD95-2043 (Alboran Sea; Cacho et al.,

2001; Cacho, 2006) and visualisation of human impact on land, based on literature review (Section 2.2.2).

Regarding the younger terraces, most remarkable is their absence in the Velez river. For
the Guadalentin river and Rambla Torrealvilla, dated episodes of sedimentation in some
cases coincide, for others deposition is asynchronous. Start of deposition of T-5m
(Guadalentin river) and T-10m (Rambla Torrealvilla) occurs at the same time. Continued
deposition is dated for T-10m (Rambla Torrealvilla), while it is not for the Guadalentin
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river. However, it is still possible that deposition continued in the latter as well. The next
dated pulse of sedimentation also coincides in time (~3.4 ka), but not in terrace level.
While in the Guadalentin river, this is renewed sedimentation of T-5m, in the Rambla
Torrealvilla this belongs to a new terrace level (T-5m instead of T-10m). Sedimentation
on the other side of the river floodplain for the same terrace level is dated at ~1.6 and ~0.4
ka. Meanwhile, in the Guadalentin river an age of ~0.7 ka for a new terrace level (T-2m) is
found. This suggests that, while deposition is occurring at similar times, they constitute
different terrace levels. Thus, episodes of erosion that occur in between terrace level
aggradation phases do not coincide between the Guadalentin river and the Rambla
Torrealvilla.

Overall we can conclude that i) the influence of the Late Glacial palaeo-lake on deposition
and erosion processes both upstream and downstream is evident; and for the younger
terraces that ii) episodes of deposition seem to coincide in time, but iii) episodes of
erosion in between terrace level aggradation phases do not coincide and neither do
terrace levels and iv) no evidence of deposition is found for the Velez river.

Correlation with climate fluctuations and/or human impact

With the schematic model in mind, we can question whether the drivers of river
dynamics for the Upper Guadalentin Basin are internal and local, such as river damming
or possibly also external and regional, such as climate fluctuations or human impact.

In Fig. 2.8f, fluctuations in SST (Cacho et al., 2001; Cacho, 2006) are given as proxy for
moisture regime (Section 2.1) and a visualisation of human impact on the land is
sketched, based on literature research (Section 2.2). Remarkably, the significant increase
of SST (i.e. transition from arid to humid conditions) at the transition from Pleistocene to
Holocene does not result in deposition of sediment, evidenced by the absence of
sediments dated between 12.5-10 ka. The removal of lake sediments after blockage failure
overruled this important climate shift for the Upper Guadalentin river. For the Rambla
Torrealvilla, located outside the direct influence-zone of the palaeo-lake, no sediments of
such age are encountered. Possibly, the subsiding hinterland did not supply enough
sediment for large scale deposition or deposits are covered by the next level deposits (the
relatively thick T-10m level).

Deposition of the T-5m level (Guadalentin river) and T-10m level (Rambla Torrealvilla)
can tentatively be correlated to the Holocene Climatic Optimum around 5-7 ka
(Pantaleon-Cano et al., 2003; Zazo et al., 2008; Carridn et al., 2010). This period of increased
humidity interrupted a general trend of aridification that started at the onset of the
Holocene (Jalut et al., 2000). The higher humidity and rainfall triggered erosion of the
accumulated soil (Knox, 1972). Although the percentage of shrubs and trees increased,
vegetation cover was possibly not enough to prevent erosion during rainstorms, as Jalut
et al. (2000) indicate that climate in SE Spain was semi-arid with dry periods of 3-10
months per year throughout the Holocene. However, as mentioned before, this period is
not well visible in the SST fluctuations (Fig. 2.8f).
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The sedimentation pulse at ~3.4 ka cannot be correlated to known climate fluctuations or
human impact, but may be triggered by a still unknown climatic or human driver. The
two later phases of deposition of T-5m in the Rambla Torrealvilla can be correlated to
periods of decreased human impact on the land (lower graph in Fig 2.8b): the period after
the Roman occupation and the period of Christian rule after Moorish occupation,
respectively. The consequences of farmland abandonment on erosion in modern times
are widely studied with varying results in different environments (Garcia-Ruiz, 2010). On
weak lithologies (e.g. marl) and with scarce and irregular rainfall, increased erosion after
land abandonment is observed (e.g. Lesschen et al., 2007). Also, failure of formerly
maintained agricultural terraces accelerated erosion after the Romans resp. the Moors
left (see Lesschen et al., 2008 for a modern analogue of this process).

Thus, we can correlate some of the episodes of deposition to climate fluctuation
(Holocene Climatic Optimum) and human impact (decrease of impact after Roman and
Moorish occupation). On the other hand, we have strong evidence that climate was not
the main driver of erosion and deposition processes. This is reflected by i) the absence of
Late Glacial - Holocene transition sediments caused by the influence of the palaeo-lake;
ii) the asynchrony of erosion episodes between the Guadalentin river and the Rambla
Torrealvilla and iii) the absence of younger terraces in the Velez river. If climate would
have been the most important driver, synchronous and spatially homogeneous
deposition and erosion episodes should be expected. Thus, we suggest that internal river
dynamics and local processes were more important drivers for the evolution of the Upper
Guadalentin Basin than external and regional factors.

Regional correlation

In Fig. 2.8d,e similar sketches as those in Fig. 2.8a—c are given, reconstructed for the Lorca
fan, directly bordering our study area, based on Silva et al. (2008) and for the Antas/Aguas
Basin (Schulte, 2002), located to the south of our study area.

Silva et al. (2008) studied the Holocene evolution of the Lorca fan, that forms the
transition of the Upper Guadalentin river to the large graben system known as the
Guadalentin depression, thus directly bordering our study area. They report early
Holocene alluvial sedimentation from ~7.9-7.7 ka, with possible older sedimentation as
the dated palaeosols overlie a ~5 m thick, undated, sedimentary sequence. With our
findings of the palaeo-lake, we can correlate the earliest phase (before ~7.9-7.7 ka) of the
Lorca fan aggradation to the failure of the palaeo-lake dam. Subsequently, the
Guadalentin river gradually and incompletely removed accumulated lake sediments.
These sediments have been (partly) deposited on the Lorca fan. Aggradation of the fan
surface continued and possibly increased during the Holocene Climatic Optimum (Fig.
2.8d) and ceased slightly before ~5.4 ka with incision during Neolithic and Chalcolithic
periods. For the latter period, no sedimentation phases were observed in the Upper
Guadalentin Basin. Renewed aggradation of the Lorca fan started ~3.1 ka, generating a +8-
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9 m terrace level at mid-fan locations (not sketched in Fig 2.8a). This aggradation is not
described for the apex location, which is closest to our study area. We cannot correlate
this aggradation phase to what we found for the Upper Guadalentin river, suggesting that
this aggradation phase is the result of internal fan dynamics rather than a regional,
climate driven, phenomenon. Alluvial sedimentation was significant between ~4.5 and 2
ka at the apex location, which correlates with renewed deposition of our T-5m sediments
in the Guadalentin river. The fan surface stabilized in Roman times (~2.1 ka), after which
cut-and-fill episodes generated several terrace levels. The +5-6 m level developed
between ~1.7-1.0 ka, i.e. from Roman to early Muslim times. This can be correlated to the
first deposition phase of our T-5m (Rambla Torrealvilla) terrace sediments which we
associated with abandonment after Roman occupation. Calmel-Avila (2000), slightly more
downstream, recognizes a Holocene terrace of 0.8-0.6 ka, and relates it to the onset of the
Little Ice Age. Our T-2m level in the Guadalentin river coincides with this level. Further
deposition episodes at the Lorca fan location are by historical flooding (Silva et al., 2008).

Schulte (2002) and Schulte et al. (2008) extensively describe terrace sequences of the
lower Aguas river and Antas river, located to the south of the Guadalentin Basin. Various
levels for the Holocene terraces of the lower Aguas are reported; generally between 4.5
and 1 m, comprising 3 to 4 different terrace levels. As no erosion phases are described,
only the reported deposition phases are sketched in Fig. 2.8e. Schulte's (2002) H1 (~4.5 m)
has a Chalcolithic (~5 ka) age along the Aguas river and a pre-Neolithic (~6 ka) for the
Antas river. These ages coincide with those of our T-5m (Guadalentin) and T-10m (Rambla
Torrealvilla) sediments. Terrace level H2 (~3 m) in the Aguas river has ages ranging from
1040 y BP to the 16th century with much younger overbank deposits and is correlated
with post-Roman increased slope erosion (Schulte, 2002). This age falls in between our
~1.6 and ~0.7 ka ages for the T-5m (Rambla Torrealvilla) and T-2m (Guadalentin river)
levels, so correlation is not obvious. Interestingly, Schulte (2002) also found an age
difference between lower, older gravel deposits and overlying, finer and younger deposits
within one terrace level. Schulte’s (2002) H3 terrace (~2 m) has an age of 0.4 ka, coinciding
with the second deposition phase of our T-5m level in the Rambla Torrealvilla. Schulte
(2002) correlates this with either Little Ice Age climatic fluctuations or the Christian
reconquest, the expulsion of the Muslims, transition from small to large agricultural plots
and abandonment and collapse of irrigation systems. The youngest terraces of the Aguas
river (H4 at ~1.5 m) comprise small remnants deposited along the modern riverbed and
date to the 20th century. This can be correlated to our T-2m deposits in the Rambla
Torrealvilla, comprising gravel remnants along the modern riverbed.

Although the deposits in the two basins (Upper Guadalentin and Lower Aguas) may seem
to correlate well, caution should be taken. As Candy et al. (2004) stress, there is a strong
need to properly understand the main controls on terrace aggradation and incision,
before attempting regional correlation. Thus, we should be careful to regionally correlate
terrace levels in an area where local circumstances (e.g. our palaeo-lake or river capture
events in the Aguas Basin; Harvey and Wells, 1987) have had a large impact on river

52



Unravelling Late Pleistocene and Holocene landscape dynamics

dynamics and depositional processes. Furthermore, contrasting to Schulte (2002), we
suggest internal river dynamics and local drivers to be more important than external
drivers (i.e. climate and human influence). In line with these considerations, we refrain
from attempting to correlate our results to an even wider area such as the Spanish
Mediterranean coastal basins or the entire Mediterranean Basin.

2.6. Conclusions

In this chapter, we investigated sediment archives of the Upper Guadalentin Basin with
the aim of reconstructing Late Pleistocene and Holocene landscape dynamics. Dated
episodes of river terrace deposition occur at ~14; from ~7.5-5, possibly lasting to 3.4; ~1.6,
~0.7 and ~0.4 ka BP. Palaeo-lake sediments were dated Late Glacial (~17 to ~13.8 ka). This
lake probably formed as the result of sudden blocking of the Guadalentin river, as the
finely laminated sediment directly overlie coarse riverbed gravels.

From our proposed schematic model of landscape development it is clear that the studied
rivers are not in equilibrium, evidenced by their out-of-phase sedimentation pattern. We
hypothesize this to be due to the palaeo-lake, influencing erosion and deposition
processes during and (long) after its disappearance. After the blockage failed,
accumulated sediments were gradually and incompletely removed by complex response
processes. These processes even overruled the significant climate shift of the transition
from Late Glacial to Holocene. Further correlation of deposition phases to climate
fluctuations was difficult to establish, probably because the river system is still adapting
to the disappearance of the palaeo-lake and thus, internal river dynamics are more
important than regional climate fluctuations. A tentative correlation of the younger
deposits to human impact after the Roman and Moorish occupation respectively is made,
although also here internal river dynamics can not be excluded. In line with Candy et al.
(2004), we stress the importance of understanding the main controls on sedimentation
processes before attempting a regional correlation.

The Upper Guadalentin Basin, from our results, seems to be an a-typical river system,
evidenced by the a-synchronous behaviour of its rivers, where local processes and
internal river dynamics play a more important role than external drivers such as climate
fluctuation or human impact.
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Appendix Chapter 2

Our chronology partly relies on optically stimulated luminescence (OSL) dating results of
sand-sized quartz grains from the fluvial deposits. In this appendix some additional
information on measurement procedures and results is provided.

Measurement procedure

All luminescence measurements were made on a Risg TL/OSL-DA-20 TL/OSL reader
(Botter-Jensen et al., 2003). This machine is equipped with an internal Sr/Y source
delivering a dose rate of ~0.11 Gy s™ to quartz grains at the sample position. The machine
is equipped with an array of blue diodes (470 nm, ~35 mW cm™) for stimulation.

The Single-Aliquot Regenerative dose (SAR) procedure was used for equivalent-dose
estimation. The preheat temperature was selected based on a preheat plateau test and
thermal-transfer test. Preheat plateau tests showed acceptable recycling ratios over a
wide range of preheat temperatures, but scatter in single-aliquot equivalent dose
estimates prevented selection of a suitable preheat temperature from the data. Thermal
transfer tests (following Wallinga et al., 2010) showed that no thermally transferred OSL
signal was induced for preheats up to 200°C. Based on these results we selected a preheat
temperature of 180°C (for 10 s) for all subsequent measurements. The adopted procedure
is detailed in Table A1; data was accepted for analysis if it passed the rejection criteria
detailed in Table A2.

Table A1. The SAR procedure
Step Action Measured
1 Regenerative beta dose
10s preheat 180 °C
20s blue stimulation at 125 °C L, L
Fixed test beta dose
Cutheat 180 °C
20s blue stimulation at 125 °C T,T,
40s blue bleaching with blue diodes at 190 °C
Repeat step 1-7 for number of regenerative doses
Repeat cycle 1-7 with additional IR measurement at 30 °C
prior to step 3
Extra 2 Beta dose of 50 Gy, followed by LM-OSL

0 NN o WN

Extral
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Table A2. Applied thresholds for accepting data analysis

Test Ideal case Accepted if

1 - Recycling test (L/T.)/(@L/T)=1 09<(L/T,)/L/T,)<11
2 - Recuperation test (L,/T,)/L,/T)=0 (L/T,)/L,/T)<0.1

3 - Feldspar test IR./T,=0,T,/T,=1 IR,/T.<0.20rT,/T,>0.9

OSL properties

The samples showed relatively low luminescence sensitivity. The OSL signal was
dominated by the fast OSL component which is most suitable for dating (e.g. Wintle and
Murray, 2006). Shinedown curves of the Natural, Regenerative and Test doses were of
similar shape (Fig. A1). With the adopted procedure, a given dose could be accurately
recovered (Fig. A2).

120 Sample NCL - 2108070 150 Sample NCL - 2108081
. + Natural OSL signal 0.5 &) —_

~1004 . @ * Natural OSL signal {31 &)
w b Regenerative OSL signal (3 @) .
8 | s Testdose OSLsignal (3 Gf) guu— Regenerative OSL signal (25 G/)
S s, S _f'. » Testdose (10G/)
Esu- ":'
E A
g 40+
-
8 20 4

04

Time .
Fig. AL OSL responses of aliquots from a young sample (left; NCL - 2108070) and an old sample (right; NCL - 2108081).
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Fig. A2. Radial plot of dose-recovery ratios obtained for given laboratory dose, delivered after bleaching natural
aliquots for 2 * 300s with blue diodes at 30°C. Given doses were 5, 10, 20 or 30 Gy, depending on the expected natural

dose.

Equivalent-dose distributions

For the equivalent-dose samples we sieved the sediment from the inner parts of the tubes
to obtain grains in size range 180-212 um for samples NCL-2108067, -68, -70 and -71, and
212-250 pm for all other samples. Quartz grains were obtained by chemical treatment
with HCL, H,0,, and concentrated HF. Finally this fraction was rinsed with HCl, and sieved
again to discard any remaining feldspar grains. Tests with infrared stimulation indicated
that no feldspars remained in the refined extracts. Equivalent doses were measured on
small aliquots (centre 2 mm covered with grains) using the Single-Aliquot Regenarative
dose (SAR) procedure (Murray and Wintle, 2003). A relatively low preheat and cutheat of
180°C was used to prevent overestimation of the equivalent dose due to thermal transfer
(e.g. Wallinga et al., 2010). Following Ballarini et al. (2007) we applied an early background
approach to select the OSL signal that is most light sensitive, and thus most likely to be
reset during fluvial transport. Integration intervals used were the first 0.8 s for the initial
signal, and the subsequent interval of 0.8-1.6 s for the background. Data was accepted for
analysis if the recycling ratio was within 10% from unity, and recuperation was below
10%. With the adopted procedure, a laboratory dose could be accurately recovered (dose
recovery ratio 1.00 + 0.02; n = 38) and recycling was near perfect (1.01 + 0.01; n = 390).
Single-aliquot dose distributions showed significant scatter, likely caused by incomplete
resetting of the OSL signal of part of the grains prior to deposition and burial. In Fig. A2
dose distributions are shown for all samples; the blue shading denotes the equivalent
dose obtained through application of the Finite Mixture Model (Roberts et al., 2000)
which was used for age calculation.
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For comparison we also calculated equivalent doses by taking the sample mean after
iterative removal of outliers (those single-aliquot estimates removed more than two
standard deviations from the sample mean). These estimates are shown by the grey lines
in Fig. A2.

Dose rate estimation

Dose rates were determined from the outer parts of the samples. This material was dried,
ashed and then cast in wax pucks for measurement of radionuclide activity
concentrations using a broad energy gamma-ray spectrometer (e.g. Murray et al., 1987).
Because water and organic material absorb part of the environmental radiation,
assumptions need to be made about their average values during burial. We assumed that
both water and organic contents at the time of sampling were representative of the time-
average values. We applied a minimum water content of 3%, and a large relative
uncertainty on the water content of 50% to account for past variations.

Dose rates were estimated based on high-resolution gamma-ray spectroscopy.
Assumptions made and resulting dose rates are outlined in Tables A3 and A4.

Table A3. Measured and used water and organic contents of the OSL dating samples

Burial Grain size range Water content Organic content

Sample Depth

Code (m) assump- Lower Upper
(NCL-) tion (um)  (um)
2108067 4.85 Gradual 180 212 4.33 4,33+2.17 2.05 2.05+0.41
2108068 3.77 Gradual 180 212 0.47 3.00 £ 1.50 0.76 0.76 £0.15
2108069 2.80 Gradual 212 250 0.70 3.00 £ 1.50 0.46 0.46 + 0.09
2108070 1.70 Instant 180 212 2.21 3.00 £ 1.50 1.68 1.68 £ 0.34
2108071 0.70 Instant 180 212 4.24 424212 4.59 4,59 +0.92
2108072 1.00 Instant 212 250 0.47 3.00+1.50 0.34 0.34 £0.07
2108073 5.50 Instant 212 250 1.16 3.00 £ 1.50 0.73 0.73 £0.15
2108074 3.85 Instant 212 250 1.21 3.00+1.50 1.78 1.78 £ 0.36
2108075 5.30 Gradual 212 250 0.72 3.00+1.50 1.20 1.20 £0.24
2108076 3.07 Gradual 212 250 3.23 3.23+1.62 4.01 4.01+0.80
2108077 1.24 Instant 212 250 1.22 3.00+1.50 1.02 1.02 £0.20

Measured Used Measured Used

2108078 2.70 Instant 212 250 1.00 3.00 £1.50 0.87 0.87 £0.17
2108079 6.90 Instant 212 250 1.14 3.00 £1.50 1.77 1.77 £ 0.35
2108080 3.25 Instant 212 250 1.36 3.00 £1.50 1.35 1.35+0.27

2108081 2.30 Instant 212 250 2.05 3.00+1.50 217 2.17£0.43
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Table A4. Radionuclide concentrations and resulting dose rates for the OSL dating samples

Sample
Code
(NCL-)

Radionuclide
concentrations (Bq kg™)

U

Th

K-40

Internal
alpha

Dose rates (Gy ka™)
External

beta

gamma

Cosmic

Total

2108067
2108068
2108069
2108070
2108071
2108072
2108073
2108074
2108075
2108076
2108077
2108078
2108079
2108080
2108081

25.06£0.18
18.37+£0.19
18.76 = 0.25
22.81+0.24
26.67 £ 0.24
20.14 £ 0.23
19.39+0.22
23.18£0.26
17.03 +£0.21
26.27 £ 0.23
21.82+0.24
23.96 £ 0.26
22.51+0.23
30.35+0.35
34.26 £ 0.26

20.58£0.39
5.89 £0.28
6.62 £0.23
13.85+0.42
22.11+0.54
3.92+0.18
80.3 £ 0.52
13.42 £ 0.46
13.66 + 0.40
25.61+0.70
16.68 + 0.41
15.37+0.43
27.89 £ 0.55
33.71+0.80
44,30+ 0.70

338+3
69+£3
83+4
207 +4
382+5
50+3
97 +3
197+ 4
224+ 4
375+16
249+5
227 +4
449+ 5
532+7
642+ 6

0.06 = 0.03
0.06 +0.03
0.06 + 0.03
0.06 +0.03
0.06 + 0.03
0.06 + 0.03
0.06 + 0.03
0.06 = 0.03
0.06 + 0.03
0.06 £ 0.03
0.06 +0.03
0.06 = 0.03
0.06 +0.03
0.06 = 0.03
0.06 = 0.03

1.01 +0.05
0.33+0.02
0.38 £ 0.02
0.70 £ 0.03
1.08 £ 0.05
0.29+0.01
0.41+0.02
0.67 £ 0.03
0.68 + 0.03
1.11 £ 0.06
0.77 £ 0.04
0.77 £ 0.03
1.30 £ 0.06
1.60 £ 0.07
1.86 £ 0.08

0.63 £0.03
0.25+0.01
0.29 +0.02
0.45+0.2
0.61 £0.03
0.21+0.01
0.30 +0.02
0.44 £ 0.02
0.41 £ 0.02
0.71+0.03
0.48 £ 0.03
0.51 £0.02
0.81 £0.03
1.03 £ 0.04
1.19 £ 0.05

0.17 £ 0.01
0.17 £0.01
0.19£0.01
0.17 £0.01
0.20+0.01
0.19 £0.01
0.11£0.01
0.13+0.01
0.16 £ 0.01
0.19+0.01
0.19+0.01
0.15+0.01
0.10 + 0.00
0.14+0.01
0.16 £ 0.01

1.87 £ 0.06
0.81 £0.04
0.93 £0.04
1.38 £0.05
1.95 £ 0.07
0.75 £ 0.04
0.88 £ 0.04
1.31+£0.05
1.31+0.05
2.07 £0.07
1.51+0.05
1.49 £ 0.05
2.27 £0.07
2.84 £0.09
3.27£0.10

OSL ages

Table A5 lists equivalent doses, dose rates and resulting ages for all samples. In addition
the table shows information on the number of aliquots passing the rejection criteria of
Table A2, and results of the Finite Mixture Modelling exercise (number of components,
component used for analysis, percentage of single aliquot results attributed to the
selected component). Finally, the table indicates the validity estimate, based on the
equivalent dose distribution, the finite mixture model results and the stratigraphic
consistency of OSL results.
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Table A5. OSL dating results, including details on Finite Mixture Model results

Finite Mixture
Sample

Code I;?caa- DEep’;h E(;;ulvaz?r;t ]zgse kra:c)e Age (ka) Ah; Model . Validity*
(e Hort (m ose (Gy y ka quots Comp. Used ttr.
(%)
2108067 Tla 4.85 2.58+0.17 1.87+0.06 1.38%0.10 27 6 1 14 2
2108068 TIb 3.77 1.32:0.08 0.81:0.04 1.62%0.13 23 6 1 18 1
2108069 TIc 2.80 1.38+0.10 0.93+£0.04 1.49%0.13 15 5 1 20 2
2108070 TId 1.70 0.54+0.03 1.38+0.05 0.39+0.03 20 6 1 30 1
2108071 Tle 0.70 0.89+0.03 1.95+0.07 0.46+0.02 38 6 1 37 1
2108072 TIla 1.00 0.54+0.04 0.75:£0.04 0.72%0.06 17 6 1 18 3
2108073 TIlb 550 6.67+0.27 0.88+0.04 7.57+0.46 34 6 1 31 2
2108074 Tllc 3.85 7.65+0.26 1.31+0.05 5.86+0.29 37 3 2 67 1
2108075 Gla 530 9.81x0.62 1.31+0.05 7.48%0.54 24 5 1 17 2
2108076 GIb 3.07 7.09%0.25 2.07+0.07 3.43%0.17 23 3 2 78 1
2108077 GII 124 0.95+0.05 1.51+£0.05 0.63+0.04 29 6 1 21 1
2108078 GIII 2,70 1.06+0.09 1.49:0.05 0.71+0.07 16 5 1 17 2
2108079 VIa 690 30.2+£17 227+0.07 13.2920.86 31 2 1 23 1
2108080 VIb 3.25 39.2+23 2.84%0.09 13.81+0.90 27 2 1 59 1
2108081 VIc 230 31.1+£2.6 3.27+£0.10 9.52£0.84 29 3 1 23 2

3T = Torrealvilla; G = Guadalentin; V = Velez
®1 = Likely OK; 2 = Questionable; 3 = Doubtful
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60



Appendix

Relative error (%6)
12 6 4 3
0 20 an 80
Precision

Standarglsceg estimate

(v}
17.00 e
1300 &

T s
9.00

wf 7.00

5.00
400
3.00

200

NCL - 2108075

g
3

° 99 °
%hﬁq %%"? ;ﬂ e o
&

Relative error (%)
4 3

12 6

0 20 0

an &
Precision

17.00
g NCL-2108076 100
i
9.00
2 o °. 2 "E
Formppatei : g
T 0 ~
-E s00
g am
Relative error (%) 3.0
12 -] 4 3
] 20 40 &0
Precision
NCL- 2108077 %:%5
1]
1875
2 oRo o ° ::21;!o0
go-—g’ “g.ﬂ?n 875 )
P2 TR e 525
- 375
3 22
8 by
.78
Relative error (%6}
12 6 4 3
0 20 an 60 &0
Precision
3250
NCL - 2108078 Zo%o
g o
E 12.50
g < ) e 850
o o LX =)
B o © P 450
g i - g e b g
T 250
g ' [
00
Relative error (%)
24 12 8 &
0 8 " 24 32
Precision

Fig. A3. Radial plots of equivalent dose distributions. Sample equivalent doses obtained through the Finite Mixture

Model (blue) and through an iterative removal of outliers procedure (grey) are shown.
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Chapter 3

Modelling sediment dynamics due to hillslope -
river interactions: incorporating fluvial
behaviour in landscape evolution model LAPSUS

Landscape evolution models (LEMs) simulate the three-dimensional development of landscapes over
time. Different LEMs have different foci, e.g. erosional behaviour, river dynamics, the fluvial
domain, hillslopes or a combination. LEM LAPSUS is a relatively simple cellular model that has had
a hillslope focus. Our aim was to incorporate fluvial behaviour in LAPSUS without changing the
model equations. The model should be able to reproduce alternating aggradation and incision in the
floodplains of catchments, depending on simulated conditions. Testing was done using an artificial
DEM and the ability for fluvial simulation was also demonstrated for a real landscape (Torrealvilla
catchment, SE Spain). Model equations to calculate sediment dynamics and water routing were
similar for both hillslope and fluvial conditions, but different parameter values were used for these
domains based on annual discharge. Erodibility and ‘sedimentability’ factors K and P were changed
between cold (little vegetation; high erodibility) and warm conditions (more vegetation, lower
erodibility). Results show that the adapted parameters reproduced alternating aggradation - due to
divergent flow in the floodplain and sediment supply under cold conditions - and incision due to
reduced sediment supply and resulting clean water erosion during simulated warm conditions. The
simulated results can be explained by interactions between hillslopes and floodplains, as the former
provide the sediments that are deposited in the latter. Similar behaviour was demonstrated when
using the real DEM.

Based on:
Baartman, J.E.M., Van Gorp, W., Temme, A.J.A.M., Schoorl, J.M., 2012,
Earth Surface Processes and Landforms (In Press)
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3.1. Introduction

Landscape evolution models (LEMs) predict or simulate the three-dimensional
development of landscapes over time (Kirkby, 1971; Ahnert, 1976) and are increasingly
used to assess sediment dynamics over various time-scales (e.g. Murray and Paola, 1994;
Coulthard, 2001; Pelletier, 2004; Thomas et al., 2007; Temme and Veldkamp, 2009). These
models can be used to simulate observed processes and erosion or sedimentation rates in
various landscapes and over different time-scales. Their strength lies in the ability to
provide improved insights into the mechanisms that control catchment behaviour and
response, by improved quantitative description and inclusion of various interacting
processes (Tucker and Hancock, 2010). Some LEMs are designed to simulate mainly river
processes and apply to stretches of rivers, either in isolation (e.g. Murray and Paola, 1994,
1997, 2003; Coulthard and Wiel, 2006), or within a landscape (Nicholas and Quine, 2007;
Thomas et al., 2007). Models that include coupled systems of hillslope and fluvial
processes include e.g. CAESAR (Coulthard et al., 2002), SIBERIA (Willgoose et al., 1991a, b),
CHILD (Tucker and Bras, 2000) and others, reviewed recently by Tucker and Hancock
(2010). LEMs have primarily focussed on erosional landscapes. However, according to
Willgoose (2005) the ability to model storage bodies within a basin (e.g. terraces,
floodplains) is poorly developed. This chapter focuses on adding such ability to LEM
LAPSUS (LAndscape ProcesS modelling at mUlti-dimensions and Scales; Schoorl et al,
2000, 2002), while maintaining its simplicity. LAPSUS has so far focused on erosional
landscapes. The LAPSUS model is briefly compared to some other LEMs to decide in
which way LAPSUS can be best adapted.

The LAPSUS model is a cellular model with relatively simple process descriptions and
input requirements (see section 3.2.1 for details). It was initially developed to simulate
hillslope erosion and deposition on a catchment scale. The model operates on annual
time-scales, with sinks as non-spurious features (Temme et al., 2006).

LEMs CAESAR (Coulthard et al., 2002) and SIBERIA (Willgoose et al., 1991a, b) are similar to
LAPSUS in that they are cellular, display self-organised behaviour and use a DEM as
landscape representation. Differences are in process descriptions, detail, input
requirements and time-scales.

An important difference between different LEMs is the flow routing algorithm used.
CAESAR uses a scanning or flow-sweeping routine (Van De Wiel et al., 2007) and calculates
flow depths and velocities. SIBERIA uses the D8 routing algorithm (Hancock et al.,, 2010),
which moves all water from one cell to its lowest neighbouring cell. LAPSUS uses a
multiple flow routing algorithm that, depending on convergence factor p, routes water to
multiple (e.g. all) lower neighbouring cells.

CAESAR uses a mixed-sediment-size formula which includes shear velocity and a ratio of
sediment to water density. Bed load is distributed proportionally to local bed slope, while
suspended load is routed according to flow velocity. SIBERIA uses different equations for
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hillslope and fluvial sediment dynamics. The latter is an advective function similar to that
used in LAPSUS for whole-landscape activity, although other parameter values are used.
The former is a diffusive equation, to be able to correctly capture hillslope morphology
(Hancock et al., 2002). LAPSUS uses the multiple flow algorithm with low values for
convergence factor p to simulate water routing on hillslopes.

Furthermore, CAESAR simulates individual storm events, distinguishes between different
grain size classes (nine ranges), and uses layers of sediment allowing for armouring
effects. LAPSUS and SIBERIA, on the other hand, operate on annual basis and do not use
different grain sizes. Although the first (CAESAR) is more sophisticated, input
requirements are higher (e.g. hourly rainfall time series, spatial information about grain
size distributions) and run time increases.

Summarizing, there is a lack of models that use annual time steps, that assesses the
coupled hillslope-river system with little input requirements to make it generally (i.e.
worldwide) applicable.

In this paper we developed, tested and demonstrate the ability of LEM LAPSUS to
simulate sediment dynamics for coupled hillslope-river systems without adding new
process equations.

Our objective is to enhance fluvial behaviour in the originally hillslope-focussed LAPSUS
model, while keeping the existing model structure and avoiding new equations and
parameters. Fluvial behaviour is defined in this study as: (1) the floodplain should be able
to consist of multiple (neighbouring) cells, (2) the model should be able to reproduce
alternating aggradation and incision behaviour in the river floodplain over centennial
temporal extents, depending on simulated warm/wet or cold/dry conditions. We explore
the parameter settings for which the model displays the desired behaviour using
different scenarios. In this model development phase it is not yet our objective to
reproduce ‘real world’ situations. Hence, we use an artificial DEM to assess the model’s
performance. However, the model should be able to display the desired behaviour also
when applied to a real DEM (Torrealvilla catchment, SE Spain). Evaluation is done on
qualitative (i.e. displayed behaviour) rather than quantitative criteria (i.e. absolute or
measured values) (Van De Wiel et al., 2011).

