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Abstract

Abstract
Surface hydrological connectivity describes whether two points on the soil surface are connected
by water flow. It affects the transport of water, sediment, nutrients and organic matter and
thereby drives the process of soil erosion. It is, therefore, important to improve our understanding

of how surface hydrological connectivity is established. However, it is difficult to observe connec-

tivity during rainfall events and therefore our understanding of surface connectivity is still lim-

ited. In this thesis, a new method to study surface hydrological connectivity and sediment

transport on hillslopes was tested. Surface runoff was measured during three artificial rainfall

experiments on six plots on three different moraines in the Swiss Alps. Sediment transport path-

ways were determined using a fluorescent sand tracer and analyzing pre- and post-event photo-

graphs. The surface soil characteristics were determined for the six plots as well. The results
strongly suggest that rainfall intensity, vegetation cover and plant species richness are the main

factors that determine the transport of sediment. Higher rainfall intensities enhanced sediment

movement by locally occurring surface runoff and rain splash, while higher vegetation cover and

a higher number of plant species reduced transport distances. Slope angle and surface roughness

affect transport distances as well. Surface hydrological connectivity could be visualized using the

sand tracer on areas where surface runoff was widespread – such as sparsely vegetated hillslopes
on a young glacial moraine. On those areas surface hydrological connectivity was likely to be very
similar to the sediment connectivity. On older and densely vegetated hillslopes on glacial mo-

raines, erosion by rain splash dominated sediment transport and little surface runoff was ob-

served.
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Introduction

1 Introduction
Soils are the foundation for all life on earth. They are the growing substrate for plants, habitat for

microorganisms and provide various ecosystem services, such as biomass production, nutrient
stocks and water storage (Dominati et al., 2010; Food and Agriculture Organization of the United
Nations (FAO), 2015). Soils are the start of the food chain on land systems and, hence, they are

important for the global food production (Capra, 2013; Raclot et al., 2018). However, global

change, especially climate and land use change, may lead to loss and degradation of soils, which

in turn creates challenges for the global food production (FAO, 2015). The warming climate

changes the variability and intensity of rainfall events (Nearing et al., 2004; Anache et al., 2018;
Raclot et al., 2018). More intense rainfall results in larger raindrops and a higher kinetic energy

(Evans, 1980), which impacts runoff processes and soil erosion (Nearing et al., 2004; Anache et

al., 2018). If the intensity is higher than the infiltration capacity, it will also lead to surface runoff
(infiltration excess overland flow; Horton, 1933), which can further increase soil erosion. Soil ero-

sion displaces or completely removes fine materials, organic matter and nutrients, leads to the

loss of fertile soil, disturbance of ecosystems, and increases the potential for landslides (Lee and

Heo, 2011). It might also cause more suspended sediment in water bodies, leading to decreasing

water quality (Bilotta and Brazier, 2008). Moreover, it may result in a decrease of biodiversity in

both flora and fauna (El Kateb et al., 2013). Although many studies have quantified erosion, there

are still research gaps within the area of soil erosion, especially in the understanding of processes

and interactions (Poesen, 2018). It is essential to understand the underlying processes that drive
or influence erosion in order to successfully protect natural and anthropogenically influenced areas.

1.1 Soil erosion
Soil erosion describes the detachment and transport (i.e. the removal) of sand, silt, clay, organic

particles from any surface. During rainfall events, particles on the soil surface are mainly detached
and transported via two hydrological processes: (a) rain splash and (b) flowing water on the sur-

face.

(a) The erosive energy (also referred to as kinetic energy) of a raindrop depends on its

size (and hence mass) and impact velocity. During the impact, the energy or momen-

tum is transferred to the ground and, if large enough, loose soil material close to the

surface is ejected. This process is commonly referred to as ‘splash erosion’ (Evans,

1980; Bryan, 2000; Long et al., 2014; Bracken et al., 2015).
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(b) Surface flow or overland flow describes the water flowing on the soil surface. Compa-

rable to streams, water easily transports loose particles. Water can flow over the surface as sheet wash, inter-rill flow, rill flow and gully flow (Evans, 1980; Bryan, 2000;

Bracken et al., 2015).

The available kinetic energy to detach and transport particles depends on the amount of surface

runoff, which depends on the infiltration rate and rainfall intensity. The saturated hydraulic con-

ductivity describes the maximum infiltration rate at saturated conditions and thus determines the
potential for infiltration excess runoff (Zimmermann et al., 2013) and thereby erosion. Slope angle

is generally considered one of the main factors that determines soil erosion on hillslopes. On
slopes overland flow and rain splash can transport particles. The potential for higher runoff, and

thus also higher erosion rates, increases with slope angle (Evans, 1980; Cerdà and García-Fayos,

1997; El Kateb et al., 2013). The term microtopography refers to the topography of the soil surface

at the micro scale (centimeters) and determines the surface roughness, which is a measure of
roughness of the considered surface. Surface roughness influences the velocity and routing of sur-

face flow and is, thus, also related to soil erosion (Evans, 1980; Bertuzzi et al., 1990; Battany and

Grismer, 2000; Liu and Singh, 2004). Furthermore, water and particles may get trapped in depres-

sions, decreasing the surface runoff and erosion.

The portion of vegetation cover but also the degree of species richness (henceforth called plant

species richness) may affect soil erosion rates (see e.g. Zhou et al., 2008; Rodrigo Comino et al.,

2016). Higher vegetation cover and also a higher plant species richness tend to lower soil erosion
rates (Evans, 1980; Berendse et al., 2015). Vegetation, as well as residues, on hillslopes act as a
buffer and lower the total kinetic energy of raindrops on the soil at the moment of impact so that

fewer particles can be eroded and transported. In contrast, on bare soils, raindrops contribute to
the surface compaction and easily erode soil particles (Evans, 1980; Fullen, 1991; Battany and

Grismer, 2000; El Kateb et al., 2013). Vegetation can also lead to higher infiltration rates, mainly

because of stronger soil aggregates (Evans, 1980) and routing of the water along preferential flow

paths (see e.g. Beven, 2018). Plant species richness, furthermore, influences soil stability. Soils
with diverse vegetation have more stable soil aggregates and a higher rooting density. Better soil

stability, results in lower erosion rates (Pohl et al., 2009). However, the effect of vegetation on

runoff generation, and thus also sediment transport, is still controversial at plot scale (Liu et al.,

2019).

Overall, there are many processes and characteristics influencing soil erosion and sediment

transport either positively or negatively. A summary of the described processes and their feedbacks is shown in Figure 1.1.
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Figure 1.1 Sketch summarizing the effects of the rainfall intensity, the surface runoff and the site characteristics (vegetation cover, plant species richness, slope, surface roughness, saturated hydraulic conductivity) on erosion and/or sediment
transport. Green arrows represent positive and red arrows negative feedbacks.

1.2 Surface connectivity
Erosion - or more precisely sediment transport - is linked to the flow paths on the surface. A re-

cently introduced term related to the physical variability of water flow on hillslopes is ‘connectivity’. Connectivity refers to how different catchment elements are connected to each other (Ali and

Roy, 2010). However, in the literature, the term is used in ambiguous ways (Bracken and Croke,

2007; Michaelides and Chappell, 2009; Blume and van Meerveld, 2015). According to Bracken and
Croke (2007) ‘surface connectivity’ includes the connectivity of landscape, hydrology and sedi-

ment. ‘Landscape connectivity’ refers to the coupling of different landforms. ‘Hydrologic connectiv-

ity’ refers to the coupling or linkage of different catchment regions by water flow (Blume and van

Meerveld, 2015), which influences erosion rates and the pathways for sediment transport. It is,
thus, directly related to ‘sediment connectivity’, which is the detachment and connected physical
transport of sediments, nutrients, pollutants etc. through the watershed (Bracken and Croke,

2007; Bracken et al., 2015). Surface hydrological connectivity is of great importance for soil ero-

sion, as it entails hydrological processes and the corresponding transport of energy, nutrients,

organic matter and other particles across the catchment during precipitation events (Stieglitz et
al., 2003).

So far, surface hydrological connectivity is still poorly understood, partly due to lack of proper

methods that quantify hydrological but also sediment connectivity (Mayor et al., 2008; Ameli and
Creed, 2017). Hydrologic connectivity is typically assessed at three different spatial scales: patch
(plot), hillslope, and catchment scale (Bracken and Croke, 2007). At meso or macro scales

(hillslope and catchment) it can be estimated by the determination of the drainage network with
satellite images using near infrared and short-wave infrared bands (Ares et al., 2016), chemical

tracers or based on Digital Terrain Models (DTMs; Golden et al., 2017). The latter can be built
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using remote sensing data (e.g. lidar data) and Geographical Information Systems (GIS). Based on
DTMs the surface water flow accumulation is calculated based on topographical flow directions

(e.g. with the D-∞ method, see Tarboton, 1997). Models, which explicitly simulate water flow on

the surface, are also used for the estimation of hydrological connectivity (Chu et al., 2013; Peñuela
et al., 2015; Golden et al., 2017). However, on micro scale (plot scale) it is difficult to obtain accurate results based on models or DTMs because of model assumptions and often low spatial resolutions.

1.3 Artificial tracer experiments and fluorescent tracers
Many studies have used artificial rainfall experiments for the assessment of erosion, sediment
transport and overland flow (Arnáez et al., 2004; Scherrer et al., 2007; Tauro et al., 2012b; Butzen

et al., 2014; van Meerveld et al., 2014; Guzmán et al., 2015; Tauro et al., 2016; Prosdocimi et al.,

2017). Artificial rainfall experiments have the great advantage of having full control over one variable (rainfall intensity), whereas its influence on other variables can be investigated. Guzmán et

al. (2015) studied sediment movement on agricultural fields by the use of magnetite, hematite and

goethite tracers. However, tracer concentrations were only measured in sediment load of the runoff samples below the plots and no flow paths on the plot surfaces were recorded. Some studies

also focused on the movement of water and sediment on experimental plot surfaces. For example,

Prosdocimi et al. (2017) studied sediment transport at plot scale by the use of pre and post event
DTMs (spatial resolution of 0.01 m). For assessing sediment connectivity they used a DTM based

index (index of connectivity), defined by Cavalli et al. (2013). This index only provides potential
connectivity between source and sinks of a catchment or plot (Cavalli et al., 2013). Hardy et al.
(2017) studied for the first time the movement of individual sediment particles (under laboratory

conditions) using a novel real time particle tracking technique but did not refer to surface connec-

tivity. However, studies concerning surface hydrological connectivity and sediment transport (as
an indicator for erosion) on hillslopes in alpine regions at plot scale are lacking.

In this study, artificial rainfall experiments were carried out and a new method for the spatial

quantification of surface hydrological connectivity and sediment transport at plot scale was
tested. Coating sediment particles with fluorescent tracers to study sediment transport was al-

ready tested and declared suitable by Yasso (1966). Such particle tracers were initially used to
trace sediment movement in coastal regions. Badr and Lotfy (1999) for example studied the drift
rate of beach sand along the surf zone in the Nile river delta. Klein et al. (2007) examined on- and

offshore sediment transport along the coast of Israel. Kato et al. (2014) investigated sand move-

ment in a river tidal flat in Japan. Particle tracers have also been used in flowing water on land,
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e.g. in streams (Tauro et al., 2012a). Tauro et al. (2012b) used a fluorescent particle tracer (buoyant polyethylene balls with diameters of 75 - 1180 µm) on an artificial hillslope to trace overland

flow. Tauro et al. (2016) used the same particles (75 – 1180 µm) and studied processes on
hillslopes that drive streamflow generation. However, the particles of both studies were not rep-

resentative of the underlying soil material because of their low density and high buoyancy. Other

studies have tested more suitable materials, such as clay (Hardy et al., 2016), sand (Hardy et al.,
2017) or a mixture of several glass particle sizes (44 - 2000 µm; Young and Holt, 1968).

Hardy et al. (2019) were the first to study sediment transport on hillslopes using tracer materials

with similar particle sizes and density as the soil material itself. They used it for the detection of
soil redistribution by tillage on arable farmland. Despite using particle tracers to study sediment
transport, none of the mentioned studies above used it to determine surface connectivity.

A fluorescent particle tracer was chosen in this study because of better particle detection on

heterogeneous surfaces. In fluorescent materials, atoms absorb the energy of photons. Thereby,

the electrons jump to higher orbitals. The new state is unstable, and the electrons switch back to

their original orbitals by emitting energy. The released wavelengths are higher, as energy was lost
during this process. The emitted light is called ‘fluorescence’ (Usai and Diaspro, 2013).

1.4 Research objectives and questions
The goal of this thesis is to examine the use of a fluorescent sand tracer to determine surface hy-

drological connectivity and sediment transport. More specifically, the study aimed to address the

following research questions:
(1)

Is fluorescent quartz sand useful for tracing water and sediment movement?

(2.1) Do rainfall intensity, surface runoff and site characteristics (vegetation cover, number of
plant species, slope angle, surface roughness, saturated hydraulic conductivity) affect sediment transport on hillslopes at plot scale?

(2.2) And if so, how do they affect sediment transport?
The study took place in the central Swiss Alps, close to Sustenpass, and was part of the larger

research project HILLSlope And Chronosequence Process Evolution (HILLSCAPE; see also chap-

ter 2). The Swiss Alps are commonly considered as the ‘water tower’ of Europe. Switzerland pro-

vides 6 % of Europe’s fresh water supply (Federal Office for the Environment FOEN, 2018) and it
5
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is crucial to understand underlying hydrological processes at its origin to maintain high water
quality standards.

Within the study six experimental plots were created. For each plot various site characteristics

that may affect sediment transport were determined, namely vegetation cover, number of plant

species, slope angle, surface roughness and saturated hydraulic connectivity. During the rainfall
application (at three different intensities) surface runoff and sediment concentrations were measured at the lower plot boundary to determine sediment load.

The sand tracer has a representative diameter (sand size) and was applied as a line source on

the experimental plots. The distribution of the sand after the irrigation was thought to reveal the

flow paths of overland flow and, hence, also the paths for sediment transport. In contrast to buoy-

ant polyethylene particles, quartz sand is deposited along the flow paths (like natural soil parti-

cles) and is, thus, still visible after the experiment. Furthermore, no real time observation is

needed (as it was for Tauro et al., 2012b, 2012a, 2016, Hardy et al., 2016, 2017) in order to deter-

mine surface hydrological connectivity. Simultaneously, the distribution of the sand also provides
information about travel distances, which was used as information about sediment transport. The

maximum distance of the sand movement is considered to be a measure for sediment transport.
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The thesis is set within the international and interdisciplinary research project HILLSCAPE, which

is a collaboration between the University of Zurich, the University of Freiburg and the German

Research Centre for Geosciences (GFZ). The project is funded by the Swiss National Science Foundation (SNSF) and the Deutsche Forschungsgemeinschaft (DFG).

Within the scope of HILLSCAPE natural hillslopes in the Swiss Alpes are studied under experi-

mental conditions. Overall, it focusses on the lateral and vertical redistribution of water and the

feedbacks between soil development, hydrology and vegetation (van Meerveld et al., 2018). The

overall research question of HILLSCAPE is: “How does the hillslope feedback cycle evolve in the

first 10,000 years and how is this related to the evolution of hillslope structure, including plant
cover?” (van Meerveld et al., 2018).

A sub-question to be answered within the scope of the HILLSCAPE project (within the PhD pro-

ject of Fabian Maier) is, if erosion rates increase or decrease with soil age. Generally, with increasing soil age, vegetation increases, resulting in more soil stability from the higher rooting density

and more stable aggregates (Pohl et al., 2009). The soils thicken and the roots grow deeper, leading to a higher water storage capacity and, thus, also higher evapotranspiration (Tromp-van

Meerveld and McDonnell, 2006). These changes are expected to decrease surface runoff, and thus

to also decrease soil erosion. However, Lohse and Dietrich (2005) suggested that, due to clay ac-

cumulation in more developed soils, the hydraulic conductivity decreases and lateral water flow
increases. This might lead to higher surface runoff and higher erosion rates.

Due to the interdisciplinarity of the HILLSCAPE project, data from other research fields, such as

geochronology and geobotany, could be included for the analysis in this master thesis.

The results of this master thesis will further be used beyond the thesis for the answering of

other questions within the HILLSCAPE project. They will help to understand how sediment on
hillslopes is transported and how other factors affect it. The findings will complement later pub-

lished results, mainly from Fabian Maier (University of Zurich, Department of Geography) and

Alessandra Musso (University of Zurich, Department of Geography), and help to answer the sub-

question related to soil erosion and moraine age.

Further information about the HILLSCAPE project can be found on: http://hillscape.ch/

Visual impressions and a general explanation of the HILLSCAPE project can also be found in the
official HILLSCAPE video of Sustenpass: https://www.youtube.com/watch?v=TEytvd77tLk
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3.1 Study area
The study area is located in the forefield of the Steingletscher (south west of Sustenpass; 46° 43’ N,
8° 25’ E), an Alpine headwater catchment in the westernmost part of canton Bern (Switzerland).

The area was chosen because of the proximity to the glacier and the well preserved moraine rem-

nants beyond the visible little ice age extent of the glacier (King, 1974). Although the HILLSCAPE

project studied four moraines (with three experimental plots on each), the experiments described

in this study took place on only three moraines (Figure 3.1) because of the dense vegetation,
mainly alpine roses (Rhododendron ferrugineum) on the oldest moraine, that limited visibility and

precluded the analysis of fluorescent sand tracer transport. The selected moraines are located

within a small area (maximum 1 km apart from each other), ensuring very similar climatic condi-

tions. However, the moraines are of different ages, leading to different stages in soil and vegetation
development. The elevation of the selected moraines varies between 1870 and 1980 m above sea

level (m a.s.l.).

The climate in the study area is typical for alpine regions: humid and cold. The mean annual

precipitation (1981 – 2010) at the closest MeteoSwiss weather station (Meiringen, 598 m a.s.l.) is

1375 mm (MeteoSwiss, 2016a). The mean annual precipitation for the same period for the closest

MeteoSwiss weather station at a similar elevation (Grimsel Hospiz, 1980 m a.s.l.) is 1856 mm

(MeteoSwiss, 2016b). The precipitation at Grimsel Hospitz is on average slightly higher during the
winter than in the summer (1060 mm from November to April vs 800 mm from May to October).

The mean annual temperature at Grimsel Hospiz is 1.9 °C and, thus, snowfall events are common

(MeteoSwiss, 2016b).

The bedrock at the Sustenpass mainly consists of metamorphic silicate rocks like pre-Mesozoic

metagranitoids, gneisses and amphibolites (Schimmelpfennig et al., 2014). The moraine material
consists of the same material, which has a rather low amount of nutrients. Podzols are the most

dominant soil type in the region (King, 1974; Heikkinen and Fogelberg, 1980). However, soil clas-

sification within the HILLSCAPE project by Alessandra Musso suggests that the dominant soils on
the moraines are rather Cambisols in the lower parts (older moraines) and Leptosols in the higher

parts (younger moraines) of the research area (Musso et al., in review). Leptosols are thin soils
with AC profiles, where the C-horizon represents the parent material, here moraine material.

These soils are typical for mountainous regions, especially for pro-glacial areas (Temme and

Lange, 2014; IUSS Working Group WRB, 2015). Cambisols and Podzols are further developed

stages of Leptosols and contain more soil layers. In Cambisols the parent material is moderately

weathered, and a typical brownish B-horizon was formed. Podzols are characterized by their
8
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bleached, grey eluvial horizon (E-horizon) and one or several illuvial horizons (B-horizons). Pod-

zols are completely developed soils and are, thus, only found on older moraines (Zech et al., 2014;
IUSS Working Group WRB, 2015).

Figure 3.1 Study area in the forefield of the Steingletscher (south west of Sustenpass) in the westernmost part of canton
Bern (Switzerland). The location of the three moraines (3k, 1860, 1990) are indicated. The map was modified from Swisstopo (Federal Office of Topography swisstopo, 2019a)
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The study took place on six different plots on three different moraines (Figure 3.1, Figure 3.2 and

Table 1). The plots were chosen based on a vegetation survey (summer 2017) by Konrad Grein-

wald (University of Freiburg, institute of biology and geobotany), so that they covered the varia-

bility of the vegetation on each moraine. On each moraine initially three plots were chosen for the

overall HILLSCAPE experiments. The three plots varied from the lowest to the highest vegetation
complexity (cover and number of plant species) and the level of bareness. One plot was chosen
where the least vegetation complexity and highest bareness level was observed. One plot repre-

sented the other extreme and was chosen where the vegetation complexity was highest and the

bareness lowest for the moraine. The last plot location was chosen where the vegetation complexity was in the middle of the two extremes. The partly dense vegetation and the occurrence of
shrubs, however, limited visibility and precluded the analysis of fluorescent sand tracer transport
from some plots. Thus, only six of the nine plots were used in this study.

1. The oldest moraine (3k) is about 3000 years old, dated by Schimmelpfennig et al. (2014)

to 2870 ± 120 a. It is located just behind the Alpin Center Susten, Hotel Steingletscher (see

Figure 3.1), at 1870 m a.s.l., is south-east exposed and has an average slope angle of 25°.

Podzols and Cambisols are found below the fully vegetated moraine. The topsoil mainly

consists of sandy loam (Figure 3.3). Forbs and grasses cover the moraine. Only one plot

(called 3k) was studied on this moraine (the plot with the lowest shrub cover and second
lowest vegetation cover).

2. The second oldest moraine is located next to lake Stein and represents a typical moraine
of the little ice age (1860 AD). It has been exposed for about 160 years (Musso et al., in

review). The moraine is exposed to north-east and has an average slope angle of 31°. It is

situated at 1980 m a.s.l and soils are Leptosols. The topsoil material is a sandy clay loam

(Figure 3.3). Similar to the 3k moraine, the 1860s is fully covered by vegetation, dominated by forbs and grasses. Shrubs are common as well. Two plots (1860 left, 1860 right)

were studied on this moraine (the two plots with the lowest shrub cover).

3. The youngest moraine has only been exposed for about 30 years. Using aerial photographs

from Swisstopo (Federal Office of Topography swisstopo, 2019b) it was dated to 1990 AD.
It is located at the foot of the hillslopes draining towards the alluvial plain of the

Steingletscher at 1950 m a.s.l. It is exposed towards north-east and has an average slope

angle of 26°. In contrast to the two older moraines, it is significantly less vegetated. The

surface mainly consists of moraine material (unrounded blocks of all sizes mixed with fine
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material). Soil development has hardly started but partly very thin Leptosols are found.

The topsoil is full of sand and classified as loamy sand (Figure 3.3). Nevertheless, forbs
and grasses occur and dominate over ferns, sedges, shrubs and trees, which are hardly

present. All three plots were studied on this moraine (1990 left, 1990 middle, 1990 right).

The plots on the two oldest moraines (3k, 1860) were strongly vegetated while the plots on the

youngest moraine (1990) had significantly less vegetation. This means that three plots had a high

vegetation cover and three plots a low vegetation cover (Figure 3.2 and Table 1). The plots with

low vegetation cover in turn were strongly dominated by moraine material with rocks in different

sizes. It is acknowledged that a sample size of six plots is low and precludes statistical analysis,
but the setup was very time consuming (see chapter 4.1) and the creation of more experimental
plots was thus not possible

Figure 3.2 The six experimental plots studied in this thesis: 3k, 1860 left, 1860 right, 1990 left, 1990 middle and 1990s
right. The vegetation cover is clearly higher at the three older plots than on the three 1990 plots.
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Table 1 Age in years, the actual plot size in the field (see Appendix 1), the degree of vegetation cover and the slope angle
in degree (see chapter 4.3.2) of all six experimental plots (3k, 1860 left, 1860 right, 1990 left, 1990 middle, 1990 right) on
the three studied moraines (3k, 1860, 1990).

age

actual plot

vegetation

slope angle

3000

23.29

high

25.4

high

24.5

plot name

moraine

[years]

1860 left

1860

160

1990 left

1990

3k

1860 right
1990 middle
1990 right

3k

1860
1990
1990

160
30
30
30

size [m2]
25.01
24.70
23.69
23.60
24.63

cover
high
low
low
low

[°]

36.6
33.0
23.8
21.8

Figure 3.3 The texture of the topsoil of the three moraines (3k, 1860, 1990) in the grain size diagram modified after IUSS
Working Group WRB (2015). The grain size fractions were obtained from Musso et al. (in review). All three moraines were
rather sandy.
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4.1 Experimental plots
The experimental plots were approximately 4 m by 6 m in size (see also Table 1). Plastic sheets
with a height of about 20 cm were installed around the plots to prohibit surface water flow in and

out of the plot (Figure 4.1). At the lower end of the plots surface and subsurface flow was collected.
For the subsurface flow, drainage mats were placed vertically into the soil, down to the C-horizon.

This water was guided to an Upwelling Bernoulli Tube (see also Stewart et al., 2015), where the
water flow was recorded (data not used in this thesis). A roof covered the gutters of surface and
subsurface flow to avoid mixing with rainfall. At each plot, two tipping bucket rain gauges and
three sprinklers were installed. Soil moisture and perched groundwater levels were measured as
well but were not used in the analysis described in this thesis either.

Figure 4.1 Setup of the experimental plots (here 1860 left), including three Senninger I-Wob® sprinklers, tipping bucket
rain gauges, plastic boundaries around the plot, a gutter at the bottom of the plot, hoses (green) to route the surface and
subsurface flow to the Cyclops-7 turbidity sensor and the Upwelling Bernoulli Tubes. The fluorescent segmented chain and
the horizontal lines, as well as the camera tower to determine the fluorescent sand transport are shown as well.
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4.2.1 Rainfall application
On each experimental plot, three poles with Senninger I-Wob® sprinklers were installed along the

center line of the plot: one at the upper end, one in the middle, and one at the lower end. The

I-Wob sprinklers provide a uniform rainfall intensity within a 4 m sprinkling radius (van Meerveld

et al., 2014). The drop size distribution was measured with the oil method after Eigel and Moore

(1983). The observed drop sizes (median and range) were similar to those of natural events in
temperate regions, meaning that they were representative and are suitable to study erosion processes (Baird, 2008; van Meerveld et al., 2014).

Three rainfall simulations with high intensities were carried out on each plot. The design inten-

sity for each simulation corresponded to the predefined Return Periods (RPs) of approximately 2,
20 and 100 years. For the region of Sustenpass the rainfall intensities were estimated by Ilja van

Meerveld (University of Zurich, Department of Geography) and Markus Weiler (University of Frei-

burg, Chair of Hydrology) using the Hydrological Atlas of Switzerland (see HADES, 2019). How-

ever, due to variation in the slope angle and pressure differences, as well as wind induced redis-

tribution of the falling raindrops, rainfall intensity during an experiment varied (see Table 2):
•

Low intensity (RP = 2 years)
-

•

-

actual intensities: 13 – 24 mm/h

Mid intensity (RP = 20 years)
-

•

design intensity: 20 mm/h

design intensity: 40 mm/h

-

actual intensities: 38 – 69 mm/h

-

design intensity: 60 mm/h

High intensity (RP = 100 years)
-

actual intensities: 59 – 95 mm/h

The goal was to use approximately the same amount of water for all experiments (design infil-

tration on the plot: ~20 mm; actual range: 15 – 58 mm). In terms of experimental runtime, the low

intensity run took 55 – 75 min, the mid intensity 36 - 50 min and the high intensity 34 - 40 min.

For the low intensity event only the middle sprinkler was used. For the mid intensity the middle
and upper sprinklers were used. For the high intensity all three sprinklers were used at the same
time.
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Table 2 Actual rainfall intensities for the low, mid, and high intensity experiments for all six experimental plots (3k,
1860 left, 1860 right, 1990 left, 1990 middle, 1990 right).

3k

actual low intensity [mm/h]

13

actual high intensity [mm/h]

89

actual mid intensity [mm/h]

69

1860

1860

1990

21

20

24

left
42
81

right
44
95

1990

1990

15

15

left

middle

39

38

86

70

right
70
59

The irrigation experiments were conducted in August and early September 2018. All experi-

ments were first conducted on the 3k moraine, then on the 1860s moraine and last on the 1990s

moraine. The rainfall simulations for each moraine were carried out over a three-day time period,
starting with the low intensity simulation on day 1, the mid intensity event on day 2, and the high
intensity event on day 3. All plots on a moraine were irrigated on the same day. The antecedent

conditions for all experiments were assumed to be similar after 24 h of no rain (interval between

rainfall simulations on the experimental plots). Within this time soil moisture is assumed to have

decreased back to the field capacity (Markus Weiler, personal communication, July, 2018). In case

of natural rainfall between the experiments, the plots were covered with tarps to minimize the
influence of additional water to the soil moisture content. The water used for irrigation was col-

lected prior to the experiments from the near glacial stream and stored in two 5000-liter water

reservoirs. Using fire hose, the water was transported from the reservoirs to the plots during the
experiments.

4.2.2 Surface runoff
For the surface runoff measurements, plastic foil was inserted just below the sod at the lower end

of the plot to capture all surface flow (generally < 5 cm from the soil surface; see also Figure 4.2).

The foil guided the water to a gutter, which was connected to an Upwelling Bernoulli Tube
(designed after Stewart et al., 2015), where the water level was recorded using a Keller

DCX-22-CTD water level logger. The surface runoff measurements thus include surface runoff and

very shallow (biomat) flow. The water level could be converted to flow rates due to the known
geometry at the outflow of the Upwelling Bernoulli Tube. The total surface runoff volume was

based on the volume of water that flowed through the Bernoulli Tube during the experiment (𝑉𝑉𝑠𝑠𝑠𝑠 )
and the remaining water in the Bernoulli Tube (𝑉𝑉𝐵𝐵𝐵𝐵 ) as well as the supply pipe (𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ). This was

related to the average of the rainfall measured at the two rain gauges inside the plots (P = actual

rainfall volume). As the plots did not perfectly meet a rectangle with the dimensions of 4 m × 6 m,
also the actual plot area (𝐴𝐴) was calculated. This was done using the true measured lengths of the
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plot borders and the angles in between (see Appendix 1). The percentage of surface runoff,
henceforth also called surface runoff ratio (𝑟𝑟𝑠𝑠𝑠𝑠 ), was calculated as follows:
𝑟𝑟𝑠𝑠𝑠𝑠 =

𝑉𝑉𝑠𝑠𝑠𝑠 + 𝑉𝑉𝐵𝐵𝐵𝐵 + 𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝑃𝑃 ∗ 𝐴𝐴

(1)

The data for the surface runoff measurements was provided by Fabian Maier.

4.2.3 Sediment concentrations
The turbidity of the surface runoff was measured using Cyclops-7 turbidity sensors (Turner
designs). They were installed in the hose between the gutter at the end of the experimental plots

and the Upwelling Bernoulli Tubes (see Figure 4.1 and Figure 4.2). They recorded the turbidity in

Nephelometric Turbidity Units (NTUs) during the experiments. A calibration curve (i.e., the
correlation between the NTU measurements and the actual sediment concentration in g/l) was
established for each moraine. Six known amounts of soil were added into a predefined amount of
water, the solution was continuously stirred and the turbidity (in NTUs) was measured using a

Cyclops-7 turbidity sensor. Using the NTU values (in 1 min steps) and the calibration curve, the

sediment concentration was determined, which was then combined with the measured surface
runoff (l/min) to obtain the actual sediment load per plot and experiment.