3.2. Methods

The LAPSUS model structure is described in section 1.8. Here the adaptations to the
model to incorporate fluvial behaviour are described. This is followed by the input data
used in this study, the methods to evaluate the output and finally the methods for
sensitivity analyses to parameters and DEM resolution.
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3.2.1. Model adaptations

To mimic both hillslope and fluvial behaviour with the same formulation (Egs. 1.8 - 1.11),
we need a criterion to distinguish between hillslopes, hillslope-fluvial transitional
environments and channels, whose extents may change over time as the landscape
evolves. This distinction was based on discharge Q (Eq. 1.8). Initial runs showed that in
the test setup, hillslopes had discharges typically lower than ~50 m (per cell (m?) and in
one time step (y)), while the channel had discharges higher than ~150 m, so threshold
values were set at 50 and 150. Parameter values on hillslopes were set to differ from those
in channels. In hillslope-fluvial transitional areas parameter values were changed linearly
between hillslope values and channel values. Note that the threshold discharge values
may differ for different catchments, resolutions and climatic regimes, and consequently
should be assessed in advance for each study separately.

Parameters that were changed as a function of environment are the discharge and
gradient exponents in Eq. 1.8 (m and n), and convergence factor p (Eq. 1.7). In addition,
input parameters that are changed as a function of climatic regime (cold and dry or warm
and wet; section 3.2.3) are erosion and sedimentation parameters K and P.

The effects of changing these parameters were evaluated both separately and in
combination. Parameter values for the different scenarios are given in Table 3.1.

- A: this basic scenario has default values for K, P and p, but differentiates for m
and n between hillslope and river conditions. Values for m and n are based on
Kirkby (1971, 1987).

- B:the multiple flow routing factor, convergence-factor p, has been set to zero for
river conditions. This means that water is distributed evenly over all lower
neighbouring cells, resulting in divergent flow in the river. This is expected to
mimic widening of river flow over its floodplain. With this scenario we aim to
test whether setting p = 0 for the floodplain makes floodplain aggradation
possible.

- C:erodibility and sedimentability (K and P-factors) were set 100 times lower for
warm and wet conditions than for cold and dry conditions. We expect lower
erodibility in warm and wet periods than in cold and dry periods because of
thicker vegetation cover which prevents erosion. In an erosional situation,
increasing K (all else being equal) increases the detachment capacity D (Eq. 1.10),
which results in a decrease in term h. In Eq. 1.9 this eventually leads to an
increased amount of sediment that will be transported (S), i.e. more erosion. This
scenario evaluates the effect of climate on erosion and deposition dynamics
through vegetation cover, but without the effect of p = 0 as described in scenario
B. We expect more erosion to occur under warm and wet conditions than under
cold and dry conditions in this scenario.
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- D: scenario D combines scenarios B and C: combined effects of low convergence
factor p for fluvial conditions and lower K and P factors for warm and wet
conditions.

In this model development phase it is not our intention to simulate real conditions (such
as glacials-interglacials). Instead, we aim at simulating the desired behaviour
(aggradation or incision) in the floodplain depending on simulated cold or warm
conditions. Also note that variations in climate as well as vegetation (represented by
parameters K and P) take place at the same moment in this model setup. This means that
there is no time-lag between vegetation (re)growth after climate amelioration.

Table 3.1. Parameter settings for all scenarios (changes in bold)
Parameter
m n p-factor K-factor  P-factor
Scenario A (basic: default parameter settings
hillslope 05 1 2 0.0003 0.0003
river 2 3 2 0.0003 0.0003

Scenario B (p-factor varies between hillslope and river)
hillslope 05 1 2 0.0003 0.0003
river 2 3 0 0.0003 0.0003

Scenario C (K/P-factors vary between cold and warm conditions)

Cold and dry conditions
hillslope 05 1 2 0.0003 0.0003
river 2 3 2 0.0003 0.0003

Warm and wet conditions
hillslope 05 1 2 0.000003  0.000003
river 2 3 2 0.000003 0.000003

Scenario D (combine scenarios B and C)

Cold and dry conditions
hillslope 05 1 2 0.0003 0.0003
river 2 3 0 0.0003 0.0003

Warm and wet conditions
hillslope 05 1 2 0.000003  0.000003
river 2 3 0 0.000003  0.000003
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3.2.2. Input data

For model development and evaluation we used an artificial DEM as input. This DEM was
kept as simple as possible, consisting of an upstream area that is ten times steeper (~5%)
than the almost flat (~0.5%) floodplain. Elevation ranges between 175.8 and 300 m. The
resolution is 20 m and the width measures 2100 m and the length 6000 m long (12.6 km?;
105 x 300 cells), whereby the floodplain is twice as long as the upstream area (Fig. 3.1). To
avoid possible edge effects at the bottom of the DEM in our results, we ignored the lowest
50 cells of the DEM in our analysis.

Cross-section 1
(row 50)

Cross-section 2
(row 150)

Cross-section 3
(row 250)

Fig. 3.1. DEM used for model simulations. Red lines indicate positions of cross-sections.

A spatially uniform time series of effective rainfall (rainfall minus infiltration and
evapotranspiration) was used for input. Here 150 mm y' was taken for cold and dry
conditions and 300 mm y for warm and wet conditions (Fig. 3.2). These values are based
on Veldkamp and van Dijke (2000) who used similar values for a simulation of the fluvial
terrace stratigraphy of the Meuse river. Although we use values for NW European
conditions here, the model is not restricted to these conditions. We alternated between
cold/dry and warm/wet conditions every 500 years. Two cycles were simulated, resulting
in a total runtime of 2000 years. This choice of alternating between parameter settings
every 500 years allows that the model stabilizes and that the effects of the various
settings are substantial while keeping model runtime reasonable. Time step (dt) used is
one year.
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Fig. 3.2. Input climatic regime for model simulations. High effective precipitation (300 mm y) represents warm and

wet conditions, low effective precipitation (150 mm y) reflects cold and dry conditions.

3.2.3. Output evaluation methods

To evaluate the effects of the different model settings we used DEM cross-sections and
spatially averaged criteria. Three cross-sections were made (Fig. 3.1), for which we
differentiated between the entire cross-section and its floodplain part, which was set at
between 700 and 1400 m (where the left edge of the catchment in Fig 3.1 is zero, the right
edge is 2100 m). Evaluation criteria were mean erosion, mean deposition, and net
elevation change and discharge (Q) over the cross-section and its floodplain-part.

3.2.4. Sensitivity analysis and resolution effects for best scenario

For the best scenario (i.e. the one that results in the best simulated alternating
aggradation and incision pattern for the floodplain) a sensitivity analysis was performed
to find out how sensitive the model is to small changes in the input parameter values.
Parameter values were changed by -/+5, -/+10, -/+15 and -/+20 %. Each parameter was
changed separately for each run. For example only the value of p for hillslope was
changed, others were kept constant, also p-river. For parameter p-river (with initial value
zero), the same absolute changes as for p-hillslope were applied, i.e. a change of +5%
resulted in a value of 0.1, +10% a value of 0.2 etc. This approach resulted in 80 separate
model runs. Outcomes were compared to the original results by evaluating individual
periods of simulated behaviour: aggradation in the first 500 years; incision from 500 to
1000 years, again aggradation from 1000 to 1500 years and finally incision for the last 500
years. A score of 1 was given for each consecutive period in which the desired behaviour
was displayed and a score of 0 if the desired behaviour was not displayed.

These individual scores were then combined in a lumped score, with 4.00 being the best
lumped score, in which the desired simulated behaviour is displayed in each consecutive
time period. Explanation of these scores is given in Table 3.2.
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Table 3.2. Scores and interpretation of sensitivity analysis
Individual score Lumped score Explanation: modelled behaviour®

1111 4.00 Aggradation - incision - aggradation - incision®

1110 3.75 Aggradation - incision - aggradation - aggradation
1101 3.50 Aggradation - incision - incision - incision

1011 3.25 Aggradation - aggradation - aggradation - incision
1010 2.50 Aggradation - aggradation - aggradation - aggradation
0111 2.25 Incision - incision - aggradation - incision

0101 2.00 Incision - incision - incision - incision

2 Modelled behaviour that deviates from desired behaviour is given in italics.
b Desired behaviour

Finally, the effects of DEM resolution were assessed by changing the initial resolution of
20 m to resolutions of 10 m, 50 m and 100 m respectively using bilinear resampling in
ArcGIS. This ensured that DEM extent could be kept at 2100 x 6000 m. Very small
resolutions of e.g. 1 m were not evaluated as the LAPSUS model has been developed for
larger catchments and often involves long (e.g. millennial) time-scales. Using fine
resolution would involve conceptual drawbacks in the equations used in the present
model and would therefore need a separate model parameterisation which is beyond the
scope of the objectives of the present chapter. Parameter settings and threshold values of
scenario D were used (see Table 3.1).

3.2.5. Testing for a real landscape - SE Spain

Model behaviour for different parameter settings was tested using an artificial DEM.
However, to ensure that the new functionality of the adapted model are not related to the
unrealistic properties of such an artificial DEM, we applied the described model changes
to a real DEM, located in SE Spain, in the Guadalentin Basin, Murcia Province (UTM 30 N
614800; 4171000). The Torrealvilla catchment is ~250 km” and elevation ranges between
~360 and ~1525 m (Fig. 3.3). In this section, we only test whether there are differences in
outcome between the basic scenario (A) and the best tested scenario (D) for this
catchment. It was not our aim to calibrate model parameters for this area in detail yet
(but see chapter 4) so parameter settings and input rainfall are the same as described
above (Table 3.1 and Fig. 3.2), except for the threshold values for discharge to
differentiate between hillslope, transitional and fluvial conditions. These were set at 5000
and 10000 m respectively, based on preliminary runs which showed that these values
were appropriate for locations of channels.

The input DEM is a reconstructed palaeo-DEM in which the altitude of the river was
increased with about 10m, to correspond with the height level where remnants of a
(palaeo) river terrace have been found (chapter 2).
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Fig. 3.3. DEM of the Torrealvilla catchment in SE Spain and zoom to lower part of the catchment (delineated by blue
line) and floodplain area (delineated by red line).

3.3. Results

Results of the model scenarios are presented in section 3.3.1. Sensitivity analysis results
are given in section 3.3.2 and resolution analysis results in section 3.3.3. Finally, results
for the application to the real SE Spanish catchment are given in section 3.3.4.

71



Chapter 3

3.3.1. Results for model adaptations

Results for the entire DEM for scenarios A-D are shown in Fig. 3.4. All scenarios show
erosion in the upper part and deposition in the transitional zone between the steeper and
flatter slopes. Generally, erosion and deposition increases over time. However, we are
most interested in the downstream area where the floodplain is located. For scenarios A
and C results show continuously increasing erosion over time in the lowest area, where
the effect of cold/dry or warm/wet conditions in scenario C results in less erosion in
warm/wet periods compared to scenario A (Table 3.3). For scenario B continuous
deposition is simulated. For scenario D deposition is simulated from 0 to 500 y, erosion
increases from 500 y until 1000 y, then decreases slightly until 1500 y and increases
slightly again until 2000 y.

Results for the lowest cross-section are given in Table 3.3 and Fig 3.5. The left half of
Table 3.3 gives erosion and deposition values for the entire cross-section, while the right
half zooms in on the floodplain part of the cross-section. These results are evaluated in
terms of aggradation and incision behaviour in the two right columns. Scenarios A and C
display continuous erosion in the floodplain section (see also Figs. 3.5a and c), although in
scenario C the effect of cold/dry or warm/wet conditions (low K and P factors
representing vegetation cover and preventing erosion) leads to hardly any erosion during
warm and wet periods (i.e. t = 500-1000 y and t = 1500-2000 y). The effect of changing
convergence parameter p from two to zero in scenario B causes continuous deposition.
Clearly visible from Fig. 3.5d and from Table 3.3 is the alternation of aggradation and
incision in scenario D. Thus, the combined effect of setting low K and P factors in warm
and wet periods (scenario C) and imposing divergent flow in the river (scenario B) results
in the desired behaviour (scenario D).
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Table 3.3. Scores and interpretation of sensitivity analysis

Time Total (m?) Floodplain (x = 700-1400 m)
(y) Erosion Deposition Net Erosion Deposition Net  Aggradation Incision

Scenario A

500 -81.2 9.3 -71.8 -22.1 9.3 -12.7 no yes
1000 -122.7 8.0 -114.7 -32.0 8.0 -23.9 no yes
1500 -81.0 0.0 -81.0 -24.3 0.0 -24.3 no yes
2000 -123.0 0.2 -1229 -374 0.1 -37.3 no yes
Scenario B
500 -63.6 32.5 311 -45 32.5 28.0 yes no
1000 -91.2 217.9 1267 -1.3 215.6 214.3 yes no
1500 -54.0 101.0 47.0 0.0 94.4 94.4 yes no
2000 -77.3 188.5 111.2 0.0 156.4 156.4 yes no
Scenario C
500 -81.2 9.3 -71.8 -22.1 9.3 -12.7 no yes
1000 -5.0 2.0 -3.0 -2.5 2.0 -0.5 no yes
1500 -78.7 3.3 -75.4 -20.1 3.3 -16.8 no yes
2000 -5.1 0.0 -5.1 -2.6 0.0 -2.6 no yes
Scenario D
500 -63.6 32.5 -31.1 -4.5 32.5 28.0 yes no
1000 -12.6 0.7 -11.8 -10.0 0.7 -9.3 no yes
1500 -61.3 51.7 -9.6 -2.8 51.7 48.9 yes no
2000 -16.3 0.3 -16.0 -13.8 0.3 -13.5 no yes
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Fig. 3.5. Elevation difference at t= 500, 1000, 1500 and 2000 y for scenarios A-D for floodplain of cross-section 3.

3.3.2. Results from sensitivity analysis

A maximum score of 4 was obtained for all different values of P and K, which does not
mean that the model is not sensitive to these parameter values, see Fig. 3.6. In terms of
incising and aggrading behaviour, sensitivity for these two parameters was low.
Sensitivity of sedimentability factor P increased when values were changed more than -
20% during cold and dry conditions. In this case, more deposition was simulated in the
floodplain at the location of the cross-section. This is further discussed in section 3.4.
Changing P with -20% during warm and wet periods resulted in less erosion at the cross-

section.
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Fig. 3.6. Results of sensitivity analysis for parameters K and P. Values on the y-axis are percentage change of net

floodplain erosion / deposition relative to the original amount of net floodplain erosion / deposition of scenario D.

Sensitivity for p-hillslope was also low with maximum scores for all runs (Fig. 3.7). For p-
river, and for discharge and gradient exponents m and n, sensitivity was much higher and
maximum scores were not always achieved (Fig. 3.7).

Scores for p-river are low for negative changes and maximum for positive changes,
except for the largest maximum change of +20%. In the case of p-river, negative changes
result in negative values of p, meaning that water, while still flowing to lower
neighbouring cells, preferentially flowed to the highest of its lower neighbouring cell,
resulting in simulated continuous aggradation. Changing p-river to 0.4 (+20%),
concentrates water, resulting in erosion (score 3.25 or 1101, see Fig. 3.7 and Table 3.2).
Patterns for m and n are similar but opposite: scores for m-hillslope and n-river are
maximum for positive changes (increasing values), while scores for m-river and n-
hillslope are maximum for negative changes (decreasing values), except for the largest
change of -20%. Vice versa, scores are low for m-river and n-hillslope for positive changes
and for m-hillslope and n-river for negative changes.

Summarizing, sensitivity analysis of scenario D shows that the model is not very sensitive
to changes in parameters K, P and p-hillslope, but highly sensitive to changes in m, n and
p-river.
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Fig. 3.7. Lumped scores of sensitivity analysis for parameters p, m and n. For explanation of scores, see Table 3.2.

3.3.3. DEM resolution effects

DEM resolution was changed from the original 20 m to 10 m, 50 m and 100 m. Results for
the floodplain part of the lowest cross-section are given in Table 3.4. Scores are the same
as used for the sensitivity analysis (Table 3.2). Fig. 3.8 shows simulated discharge for the
different resolution runs (note difference in scale of Y axes). For the 10-m resolution DEM
almost continuous incision is simulated. Amounts of discharge Q are much higher than
for the 20-m resolution. For coarser 50-m resolutions scores are better, but for 100-m

resolution, continuous aggradation in the floodplain is simulated. These effects are
further discussed in section 3.4.
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Table 3.4. Erosion and deposition results (in m?) for resolution
analysis of the floodplain at cross-section 3

Time (y) Erosion  Deposition Net
10m
500 -32.0 13.1 -18.9
1000 -2.4 0.0 -2.4
1500 -7.5 8.5 1.0
2000 -2.0 0.1 -2.0
Individual score 0111
Lumped score 2.25
20m
500 -4.5 32.5 28.0
1000 -10.1 0.7 -9.3
1500 -2.8 51.7 48.9
2000 -13.8 0.3 -13.5
Individual score 1111
Lumped score 4
50m
500 -5.6 47.8 42.2
1000 -8.2 2.4 -5.8
1500 -3.2 47.1 44.0
2000 -6.1 6.5 0.4
Individual score 1110
Lumped score 3.75
100m
500 -16.5 86.3 69.8
1000 -2.8 18.4 15.6
1500 -3.1 108.8 105.8
2000 -7.9 23.2 15.4
Individual score 1010
Lumped score 2.50
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Fig. 3.8. Discharge at time steps t = 500, 1000, 1500 and 2000 y for different resolution runs. Note difference in scale of

axes.

3.3.4. Application to a real landscape - SE Spain

In Fig. 3.9 and Table 3.5 results are given for the application of the basic scenario (A) and
the best model scenario (D) to a real landscape; Torrealvilla catchment in SE Spain. Net
erosion is simulated for the entire area as well as for the lower area of the Torrealvilla
catchment (Fig. 3.3). However, if we zoom in on the floodplain in the lower area, scenario
D results in alternating aggradation and incision, while scenario A only shows
aggradation.
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Table 3.5. Erosion and deposition at time steps t = 500, 1000, 1500 and 2000 y for Torrealvilla
catchment (SE Spain) for scenarios A and D

Net erosion or deposition (- 10° m®)

Time (y) Entirearea  Lowerarea  Floodplain

Scenario A
500 -33.45 -0.68 0.36 Aggradation
1000 -60.32 -1.21 0.60 Aggradation
1500 -43.49 -0.97 0.19 Aggradation
2000 -63.32 -1.51 0.29 Aggradation

Scenario D
500 -38.95 -0.86 0.17 Aggradation
1000 -6.16 -0.14 -0.04 Incision
1500 -34.57 -1.05 0.05 Aggradation
2000 -6.77 -0.14 -0.04 Incision

Fig. 3.9. Simulated cumulative erosion and deposition for the Torrealvilla catchment for scenarios A and D at time t =

2000 y. Inset is lower part of the catchment with floodplain.
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3.4. Discussion

3.4.1. Modelling results

We used an artificial DEM to test whether we could simulate fluvial incision-aggradation
cycles in an idealized setting. This implies that we did not calibrate our results to
measured or observed values. This is reflected in the methods for evaluating the output
and the sensitivity analysis, i.e. we evaluated only on the basis of simulated aggradation
and incision behaviour, not on the basis of absolute values or detailed patterns (Van De
Wiel et al., 2011).

Model scenario D is the only scenario that displays the desired behaviour. The combined
effect of divergent flow in the floodplain (p = 0) and different values of erodibility and
sedimentability (K and P parameters) for cold-dry and warm-wet conditions produced
alternating aggradation (cold and dry conditions) and incision (warm and wet conditions)
in the floodplain. Incision is due to the effect of clean water: low erodibility during warm
and wet periods results in clean water coming from the hillslopes, which erodes the river
valley. During cold and dry periods, the combined effect of sediment coming from the
hillslopes and divergent flow in the floodplain results in deposition and aggradation of
the floodplain. Note that we did not model river meandering or avulsion (see Fig. 3.4),
and that changes in flow patterns in the floodplain result only from the behaviour
simulated through Eqs. 1.8 - 1.11.

Parameter settings and DEM configuration co-determine these results. The hillslopes
adjacent to the river floodplain and the steeper hinterland are necessary to provide
sediment for deposition in the floodplain during cold and dry conditions. If the sediment
produced on the adjacent hillslopes is ignored in the model, the river carries too much
water (or too little sediment) and will erode, even in cold periods. Therefore, the model
settings described in this chapter will not work for purely fluvial reaches (e.g. Murray and
Paola, 1994, 1997), but they successfully simulate the interaction of hillslopes and fluvial
processes (Van De Wiel et al., 2011).

Sediment delivery ratios (SDR = (total erosion - total deposition) / total erosion) were
calculated for the entire catchment. Scenario A gives SDRs around 0.30 for all time
periods, whereas scenario D gives low SDRs (0.01) for the cold, dry periods and high SDRs
(0.60) for the warm, humid periods. This indicates that in the former, sediment is stored
in the catchment, while during warm, humid periods more sediment is transported out of
the catchment. These results for the entire catchment support the results for the lowest
cross-section (Table 3.3) where deposition (storage) occurs during cold, dry periods and
erosion is dominant during warm, humid periods.

The combined effect of vegetation and climate is responsible for fluvial behaviour
through its effect on water and sediment supply. This allows the model to be used for a
broader range of studies, such as the effects of land use changes upstream on fluvial
behaviour downstream or the effects of climate variability and their combination (in
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many different forms). Also, the effect of introducing for example a time-lag between
vegetation (re)growth after climate amelioration can be evaluated, which may lead to
different response in terms of erosion and deposition (e.g. Vandenberghe, 2008).

Not all deposition is necessarily the result of changes in climate or vegetation, but can be
intrinsic to the landscape system, i.e. complex-response (Schumm, 1981). The adapted
LAPSUS model is not necessarily climate driven, which provides possibilities to explore
modelling complex-response type of processes. For example sediment pulses that migrate
downslope and are deposited on a flatter area and subsequently (partly) removed by
erosion without changing climate. In the current model setup, these pulses and their
partial erosion need to be ‘regulated’ by the erodibility and sedimentability parameters.
These can be temporally varied in the model. If these parameters would also be spatially
variable, this could mimic weak sediments that are easily erodible and provide a pulse of
sediment.

In this chapter, we were looking for model settings for which the desired behaviour of
alternating aggradation and incision could be simulated in the catchment. During
aggradation phases, sediments are retained in the catchment and supply of these
sediments to the outlet is delayed. This is in line with, and by looking at the catchment
also complementary to, modelled irregularities and out-of-phase sediment supply at the
catchment outlet (e.g. Wainwright, 2006).

3.4.2. Application to a real-world DEM

Simulations for a real DEM of a landscape in SE Spain also displayed the required
alternation of aggradation and incision in the floodplain area. Although net aggradation
is calculated in scenario D for the floodplain for t = 0-500 y, an erosion channel is formed
(Fig. 3.9b). This is similar to observed behaviour in the test-DEM (Fig. 3.5d). From t = 500
to 1000 y, in the test-DEM this channel is deepened, causing (net) incision. For the
Torrealvilla DEM, different behaviour was observed; the channel is filled with sediments
eroded from its sides. Also, erosion occurs on different locations during t = 500-1000 y
than during the previous period, eventually resulting in net incision for the floodplain
area. These results show the difference between an idealized, symmetrical test-DEM and a
real-world DEM with spatially variable response. Thus, depending on the objective of the
study, the adapted LAPSUS model needs calibration if used for a specific real world
catchment. In the tested area in SE Spain, an evaluation and interpretation of sediment
archives suggests that complex-response processes are important (chapter 2). Calibration
of the adapted LAPSUS model for this area, for which landscape evolution data are
available, is shown in chapter 4. An advantage of the LAPSUS model, having relatively few
input parameters compared to other LEMs, is its applicability to unknown and/or remote
areas for which few data are usually available to calibrate the model.
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3.4.3. Sensitivity analysis effects

Sensitivity analysis of scenario D shows that the model is less sensitive to changes in
parameters K, P and p-hillslope, than to changes in m, n and p-river. Sensitivity of
sedimentability factor P increased at low (-20%) values for cold and dry periods. Lower P
values mean that sediment is kept in transport longer. This results in redistribution of
eroded sediment from the steeper hillslopes over larger and lower areas down the
floodplain than for higher P values. This effect is noticed at the location of the cross-
section at P-values of -20%. Additional simulations with changes of -17, -18 and -19% and
differences between spatial erosion and deposition maps showed that sediments from the
steeper upstream slopes are redeposited gradually lower on the floodplain. Total net
erosion for the entire DEM showed a threshold between -18 and -19% change; apparently
P values are so low that sediments can not be deposited in the catchment anymore and
they are delivered as sediment output out of the catchment.

For decreased m-hillslope or increased n-hillslope values, continued deposition was
simulated while erosion was expected during cold and dry periods. Decreasing m-
hillslope and increasing n-hillslope values both result in decrease of transport capacity (C
in Eq. 1.8) for the hillslope, resulting in less erosion on the hillslopes. This subsequently
gives less deposition next to the floodplain, which allows water to spread over a larger
area (i.e. the floodplain is wider), as its width is less limited by deposited sediments that
were eroded from the adjacent hillslopes. However, if the same amount of water is spread
over a wider area, values of Q decrease, which decreases transport capacity in the
floodplain environment, which leads to deposition of sediment. Conversely, if m-river
values are increased or n-river values are decreased, transport capacity of the river
increases, which leads to more erosion in the river. However, the opposite is simulated.
This is due to the influence of the steep hinterland slopes, where indeed more material is
transported and less deposited than in the original settings of scenario D. However, due
to much lower slopes in the floodplain area, the transported material is deposited again
directly and river water is forced to flow around the deposited material. This reduces the
transport capacity due to lower Q which reduces erosion. If values of n-river are
decreased up to -15 and -20%, continued erosion is simulated. In this case, transport
capacity is large enough to start eroding and creating a channel. Once a channel is
created, all water will concentrate there, even if p is zero because there is only one lower
neighbour cell. This increases transport capacity and erosion even more, resulting in
more erosion of the channel, etc. The channel formation started low in the DEM, where
the least material of the fan is deposited. Subsequently, the channel was seen to be
growing upwards, due to the process described above.

This analysis shows that because of interaction between the processes of erosion,
deposition and water distribution the effects of changing model parameters are not
always straightforward and that the spatial (catchment) dimension is important to
consider in understanding the model behaviour.
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3.4.4. Effects of DEM resolution

There is a large effect of DEM resolution on the model’s fluvial behaviour (Table 3.4). DEM
resolution effects are to be expected for every spatial model and have been described for
the LAPSUS model previously (Schoorl et al., 2000, Claessens et al., 2005, Temme et dl.,
2011). Although methods exist to possibly overcome this problem (Stark and Stark, 2001),
it is beyond the scope of this chapter to include and evaluate these. In general, when the
model is applied any catchment, the resolution should be chosen beforehand (based on
various reasons, see Van De Wiel et al., 2011) and kept the same throughout the study.

For 10-m resolution (instead of the original 20m), the effect of smaller cell size is that
distribution of water (multiple flow, Eq. 1.7) is calculated more frequently which results
in higher values of Q for these cells (Fig. 3.8b). Consequently, this leads to higher
transport capacities (Eq. 1.8). If values of erodibility (K) are kept the same, then this leads
to more erosion. Erodibility factor K should therefore be scaled with resolution, as
suggested already by Schoorl et al. (2000). Important here, when higher values of Q are
calculated, threshold values for fluvial behaviour will be exceeded for more cells,
resulting in more cells behaving as rivers compared to the simulations at 20 m resolution.
When these thresholds are not also scaled with resolution, two contradictory effects
occur. On the one hand, in the (larger) fluvial environment convergence factor p = 0 will
lead to distribution of flow over more cells, leading to lower values of Q in individual cells
and lower transport capacity. On the other hand, the values for Q increase calculated
transport capacity quadratic as m = 2 (Eq. 1.8). Apparently, the second effect overrules the
first (erosion is simulated, Table 3.4). Additionally, as soon as a channel is created by
erosion, the spreading effect of p = 0 is lost, as there is only one lower neighbouring cell.
If resolution is increased, the opposite effect is observed: only few cells have Q values
high enough to exceed the threshold for fluvial behaviour. This stresses that model
performance depends on discharge values and that threshold values to distinguish
between hillslope and fluvial behaviour are scale dependent and should be adapted for
DEMs with different resolutions. Threshold values Q1 and Q2 can be adapted to the
resolution, so that approximately the same area is designated as hillslope / transitional /
fluvial. The corresponding threshold values are plotted for each resolution in Fig. 3.10.

If these threshold values are used in the runs with different resolutions, the 10-m
resolution run shows continued incision; the 50-m resolution run shows the desired
aggradation - incision - aggradation - incision behaviour but with less incision than the
20m results; and the 100-m resolution run shows continued aggradation.
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Fig. 3.10. Threshold values for discharge Q (left y-axis) varying with resolution based on areas designated to be

hillslopes, transition or fluvial environments. Above certain high Q values, fluvial incision (right y-axis) may occur.

This shows that not only threshold values for hillslope, transition and fluvial
environment are important. Probably, erodibility (K-factor) values for the 100-m
resolution runs were too high, resulting in aggradation. For the 10-m resolution runs, the
effect of quadratic increased transport capacities in the fluvial domain overrules the
effect of spreading water due to p = 0. This effect is indicated as ‘fluvial incision’ in Fig.
3.10. Independent of resolution, this effect will occur if catchments become larger and Q
values increase. A model using these equations (section 1.8) and settings (i.e. m =2, n = 3)
is therefore restricted to relatively small catchments with small rivers or, if modelling
larger catchments, coarser resolution. Prediction or calculation at which values of Q this
fluvial incision effect occurs is difficult, and depends on many factors, including
erodibility factor K and redistribution of sediments which influences water redistribution
patterns. Also, if it does not start in the first time step, it may occur in later time steps.

3.4.5. Model adaptations

In this chapter it was our objective to keep to the existing LAPSUS model structure, its
annual time-scale, limited input requirements and computational efficiency. Until now,
the LAPSUS model was used in predominantly hillslope environments (e.g. Buis and
Veldkamp, 2008, Temme and Veldkamp, 2009). To make the model better suited for
modelling catchments that include both hillslopes and floodplains, we distinguished
hillslopes from floodplains by assigning a unique set of parameter values to each
environment. The transition from distributed flow on hillslopes to concentrated flow in
channels is acknowledged to be problematic (Tucker and Hancock, 2010). Willgoose et al.
(1991b) introduced a channel initiation function in their SIBERIA landscape evolution
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model, which made the distinction between channels and hillslopes explicit, but at the
cost of introducing new and poorly constrained parameters (Tucker and Hancock, 2010).
In the adapted LAPSUS model, the transition from hillslope to fluvial conditions is also
explicitly modelled, but the same equations are used for the three domains (hillslopes;
transition hillslope-fluvial; and fluvial), albeit with different parameter values for m, n
and p. The parameters discharge exponent m and gradient exponent n mainly determine
the transport capacity (Eq. 1.8); the convergence factor p determines the spatial
distribution of water (Eq. 1.7). For the transition zone, in this study a simple linear
relation between hillslope parameter values and fluvial parameter values was used. Other
hillslope-channel transitions are imaginable but require additional calibration.

Simple hillslope-based equations can be used to model fluvial behaviour to a certain
extent, as shown in this paper. However, the model does not simulate this behaviour
without hillslopes, i.e. for pure river stretches. To achieve this, it is probably necessary to
add new rules and equations for routing (river) water. However, modelling pure river
stretches is beyond the scope of this chapter.

We chose discharge to distinguish between hillslope and fluvial conditions and parameter
settings, as rivers typically carry more water than hillslopes. Another choice could have
been for example transport capacity. Here discharge was a logical choice, because
LAPSUS is based on discharge (Eq. 1.8) and values for m and n are available in the
literature (see Fig. 3.1 in Kirkby, 1987) for both fluvial and hillslope processes. Although
values for m and n are available, there is no information that links these parameters to
absolute values for Q, hence the necessity to calibrate the threshold values.