The sediment load was also measured in water samples (using filters), collected in the surface

runoff below the plot. However, most sediment was trapped in the hose or the Upwelling Bernoulli

Tube and the obtained sediment loads were clear underestimates. They were, hence, not used for
the analysis.

The turbidity and surface runoff measurements, as well as the calibration were done by Fabian

Maier. The soil samples of the moraines were collected by Alessandra Musso.
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Figure 4.2 Setup for the subsurface and surface flow measurements for the experimental plots, including a gutter at the
bottom of the plot, hoses (green) to route the surface and subsurface flow to the Cyclops-7 turbidity sensor and the
Upwelling Bernoulli Tubes. The photos of the gutter and the Upwelling Bernoulli Tubes were taken by Fabian Maier.

4.2.4 Sediment transport
In order to study sediment transport (and thus erosion) on the experimental plots, a fluorescent

glow in the dark decorative sand (hereafter only called fluorescent sand) was used as particle
tracer. Orange sand was used for the low intensity, green for the mid intensity and blue for the

high intensity events. The sand consists of quartz sand, with a particle size of 300 – 500 µm, coated
in the glow in the dark powder ’TAT 33’, which consists of alumina and rare earth metals (Noxton,

2019). The particle sizes are typical for the topsoils on the moraines of the Steingletscher (see also
Figure 3.3). 10 – 20 % of the soil material near the surface had the same size class as the used sand

(see Musso et al., in review, for grain size distributions). The fluorescent sand is produced by the
Noxton™ company in the Ukraine. A more detailed description of the ingredients of TAT 33 is not
available. According to Noxton™ (2019) it is water resistant, inert, non-toxic and non-radioactive.

The sand was applied as a line source on the soil surface on the lower half of the experimental

plots prior to each irrigation experiment. The application on the lower half was chosen because of

the larger probability of surface runoff occurrence compared to the upper half. The lines on the

3k and 1860s plots were 1.55 m long (1 kg sand). The lines on the 1990s moraine were 3.1 m long
(2 kg sand). All lines were about 3 - 5 cm wide and ~2 cm high. On the plots with higher vegetation
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cover sand was expected to move less and thus only half of the sand amount was used, resulting

in half of the line’s length. In contrast, the surface variability on the 1990s plots was larger (be-

cause of rocks). To include this variability, longer sand lines were useful.

On the 3k plot only one sand line (orange for the low intensity rainfall simulation) was used.

Due to very little sand movement after the first rainfall simulation, it was expected to behave

similar for the mid and high intensity rainfall simulations and no further lines (green and blue)
were applied in order to safe resources.

Around the plot an orange-white 0.5 m segmented plastic chain was installed (Figure 4.1). Ad-

ditionally, thin fluorescent ropes were stretched horizontally over the plot every 0.5 m. This in-

stallment served as distance reference on the plots for later image analysis (chapter 5.2). Below

the plots a 4 m camera tower was installed, on top of which a Sony Alpha 7R II camera with a wide
angle lens (Sony Vario-Tessar T FE 16-35 mm F4 ZA OSS) was mounted. The camera was fixed on

a tilting angle to account for the average slope angle on the plots. The plot boundaries and the
sand lines were illuminated at night with six eurolite 18W UV lamps, which emit light in the ultra-

violet (UV) range at around 365 nm. Four lamps were mounted on metal rods, which were held

over the plot by two people to illuminate the plot from above. The two remaining lamps were

manually held and placed where more light was needed. The TAT 33 powder, coating the sand

particles, provides an afterglow effect for several hours after being exposed to a light source
(Noxton, 2019). To obtain this effect, the sand was exposed to two 23 W LED light panels prior to
taking the photographs. This resulted in a higher overall visibility of the sand and no UV illumination would be needed to allow sand detection. However, the sand shines brighter with additional
UV illumination and allows for an easier detection. Furthermore, the fluorescent chain and the
ropes need constant UV illumination to be visible in the dark.

Photos of the sand lines were taken the nights before and after irrigation experiments, with full

pixel resolution (42 megapixels). The camera was operated remotely using the android smart

phone Samsung Galaxy S8+ and the “PlayMemories Mobile” app from Sony. However, the focal

point had to be set on the camera itself. The aperture was fully open (F/4), while the ISO and the

shutter speed were set according to the current light and wind conditions. With strong wind the

camera tower was moving slightly which led to blurry photos, when high shutter speeds were

chosen. Thus, it was reduced to 1 s and higher ISO values (up to 8000) were used instead. However, under windless conditions the shutter speed was set to two, five or ten seconds to reduce
the ISO (1000 – 5000, depending on the light conditions) and obtain better quality pictures.

18

4.2.5 Surface runoff pathways

Methods

To assess the congruency between the patterns of sand transport and flowing water on the
surface, a dye tracer (brilliant blue) was added on the right plot of the 1990s moraine. This

provided qualitative information on the degree of correlation between surface sediment transport
and hydrologic connectivity. It was applied during the mid and high intensity simulations at

locations where surface runoff was recognizable by eye. The movement of the dye tracer was
captured with the Sony Alpha 7R II camera, mounted on the camera tower. The camera recorded
a video with a resolution of 3840 px × 2160 px (UHD) and 25 frames per second.

4.3 Site characteristics
4.3.1 Vegetation
The mapping of vegetation on the experimental plots was done using the extended Braun-

Blanquet method (Dierschke, 1994). The number of plant species and their abundance (vegetation

cover) were recorded by Konrad Greinwald in summer 2018. All vegetation data used here was
provided by Konrad Greinwald.

4.3.2 Slope angle
The slope angles (or slope gradients) were measured directly in the field using an inclinometer
(1° precision). The angles were measured on one side of the plot (6 m plot length) in 0.5 m steps,

resulting in 13 measurements per plot. The measurements were averaged per plot.

4.3.3 Microtopography
There are several methods to determine the microtopography. The current state of the art method
uses terrestrial laser scanners (TLS; see e.g. Barneveld et al., 2013) because they provide the

highest possible accuracy and precision (Thomsen et al., 2015). However, TLS are not able to

properly map through dense vegetation (Coveney and Stewart Fotheringham, 2011). Thus, other

optical methods to measure microtopography (e.g. the creation of stereo photos or the use of an
Xtion Pro, see Thomsen et al., 2015) were not further considered, as they would face the same

challenges. Due to patchy coverage of alpine roses (Rhododendron ferrugineum) and other shrubs
on the moraines, roller chains (see e.g. Thomsen et al., 2015) were also considered unsuitable.
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Therefore, a self-constructed Microtopography Profiler (MTP; sometimes also called pinboard

or micro profiler) was used (Figure 4.3a). The profiler was made by Fabian Maier, and was similar

to the construction of Leatherman (1987). It consists of a wooden rectangular frame and 101

metal rods placed vertically through the frame. The distance between the rods is 1.5 cm
(horizontal resolution), providing a horizontal length of 1.5 m. Behind the frame waterproof paper

was mounted. On the paper, horizontal lines were drawn at a 1 cm distance in order to read off
the height of the rods.

The MTP was set at ten locations on each plot (hereinafter called transects, lines i to x; see also

Figure 4.3b). For all measurements, the MTP was placed fully vertical (0°) and the metal rods were

set on the ground while avoiding branches or stems of shrubs and trees. The Sony Alpha 7R II
camera was used to take photos of the final position of the rods. The camera was placed on a tripod

in front of the MTP. The camera was always positioned in front of the center of the profiler. This
was crucial as the metal rods did not directly touch the paper with the marks. By maintaining the
same viewing angle for all images, a higher accuracy was reached (looking at the profiler from

different angles would have led to different height estimates). Using the lines on the paper behind,
the heights of the rods were read off manually from the photos with a 0.5 cm vertical resolution.

Figure 4.3 (a) Microtopography profiler (MTP) in the field (3k plot, transect v). (b) Sketch of an experimental plot with the
theoretical dimensions of 4 × 6 m and the ten transects (horizontal lines i to x) for which the microtopography was determined.
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The saturated hydraulic conductivity (Ksat) at the surface is the steady state surface infiltration

rate (assumed to represent saturated conditions). It was measured using double ring

infiltrometers (Eijkelkamp). The lower end of the infiltrometers was cut at an 20 – 30° angle
(which represents the average slope for all moraines of the Steingletscher) for easy use on steep

hillslopes. The use of double ring infiltrometers for sloped landscapes was already tested and
declared suitable by Bodhinayake et al. (2004).

At each experimental plot, three measurements were taken. The measurements were

conducted close to the borders but outside the experimental plots to not influence the plots. The

three measurements (upper part, middle part, lower part) were averaged (arithmetic mean) for

the purpose of this thesis. The hydraulic conductivity data for this thesis was provided by Fabian
Maier.
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5 Data analysis
5.1 Surface topography
5.1.1 Microtopography

For each transect, the minimum height was subtracted from all values so that the minimum

elevation was always zero and the different transects could be compared. To assess surface
roughness, two measures were used: Random Roughness (𝑅𝑅𝑅𝑅) and the Tortuosity Index (𝑇𝑇𝑇𝑇). For

the analyses, both measures were averaged per plot (average of the ten transects). Random

roughness is one of the most used indices to describe surface roughness in the literature (Paz-

Ferreiro et al., 2008). Here, the random roughness definition of Currence and Lovely (1970) was

used (see also Vermang et al., 2013):

𝑛𝑛
1
𝑅𝑅𝑅𝑅 = � � (ℎ𝑖𝑖 − ℎ�)2
𝑛𝑛
𝑖𝑖=1

(2)

where ℎ a single height reading, ℎ� the mean of the height readings per transect and 𝑛𝑛 is the total

number of height readings per transect (here 101). In other words, it is the standard deviation of
the height readings ℎ.

For the tortuosity index, the profile lengths of each transect had to be calculated. To do so, the

coordinates of the height readings were digitally connected to form a line. This line approximates

the length of a corresponding line directly measured on the ground, e.g. by a roller chain. The

rougher a surface, the longer the length of this line. The tortuosity index generally allows an easier

comparison of line lengths in different studies since it is independent of the profiler. It is defined
as:

𝑇𝑇𝑇𝑇 =

𝐿𝐿 − 𝐿𝐿0
𝐿𝐿0

(3)

where 𝐿𝐿 is the length of the line of the considered transect and 𝐿𝐿0 the horizontal length of the

profiler (Bertuzzi et al., 1990), here 1.5 m.

For the comparison of the microtopography with the sand and dye movement on the 1990s

right plot, a 3-dimensional plot was created using only the transects within the area of the sand

transport (transects v to x on the lower part of the plot, see also Figure 4.3b). The transects next

to each other (v and vi, vii and viii, ix and x) were combined, leading to three microtopography

lines over nearly the whole plot width with a 30 cm gap in between and 35 cm missing on either
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side of the lines towards the plot boundaries. Using the measured slope angles (0.5 m intervals –
see chapter 4.3.2) the actual elevations of the microtopography transects (relative to the lowest
microtopography line) could be determined and plotted (see Appendix 1).

5.1.2 Flow directions
Additionally, a DTM of all three moraines was created, using areal drone images (camera: Sony
Cyber-shot DSC-WX220) from summer 2017 to calculate potential flow directions for surface run-

off (DTM based flow accumulation). The drone flights and the post processing of the images were

done by WWL Umweltplanung und Geoinformatik GbR. DTMs allow the determination of potential surface hydrological connectivity based on water routing and accumulation on the surface
(see e.g. Golden et al., 2017). The flow directions and the water accumulation were generated by

Fabian Maier using the D-∞ method of Tarboton (1997), which allows for flow into all directions

(independent of the grid cells/pixels). Generally, DTM based flows are used at meso and macro
scales. However, the drone images had a very good spatial resolution and, thus, the DTM based

flows were qualitatively used at plot scale. The DTM based flow directions were compared to the

patterns of the sand transport.

For the 1990s right plot the patterns of the sand transport, the dye tracer and the DTM based

flow directions were qualitatively compared with the data from the microtopography profiles

(chapter 5.1.1). On the other plots the patterns of the sand transport were compared with the
DTM flow directions.

5.2 Fluorescent sand transport
The photos of the fluorescent sand were processed using Python 3 (v3.7 – used with Spyder

v3.3.1), Adobe Photoshop CC 2019 and the statistical computing software R (v3.5.1 – used with
RStudio v1.1.463). First, a geometric correction was applied in order to account for slightly differ-

ent camera angles in the different pictures and to convert the pixels (px) into a distance measure

(here millimeters). Therefore, the Interactive Data Language (IDL) code for the geometric correction of brilliant blue dye tracer pictures (developed by Weiler, 2001; but see also Weiler and

Flühler, 2004; Schneider et al., 2014), was converted by Hannes Leistert (University of Freiburg,
Chair of Hydrology) to Python 2 and further to Python 3 by Marc Vis (University of Zurich, Depart-

ment of Geography).

Within the interactive Python 3 script the reference points of the segmented plastic chain

around the experimental plots were marked and their corresponding coordinates added. The top
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left corner of the chain grid was set as x = 0 mm and y = 0 mm. The second point, 0.5 m further
down, where the color of the chain changes for the first time, the coordinate were x = 0 mm and

y = 500 mm. This procedure was performed counter clockwise for each available reference point
on both sides of the plot. Reference points were not selected on the slope parallel lines (top and
bottom) because the chain was not completely straight. The horizontal distances used, in order to

get the right x-values on the right side of the plot, were measured in the field. Using the selected

points and their coordinates, the photos were geometrically corrected, resulting in new pictures,
where one pixel corresponds to one millimeter (1 px = 1 mm).

The algorithm for the geometric correction is restricted to interpolation and not applicable for

extrapolation outside the reference points. Therefore, only the area within the selected reference
points was geometrically corrected. If sand moved below the last reference point on the photo, a

correction would not be possible. Such cases existed, because in the field the focus was on taking
images that captured all sand particles. They thus did not necessarily contain all reference points.
For these pictures (1990s left and right plots for the mid and high intensity event), the reference

grid was linearly extrapolated outside of the photo (before the geometric correction) using Adobe

Illustrator CC 2019 and the segmented chain was prolonged using straight lines (Figure 5.1). This
was also done for the slope parallel ropes. The intersections of the extended lines were used as
the extrapolated reference points. After extrapolation, these photos were geometrically corrected,

using the Python 3 script.

The geometrically corrected pictures were exported and cropped in Adobe Photoshop (crop-

ping in Python is also possible but is less precise) so that they corresponded to the dimensions of

the grid inside the fluorescent chain on the experimental plots. This means the pixel row and column containing the coordinate (0, 0) became the first row and column of the cropped photo.

The corrected and cropped photos were further processed in a new Python 3 code, developed

for this thesis. However, some parts were similar to the code used for the extraction of brilliant
blue dye (Weiler, 2001; Weiler and Flühler, 2004; Schneider et al., 2014). In a first step the photos

were converted from the rgb (r = red, g = green, b = blue) to the hsv (h = hue, s = saturation,

v = value) color space. The hsv color space (Figure 5.2) was defined by Smith (1978) and is a transformation of the rgb space. Hue (h) represents the color on a circle in degrees (from 0° to 360°).
Saturation (s) is a relative measure of the color purity or vibrance and ranges from 0 – 100 %. In

other words, it is the deviation of the color from white. The value (v) is a measure of the brightness, which also ranges from 0 – 100 % and is, thus, the deviation from black (Smith, 1978; Li,

2008). The use of the hsv color space has the advantage that only one measure (namely hue) de-

scribes the color, given that the saturation and value were constant.
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Figure 5.1 Linear digital extension of the reference grid outside the photo in order to perform the geometric correction for
the photo of the 1990s left plot after the mid intensity rainfall simulation.