In LAPSUS, a multiple flow algorithm is used to route the kinematic wave (Eq. 1.8), which
provides a means to approximate a time-varying, two dimensional flow field and avoids
problems related to kinematic wave solutions (Tucker and Hancock, 2010). The values
used for convergence factor p in the multiple flow algorithm can be controversial.
Theoretically, water concentrates in rivers which implies a high p-factor (steepest
descent) for rivers. In their river-model, Murray and Paola (1994, 1997) use multiple-flow
routing with a p-factor of 0.5. Using the same value in our model does not result in the
desired behaviour, because different equations are used to calculate sediment transport.
Murray and Paola (1994, 1997) use a constant that ensures that elevation changes by at
most a few percent of the mean elevation difference between cells in each time step, thus
preventing deep erosion. In this study, we have set the p-factor to zero for fluvial
behaviour. This mimics the behaviour of diverging (river) water over a flat floodplain,
because it makes it easy for (river) water to spread out over multiple neighbouring cells.
Thus, this simulates a diffusion-wave approximation, in which both gravity and pressure
gradients drive water flow.

86



Incorporating fluvial behavior in LAPSUS

3.5. Conclusions

We adapted parameter settings of landscape evolution model LAPSUS to model fluvial
processes in addition to existing hillslope processes. A spatially explicit distinction
between the two environments (hillslopes and fluvial) is made, based on discharge (Q).
The combined effect of adapting discharge exponent m, gradient exponent n and
convergence factor p for hillslope/fluvial conditions and different values for erodibility K
and sedimentability P for two climatic regimes resulted in the desired simulated
behaviour of alternating aggradation in cold and dry conditions and incision in warm and
wet conditions. During cold-dry climate, rainfall is lower and erodibility values are
relatively high, representing little vegetation. The simulated aggradation is due to
divergent flow in the floodplain and sediment supply during simulated cold-dry
conditions, and simulated incision is due to reduced sediment supply and resulting clean
water erosion during simulated warm-wet periods. These results were also obtained
when applying the successful model scenario to a real-world DEM of a catchment in SE
Spain.

The simulated behaviour is an interaction of hillslope and fluvial processes in the sense
that the hillslopes adjacent to the river floodplain are necessary to provide the sediment
that is deposited in the floodplain during cold periods. The river itself does not carry
enough sediment, resulting in concentration of water in and erosion of the floodplain.
The model is sensitive to values of discharge and gradient exponents m and n. The
spatially interacting processes of erosion, deposition and water distribution determine
model behaviour. Resolution analysis shows that especially values of discharge (Q) are
affected and that the effect of setting convergence factor p = 0 for fluvial environments is
overruled by the effect of setting discharge exponent m = 2. Due to the latter effect,
transport capacities increase and continuous fluvial erosion is simulated. A model using
these equations and settings is therefore restricted to relatively small catchments with
small rivers or, if modelling larger catchments, coarser resolution. Threshold values of
discharge Q that were used to distinguish between hillslope and fluvial behaviour should
be calibrated for each DEM.

The adapted landscape evolution model LAPSUS simulates sediment dynamics as a result
of the coupled hillslope-fluvial system interactions. This allowed us to gain insight in the
processes and conditions under which observed sediment bodies are deposited in natural
catchments, especially if other process that can be included in LAPSUS are activated such
as for example tillage erosion, landsliding or vegetation effects.

87






Chapter 4

Did tillage erosion play a role in millennial scale
landscape development? - an evaluation in SE
Spain using LEM LAPSUS

Landscape evolution models (LEMs) quantitatively simulate processes of sedimentation and erosion
on millennial time-scales. An important aspect of human impact on erosion is sediment
redistribution due to agriculture. In this chapter we aim to analyse the potential contribution of
tillage erosion to landscape development using a LEM. The model is separately calibrated for: i)
water erosion processes only and ii) water plus tillage erosion processes. It is applied to the ~250
km2 Torrealvilla study area, SE Spain. We were able to simulate alternating sequences of incision
and aggradation. Generally, model results show that tillage erosion adds to deposition in the lower
floodplain area, but neither water erosion alone nor water plus tillage erosion together could
exactly reproduce the observed amounts of erosion and sedimentation for the case study area. This
implies that other processes not included in the model and / or input and model assumptions and
uncertainties play a role. In addition, scale effects are apparent: on hillslopes, tillage importantly
contributes to erosion and fills local depressions. On the catchment scale, sediments from tillage
erosion eventually reach the floodplain area. Here they contribute to aggradation, but to a lesser
extent than on hillslopes, also depending on the connectivity within the catchment. This is the first
time that tillage erosion is explicitly included in a LEM on a millennial time-scale and the large
catchment scale.

Based on:
Baartman, J.E.M., Temme, A.J.A.M., Schoorl, J.M., Braakhekke, M.H.A., Veldkamp, A.
Earth Surface Processes and Landforms (Accepted)
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4.1. Introduction

Landscape evolution models (LEMs) quantitatively simulate the geomorphic evolution of
landscapes over time. They have been tested using hypothetical data and applied to
simulate the evolution of actual landscapes (e.g. Coulthard and Macklin, 2001, Hancock et
al., 2008a, b, Hancock, 2009, Temme and Veldkamp, 2009, Hancock and Coulthard, 2011,
Hancock et al., 2011). Because most geomorphic processes are slow, experiments and real-
time observation are rarely undertaken. LEMs provide tools to evaluate the effects of
these processes (Tucker, 2009). Topographic change or sediment redistribution can be
calculated in a LEM as the effect of one or more processes, such as water erosion,
landsliding, tillage and creep that can be described in the model with geomorphic
transport laws, Recent reviews of LEMs can be found in Coulthard (2001), Willgoose (2005)
and Tucker and Hancock (2010). LEMs are commonly used to reproduce, in retrospect,
landscape morphology observed today (Temme et al., in press). Important limitations for
these kinds of studies include uncertainty about the initial state of the landscape and
equifinality - the notion that the current landscape can result from different starting
landscapes and processes. To constrain the initial state, remnants of sediment bodies, for
example river terraces, can provide information about the palaeo landscape (Tucker,
2009). As Govers et al. (2006) state, simulation models can provide additional information
on the time-scale and way in which landscapes respond.

In this respect, an important question that can be studied with LEMs, relates to the
drivers of geomorphic processes. An example is the question whether climate or human
impact has been more important in shaping landscapes (Verstraeten et al, 2009).
Generally, it is believed that human pressure increased erosion rates (e.g. Hooke, 2000a,
Syvitski et al, 2005, Knox, 2006). Most studies focussing on human impacts base
calculations of erosion rates on field monitoring for the short, human time-scales, and on
sediment archives or cosmogenic nuclides analysis for the longer, natural, time-scales
(e.g. Kirchner et al., 2001, Gellis et al., 2004, Arnaud-Fassetta et al., 2006). The analysis of
cosmogenic nuclides, however, leads to estimates of net temporal landscape change
(Walling and Quine, 1991, Quine et al., 1997), so that sequences of erosion and deposition
over time are not included. On decadal time-scales, this might not form a limitation, but
on longer (millennial) time-scales, erosion and deposition sequences become relevant to
understanding landscape evolution.

An important aspect of human impact on erosion is sediment redistribution due to
agriculture - tillage erosion. In a modelling study on effects of tillage erosion at field scale
and decadal time-scales, Govers et al. (1996) found that the impact of tillage should be
taken into account in landscape evolution studies in addition to the impact of water
erosion. Only a few LEMs currently include tillage erosion as a geomorphic process
(WATEM/SEDEM, Van Oost et al., 2000, Van Rompaey et al., 2001, Verstraeten et al., 2002;
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SPEROS, Van Oost et al., 2003, 2005; SORET, De Alba et al., 2004; and LAPSUS, Schoorl et al.,
2004). Studies that use these models mostly focus on the tillage process itself and on short
(contemporary) time-scales and small spatial scales (e.g.Van Oost et al., 2000, Heuvelink et
al., 2006). LAPSUS (Schoorl et al., 2000, 2002) is a landscape evolution model that addresses
long time-scales (millennia). The original model simulates erosion and deposition by
overland flow, while other processes, including tillage erosion, can optionally be
activated. The model was modified to include fluvial interaction at the catchment scale
(chapter 3).

Until now, the effects and relative contribution of tillage erosion (in addition to erosion
by water) to sediment redistribution have not been studied on a millennial time-scale and
spatial catchment scale using a LEM. It is important to be able to separate these two
processes and simulate them individually (Van De Wiel et al, 2011) in order to
quantitatively address the issue of natural or human induced erosion.

In this chapter we analyse the potential contribution of tillage erosion to observed
erosion-sedimentation-erosion sequences for an entire catchment and on millennial
time-scales using LEM LAPSUS. First, the sensitivity of LAPSUS outputs to changes in its
parameters is measured using a Monte Carlo set-up. Then the model is separately
calibrated for i) water erosion processes only and ii) water plus tillage erosion processes.

4.2, Study area

For our analyses and to evaluate simulation results, we use the Torrealvilla case study
area; a ~250 km’ catchment in SE Spain where dated remnants of river terraces are used
to reconstruct several past landscape stages (chapter 2). The Torrealvilla catchment is
located in Murcia Province, SE Spain (Fig. 4.1; UTM 30N 614800; 4171000). Altitudes in the
catchment range from ~350 to ~1525 meter above sea level. General characteristics are
described in section 1.7. Fig. 4.1 shows the study area with indication of the floodplain
area as used in this chapter.
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Fig. 4.1. Location of the study area: Torrealvilla catchment with indication of floodplain area (red line).

4.3, Methodology

4.3.1. LAPSUS model

The landscape evolution model LAPSUS (LAndscape ProcesS modelling at multi-
dimensions and Scales) is described in section 1.8. In chapter 3, adaptations to the
original model are described, which allow better representation of fluvial behaviour in
the model. This enables simulation of alternating aggradation and incision of a river
floodplain, in which the river can occupy multiple neighbouring cells. This adapted
version of the model is used here, with the water erosion and deposition processes and,
when and where relevant, the tillage erosion process activated. The main input is a
Digital Elevation Model (DEM) which is described in section 4.5.2. In all runs, a time step
of 10 y and spatial resolution of 30 m are used.

In LAPSUS, tillage erosion can be simulated as a separate process, calculated with a
diffusion-type equation (Govers et al., 1994) (Eq. 4.1), assuming a linear relation between
soil flux (S,; m® a™) and slope:

Stin = Ceip " H - A Eq. 4.1

With ¢,; (m” a™) a tillage transport coefficient and H (m) the ploughing depth.
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Eq. 4.1 is used to calculate the tillage translocation within tilled areas. In order to also
account for the off-site effects of tillage, it is assumed that cultivation increases
erodibility K (Eq. 1.10) and decreases the sedimentability P (Eq. 1.11) of the tilled areas
(e.g.Veihe, 2002). Therefore, we have changed the K and P values for the tilled cells, now
termed K-till and P-till, when and where tillage was performed.

4.3.2. Input data

Precipitation data

Average annual rainfall data (1951 - 1980) from four stations located in the area (Navarro
Hervés, 1991) were used to derive a linear relation between elevation and mean annual
precipitation (R* = 0.78, mean = 370mm). Effective rainfall (precipitation minus
infiltration and evaporation) is much lower. Lépez-Bermddez (1990) calculated for the
Segura Basin, of which the Torrealvilla is a subcatchment, that the mean
evapotranspiration is ~92% of the mean annual rainfall and that two-third of the basin
receives less than 20mm of effective rainfall (~5.3% of average annual rainfall). Because
the Torrealvilla catchment is located in the southern and driest part of the Segura Basin,
an effective rainfall of 5% of the average annual precipitation is assumed in this chapter.
The resulting effective rainfall map (Fig. 4.2) is used as input.

Effective precipitation (mm)

Fig. 4.2.Input effective precipitation (5% of average annual precipitation), linear interpolation with elevation.
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Qualitative information about variations in palaeo-precipitation for SE Spain and the
Western Mediterranean is abundant (e.g. Jalut et al., 2000, Magny et dl., 2002, Pantaleon-
Cano et al, 2003, Carrién et al, 2010). Quantitative palaeo-precipitation estimates,
however, are rare. From a marine core in the Alboran Sea (ODP 976) Martin-Puertas et al.
(2010) retrieved the Mg/Al ratio as an indicator of Iberian riverine input into the Alboran
basin, which have been associated with changes in precipitation (Fig. 4.3a; grey line).
Combourieu Nebout et al. (2009) quantitatively reconstructed palaeo-precipitation for the
last 25000 y, based on the ODP 976 pollen record. This record is too long and, for the last
5000 y, too coarse to be used for this study.
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Fig. 4.3. a). Mg/Al ratio as indicator of Iberian riverine inputs, from marine core ODP 976 (Alboran Sea; Martin-
Puertas et al., 2010); grey line and right y-axis) and input palaeo-precipitation scheme (black line and left y-axis) and
b). Palaeo-vegetation record: percentage pollen of deciduous plus evergreen Quercus; from Baza sequence (Carrion et
al., 2007); grey line and right y-axis) and input time-series of erodibility K representing variation in vegetation cover
due to climate change (black line and left y-axis). Note that the value of K was changed step-wise (section 4.5.1), the K

shown here is an example value.
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In the reconstructed precipitation anomaly of Combourieu Nebout et al. (2009), a peak of
~300 mm y " occurs around 3000 y BP. We assumed that this peak correlates with the peak
in riverine input (Martin-Puertas et al., 2010), although the peak in the latter occurs later.
This peak value of the Mg/Al ratio (0.265) is correlated with 300 mm more rainfall than at
present, giving a ratio between yearly rainfall and Mg/Al ratio of 2530. The youngest
value for Mg/Al ratio (0.198) is related to current rainfall (370 mm y™), giving a lower
ratio between yearly rainfall and Mg/Al ratio of 1870. The average of these two ratios
(2200) is used to convert all Mg/Al ratio values to palaeo rainfall values.

The resulting palaeo-precipitation time-series (Fig. 4.3a, black line) is used as input in this
chapter. The peak from ~2500 to ~2000 y BP represents the so called Iberian Roman
Humid Period, recognised by among others Martin-Puertas et al. (2008).

Vegetation and land use data

Variations in vegetation over time are split into two parts: (i) change in vegetation cover
due to climate change (Fig. 4.3b; grey line), reflected in higher and lower erodibility (K)
and sedimentability (P) values (Fig. 4.3b; black line); and (ii) change in land use due to
human activity. The latter are used as input for tillage erosion simulations.

For the first - change in vegetation cover due to climate change - we assume the same
trends over the entire catchment, hence no spatial variability in vegetation change is
assumed. Deciduous and evergreen Quercus pollen were supposed to represent a
(Mediterranean) forest type of vegetation. To convert the pollen values (Carrion et al.,
2007) to values for K, two rules were applied: (i) if pollen values of deciduous plus
evergreen Quercus exceeded 15%, vegetation cover was assumed to be thick enough to
protect the soil from erosion and input K values were divided by 100. (ii) If these pollen
values decreased below 8%, input K values were multiplied by 100 and P values were
divided by 100. This is because sedimentability is assumed to be higher (easier) under
vegetation and, conversely, sediment is entrained longer when vegetation is absent. The
amplitude of the changes (times 100 and divided by 100) are based on earlier experience
with the model parameters K and P (Temme et al., 2009).

For the second - change in vegetation due to human activity - agriculture, and thus
tillage erosion, is assumed to have occurred in areas where archaeological remains have
been found. The most important periods of human impact on the land for SE Spain and
the Torrealvilla area in particular are summarized in chapter 2. Fig. 4.4 shows maps for
locations of tillage erosion for three time-frames: the Roman period (~2000 to ~1600 y BP;
Fig. 4.4a), the Arab period (~1200 to ~700 y BP; Fig. 4.4b); and the modern areas of
agriculture (Fig. 4.4c), based on cereal cultivation of the CORINE land use map (EEA, 2000).
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a, Roman period (~2000 - 1600 y BP) b. Arab period (~1200 - 700 y BP) <. Modern period (~200 - 50y BP)
o ey /

Agriculture

(ploughing)
5km ﬁ

Fig. 4.4. Areas with agriculture in the Roman (a), Arab (b) and Modern (c) periods. Ploughing is assumed to have

taken place in these areas. These maps are used as model input..

Values for ploughing depth (H, Eq. 4.1) were set to 0.10 m during Roman times (White,
1967), 0.20 m during Arabic times (Eiroa Rodriguez, 2011) and 0.40 m during modern
times (Moret et al., 2007). Values for ¢y, K-till and P-till were determined during model
calibration. For simplicity, we assumed that soil depth does not limit erosion in the entire
catchment. This might not be true for the higher, rocky outcrops in the northern part of
the catchment,

4.3.3. Overview of methodology

In chapter 3 the LAPSUS model was adapted to include fluvial processes. In that
development phase, parameter values were chosen based on expert judgment and results
were evaluated in a qualitative way, using an artificial DEM. In the present chapter, the
main aim is to calibrate the adapted LAPSUS model for the Torrealvilla catchment. Fig. 4.5
shows an overview of the methodology followed in this chapter, divided in a sensitivity
analysis phase and a model calibration phase. In the first part, the sensitivity of the
adapted LAPSUS parameters was evaluated (see section 4.4), so that only the most
sensitive model parameters would be included in the second part. The second phase is
the actual model calibration. The focus of this chapter is on the second part (see section
4,5), in which model results are compared to observed erosion and aggradation sequences
in the Torrealvilla study area.
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Fig. 4.5. Scheme of methodology.

4.4. Sensitivity of LAPSUS parameters

To quantitatively evaluate the sensitivity of the adapted LAPSUS parameters, a Monte
Carlo approach was used. For all runs, temporal extent was 500 y in order to keep runtime
reasonable and rainfall was kept constant.

In each run, one parameter was kept constant at the mean value of its distribution, while
all other parameters were varied randomly. These parameters had a value between a
maximum and a minimum value, chosen so that a wide range of probable values was
covered (Table 4.1). Distributions of randomly generated parameters are uniform, thus
each value between the minimum and maximum is equally likely to be selected. This
approach was used for each parameter separately (N = 5000; meaning N = 500 for each
parameter). Simulated average elevation change for the floodplain area was used as
model output variable. SPSS (PASW Statistics 19) was used for the analyses. Histograms of
the outcomes were analyzed. In this analysis, a smaller variance of the outcome points to
a larger influence of the parameter on model results.

97



Chapter 4

Table 4.1. Mean, minimum and maximum values of LAPSUS
parameters used in sensitivity analysis

Parameter Mean Minimum  Maximum
m-slope 1.05 0.1 2
m-river 2.25 1.5 3
n-slope 1.05 0.1 2
n-river 2.25 1.5 3
p-slope 3.00 1 5
p-river 1.00 2
Threshold Q1* 255 10 500
Threshold Q2* 1050 100 2000
K 0.005 0.000001 0.01
P 0.005 0.000001 0.01

* Extra constraint: Threshold Q2 > Threshold Q1

4.4.1. Sensitivity analysis results

Table 4.2 shows the results of the histogram analysis. The results indicate that four
parameters most influence the outcome: m-river, n-river, n-slope and m-slope. The
variance of the outcome (mean elevation change in the floodplain) is smallest for the
these parameters.

Table 4.2. Results of histogram analysis
Constant parameter Mean  St.Error Variance N

m-slope 0.40 0.051 1.27 493
m-river 0.11 0.055 1.51 494
n—slope 0.41 0.062 1.89 488
n-river 0.28 0.064 2.03 490
p-slope 0.22 0.074 2.65 487
p-river 0.22 0.073 2.63 490
Threshold Q1* 0.24 0.076 2.82 488
Threshold Q2* 0.30 0.076 2.82 489
K 0.26 0.076 2.81 491
P 0.24 0.070 2.41 488
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4.5, Water and tillage erosion in the Torrealvilla catchment

The LAPSUS model was calibrated against observed erosion - deposition - erosion
sequences in the floodplain area of the study site. To evaluate the possible influence of
tillage erosion, the model was calibrated separately for (i) only water erosion processes
and (ii) water erosion and tillage erosion processes combined.

4.5.1. Calibration procedure

Calibration of the model on the Torrealvilla catchment was performed in a step-wise
procedure (see Fig. 4.5). Parameters that had little influence on the model outcome, were
given constant values. Values for thresholds Q1 and Q2 were set 225 - 10> m® y™ and 450 -
10° m® y' respectively based on preliminary runs for water distribution, which showed
that areas (cells) with values above threshold Q2 would be considered as rivers and areas
(cells) with values less than threshold Q1 would be hillslopes. Values for convergence
factor p were set to 2 for hillslopes and 0 for rivers, based on chapter 3.

The four parameters that have most influence on model outcome were varied in steps
(Table 4.3). Erodibility factor K and sedimentability factor P were also varied, based on
earlier experience with the model (e.g. Schoorl et al., 2002, Temme et al., 2009, Temme and
Veldkamp, 2009). Values used for the six parameters in the first calibration round are
shown in Table 4.3, giving a total of 256 possible combinations for water erosion
processes only.

Because tillage erosion does not start before the second time period (from 1500 y BP), it
does not affect the first time period (4800 - 1500 y BP; see Table 4.4). Therefore, the ten
best parameter sets after calibration with water erosion for the first time period (4800 -
1500 y BP) were taken as a start for the water plus tillage erosion calibration (see Fig. 4.5).
In the calibration of water plus tillage erosion, three tillage parameters were varied in
steps, giving a total of 180 parameter sets (Table 4.3).

In the second calibration round for water erosion, additional values for m- and n-slope
(value of 1.00) and P (value of 0.001) were introduced to the parameter sets. This was
based on the results of the best 10 runs for the first calibration round, which suggested
that for these parameters, performance gains were possible.
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Table 4.3. Values used for the first round of model calibration for
water erosion and for water plus tillage erosion processes

Parameter Values

Water erosion parameters

m-slope 0.50 1.50

m-river 1.50 2.00 2.50 3.00
n-slope 0.50 1.50

n-river 1.50 2.00 2.50 3.00
K 0.0001 0.01

p 0.0001 0.01

Tillage parameters

Ca 0.05 0.5

K-till 1 10 100

P-till 0.001 0.001 0.01

4.5.2. Evaluation criteria and data

Calibration results were evaluated both qualitatively and quantitatively. In chapter 2,
three main phases of incision and aggradation were recognised. Here, evaluation focuses
on the lower floodplain area (~4.35 km? see Fig. 4.1) because data (ages and terrace
remnants) are from this area. For qualitative calibration, model simulations should
display a sequence of first incision, then aggradation and finally incision again (see Table
4.4). In order to be able to quantitatively compare model simulations and landscape
dynamics, volumes and average elevation changes were calculated. For this purpose, a
palaeoDEM was constructed for each incision and aggradation phase:

As a starting landscape, a palacoDEM with infilled valleys up to the highest
terrace level was constructed, which was estimated to have an age of ~4800 y BP
based on a sequence of dated sediments.

Little information is available about the extent of subsequent incision. We
assumed that incision occurred as a V-shaped, elongated trench to the depth of
the current stream, where the lowest dated sediments were found. This
palaeoDEM represents the landscape at ~1500 y BP.

For the next aggradation phase, which ended ~400 y BP, a palaecoDEM with
infilled valleys up to the next (lower) terrace level was constructed.

The final erosion phase ended at current times and the present DEM was used.

In Table 4.4, the calculated average elevation change and volumes of aggradation or
incision in the floodplain area are given. These values are used to quantitatively evaluate
model simulations in each time period.
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Table 4.4. Average reconstructed elevation change and volumes of aggradation or incision at
the end of the time period for the floodplain area calculated from constructed palaeoDEMs

Time Process Average  Floodplain
period elevation volume
(yBP) change (m)  (-10°m?)
4800 - 1500 Incision -4.56 -19.8
1500 - 400 Aggradation 1.50 6.5
400 - 50 Incision -1.09 -4.7

4.5.3. Results for water erosion only

Calibration for water erosion only resulted in six runs that showed the correct process
sequence: incision during the first period (4800 - 1500 y BP), aggradation during the
second period (1500 - 400 y BP) and incision from 400 y BP until present. However,
eroded and deposited volumes were much smaller than those estimated from the
palaecoDEMs (results not shown). Subsequently, each time period was evaluated
separately. In Fig. 4.6a the average elevation change of the floodplain over time is shown
for the ten best simulations for all time periods. Fig. 4.6b shows the ten best simulations
of the second calibration round for water erosion processes only (no tillage).

> a. Ten best runs calibration round 1 2 b. Ten best runs calibration round 2

Average elevation change
of the floodplain (m)

—7
8
9

10 .
-7 -«-palacoDEMs  Time (y BP)

10 A
-7] -+-palaecoDEMs Time (y BP)

Fig. 4.6. Average elevation change of the floodplain area over time for the ten best runs of the first (a) and the second

(b) calibration round for water erosion onlv.
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4.5.4. Results for water plus tillage erosion

When calibrated using any of the best ten runs for the first time period, adding tillage
erosion during the second and the third time periods resulted in increased deposition (or
decreased erosion) compared with model runs without tillage erosion (Table 4.5). Thus
tillage erosion adds to deposition in the floodplain in the model set-up used in this study.

Table 4.5. Average elevation change of the floodplain area (m) for the
ten best runs of water erosion only and the same ten runs with tillage
erosion (best run for each)

Time period Average elevation change (m)
(yBP) Water erosion ~ Water + tillage erosion
4800 - 1500 -4.09 -3.80
1500 - 400 -0.34 -0.23
400 - 50 -0.13 -0.11

The average elevation change of the floodplain for all simulations with tillage is shown in
Fig. 4.7a. Fig. 4.7b shows the best ten simulations with tillage; for comparison, it also
shows the best run without tillage. All of the runs with tillage in Fig. 7b start with the set
of parameters that gave the best simulation without tillage and add the tillage option. For
the water runs that simulated erosion correctly for the first time period, the activation of
tillage erosion did not yield a strong enough increase in deposition.

When the aggradation (second time period) of the best water and best tillage runs are
compared, tillage almost doubles (factor 1.8) the simulated average floodplain elevation
change. However, as can be seen in Fig. 4.7b, the simulated amounts of floodplain incision
and aggradation are not the same as those measured from the palacoDEMs.

1 a. All runs tillage erosion 1 b. Best runs tillage overall
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Fig. 4.7.Average elevation change of the floodplain area over time for a). all runs; and b). the ten best runs for all time

periods for water plus tillage erosion.
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4.6. Discussion

4.6.1. Case study results and assumptions

As shown in Fig. 4.6, a major result is that the observed sequence of processes (erosion -
aggradation - erosion) was simulated correctly by the model. The results show that
tillage erosion, being a high frequency (each year), but slow and low impact process, has a
considerable impact in terms of sediment accumulation in the floodplain. However,
individual runs show that neither water erosion alone, nor water plus tillage erosion
processes could exactly reproduce the reconstructed volumes of eroded, deposited, and
again eroded sediments. This implies that other processes, not included in the model,
could have played an important role, such as lateral erosion or landsliding, including
undercutting of steep gully side walls (Hooke, 2000b), or the effects of land use change
processes other than tillage. In this chapter, we focussed on tillage as a major human
influence on erosion and deposition dynamics. However, other human impacts could
have played a role, in particular land use change (e.g. Kosmas et al., 1997, Coulthard and
Macklin, 2001, Lang, 2003, Bakker et al., 2008) such as deforestation and burning on steep
slopes (Descroix and Gautier, 2002) with related changes in K and P values. In addition,
grazing might have led to degraded vegetation cover and increased K values (e.g. Carrién
et al., 2010). These processes have not been modelled explicitly, although changes are
partly included in the palaeo-vegetation record, which is based on pollen data.
Alternatively, individual extreme events could have been important. As the model uses
average annual precipitation as input, such events are not accounted for in this chapter.
The effect of extreme events could either be increased erosion in gullies (Hooke and
Mant, 2000, Valentin et al., 2005) or increased deposition of eroded material in the
floodplain (e.g. Kirchner et al., 2001, Tomkins et al., 2007) or both, depending on event and
catchment characteristics (for example vegetation) at the time of the event (Tucker and
Bras, 2000). We consider the effect of individual extreme events on topography over
longer time-scales a topic of continuing interest.

An independent source of longer term measurements of erosion rates is not available for
the Torrealvilla catchment itself. However, the nearby Puentes reservoir (Fig. 4.1), which
was built in 1884 has received an average of 2.12 t ha™ y' of sediments over the last 100 y
(De Vente, 2009). Our simulation results for the entire Torrealvilla catchment show
erosion rates between 20.5 t ha™ y for the last 100 y and 11.2 t ha™ y for the entire 4750
years. The Torrealvilla catchment (~250 km?) is about one-quarter the size of the ~992
km’ Puentes catchment, and would therefore be expected to have higher erosion rates
(Hooke, 2000b). The simulated values are still somewhat high but at least of similar
magnitude as the observations. Estimates of sedimentation rates from other reservoirs in
SE Spain range from 1.5 to 26.2 t ha™ y™ (De Vente, 2009).
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Qualitative evaluation

We can further evaluate, qualitatively, the best simulation with only water erosion. Fig.
4.8 shows profiles of a cross-section from the palaeoDEMs in the lower part of the
floodplain area. This shows that from 4800 - 1500 y BP, the model simulates incision,
although only for part of the cross-section; from 1500 - 400 y BP, partial infilling of the
formerly eroded volume is simulated; from 400 - 50 y BP model simulations show little
change, while erosion is expected, based on the palaecoDEM reconstructions. Thus, for two
of the three time periods, model simulations qualitatively show the expected erosion and
sedimentation dynamics when averaging over the entire floodplain area, as well as on the
cross section scale.

None of the simulations could reproduce erosion in the last time period (t = 400 - 50 y
BP). As mentioned before, this might be attributed to the lack of relevant processes in the
model, especially lateral erosion or valley widening.
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Fig. 4.8.Cross-section profile of best run for water erosion only; model output is given in solid lines, dashed lines are

cross-sections derived from palaeoDEMs for comparison.

The case study results are inherently context dependent, inasmuch as they are restricted
to the local topography, DEM resolution, temporal resolution, quality of proxy data used
for time series input and so forth, For example, values for palaeo-vegetation (erodibility
factor K) were difficult to estimate, because the parameter is a model- and scale-specific,
lumped factor. The same applies to the K and P values used for the tilled areas. The use of
other proxies might lead to different model results. Another source of uncertainty is the
reconstructed palaecoDEMs, which we used to estimate the eroded and deposited
sediment volumes in the floodplain area. This is a common problem if past topography is
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used (e.g. Coulthard et dal., 2002, Tucker, 2009) and no simple solution exists. However,
although these input issues need to be addressed for each case study area individually,
our method of using a LEM and incorporating tillage erosion is valid for any area.

4.6.2. Model limitations

The LAPSUS model features some limitations that might be assessed in future studies. As
already mentioned, not all processes that might be relevant in the field, are included in
the model, most importantly lateral erosion or valley widening (Hooke, 2000b). The
model has a landslide module, which was not activated in the present chapter, that could
prevent gully side walls from becoming oversteepened.

Furthermore, there is no explicit feedback in the model between vegetation (in terms of
erodibility factor K) and the water balance (Claessens et al., 2009). For example, less
vegetation could lead to less infiltration and increased runoff; these processes are not
coupled in the model. Thus, transport capacity (Eq. 1.8) is not altered with vegetation.
Work is in progress to keep track of spatial and temporal dynamics of erodibility and
sedimentability. For example, easily eroded material could be deposited downstream,
where it still would be easily erodible. However, the current model version does not keep
track of these dynamics and the deposited material is assigned the erodibility of the
location (cell) where it was deposited. In a partial solution to this problem that could be
used in LAPSUS, another LEM - CAESAR - incorporates and keeps track of different grain
sizes (Coulthard and Van De Wiel, 2007).

Finally, in chapter 3 the LAPSUS model was adapted to incorporate fluvial behaviour. The
adaptation defines cells as hillslope, river or a transition between the two. In the current
model versions, the threshold discharge values are simply based on the locations in the
field where streams start. They are, however, spatially dynamic in the model, for example
as a gully erodes headward, its cells may also become river cells. Other methodologies to
derive the threshold values and locations that are more sophisticated or widely
applicable could be developed in future research.