Figure 5.2 Visualization of the three dimensions (hue, saturation, value) of the hsv color space. Hue is represented on a
circle in degrees. Saturation and value are relative measures and range between 0 % and 100 %. This figure was modified
from Rahmat et al. (2016).

An analysis based on the hue histogram in Python for the sand extraction proved to be not pos-

sible because distinct color specific peaks could not be determined. Thus, ten representative spots

on the photos were chosen per sand color using the “Color Sampler Tool” in Adobe Photoshop to
determine the typical hue values. The hue of the orange sand varied between 0° and 80° and between 320° and 360°. The green sand had a hue between 150° and 180°, while the blue sand had

a hue between 180° and 240° (the borders were always excluded from the range in order to pre-

vent overlaps). The boundaries were the same on all photos. Not all sand particles recognized by

human eyes were detected within this range. As the quartz sand particles and TAT 33 were not

perfectly bond together, some sand particles lost their ability to glow when the TAT 33 coat was
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washed off. The remaining quartz sand had a more whitish color. To ensure correct maximum
sand transport distances (see below), the lowermost pixel containing sand was manually checked
for its hue. In case of a hue outside the typical boundaries for the corresponding color, the pixel
was recolored with a hue within the range using Adobe Photoshop.

In order to extract the sand of one color from the photos, the hue of each individual pixel was

checked in Python. If a pixel had its hue within the given range for a color and the value v was
larger than 10 %, it was classified as ‘sand’ and otherwise as ‘no sand’ (Figure 5.3a). The threshold
of the value was chosen in order to reduce noise for the dark parts of the photos (glowing sand

was brighter and had, thus, higher values). This procedure worked well for the extraction of the
green sand but proved to be more difficult for the orange sand as also the grid around the plot and

the fluorescent rope on the plot emitted light within the observed range of the orange sand. Using
Adobe Photoshop these lines were manually “removed” using black color. This method is subjective, but no appropriate other method could be found. During the extraction of the blue sand, the
surrounding parts of the green sand (some sand particles but mainly the glowing light around the

green sand line) were detected as blue sand because the emitted light of the green and blue sand

were very close together. Based on visual classification, the break point between green and blue

was set to 180° (below: green, above: blue). To minimize misclassifications the images were

cropped so that most of the green sand (green line) was not on the picture. The remaining number

of green sand particles (those that moved during the mid intensity rainfall simulation below the
blue sand line) which were misclassified to blue are based on visual comparison assumed to be

negligible.

In the classified images of all three sand colors, the number of classified pixels were counted

per row (row sums). The sums can be shown as density curve along the plot border (Figure 5.3b).

The row sums were exported to the statistical computing software R, where the pixel row with
the maximum number of classified pixels (row with maximal row sum) was determined. This cor-

responds to the peak (approximately the middle) of the sand line (see red line in Figure 5.3). All

the rows above were removed so that the peak of the sand line was set as starting point for the
sand movement. The number of the pixel row (counted from the top), thus, corresponds to the
distance (in mm) of the sand movement from the peak of the sand line.

By comparing the pictures before and after an irrigation experiment, the sand particles that

moved during the experiment were extracted. The number of the classified pixels per row prior

to the experiment were subtracted from that after the experiment. Negative numbers, e.g. at the
sand line due to sand infiltration and movement, were set to zero. The resulting datasets provided
information on the amount of sand (number of pixels or mm2) that moved during the rainfall sim-

ulations, starting at the peak of the sand line.
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Figure 5.3 (a) Image of the extracted green sand (mid intensity) on the 1990s left plot. The distances are the same as on
the photo before the extraction; the coordinate (0, 0) is located at the top left corner. One pixel corresponds to 1 mm2. Per
pixel row the number of classified pixels was counted and plotted as density curve (b). The sand line and the particles below
the line can clearly be identified. The red line marks the peak (middle) of the sand line and represents the averaged ‘zerodistance’ of the sand movement.

Because the maximum travel distance of the sand is somewhat uncertain, four distance

measures to describe the sand movement were extracted: the 50 %, 75 %, 90 % and 100 % (max-

imum) distance of the sand that moved over the surface. For this, the cumulative frequency dis-

tribution of the travel distances of all particles that moved was determined. The 50 % marks the
median travel distance of the particles that moved and 100 % the maximum travel distance of a

sand particle that moved but stayed on the plot. The maximum distance (100 %) could also be

extracted based on the number of the last pixel row containing sand, since one pixel equals 1 mm
and the peak of the sand line was pixel row zero.

5.3 Sand and blue dye
Surface connectivity was inferred from the fluorescent sand tracer transport. The distribution of

the fluorescent sand particles (orange, green, blue) after all three irrigation experiments (low,
mid, high), revealed preferential surface flow patterns. Thus, lines around the distribution of all

sand particles were drawn by hand in Adobe Photoshop CC 2019 for a qualitative representation
of the surface connectivity. In addition, a composite image over the time of the blue dye tracer

movement was created using Adobe Premiere Pro CC 2019 and Adobe Photoshop CC 2019 for the

right plot of the 1990s moraine. The flow path outlines of the dye tracer and the shape outlines of
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the fluorescent sand were combined in one composite image in order to qualitatively compare the
patterns.

5.4 Correlation analysis and PCA
The distance measures for sediment transport (50 %, 75 %, 90 % and maximum distance) were

expected to depend on the site characteristics (vegetation cover, number of plant species, slope
angle, surface roughness and saturated hydraulic conductivity). Therefore, the correlation (Pear-

son linear correlation (r) and Spearman’s rank correlation (rs)) between the sand travel distances

and the site characteristics, as well as the surface runoff ratio and sediment load was determined.

Because many of the site characteristics were correlated (and thus not independent), a Principal

Component Analysis (PCA) was performed and the two first principal components were used in

the correlation analysis as well.
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6 Results
6.1 Site characteristics
6.1.1 Vegetation

The vegetation cover ranged from 21.2 % (1990 left) to 55.1 % (1860 left) and was clearly higher

for the plots on the 3k and 1860s moraine than for the 1990s moraine plots (Table 3). The number

of plant species was also higher for the plots on the 3k and the 1860s moraine and ranged from

24 (1990 left) to 46 (3k). However, the number of species on the 1990 middle plot (34) was very
similar to the 1860s left and right plots (35 each).

6.1.2 Slope angle
The average slope angle on the experimental plots ranged from 21.8° (1990 right) to 36.6°

(1860 left), indicating different conditions for the plots (Table 3 and Figure 6.1a). The Kruskal-

Wallis test revealed that the experimental plots were statistically not identical (p-value of

9.8 ∗ 10-6, Figure 6.1a). The 1860 left and 1990 left plots had similar mean slope angles, and so did

the other four plots. The Dunn’s test further indicated that the 3k and the 1990 left plots were not
significantly different either.

The standard deviations of the slope angles were similar among the plots (ranging from 5.0° on

the 1990s middle plot to 8.4° on the 1990s right plot) except for the 3k, where it was significantly

higher (14.2°; see also Table 3). This indicates a strongly changing terrain. Indeed, the plot had
more steps and depressions than the other plots (see also Figure 3.2).

Table 3 Site characteristics of all six experimental plots: the estimated values of the vegetation cover (in %), the number
of plant species, the averages of the slope angle and their standard deviations sd (in degrees), the tortuosity index TI, the
random roughness RR (in cm) and the saturated hydraulic conductivity Ksat (in mm/h).

plot
3k
1860 left
1860 right
1990 left
1990 middle
1990 right

vegetation
cover [%]
52.5
55.3
52.9
21.2
38.5
34.5

number
of plant
species
46
35
35
24
34
29

slope
angle
[°]
25.4
36.6
24.5
33.0
23.8
21.8

slope
sd [°]
14.2
5.6
5.2
6.1
5.0
8.4

tortuosity
index TI
0.334
0.285
0.292
0.358
0.550
0.524

random
roughness
RR [cm]
5.4
4.1
3.8
3.9
5.2
6.6

Ksat
[mm/h]
600
1720
2660
5760
3720
3480
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Figure 6.1 Boxplots of (a) the slope angle in degree, (b) the tortuosity index (TI), and (c) the random roughness (RR) in
mm as well as (d) a scatter plot of the saturated hydraulic conductivity Ksat in mm/h for all six experimental plots. The stars
indicate the significance level of the Kruskal-Wallis test for slope angle and random roughness and of the ANOVA for tortuosity index and Ksat (*** p < 0.001, ** p < 0.01, * p < 0.05). Different letters indicate significant different mean values based
on the post-hoc test (significance level: α = 0.05).

6.1.3 Surface roughness
Both surface roughness measures indicated differences in microtopography among the experimental plots (Figure 6.1b, Figure 6.1c and Table 3). Overall the one-way analysis of variance

(ANOVA) revealed a strongly significant difference between the plots with a p-value of 1.9 ∗ 10-5.

The tortuosity index for the two plots on the 1990s moraine (middle and right) was different than

that for the other plots. The 1990 left plot had a tortuosity index that was somewhat in between
the others. The random roughness was higher for the 1990s middle and left plots, as well as for

the 3k plot but the differences were less clear. The data points were more variable per plot, leading
to a large overlap between the plots. Nevertheless, the p-value of 3.9 ∗ 10-3 for the Kruskal-Wallis

test indicates a significant difference between the plots in terms of surface roughness.

6.1.4 Saturated hydraulic conductivity
The mean of the saturated hydraulic conductivity was higher for the three plots on the 1990s mo-

raine than for the others (Table 3 and Figure 6.1d). It was clearly the lowest (600 mm/h) for the
3k plot and highest for the 1990s left plot (5760 mm/h). The ANOVA revealed a significant
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difference among the plots with a p-value of 0.0278. However, according to the Tukey HSD test
only the 3k and 1990s left plots were significantly different from each other.

6.2 Surface runoff and sediment load
For the low intensity simulation, surface runoff was only observed on the middle and right plots

of the 1990s moraine (Table 4). For the mid intensity simulation, surface runoff occurred also on

the 1860s right plot. For the high intensity simulation, surface runoff occurred on all plots. Surface
runoff and thus also the surface runoff ratio (𝑟𝑟𝑠𝑠𝑠𝑠 ) were higher for the younger moraines
(3k < 1860 < 1990). For the high intensity simulation, the surface runoff ratio ranged between
4 % (3k) and 8.4 % (1990 right).

The sediment load of the surface runoff did not indicate the same clear trend from young to old

as the surface runoff ratio. The sediment loads ranged from 41 g (3k) to 933 g (1990 right) for the
high intensity simulation.

The surface runoff ratio and the sediment load for the 1990s right plot are slightly underesti-

mated because of a lack of measurements after the experiment stopped.

6.3 Sediment transport
The cumulative distribution of the distances of the sand transport varied between all experi-

mental plots and rainfall intensities (Figure 6.2). The sand on the 1860s left plot barely moved
and only a few sand particles were detected below the original sand line (leading to the steep

curves in Figure 6.2b; see also photos in Appendix 3). On the other five plots, more sand particles
moved and covered a larger area (less steep curves in Figure 6.2a and c-f). On the 1990s right plot

the sand was more uniform spread with distance below the original sand line (compared to the

other plots). The sand on the 1990s left and right plots appears to have moved further for the mid

intensity than for the high intensity rainfall simulation.

The sand moved (maximal distances) between 0 mm (1860 left) and 1320 mm (1990 right) for

the low intensity, between 400 mm (1860 left) and 1280 mm (1990 right) for the mid intensity
and between 440 mm (1860 left) and 890 mm (1990 right) for the high intensity rainfall simulation (Table 5).
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Table 4 Surface runoff ratios (in %) and sediment loads (in gram) for all six experimental plots and all three simulated
rainfall intensities (low, mid, high). The values for the high intensity event on the 1990 right plot (marked with a *) are an
underestimate because the sediment load and flow after the experiment are not known due to a broken fire hose.

plot
3k
1860 left
1860 right
1990 left
1990 middle
1990 right

low intensity surface
runoff ratio
[%]
0
0
0
0
7.9
9.3

mid intensity surface
runoff ratio
[%]
0
0
5.2
0
6.3
12.1

high intensity surface
runoff ratio
[%]
4
4.4
4.1
4.9
6.8
8.4*

low
intensity
sediment
load [g]
0
0
0
0
24
21

mid
intensity
sediment
load [g]
0
0
155
0
133
533

high
intensity
sediment
load [g]
41
69
224
87
320
933*

Figure 6.2 Relative cumulative frequency curves for the fluorescent sand that moved for all three rainfall intensities (low
= orange, mid = green, high = blue) on (a) the 3k plot, (b) the 1860s left plot, (c) the 1860s right plot, (d) the 1990s left plot,
(e) the 1990s middle plot and (f) the 1990s right plot. On the 3k plot only one sand line (for the low intensity simulation)
was applied. The horizontal lines for the extracted cumulative sand distances are marked and labeled (50 %, 75 %, 90 %).
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The 50 % and 75 % relative cumulative frequencies of transport distances on the 1860s right,

the 1990s middle and right plots increased from the low to the mid intensity simulations, but ap-

pear to have decreased again for the high intensity simulation (Table 5, Figure 6.3). Only for the

1860s left plot did the travel distances increase with increasing rainfall intensity. The distances

for the 1990s left plot decreased from the low to mid intensity but increased for the high intensity

event. The 90 % of the relative cumulative frequency of the transport distance increased from the

low to the mid intensity simulation for all plots, however for the high intensity it decreased again

for all plots, except for the 1860s left. The maximum sand transport distances increased for all
plots from the low to the mid intensity simulation except for the 1990s right plot, where it de-

creased slightly. For the high intensity simulation, the maximum distance of the 1860s left and
right and 1990s middle plots increased further compared to the mid intensity. On the 1990s left

and right plots the maximum distances were shorter for the high intensity than for the mid intensity simulation. For the 1990s left and right plots it strongly decreased.

Figure 6.3 The (a) 50 %, (b) 75 %, (c) 90 %, and (d) 100 % (maximum sand movement) of the cumulative frequency of the
transport distances for all sand particles that moved as a function of the simulated rainfall intensity (low, mid, high). On
the 3k plot only one sand line (for the low intensity simulation) was applied. On the 1990s moraines left and right plots
sand moved below the lower plot boundary for the high intensity event and their maximum movement values were too
small (indicated with the arrow).
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Table 5 Distances of the sand movement (based on the 50 %, 75 % and 90 % relative cumulative travel distances for the
particles that moved, as well as the maximum sand movement, 100 %) in mm for all six experimental plots and all three
simulated rainfall intensities (low, mid, high). The values were rounded to 10 mm intervals. No data is indicated by n/a.

Low intensity

Mid intensity

High intensity

plot

3k
1860 left
1860 right
1990 left
1990 middle
1990 right
3k
1860 left
1860 right
1990 left
1990 middle
1990 right
3k
1860 left
1860 right
1990 left
1990 middle
1990 right

distance of the sand movement
50 % [mm]
70 % [mm]
90 % [mm]
130
0
80
100
100
140

170
0
100
170
120
250

n/a
440
250
180
50
320

n/a
440
280
250
150
440

n/a
90
390
90
210
570

n/a
90
400
120
220
620

190
0
140
250
140
290

n/a
90
400
630
230
1020
n/a
440
320
320
170
550

maximum sand
movement [mm]
380
0
280
1240
420
1320
n/a
400
410
1270
530
1280
n/a
440
470
850
600
890

However, fluorescent sand particles were found in the gutters below the 1990s left and right

plots. Hence, the corresponding values for maximum sand transport distances are larger (indi-

cated with the arrow in Figure 6.3d). Nevertheless, the values were assumed to be in the correct

ordering (higher than the other three), and thus they were still used for the correlation analysis
(chapter 6.5).