4.6.3. Methodology

For reasons of modelling time, a full optimisation was not performed, although many
parameter combinations were included in the calibration procedure. Thus, the best
combination of parameter values for calibration may have been missed. However, it was
not the objective of the chapter to obtain a best fit for the palaeo-sediment dynamics.
Rather, the palaeo-sediment data enabled us to explore model performance and to
analyse the potential contribution of tillage erosion in the evolution of the case study
catchment.
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Simulation studies on the effect of tillage erosion have previously concluded that the
impact of tillage should be taken into account in landscape evolution studies in addition
to water erosion (e.g. Govers et al, 1996). However, the simulation results for the
Torrealvilla case study area indicate that our procedure for incorporating tillage erosion
could not entirely account for the observed aggradation in the floodplain area. This
apparent contradiction should be viewed in the context of spatial scale. Studies that
focussed on tillage erosion, were conducted on the field or hillslope scale (Govers et al,,
1996, Van Oost et al., 2000). The Torrealvilla catchment, however, is a large (~250 km?)
catchment. In our analysis, we focus on the lower floodplain area. Tillage erosion as it is
represented in the LAPSUS model directly affects the tilled slopes and sediments fill local
depressions. Eventually, these sediments reach the floodplain area, but in an indirect way
and depending on connectivity within the larger catchment and possible changes in
sediment storage within the catchment (Trimble, 1981, 1983). Thus, the simulation results
suggest that tillage erosion is less important on the (large) catchment scale than on
individual hillslopes. This is a novel result that may add to our understanding of
landscape evolution over a range of scales.

In our model assumptions, no base level change or tectonics were included. The
simulation results show a sequence of alternating erosion and sedimentation, which is
thus possible without tectonics as external driver. The simulated process alternation is
due to changes in rainfall and, more importantly, vegetation. These changes in
vegetation, based on pollen records, can be natural or human induced (for example
deforestation, grazing, etc.). In this respect, the model does not distinguish between the
two. However, we included tillage as a separate, obviously human, process, including
changes in vegetation for the cultivated (tilled) areas.

Many authors have attempted to relate erosion and sedimentation dynamics to either
natural or human causes or both (Hooke, 2000a, Hooke, 2006, Knox, 2006, Fuchs, 2007,
Dearing et al., 2008, Houben et al., 2009). Quantification, if included, is usually done on the
basis of dated sediment archives and is therefore fragmented in time, or consists of only
net values (e.g. Quine et al.,, 1997). In those cases, sequences of alternating erosion and
sedimentation are not assessed. However, landscape evolution over longer time-scales
(millennia) is clearly influenced by such cycles. Modelling over longer time spans
attempts to stretch the quantification of erosion and sedimentation dynamics over the
entire time period involved (e.g. Coulthard and Macklin, 2001, Coulthard et al., 2005,
Verstraeten and Prosser, 2008, Temme and Veldkamp, 2009). A dynamic landscape
evolution model such as LAPSUS, including complex response feedbacks is needed to
capture the sequences of alternating erosion and sedimentation processes.
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4.7. Conclusions

In this chapter, we analysed the potential contribution of tillage erosion to observed
erosion and sedimentation dynamics on a millennial time-scale. Using the dynamic
landscape evolution model LAPSUS we were able to simulate an alternating sequence of
erosion - aggradation - erosion, that is important on longer (millennial) time-scales. We
explicitly included tillage as a separate process and evaluated model simulations with or
without tillage erosion. Generally, model results for the ~250 km?* Torrealvilla case study
catchment show that tillage erosion adds to deposition in the lower floodplain area
during periods of occupation. However neither water erosion nor water plus tillage
erosion could exactly reproduce the observed amounts of erosion and sedimentation for
the case study area. This implies that other processes, not included in the model, play a
role, or that input assumptions and uncertainties, such as reconstructed palacoDEMs and
vegetation reconstructions, are incorrect. Simulation studies that focussed on tillage
erosion on the field or hillslope scale conclude that tillage erosion is an important
process. The apparent contradiction with the present simulation results indicates a scale
effect; on hillslopes, tillage significantly contributes to erosion and fills local depression.
On the catchment scale, sediments from tillage erosion eventually reach the floodplain
area, where they contribute to aggradation, but to a lesser extent than on hillslopes, also
depending on the connectivity within the catchment.

This is the first time that tillage erosion has been explicitly included in a landscape
evolution model on a millennial time-scale and large catchment scale. Further research
on the same time-scale in other areas is needed to refine the procedure. Also, further
investigations on the effects of spatial configuration and connectivity would be
interesting.
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Chapter 5

Exploring effects of rainfall intensity and
duration on soil erosion at the catchment scale
using OpenLISEM

In semi-arid areas high-intensity rainfall events are often held responsible for the most soil erosion.
Long-term landscape evolution models usually use average annual rainfall as input, making the
evaluation of single events impossible. Event-based soil erosion models are better suited for this
purpose, but cannot be used to simulate longer time-scales and are usually applied to plots or small
catchments. In this chapter, the OpenLISEM event-based erosion model was applied to the medium
sized (~50 km?) Prado catchment in SE Spain. Our aim was to (i) test the model’s performance for
medium sized catchments; (ii) test the ability to simulate four selected typical Mediterranean
rainfall events of different magnitude, and (iii) explore the relative contribution of these different
storms to soil erosion using scenarios of future climate variability.

Due to large differences in the hydrologic response between storms of different magnitudes, each
event needed to be calibrated separately. The relation between rainfall event characteristics and
the calibration factors may help in determining optimal calibration values. Scenario calculations
show that, although ~50 % of soil erosion occurs as a result of high frequency, low intensity rainfall
events, large magnitude, low frequency events potentially contribute significantly to total soil
erosion. The results illustrate the need to incorporate temporal variability in rainfall magnitude-
frequency distributions in landscape evolution models.

Based on:
Baartman, J.E.M., Jetten, V.G., Ritsema, CJ. De Vente, J., 2012.
Hydrological Processes 26:1034-1049
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5.1. Introduction

Erosion and deposition are important processes that shape the landscape over time.
Simulating landscape evolution over long time-scales is often done using Landscape
Evolution Models (LEMs, e.g. Coulthard, 2001, Tucker and Hancock, 2010) in which
erosion and sedimentation processes form the core of the model. Over shorter time-
scales, erosion and deposition are simulated with event-based models, that can be
process-based or empirical. Many event-based models exist and have been compared in
various reviews (e.g. Jetten et al., 1999, 2003, Merritt et al., 2003, Jetten and Favis-Mortlock,
2006). Spatial scales that are assessed vary widely from catchment to hillslope and plot,
with event-based models usually being applied to smaller catchments than landscape
evolution models.

In semi-arid areas highest soil erosion rates have been observed as a result of single high
intensity but low frequency rainfall events. Although exceptions exist (Coulthard et al.,
2002), most landscape evolution models use average annual rainfall as input, making the
evaluation of single events impossible. Event-based models are better suited for this
purpose.

In semi-arid South-East Spain, total rainfall is generally low (~300 mm y™), but very
variable and unevenly distributed over the year with rainfall events occurring mainly in
spring and autumn (Navarro Hervds, 1991, Bracken et al., 2008). Future soil erosion
depends, among other factors, on temporal rainfall patterns and therefore will be
affected by climate variability. Projections of climate variability generally predict a
decrease in precipitation in the subtropics, but an increase in rainfall intensity and longer
periods between rainfall events (Christensen et al., 2007, Meehl et al., 2007, Giorgi and
Lionello, 2008). Given the relative importance of extreme rainfall events for erosion and
sediment export, simulation studies are required to assess the implications of climate
change for soil erosion.

The Limburg Soil Erosion Model (LISEM) is a physically based model simulating water
erosion during and immediately after a rainfall event (De Roo et al., 1996a, b). Model
principles are detailed in section 1.8. Although initially developed for an area in the south
of The Netherlands, LISEM has been applied world-wide (e.g. Jetten et al., 1996, Hessel et
al., 2003, Boer and Puigdefébregas, 2005, Hessel et al., 2006, Vigiak et al., 2006). LISEM was
designed to simulate agricultural catchments of sizes ranging from 1 ha up to ~10 km* (De
Roo and Jetten, 1999). Consequently, scales that are modelled are mostly small
catchments (45 and 69 ha, De Roo and Jetten, 1999; 2 km?, Hessel et al., 2003; 2 and 5.7 km?
Hessel et al., 2006; 2.9 km?, Takken et al., 1999).

It is our objective in this chapter, as a first step towards including event information into
LEMs, to apply an event-based model to a medium sized catchment and evaluate its
performance for simulating rainfall events of different magnitudes and to assess the
contribution of rainfall events of different magnitude and frequency to total annual soil
loss.
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In this chapter, a new open source version of LISEM (OpenLISEM') is applied to the ~50
km? Prado catchment, located in SE Spain. One of the reasons for the development of
OpenLISEM was the ability to deal with larger areas: technically there is no catchment
size limit, but the cell size and time step must remain small (< 1 ha and < 1 min) because
of certain model principles (see section 1.8). Our specific aims were i) to test the
performance of the OpenLISEM model for simulating erosion and deposition in a
relatively large catchment; ii) to test the model’s ability to simulate storms of different
magnitudes of rainfall intensity and duration; and (iii) to explore the relative
contribution of the different magnitude storms to erosion using scenarios of possible
future climate variability.

5.2. Research area

The study was conducted in the semi-arid region of South-East Spain. The research area
and its general characteristics have been described in section 1.7. The Prado catchment
forms a tributary of the Rambla Torrealvilla, upper Guadalentin river, upstream of the
town of Lorca in Murcia Province (Fig. 5.1; UTM 30N 614800; 4171000).

Several erosion related studies have been carried out in the study area, e.g. during the EU
funded MEDALUS projects (Bull et al., 1999; Hooke and Mant, 2000; Kirkby and Bull, 2000;
Bracken and Kirkby, 2005; Hooke et al., 2005; Kirkby et al., 2005; Hooke, 2007). Shannon et
al.(2002) modelled sediment transport for the nearby, but lithologically different, Nogalte
catchment. Boer and Puigdefdbregas (2005) applied LISEM to a nearby small catchment in
Almeria province, South-East Spain, to assess the effects of vegetation patterns on
erosion.

! Please find OpenLISEM at: http://sourceforge.net/projects/lisem/
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Fig. 5.1. Prado catchment. X = location of discharge and rainfall measurement devices at Prado outlet; A = Alhagiieces

rainfall station; white dots are other rainfall stations used for this study.

Fig. 5.2. CORINE Land use map (a) and geological map (b) of the Prado catchment with major ramblas indicated.

Black dots are measurement and sampling locations.
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5.3. Methods

5.3.1. OpenLISEM model

The OpenLISEM model is a physically based runoff and soil erosion model, based on the
original Limburg Soil Erosion Model (LISEM) (De Roo et al., 1996a; Jetten and De Roo,
2001). It simulates runoff and erosion during and immediately after a rainfall event. The
model is described and model equations are given in section 1.8.

Such an event-based model is a logical choice for the study area in South-East Spain
where rainfall mainly occurs in separate events. Moreover, OpenLISEM gives spatial
output for each time step of all hydrological and erosion variables, which allows us to not
only evaluate discharge and sediment at the outlet, but also to assess erosion and
sedimentation patterns.

Maps with a cell size of 20 m were used and the calculation time step dt was set to 15 s.
The channel option of OpenLISEM is used in this chapter to represent the permanent
gullies occurring in the area.

5.3.2. Input parameters

Input parameters for OpenLISEM were measured in April and September / October 2009.
We used a land use map based on the CORINE 2000 land cover classification (EEA, 2000), in
which the original 44 CORINE land cover classes were aggregated to a total of 6 (Fig. 5.2a).
The geological map (scale 1:50 000; IGME, 1981) was aggregated to 5 classes (Fig 5.2b); for
example all types of marls (sandy, clayey, with silica, etc.) were grouped together. Based
on these two maps, a total of 67 locations were visited for sampling and measurements
(Fig. 5.2), of which 52 locations provided useful data for parameters based on the
geological map and 56 for parameters based on the land use map. At each location, the
following parameters were measured or sampled:

- Leaf area index (LAI): Area of representative plant leaf divided by estimated total
number of leaves of each species and amount of that species (e.g. number of
trees) on a representative specified surface (e.g. 5 x 5 m plot). Total LAI is the
sum of the LAIs of all species.

- Vegetation cover (fraction): estimated vegetated cover within one square metre;
average of three estimates per measurement site;

- Vegetation height: measured with measuring tape; average height of each
species per measurement site;

- Random roughness: standard deviation of micro-relief, measured in the field
with a pinboard (Wagner and Yu, 1991; Jester and Klik, 2005)
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- Stone cover (fraction): estimated area covered by stones within one square
metre; average of three estimations per measurement site;

- Saturated soil moisture content (or porosity; 6,): Ring samples (100 cc) were
taken in the field. They were saturated by putting them in water for a minimum
of three days and weighed afterwards (W,,). After oven-drying them for at least
24h at 105 °C, they were weighed again (W,,,) Saturated moisture content was
calculated using Eq 5.1:

_ Wsat - Wdry

6 =
V- Puwater

S

Eq.5.1

With V the volume of soil sample (m®) and p,,., water density (kg m?).

- Initial soil moisture content: field measurements with hand-held TDR (Time
Domain Reflectrometry) device (Trime TDR probe, IMKO, Ettlingen, Germany);
average of at least three measurements per measurement site;

- Soil cohesion: Pocket vane tester (Eijkelkamp Agrisearch Equipment, The
Netherlands) measurements; average of three measurements per measurement
site.

- Texture (D50): soil samples from the upper 5 cm were analysed using a laser
particle sizer (A22-c-version; Fritsch GmbH) at the Laboratory of Sediment
Analysis, Free University, Amsterdam.

Other parameters were derived from literature, such as aggregate stability (Lépez-
Bermudez et al., 1996; Cammeraat and Imeson, 1998), soil water tension at the wetting
front (Regalado et al., 2005) and root cohesion (Cammeraat et al., 2005; De Baets et al., 2007;
De Baets et al., 2008a, b; Pollen-Bankhead et dal., 2009). Conversion of point measurement
averages to maps was done on basis of the geology and land use map classes.

5.3.3. Rainfall data analysis and input

Rainfall and discharge data for the period 1997 - 2006, measured during the EU MEDALUS
projects (Brandt and Thornes, 1996) by the University of Leeds and others at the
confluence of the Rambla de Prado and the Rambla Torrealvilla (indicated with X in Fig.
5.1) were used in this study. These data were kindly provided by Prof. M. J. Kirkby
(University of Leeds). Part of this record was used in earlier studies (e.g. Bracken and
Kirkby, 2005; Bracken et al., 2008). Rainfall was measured using a Casella 0.2 mm tipping
bucket rain gauge, recording rainfall every minute.

This ten-year rainfall record was analysed. Consecutive rainfall was considered a rainfall
event if the following criteria were met: >2.4 mm h™ intensity at some stage during the
event; and <60 min time between recorded rainfall, i.e. if there was no additional rainfall
for over an hour, the event was considered to have ended. This is relatively short
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compared to other studies, for example Bracken et al. (2008) use 12 hours between rainfall
events due to antecedent moisture and drying of the soil. However, as openLISEM
simulates separate events, the initial moisture is specified beforehand. Furthermore,
events must have >5 mm total rainfall and >30min total duration. This resulted in a
selection of 94 rainfall events recorded between 1997 - 2006.

Classification of events is, depending on the objective of the study, done using different
characteristics (Kunkel et al., 1999) and often total amount of precipitation or maximum
precipitation intensity are used to characterise Mediterranean precipitation events (e.g.
Martinez-Casasnovas et al., 2002), disregarding the importance of rainfall duration which
is often reported to have an important effect on the hydrological response. Therefore,
here, we classified the events according to a combination of three event characteristics:
maximum precipitation intensity (Pmax; mm h™), total precipitation (Ptot; mm) and total
duration (T; min). Classification was based on the ratio (Pmax * Ptot) / T, which combines
three of the most important event characteristics (Bracken et al., 2008). This ratio is
hereafter called ‘Event Index’ or EVI. A high EVI represents an intense rain storm of short
duration and high peak intensity, while a low EVI indicates events with low intensities
but long duration. Based on the EVI, four rainfall events of different intensity and
duration were selected from the 1997 - 2006 record and further used in this chapter (18
June 1997 as extreme event; 17 October 2003; 29 September 1997 and 9 December 2003).

Rainfall events in Mediterranean areas in general and also in the study area are
recognised to have spatially and temporally heterogeneous patterns (Bull et al., 1999;
Bracken and Kirkby, 2005; Kirkby et al, 2005). Detailed (i.e. rainfall intensity)
measurements were available from the Prado outlet station only (X in Fig 5.1b). Daily
totals are available from nine stations nearby (Fig. 5.1b). These totals were spatially
interpolated using Inverse Distance squared Weighted interpolation (e.g. Webster and
Oliver, 2007) in ArcGIS for each event separately and classified in classes of 1mm
difference in rainfall (Fig. 5.3). Total rainfall amounts of each class were then related to
the measured total rainfall at the Prado outlet station. This coefficient was used to
recalculate the detailed rainfall intensity for each class. These spatially heterogeneous
rainfall time series were used as input for the OpenLISEM model.
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Fig. 5.3. Example of spatial rainfall distribution; Inverse Distance Weighted interpolated daily precipitation (mm) for
29 September 1997.

5.3.4. Calibration data, methods and evaluation

Calibration of OpenLISEM was done using discharge data measured at the outlet of the
Prado catchment (X in Fig. 5.1b) where also the detailed rainfall was recorded. The model
was calibrated for four selected rainfall events with distinct rainfall characteristics. Water
height was measured using a Metrolog logging system with a Druck pressure transducer
(PTX 530-1521). Stage recordings were converted to flow velocity and discharge using
Manning’s equation as described by Bull et al. (1999) for the same location, using the same
parameters.

Unfortunately, no sediment concentration data is available for the period 1997 - 2006.
However, estimates were made of sediment concentration at the Prado outlet during a
rainfall event on the 28" September 2009, to be used for comparison with model
predictions. Detailed (5-min interval) rainfall data of this event are available from a
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station ~10 km north of the Prado outlet (Alhagiieces; UTM 4188000, 612550; A in Fig.
5.1b). Recordings of hourly rainfall from two other nearby stations (Lorca, ~6.5 km south
of Prado; 4.7 mm and Zarzadilla de Ramos, ~15 km north of Prado; 0.7 mm) indicate that
the event was not equally intense at all locations. Therefore, we scaled the detailed
information of the Alhagiieces station to the Prado outlet location, using the hourly
observations of the two other stations. If distance to Prado is plotted against total rainfall
(mm) for these three stations, a linear relation with r* = 0.90 is obtained. From this
relation, total rainfall for the Prado outlet calculated at 3.8 mm; ratio between this
amount and that recorded at Alhagiieces station (2.8 mm) is 1.35. This ratio was used to
scale the detailed 5-min rainfall from the Alhagiieces station to the Prado outlet location.
At the Prado outlet, measurements were carried out to estimate water and sediment
discharge during the event. For water discharge, flow velocity measurements were done
at straight, uniform sections where width and depth of the stream were measured. For
sediment concentration, water samples were taken and oven-dried at 105 °C to calculate
sediment concentration.

Calibration results of OpenLISEM were evaluated using the Nash-Sutcliffe model
efficiency coefficient (Nash and Sutcliffe, 1970). Calibration for discharge was done on
peak discharge, total discharge and timing of the hydrograph and peak discharge.
Parameters used for calibration were saturated hydraulic conductivity (K,) and
Manning’s n (n) for both slopes and channels. Initial values for K., were derived from

literature for nearby areas (Table 5.1). A multiplication factor for K, was used for model

sat

calibration. In this way, relative differences between K, values between land use classes
were not affected by calibration. For timing of the hydrograph, Manning’s n values were
tuned from an initial value of 0.01 with steps of 0.0005 and within the range 0.0005 - 0.10.
As water discharge and sediment concentration data were only available for two
moments during the 28 September 2009 rainfall event, calibration for this event was
rather difficult due to data limitations. Therefore, we used the relation between Event
Index (EVI) and the calibrated K, multiplication factors of the selected 1997 - 2006
rainfall events to estimate an appropriate K, multiplication factor for the 28 September
2009 event. Thereafter, sediment calibration for the 2009 event was done using a
multiplication factor for texture (D50) data to ensure that simulated values are in the
same range of those measured for the 2009 event. Subsequently, this D50 multiplication
factor was also used for the selected 1997 - 2006 events.
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Table 5.1. Initial values for saturated hydraulic conductivity (K,,; mm h™) per land use type with literature
reference and the area and land use the values were measured in

Ksat

Land use Reference Area - Land use - Geolo
(mm h) gy
El Ardal, Murcia - almonds -
Orchard 38.9 Martinez-Fernandez et al. (1995) .
Quaternary deposits (marl)
Martinez-Fernandez et al. (1995); El Ardal, Murcia - cereals -
Cereals 65.9

Lopez-Bermudez et al. (1996) Quaternary deposits

Irrigated arable El Ardal, Murcia - cultivated land

91.8 Martinez-Fernandez et al. (1995)

land - Quaternary deposits
. Alqueria, Murcia - Forest -
Forest 112.4 De Wit (2001) .
Limestone
Martinez-Fernandez et al. (1995) El Ardal & Alqueria, Murcia -
Matorral .
(shrub) 104.8 Lopez-Bermudez et al. (1996); shrubland - Limestone &

De Wit (2001) conglomerates
El Ardal, Murcia - shrubland with
bare soil - Quaternary deposits

Bare / Riparian

47.2  Martinez-Fernandez et al. (1995
/ Abandoned ( )

5.3.5. Scenario analysis of different magnitude rainfall event series

To evaluate the effects of different magnitude rainfall events on discharge and soil loss,
several model scenarios were calculated. Each scenario includes increasingly more
extreme events but similar total annual rainfall, as such reflecting a range of possible
future climate scenarios for the coming century. A base scenario was deduced from the
ten-year 1997 - 2006 rainfall record, in which three events of magnitude similar to that of
the 17 October 2003 event occurred; 32 smaller events, similar to the 29 September 1997
event; 47 events similar to the lowest magnitude event of 9 December 2003, and 1
extreme event (18 June 1997). The base scenario consists of all of these events together
(Table 5.2). Scenario A does not contain an extreme event and more low magnitude
events. Scenario B contains two extreme events in ten years, scenario C five, while in
scenario D almost all precipitation occurs as extreme events. Total sediment loss of each
of the different rainfall scenarios is calculated by adding up the simulated sediment losses
of all rainfall events in each scenario.
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Table 5.2. Calculation of base scenario and settings for scenarios A, B, C and D

Scenario Base A B C D
Ptotal - No.of Ptotal -acc. No.of  No.of No.of  No.of
event events /(mm) for 10 yevents / events/ events/ events/

(mm) 10y 10y 10y 10y 10y
18 June 1997 62.8 1 62.8 0 2 5 26
17 Oct 2003 32 3 96 2 3 11 20
29 Sept 1997 19.4 32 620.8 30 31 24 9
9Dec 2003  43.3 47 2035.1 50 46 39 9
Total 83 2815 82 (2811°) 82 (2815°%) 79 (2820%) 64 (28377

2 Total precipitation summed over ten years (mm)

5.4. Results

5.4.1. Field measurements of input data

Results from measured field parameters per land use and geology class are given in
Tables 5.3 and 5.4 respectively. Values are averages of all measurements in each land use
or geology class.

Table 5.3. Average values of measured field parameters per land use class; st. dev given between brackets

. Bare /
Orchard Cereals Irrigated Forest Matorral Riparian /
arable land (Shrub)
(n=8) (n=13 (n=3) (n=11) (n=13) Abandoned
j j (n=8)

Leaf Area Index
(m*m?)

Plant cover
(fraction)
Vegetation height
(m)

Random roughness
(cm)

Soil cohesion (kPa) 29.8 (12.8) 17.6(11.5)30.0(8.0) 34.5(10.6)43.3(8.6) 33.1(9.9)
Porosity (cm’ cm™) 0.57 (0.11) 0.48 (0.04)0.40(0.16)  0.52 (0.06)0.52 (0.05) 0.45 (0.06)
Initial soil moisture
content (cm® cm™)

1.59(1.35) 0.71(0.57)2.67 (0.00) 4.78 (2.25)1.26 (1.42) 0.47 (0.30)
0.32(0.11) 0.60(0.17)0.93 (0.05) 0.57 (0.18)0.55 (0.20) 0.21 (0.14)
2.6 (0.7) 0.5(0.2) 0.4(0.1) 6.1(2.6) 1.4(0.7) 0.5(0.2)

1.55(0.67) 1.21(0.56)1.27 (0.56) 1.50 (0.77)1.12 (0.64) 0.62 (0.28)

0.09 (0.04) 0.16 (0.09)0.12 (0.11) 0.12 (0.05)0.20 (0.08) 0.23 (0.10)
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Table 5.4. Average values of measured field parameters per geology class; st. dev given between brackets
Limestone = Marl Glacis  Conglomerate Calcarenite
(n=5) (n=23) (n=14) (n=6) (n=4)
Median texture (um)  29.4 (10.1) 38.6(24.5) 110.9 (155.3)  87.2(42.5)  32.3(23.6)
Stone cover (fraction) 0.75(0.15) 0.16 (0.29) 0.59 (0.26)  0.43(0.39)  0.84(0.14)

5.4.2. Event Index (EVI)

To test the model’s ability to simulate storms of different magnitudes of rainfall intensity
and duration, four events were selected for which sufficient discharge measurements
were available. The selected events have distinct event characteristics, as shown in Table
5.5 (total and maximum precipitation and event duration), resulting in different Event
Indices (EVIs). The maximum event (highest EVI) that occurred between 1997 - 2006 was
on 18 June 1997 and resulted also in the maximum peak and total discharge. The selected
event from 1997 - 2006 with the lowest intensity as indicated by the EVI occurred on the
9" December 2003, which was reflected also in the lowest hydrological response.

Table 5.5. Event characteristics for the four selected events from the 1997-2006 period, and the 28 September 2009
event

18 June 17 Oct 29 Sept 9 Dec 28 Sept

1997 2003 1997 2003 2009
Total rainfall (mm) 62.8 32.0 19.4 43.3 16.8
Max intensity (mm h™)*  171.2 117.4 46.1 15.4 18.2
Total duration (min) 65 110 145 710 370
Peak discharge (1s™)° 13070 2989 920 466 -
Total discharge (m®)° 31422 14920 3508 3217 -
Event Index (EVI) 165.4 34.2 6.2 0.9 0.8

?Maximum average intensity over a 5-min interval
® Not given for the 28 Sept 2009 event, as only two discharge measurements are available

5.4.3. Calibration results

In Table 5.6, calibrated multiplication factors for K, and Manning’s n values for both
slopes and channels are given for the four selected events. As can be seen, each event had
to be calibrated separately, i.e. it was not possible to obtain good calibration results for all
selected events with one calibration data set. The calibrated multiplication factors for K,
show a decreasing trend from the highest to the lowest magnitude rainfall event,
indicating that intense rainfall events need higher K, values to give good calibration
results for measured discharge than the lower magnitude events. Values of Manning’s 1,
which mainly affect the timing of the hydrologic response, differ between the events.
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This reflects differences in slope and channel roughness in time. Manning’s n values for
channels are higher than those for slopes, reflecting obstacles in the channels, such as
small earth dams constraining water flow. Calculated model efficiencies (Nash and
Sutcliffe, 1970) for discharge are considered to be good (18 June 1997 event) to reasonable
(9 Dec 2003 and 17 Oct 2003 events). For the 29 Sept 1997 event, model efficiency is low.
This is due to the more complex shape of the measured hydrograph (Fig. 5.4c), with a
long tail of discharge. Simulated results either had good timing of the discharge peak, but
very limited tail; or the simulated discharge lasted long, but the peak was too high and
too late. This is reflected in the different values for Manning’s n for slopes and channels.
With the K, dataset used, it was not possible to simulate a rapid, but relatively low peak
and a long discharge tail.

Table 5.6. Calibration results: K, multiplication factor, Manning’s n values and discharge model efficiency for each
event

K. multiplication =~ Manning’sn Manning’sn Discharge model

Rainfall event factor slopes channels efficiency
18 June 1997 1.43 0.06 0.06 0.72
17 Oct 2003 0.63 0.04 0.06 0.43
29 Sept 1997 0.18 0.02 0.09 0.18
9 Dec 2003 0.08 0.035 0.06 0.51

5.4.4, Simulation results for the Prado catchment

A summary of simulation results of OpenLISEM for the Prado catchment are given in
Table 5.7. Fig. 5.4 shows the measured and simulated hydrographs at the outlet for the
four selected events. The discharge - rainfall ratios show that only between 0.2 and 1.1 %
of rainfall is measured as discharge at the outlet. Simulated sediment delivery ratios are
also low, except for the extreme event (18 June 1997). This suggests that most eroded
sediment is deposited in the catchment before reaching the outlet. Table 5.7 shows that
during the extreme event of 18 June 1997 about 15 times more sediment was exported
from the catchment than simulated for the other events.
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Table 5.7. Summary of simulation results for the four selected events and the 28" September 2009 event
18 June 17 Oct 29 Sept 9 Dec 28 Sept

1997 2003 1997 2003 2009
Discharge/Rainfall (%) 1.12 0.59 0.68 0.31 0.17
Total detachment (ton)? 21254 9634 7482 7702 3579
Total deposition (ton)? 17277 9069 7220 7483 3351
Total soil loss at outlet (ton)*  3609.1 191.0 87.4 35.3 3.1
Average soil loss (ton ha™) 0.68 0.036 0.016 6.6-10°  0.58-10°
SDR (%)° 17.0 1.98 1.17 0.46 0.09

2Summed detachment/deposition of the entire catchment
bDetachment minus deposition as measured at the outlet location
Sediment Delivery Ratio = Total soil loss at the outlet / Total detachment

The relation between the calibrated K, multiplication factors of the four selected events
and their Event Indices (EVIs) can be described by a power function (r* = 0.99; Fig. 5.5).
Using this relation, a K, multiplication factor of 0.07 can be calculated for the 28
September 2009 event (EVI = 0.8), for which real calibration was not possible due to lack
of discharge data. Calibrated values of Manning’s n were 0.03 for the slopes and 0.05 for
the channels. Simulation results for the 28 September 2009 events are shown in Fig. 5.6.
For this event, sediment loads were measured, and calibration was done using a
multiplication factor for median texture (D50). A multiplication factor of 0.8 gave best
results. This multiplication factor of 0.8 for D50 was also used for the rainfall event of 1997
- 2006. The simulated hydrograph is reasonable, although the simulated discharge tail is
somewhat low (Fig. 5.6). Similarly, the simulated sediment concentration tail is also low
and the peak is earlier than measured, but values are in the correct order of magnitude.
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Fig. 5.5. Relation between calibrated K, multiplication factors and Event Indices (EVIs) for the four selected events.
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Fig. 5.6. Precipitation (P, right axis), discharge (Q, 2 left axis) and sediment concentration (C, 1** left axis) at the
Prado outlet for the 28 September 2009 event.

Fig. 5.7 shows the simulated spatial pattern of net total soil loss for the four simulated
events in the period 1997 - 2006. Strikingly, erosion and sedimentation are simulated to
occur almost exclusively in the area with land use type ‘Bare / Riparian / Abandoned’.
Although land use class ‘Orchards’ has a lower K, value than land use class ‘Bare /
Riparian / Abandoned’, no erosion is simulated for land use class ‘Orchards’. This is due to
the low initial moisture content (Table 5.2) of this land use class compared to that of ‘Bare
/ Riparian / Abandoned. K, and initial moisture content together determine the effective
infiltration rate, which explains why less overland flow and less erosion is simulated for
land use class ‘Orchards’. As expected, absolute erosion and deposition increase with
increasing event magnitude. Sediment transport also becomes more efficient as reflected
by the increasing SDR with increasing event magnitude (EVI).
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Fig. 5.7. Simulated spatial pattern of net total soil loss for the Prado catchment: (a) 18 June 1997, EVI = 165.4; (b) 17
October 2003, EVI = 34.2; (c) 29 September 1997, EVI = 6.2; and (d) 9 December 2003, EVI = 0.9,

5.4.6. Results of scenario analysis of different magnitude rainfall event series

Fig. 5.8 shows results from the scenario calculations. Simulated erosion for the four
selected events is summed according to settings given in Table 5.2 and plotted for each
scenario with relative contributions from the different magnitude events. The base
scenario calculations show that one extreme event causes 42% of total erosion. On the
other hand, all small events together cause 51% of total erosion, indicating that, assuming
the scenario is representative for longer time spans, about half of the total erosion occurs
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during low intensity long duration and high frequency events. Scenario A gives a 45%
reduction in erosion due to the absence of the one extreme event. Scenario B results in
~1.5 times more erosion than in the base scenario. In this scenario, two extreme events
constitute 60% of total erosion. Scenario C even has 5 extreme events in 10 years, which
increases the erosion to almost three times the amount of the base scenario. In this
scenario, the extreme events constitute 11% of total rainfall, but cause 76% of total
erosion. For scenario D, being an extreme scenario with almost all rainfall occurring in
large events, 95% of total erosion is due to extreme events. In this scenario, the 26 instead
in one extreme event in the base scenario, results in 11.4 times higher total erosion,
compared to the base scenario. The smaller magnitude events contribute significantly to
erosion in the base scenario (51%), while their contribution is very small in scenario D
(1.3%).
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Fig. 5.8 Total soil loss (tons) at the outlet for the four scenarios with relative contribution per event-type. Total
percentages are relative to the base scenario; percentages given for each event-type are contributions of total erosion

of that scenario (i.e. they sum to 100% for each scenario).

5.5. Discussion

5.5.1. Model calibration

Calibration of the model was a challenge with the available data and features some
important drawbacks. Most importantly, lack of detailed sediment data for the 1997 -
2006 events posed a problem for sediment calibration. A multiplication factor for median
texture (D50) was used to calibrate simulated sediment on the 2009 event and the same
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multiplication factor was subsequently used for the selected 1997 - 2006 events. Detailed
rainfall data (i.e. 5-min rainfall intensity) for the period 1997 - 2006 was available from
only one station at the Prado catchment outlet. Daily precipitation was available from
nine stations in the surrounding area, which provided extra information about the spatial
distribution of the rainfall events. However, storm movement could influence timing of
flow, which is not represented in the input precipitation data. Furthermore, we used the
same soil, topography and vegetation parameter values as input for all events. However,
especially crop related parameter values may change substantially throughout the year.
This was not accounted for in this study, but is known to be of importance (e.g. Nearing et
al., 2005).

We chose to use literature values as initial values for saturated hydraulic conductivity
(K.,) and to calibrate using a multiplication factor. A disadvantage of this method is that
the proportion between K., values of different land use types is always equal. This may
lead to dominance of one land use type on the simulated hydrograph, which indeed is the
case in this study (see further discussion below). Another option was to calibrate K,
values for each land use type individually, without setting predetermined values. An
advantage would be that for each event, it is possible to tune the K, values of each land
use type individually, which may lead to better reproduction of the measured
hydrograph (as preliminary runs using this calibration method proved). For example, the
29 September 1997 event which has a complicated hydrograph and a low model efficiency
of 0.18, could be reproduced better using this method. The disadvantage of the latter
method is that it lacks an empirical basis and many possible combinations of K, values
for the different land use types could lead to good model results, which makes it difficult
to determine the optimal configuration. This is the reason why we chose to use initial
values and calibrate using a multiplication factor. Because of data availablility, the K,
values used are based on land use types, not on geology or soil type (Stolte et al., 1996;
2003).

Calibration results lead to good to reasonable agreements between measured and
modelled discharge, except for the 29 September 1997 event. Together with the fact that
each event had to be calibrated separately, this illustrates a model shortcoming, which
may be due to model structure or detail and quality of input data.

This was not considered a main problem in this study as our main aim was to explore the
behaviour of events of different magnitude and their relevance for long term landscape

development.

In our simulations, initial soil moisture content was predefined. K, is one of the most
sensitive model parameters (De Roo et al., 1996b). Preliminary investigations showed that
when using K., as calibration parameter, initial soil moisture content affected model
outcomes only slightly. In other studies, where K., was predefined, initial soil moisture
content did influence model results (Castillo et al., 2003). This is because the patterns for
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porosity and initial moisture are similar to those of K, and the model eventually
combines all to a calibrated infiltration rate. Which of these parameters are used for
calibration is then of less importance.

In this study, each rainfall event needed to be calibrated separately. Because of a lack of
sediment yield data we could not calibrate or validate on sediment load for most events.
Validation is not possible without a larger and more detailed dataset of discharge and,
particularly, sediment concentration. These difficulties for calibration can have various
explanations. First, the necessity of separate calibration for events of different
magnitudes was also found by others (Hessel et al., 2003; 2007) and may be explained by
the fact that infiltration rates are dependent on rainfall intensity, as was demonstrated
by rainfall simulation experiments (Paige et al., 2002; Karssenberg, 2006; Stone et al., 2008)
and studies on natural rainfall variability (Yu et al., 1997; Léonard et dl., 2006). A higher K,
was measured when rainfall intensity was higher for the same soil. Reasons for this effect
include disturbance of the soil surface by large raindrops during high intensity storms
which keeps splashed particles in suspension and prevents formation of depositional
crusts; greater ponding at high intensities leading to a larger surface area for infiltration
(Burt, 1998) and more of the pore system being included in the infiltration process, so
that the apparent K, is higher. This is in accordance with our results, in which higher K_,,
values are needed for events of larger magnitudes. Secondly, there may be errors and
oversimplifications in the model structure and equations which make that not all process
interactions are accurately represented. Finally, a reason for poor calibration and
validation results may be the lack of detail in input data of soil, vegetation and
topography.

The relation between the calibrated multiplication factor for K, and EVI, although based
only on four calibrated events, seems to be promising. This relation might help in
predicting which values of K, are optimal to calibrate an event if its characteristics are
known. Hessel et al. (2007) use a similar relation between the K., multiplication factor and
maximum intensity. However, if not EVI but only maximum intensity is included in the
relation in this study, the K, factor for the 28 September 2009 event would be too high,
resulting in too little simulated discharge and erosion. Therefore, we conclude that not
only maximum intensity, but the combined effect of maximum intensity, total
precipitation and event duration represents an event better.

The difference in timing of the runoff between the simulated events resulted in different
values for Manning’s n. This can be due to obstacles and or vegetation in the channels. In
the field, it was observed that some parts of the channels are fully vegetated, while other
stretches are bare. This strongly influences the velocity of the waterflow in the channels,
reflected in the different values of Manning’s n.

For practical reasons (e.g. run time and data availability), we used a resolution of 20m for
all runs. It should be kept in mind that the results are scale dependent and new
calibration will be required when different resolutions are used (Hessel, 2005).
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5.5.2. Simulation results

Simulated rainfall / discharge ratios and SDR are low, which is not surprising for a
relatively large and dry catchment such as Prado, and similar results were found in the
nearby Mula basin (Bathurst et al., 1996). A large part of the eroded material re-deposits in
the catchment before reaching the outlet, at least during one event. These sediments may
be re-mobilised during a next event, resulting in a wave of sediment through the
catchment as was also observed by Puigdefabregas et al., (1999). The evaluation of
individual rainfall events is therefore an important simplification, which needs to be
taken into account when looking at the long-term effect of a sequence of events. The
effect of a high intensity event is not the same when it is preceded by several low
intensity events or by another high intensity event. Runoff and sediment connectivity is
an important concept in many semi-arid catchments, as has been stressed and discussed
in detail by various authors (Puigdefabregas et al., 1999; Kirkby et al., 2002; 2005; Hooke,
2003; Bracken and Croke, 2007; Bracken et al., 2008). In terms of runoff connectivity the
simulated runoff shows that part of the runoff infiltrates before reaching the channels,
and that most of the runoff reaching the channels originates from the area immediately
adjacent to the channels (which is reflected in the erosion; see Fig. 5.7). This is in
accordance with field observations.

As stated before, calibration of sediment concentration was hampered by lack of data.
However, the order of magnitude of measured sediment concentrations was correctly
simulated by the model. Also, simulated sediment concentrations are in the range of
measured values in similar (semi) arid areas (Alexandrov et al., 2003; Boix-Fayos et al.,
2007).

Strikingly, the OpenLISEM model predicts erosion to occur almost exclusively in an area
with land use class ‘Bare / Riparian / Abandoned’ (Fig. 5.7), situated around the channels
close to the catchment outlet. The reason for this is the predefined configuration of K,
values (and using a multiplication factor for calibration). Apparently, K, of this one land
use type dominates and determines the simulated hydrograph. Although the area with
land use type ‘Bare / Riparian / Abandoned’ (Fig. 5.2a) is prone to erosion, and certainly
more erosion is likely to occur there than for example in the forested areas, the spatial
pattern of simulated erosion and deposition maps seems not very reliable (Takken et al.
1999; Hessel et al. 2003) This illustrates that an accurate prediction of sediment yield at
the catchment scale not necessarily implies that the spatial pattern of sediment sources
and sinks is also accurately predicted. The large effect of K, was also observed by Hessel
et al. (2007). As values of K., can differ over a range of values and are spatially and
temporally heterogeneous in the field (e.g. Woolhiser et al., 1996; Mufioz-Carpena et al.,
2002), using them in the model for larger areas (i.e. modelling of a medium-sized
catchment such as the Prado) features some drawbacks as shown in this study. The
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simulated maps should therefore certainly not be used for prediction purposes. For
prediction purposes it is advisable to model smaller areas with more detailed input data
and spatial information on erosion prone areas for model calibration (Takken et al., 1999).

Although the spatial pattern of simulated erosion and deposition seems not to reflect
reality, the average amounts of erosion that are simulated for the entire catchment
(Table 5.7), are in the order of magnitude of measured values in South-East Spain (Boix-
Fayos et al, 2005; 2007). In this sense, we feel confident that on average, the model
predictions are in the right order of magnitude and that they can be used for evaluation
of the climate variability scenarios.

5.5.3. Scenario analysis

Scenario calculations for the base scenario show that about half (51%) of total erosion is
caused by all small events in a period of ten years. However, one extreme event is
responsible for 42% of total erosion, and if the number of extreme events is increased,
total erosion increases dramatically. The impact of large magnitude events is therefore
potentially very large, which is confirmed by other research in South-East Spain (e.g.
Puigdefabregas et al., 1996; Cammeraat, 2004; Boix-Fayos et al., 2005), the Mediterranean in
general (e.g. Gonzalez-Hidalgo et al., 2007) and other areas listed in (Boardman, 2006). The
scenarios in this study have been chosen to explore and demonstrate the consequences of
different temporal rainfall series. In these scenarios the 18 June 1997, being the largest
event in the data-series, is treated as an extreme rainfall storm. However, it should be
noted that much larger events have occurred in the past (Alonso-Sarria et al., 2002; Lépez-
Bermudez et al., 2002) for which we do not have the required data for simulation.

These scenario calculations are a lumped sum of different sets of different magnitude
events over 10 years. What we could not assess with these scenarios is a temporal effect
of e.g. large magnitude events on a landscape. For instance, two large events that occur
within one year have another effect than if the second event would occur five years after
the first. Or, put differently, several subsequent small events leave lots of sediments
ready to be washed out by one large event (Puigdefabregas et al., 1999). These dynamics
are not included in our scenario calculations.

Our results show that events, especially when they are of large magnitude (i.e. high EVI),
are important agents in shaping the landscape. However, as indicated in the introduction,
such extreme rainfall events are often not accounted for in long term landscape
evolution modeling (with exceptions, e.g. Gonzalez-Hidalgo et al, 2007; Buis and
Veldkamp, 2008). We suggest therefore that temporal rainfall variability and extreme
events should be taken into account in long-term erosion modelling in semi-arid regions.
If incorporated in a LEM, the temporal effects of different magnitude events as discussed
above could also be assessed.
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5.6. Conclusions

Until now, the event-based erosion model LISEM has been applied to small catchments up
to a few square kilometres in size. Our results show that, for a medium sized catchment
(~50 km?), the model can simulate storms of different magnitude, but for each event a
separate calibration set is needed. The power relation (r* = 0.99) between calibrated K,
multiplication factor and Event Index (EVI) helped in determining which values of K, are
optimal for calibration if the event characteristics (maximum and total precipitation and
event duration) are known. Using initial literature values of K, and a multiplication
factor for calibration resulted in one land use dominating the simulated hydrograph,
resulting in simulated erosion being concentrated in one area and unreliable spatial maps
of simulated erosion and deposition. However, average values of erosion for the entire
catchment are in the order of measured values in SE Spain. This confirms the need for
spatially explicit calibration and validation of model results.

Although the contribution of many small magnitude events is about half of total erosion
in the base scenario, the contribution of one extreme event constitutes 42% of total
erosion. Thus, although occurring infrequently, high magnitude events potentially
contribute much more to total soil loss than lower magnitude events, even though the
number of lower magnitude events is much larger. This has consequences for longer-
term landscape evolution modelling, in which usually average annual precipitation is
used as input for erosion equations. This does not reflect the potentially large influence
of single events. Because the calculated scenarios in this study are a lumped sum of the
erosion caused by different events, we could not evaluate interactions between
subsequent events. Incorporating the results of event based erosion models in landscape
evolution models would make this kind of evaluation possible.
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Exploring the role of rainfall variability and
extreme events in long-term landscape evolution

An obvious time-scale gap exists between a single rainfall event and long term landscape
development. In this study the event- and physically based OpenLISEM soil erosion model was
compared to the landscape evolution model LAPSUS, deliberately extending and shortening the
time-scales for which each model was developed. Calibration of OpenLISEM using average erosion
rates derived from long-term simulations with LAPSUS and, vice versa, calibration of LAPSUS on
event-scale did not give satisfactory results. This suggests that the gap between the different time-
scales of both models is too large to be bridged directly. However, calibration of LAPSUS on annual
basis using the summed OpenLISEM erosion and deposition values for each year resulted in a good
reproduction of these values by LAPSUS. Subsequently, the erosion effects of rainfall variability,
climate and land use change were explored on a centennial time-scale. Results show non-linear
behaviour between rainfall input and simulated net erosion. Simulated net erosion for increased
rainfall erosivity was compared to rainfall variability, showing that mean annual net erosion of up
to 15% increased erosivity is not significantly different from annual mean net erosion of the original
simulations. Single events must be very high and/or frequent to leave a signal in the landscape that
is beyond the scope of natural rainfall variability. Scenarios of human impact show that land use
changes can have a potentially larger effect on erosion dynamics than climate variability and
change. This is the first time that an event-based erosion model and a landscape evolution model
were calibrated for the same area and compared in terms of erosion and deposition dynamics.

Based on:
Baartman, J.E.M., Temme, A.J.A.M., Veldkamp, A., Jetten, V.G., Schoorl, J.M.
Catena (In Review)
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6.1. Introduction

There is an obvious gap in time-scales between runoff and erosion during a storm event
and the landscape evolution of a catchment (Tucker and Hancock, 2010). Due to the
episodic nature of extreme events, sediment-yield measurements can greatly
underestimate or overestimate long-term average sediment fluxes, for instance by
including or missing such an event in the measurement period (Kirchner et al., 2001,
Vanacker et al., 2007). Distinct sets of data and models are available for events and
landscape evolution. On the one hand, many models have been developed that focus on
storm events. These models simulate runoff and erosion as the result of a distinct event
and are either empirical or physically-based (see for reviews e.g. Jetten et al., 1999, Merritt
et al., 2003, Aksoy and Kavvas, 2005). On the other hand, landscape evolution models
(LEMs) focus on simulating long-term development of a landscape as a result of one or
more geomorphic processes (see for reviews e.g. Coulthard, 2001, Willgoose, 2005, Tucker
and Hancock, 2010). Physically based erosion models feature more processes and more
complex process descriptions compared to LEMs. The reductionist approach (Leeder,
2011, Van De Wiel et al,, 2011) aims to include as many processes as feasible, assuming that
this will result in enhanced realism in the simulations. However, it also increases the
models’ complexity and simulation uncertainty. Jetten et al. (2003) conclude that the
more complex, physically based models do not necessarily perform better than lumped,
regression-based models, mainly because the effects of input errors increase with
increasing model complexity. On the other hand, the synthesist approach aims to keep
the model as simple as possible, by removing as many processes as possible or merging
their formulations in as few equations as possible, while still maintaining realistic
simulations (Paola, 2011, Van De Wiel et al., 2011). Most LEMs are of this latter type, partly
due to their aim to simulate long and often past time periods for which few input data are
available.

Low frequency, high magnitude rainfall events seem to contribute disproportionally to
total erosion, especially in semi-arid areas (e.g. Brunsden and Thornes, 1979, Hooke and
Mant, 2000, Gonzalez-Hidalgo et al., 2009, 2010), due to, among others, scale-dependent
connectivity for water and sediment (Lesschen et al., 2009, Kirkby, 2010a). For example,
the landscape changing impact of an extreme cyclone event is described by Page et al.
(1994) in relation to a 93-year record using a sediment budget approach. However,
Jacobson et al. (1989) for example conclude that present-day catastrophic events,
although effective in modifying the landscape in some parts of their study area
(Appalachian Mountains), have not yet erased much of the legacy of previous Quaternary
climates. These contradictory examples indicate that there is no consensus about the
impact of events on long-term (centennial to millennial scale) landscape development.

Similarly, the relative geomorphic significance of climate variability as opposed to mean
climate is not well known. Tucker and Bras (2000) use the landscape evolution model
CHILD and a stochastic approach to model the effects of rainfall variability, concluding
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that in some circumstances, precipitation variability may be more significant than total
precipitation and that climate variability should therefore be considered in landscape
evolution modelling. Snyder (2003) evaluate the importance of events in bedrock river
incision, stating that through application of surface process models to well-constrained
field settings, we can begin to bridge the gap between our understanding of erosion
driven by individual floods that are part of a stochastic distribution of events, and our
understanding of erosion rates over geologic time-scales.

This study aims to bridge the time-scale gap between events and landscape evolution by
(i) comparing two different models; an event-based erosion model and a landscape
evolution model; and by (ii) quantitatively evaluating the effects of rainfall variability and
extreme events on long-term landscape evolution. Both models have been calibrated to a
catchment in semi-arid SE Spain (chapters 4 and 5). In the present study, both models
were calibrated using a nine-year rainfall record. Models from both extremes (in time-
scales) have not before been compared. After this comparison, rainfall variability was
introduced by randomly selecting sequences of different rainfall years and evaluating the
simulated erosion. Finally, the effects of introducing extreme rainfall events and of land
use change were explored.

6.2. Case study area

The study was conducted in the semi-arid region of South-East Spain. The research area
and its general characteristics are described in section 1.7. The Prado catchment forms a
tributary of the Rambla Torrealvilla, upper Guadalentin river, upstream of the town of
Lorca in Murcia Province (Fig. 6.1; UTM 30N 614800; 4171000).
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Fig. 6.1. Location of the study area in SE Spain; a) with Prado and Torrealvilla catchments indicated. X = location of
discharge and rainfall measurement devices at Prado outlet; white dots are other rainfall stations used for this study;
b). CORINE land use map and c). geology map of the Prado catchment with major ramblas indicated. Black dots are
measurement and sampling locations for OpenLISEM input parameters.

6.3. Methodology

In this study we use two different types of models: the event-based, spatially explicit
erosion model OpenLISEM (De Roo et al., 1996, Jetten and De Roo, 2001), and the long-term
landscape evolution model LAPSUS (Schoorl et al., 2000, 2002). First, input data are given
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(section 6.3.1). Both models have been calibrated separately in earlier studies: OpenLISEM
has been calibrated for the Prado catchment for four typical Mediterranean events of
different magnitude (chapter 5). LAPSUS has been calibrated for the Torreavilla
catchment, of which the Prado is a sub-catchment (see Fig. 6.1b), on a total of 4750 years,
based on dated accumulated sediments in the floodplain area (see chapters 2 and 4). In
the present study, each model was calibrated on the results of the other, i.e. the LAPSUS
model was calibrated using the OpenLISEM event results and the OpenLISEM model was
calibrated using the long-term LAPSUS results. This is explained in section 6.3.2. Finally
in section 6.3.3, using the calibrated LAPSUS model, the effects of different sequences of
rainfall variability were evaluated, as well as the effects of some examples of climate
change, the impact of events on long-term erosion and the effects of land use changes
were explored.

Model descriptions are given in section 1.8. For this study, time steps of the OpenLISEM
and LAPSUS models were 15 s. and one year or one event respectively. Spatial resolution
of both models was 20 m.

6.3.1. Input data

Rainfall data

Detailed rainfall data for the period 1997-2006 have been measured during the EU

MEDALUS projects (Brandt and Thornes, 1996) by the University of Leeds and others at

the outlet of the Prado catchment (Fig. 6.1a). These data were kindly provided by Prof. M.

J. Kirkby and co-workers (University of Leeds). Part of this record was used in earlier

studies (e.g. Bracken and Kirkby, 2005, Bracken et al., 2008) and the same record was used

in chapter 5 in which the OpenLISEM model was calibrated. Rainfall was measured using a

Casella 0.2 mm tipping bucket rain gauge, recording rainfall every minute.

This nine-year rainfall record was analysed. Consecutive rainfall was considered a rainfall

event if the following criteria were met:

- larger than 2.4 mm h™ intensity at some stage during the event

- less than 60 min time between recorded rainfall, i.e. if there was no additional
rainfall for over an hour, the event was considered to have ended

- more than 30 min total duration

- more than 5 mm total rainfall.

This resulted in a selection of 110 rainfall events recorded between 1997-2006.

These events were ranked according to a combination of three characteristics: maximum

precipitation intensity (P,,,; mm h™), total precipitation (P,,; mm) and total duration (T;

min). Ranking was based on the ‘Event Index’ EVI: the ratio (P, * P) / T, because total

or maximum precipitation intensity alone does not sufficiently reflect the variability in

Mediterranean rainfall events (see chapter 5). A high EVI represents an intense rain

storm of short duration and high peak intensity, while a low EVI indicates events with

low intensities but long duration.
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OpenLISEM rainfall input data

Detailed (e.g. 5-min resolution) rainfall input data is required for the OpenLISEM model.
Rainfall events in Mediterranean areas in general and also in the study area are
recognised to have spatially and temporally heterogeneous patterns (Bull et al., 1999;
Bracken and Kirkby, 2005; Kirkby et al., 2005). Detailed measurements of rainfall intensity
were available from the Prado outlet station only (see location X in Fig 6.1a). In chapter 5
daily total rainfall data from nine nearby stations were used to calibrate four selected
events of different magnitudes. These data were not available for the entire 1997-2006
period. To incorporate spatial distribution of rainfall over the catchment and to be able to
use this for the entire period, we used the average daily total rainfall of the four events
and interpolated them using Inverse Distance squared Weighted interpolation (e.g.
Webster and Oliver, 2007) in ArcGIS. The resulting pattern of relative rainfall intensity
(Fig. 6.2) was used to calculate spatial patterns of rainfall for all events by multiplying it
by the measured total amount of precipitation for each event. The resulting spatially
heterogeneous rainfall time series were used as input for the OpenLISEM model.

Fig. 6.2. Spatial distribution of rainfall pattern, coefficients indicated were used to calculate rainfall totals and
intensities relative to those measured at the outlet (lower left corner).
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LAPSUS rainfall input data

LAPSUS requires effective rainfall maps (i.e. precipitation minus evapotranspiration and
infiltration) as input data. These maps need to include a spatial representation of (only)
rainfall that contributes to runoff. To be able to create these maps, at least some idea of
spatially distributed infiltration is needed. In this study, we used saturated hydraulic
conductivity, which varies spatially with land use.

Table 6.1. Characteristics of the four calibrated events
Total  Maximum Event

Rainfall Duration Discharge/rainfall
rainfall  intensity . Index g / .
event I (min) ratio (%)
(mm) (mmh?) (EVI)
18 June 1997 61.4 194.4 65 183.6 0.972
17 Oct 2003 26.9 92.1 110 23.5 1.009
29 Sept 1997 19.7 47.7 145 6.5 0.278
9 Dec 2003 49.0 17.1 625 1.4 0.119

# Non-spatially distributed, average discharge/rainfall ratio for the entire catchment

In Table 6.1 the characteristics of the four selected events are given. Discharge/rainfall
ratios were calculated for the selected events by dividing the measured rainfall by the
measured discharge for each event. These low ratios suggest that most precipitation
infiltrates and hence does not contribute to runoff and erosion. However, these ratios are
average values for the entire catchment, without spatial distribution. Runoff decreases
with increasing infiltration and saturated hydraulic conductivity. A spatially distributed
infiltration factor was therefore calculated by multiplying the discharge/rainfall ratio of
each event by the reciprocal of the saturated hydraulic conductivity iteratively until the
average of the entire catchment equals the average discharge/rainfall ratio. Ten
iterations were sufficient. Finally, the resulting map for each event (Fig. 6.3a) was
multiplied by the spatial rainfall distribution (Fig. 6.2) to obtain the spatially distributed
effective rainfall map for each event that was used as input for LAPSUS (Fig. 6.3b).
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Fig. 6.3. a) Relative infiltration factor based on hydraulic saturated conductivity, spatially distributed based on land
use, example for year 1997-1998 ; b) Effective rainfall, calculated by multiplying Figs. 6.2 and 6.3a; example for year
1997-1998.

Unfortunately, discharge data were not available for all events in the period 1997-2006
due to occasional equipment failure. However, discharge/rainfall ratios are needed to
calculate the effective rainfall input for LAPSUS as described above. We used the close
linear relation between EVI and discharge/rainfall ratio of three of the calibrated events
(r* = 0.997) to derive discharge/rainfall ratios for all events. The extreme event of 18 June
1997 was not included, because it is exceptional in the rainfall record and the other
rainfall events are more like the three selected events. Subsequently spatially distributed
effective rainfall maps for all events were calculated using the same procedure as
described above.

Table 6.2 gives an overview of the 1997-2006 rainfall record. As can be seen, the average
rainfall that occurred in events (based on the criteria mentioned in section 6.3.1) is 165
mm y, which is ~62% of the average annual rainfall over 1951-1980 of five neighbouring
stations (Navarro Hervds, 1991). The discharge/rainfall ratios in Table 6.2 are the average
of the discharge/rainfall ratios of all events of that year.
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Table 6.2. Annual rainfall from Prado rainfall record 1997 - 2006 and average annual discharge/rainfall
ratios used as input data for LAPSUS

Total rainfall ~ Rainfall of % of total ~ Discharge/rainfall

Year

(mmy?)  events(mmy™) rainfall ratio (%)?
1997-1998 388.8 273.0 70.2 0.308
1998-1999 248.0 186.2 75.1 0.141
1999-2000 170.4 60.4 35.4 0.328
2000-2001 234.0 172.2 73.6 0.216
2001-2002 291.8 169.0 57.9 0.101
2002-2003 257.8 174.4 67.6 0.267
2003-2004 365.4 264.0 72.2 0.179
2004-2005 195.6 94.8 48.5 0.238
2005-2006 155.6 91.8 59.0 0.100
Mean 256.4 165.1 62.2 0.209

@ Mean discharge/rainfall ratio of all events of each year

OpenLISEM input parameters

As described in chapter 5, sampling of OpenLISEM input parameters has been carried out
in the Prado catchment (Fig. 6.1bc). Sampling locations were based on the CORINE 2000
land cover classification (EEA, 2000), in which the original 44 CORINE land cover classes
were aggregated to a total of 6 (Fig. 6.1b) and on the geological map (scale 1:50 000; (IGME,
1981) which was aggregated to 5 classes (Fig. 6.1c). For details on sampling and
measurement methods we refer to chapter 5. Resulting input parameter values for the
OpenLISEM model are given in Tables 6.3 and 6.4. Values for aggregate stability, soil
water tension at the wetting front and saturated hydraulic conductivity are based on
literature.
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Table 6.3. OpenLISEM input parameters values based on land use class

i Bare,
Irrigated Matorral o /
Orchard Cereals Forest Riparian/
arable land (shrub)
(n=8) (n=13) (n=3) (n=11) (n=13) Abandoned
(n=8)

Leaf Area Index (m* m™) 1.59 0.71 2.67 4,78 1.26 0.47
Plant cover (fractions) 0.32 0.60 0.93 0.57 0.55 0.21
Vegetation height (m) 2.6 0.5 0.4 6.1 1.4 0.5
Random roughness (cm)  1.55 1.21 1.27 1.50 1.12 0.62
Soil cohesion (kPa) 29.8 17.6 30.0 34.5 43.3 33.1
Root cohesion (kPa) 3.1 3.4 2.8 5.9 8.3 0.0
Porosity (cm’ cm™) 0.57 0.48 0.40 0.52 0.52 0.45
Initial soil moisture

0.09 0.16 0.12 0.12 0.20 0.23

content (cm® cm™®)

Aggregate stability® (-) 28 15 15 80 54 45
Soil water tension at the
wetting front® (cm)
Saturated hydraulic
conductivity® (mm h™)

2 These parameter values are derived from literature and were not measured in the field.

15 11 11 6 10 7

38.9 65.9 91.8 112.4 104.8 47.2

Table 6.4. OpenLISEM input parameters values based on geology class
Limestone Marl Glacis Conglomerate Calcarenite

(n=5) (n=23) (n=14) (n=6) (n=4)
Median texture (um) 29.4 38.6  110.9 87.2 32.3
Stone cover (fraction) 0.75 0.16  0.59 0.43 0.84
Soil depth (m) 22.5 100.0  19.0 21.5 11.0

LAPSUS input parameters

Input data for the LAPSUS model, besides the main inputs DEM and rainfall, consist of a
soil depth map and maps for the parameters erodibility (K) and sedimentation potential
(P). The soil depth map is based on the geology map, see Table 6.4. In this study discharge
exponent m = 1.6, slope exponent n = 1.6 and convergence factor p = 2 were used, based on
earlier experience with hillslope domains (Temme and Veldkamp, 2009, Temme et al,
2011a).

Erodibility K is related to plant cover and soil cohesion, while sedimentation potential P
includes the effects of plant cover, random roughness and soil texture. These
characteristics vary with land use type. Land use types were grouped for LAPSUS: land
use types orchard and bare/riparian/abandoned (see Fig. 6.1) were taken together,
representing ‘open cultivation’; cereals and irrigated arable land represent ‘closed
cultivation’ and forest and matorral represent ‘semi-natural vegetation’. Different
relative values for K and P for these three land use types were used: 0.1 for open
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cultivation, 0.01 for closed cultivation and 0.001 for semi-natural vegetation. Note that
absolute values for K and P are derived during calibration (see section 6.3.2). A relative
high erodibility for open cultivation is due to low plant cover and cohesion (see Table
6.3). Plant cover for closed cultivation and semi-natural vegetation is about equal, but
cohesion for the latter is higher, leading to lower erodibility. For sediment potential,
texture is important and because semi-natural vegetation occurs mainly on glacis and
conglomerate (see Table 6.4), sediment potential is lower (meaning earlier deposition)
than for cultivation.

6.3.2. Model calibration

To be able to compare the OpenLISEM event-based soil erosion model and the LAPSUS

landscape evolution model, we took both models out of their ‘comfort zones’ regarding

the time-scales for which they were developed. For this purpose, both models were

calibrated using results of the other:

- OpenLISEM was calibrated using average erosion rates, derived from long-term (4750
years) simulations of erosion and deposition dynamics with the LAPSUS model;

- LAPSUS was calibrated using results from OpenLISEM simulation results for 110
events in a 9-year period.

OpenLISEM calibration using four selected events

Because the spatial distribution of input rainfall was slightly different from that used in
chapter 5, OpenLISEM was calibrated again for the four selected events. Calibration was
done on the discharge hydrograph at the outlet. Model Efficiency (Nash and Sutcliffe,
1970) on the discharge were calculated for each event. It was not possible to calibrate all
110 events, because of lack of data on hydrographs. Therefore, all events were first
assigned as one of the types of the four calibrated events based on their EVIs (type 1 = 18
June 1997; type 2 = 17 Oct 2003; type 3 = 29 Sept 1997 and type 4 = 9 Dec 2003). The
Manning’s n value of each of the four event types was used in the simulations of all
events of its type. The relation between the K, multiplication factor and EVI of the
calibrated events was used to calculate an appropriate K, multiplication factor for each
of the 110 events. As the type 1 (extreme) event only occurred once in the 1997-2006
record (i.e. on 18 June 1997), we focussed on the relation between the K,,, multiplication
factor and EVI for the other three calibrated events, which was linear (r* = 0.995; see Fig.
6.4).