6.4 Surface connectivity
Less sand moved and the maximum distances were shorter for the plots with denser vegetation

(3k, 1860 left, 1860 right; see also Figure 6.3d). The observed qualitative maximum sand extent

was clearly smaller as well (Figure 6.4). On the 1990s left and right plots sand moved below the

lower plot boundary and the full extent of the connectivity could not be assessed. On the three
plots of the 1990s moraine and the 1860s right plot, areas of the different sand colors overlapped,

indicating similar flow paths. On the 1860s left plot the areas with sand did not overlap but the

distribution of the blue sand seemed to be an extension of the green area. There were two loca-

tions in the middle of the green sand line, where the sand moved downslope. Just below, in the

blue sand also moved downslope (peaks in the middle of the lines, indicated with the red ellipse

in Figure 6.4).
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The dye tracer was applied on the surface at three locations on the 1990s right plot (blue shape

outline in Figure 6.5a and c). At the first location it moved through a rill towards the left plot

boundary. The dye tracer injected at the second location flowed around rocks, split its path mul-

tiple times and overall turned slightly to the left (seen from the camera tower; the actual flow

direction is to the right – in the following directions are always presented from the camera tower
view). In the lower part of the plot, where the terrain was flatter, the dye distributed over a larger

area and ponding was observed. The third location, where dye was applied, was in the flatter area

and surface water was mainly observed in ponds. Water moved only very slowly compared to the

other locations. Surface flow was also observed in another location where no tracer dye was added
(represented by a black dashed line in Figure 6.5a and c). The overland flow pattern agreed well

with the sediment that was deposited just below the area and was also observed during a natural
rainfall event.

The comparison of the dye tracer observations with the distribution of the sand on the 1990s

right plot (Figure 6.5b) revealed similar flow paths for both (indicated in Figure 6.5c with red

arrows). At the first location where dye was applied orange sand also moved along the rill. At the
second location the sand (orange, green and blue) covered most of the dye pattern and ended up
in the same paths. At the third location the sand only entered the dye area and, thus, no further

overlap was visible. At the area where surface runoff was observed but no tracer dye was added
(black dashed line in Figure 6.5a and c) green and blue sand moved downslope, leading to a good

overlap.

The DTM based flow accumulation (Figure 6.6) indicated local downward flow within small

channels for all plots except for the 3k, where no DTM based flow was accumulated on the plot
surface (only below). According to the DTM there was little flow accumulation where the sand

lines were placed on the 1860s left and right plots. However, there was some overlap, e.g. on the

right plot on the right side of the sand lines. On the 1990s moraine the traces of the sand over-

lapped with the DTM based flow accumulation. On the left plot, the sand movement overlapped

well with DTM based flow accumulation (see e.g. on the left side). On the middle plot, on the left

side of the sand lines, sand barely moved. However, on the right side where the DTM based flow

accumulation indicated a stream (dark blue) there was more sand movement. On the right plot,
the DTM based flow accumulation matched with the sand movement and also the three locations
where dye was added (1, 2, 3 in Figure 6.5) and where surface flow was observed (black dashed
line Figure 6.5).
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Figure 6.4 Photos of the fluorescent sand lines after all three rainfall simulations of the 3k, 1860 left, 1860 right, 1990 left,
1990 middle and 1990 right plots. Outlines (in the corresponding color) were drawn around the maximum sand extent and
are also presented on the right without the photo. The red ellipse indicates a possible flow path (see text).
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Figure 6.5 (a) Areas of observed surface runoff on the 1990s right plot. In blue (1, 2, 3), areas where the brilliant blue dye
tracer was added. The black dashed line indicates an area where surface runoff was observed but no tracer dye was added.
(b) The distribution of the sand after all three rainfall experiments and the outline (in the corresponding color) on the same
plot is shown (see also Figure 6.4). (c) Combination of the shapes from the observed surface runoff (a) and the fluorescent
sand (b). The arrows indicate where the flow directions of water and sediment overlapped.
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Figure 6.6 Areal drone images and Digital Terrain Model (DTM) based flow accumulation of all six experimental plots. The
flow accumulation calculated based on the DTM and the D-∞ method is shown in blue (darker blue represents more flow
accumulation). The thick red lines represent the plot borders, the thin red lines the area of the fluorescent sand setup. The
colored shapes with black outlines indicate the sand covered areas after all three rainfall intensities (separated by the sand
color; similar to Figure 6.4). The blue arrows on the 1990s right plot indicate the observed flow paths of surface flow (as
shown in Figure 6.5c).
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The 3-dimensional representation of the microtopography on the 1990s right plot (Figure 6.7)

indicates a good match with the flow patterns of the dye tracer (black straight lines) and surface

flow (black dashed line). This indicates that overland flow and sediment transport occurred in

rills. On the left side of the plot an approximately 20 cm high “peak” (next to the green arrow)
represents a rock located in a topographic depression (also visible in Figure 6.5a). The surface
water, the dye tracer and also the sand particles passed this rock on the left side (green arrow).

On the lower left side of the plot, the microtopography indicates a topographic slope towards the
left. This was coherent with the flow paths (shown in Figure 6.5). The observed surface flow with
no dye addition also occurred in a small depression or rill (see also Figure 6.5a).

Figure 6.7 3-dimensional visualization of the microtopography lines (blue) for the lower part of the 1990s right plot (transects v to x). The dashed red lines schematically represent the plot boundaries and the horizontal ropes. The black shape
outlines on the plot represent the sketched pattern of the dye tracer (continuous) and observed surface flow (dashed), as
presented in Figure 6.5. The green arrow indicates the flow around the local topographic “high”.
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The principal component analysis of the site characteristics (Figure 6.8) explained 88.3 % of

the variance within the first two principal components. Principal component 1 (PC1) explained

50.1 % of the variance and was mainly described by the average saturated hydraulic conductivity

and the two vegetation measures (vegetation cover and number of plant species). Principal com-

ponent 2 (PC2) explained 38.2 % of the variance and was described by the surface roughness
measures (random roughness and tortuosity index) and the slope angle. The 3k and 1860s mo-

raines were more densely vegetated (higher vegetation cover and had more different plant spe-

cies) than the 1990s plots but had lower surface Ksat values (PC1). On the other hand (PC2) the

1990s right and middle plots, as well as the 3k plot, had a rougher surface and smaller slope angles
than the other plots (see also Table 3). However, the separation of the points was not as clear as

for PC1.

Comparing the four distance measures of the sand movement with all five site characteristics

and the first two principal components revealed some significant correlations. Although both

Pearson and Spearman rank correlations were tested, only the Spearman rank correlations are

described here. In brackets the significant sediment transport distances (50 %, 75 %, 90 %, max),
the correlation coefficient (rs) and their p-values are shown. The full tables with all correlation

values and their p-values can be found in Appendix 2.

Overall not many significant correlations were found, most of them for the maximum distance

(Figure 6.9, Figure 6.10, Figure 6.11). For the low intensity simulation sediment transport distance

was significantly correlated with the tortuosity index (max: rs = 0.83, p = 0.058), the vegetation

cover (75 %: rs = -0.89, p = 0.033; max: rs = -0.94, p = 0.017) and the number of plant species (max:

rs = -0.75, p = 0.084). For the mid intensity simulations, transport distance was correlated with

slope angle (50 %: rs = -0.90, p = 0.083; 75 %: rs = -0.90, p = 0.083), vegetation cover (max:

rs = -0.90, p = 0.083), number of plant species (max: rs = -0.87, p = 0.054) and PC1 (max: rs = -0.90,
p = 0.083). For the high intensity, transport distance was correlated with vegetation cover (max:
rs = -0.90, p = 0.083), number of plant species (max: rs = -0.87, p = 0.054) and PC1 (max: rs = -0.90,

p = 0.083). All significant correlations were negative, except for the tortuosity index, indicating
that they reduced the transport of sand. The only positive correlation indicates an increase in sur-

face roughness leads to further sand transport.

The four distance measures of the sand movement were not clearly related to the surface runoff

ratio and the sediment load. Only for the mid intensity, both the surface runoff ratio

(50 %: rs = 0.87, p = 0.054; 75 %: rs = 0.87, p = 0.054) and sediment load (50 %: rs = 0.98, p = 0.005;
75 %: rs = 0.98, p = 0.005) were significantly correlated with the transport distance (Figure 6.12).
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Figure 6.8 The two first principal components (PC1, PC2, based on the PCA) for the five site characteristics (vegetation
cover, number of plant species, slope angle, tortuosity index, random roughness, saturated hydraulic conductivity Ksat) for
all six experimental plots (shown with symbols). The explained variance of the principal components is indicated in the axes
labels.
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Figure 6.9 Scatterplots of the relations between the four sand distance measures (based on the relative cumulative travel
distances: 50 %, 75 %, 90 % and maximum distance) and the mean value of the site characteristics (slope (°), tortuosity
index TI (-), random roughness RR (cm), vegetation cover (%), number of plant species (spec. richness), saturated hydraulic
conductivity Ksat (mm/h)) and the first two principal components (PC1, PC2) of the PCA of the site characteristics for the
low rainfall intensity experiments. The green colored shading indicates significant Spearman rank correlations (significance level: α = 0.1). The colored symbols represent the experimental plots (see Figure 6.12).
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Figure 6.10 Scatterplots of the relations between the four sand distance measures (based on the relative cumulative travel
distances: 50 %, 75 %, 90 % and maximum distance) and the mean value of the site characteristics (slope (°), tortuosity
index TI (-), random roughness RR (cm), vegetation cover (%), number of plant species (spec. richness), saturated hydraulic
conductivity Ksat (mm/h)) and the first two principal components (PC1, PC2) of the PCA of the site characteristics for the
mid rainfall intensity experiments. The green colored shading indicates significant Spearman rank correlations (significance level: α = 0.1). The colored symbols represent the experimental plots (see Figure 6.12).

43

Results

Figure 6.11 Scatterplots of the relations between the four sand distance measures (based on the relative cumulative travel
distances: 50 %, 75 %, 90 % and maximum distance) and the mean value of the site characteristics (slope (°), tortuosity
index TI (-), random roughness RR (cm), vegetation cover (%), number of plant species (spec. richness), saturated hydraulic
conductivity Ksat (mm/h)) and the first two principal components (PC1, PC2) of the PCA of the site characteristics for the
high rainfall intensity experiments. The green colored shading indicates significant Spearman rank correlations (significance level: α = 0.1). The colored symbols represent the experimental plots (see Figure 6.12). For the 1990s left and right
plots sand moved below the plot boundaries (indicated with a break in the x-axis).
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Figure 6.12 Scatterplots of the relations between the four sand distance measures (based on the relative cumulative travel
distances: 50 %, 75 %, 90 % and maximum distance) and the values of the surface runoff ratio (%) and the sediment load
(g) for the low, mid and high intensity rainfall simulation. The green colored shading indicates significant Spearman rank
correlations (significance level: α = 0.1). The shapes and colors of the symbols represent the experimental plots and are the
same as used in the other graphs. For the low intensity event surface flow and, hence, also sediment transport to the bottom
of the plot only occurred on the 1990s middle and right plots. The surface runoff ratio and the sediment load for the 1990s
right plot are slightly underestimated because of a lack of measurements after the experiment stopped (indicated by the
black arrow). For the high intensity simulation sand moved below the plot boundaries on the 1990s left and right plots
(indicated with a break in the x-axis).
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Discussion

7.1 Evaluation of the new fluorescent sand method
The distribution of the sand is affected by the combination of various factors, including different

site characteristics. This highlights the challenges of finding an appropriate method or metric to

obtain a better understanding of surface hydrological connectivity. In contrast to Tauro et al.
(2012b) a qualitative detection of surface connectivity was possible because a sand tracer was

used instead of buoyant polyethylene balls. The new method showed promising results for the
determination of sediment connectivity and surface hydrological connectivity.

7.1.1 Field setup
The fluorescent segmented chains were fixed with tent pegs. On the left and right sides of the plot

the plot boundaries gave additional stability to the chain. Where the chain crossed the plot, tent
pegs could not be used to stabilize the chain because they would disturb the plot surface and the

flow on the surface. Hence, the chain was hanging down, which led to a slight bending of the tent
pegs over the days. This meant a slight change in the reference points relative to the ground be-

tween the photos. It happened also slightly on the left and right borders (but less). The change in
the reference grid was in the range of a few millimeters.

The chosen reference points (change of the color of the segmented chain) were too large, mean-

ing that it was not a point on the photo but rather a small area. The high pixel resolution of the
camera made this worse because the area consisted of more pixels. The manual selection of the

reference points in Python 3, thus, led to some inaccuracy as well, but this was also on the millimeter range. Because the reference points were rather small “reference areas”, every time a photo
was newly geometrically corrected, a slightly different correction was applied. This “reference areas” could lead to a larger difference when subtracting the extracted sand after a rainfall experi-

ment from the extracted sand before the experiment. A fully correct subtraction would only work
if both images could be perfectly placed on top of each other and this is only possible for unique,

not moving, and small reference points. Thus, uncertainties within the range of about 1 cm should

be assumed for the used distance measures. This is high compared to other studies which reached

spatial reliable resolutions of 1 mm (Hardy et al., 2019) or even < 1 mm (Hardy et al., 2017). Nonetheless, in terms of estimating maximum travel distances to get an idea of possible erosion, it is
acceptable.

The slope parallel fluorescent ropes (stretched over the plots at 0.5 m intervals) were a huge

drawback. They were useful in the field for the direct estimation of the sand movement but had to
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be removed in Adobe Photoshop later in order to correctly extract the orange sand, as they emitted in the same wavelength range as the sand. Additionally, they blocked the view to the sand
below them. Thus, a different color rope (or no rope) should be used in the future.

The camera used to capture the distribution of the sand was mounted on a tower below the

plot, leading to a smaller angle (λ < 90°) between the average plot surface and the camera lens

(λ = 90° indicates a camera lens pointing straight down from the nadir, see also Figure 7.1a). The

smaller angle could inhibit detection of sand particles behind larger objects. Thus, if large rocks
were present on the plots, sand behind these rocks could not be detected due to so called ‘shadowing effects’ (e.g. on the 1990s middle plot – see also chapter 7.2). This is clearly visible when

comparing a photo from the camera tower with a drone-based image taken with a DJI Phantom 4

Pro and nadir view (Figure 7.1b and c). Hardy et al. (2019) took photographs at only 2 m height

above ground to study particle tracing on tilled farmland. At only 2 m height soil aggregates (after

tillage) could shield areas with tracer particles. However, they did not address this important limitation which questions their results.

Figure 7.1 (a) Sketch of the camera tower and an experimental plot. The angle λ between the camera lens and the average
plot surface is 90° from the nadir view (b) and smaller from the camera tower view (c). The nadir photo (b) of the 1990s
right plot was taken with a DJI Phantom 4 Pro. The photo from the tower camera (c) was not taken at a nadir view. The
white ellipses indicate areas where sand is not clearly visible on the picture from the tower camera.
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On the 1990s moraine the orange sand line (low intensity) was placed in the middle of the plot,

the green line (mid intensity) 50 – 60 cm below and the blue line (high intensity) another

50 – 90 cm downslope. The placement of the fluorescent sand lines was not optimal, as the sand

lines were too close to the end of the plot and sand moved out of the detectable range. Starting
with the orange sand line in the middle of the plot had the advantage of a larger “catchment area”

on the plot above the line. In retrospect, it would have been better to place the lines further up on

the plot and closer together. Because sediment transport strongly depends on the soil surface, it
is therefore highly variable in space (Parsons et al., 2004). The lines should, thus, be closer to-

gether in order to be able to better compare the measured sand distances of the different rainfall
intensities. In contrast, for the evaluation of surface connectivity, the placement of the sand lines
further apart was better since more flow paths could be observed (covering a larger total area).
This results in a trade-off between the two interests and, hence, with interest in both, sediment

transport distances and surface connectivity, the chosen distance between the sand lines
(50 - 90 cm) seems acceptable.