OpenLISEM calibration using LAPSUS results

In chapter 4, the LAPSUS model was calibrated on long-term erosion and deposition
dynamics (4750 year) for the Torrealvilla catchment, of which the Prado catchment is a
sub-catchment. The results of that study were recalculated to derive total erosion, total
deposition and net erosion for the Prado catchment for a nine-year period, by calculating
the average annual erosion and deposition for the Prado sub-catchment and multiplying
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by nine. To calibrate the OpenLISEM model we took the 1997-2006 rainfall event record
and varied the K, multiplication factor until all events in this nine-year period together
produced the amounts simulated by the LAPSUS. Note that in this calibration all events
have the same K, multiplication factor, unlike in the calibration of OpenLISEM for the

four selected events.

LAPSUS calibration using OpenLISEM results

The LAPSUS model was calibrated using the OpenLISEM results on an annual basis.
OpenLISEM results were summed per year. Parameters erodibility K and sedimentation
potential P were used for calibration. In an initial calibration round, values between
extremes of 100, 10, 1, .., 107, 10™ were explored, keeping the relative values between
land uses intact as described in section 6.3.1. In a second calibration round, best values
from the initial round were varied, for example 0.01, 0.02, 0.03 etc., until the best
combination was found. Runtime for calibration was nine years. Calibration results were
compared to three criteria: total erosion, total deposition and net erosion for each of the
nine years. Calibration aimed at minimizing the summed residuals for these 27 criteria
(i.e. 3 criteria for 9 years).

For comparison with OpenLISEM outputs, the LAPSUS results, initially given in m®, were
converted to tons using a density of 1.37 kg m?, based on measurements in similar areas
in SE Spain (Quine et al., 1999, Nachtergaele et al., 2001). Note that an important
difference between summed OpenLISEM simulations and LAPSUS simulations is that
OpenLISEM uses the same start DEM for each simulation, while LAPSUS updates the DEM
between time steps.

6.3.3. Analysis of rainfall variability and scenarios of land use and climate change

Using the calibrated LAPSUS model, we evaluated the effects of rainfall variability and
some examples of climate and land use change for a 99-year period. For rainfall
variability analysis, the 1997-2006 record was assumed to be representative for a 99yr
sequence, so no trend in rainfall variability was assumed. First, the 1997-2006 annual
rainfall (Table 6.2) sequence was repeated 11x. Then, the order of years was changed
randomly, keeping the frequency of the 9 years constant (i.e. all nine years occurred 11
times). Fifty realisations were simulated.

In addition, two more extreme cases were simulated: a sequence of 11x the highest year
(1997-1998); followed by 11x the one but highest year, etc.; and vice versa: 11x the lowest
year (1999-2000), followed by 11x the one but lowest year, etc.

IPCC climate change predictions for the Mediterranean and for Spain predict less or equal
total rainfall but with increased rainfall intensity (Castro et al., 2005, Christensen et al,,
2007, Meehl et al., 2007). To evaluate the effects of such climate change predictions in
terms of erosion and sedimentation, two different sets of scenarios were developed. In

144



The role of rainfall variability and extreme events in landscape development

LAPSUS rainfall intensity is not included, but erosivity, i.e. the discharge/rainfall ratio
can be increased, which results in more erosive events while total rainfall is kept equal. In
a first set of scenarios, erosivity of all events was increased by increasing the
discharge/rainfall ratio by 10, 15, 20, 25 and 30% for each year. The same 50 simulations
were run and results were compared to the results from rainfall variability with the
original erosivity. In a second set of scenarios the impact of extreme events was
evaluated. The erosivity of the 18 June 1997 event (the most extreme event of the 1997-
2006 record) was increased by multiplying its discharge/rainfall ratio by ten. The effects
of incorporating such an extreme event were evaluated for different frequencies: once in
99 years at different times, twice in a row at different times and 11 times (each 9 years).

Finally the effects of some examples of land use change were explored. The relative
infiltration, erodibility and sedimentation potential factors of semi-natural vegetation
(mainly shrub and forest) were changed to those of open cultivation (see Fig. 6.3a) to
imitate deforestation. We simulated different scenarios: first, deforestation for the entire
99 years was simulated. Second, 10 years of deforestation were simulated, after which the
natural vegetation was supposed to have reappeared. In addition, effects of reforestation
were explored by converting the entire catchment to forest.

6.4, Results

6.4.1. OpenLISEM calibration and simulation results

In Table 6.5 an overview of characteristics of the four selected events and the calibration
results are given. Model Efficiencies (Nash and Sutcliffe, 1970) were generally
satisfactory, except for the 29 September 1997 event. This was also the case in chapter 5
and is due to the more complicated form of the measured hydrograph with a relatively
low peak and long tail of discharge that OpenLISEM has difficulties to simulate.

Table 6.5. OpenLISEM calibration results for the four selected events

Events 18]June 1997 17 0ct 2003 29 Sept 1997 9 Dec 2003

K., multiplication factor 1.46 0.36 0.17 0.09
Manning’s N (slopes) 0.055 0.09 0.02 0.025
Manning’s N (channels) 0.055 0.055 0.08 0.11
Discharge Model Efficiency 0.76 0.81 0.31 0.61
Total erosion (tons) 18063 7711 8329 6609
Total deposition (tons) 12500 6247 7771 6417
Net erosion (tons) 5563 1464 558 192

SDR (%)* 30.8 19.0 6.7 2.9

2 SDR = Sediment Delivery Ratio = Net erosion / Total erosion * 100%
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In chapter 5 a power relation was found between the K, multiplication factor and the
Event Index (EVI) for the four calibrated events. However, the 18 June 1997 event is an
exception in the 1997-2006 record and the other events in the record are more similar to
the three lower events (i.e. 17 Oct 2003, 29 Sept 1997 and 9 Dec 2003). Therefore, the
linear relation between the K, multiplication factor and the Event Index for the three
lower magnitude events (Fig. 6.4) is used in this study to calculate K., multiplication
factors for all other events.

K., multiplication 2factor =0.0119*EVI 4+ 0.0817
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Fig. 6.4. Relation between K., multiplication factor and Event Indices (EVIs) for three of the four selected events.

In Table 6.6, the summed results for OpenLISEM event simulations are given per year
(1997-2006).
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Table 6.6. Simulation results for OpenLISEM, sum of events per year, including mean and totals for entire 9-year
period

No. of Total Total Net SDR
Total no. ) . Y ;
Year ofeventst  SrOSive erosion  deposition  erosion (%)
events  (10°ton)  (10°ton)  (-10° ton)
1997-1998 18 9 124.8 107.7 17.1 13.7
1998-1999 12 4 80.2 69.6 10.6 13.2
1999-2000 10 0 3.9 3.9 0.0 0.0
2000-2001 13 4 93.5 82.0 11.5 12.3
2001-2002 17 3 53.3 48.9 4.4 8.3
2002-2003 12 1 22.6 17.3 53 23.6
2003-2004 16 7 78.6 70.7 7.9 10.1
2004-2005 12 2 20.1 17.9 2.2 10.9
2005-2006 9 1 19.9 18.4 1.6 7.8
Mean 13.2 3.4 55.2 48.5 6.7 11.1
Total 119 31 497 436 60.6 12.2°¢

* According to the criteria explained in section 6.3.1
b An erosive events is defined as an event that produced net erosion
This is the SDR calculated from the total values: summed net erosion / summed total erosion * 100%

6.4.2. OpenLISEM calibration on the LAPSUS long-term results

Table 6.7 shows the overall results of calibrating OpenLISEM to the LAPSUS results,
derived from the long-term (4750 years) calibration (chapter 4). Best results were
obtained using a K, multiplication factor of 0.35 for all events, This resulted in an overall
fit of 102.3 % (average percentage of LAPSUS results for total erosion, total deposition and
net erosion). Fig. 6.5 reveals that, when using these calibration settings, only few events
contribute to total net erosion. Most events do not produce any runoff or erosion. The 18
June 1997 event constitutes 92.1 % of total net erosion.

Table 6.7. OpenLISEM calibration results over 9 years on long-term LAPSUS results

Total erosion  Total deposition  Net erosion SDR
(-10° ton) (-10° ton) (-10% ton) (%)

LAPSUS 478.6 231.9 246.7 51.5

OpenLISEM*  474.0 99.1% 221.9 95.7%  252.1 102.2%  53.2

“Left value: - 10° tons; right value: % of LAPSUS result

Model

147



Chapter 6

Net erosion OpenLISEM
calibrated using LAPSUS long-term results
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Fig. 6.5. Net erosion as simulated by OpenLISEM - calibrated using LAPSUS long-term results.

6.4.3. LAPSUS calibration on OpenLISEM results

Table 6.8 shows the results of the LAPSUS calibration for annual erosion and deposition.
Simulated amounts of total erosion, total deposition and net deposition are given. Model
efficiency for total erosion and deposition is low (0.29 and 0.12), but for net erosion it is
satisfactory (0.50). The best calibration for LAPSUS on an annual basis resulted in K values
of 0.8, 0.09 and 0.02 for closed cultivation, open cultivation and semi-natural vegetation
respectively and P values of 0.0005, 0.5 and 0.1 for the same land uses. In Fig. 6.6
calibrated LAPSUS and summed OpenLISEM results are compared on an annual basis. This
shows that results of LAPSUS and OpenLISEM summed results are generally close. For
three years, net erosion is slightly underpredicted by LAPSUS compared to OpenLISEM
(1998-1999, 2000-2001 and 2001-2002), but the temporal pattern of net erosion is closely
simulated.
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Table 6.8: LAPSUS calibration results for annual calibration using OpenLISEM summed results

Total erosion Total deposition Net erosion SDR
Year

(-10° ton) (10% ton) (-10° ton) (%)

1997-1998 125.4 106.5 19.0 15.1
1998-1999 70.1 68.9 1.2 1.7
1999-2000 39.0 38.5 0.5 0.0
2000-2001 58.0 53.7 4.2 7.3
2001-2002 38.0 36.8 1.2 3.1
2002-2003 59.6 55.2 4.4 7.4
2003-2004 65.4 57.6 7.8 11.9
2004-2005 42.0 39.0 3.0 7.1
2005-2006 25.0 24.4 0.6 2.5
Mean 58.1 53.4 4.6 6.2
Total 523 481 41.8 8.0°

3 This is the SDR calculated from the total values: summed net erosion / summed total erosion *
100%
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Fig. 6.6. Comparing calibrated LAPSUS and summed OpenLISEM results on annual basis
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6.4.4. Results for long-term rainfall variability and climate and land use change
scenarios

Fig. 6.7 shows cumulative net erosion for 50 randomly selected sequences of rainfall
variability over 99 years. As can be seen, some sequences result in high cumulative net
erosion. Mean annual net erosion of the 50 runs was 4.87 - 10° ton, while results range
from 3.36 - 10° to 9.64 - 10° ton mean annual net erosion. For comparison, erosion was also
simulated for 99 years with average annual rainfall as input for each year, which resulted
in mean net annual erosion of 4.92 - 10° ton. Simulating the 1997-2006 record (Table 6.2)
repeated 11x, resulted in relatively high mean annual net erosion (7.12 - 10° ton). Two
more extreme cases (highest and lowest in Fig. 6.7) show the erosional response to
rainfall sequences starting with 11x the highest rainfall year, followed by 11x the one-
but-highest year etc. and starting with 11x the lowest rainfall year, followed by 11x the
one-but-lowest rainfall year etc., ending with 11x the highest rainfall years, respectively.

Net erosion for 99 yr rainfall variabillity
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Fig. 6.7. Cumulative net erosion for 50 simulations of randomly selected sequences of rainfall variability over 99 years
(in grey). In red the average of the 50 simulations; in yellow 11x 1997-2006 sequence ; in blue and green the extreme
sequences of 11x highest, then 11x one but highest etc. (blue) and 11x lowest, 11x one but lowest etc.; in orange 99yr
using the mean average rainfall as input.
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In line with IPCC climate predictions of equal total precipitation but higher intensity
events, the effects of increased rainfall erosivity were explored. Fig. 6.8 shows the results
of scenarios in which the erosivity of all events was increased by 10, 15, 20, 25 and 30%.
Fig. 6.8b shows boxplots of cumulative net erosion after 99 years of simulation for the
original set of 50 simulations and for the increased sensitivity scenarios. The original set
of 50 simulations was compared to the sets with increased erosivity in a paired-samples t-
test. Cumulative net erosion after 99 years simulation was significantly different (p < 0.05)
for 20, 25 and 30% increased erosivity, while for 15% increased erosivity the significance
level p was 0.053. When comparing the individual simulations, in the case of 10%
increased erosivity, 68% of the 50 simulations had a larger mean than the mean of the
corresponding original simulation, for 15, 20, 25 and 30% increased erosivity, this was 74,
76, 82 and 90% respectively.
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b

Net erosion for more erosive events
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Fig. 6.8. a). Mean of cumulative net erosion over 99 years of 50 simulation for increased erosivity for all events keeping
the same total rainfall amounts. For readability, the mean is given instead of all individual simulation. The
cumulative net erosion for rainfall variability (see also Fig. 6.7) is given in grey for comparison; b). Boxplots for
original and increased sensitivity scenarios.
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In the analysis of climate change effects the erosivity of the highest magnitude event in
the 1997-2006 record (18 June 1997), was increased tenfold (Fig. 6.9). The frequency of
occurrence of such an increased erosivity, high magnitude event was varied (once, twice
and 11x in 99 years), as well as its timing. For comparison with the original set of 50 runs
(Fig. 6.7), the rainfall sequence with resulting net erosion closest to the mean was used as
input for simulations with increased erosivity events. An extreme event of ten times the
erosivity of the 18 June 1997 event produces significantly more erosion than the original
run if it occurs every 9 years (blue line). However, it does not lead to cumulative net
erosion higher than that simulated for rainfall variability (in grey). Net erosion increases
once an extreme event occurs, but its effect can be eliminated a few decades later. The
same may happen when an extreme event occurs twice in a row (e.g. occurrence at times
t=5and6).

Event: tenfold increased erosivity
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Fig. 6.9. Cumulative net erosion for climate change scenarios with more erosive extreme events, in which the erosivity
of the 18 June 1997 event was increased tenfold. Different frequencies of such an event were simulated. The
cumulative net erosion for rainfall variability (see also Fig. 6.7) is given in grey for comparison.

In Fig. 6.10, cumulative net erosion as a result of three scenarios of land use change is
shown. Net erosion increases significantly if the areas of semi-natural vegetation
(matorral and forest) are converted to open cultivation, using those values of relative
infiltration and erodibility (K) and sedimentation potential (P) factors for the entire 99
years. If deforestation is simulated for only ten years, after which the vegetation is
supposed to have returned, simulated net erosion is only somewhat higher than the
original run.
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Alternatively, in a scenario of reforestation, in which the entire catchment is converted
to semi-natural vegetation, simulated erosion is significantly lower than in the original
simulations.

Net erosion for land use change scenarios
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Fig. 6.10. Cumulative net erosion for three examples of land use change. For comparison, in grey the cumulative net
erosion for rainfall variability (see also Figs. 6.7, 6.8 and 6.9).

6.5. Discussion

6.5.1. Model comparison

Comparing two different types of models is, to some extent, comparing apples and
oranges, or, as Kirkby (2010) states: ‘it is always a non-trivial matter to show that models
on different [time] scales are compatible’. In the present study, where OpenLISEM and
LAPSUS have clearly different intended time-scales, it was not our aim to obtain the same
results from both models (as in, for example Temme et al. (2011b)). Instead, we
deliberately took both models out of their ‘comfort zones’, i.e. the time-scales for which
they were developed and calibrated them on ‘uncomfortable’ time-scales with the aim to
bridge the time-scale gap between events and landscape evolution.

Comparing totals of erosion and deposition (compare Tables 6.6, 6.7 and 6.8) for the two
different calibrations, total erosion over 9 years is similar, but there is a large difference
for total deposition and consequently also for net erosion (61 ‘10° ton for OpenLISEM
summed events versus 247 -10° ton for LAPSUS 9-year long-term average). This difference
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may be explained by the fact that during the 4750 year record that was used to calibrate
LAPSUS, it is probable that larger events than those of the 1997-2006 record occurred,
which added to the higher net erosion (Kirchner et al., 2001, Tomkins et al., 2007, Meyer et
al., 2010). Evidence of such extreme events in the area over the last millennia are
described by e.g. Machado et al. (2011), Benito et al. (2008, 2010).

Results from calibrating the OpenLISEM model to the long-term LAPSUS results (Fig. 6.5)
show that only the most extreme event of the 1997-2006 record would contribute
significantly to runoff and erosion. Measured hydrographs of lower magnitude events,
however, indicate that these also contributed to runoff and erosion. Calibration was done
using a fixed K, multiplication factor. Results might improve if a variable K,
multiplication factor would be used. However, this was considered beyond the scope of
this paper. If the calibrated LAPSUS model is run on an event basis, it underpredicts
deposition, thereby overpredicting net erosion, especially for the smaller events (for
example the 29 Sept 1997 and 9 Dec 2003 events). This is due to the relatively large
amount of runoff that infiltrates in OpenLISEM, but not in LAPSUS and partly to the
difference in time step: OpenLISEM uses many time steps to simulate one event, creating
possibilities to deposit sediment that has been eroded in a previous time step. LAPSUS, on
the other hand, was forced to simulate the erosion and deposition of one event in one
time step, which does not allow for such redeposition of previously eroded sediment.
Overall, the comparison of these two models shows that an event-based model such as
OpenLISEM might be too complex in terms of input parameters and calibration
requirements to simulate longer term (decadal) erosion and deposition dynamics. Also,
the OpenLISEM model could benefit from improvements to the spatial description of
sediment deposition, so that a realistic output DEM can be simulated and the model can
be used to simulate sequences of events. On the other hand, a landscape evolution model
such as LAPSUS does not include enough hydrological detail to correctly simulate
individual events that occur in semi-arid areas such as SE Spain. LAPSUS could benefit
from incorporating a dynamic infiltration procedure (Calvo-Cases et al, 2003, Buis and
Veldkamp, 2008). Due to the absence of re-infiltration, small events simulated in LAPSUS
have connectivity, for instance between hillslopes and channels, whereas in reality in
semi-arid areas this connectivity is probably low during low magnitude events.

6.5.2. Rainfall variability and sequencing: non-linearity and self-organization

According to Kirkby (2010) the contribution of each storm is part of the distribution of
magnitudes and frequencies in the longer term and data from an erosion plot or small
catchment can only provide a meaningful average erosion rate if the runoff and sediment
response is analysed, storm by storm, and the results of this analysis used to calibrate the
site record against a longer term distribution of storm sizes and intensities. We do so
deductively (as opposed to empirically) in this study by calibrating the longer-term
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LAPSUS model with ‘observations’ of individual events (simulated by OpenLISEM in this
study).

The simulated variability in net erosion due to different sequencing of rainfall years
shows a perhaps surprising pattern (grey lines in Fig. 6.7); they do not vary around a
central mean and most simulated sequences hardly show any variation over time,
whereas some show a sudden increase in net erosion. This can be explained by non-linear
and self-organising behaviour within the catchment, i.e. there is not necessarily a linear
relation between higher rainfall (e.g. in year 1997-1998) and high net erosion and even
low rainfall can produce high net erosion (e.g. Coulthard and Van De Wiel, 2007, Van De
Wiel and Coulthard, 2010). This is illustrated in Fig. 6.11a, which shows the net erosion
over time for the extended 1997-2006 record and the simulation in which average annual
rainfall was used as input for every time step.

Even with constant rainfall input, net erosion in the catchment varies, especially in the
first few decades when the catchment is adjusting to the initial conditions (Coulthard et
al., 1999). However, the amplitude of erosion peaks are clearly smaller than those where
rainfall variability was included. In the simulation with the 1997-2006 sequence as input
rainfall, the highest peaks do correspond to peaks in erosion, but their magnitude differs
(compare e.g. t = 64 and t = 73) and high peaks in erosion occur in response to small peaks
in rainfall (e.g. at t = 58).

Comparing the 50 simulations of rainfall variability to the simulation in which mean
annual rainfall was used as input (orange line, Fig. 6.7), mean annual net erosion for the
latter is about equal to the mean of the 50 simulations with rainfall variability. However,
68% of the 50 simulations result in lower annual net erosion and 32% show higher annual
net erosion than the annual net erosion if average annual rainfall was used as input. This
suggests that, at least in the modelled catchment and using this particular rainfall data,
average annual rainfall reflects erosion dynamics in a similar way as annually variable
rainfall data. Thus, average annual rainfall could be appropriate as input for a landscape
evolution model such as LAPSUS, especially on the longer (centennial - millennial) time-
scales (Hancock, 2010). On shorter (decadal - centennial) time-scales, variability in
rainfall seems to be important. Moreover, if average annual rainfall is used as input,
information about the range of net erosion due to different sequencing of variability (Fig.
6.7) is lacking.
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Fig. 6.11. Input effective precipitation (Peff: upper graphs) and net erosion (lower graphs) over time for a). 11x the
1997-2006 record (grey lines) and average annual rainfall (black lines) and b). the highest (grey lines) and lowest
(black lines) rainfall variabilitv scenarios.

Interestingly, the highest and lowest simulations of rainfall variability (blue and green
lines in Fig. 6.7) do not result in equal cumulative net erosion. Fig. 6.11b shows effective
rainfall input and net erosion per year for both sequences. Both sequences show a trend
of higher net erosion in response to higher effective rainfall. However, when effective
rainfall is increasing (black line in Fig. 6.11b), net erosion in response to higher rainfall is
lower than net erosion in response to the same rainfall when effective rainfall is
decreasing (grey line in Fig. 6.11b), or in other words, the net erosion lines in Fig 6.11b are
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not each other’s mirrors, as is the case for input rainfall. An explanation for this
behaviour might be that the higher rainfall at the start of the simulation increases
connectivity (e.g. gullying) in the catchment, which would increase the erosional
effectiveness for the lower rainfall (e.g. Nachtergaele et al., 2002).

Another interesting feature of Fig. 6.7 is the apparent convergence of some simulations
after about 60-70 years. Before this time, all simulations show increasing net erosion.
Data shows that for the converging simulations, total erosion per time step, while
depending on rainfall, remains similar, but that total deposition per time step increases,
resulting in lower net erosion. Apparently, sediments were transported out of the
catchment more effectively in the first few decades. A decrease in connectivity between
hillslopes and channels or within the channels might have caused the increased
deposition. The LAPSUS model is sensitive for landscape patterns (e.g. DEM
configuration). Topographic feedback, local sediment storage and (dis)connectivity
within the landscape, which is changing over time, seem to be important processes
determining landscape response. While this paper focussed on the temporal erosion and
deposition dynamics, additional research into the spatial erosion dynamics over time
could increase insight in this subject. Continuous simulations models (as opposed to
event-based models) such as LEM LAPSUS are capable of simulating these landscape
processes, patterns and responses over time, which in turn might increase insight in
landscape dynamics.

6.5.3. Scenarios of climate and land use change

From the rainfall variability and sequencing analysis (Fig. 6.7) and the scenarios for
increased erosivity (Figs. 6.8 and 6.9) results showed that mean annual net erosion was
not significantly different from the effects of natural rainfall variability for simulations in
which the erosivity was increased up to 15%. Semi-arid areas may be relatively less
sensitive to changes in erosivity, because of high natural rainfall variability. Similarly,
single events must be very high and/or frequent if they are to leave a signal in the
landscape that is beyond the scope of natural rainfall variability (Fig. 6.9; (Jerolmack and
Paola, 2010). These findings correlate with those of Tucker and Bras (2000), who found
that arid, poorly vegetated catchments showed less sensitivity to changes in rainfall
variability than humid, vegetated catchments. Note that for these rainfall variability
scenarios, we have not included specific trends, for example alternations of wetter or
drier decennia, except for the highest and lowest sequences (Figs. 6.7 and 6.11).

In this study we changed the erosivity of rainfall events, keeping total rainfall amount
equal, in line with climate change predictions (Castro et al., 2005, Christensen et al., 2007,
Meehl et al., 2007).
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An interesting future research topic would be to further quantitatively investigate the
effects of increased or decreased erosivity and rainfall amount, separately and in
combination, thus quantifying the relative importance of each.

Scenarios of human impact should be seen as model explorations, not as exact and
reliable predictions. Nevertheless, they do indicate a trend and show that land use change
can have a large impact on erosion dynamics and that this impact can be larger than
climate variability and change. The simulated trends correspond to findings by e.g.
Bakker et al. (2008), that erosion and sedimentation have decreased in areas where de-
intensification of land use practices occurred. In a study on the impact of land use and
climate change in the Holocene, Ward et al. (2009) found a three times increase in
sediment yield due to conversion of forest to agricultural land, while rainfall erosivity
increased by only 3% in the same time period. In his review on the effects of land uses on
soil erosion in Spain, Garcfa-Ruiz (2010) states that due to the expansion of cereal
cultivation, episodes of extensive soil erosion occurred, whereas farmland abandonment
resulted in a reduction of erosion due to vegetation recolonization. Alternatively, these
results indicate that the combined effect of climate and land cover change might indeed
have a larger impact than climate alone. This is, for example, the case in glacial -
interglacial cycles when not only climate but as a result also vegetation cover changes
(e.g. Knox, 1972, Vandenberghe, 2008).

6.6. Conclusions

By comparing an event-based soil erosion model (OpenLISEM) and a landscape evolution
model (LAPSUS), we conclude that the gap between their different time-scales is too large
to be bridged directly. The OpenLISEM model was calibrated using the average 9-year
erosion and deposition, derived from the long-term (4750 year) simulations with the
LAPSUS model. Results showed that only the highest magnitude event would contribute
to erosion. Conversely, the LAPSUS model was calibrated on the four individual events,
resulting in underprediction of total deposition and consequent overprediction of net
erosion. When calibrating the LAPSUS model on annual basis using the summed
OpenLISEM erosion and deposition for each year, results showed a good reproduction of
these values by LAPSUS. Thus, when keeping to the time-scale that the model was
originally intended for (here: years in LAPSUS), but calibrating the model using
simulation results from the event-based model, short-term variability could successfully
be introduced in longer-term modelling of landscape development.

Using this catchment and this particular rainfall record, average annual rainfall and
rainfall variability resulted in comparable net erosion over centennial time-scales. This
suggests that average annual rainfall might be used in landscape evolution over longer
time-scales (centuries — millennia). Over shorter time-scales (decades - centuries) rainfall
variability seems important. Moreover, when using average annual rainfall, variation in
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erosional response to different sequencing of rainfall variability cannot be assessed. Non-
linear behaviour is evident: non-varying, average annual rainfall as input results in peaks
in simulated net erosion. Also, variability in rainfall as input does not necessarily lead to a
corresponding peak in simulated erosion and peaks occur at points in time when no
rainfall peak occurs.

Simulated net erosion for increased rainfall erosivity (with equal total rainfall) was
compared to rainfall variability, showing that mean annual net erosion of up to 15%
increased erosivity is not significantly different from annual mean net erosion of the
original simulations. Semi-arid areas may be relatively less sensitive to changes in
erosivity, because of high natural rainfall variability. Similarly, single events must be very
high and/or frequent if they are to leave a signal in the landscape that is beyond the
scope of natural rainfall variability. Scenarios of human impact, although they should be
seen as model explorations, show that land use changes can have a large effect on erosion
dynamics, larger than climate variability and change, especially for reforestation.

This is the first time that an event-based and landscape evolution model were calibrated
for the same area and compared in terms of erosion and deposition dynamics. Landscape
evolution models such as LAPSUS have the advantage over event-based models that they
are capable of simulating landscape dynamics on a continuous basis over long time-
scales, which allows evaluation of topographic feedback mechanisms, temporally
changing (dis)connectivity and local sediment storage and non-linear, self-organizing
behaviour. This study has shown that these feedback mechanisms are important in
landscape erosion and deposition dynamics and catchment evolution.
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7.1. Introduction

Soil erosion has been mentioned to be one of the most serious problems for our society
(Pimentel, 2006, Banwart, 2011), especially in semi-arid areas where land degradation can
lead to desertification (e.g. Kefi et al., 2007). Although erosion can be affected to a large
degree by the direct or indirect effects of human impact (e.g. Hooke, 2000b, Wilkinson,
2005), it is a natural process of landscape evolution. Rates of erosion are important for
our understanding of landform development (Parsons et al., 2004) and to estimate the role
of human impact on erosional processes, knowledge of natural erosion rates is required.
The latter are difficult to obtain for recent times, because it is difficult to find locations
that have never been influenced by human activity. Therefore, natural or background
erosion rates are usually estimated for prehistoric and often longer time-scales using for
instance cosmogenic nuclides (e.g. Vanacker et al., 2007) or dated sediment bodies.
Landscape evolution is driven by sequences of discrete events which have a frequency
distribution varying in space and time (Tucker and Bras, 2000). However, there is a gap in
time-scales of a discrete event (hours up to days) and the time-scale of landscape
evolution (millennia; Fig. 1.1).

Thus, in erosion research, spatial and temporal scales as well as research methods differ.
On the one hand research is performed on plot-slope-small catchment scale, for event
based change, on ‘human’ time-scales (Fresco and Kroonenberg, 1992, Kroonenberg, 2006)
and conducting field experiments. On the other hand, the landscape regional scale is
assessed, for decadal change, on time-scales of landscape evolution (Quaternary) and
using landscape evolution models as tools.

This thesis aimed to bridge the gap between these two contrasting approaches with focus
on the time-scale gap between rainfall events and landscape evolution and the relative
contribution of human activity to natural erosion. Tools of both approaches (i.e. field
measurements and modelling on different time-scales) are combined.

In this chapter, the main findings of the previous chapters are combined and discussed.
The research questions are addressed within three themes related to this thesis that were
introduced in chapter 1: section 7.2 discusses human-induced versus natural erosion
dynamics; in section 7.3 the time-scale gap between events and landscape evolution is
addressed, and section 7.4 discusses modelling as a research tool for geomorphology and
landscape dynamics. In section 7.5 implications of the research are discussed in a broader
context. Finally, in section 7.6 general conclusions of this thesis are drawn and ideas for
future research are indicated.
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7.2. The human imprint on the erosional landscape

Before a conclusion can be reached about the relative contribution of natural and/or
human factors on a landscape, it is important to assess the overall functioning of the
landscape system in terms of processes and triggers of landscape dynamics. This should
be done at a relatively large spatial scale, so that large-scale processes that influence
erosion dynamics of a (sub)catchment, are incorporated in the analysis. In chapter 2, such
an analysis is done for the Upper Guadalentin Basin and a schematic model of landscape
evolution is proposed (section 2.5.3; Fig. 2.8). By mapping and dating sediment bodies
along several river stretches, insight was gained in the processes and drivers of erosional
and depositional dynamics in the area. The advantage of analysing a larger area is evident
for example from our explanation of the sedimentation dynamics of the Lorca fan (Silva
et al., 2008). These were found to be due to sediment pulses resulting from erosion of lake
sediments after collapse of the palaeco-dam (Fig. 2.8). From the analysis in chapter 2, it is
clear that a Late Glacial palaeo-lake influenced erosion and sedimentation dynamics in
the Upper Guadalentin Basin during its existence and (long) after its disappearance. This
indicates that a time-lag between driver and effect of several millennia may exist (Temme
and Veldkamp, 2009). Another conclusion is that the Upper Guadalentin rivers are not in
equilibrium, evidenced by their out-of-phase sedimentation pattern. Chapter 2
tentatively and qualitatively correlates the deposits of the Torrealvilla catchment to
climate and human impact, based on sediment ages. However, there is strong evidence
that climate was not the main driver of erosion and deposition in the area (most notably
the absence of Late Glacial - Holocene transition sedimentation and the asynchrony of
erosion episodes between the Guadalentin river and Rambla Torrealvilla). Therefore, it is
concluded in chapter 1 that internal river dynamics (e.g. complex response; Schumm,
1981) and local processes (e.g. local base changes due to palaeo- and historic lake
formation and disruption) are more important drivers for the area than external and
regional factors.