The glow in the dark sand in combination with the fluorescent reference grid and the UV-lamps

had the advantage that no wavelength filter had to be used on the camera as for example in the

setup of Hardy et al. (2019). In addition, no real-time particle tracking (as used by Tauro et al.,

2012b, 2012a, 2016, Hardy et al., 2016, 2017) was used since sand was not only detached but also
deposited on the plot surface (see also chapters 6.4 and 7.5) which led, compared to the other
studies, to a relatively easy setup. However, if the goal was to extract exact particle travel distances

(and not only estimates) real-time particle tracking would be necessary, as performed by Hardy

et al. (2017) on soil surfaces.

7.1.2 The fluorescent sand
After being exposed to water, the fluorescent sand clumped together and formed small aggregates

(size: 1 - 15 mm) when the sand was drying. These aggregates were not easily destroyed by
raindrops, leading to reduced sand movement during subsequent rainfall experiments. This was

observed in the field during the last irrigation experiment (high intensity) on the 3k plot. The

clumping of the sand was probably caused by a glue, that should prohibit the removal of the glow-

ing color TAT 33 from the quartz sand particles. It was, thus, not possible to use a sand line for
more than one rainfall experiment in order to study the sediment transport distances. This is also

the reason why no sediment transport data for the 3k plot (where only one sand line was applied)
was obtained for the mid and high intensity rainfall simulations (n/a in Table 5).
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The quality of the fluorescent sand also depended on the sand color. The glowing color coating

(TAT 33 and a glue) of the blue sand was more easily washed from the quartz sand particles than

form the orange and green particles, leading to more undetectable particles in the post processing
for the blue sand. Due to the insufficient quality of the blue sand, it should not have been used for
the high intensity simulation where even more energy was available to leach the color.

The ability of the sand to glow, without the need of constant UV- light, is a great advantage of

the tested method. As this study was performed on glacial moraines, the surface roughness was

high and thus many obstacles created UV- light shaded areas. Nevertheless, the sand particles still

emitted light and could thus be captured on the photographs. Hardy et al. (2019) used, as many
other studies (Young and Holt, 1968; Tauro et al., 2012b, 2012a, 2016, Hardy et al., 2016, 2017),

particles that need constant UV-light exposure in order to be visible in the dark and were, thus,
not able to see particles in the shadows.

7.1.3 Photo analyses
A major limitation of the geometric correction code of Weiler (2001), that was used in this study,
is the inability to extrapolate beyond the range of the chosen reference points. This was not nec-

essary for the extraction of brilliant blue dye tracer in the soil because a wooden grid was placed
around the transects (see Weiler and Flühler, 2004). However, for the extraction of the sand dis-

tribution on the surface, this method would have resulted in more accurate results (compared to
the linear extrapolation of the grid outside the photo; see Figure 5.1) as sand particles that moved

beyond the last reference point needed to be included in the analysis. The geometric correction

outside the reference points could not be included in the code due to lack of time.

Because of the “reference areas” instead of reference points, the top left corner (coordinate 0, 0)

of the corrected images was not always exactly at the same location (uncertainty of about 1 cm as
described in chapter 7.1.1). Thus, for the subtraction of the sand lines (see chapter 5.2) the peak

of the sand lines was chosen (Figure 5.3) as reference for the overlap of the photos before and
after the experiments. This peak was assumed to be at about the same location before and after

the experiments (because the sand line was about 2 cm high and not all of that sand would move
during a rainfall experiment). It was assumed that this would lead to more accurate results than
subtracting the complete images (overlapping at the coordinate 0, 0) from each other. However,

because of infiltration and sand movement, the peak of the sand may not have been at exactly the

same locations, which would have led to additional uncertainties in the travel distances.

The sand colors green and blue were not optimal as their emitted wavelength ranges almost

overlap. This caused additional uncertainty during the sand extraction process because of
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misclassifications (see chapter 5.2). Additionally, the blue coating partly washed off the sand. The
pure quartz sand had a white color which could not be detected because the background also con-

tained white elements. Sand particles partly covered in soil material or submerged in small ponds
in depressions could also no be detected in post processing. However, this is a common problem
and was also found by Hardy et al. (2019).

The conversion of the rgb photos to the hsv color scheme was a good choice. Using only one

channel of the rgb photos did not lead to satisfactory results and for each color a combination of

channels would have been needed. The separation of the three sand colors in the hsv, using sand’s
hue was the only objective method that led to reasonable results. Other common objective and

reproducible procedures for color-based object extractions used in remote sensing, such as unsu-

pervised classification methods resulted in significantly worse results. However, with supervised

classification algorithms (e.g. maximum likelihood) nearly equally good results could be achieved
(see Appendix 4). Such methods are subjective and not reproducible and, thus, they were not con-

sidered further. For a description of the mentioned methods see for example Lillesand et al.
(2015) or Mather et al. (2016).

7.1.4 Measures of sediment transport
The “reference areas” instead of reference points, the small covered areas by the fluorescent ropes
on the plots and the position of the camera led to the inability to calculate the actual size of sand

covered areas after a rainfall experiment. Secondly, it led to uncertainties in the measures of the

sand movement, particularly for the 50 %, 75 % relative cumulative frequency of transport dis-

tances, and partly also the 90 % relative frequency. For the maximum distance the values were

assumed to be more accurate, since the angle between the plot surface and the camera lens (λ)
was larger for the lower end of the plot and because no large rocks were located within these

areas (see also Figure 3.2). The four distance measures were, thus, not always meaningful but

because of uncertainties related to each of them, it was preferred to report the results for all of
the distance measures.

On the experimental plots where almost exclusively splash erosion occurred so that only some

sand particles or aggregates (e.g. attached to a pebble) moved, the 50 %, 75 % and 90 % relative

cumulative frequency based distances were not so informative. Instead, rather the maximum distance should be used (see chapter 7.2). The shorter distance measures are particularly useful to
compare plots where erosion processes by surface flow dominated.
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Splash erosion is a relatively inefficient process for sediment detachment and transport (Bracken

et al., 2015), and fewer particles are transported compared to sheet wash. According to Long et al.
(2014) only about 4 % of the momentum of raindrops, at the surface, lead to the detachment and

movement of particles. Hence, on the experimental plots, where only few sand particles moved,

erosion by rain splash is assumed to be the dominant erosion process. On strongly vegetated plots

(3k, 1860 left, 1860 right) fluorescent sand was only found on some spots below the line for all

rainfall intensities (Figure 6.2a-c; see also photos of the sand in Appendix 3). The main reason for

this is the presence of dense vegetation (over 50 % vegetation cover), which increases the resistance for sediment movement (Berendse et al., 2015). The DTM based flow accumulation for

the sand covered areas was also low (Figure 6.6) and no distinct surface flow was observed during

the experiments. However, splash erosion was observed on these plots. Due to splash erosion sed-

iment particles could be transported over larger barriers, such as rocks and vegetation. Higher

distances are possible with higher rainfall intensities, as the movement of the particles is dependent on the kinetic energy of the rain drops (Pietravalle et al., 2001).

The 1990s middle plot was similar to plots of the 3k and the 1860s moraines in terms of the

sand movement, as sand was barely transported downslope. The vegetation cover and the number

of plant species was higher than for the 1990s left and right plots and thus more similar to the
plots of the 3k and 1860s moraines. However, surface flow was observed on the plot surface during the experiments which rather indicates surface flow to be the dominant erosion process. Com-

pared to the 3k and the 1860s left and right plots, the saturated hydraulic conductivity was rather
high for the 1990s plot, leading to more infiltration of sand particles into the soil and less sediment

transport on the surface. According to the DTM, flow accumulation was high on the right side of

the plot. Large rocks just below the sand lines blocked the surface flow and led to a different rout-

ing of the water (infiltration). Additionally, the rocks blocked the view of the camera (shadowing

effect; see also chapter 7.1.1), and all the sand between those rocks was not detected (Figure 7.2a).

The high infiltration and the rocks that blocked the surface flow may have caused the relatively

short sand transport distances for the middle 1990s plot. The real travel distances, however, may
be higher since the rocks also blocked the view of the camera.

On the left and right plots of the 1990s moraine the sand was transported more evenly over the

surface (Figure 6.2d and f). Surface runoff was observed during the experiments and also sug-

gested by the DTM flow accumulation. Compared to the other plots the vegetation cover and the
number of plant species was lower. Hence, surface flow was assumed to be the dominant erosion
process.
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Figure 7.2 (a) Example of rocks blocking the sand flow (on the surface) on the top right corner of the 1990s middle plot
below the orange and green sand line. (b) Orange sand, that easily flowed over the rock surfaces of the 1990s right plot in
the top right corner.

7.3 Effects of site characteristics on sediment transport
Since sand transport on half of the experimental plots was dominated by splash erosion, the maximum sand movement is the most reliable measure for sediment transport within this study. How-

ever, since sand was placed loosely on the surface before the rainfall experiments, and because

the sand was not fully representing the grainsize distribution of the underlying soil (but only a
fraction), the measured distances do not represent actual erosion rates and would rather indicate
maximum values for local surface erosion.

The site characteristics that were significantly correlated with at least one of the four distance

measures for the sand movement for all rainfall intensities were vegetation cover, number of plant

species, slope angle, surface roughness (tortuosity index) and PC1. Overall vegetation cover (av-

erage Spearman rank correlation factor of -0.91 over all rainfall intensities) and the number of

plant species (average Spearman rank correlation factor of -0.83 over all rainfall intensities) were

the most important factors in determining the amount of sediment transport on hillslope surfaces.

Slope angle and surface roughness could also have an effect. These findings are consistent with

the findings of Battany and Grismer (2000), where vegetation cover was found to be the most

important factor. Slope angle and surface roughness had a secondary influence. Rodrigo Comino

et al. (2016) also found vegetation to have the largest effect on runoff generation and sediment

transport and slope angle as a secondary factor. Additionally, also stone cover and pre-experiment

soil moisture conditions were found significant. Stone cover was not directly measured on the

experimental plots in this thesis; however, stones of different sizes dominated the surface on the
1990s moraine and also more surface flow and sediment runoff was observed.

Vegetation cover and the number of plant species were significantly negative correlated with

the maximum sand transport distance for all three rainfall intensities. This was also observed for
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PC1, which mainly described the two vegetation measures. The influence of the vegetation on the
movement of the fluorescent sand can also be seen in Figure 6.4, where the area where sand

transport and deposition occurred was smaller for the stronger vegetated plots (3k, 1860 left,

1860 right) than for the other three plots. On the 1990s middle plot also less sand moved than for

the left and right plots. This can be explained by the higher vegetation cover and larger number of

plant species. The negative relation between vegetation cover and sediment movement is consistent with the findings of many other studies (Battany and Grismer, 2000; Rey et al., 2004; Zhang
et al., 2004; Marques et al., 2007; Wei et al., 2007; Zhou et al., 2008; Rodrigo Comino et al., 2016)

and can be explained by increased soil stability, increased resistance (Berendse et al., 2015),

higher interception (El Kateb et al., 2013), lower potential for abrasion and higher rate of local

sedimentation (Rey et al., 2004; Sandercock and Hooke, 2011). The negative relation between the
number of plant species and the sediment transport is more difficult to explain. Allen et al. (2016)

found that the number of plant species indirectly increases the number and length of roots, which
brings more soil stability and less erosion. Hou et al. (2016) reported that there is a strong rela-

tionship between the number of plant species and vegetation cover and that the correlation be-

tween the number of plant species and sediment transport depends on the vegetation patterns.

For example, for heterogeneously distributed vegetation, vegetation cover increases with the
number of plant species causing sediment transport to decrease. However, for homogeneously

distributed vegetation, vegetation cover decreases with a larger number of plant species and sediment transport increases. On the six experimental plots vegetation patterns were heterogeneous,
and thus the findings are consistent with those of Hou et al. (2016).

Slope angle was only significantly correlated with the 50 % and 75 % relative cumulative fre-

quency of transport distances for the mid intensity events (but not for the 90 % and maximum

distance). Because the relation (degree and orientation, see also Appendix 2) between the

transport distance and slope angle differed for different distance measures and rainfall intensities

and because no significant correlation with the maximum distance was found, the correlation
analysis of the slope angle should be interpreted with caution. Additionally, the significant corre-

lation was negative, indicating that smaller slope angles would lead to larger transport distances
for the sand. This is unexpected because most studies show that erosion rates are higher for

steeper slopes (Evans, 1980; Cerdà and García-Fayos, 1997; Koulouri and Giourga, 2007; El Kateb
et al., 2013; Martínez-Murillo et al., 2013; Rodrigo Comino et al., 2016). Nevertheless, some studies
also found increasing erosion rates with increasing slope angle up to a threshold value and de-

creasing erosion rates after that (Bryan, 1979; Evans, 1980; Qing-quan et al., 2001). This was also

found by Liu and Singh (2004), for surface flow velocity and shear stress, which influence sedi-

ment transport. The reason for the threshold value is complex and is related to changes in vege-

tation cover, plant species richness (Nadal-Romero et al., 2014), surface flow velocity, shear
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stress, erosion-resisting capacity, infiltration etc. which change with increasing slope angles
(Bryan, 1979; Qing-quan et al., 2001).

The tortuosity index was significantly correlated to the maximum sediment transport distance

for the low intensity simulation but the trend (Figure 6.9) is not as clear as e.g. for vegetation cover

and should be interpreted with caution. The real transport distance for the 1990s middle plot

would probably be larger. If this were true, the correlation would be better resulting in a more

linear correlation. This also applies for the mid and high intensity simulations. Nevertheless, the

positive correlation for the low intensity simulation is consistent with the results of other studies
(e.g. Römkens et al., 2002; Vermang et al., 2015). Rougher surfaces lead to more sediment

transport because of more changes in the drainage network during precipitation events when sur-

face runoff occurs (Römkens et al., 2002). However, surface roughness could also be negatively
correlated to the sediment transport (Ziadat and Taimeh, 2013) and, thus, the direction of the

significant correlation was not meaningful (given the small sample size). More sediment transport

on the surface would mean that also the sediment load (in the measured surface runoff) would be

higher. However, the sediment loads for the low intensity rainfall simulations (Figure 6.12) were

rather low and only for two plots different from zero (Table 4). Thus, even if the sand on the plot
surface moved, it did not reach the downslope end of the plot. This is a strong indication for the
complex interconnections and linkages between different parts of a hillslope (see also chapter

7.5). Surface runoff can occur locally but also disappear again due to infiltration, as e.g. seen in the
ponding with the dye tracer on the 1990s right plot (see Figure 6.5a). These findings are consistent

with those of Römkens et al. (2002) who found no increased sediment export (soil loss) from
rougher surfaces overall but locally increased sediment loads in the surface runoff.

Ksat was not significantly correlated to the sediment transport distances, which is surprising.