7.2.1. Modelling human impact on erosion

In many (modelling) studies, the impact of human changes to the land has been evaluated
in terms of erosion, notably through land use changes such as de- or reforestation or land
abandonment (e.g. Boix-Fayos et al., 2008, Cantdn et al., 2011). These studies are mostly
done on small spatial scales and for short, contemporary time-scales. Studies that
evaluate the influence of human activity on erosion for long-term (millennial) time-
scales in the past are mostly qualitative, for example correlating episodes of increased
erosion to periods of increased human impact (e.g. chapter 2, Schulte, 2002, Knox, 2006,
De Moor et al., 2008). Quantitative evaluation of erosion due to human activity over long
time-scales is rare (Peeters et al., 2008, Wainwright and Millington, 2010, Temme et al.,
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2011b). One of the most important forms of human impact on the landscape is through
agriculture (Hooke, 2000a). In chapter 4, the effects of tillage erosion on long-term
landscape development were evaluated quantitatively using landscape evolution model
LAPSUS. Results in Fig. 4.7 show that, despite being a high frequency (yearly), but slow
and low impact process, tillage erosion has a considerable impact in terms of sediment
accumulation in the floodplain area of the catchment, adding almost 20% compared to
simulations without tillage erosion. However, water erosion remains the most important
process (Peeters et al., 2008), opposed to findings by Van Oost et al. (2000, 2005) who
conclude that for the last decades tillage was the dominant process. This apparent
paradox should be viewed in the context of scale: the direct, on-site impact of tillage is
important on (tilled) hillslopes. However, in chapter 4 simulation was performed at the
catchment scale and calibration and results focused on the lower floodplain area. Due to
changes in erodibility, sedimentation potential and water balance in the tilled areas and
indirect changes in transport-capacity off-site, tilled sediments eventually reach the
floodplain area, but in an indirect way and depending on connectivity and (temporal)
storage in the catchment.

Chapter 4 focused on quantifying the contribution of tillage erosion to total erosion.
Other human induced processes such as land use change or grazing were not included. In
chapter 6, these forms of human impact were explored in land use change scenarios (Fig.
6.9). Results indicate that for the Prado subcatchment, deforestation and especially
reforestation might impact erosion to a large extent. Another possibly important process
is that of abandonment of agricultural terraces, for instance after the Roman period. Field
abandonment in SE Spain has been shown to accelerate (gully) erosion due to crust
formation and slow vegetation recovery (e.g. Lesschen et al., 2008, Garcia-Ruiz, 2010). The
effect of terrace failure has been simulated by Lesschen et al. (2009) using the LAPSUS
model, but for short, contemporary periods. It would be interesting to include the effects
of abandonment and terrace failure in a long term simulation and quantify how these
processes contribute to erosion and deposition at the catchment scale (e.g. Claessens et
al., 2009). Doing so, insight can be gained in the time-lag between cessation of cultivation
activities and its effect on erosion and sedimentation dynamics on the catchment spatial
scale.

7.2.2. Problems in human versus natural erosion research

Two problems related to natural or human-induced erosion were identified in the
introduction (section 1.2), i.e. that the onset of anthropogenic influence frequently
predates historical records (Wilkinson, 2005) and that undisturbed areas where natural
rates can be assessed are difficult to find (Gellis et al., 2004). In this section, problems
related to human versus natural erosion research encountered in this thesis are
discussed.
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In chapter 2 dated sediment bodies were used to reconstruct erosion and deposition
dynamics for the study area that were then correlated to human and/or natural
processes. Both OSL and radiocarbon dating was used. Where possible, results of the two
methods were compared and indeed confirmed each other (Fig. 2.3; Fuchs and Lang,
2009). Still, uncertainties related to age determination exist (Tables 2.2 and 2.3). For the
radiocarbon dates, pieces of charcoal were used. Although in the field these charcoal
pieces were estimated to be in situ within the sediment, there might be a time-lag
between their formation, transportation and actual incorporation into the sediment
(Fuchs et al., 2010). Ideally, high-resolution sampling (e.g. Fuchs and Buerkert, 2008) on
many locations throughout the catchment should be carried out. As shown in chapter 2,
stratigraphic sampling for OSL dating was carried out on several locations. OSL and
radiocarbon sampling on more locations, especially in the upstream part of the
Torrealvilla catchment would have given a more complete spatial and temporal picture of
sediment dynamics. However, practical (preservation, financial) restrictions make this
unfeasible for many studies and for this thesis research.

Furthermore, there might be a time-lag between the trigger of (accelerated) erosion or
deposition and its effect (e.g. Temme and Veldkamp, 2009). This implies that a direct link
in time between a dated sediment and a cause should perhaps not be made. Such a time-
lag is probably different for each specific area and quantifying it is not easy, although
simulation using a landscape evolution model (LEM) might be helpful as suggested in the
previous section (Tebbens and Veldkamp, 2000, Tebbens et al., 2000).

In chapter 4, important input data for long-term simulations were the palaeo-
precipitation and -vegetation time series (Fig. 4.3). However, quantitative data, especially
for precipitation, are not easily available. Evaluation of different plausible palaeo-
precipitation data might help improving the insight in the potential variation of natural
processes. This in turn might improve insight in the relative contribution of tillage
erosion. Furthermore, quantification of the on-site waterbalance and erodibility for
different areas (e.g. natural vegetation, tilled fields, cropped fields) is difficult for
appropriate spatial and temporal scales. Also, soil depth and production through
weathering, changes in erodibility due to different soil horizons or saprolite are
important factors for which data is also scarce, especially for long (past) time-scales.
Quantification of uncertainty in the output due to variation in input values would add to
the insight of these factors on simulated erosion rates.

7.3. Linking events to landscape evolution

The obvious time-scale gap between runoff and erosion as a result of one storm event on
the one hand and landscape evolution on the other hand (Tucker and Hancock, 2010) was
assessed in this thesis. Two types of models were first calibrated for the study area
individually. In chapter 4 the landscape evolution model LAPSUS was calibrated for the
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Torrealvilla area over almost 5000 years using reconstructed palaeoDEMs (Hoffmann et
al., 2010). In chapter 5, the event- and physically based OpenLISEM model was calibrated
for the Prado catchment for four typical Mediterranean storms of different magnitudes
and frequencies. In chapter 6, these two models were compared. In this section, results
from the mentioned chapters are compared and discussed.

7.3.1. Different estimates for erosion rates

An important research question was how different magnitude storms contribute to total
erosion (Question 2b, section 1.5). Total erosion as calculated in chapters 4, 5 and 6 is
compared. In chapter 5 a base scenario was created, deduced from the 1997-2006 rainfall
record. Events in this record were compared to the four calibrated events based on their
Event Index (EVI) and a frequency of each event type was calculated (Table 5.2). The net
erosion of each event was multiplied by its frequency, leading to a calculated total of 8.6
‘10’ ton net erosion for the 1997-2006 period. In chapter 6 all events were simulated
individually using the OpenLISEM model. Because calibration data for all events were not
available, the relation between the K, multiplication factor and the Event Index (EVI)
was used to derive an appropriate K, multiplication factor for each event. Summing the
simulated net erosion for all events results in a total of 60.6 10 tons of net erosion for the
period 1997-2006. In chapter 4, the LAPSUS model was calibrated on long-term erosion
and deposition dynamics (4750 year) for the Torrealvilla catchment. The simulated net
erosion was recalculated in chapter 6 to derive net erosion for the Prado catchment for a
nine-year period by calculating the average yearly erosion and deposition and
multiplying by nine. This resulted in a total of 246.7 -10° ton net erosion for a nine-year
period. There is a large discrepancy between these three values. The discrepancy
between the latter two (60.6 ‘10° and 246.7 -10° ton) was attributed to the probable
occurrence of much larger events during the 4750 years simulation than occurred in the
1997-2006 period, which influenced the average erosion rate (e.g. Kirchner et al, 2001,
Tomkins et al, 2007, Meyer et al, 2010). Evidence for such extreme events in the
Guadalentin area have been described (e.g. Benito et al., 2008, 2010, Machado et al., 2011)
and can be seen by comparing input rainfall data (Fig. 4.3 and Table 6.2). The discrepancy
between the first two (60.6 '10° and 8.6 -10° ton) must be attributed to the way the totals
were calculated or simulated. In chapter 6, all events were simulated and some events
produced relatively large amounts of erosion, even if they had a low Event Index and
would be expected to have a less erosive character. This indicates, as discussed in chapter
5, that each event should be calibrated separately (Hessel et al., 2003, 2007) and that the
relation between the K, multiplication factor and EVI is possibly not suitable to predict
an appropriate K, multiplication factor for each event. Another factor that may
influence simulation results is the temporal and spatial variability in soil and vegetation
input parameters such as vegetation cover or LAIL These input parameters were kept
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equal for each simulated event, whereas in reality these parameters may change
throughout the year.

Estimates of sedimentation rates over longer time-scales are available from reservoirs in
SE Spain and range from 1.5 to 26.2 ton ha™ y* (De Vente, 2009). The Puentes reservoir,
located ~10 km from the Torrealvilla area, received an average of 2.12 ton ha” y" of
sediments over the last 100 y. The three calculated values for net erosion of the Prado
catchment convert to 5.2, 1.3 and 0.2 ton ha' y* respectively. The ~50 km® Prado
catchment is about 20 times smaller than the ~990 km* Puentes catchment and would
therefore be expected to have higher erosion rates. Boix-Fayos et al. (2005) reviewed
erosion rates from SE Spain on different scales. For catchments, these authors found field
measured rates between ~2 and ~4 ton ha® y", while rates measured on plots and
hillslopes are usually lower. From this comparison the calculated amounts are in the right
order of magnitude, but the lowest value (8.6 -10° ton or 0.2 ton ha™ y™) seems very low
and more confidence is given to the other two estimated values. However, as Cantén et al.
(2011) rightly state, caution should be exercised in comparing measurements based on
different methodologies and temporal or spatial scales (Boix-Fayos et al., 2007). Results of
measured erosion rates in SE Spain show a high variability, which are mainly related to
spatial and temporal scale of measurements, disturbance and inadequate representation
of natural conditions (e.g. continuity, connectivity and heterogeneity of natural systems)
and complex ecosystem interactions (Cantén et al., 2011, Nadal-Romero et al, 2011,
Vanmaercke et al., 2011).

7.3.2. Contribution of (extreme) events

Related to the variation in total net erosion is the variation in the contribution of an
extreme event to total erosion. As calculated in the base scenario in chapter 5, the single
largest event contributed 42% to total erosion, while the lower magnitude events
together caused 51% of total erosion (Fig. 5.8). In chapter 6, the OpenLISEM model was
calibrated to the LAPSUS long-term results from chapter 4. This resulted in the largest
event contributing 92.1% to total erosion (Fig. 6.5). However, one (fixed) K.,
multiplication factor for all events was used, whereas chapter 5 showed that different
calibration parameter sets were needed for events of different magnitudes. The highest
event as simulated with OpenLISEM in chapter 6 caused 16.3% of total erosion. According
to the yearly LAPSUS simulations (Table 6.8), the first year, which includes the highest
event, contributed 45.5% to total (nine-year) erosion. In their review of daily soil erosion
of the Western Mediterranean, Gonzalez-Hidalgo et al. (2007) found that for each year, the
three highest daily erosion events (ranked by magnitude) represent more than 50% of
annual soil erosion. The one highest daily erosion event caused more than 25% of total
soil loss, while in some extreme situations this one highest magnitude event caused more
than 50% of total erosion (Gonzalez-Hidalgo et al., 2007). In the OpenLISEM simulations of
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chapter 6, the largest three events of the nine-year period cause 42.1% of total erosion,
which correlates well with the findings of Gonzalez-Hidalgo et al. (2007). Thus, (extreme)
events seem to be important for total erosion in semi-arid areas.

The concept of connectivity (Bracken and Croke, 2007) is important in the discussion
about the effect of extreme events. During low magnitude, high frequency events
hillslopes may only be connected to first-order streams or local footslopes, where
sediment is then deposited. High magnitude events are large enough to connect
hillslopes, through first order streams to main channels and floodplains. Thus, sediments
deposited during earlier low magnitude events are being washed away and transported
further downstream and eventually out of the system during high magnitude events.
Without the sediments deposited during earlier storms, high magnitude events might not
produce these high amounts of sediment. Thus, sediment production shows path
dependency (dependency on initial conditions; e.g. Stallins, 2006, Wainwright and
Millington, 2010) and factors such as erodibility of sediments, lithology and detachment-
or transport limited systems influence erosion in response to event sequencing. However,
during high magnitude events, mass wasting processes such as landsliding and
undermining of gully banks might produce considerable amounts of sediments regardless
of sediments deposited during earlier smaller events.

7.3.3. Non-linearity and its implications

Chapter 6 shows the difference between summing the simulated erosion of individual
events and continuous simulation of events. In this chapter the effects of rainfall
variability and events with increased erosivity are evaluated in a long-term (100 year)
model simulation. Two processes can be highlighted: the non-linear response of erosion
to rainfall variability and sequencing (Fig. 6.10 and 6.11; Murray et al., 2009, Jerolmack and
Paola, 2010, Van De Wiel and Coulthard, 2010) and the elimination of the effects of
increased erosivity events over time due to topographic feedback (internal erosion and
sedimentation dynamics). Although non-linearity is an important concept that should be
kept in mind when simulating erosion and deposition at catchment scale, it is expected
that the effects of extreme events will be visible in the erosional record and in the
landscape, if their magnitude is significantly higher than that of average events
(Jerolmack and Paola, 2010). For semi-arid areas with high natural variability this implies
that for an event to leave an imprint in the landscape it has to be really extreme and of
higher magnitude than compared with for instance temperate regions where rainfall
variability is lower.

Related to non-linearity, net erosion dynamics show path dependency (Fig. 6.11b); the
notion that future interactions and processes (e.g. erosion rates) are dependent or
constrained by initial conditions (topography) (e.g. Stallins, 2006, Wainwright and
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Millington, 2010). Net erosion response is different if preceding events are only of low
magnitude than when they are of high magnitude.

Another implication of the non-linear and self-organizing behaviour of catchments is
that predicting or extrapolating erosion rates for the future is impossible. Difference
should be made between catchment response to rainfall variability and to trends in
climate. Erosion may be predicted to increase if precipitation increases significantly over
at least decadal time-scales, for instance wetter-colder decades or centuries such as the
Little Ice Age. However, amounts of erosion for a specific event in the future will be
impossible to predict due to non-linearity. An illustrative parallel is that of climate
prediction itself: future climatic trends may be predicted within uncertainty limits but
the weather of a specific date in (the far) future is impossible to predict.

7.4. Modelling landscape dynamics

In this thesis, two types of models have been used: the landscape evolution model LAPSUS
and the event- and physically based OpenLISEM soil erosion model. Although some
researchers and most engineers and policy makers may use erosion models to predict
future erosion quantities and patterns, perhaps most scientists rather use models to
understand landscape dynamics and the relevant processes, feedbacks and interactions
among these processes (e.g. Hoffmann et al., 2010, Cantén et al., 2011). In this thesis,
models are used for the latter purpose: to increase understanding of landscape dynamics
and its drivers. In line with this purpose, the models (LAPSUS and OpenLISEM) have been
developed (LAPSUS in chapter 3) and applied to conditions that they were not initially
intended for (application of OpenLISEM to a relatively large catchment in chapter 5 and
extending or shortening the time-scale of both models in chapter 6).

In this section, performance of each model is discussed, including limitations and possible
improvements. The latter are discussed in relation to comparable existing models.
Subsequently, the models are discussed in light of modelling approaches (reductionist
versus synthesist).

7.4.1. Event-based OpenLISEM soil erosion model

In chapter 5, the OpenLISEM model was calibrated for four typical Mediterranean storm
events of different magnitude (rainfall intensity and duration). Calibration was
performed using the measured outlet hydrographs. The main conclusion was that,
although possible to simulate the erosion dynamics of these different magnitude storms,
each storm needed a different set of calibration parameters, most notably saturated
hydraulic conductivity K. In other words, it was not possible to simulate erosion of each
storm with one parameter set. In chapter 6, this was obvious from the result that only
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one event in the nine-year 1997-2006 record would produce over 90% of total erosion
(Fig. 6.5), which did not match measured erosion from lower magnitude storms. The
necessity of separate calibration for events of different magnitudes was also found by
others (Hessel et al., 2003, 2007) and may be explained by the fact that infiltration rates
are dependent on rainfall intensity, as was demonstrated by rainfall simulation
experiments and studies on natural rainfall variability (Yu et al., 1997, Léonard et al,,
2006). In chapter 5, input characteristics such as antecedent moisture and vegetation
characteristics were the same for each event. Differences in these characteristics between
events may also partly explain the necessity to use different values for K, for each event.
For example, Castillo et al. (2003) found that antecedent soil moisture strongly affects the
runoff response during medium and low-intensity storms, but hardly affects peak
discharge during high-intensity rainstorms. In addition, the effect of crusting on runoff
production was not incorporated.

The OpenLISEM model was applied to the ~50 km* Prado catchment, while until then it
had been applied to plots or small catchments up to a few square kilometres. However,
discharge measurements were only available for the main outlet. Thus, no information
was available for subcatchment response to rainfall and runoff. Ideally, more
measurements of runoff and, importantly, sediment discharge, should be conducted at
the outlets of individual subcatchments. In such a nested approach, the contributions of
different areas in the larger catchment might be better incorporated in the simulation of
the main hydrograph. Alternatively, incorporating Hydrological Similar Surfaces (HYSS;
Kirkby et al., 2002, Bull et al., 2003) might improve spatial characterization of the area and
hydrological response. Bull et al. (2003) describe a method to derive HYSS using land use,
geology and slope classifications and test the method for the Nogalte catchment, which is
located close to the Torrealvilla and Prado catchments, but constitutes a different
lithology.

The OpenLISEM model was developed to simulate individual events, which can be done in
detail due to its detailed output at the catchment outlet (hydrograph). However, the
effects of multiple (sequences) of events cannot be evaluated with the current OpenLISEM
version. As discussed in chapter 6, the OpenLISEM model could benefit from
improvements to the spatial description of sediment deposition processes, so that a
realistic output DEM can be simulated and the model can be used to simulate sequences
of events. However, this would increase requirements of input parameters and
calibration, which were already significant for single events, as discussed above.

Of the many soil erosion models that exist (for reviews see e.g. Jetten et al., 1999, Merritt
et al., 2003, Aksoy and Kavvas, 2005), most physically-based models are event-based. Two
examples of physically-based models that simulate on a continuous basis are WEPP and
SHETRAN. The WEPP model (Water Erosion Prediction Project; Nearing et al, 1989) is a
daily continuous model simulating processes of infiltration, runoff, raindrop and flow
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detachment, sediment transport, deposition, plant growth and residue decomposition
(Flanagan et al., 2007). The model represents sheet, rill and channel erosion. However, as
with the OpenLISEM model, one of the main limitations of the model are its large
computational and data requirements (Merritt et al., 2003). Additionally, the watershed
version of the WEPP model can be problematic for large scale catchments, as individual
hillslope scale models are being summed up to the catchment scale, which increases
overall data requirements even more, as well as model complexity (Merritt et al., 2003).
The SHETRAN model (Ewen et al., 2000) is the sediment transport component of the SHE
hydrological model (Abbott et al., 1986a,b). In comparison to other physically-based
models, the SHETRAN model can be applied to large catchments (< 2000 km?) and includes
processes of channel bank erosion, gullying and landsliding, besides standard processes of
erosion due to raindrop and leaf drip impact and overland flow (Bathurst, 2002). It does
not explicitly include rill erosion or crusting. Simulation time step is usually less than 2 h
and is automatically reduced during and immediately after rainfall (Ewen et al., 2000). An
important limitation is, again, that extensive datasets are required for model
parameterisation (see list in Ewen et al. (2000)). However, it would be interesting to
compare results of OpenLISEM and SHETRAN. Detailed, physically-based soil erosion
models that can simulate erosion and sediment dynamics for large catchments on a
continuous basis have a common problem of high data requirements and associated
uncertainty problems.

7.4.2. Landscape evolution model LAPSUS

To be able to simulate erosion and deposition dynamics in the research area, the LAPSUS
model first had to be adapted to better simulate fluvial processes. Chapter 3 describes this
implementation and tests the new model’s behaviour on a simple artificial catchment.
Sensitivity analysis, which should be a standard part of testing and presenting a new or
adapted model, showed that the model was sensitive to changes in discharge and
gradient exponents (Fig. 3.7) and to spatial resolution (Table 3.4 and Fig. 3.8). Next, in
chapter 4 the adapted model was calibrated for the Torrealvilla catchment. The insights
and dated sediments of chapter 2 were used to quantitatively simulate a sequence of
erosion - sedimentation - erosion. On millennial time-scales these cycles are important,
as opposed to net erosion over a certain time period. A landscape evolution model such as
LAPSUS that includes complex response feedbacks is an appropriate tool to capture these
alternating processes of erosion and sedimentation.

However, as most models, LAPSUS features some limitations that might be addressed in
future studies. As shown and discussed in chapter 3, the model is sensitive for DEM
resolution. This is to be expected for every spatial model and has been described in
earlier studies (Schoorl et al., 2000, Claessens et al., 2005, Temme et al., 2011b). Methods to
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overcome resolution sensitivity exist (e.g. Stark and Stark, 2001), and future application
of such methods to the LAPSUS model would be interesting to perform.

A second limitation lies in the lumped character of erodibility (K) and sedimentation
potential (P) parameters. These include the effects of, for example, vegetation, lithology,
cohesion and roughness and are used for calibration. Values of K and P can range various
orders of magnitude (see chapters 4 and 6 and e.g. Temme et al., 2009) and it is hard to
compare calibrated values of K and P to measureable surface characteristics such as
cohesion and thus to judge the values. On the other hand, data availability on detailed
characteristics is often not available for long (past) time-scales. In chapter 6, values of K
and P were spatially varied based on land use type, and measured values for cohesion,
vegetation cover and roughness for these different land uses were used to restrict the
relative values of K and P between the land uses.

A third limitation of LAPSUS, especially for a semi-arid area such as SE Spain and on
shorter (decadal) time-scales, is the absence of a dynamic (re)infiltration procedure. Due
to the lack of such re-infiltration processes, low-magnitude events as simulated by
LAPSUS have spatial connectivity whereas connectivity is probably low during such low-
magnitude events in semi-arid areas (e.g. Calvo-Cases et al., 2003, Bracken and Croke,
2007, Buis and Veldkamp, 2008).

Finally, as concluded in chapter 4, not all processes that might be relevant in the
landscape are yet included in the LAPSUS model. Processes that might in future be
included in the model are, for instance, grain size distribution (Coulthard and Van De
Wiel, 2007), lateral erosion or valley widening (Hooke, 2000a), the effects of base level
change, an explicit feedback between vegetation and the water balance (e.g. increased
infiltration with increased plant cover) and the interactions between water flow and
vegetation patterning (Collins et al., 2004, Saco et al, 2007). However, the potential
increased benefit of including these processes into the LAPSUS model is dependent on
data availability for case studies. For lateral erosion, the landslide option of LAPSUS
(Claessens et al., 2005, 2007a,b) could be tested, which would avoid oversteepening of for
example steep gully side walls.

An example of a landscape evolution model (LEM) with increased detail in time step is
LEM CAESAR (Coulthard et al., 2002, Coulthard and Van de Wiel, 2006, Van De Wiel et al.,
2007). The model can be used to simulate either catchments or river reaches. CAESAR
uses a variable time step, related to the volume of erosion and/or deposition, which can
vary between a fraction of a second during floods to a maximum of 30 min. (Coulthard et
al., 2002). Simulated processes include fluvial erosion and deposition, including different
grain sizes and bed armouring, instantaneous mass movement, creep (monthly) and
vegetation change (Coulthard et al., 2002). As with continuous physically-based models
(see previous section), the more detailed time steps of the CAESAR model means that
input and computational requirements of CAESAR are higher than those of LAPSUS (e.g.
hourly rainfall, grain size distribution data). However, more detailed outputs (hourly) and
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sediment transport rates of individual events can be generated (Hancock et al., 2010). It
would be interesting to include the ‘event-based’ LEM CAESAR in the comparison of LEM
LAPSUS and event-based soil erosion OpenLISEM such as done in chapter 6. A comparison
of reduced-complexity CAESAR model to the more detailed OpenLISEM model could be
used to test the importance of detailed surface and infiltration characteristics in
simulating a hydrograph on the catchment scale.

7.4.3. Reductionist versus synthesist approach

As introduced in chapter 1, two contrasting approaches to modelling landscape dynamics
exist: reductionism and synthesism (section 1.4). However, many models are not strictly
reductionist or synthesist and the term reduced-complexity is often used, implying only
an emphasis on simplicity (Nicholas and Quine, 2007). As can be seen from comparing
Figs. 1.3 and 1.4, the physically and event-based OpenLISEM soil erosion model
incorporates more processes and is therefore more inclined towards the reductionist
type of models than the landscape evolution model LAPSUS, which can be called a
reduced complexity model. The strong points and limitations of both models as identified
in the previous sections (7.4.1 and 7.4.2) are in line with general advantages and
disadvantages of synthesist and reductionist type of models (Brasington and Richards,
2007).

In the section 7.4.2, it was suggested to incorporate more, potentially relevant processes
into the LAPSUS model. This suggests a shift from the more synthesist approach towards
the reductionist approach (although the model would still be a reduced complexity
model). However, a major drawback of incorporating more processes is increasing the
amount of (unknown or difficult to measure) parameters and therewith model
uncertainty (Temme et al., 2011a, Van De Wiel et al, 2011). Therefore, in reduced
complexity modelling, this means that instead of highly accurate descriptions reflecting
the state of the art in process understanding, it may be better to use less elaborate
descriptions in landscape evolution models (Temme et al., 2011a). In addition, inclusion of
extra processes in a model should be justified by field observations (such as lateral
erosion, see chapter 4), not only by increased model performance (Tucker, 2009). In line
with Paola (2011), an interesting approach would be to include progressively fewer
processes in a LEM and as such evaluate the relevance of and interactions between those
processes. Such an approach would be feasible with LEM LAPSUS, as its structure allows
for processes to be optionally (de)activated (e.g. Temme and Veldkamp, 2009, Temme et
al., 2011a).
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7.5. Research implications

7.5.1. Implications for mitigation measures

Apart from the scientific understanding of landscape processes, insight in the relative
importance of nature versus human activity on erosion rates is also relevant for erosion
mitigation programs. If the natural system of erosion and deposition dynamics in relation
to climate variability in a specific area is known, sustainable soil and water conservation
measures may be designed. For instance, infiltration of rainfall could be promoted, e.g. by
type specific re-vegetation after abandonment (Lesschen et al., 2008) to reduce erosion,
instead of trying to retain sediments behind (small) checkdams, beyond which the clean
water will have stronger erosional power (Hooke and Mant, 2000, Boix-Fayos et al., 2008).
The concept of path dependency of erosional response (see section 7.3.3) could be used
for the design of mitigation measures. For instance, mitigation measures could be
designed to break (negative) path dependency or, sustain path dependency if it works
desirable.

Also, even scientists who design soil and water conservation measures are not always
aware that for instance gully erosion is a natural process and, moreover, that a gully may
exist over long time-scales and that it is not necessarily the direct result of human
(mis)management of natural resources (e.g. Kirkby and Bracken, 2009). Trying to
elucidate this gully may not work, because of the natural system’s dynamics. Thus,
knowledge on natural erosion and deposition dynamics on broad spatial and temporal
scales may prevent money and effort being wasted on fruitless soil conservation
measures and the effectiveness of conservation measures should be evaluated at the
catchment or regional scale (Cantén et al., 2011).

7.5.2. Methodological and scientific implications

The value of using models as tools in landscape dynamics research as found in this thesis
include: (i) it allows to separate different processes and evaluate their relative
importance, as shown in chapter 5 for the distinction between human and natural
processes; (ii) the effects of scenarios of land use and climate change can be
quantitatively evaluated (chapter 6); and (iii) it can lead to increased insight in processes
of landscape response, such as non-linearity and self-organization (chapter 6). The latter
processes make the prediction or extrapolation of future erosion rates difficult (see
section 7.3.3). However, landscape evolution models enable to reproducibly explore
complexity and landscape response.
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Results from chapter 6 imply that large events can be important in semi-arid landscape
evolution but that the quantitative evaluation and results depend on the method and/or
model used, which in turn is dependent on data availability, quality and spatial and
temporal resolution. At the catchment scale, factors influencing sediment delivery ratios
include topographic configuration (e.g. sediment storage space) and landscape
characteristics such as transport-limited or detachment-limited systems. The latter also
influence the erosive effects of (extreme) event sequencing. For example, a detachment-
limited system will generate less sediments if a second large event succeeds a first one
than a transport-limited system in which sediments are readily available to be washed
away.

There is an important difference between summing the simulated erosion of various
individual events and simulating these events continuously over time. For example, the
contribution to total erosion of a high magnitude event may be large (Puigdefabregas et
al., 1999, Cammeraat, 2004), but its effects might not last in terms of topographical
change. Moreover, by assessing the landscape response to different sequences of rainfall
variability and extreme events (chapter 6), non-linearity and self-organization emerged
as important processes of landscape evolution (Fig. 6.11). Both these processes would not
have emerged if events were simulated individually instead of continuously over time.
For these reasons, simulating erosion and deposition in a continuous way is preferred
over single event simulation if the goal is to understand processes and interactions in
catchment evolution. In addition, despite less detail in process description, reduced
complexity (i.e. with emphasis on simplicity; Nicholas and Quine, 2007) modelling is
advocated (Murray et al., 2009) for the simulation of landscape processes, interactions
and feedbacks over long (past) time-scales. Main reasons are the explicit simulations of
process interactions and the large data requirements of reductionist models; such data is
hardly ever available for the long time past.

However, for shorter (e.g. decadal) time-scales and provided that input data can be
reliably estimated, for instance using timeseries of satellite data, a more detailed model
such as OpenLISEM could be developed, that is able to simulate sequences of events on a
continuous basis.

7.5.3. Exploring the time-scale gap between triggers and landscape response

The central subject of this thesis was the gap in time-scales between rainfall events and
landscape evolution, depicted in Fig. 1.1. This can be generalized to a time-scale gap
between a trigger and subsequent landscape response in terms of soil redistribution. Fig.
7.1 schematically synthesises this time-scale gap for various processes of landscape
dynamics and two spatial scales (catchment and hillslope). As can be seen, the difference
between actual process activity and its effect in terms of time-scales of landscape
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response can be large. An extreme example is an earthquake, which may take only
seconds, but may cause millennial-scale landscape response (e.g. enhanced erosion and
catchment adjustment due to base level lowering). Rill erosion is an example of a process
which, after initial (short-term) rill formation, may be active until the next ploughing
round, which is usually within a few months. As discussed in chapter 4, the time-scale of
erosional effects is dependent on the spatial scale at which it is assessed. For example, the
effects of tillage directly affect the tilled slopes (on-site effects). However, due to off-site
changes in the water balance and transport capacity, the effects of tillage last longer on
the catchment scale than on the hillslope scale.

Fig. 7.1 shows that, in general, the effect in terms of soil redistribution is shorter for
individual hillslopes than for catchments. This is due to interactions and topographic
feedbacks that are apparent on catchment scale, but are less profound at hillslope scales.
This implies that simulation of hillslope processes could well be evaluated by more
detailed models such as OpenLISEM, or models specialised in simulating a specific
(hillslope) process (e.g. landsliding, gully initiation or tillage (Van Oost et al., 2000, 2005)).
To simulate catchment scale landscape dynamics a model capable of simulating
interactions and feedbacks between processes is needed.

Furthermore, Fig. 7.1 implies that contemporary landscape processes and dynamics may
be (but not necessarily always are) the response to (long ago) past triggers. Therefore,
assessing possible past triggers is essential for understanding present day landscape
processes.
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Fig. 7.1. Schematic visualization of time-scale of process activity and landscape response in terms of soil
redistribution for various processes at the a). catchment spatial scale and b). hillslope scale. * = qualitatively /

exploratively assessed in this thesis; ** = quantitatively assessed in this thesis.

7.6. General conclusions and research challenges

This thesis answered several research questions related to human versus natural erosion
dynamics and the time-scale gap between individual events and long-term landscape
evolution, using models as tools. The spatial scale assessed in this study is the catchment
scale, so that landscape dynamics, interactions and feedback mechanisms are included in
the analysis, as well as (changes in) connectivity and sediment storage. This leads to
enhanced insights in landscape process functioning, revealing for example the

179



Chapter 7

importance of non-linearity in landscape response to rainfall variability. (Sustainable)
management of landscapes and ecosystems is usually assessed at the catchment or
regional scale. Therefore, processes should also be assessed at that scale. Innovative

asp

ects of this thesis research include the explicit simulation of anthropogenic processes

over long-term (millennial) time-scales and the comparison of an event-based soil

ero

sion model and a landscape evolution model with the aim to bridge the time-scale gap

in erosion modelling. General conclusions of the thesis are:

180

In a holistic approach combining fieldwork and modelling, triggers of landscape
change can be identified and their temporal and spatial effects can be evaluated.
Preferably, such an analysis of landscape processes and response is performed for a
relatively large area and temporal scale, because upstream processes can influence
those downstream and vice versa and because time-lags between triggers and
landscape response can be large (Fig.7.1).

Models can be promising tools for the evaluation of landscape dynamics. Such a model
should be able to simulate:

- Continuously over time, which is needed if the aim is to understand processes
and interaction in catchment evolution over time;

- Various processes individually or in combination so that their relative
importance in landscape evolution can be quantitatively evaluated. In this way,
human and natural processes can be evaluated separately and their individual
contribution to erosion and deposition can be quantified.

- Complex response feedbacks capable of capturing alternating sequences of
erosion and deposition processes as well as temporally changing
(dis)connectivity, local sediment storage and self-organizing and non-linear
behaviour.

A landscape evolution model such as LAPSUS meets these requirements, also for
longer time-scales, but is less detailed than the physically based OpenLISEM model.
For the latter model to meet the first requirement, a continuous OpenLISEM version
could be developed.

Simulated landscape response to climate variability and different sequencing of
events demonstrates non-linearity and self-organization. Extreme events must have
high magnitude and/or high frequency if they are to leave a net trace in the
landscape. Furthermore, the effects of high magnitude events can be eliminated over
time by topographic feedback and non-linearity. Thus, extreme events should be
evaluated on longer time-scales and within the context of (potential) rainfall variation
to be able to judge their effect on landscape dynamics.



Synthesis

Future research challenges

In this chapter, several suggestions for further research were given, mainly related to the
limitations of the OpenLISEM and LAPSUS models. For the application of OpenLISEM to
large catchments, methods to increase insight in spatial response of (sub)catchments are
needed, such as a nested measurement approach or possibly applying Hydrological
Similar Surfaces (HYSS). Furthermore, the possibility to simulate sequences of events
could be added to the OpenLISEM model. For LAPSUS, the incorporation of a dynamic
infiltration module, possibly related to vegetation changes is advocated, as well as the
introduction of other processes such as lateral erosion and grain size distribution. In
terms of model comparison, it was mentioned that it would be interesting to include the
‘event-based LEM’ CAESAR to the comparison of chapter 6. Other interesting research
challenges include:

e To investigate the effects in terms of erosion and sedimentation dynamics of base
level changes. These can for instance be caused by (palaco- and historic) lake
formation and disruption. Evidence of the existence of a palaeo-lake was found, but
the trigger of the blocking event is unknown, as well as the nature, exact location and
timing of the dam and its eventual failure. The effect of sediment transportation after
dam failure by the Guadalentin river probably influenced erosion and sedimentation
dynamics of the Torrealvilla catchment due to base level changes. The Puentes
reservoir, which has been disrupted twice (in 1648 and 1802), may have caused similar
changes.

e To include tectonic activity in the landscape reconstruction and modelling. This has
not been included up to now, although the region in general is known to be
tectonically active (Lorca earthquake, May 2009). For the Torrealvilla catchment in
particular, tectonic activity could for instance have played a role in creating
accommodation space for sedimentation in the lower part of the catchment.
Quantifying how tectonics influenced sedimentation and erosion dynamics could be
interesting.

e To combine vegetation patterning and erosion and sedimentation dynamics on the
catchment scale. Self-organized vegetation patterns (e.g. tigerbush) are important in
(dryland) ecology and related to sudden shifts in ecosystem functioning (e.g. Rietkerk
et al., 2004, Kefi et al., 2007). Understanding the triggers that lead to such shifts is
crucial to the sustainable management of ecosystems. Until now, models that describe
vegetation patterns do not include the spatial interactions and feedbacks between
vegetation dynamics (biotic) and soil redistribution (abiotic) processes in the
landscape. These effects could be evaluated by incorporating a dynamic vegetation
module in a LEM such as LAPSUS.
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To evaluate the effect of system characteristics (i.e. transport- or detachment limited,
initial topographic conditions) on the results of event sequencing. The SE Spanish
landscape of this thesis consists mainly of soft sediments in the valley and channel,
constituting a transport-limited system. If a landscape is largely detachment limited,
the effect of (extreme) event sequencing might be different. Perhaps most systems are
not strictly detachment- or transport-limited, but may for example have soft
sediments covering hard rock channels. Thresholds between system response may
exist if going from transport- to detachment limited systems. In addition, initial
topography (e.g. steep or shallow and long or short slopes; channel characteristics
etc.) may influence erosion and sedimentation dynamics (path dependency; Stallins,
2006, Wainwright and Millington, 2010). These issues could be evaluated using a LEM
and, for instance, different hypothetical DEMs.

While this thesis focussed on the temporal scale of erosion dynamics, the spatial
dynamics of events in landscape evolution is a continuing interesting topic. In section
7.3.2 the concept of connectivity was discussed. While some authors state that most
sediments originate from the channels during (extreme) erosion events (e.g. Hooke
and Mant, 2000), this might conceal the contribution of smaller events that were not
connected to the channel network and that deposited sediment in or near the
channel. As such, the channel might seem to produce the major part of the sediments
eroded during a large event, however, the role of smaller events in providing
sediments ready to be washed away might be underestimated. In general, the
landscape can be seen as a conveyor belt for sediment transportation, which can be
short (low magnitude events) or long (high-magnitude events). Thus, the role of a
channel might only be that of a conveyor belt instead of producing sediments. Does
each of these opposing roles of a channel leave a different topographic imprint, or, in
other words, can the topography of a landscape reveal the functioning of the channel
(for instance, a deeply incised channel with steep sidewalls in rolling hillslopes or a
wide channel surrounded by steep slopes)?

To test the further development of long-term (centennial - millennial) continuous
models of landscape evolution in terms of process representation. Two general
approaches can be distinguished: including more processes into a landscape evolution
model such as LAPSUS or excluding processes from a physically based, detailed model
such as (a continuous) OpenLISEM. Both approaches would gain insight in process
relevance, dependent on (spatial) scales and they do not necessarily lead to the same
result. Comparing both approaches would therefore give further insight in model
functioning.
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Summary

In erosion research spatial and temporal scales as well as research methods differ. In
many studies erosion is assessed on plot-slope-small catchment scale and on short,
contemporary (‘human’) time-scales. Event based changes are addressed and field
experiments are conducted. On the other hand, in geosciences, research is conducted on
the landscape regional scale and on time-scales of landscape evolution. Decadal changes
are addressed and landscape evolution models (LEMs) are used as tools. This thesis aimed
to bridge the gap between these two contrasting approaches with focus on the time-scale
gap between rainfall events and landscape evolution and the relative contribution of
human activity to natural erosion.

The first chapter introduces three themes central to this thesis: natural versus human-
induced erosion, the time-scale gap in landscape dynamics and approaches to modelling
landscape dynamics. In chapter 2 the geomorphological functioning of the study area
(Upper Guadalentin Basin, SE Spain) was investigated with the aim to get insight into Late
Pleistocene and Holocene landscape development. A schematic model of erosion and
sedimentation dynamics was developed for three parts of the Upper Guadalentin river.
From this analysis, it was deduced that the studied rivers are not in equilibrium,
evidenced by their out-of-phase sedimentation pattern. This was hypothesized to be due
to the influence of a palaeo-lake. A tentative correlation of the younger deposits to
human impact after the Roman and Moorish occupation was made, but local processes
and internal river dynamics were concluded to have played a more important role in
landscape dynamics than external drivers.

In chapter 3 the landscape evolution model LAPSUS (LandscApe ProcesS modelling at
mUlti dimensions and Scales) was adapted to better simulate fluvial processes without
changing the existing model equations and structure. Depending on simulated climatic
conditions, the model should be able to reproduce alternating aggradation and incision
behaviour in a river floodplain area. In this model development phase an artificial DEM
and experimental set-up were used to test the model’s functionality. Results showed that
the adapted model reproduced alternating aggradation - due to divergent flow in the
floodplain and sediment supply under cold conditions - and incision due to reduced
sediment supply and resulting clean water erosion during simulated warm conditions.
These results can be explained by interactions between hillslopes and floodplains, as the
former provide the sediments that are deposited in the latter. Sensitivity and resolution
analysis showed that the model is sensitive to changes in the discharge and gradient
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exponents and convergence factor for water routing and that model behaviour is
influenced by DEM resolution.

Subsequently, in chapter 4, the adapted model was calibrated for the study area. The
insights from the conceptual model and the dated sediments of chapter 2 were used to
quantitatively simulate a sequence of erosion - sedimentation - erosion processes. In
addition, the potential contribution of tillage erosion (i.e. human impact) was analysed
over a millennial time-scale and large catchment scale, which has not before been
attempted. Generally, model results showed that tillage erosion added to deposition in
the lower floodplain area, but neither water erosion alone nor water plus tillage erosion
together could exactly reproduce the observed amounts of erosion and sedimentation for
the case study area. This implies that other processes, not included in the model, and / or
input and model assumptions and uncertainties, play a role. In addition, scale effects
were apparent: on hillslopes, tillage importantly contributes to erosion and fills local
depressions. On the catchment scale, sediments from tillage erosion eventually reach the
floodplain area, where they contribute to aggradation, but to a lesser extent than on
hillslopes, also depending on the connectivity within the catchment.

In chapter 5, the event-based soil erosion model OpenLISEM was calibrated for four
typical Mediterranean storms of different magnitudes of rainfall intensity and duration.
In addition, the relative contribution of these different magnitude storms to total erosion
was explored. The main conclusion was that to simulate the erosion dynamics of these
different magnitude storms, each storm needed a different set of calibration parameters.
An event-index (EVI) was developed which combines the most important characteristics
of (Mediterranean) rainfall events: total precipitation, maximum rainfall intensity and
event duration. Hitherto, the OpenLISEM model had been applied to small catchments up
to a few square kilometres. In chapter 5, the model was calibrated for the ~50 km? Prado
catchment. Some drawbacks for the calibration of the model to such a large catchment
were found, mainly due to spatial variability in values of saturated hydraulic
conductivity. This confirmed the need for (enhanced) spatially distributed calibration
and validation of model results. Scenario calculations show that, although ~50% of soil
erosion occurs as a result of high frequency, low intensity rainfall events, large
magnitude, low frequency events potentially contribute significantly to total soil erosion.

Chapter 6 brings together the two models and for the first time compares a landscape
evolution model (LAPSUS) and an event-based soil erosion model (OpenLISEM). To try
and bridge the time-scale gap between these two models, the time-scales for which each
model was originally developed were deliberately extended (OpenLISEM) or shortened
(LAPSUS). Calibration of OpenLISEM using average erosion rates derived from long-term
simulations with LAPSUS (chapter 4) and, vice versa, calibration of LAPSUS on event-scale
(from chapter 5) did not give satisfactory results, suggesting that the gap between the
different time-scales of both models is too large to be bridged directly. Calibration of

200



Summary

LAPSUS on annual basis using the summed OpenLISEM erosion and deposition values for
each year resulted in a good reproduction of these values by LAPSUS. Thus, when keeping
to the time-scale that the model was originally intended for, but calibrating the model
using simulation results from the event-based model, short-term variability could
successfully be introduced in longer-term modelling of landscape development. In
addition, the erosive effects of different sequencing of rainfall variation, climate and land
use change were explored on a centennial time-scale. Results showed non-linear
behaviour between rainfall input and simulated net erosion. Simulated net erosion for
increased rainfall erosivity (with equal total rainfall) was compared to the erosive effect
of varying rainfall sequencing, showing that mean annual net erosion of up to 15%
increased erosivity is not significantly different from annual mean net erosion of the
original simulations. Semi-arid areas may be relatively less sensitive to changes in
erosivity, because of high natural rainfall variability. Similarly, single events must be very
high and/or frequent if they are to leave a signal in the landscape that is beyond the
scope of natural rainfall variability. Scenarios of human impact, although they should be
seen as model explorations, show that land use changes can have a large effect on erosion
dynamics, larger than climate variability and change, especially for reforestation.
Comparing the two models, landscape evolution models such as LAPSUS have the
advantage over event-based models that they are capable of simulating landscape
dynamics on a continuous basis over long time-scales, which allows evaluation of
topographic feedback mechanisms, temporally changing (dis)connectivity and local
sediment storage and non-linear, self-organizing behaviour. Chapter 6 showed that these
feedback mechanisms are important in landscape erosion and deposition dynamics and
catchment evolution.

Finally, chapter 7 combines results of chapters 2-6 and discusses them in light of the
three main themes of this thesis that were introduced in the first chapter. Implications of
the research are discussed: for mitigation measures as well as methodological and
scientific implications. The time-scale gap between triggers and landscape response in
terms of soil redistribution is explored for the hillslope and catchment spatial scales. For
the first, detailed models are suited to simulate various processes. For the latter, reduced
complexity models may be more applicable due to the need to be capable to simulate
spatial interactions and feedbacks that emerge at the catchment scale. General
conclusions include (i) the need for a holistic (fieldwork and modelling) approach to be
able to identify triggers of landscape change and their temporal and spatial effects; (ii)
landscape evolution models (LEMs) are promising tools to evaluate landscape dynamics
because of continuous (temporal) simulation of various processes, including complex
response feedbacks and non-linear behaviour; and (iii) the effects of extreme events on
landscape dynamics should be evaluated on longer time-scales and within the context of
(potential) rainfall variability. Finally suggestions for further research are given.
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Samenvatting

In erosie-onderzoek worden verschillende ruimtelijke schalen, tijdschalen en
onderzoeksmethoden gebruikt. Veel studies kijken naar erosie op veld-, helling- of klein
stroomgebiedsschaal en op korte, hedendaagse (‘menselijke’) tijdschalen. Erosie en
depositie na een regenbui worden geanalyseerd m.b.v. veldexperimenten. Aan de andere
kant wordt geowetenschappelijk onderzoek gedaan op de regionale en landschapsschaal
en op tijdschalen van landschapsevolutie. Erosie en depositie worden geanalyseerd over
decennia m.b.v. landschapsevolutie modellen (LEMs). Het doel van dit proefschrift is het
overbruggen van deze twee verschillende methodes. De focus ligt daarbij op het verschil
in tijdschaal tussen regenbuien en landschapsevolutie en op de relatieve bijdrage van
menselijke activiteiten aan natuurlijke erosie.

In het eerste hoofdstuk worden de drie centrale thema’s van dit proefschrift
geintroduceerd: (1) natuurlijke tegenover door mensen veroorzaakte erosie, (2) het
verschil in tijdschaal, en (3) verschillende modelleermethoden in landschapsdynamiek. In
hoofdstuk 2 wordt de geomorfologie van het onderzoeksgebied (Guadalentin Basin,
zuidoost Spanje) onderzocht met als doel inzicht te krijgen in landschapsprocessen
tijdens het Laat Pleistoceen en Holoceen. Een conceptueel model van erosie en
sedimentatie dynamiek wordt ontwikkeld. Hieruit blijkt dat het sedimentatiepatroon van
de drie rivieren uit fase is; ze zijn niet in evenwicht. De oorzaak hiervan is de invloed van
een, inmiddels verdwenen, paleomeer. De jongere sedimenten kunnen worden
gecorreleerd aan menselijke invloed; nl. erosie na het verdwijnen van de Romeinse en
Moorse bezetting. Echter, de belangrijkste conclusie is dat lokale processen en interne
rivierdynamiek een belangrijkere rol hebben gespeeld in de landschapsdynamiek in het
onderzoeksgebied dan externe factoren zoals klimaatverandering.

Landschapsevolutiemodel LAPSUS (LandscApe ProcesS modelling at mUIti dimensions
and Scales) wordt in hoofdstuk 3 zodanig aangepast dat fluviatiele processen beter
gesimuleerd kunnen worden, maar zonder dat daarbij de bestaande modelvergelijkingen
en -structuur veranderen. Het model moet, athankelijk van het klimaat, afwisselend
aggradatie en incisie simuleren in een riviervlakte. Resultaten laten zien dat het
aangepaste model afwisselend aggradatie - door divergerende waterstroming en toevoer
van sediment tijdens koude omstandigheden - en incisie simuleert, de laatste door
verminderde toevoer van sediment tijdens warme omstandigheden en daarmee
samenhangende erosie.

203



Samenvatting

Dit laat een interactie zien tussen hellingen en rivieren; de eerste produceren het
sediment dat wordt afgezet in de riviervlakte door de rivier. Voor dit aangepaste model
zijn in hoofdstuk 3 bovendien een gevoeligheids- en resolutieanalyse gedaan.

Vervolgens wordt dit aangepaste model in hoofdstuk 4 gecalibreerd voor het
onderzoeksgebied. De inzichten uit het conceptuele model en de gedateerde sedimenten
uit hoofdstuk 2 worden gebruikt om een reeks van erosie - sedimentatie - erosie te
simuleren. Bovendien wordt de potentiele bijdrage van ploegerosie (menselijke invloed)
geanalyseerd op een tijdschaal van duizenden jaren en op grote stroomgebiedsschaal, iets
wat niet eerder is gedaan. Over het algemeen heeft ploegerosie bijgedragen aan
sedimentatie in de riviervlakte, maar de simulaties konden niet exact de geobserveerde
hoeveelheden erosie en sedimentatie reproduceren. Dit geeft aan dat andere processen
die niet in het huidige model zitten, en/of input en model aannames en onzekerheden
een rol spelen. Bovendien waren schaaleffecten duidelijk: op de hellingen draagt ploegen
sterk bij aan erosie en sedimentatie en worden lokale depressies gevuld. Op de
stroomgebiedsschaal bereiken de sedimenten, geérodeerd door ploegen, uiteindelijk de
riviervlakte waar ze bijdragen aan depositie. Echter, dit is een indirect effect en is
afhankelijk van factoren zoals connectiviteit binnen het stroomgebied.

In hoofdstuk 5 wordt het regenbui-gebaseerde erosiemodel OpenLISEM gecalibreerd voor
vier typische mediterrane buien van verschillende lengte en regenval intensiteit. Ook
wordt de relatieve bijdrage van deze verschillende buien aan totale erosie berekend. De
belangrijkste conclusie is dat een andere parameter set nodig is om de erosie als gevolg
van de verschillende buien goed te kunnen simuleren. Een ‘event-index (EVI)’ die de
belangrijkste eigenschappen van typische mediterrane regenbuien combineert (nl. totale
hoeveelheid neerslag, maximale intensiteit en lengte van de bui), is ontwikkeld. Tot nog
toe werd het OpenLISEM model toegepast op kleine stroomgebieden van enkele vierkante
kilometers. In hoofdstuk 5 wordt het model toegepast op het ~50 km? stroomgebied van
de Prado. Nadelen hiervan zijn voornamelijk gerelateerd aan ruimtelijke variatie in
waterdoorlatendheid. Dit bevestigt de noodzaak voor (verbeterde) ruimtelijke calibratie
en validatie van de modelresultaten. Scenarios laten zien dat, hoewel ~50% van de totale
erosie het gevolg is van vaak voorkomende buien met lage intensiteit, heftige regenbuien
die niet vaak voorkomen in hoge mate bijdragen aan totale erosie.

Hoofdstuk 6 brengt de twee modellen samen en vergelijkt voor het eerst een
landschapsevolutiemodel (LAPSUS) en een regenbui-gebaseerd erosiemodel (OpenLISEM).
Om te proberen het verschil in tijdschaal tussen de twee modellen te overbruggen is de
tijdschaal waarvoor elk model oorspronkelijk was ontwikkeld met opzet verlengd
(OpenLISEM) of verkort (LAPSUS). Calibratie van OpenLISEM met gemiddelde
erosiesnelheden, verkregen van de lange termijn simulatie met LAPSUS (hoofdstuk 4) en,
vice versa, calibratie van LAPSUS op tijdschaal van één bui (uit hoofdstuk 5), leidden niet
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tot bevredigende resultaten. Dit suggereert dat het verschil in tijdschaal tussen beide
modellen te groot is om direct te kunnen overbruggen. Calibratie van LAPSUS op
jaarlijkse tijdschaal met de gesommeerde erosie en depositie waarden van OpenLISEM
voor elk jaar geeft goede resultaten. Ook zijn de effecten van verschillende volgorde van
regenbuien, van klimaatverandering en landgebruiksverandering verkent op een
tijdschaal van honderden jaren. Resultaten laten een niet-lineaire relatie zien tussen
regenval input en gesimuleerde netto erosie. Gesimuleerde gemiddelde jaarlijkse netto
erosie als gevolg van tot 15% hogere regenval erosiviteit (maar gelijke totale regenval) is
niet significant verschillend van gesimuleerde gemiddelde jaarlijkse netto erosie als
gevolg van verschillende volgorde van regenbuien. Semiaride gebieden zijn mogelijk
minder gevoelig voor veranderingen in erosiviteit omdat ze gekarakteriseerd worden
door een van nature hoge variatie in regenval (intensiteit). Evenzo moeten individuele
regenbuien erg heftig zijn en/of vaak voorkomen om een herkenbaar spoor achter te
laten in het landschap dat groter is dan dat door natuurlijke variatie in regenval.
Scenarios van menselijke invloed, hoewel enkel bedoeld als model verkenningen, laten
zien dat landgebruiksverandering, met name herbebossing, grote invloed kan hebben op
erosiedynamiek, groter dan dat van klimaatverandering. Landschapsevolutiemodellen
zoals LAPSUS hebben het voordeel ten opzicht van bui-gebaseerde erosiemodellen dat ze
landschapsdynamiek kunnen simuleren op continue basis over lange tijdschalen. Dit
maakt het mogelijk om topografische terugkoppelingsmechanismen te evalueren, alsook
door de tijd veranderende (dis)connectiviteit, lokale accumulatie van sediment en niet-
lineair, zelf-organiserend gedrag. Hoofdstuk 6 laat zien dat zulke terugkoppelings-
mechanismen belangrijk zijn in landschapsevolutie processen.

Hoofdstuk 7 combineert de resultaten van hoofdstukken 2-6 in het licht van de drie
hoofdthema’s van dit proefschrift. Implicaties van het onderzoek worden besproken: voor
erosiemaatregelen als ook methodologische en wetenschappelijke implicaties. Het
verschil in tijdschaal tussen trigger en landschapsreactie in termen van herverdeling van
sediment wordt verkent voor de helling- en de stroomgebiedsschaal. Voor de
hellingschaal zijn gedetailleerde modellen geschikt om verschillende processen te
simuleren. Voor de stroomgebiedsschaal zijn ‘reduced complexity’ modellen meer
geschikt door de noodzaak om ruimtelijke interacties en terugkoppeling te kunnen
simuleren die optreden op deze schaal. Algemene conclusies zijn (i) de noodzaak van een
holistische aanpak (veld- en modelleerwerk) om triggers van landschapsverandering en
hun ruimtelijke en temporele effecten te kunnen identificeren; (ii) landschapsevolutie-
modellen (LEMs) zijn veelbelovende modellen om landschapsdynamiek mee te evalueren
doordat ze op continue basis verschillende processen kunnen simuleren, inclusief
complex response terugkoppelingsmechanismen en niet-lineair gedrag; en (iii) de
effecten van extreme regenbuien op landschapsdynamiek moeten worden geévalueerd
op langere tijdschalen en in de context van (mogelijke) variabiliteit in regenval. Als
laatste worden suggesties gedaan voor verder onderzoek.
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Resumen

En investigacién sobre la erosién de suelo los métodos utilizados se adaptan a las
diferentes escalas espaciales y temporales de estudio. En muchos trabajos se evalda la
erosién a escala espacial de campo, de parcela, de ladera o de cuenca pequefia y a escalas
temporales cortas y contemporaneas (‘humana’). Se evalda erosién y sedimentacidn tras
los eventos lluviosos y con experimentos de campo. Por otro lado, en las Geo-ciencias, los
trabajos de investigacién se desarrollan a escala regional y de paisaje y a escalas
temporales que abarcan la evolucién del mismo. Se evaldan cambios decenales y se
utilizan modelos de evolucién del paisaje (LEMs). El objetivo de esta tesis es conectar estas
dos diferentes aproximaciones metodoldgicas y lineas de investigacién contrastadas,
poniendo el enfésis en la escala temporal entre un evento y la evolucién del paisaje,
analizando la contribucidn relativa de la actividad humana a la erosién natural.

El primer capitulo introduce tres temas centrales de esta tesis: la erosién natural versus la
erosién inducida por el hombre, la diferencia de escala temporal en la dindmica de
erosién y los métodos de modelizacién de la erosién. En el capitulo 2 el funcionamiento
geomorfoldgico del drea de investigacién (Cuenca Alta del Guadalentin, SE de Espafia) se
ha explorado con el objetivo de entender la evolucién del paisaje del Pleistoceno tardio y
Holoceno. Se desarrolld6 un modelo conceptual sobre la dindmica de erosién y
sedimentacién sobre tres partes de la cuenca del Alto Guadalentin. A través de este
andlisis, se dedujo que los rios estudiados no se encuentran en equilibrio, puesto ello en
evidencia por su patrén de sedimentacién fuera de fase. Se hipotetiza que ello puede ser
debido a la influencia de un paleo-lago. Se realizé una correlacién tentativa entre los
depdsitos mds jévenes y el impacto humano tras la ocupacién romana y drabe, pero se
llegé a la conclusién que los procesos locales y la dindmica interna de los rios parecen
haber tenido un papel més importante que los factores externos.

En el capitulo 3 el modelo de evolucién del paisaje LAPSUS (LandscApe ProcesS modelling
at mUlti dimensions and Scales) fue adaptado para simular mejor los procesos fluviales.
En esta fase de desarrollo del modelo, y con un propésito experimental, se utilizé un DEM
artificial para probar la funcionalidad del modelo. Los resultados mostraron que el
modelo adaptado pudo simular fases de agradacién - debido a un flujo divergente en la
llanura de inundacién y el suministro de sedimentos durante condiciones climaticas frias
- e incisién, por un suministro reducido de sedimento y la erosién resultante durante
condiciones climdticas calidas. Estos resultados se deben a las interacciones entre las
laderas y llanuras de inundacidn, las primeras suministran los sedimentos que se
depositan en las segundas.
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Después, en el capitulo 4, el modelo fue calibrado para el 4rea de investigacién. El modelo
conceptual y los sedimentos datados del capitulo 2 se han utilizado para simular
cuantitativamente una secuencia de erosién - sedimentacién - erosién. Ademds por
primera vez la contribucién potencial de la erosién por laboreo (el impacto humano), se
analizé durante milenios y a escala espacial de cuenca. En general, los resultados del
modelo muestran que la erosién por laboreo contribuye a la deposicién en la llanura de
inundacidn, pero ni la erosién hidrica por si sola o conjuntamente con la erosién por
laboreo podrian llegar a los valores observados de erosién y sedimentacién en el drea de
estudio. Todo ello implica que otros procesos, no incluidos en el modelo, y/o entradas de
datos, asunciones e incertidumbres juegan un papel fundamental en la simulacién de los
procesos geomorficos. Ademds, los efectos de escala fueron evidentes: en laderas, la
labranza contribuye de manera importante a la erosién. En cuencas, los sedimentos de la
erosién de labranza llegan al final a la zona inundable, donde contribuyen a la agradacidn,
pero dependiendo de la (des)conectividad dentro de la cuenca.

En el capitulo 5, el modelo de la erosidn del suelo OpenLISEM que simula erosién causada
por eventos lluviosos fue calibrado para cuatro eventos tipicos del Mediterrdneo de
diferente duracién, magnitud e intensidad de lluvia. Ademds, se estudié la contribucién
relativa de estos eventos de diferente magnitud a la erosién total. La principal conclusién
fue que, para simular la dindmica de erosién de estos eventos de diferente magnitud, cada
evento necesita un conjunto diferente de pardmetros de calibracién. Se desarrollé un
indice de evento (Event Index, EVI) que combina las caracteristicas mds importantes de
los eventos mediterrdneos: precipitacién total, intensidad méxima de la precipitacién y
duracién del evento. Hasta ahora, el modelo OpenLISEM se habia aplicado a pequefias
cuencas de unos pocos kilémetros cuadrados. En el capitulo 5, el modelo fue calibrado
para la cuenca del Prado (~50 km2). La calibracién del modelo para una cuenca de este
tamafio mds grande fue complicada debido principalmente a la variabilidad espacial de la
conductividad hidraulica. Se precisado una mejor calibracién y validacién espacial de los
resultados del modelo. Las estimaciones realizadas para diferentes escenarios muestran
que, aunque ~50% de la erosién del suelo es causada por eventos de alta frecuencia y baja
intensidad, los eventos de gran magnitud y baja frecuencia pueden contribuir
significativamente a la erosién total del suelo.

El capitulo 6 retine los dos modelos de este estudio y por primera vez se combina un
modelo de evolucién del paisaje (LAPSUS) y un modelo de erosién de suelo basado en
eventos (OpenLISEM). Para intentar cerrar la laguna entre las dos escalas temporales a las
que trabaja cada uno de ellos, ambas fueron deliberadamente manipuladas, prolongada
(OpenLISEM), o reducida (LAPSUS). La calibracién de OpenLISEM utilizando el valor
medio de erosién derivado de simulaciones a largo plazo con LAPSUS (capitulo 4) y,
viceversa, la calibracién de LAPSUS a escala de evento (derivado del capitulo 5) no
produjeron resultados satisfactorios, lo que sugiere que la laguna entre las diferentes
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escalas temporales de los dos modelos es demasiado grande para ser ligada directamente.
La calibracién de LAPSUS para una escala anual utilizando las valores de erosién
simulados por OpenLISEM sumados anualmente, resulté en una buena reproduccién de
estos valores por LAPSUS. Ademds, los efectos erosivos de las diferentes secuencias de la
variacién de la lluvia, cambio climdtico y el uso del suelo se analizaron en una escala
temporal centenaria. Los resultados mostraron un comportamiento no-lineal entre la
precipitacién y la erosién neta simulada. La erosién media anual neta aumentando la
erosividad de la lluvia (manteniendo el total de precipitacién) hasta un 15% no es
significativamente diferente del efecto erosivo producido al variar la secuencia de las
precipitaciones. Las zonas semidridas pueden ser relativamente menos sensibles a los
cambios en la erosividad de la lluvia, debido a la alta variabilidad de las precipitaciones
naturales. Del mismo modo, los eventos individuales deben ser de muy elevada intensidad
y/o frecuecia para dejar una sefial en el paisaje diferente al de la variabilidad de la
precipitacién natural. Los escenarios de impacto humano explorados con el modelo
muestran que los cambios de uso del suelo pueden tener un gran efecto sobre la dindmica
de la erosidn, especialmente las reforestaciones, mayor que el efecto de la variabilidad
climética y el Cambio Climético. Al comparar los dos modelos, los modelos de evolucién
del paisaje, como LAPSUS, tienen la ventaja sobre los modelos basados en eventos que son
capaces de simular la dindmica del paisaje de forma continua en periodos largos, lo que
permite la evaluacién de los mecanismos de retroaccién topografica, cambios temporales
de (des)conectividad, acumulacién de sedimentos localmente y un comportamiento no-
lineal de auto-organizacién.

Finalmente, el capitulo 7 combina los resultados de los capitulos 2-6 y se analizan los
mismos bajo el enfoque de tres temas principales de esta tesis. Se discuten las
implicaciones de esta investigacién tanto a nivel de medidas de mitigacién como las
implicaciones metodoldgicas y cientificas. Las diferencias de escala temporal entre los
motores de cambio del paisaje y su respuesta en términos de redistribucién del suelo se
explora para laderas y cuencas. La escala de ladera es adecuada para simular procesos
diversos con modelos de detalle. Para la escala de cuenca los modelos de complejidad
reducida pueden ser mds aplicables por su versatilidad para simular interacciones y
retroacciones espaciales que surgen a esta escala. Las conclusiones generales incluyen: (i)
la necesidad de un método holistico (trabajo de campo y modelizacién) para poder
identificar los motores de cambio del paisaje y sus efectos temporales y espaciales; (ii) los
modelos de evolucién del paisaje (LEMs) son modelos prometedores para evaluar la
dindmica del mismo, por su capacidad de simular varios procesos continuamente,
incluyendo los efectos indirectos de respuestas complejas y el comportamiento no-lineal,
y (iii) los efectos de eventos extremos en la dindmica del paisaje deben ser evaluados a
escalas temporales més largas y en el contexto de variabilidad (potencial) de las
precipitaciones. Finalmente se dan algunas sugerencias para investigaciones futuras.
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