The Ksat values on the plots were typical for the corresponding soil or moraine material and are

within the range of “sand” (42 – 4170 mm/h), “poorly sorted sand and gravel” (208 – 4170 mm/h)

and “gravel” (4170 - 41700 mm/h; Hendriks, 2010). As expected, the surfaces dominated by
gravel (the three plots on the 1990s moraine) had higher Ksat values than the others. The PCA

further suggested a negative relation between the two vegetation measures (vegetation cover and

number of species) and Ksat, which indicates lower infiltration rates for the vegetated areas. However, the measured saturated hydraulic conductivity was always higher than the applied rainfall

intensity. The lowest measured Ksat was for the 3k plot (600 mm/h) but this was still approxi-

mately seven times higher than the actual high rainfall intensity on this plot (89 mm/h; see

Table 2). Nonetheless, surface runoff was observed on all plots for the high intensity simulation,
suggesting the occurrence of saturation excess runoff (Dunne and Black, 1970) instead of infiltra-

tion excess runoff (Horton, 1933). Note, however, that the measured surface runoff is not
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equivalent to pure overland flow, as the plastic foil was inserted just below the sod and the surface
runoff thus included biomat flow (see chapter 4.2.2). Also, other factors could be responsible for
the further sand movement on the less vegetated plots (1990 left and right). The high spatial var-

iability of soil properties leads to very heterogeneous infiltration rates that often change over

short distances (van Schaik, 2009). This is even more distinct for glacial moraine material with

the strong variability in the grain and gravel sizes, which is thought to influence the local devel-

opment of soils (Johnson et al., 2015). It allows water flow over the surface and infiltration at other

locations (see e.g. flow towards the ponding in the lower parts of Figure 6.5a). Moreover, rock

surfaces have Ksat values close to zero. Rocks cover a large portion of the surface of the three plots

on the 1990s moraine. Since no water infiltrates there, it is forced to flow over the rock surface

before infiltrating into the soil. Sand on such rocky surfaces, thus, moves easily with the water

(Figure 7.2b). In contrast on vegetated plots, the vegetation itself functions as resistance

(Berendse et al., 2015), and even if water would flow on the surface (as suggested by the DTM
based flow accumulation), sand particles may be stopped. Additionally, the soils are more stable

because of the higher rooting density (Allen et al., 2016), impeding the process of detachment.
This is not relevant for the sand from the line, as it was loosely placed on the soil surface, but

generally applies for other sediment particles and is therefore of major importance to understand
surface erosion.

7.4 Effect of rainfall intensity on sediment transport
The sand movement generally increased from the low to the mid intensity rainfall simulation for
all four distance measures (Figure 6.3), indicating an increase in sediment transport with increasing rainfall intensity. This is congruent with the findings of various other studies (see e.g. Römkens

et al., 2002; Zhang et al., 2011; Defersha and Melesse, 2012; Martínez-Murillo et al., 2013; Ziadat

and Taimeh, 2013; Wen et al., 2015; Khan et al., 2016; Xu et al., 2017) and is also intuitive as a

higher rainfall intensity provides more kinetic energy on the soil surface (Evans, 1980) and should

result in more surface runoff (Khan et al., 2016). The blue sand lines had more gaps (in the line)

than the orange and green lines (see Figure 6.4 and Appendix 3), indicating that more sand was

washed away by surface runoff, infiltration and splash erosion during the high intensity rainfall

simulation. However, the determined sand travel distances decreased from the mid to the high

intensity simulations (especially in the 50 %, 75 % and 90 % relative cumulative frequency of
transport distances). The maximum sand movement, however, increased with increasing rainfall
intensity for all plots, except for the 1990s left and right. This could be partly explained by the bad

quality of the sand (chapter 7.1.2), resulting in white quartz sand particles (after the experiment)

that could not easily be distinguished from the background. Another factor could be a higher
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infiltration of the sand below rocks and into the soil. As already mentioned in chapter 6.3, blue

sand particles were found in the gutters below the plot, indicating that the sand had moved off the

plot and the determined travel distances are thus too short. Accounting for the mentioned factors

one could argue that increasing rainfall intensity leads to higher sediment transport on hillslope
surfaces. As the Spearman rank correlation coefficients for the driving factors (vegetation cover
and number of plant species) were about the same over all rainfall intensities (see Table 8 in Ap-

pendix 2), but the maximum sediment movement increased with higher rainfall intensity, the rainfall intensity itself could be seen as the main factor determining sediment transport. This is con-

gruent with the findings of e.g. Ziadat and Taimeh (2013), Wen et al. (2015) or Khan et al. (2016)

who also found rainfall intensity to be the main driving factor for soil erosion (at least among the

studied factors). However, there could also be other factors that are even more important. For

example, Xu et al. (2017) found upslope inflow (to the studied area) to be more effective for soil
erosion than rainfall intensity.

Sand movement was positively correlated to the surface runoff ratio and the sediment load

measured at the bottom of the plot. The sediment load of the surface runoff is expected to correlate

(positively) with both the observed sediment transport on the plot surface and the surface runoff

itself. However, the positive correlation was only significant with the 50 % and 75 % relative cu-

mulative frequency of transport distances and only for the mid intensity simulation (Figure 6.12).
Hence, the results should also be interpreted with caution. For the low intensity only the 1990s

middle and right plots had a sediment load that was different from zero. The two plots were lo-

cated directly at the bottom of the hillslope, draining into the fluvial plane of the Steingletscher.
Subsurface flow (measured in the first Upwelling Bernoulli Tube – see chapter 4.1) was continu-

ously observed (also after several days of no natural rainfall), suggesting exfiltrating groundwater

at this location. During the irrigation experiments, the soils on the two plots were thus saturated

and surface runoff was generated earlier (e.g. in the form of partial area surface runoff (Betson,

1964), which is often observed at the lower end of hillslopes (Beven, 2012)) than for the other
four plots. In contrast the 1990s left plot was located further up on the moraine and the slope was

significantly steeper than for the other two plots. Additionally, Ksat was very high (comparable to
pure gravel). The irrigated water on the plot, therefore, likely infiltrated deep. Surface runoff (and
thus also sediment load) did not occur for the low and mid intensity experiments and was very

small for the high intensity experiment. Nevertheless, local surface flow was observed, most likely

because of the high spatial variability of the soil properties, and sand moved on the plots, even if

no surface runoff was measured. This is a very important finding, as it shows the occurrence of
surface flow and re-infiltration and highlights the importance of hydrological connectivity (see

chapter 7.5).
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7.5 Surface hydrological connectivity
Fluorescent sand transport was observed on all experimental plots and for all rainfall intensities,
except on the 1860s left plot for the low intensity simulation. The main sand displacement hap-

pened via splash erosion (3k, 1860 left, 1860 right) and locally occurring surface flow, which reinfiltrated again on the plot area (1990 left, middle, right). Dominating processes on the latter plot

surfaces were local re-infiltration and redeposition.

For the 1990s right plot, there was a good match between the distribution of the fluorescent

sand after the experiments (Figure 6.4), the DTM based flow accumulation (Figure 6.6) and the

movement of the dye tracer (Figure 6.5c). These findings suggest that the distribution of the sand

is able to represent the paths of surface flow (at least on the 1990s right plot). Surface flow was

mainly observed along rills (rill flow) and towards depressions (Figure 6.5a) as reflected by the

microtopography (Figure 6.7), indicating that microtopography is an important factor determin-

ing surface hydrological connectivity. This is consistent with the classic view of surface hydrolog-

ical connectivity. As water on a surface becomes available during rainfall events, e.g. due to satu-

ration excess runoff (Dunn), it first flows into topographic depressions and ponding starts. When

they are full and more water is added, they start draining into other depressions, and thus they

become hydrologically connected (Appels et al., 2011). The creation of such a hydrological runoff
system was observed in the lower part of the 1990s right plot (Figure 7.3). Ponding was observed

in depressions. Filled depressions overflowed and, thus, connected via overland flow with other
locations.

In general, the local microtopography and, thus, local slope gradients defined the direction of

flow on the surface as e.g. seen in the flow towards the left in the lower part of the 1990s right plot
(Figure 6.5 and Figure 6.7). Surface hydrological connectivity depends on the distribution of topo-

graphic features but also vegetation patches that may act as hydrological sinks (Lesschen et al.,

2009; Meerkerk et al., 2009; Cantón et al., 2011) or barriers. Debris, litter, microtopography, slope
length and slope angle are also considered to affect connectivity (Mayor et al., 2008; Appels et al.,
2011; Reaney et al., 2014).

Although splash erosion was not the dominant erosion process on the 1990s moraine (see chap-

ter 7.2), it was still an important process and was also observed during all experiments. This suggests that the surface hydrological connectivity and sediment connectivity are not fully the same.

Nevertheless, surface hydrological connectivity is the basis for sediment transport and is, thus,
strongly linked to sediment connectivity (Bracken et al., 2015). According to Ares et al. (2016) it

is even a prerequisite. Since splash erosion only contributes to a minor part to sediment transport
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(Long et al., 2014; Bracken et al., 2015), surface hydrological connectivity was relatively similar

to the sediment connectivity on the plots where overland flow and sheet wash occurred (three
plots on the 1990s moraine). On the other three experimental plots (3k, 1860 left, 1860 right),
where erosion of the fluorescent sand was dominated by rain splash, only sediment connectivity
was detected. The sediment connectivity on the three more vegetated plots was mainly influenced

by the vegetation cover. Locally different plant types could also strongly influence the movement
of sand particles (Sandercock and Hooke, 2011).

Better connectivity on hillslopes may lead to increased local surface runoff (Appels et al., 2011)

and, hence, also more sediment transport (Zimmermann et al., 2014). This is congruent with the
findings from the experimental plots of the 1990s moraine.

Figure 7.3 Two examples of surface hydrological connectivity, visualized by the addition of brilliant blue tracer dye to the
surface runoff, in the lower part of the 1990s right plot. The white circles mark water filled depressions (ponding), which
drain when filled and connect with other parts of the area via overland flow (white arrows).
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Conclusions

This study on experimental plots in the Swiss Alps suggests that the use of fluorescent sand to

determine surface connectivity and sediment transport distances is a promising approach. The

introduced setup allowed for the detection of the fluorescent sand distribution before and after
rainfall simulations with an estimated accuracy of about 1 cm. It was possible to determine the

flow patterns based on the sediment distribution on the plot surface. Where surface runoff
dominated, the distribution of the transported sand matched the microtopography and the Digital

Terrain Model (DTM) based flow accumulation, as well as the observed surface flow (visualized
with brilliant blue dye tracer). This strongly suggests that sediment transport depends mainly on
the surface hydrology and, thus, surface hydrological connectivity and sediment (meaning that

surface hydrological connectivity and sediment connectivity are very similar). However, where
erosion was dominated by rain splash only sediment connectivity could be assessed. The
dominant erosion type was rain splash for the vegetated plots (3k, 1860 left, 1860 right) and
surface runoff for the rocky surfaces on the younger moraine (1990s left, middle, right).

The distances of the sand movement allowed a direct comparison of the experimental plots in

terms of possible maximum sediment transport rates (which were assumed to be related to
erosion rates). A higher rainfall intensity led to higher sediment transport. Transport of the

fluorescent sand was also affected by vegetation cover and the number of plant species, and to a
lesser degree by slope angle and surface roughness. Vegetation cover and the number of plant

species affected sediment transport negatively for all experiments. Local surface runoff affected
the transport of the sand during the experiment more than surface runoff measured at the plot

lower boundary, suggesting frequent re-infiltration of surface runoff and highlighted the
importance of surface connectivity. It also shows that the sediment load (below the plot) does not

fully reflect sediment transport on the plot surface.

In the following the research questions are answered:
(1) Is fluorescent quartz sand useful for tracing water and sediment movement?
•

Yes, it is. Both sediment movement and water flow could be determined based on the pho-

tos of the sand. On sites with low vegetation cover, sediment transport is assumed to re-

flect surface water movement. In highly vegetated areas, though, sediment movement did
not represent water flow.
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(2.1) Do rainfall intensity, surface runoff and site characteristics (vegetation cover, num-

ber of plant species, slope angle, surface roughness, saturated hydraulic conductivity) affect sediment transport on hillslopes at plot scale?
•

Yes, they do. However not all site characteristics were significantly correlated to sediment

•

transport (see Table 6).

•

more important than surface runoff measured at the lower plot boundary.

•

Rainfall intensity had a strong influence on sediment transport. Local surface runoff was

Of all studied site characteristics, vegetation cover and the number of plant species affected sediment transport the most.

To a lesser degree also slope angle and surface roughness influenced sediment transport.

(2.2) And if so, how do they affect sediment transport?
•

A higher rainfall intensity leads to more and further sediment transport. More observed

•

local surface runoff also resulted in further sediment transport.

•

transport.

Mover vegetation cover or a higher number of plant species reduces the sediment
The effect of the influence of slope angle and surface roughness was unclear (Table 6).

Table 6 Summary of the effects of the factors studied in the thesis on sediment transport. Note that the locally occurring
surface runoff was only observed and not measured. Thus no statistical tests could be made for that factor.

variable

rainfall intensity

surface runoff (plot outflow)

influence on

sediment transport

on sediment transport

no

-

yes

surface runoff (locally)

yes

number of plant species

yes

vegetation cover
slope angle

surface roughness

saturated hydraulic conductivity

direction of influence
increase
increase

yes

decrease

maybe

unclear

maybe
no

decrease
unclear
-
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9 Recommendation for further research & improvements

For further research on the topic of surface hydrological connectivity and sediment transport sev-

eral recommendations for improvements of the used method are given. These include (i) a new

and easily applicable system to improve geometric correction of images, (ii) ways to avoid the
shadowing effect, (iii) recommendations considering sand line placements as well as (iv) recom-

mendations for the sand and sand color.
(i)

The “reference areas” instead of reference points led to uncertainties within the geomet-

ric correction (described in chapter 7.1.3). Instead of the fluorescent chain around the

plot, it is recommended to place reference points at regular intervals (e.g. 0.5 m) around

the plot. The reference points should consist of a long and thin metal rod, which can be
pushed far into the ground to remain stable for the duration of all experiments. On top

of the rods a thin fluorescent cross hair should be placed (preferably on a white back-

ground) to mark a unique location. On pictures from a high pixel resolution camera, the

intersect of the cross hair lines will represent only a very small area, which will improve

the precision when selecting the reference points for the geometric correction. The un-

certainty could then be improved from centimeters to millimeters or even smaller (de-

pending on the plot size and the pixel resolution of the camera), as it was obtained by

Hardy et al. (2017). The fluorescent rope, which was stretched horizontally over the
plots, should not be used in further studies as they cover the sand particles below the
rope.

(ii) To avoid or minimize the shadowing effect (blocked views of the sand by large rocks),
two alternatives are suggested. The first and more simple option would be the extension

of the camera tower to five or six meters. However, this impedes the manual operation

of the camera, which is needed for the orientation and adjustment of the focal point. Better results might be achieved by placing the camera directly above the plot. Using a metal

construction (such as seen in Figure 9.1), the camera-lens can be located perpendicular

to the slope angle (λ = 90°), allowing an areal perspective (nadir view). This was already
done during the tests before the field season 2018 at the University of Zurich
(Figure 9.1), but proved to be difficult to implement and time consuming in the field.

(iii) As already suggested in chapter 7.1.1 the three sand lines could be placed in the upper
half of the plot so that less (or no) sand moves off the plot. In addition, if the goal was to
extract transport distances only, the three sand lines should be placed closer together in

order to represent the movement of the sand within the same areas. If the goal is the
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detection of surface hydrological connectivity only, multiple sand lines could be placed
on the plot surface at different locations.

(iv)

The choice of sand colors could be improved. Since the blue and green sand colors were
too close in terms of the hue, a darker blue would be the right choice. However, the qual-

ity of the used sand particles was not satisfying for the blue color and, thus, different sand
particles could be used. Patrarc Ltd offers quartz based tracer material, in the colors red

and green (Partrac Ltd, 2013). The advantage compared to the sand of Noxton™ is the
known emitted wavelength of the sand, which would also allow the use of filters in front
of the camera lens. This sand is available in different grain sizes and was already success-

fully used for soil erosion studies (e.g. by Hardy et al., 2019). However, the sand particles

of Patrarc Ltd cannot be detected without UV-light which increases uncertainties (see

chapter 7.1.2) and should, thus, not be used on rough surfaces. On rough surfaces, the

use of the fluorescent glow in the dark sand, used in this thesis, is still strongly recommended.

Applying the suggested improvements in future research will lead to better results. Then the

use of fluorescent sand may be an innovative and reproducible new method to study and quantify

surface hydrological connectivity and/or sediment transport. I, therefore, encourage researchers

to use the fluorescent sand method in their erosion studies.

Figure 9.1 Alternative setup for the camera and the UV-lamps to capture the fluorescent sand, created during the field
work preparation in June 2018 at University of Zurich. The position of the camera allows the lens to point perpendicular to
plot surface (λ = 90°).
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Appendix 1: Calculations
Calculation of the actual experimental plot area (𝑨𝑨𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑 ) for the calculation of the surface runoff ratio (chapter 4.2.2):

The actual plot area in the field was different from the planned 4 m × 6 m because of natural var-

iations. The actual plot area had, hence, needed to be calculated in order to provide correct results
for the surface runoff ratio in equation (1). For the calculations the plot was sketched in

Figure A.1.

The actual plot area (𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ) was first divided into two triangles (see equation (4), where 𝐴𝐴𝑏𝑏 = blue

and 𝐴𝐴𝑑𝑑 = green in Figure A.1):

𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝐴𝐴𝑏𝑏 + 𝐴𝐴𝑑𝑑

(4)

Within each triangle then the corresponding height (ℎ𝑏𝑏 for blue and ℎ𝑑𝑑 for green) were calculated.
This is presented in equations (5) and (6).

ℎ𝑏𝑏 = sin 𝛽𝛽 ∗ 𝑐𝑐

ℎ𝑑𝑑 = sin 𝛼𝛼 ∗ 𝑎𝑎

(5)
(6)

Then for both triangles the corresponding area (𝐴𝐴𝑏𝑏 for blue and 𝐴𝐴𝑑𝑑 for green) could be calculated
using equations (5) and (6):

ℎ𝑏𝑏 ∗ 𝑏𝑏 sin 𝛽𝛽 ∗ 𝑏𝑏 ∗ 𝑐𝑐
=
2
2
ℎ𝑑𝑑 ∗ 𝑑𝑑 sin 𝛼𝛼 ∗ 𝑎𝑎 ∗ 𝑑𝑑
𝐴𝐴𝑑𝑑 =
=
2
2
𝐴𝐴𝑏𝑏 =

(7)
(8)

Combining equation (4) with equations (7) and (8) the actual plot area was calculated:
𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝐴𝐴𝑏𝑏 + 𝐴𝐴𝑑𝑑 =

sin 𝛽𝛽 ∗ 𝑏𝑏 ∗ 𝑐𝑐 sin 𝛼𝛼 ∗ 𝑎𝑎 ∗ 𝑑𝑑
+
2
2

(9)

The actual plot areas are presented in Table 7. Notably no plot had the theoretical area of 24 m2,
and thus the actual plot areas were important for the calculations in equation (1).
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Calculation of the actual heights of the microtopography profiles on the 1990s right
plot for the 3-dimensional plot (Figure 6.7):

The actual height of the microtopography transects v, vi, vii and viii compared to the transects ix

and x was calculated using the measured slope angles. They were available in 0.5 m steps and thus
0.5 m surface distances around each slope angle measurement (γ, δ, ε, η, 𝜃𝜃) were created (25 cm

before and after). For each of those distances (e, f, g, h, i) the slope was constant (Figure A.2). Using
the laws of trigonometry, the individual heights for each surface distance (ye, yf, yg, yh, yi) was calculated as follows:

𝑦𝑦𝑒𝑒 = cos 𝛾𝛾 ∗ 𝑒𝑒

(10)

𝑦𝑦𝑔𝑔 = cos 𝜀𝜀 ∗ 𝑔𝑔

(12)

𝑦𝑦𝑓𝑓 = cos 𝛿𝛿 ∗ 𝑓𝑓

𝑦𝑦ℎ = cos 𝜂𝜂 ∗ ℎ
𝑦𝑦𝑖𝑖 = cos 𝜃𝜃 ∗ 𝑖𝑖

(11)
(13)
(14)

For transects ix and x no actual height had to be calculated since they were used as starting height

(reference height). The actual height for transects vii and viii (ℎ𝑙𝑙2 ) was calculated using equations
(12), (13) and (14):

ℎ𝑙𝑙2 =

𝑦𝑦𝑔𝑔
𝑦𝑦𝑖𝑖
+ 𝑦𝑦ℎ +
2
2

(15)

The division of yi and yg by two is because only half of the surface distance, and thus also only half

the individual height, was needed for the actual height (see Figure A.2b). For the transects v and

vi the actual height (ℎ𝑙𝑙3 ) was calculated using equations (10), (11), (12), (13) and (14):
ℎ𝑙𝑙3 =

𝑦𝑦𝑖𝑖
𝑦𝑦𝑒𝑒
+ 𝑦𝑦ℎ + 𝑦𝑦𝑔𝑔 + 𝑦𝑦𝑓𝑓 +
2
2

(16)

As before, the first and last additional distances (yi, ye) were divided by two.

The actual heights were added to all height readings of the corresponding microtopography transect. This was 39 cm for ℎ𝑙𝑙2 and 79 cm for ℎ𝑙𝑙3 .
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Table 7 Plot border lengths a, b, c, d (see Figure A.1) in m, as measured in the field, the angles α (between a and d) and β
(between b and c) in degree as well as the actual calculated plot area 𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 in m2 using equation (9).

plot
3k

1860 left

1860 right
1990 left

1990 middle
1990 right

a [m]

b [m]

c [m]

d [m]

α [°]

β [°]

𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 [m2]

4.1

6.1

4.1

6.1

89

90

25.01

4.2
4.1

6.05
6

4.05
4

4

5.7

4.2

3.8

6.1

4.2

3.6

6.1

4.1

6.05
6.2
6

6.2
6.4

65
88

74
89

87

102

93

103

84

92

23.29
24.70
23.69
23.60
24.63

Figure A.1 Sketch of an experimental plot (red) in the field with the measured distances a, b, c and d as well as the angles
α and β. The plot is divided into two triangles (Ab = blue and Ad = green) for the calculation of the actual plot area.

Figure A.2 Sketch of a lower experimental plot half (a), including the microtopography transects v to x. Since the slope
angles were measured every 0.5 m, their values were used for the corresponding 25 cm before and after a measurement
which leads to five distances (e, f, g, h, i) to which one slope angle measurement corresponds. The transects v and vi were
in the middle of distance e, vii and viii in the middle of distance g and ix and x in the middle of distance i. A vertical side view
of the lower part of the plot (b) was created to illustrate the calculation of the actual height of microtopography lines
(transect v and vi, transect vii and viii) above the lowest line (transect ix and x). Therefore, the heights ye, yf, yg, yh and yi as
well as the angles γ, δ, ε, η and 𝜃𝜃 are presented.
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Table 8 Pearson and Spearman rank correlations for the four sand distance measures (based on the relative cumulative
travel distances: 50 %, 75 %, 90 % and maximum distance) and the values of the site characteristics (slope angle, tortuosity
index TI, random roughness RR, vegetation cover, number of plant species (species richness), saturated hydraulic conductivity Ksat) and the first two principal components (PC1, PC2) of the PCA for the three rainfall intensities (low, mid, high).
Marked in green are the significant values (significance level: α = 0.1).

Pearson (r)

low intensity
slope angle
surface roughness (TI)
surface roughness (RR)
vegetation cover
species richness
Ksat
PC1
PC2
mid intensity
slope angle
surface roughness (TI)
surface roughness (RR)
vegetation cover
species richness
Ksat
PC1
PC2
high intensity
slope angle
surface roughness (TI)
surface roughness (RR)
vegetation cover
species richness
Ksat
PC1
PC2

Spearman (rs)

50 %

75 %

90 %

max

50 %

75 %

90 %

max

-0.742
0.526
0.649
-0.448
0.038
0.163
-0.373
0.652

-0.663
0.568
0.688
-0.587
-0.228
0.325
-0.552
0.575

-0.558
0.481
0.525
-0.694
-0.355
0.469
-0.633
0.399

-0.246
0.484
0.409
-0.873
-0.679
0.700
-0.832
0.140

-0.543
0.600
0.714
-0.714
-0.290
0.143
-0.314
0.543

-0.486
0.657
0.543
-0.886
-0.580
0.429
-0.600
0.371

-0.429
0.429
0.371
-0.771
-0.493
0.314
-0.543
0.257

-0.600
0.829
0.486
-0.943
-0.754
0.657
-0.771
0.429

-0.832
0.414
0.702
0.041
0.048
-0.155
-0.141
0.764

-0.828
0.439
0.723
-0.014
-0.008
-0.107
-0.194
0.764

-0.489
0.409
0.615
-0.606
-0.674
0.472
-0.676
0.413

-0.132
0.375
0.443
-0.864
-0.927
0.737
-0.855
0.123

-0.900
0.500
0.300
-0.300
-0.154
0.100
-0.300
0.800

-0.900
0.500
0.300
-0.300
-0.154
0.100
-0.300
0.800

-0.600
0.400
0.200
-0.800
-0.718
0.500
-0.800
0.300

-0.700
0.700
0.500
-0.900
-0.872
0.700
-0.900
0.400

0.441
-0.527
-0.008
0.503
0.182
-0.617
0.559
-0.226

0.260
-0.276
0.272
0.307
0.016
-0.487
0.318
-0.005

0.077
-0.119
0.420
0.080
-0.196
-0.276
0.069
0.117

-0.267
0.533
0.545
-0.890
-0.884
0.755
-0.917
0.268

0.300
-0.700
0.100
0.500
0.410
-0.800
0.500
0.000

0.300
-0.700
0.100
0.500
0.410
-0.800
0.500
0.000

0.000
-0.300
0.400
-0.100
-0.205
-0.300
-0.100
0.100

-0.700
0.700
0.500
-0.900
-0.872
0.700
-0.900
0.400
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Table 9 p-values of Pearson and Spearman rank correlations for the four sand distance measures (based on the relative
cumulative travel distances: 50 %, 75 %, 90 % and maximum distance) and the values of the site characteristics (slope
angle, tortuosity index TI, random roughness RR, vegetation cover, number of plant species (species richness), saturated
hydraulic conductivity Ksat) and the first two principal components (PC1, PC2) of the PCA for the three rainfall intensities
(low, mid, high). Marked in green are the significant values (significance level: α = 0.1).

p-value of Pearson

low intensity
slope angle
surface roughness (TI)
surface roughness (RR)
vegetation cover
species richness
Ksat
PC1
PC2
mid intensity
slope angle
surface roughness (TI)
surface roughness (RR)
vegetation cover
species richness
Ksat
PC1
PC2
high intensity
slope angle
surface roughness (TI)
surface roughness (RR)
vegetation cover
species richness
Ksat
PC1
PC2

p-value of Spearman

50 %

75 %

90 %

max

50 %

75 %

90 %

max

0.091
0.284
0.163
0.373
0.943
0.757
0.466
0.160

0.151
0.239
0.131
0.221
0.665
0.529
0.256
0.232

0.250
0.334
0.285
0.126
0.490
0.348
0.178
0.433

0.639
0.330
0.421
0.023
0.138
0.122
0.040
0.791

0.297
0.242
0.136
0.136
0.577
0.803
0.564
0.297

0.356
0.175
0.297
0.033
0.228
0.419
0.242
0.497

0.419
0.419
0.497
0.103
0.321
0.564
0.297
0.658

0.242
0.058
0.356
0.017
0.084
0.175
0.103
0.419

0.080
0.488
0.187
0.948
0.939
0.804
0.821
0.133

0.084
0.460
0.168
0.982
0.990
0.864
0.755
0.132

0.404
0.494
0.270
0.279
0.213
0.422
0.210
0.490

0.833
0.533
0.455
0.059
0.024
0.156
0.065
0.843

0.083
0.450
0.683
0.683
0.805
0.950
0.683
0.133

0.083
0.450
0.683
0.683
0.805
0.950
0.683
0.133

0.350
0.517
0.783
0.133
0.172
0.450
0.133
0.683

0.233
0.233
0.450
0.083
0.054
0.233
0.083
0.517

0.457
0.361
0.990
0.387
0.769
0.267
0.328
0.715

0.673
0.653
0.658
0.616
0.980
0.406
0.602
0.993

0.902
0.848
0.482
0.898
0.753
0.654
0.912
0.851

0.664
0.356
0.342
0.043
0.047
0.140
0.028
0.663

0.683
0.233
0.950
0.450
0.493
0.133
0.450
1.000

0.683
0.233
0.950
0.450
0.493
0.133
0.450
1.000

1.000
0.683
0.517
0.950
0.741
0.683
0.950
0.950

0.233
0.233
0.450
0.083
0.054
0.233
0.083
0.517
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Table 10 Pearson and Spearman rank correlations for the four sand distance measures (based on the relative cumulative
travel distances: 50 %, 75 %, 90 % and maximum distance) and the values of the surface runoff ratio and sediment load for
the three rainfall intensities (low, mid, high). Marked in green are the significant values (significance level: α = 0.1).

Pearson (r)

low intensity
surface runoff ratio
sediment load
mid intensity
surface runoff ratio
sediment load
high intensity
surface runoff ratio
sediment load

Spearman (rs)

50 %

75 %

90 %

max

50 %

75 %

90 %

max

0.429
0.383

0.523
0.434

0.410
0.325

0.426
0.332

0.507
0.304

0.507
0.304

0.338
0.068

0.676
0.541

0.924
0.940

0.928
0.953

0.633
0.771

0.282
0.446

0.872
0.975

0.872
0.975

0.462
0.564

0.564
0.462

-0.197
0.065

0.096
0.343

0.272
0.532

0.646
0.578

-0.200
-0.300

-0.200
-0.300

0.300
0.000

0.800
0.700

Table 11 p-values of Pearson and Spearman rank correlations for the four sand distance measures (based on the relative
cumulative travel distances: 50 %, 75 %, 90 % and maximum distance) and the values of the surface runoff ratio and
sediment load for the three rainfall intensities (low, mid, high). Marked in green are the significant values (significance
level: α = 0.1).

p-value of Pearson

low intensity
surface runoff ratio
sediment load
mid intensity
surface runoff ratio
sediment load
high intensity
surface runoff ratio
sediment load

p-value of Spearman

50 %

75 %

90 %

max

50 %

75 %

90 %

max

0.395
0.454

0.287
0.390

0.420
0.530

0.399
0.521

0.305
0.558

0.305
0.558

0.512
0.899

0.140
0.268

0.025
0.017

0.023
0.012

0.252
0.127

0.646
0.451

0.054
0.005

0.054
0.005

0.434
0.322

0.322
0.434

0.751
0.918

0.878
0.572

0.658
0.356

0.239
0.308

0.783
0.683

0.783
0.683

0.683
1.000

0.133
0.233
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In the following the photographs of the fluorescent sand lines after the rainfall experiments (low,

mid, high) are presented for the six experimental plots (3k, 1860 left, 1860 right, 1990 left,
1990 middle, 1990 right). The photographs are untouched (no geometric correction, cropping or
color correction) but were downscaled in resolution. The orange sand was applied for the low

intensity, the green for the mid intensity and blue for the high intensity rainfall simulation. Note

that only the photos after the experiments are presented as the sand movement is only visible

there. If the sand did not move far, the new sand line (for the next rainfall experiment) was already
placed before taking the photo (green sand in low intensity photo / blue sand in mid intensity

photo). An additional blue sand line was placed on the 1860 left plot top right already for the first

experiment. This line was only used to study the sand aggregate formation after wetting (see also
chapter 7.1.2) and was not used to estimate sediment transport.
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Figure A.31(a) Geometrically corrected and cropped photo of the green sand line (mid intensity) of the 1990 left plot. (b)
Classification of the green sand line based on the extraction method used in this thesis (hue in Python). (c) A supervised
classification (here maximum likelihood) could, however, achieve nearly as good results. The classification was performed
with Envi (v. 5.4.1), a common software for remote sensing purposes.
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