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SUMMARY

Alpine regions have a high potential for soil erosion associated to extreme climatic and
topographic conditions. Because of aggressive development in the recent past, environmental
damage enhanced by acid deposition, global warming and development pressure of land use
soil erosion in alpine areas has been an increasing concern to local, national and European
policy makers (Francis, 1986; Schreurs, 2007; Yelpatyevskiy and Arzhanova, 1988).
Numerous studies on soil erosion and erosion modeling were realized in lowlands or low
mountain ranges. However, little is known about on- and off- site effects of soil erosion by
water and snow melt in alpine terrain and the problem of quantification of these phenomena
remains more or less unsolved. In mountain systems, difficulties in accessibility and data
acquisition are paired with a high degree in small scale heterogeneity.

Thus, the main objective of this work was to evaluate appropriate soil erosion measurement
procedures to use on alpine environments. Furthermore, the WEPP model (Water erosion
prediction Project) and the USLE (Universal Soil Loss Equation) were run at the investigation
sites. The aim was to assess both erosion prediction models on alpine environments since no
suitable alpine model exists, so far.

Erosion measurements were done at three land use types with three replicates each. Land use
types were hayfields (hf), pastures with dwarf shrubs (paw) and pastures without dwarf
shrubs (pawo). These land use types represent the dominant land use types at the south facing
slope in the Urseren Valley, were the sheet erosion takes place. The investigation sites are
situated at an elevation of 1600-1800 meters a.s.l. The measurements to determine soil loss
were done with sediment traps on plot measurements, sediment cups (point measurements)
and with two Cs-137 based detection methods (point measurements). Cs-137 which is a
common tracer for soil erosion in lowlands was adapted for application in high alpine
environments. Cs-137 provides information about the spatial distribution and the extent of
soil erosion in the investigation area. Soil erosion rates with Cesium-137 integrate the erosion
since 1986, when Cesium-137 was released from the Chernobyl accident. A Nal in-situ
spectrometer was calibrated for Cs-137 determination at steep mountain slopes. Calibration
was done by comparing Cs-137 activities measured with GeLi detector in the laboratory and
with Nal in-situ spectrometry at the same site. A close correlation between the two methods
proved the validity of the in-situ measurements of the Nal detector system. Maximum
monthly erosion rates during the vegetation periods 2007 and 2008 based on the sediment
traps were 123 kg ha' for pasture without dwarf shrubs whereas minimum monthly erosion
rates were obtained for pasture with dwarf shrubs and hayfields with 1 kg ha'. Sediment cups
turned out to be a useful tool for point measurements. Additionally, cups can also be applied
for soil erosion measurement during winter time. The measurements integrate over the whole
wintertime, since slopes are not accessible. However, when the cups are filled, no quantitative
statement can be done. Cs-137 based measurements based on in-situ detection lead to a
maximum annual erosion rate since 1986 of 36 t ha” a for hayfield hfl and a minimum
annual erosion rate of 8 t ha” a for pasture with dwarf shrubs paw2. Pastures without dwarf
shrubs have a mean annual erosion rate of 22 t ha™ a™! (s.d. 20%). Erosion values based on
laboratory analyses with a GeLi detector were similar to erosion values from in-situ Cesium-
137 measurements. R” of both measurement methods for all sites is 0.94. However, laboratory
analyses need a soil sampling in the field. Since the alpine environment is very
heterogeneous, especially on pasture sites, an extensive soil sampling is necessary to capture
the full heterogeneity of erosion. But collecting big amounts of soil samples in the field does
not seem adequate for sensitive mountain soils seriously affected by soil erosion.

Cesium-137 based erosion rates were compared with erosion rates predicted by the Universal
Soil Loss Equation (USLE). The comparison was done in order to evaluate if the USLE is a
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useful tool for erosion prediction in steep mountainous grassland systems. Erosion rates based
on the USLE are in the same order of magnitude compared to Cs-137 based results for the
land use type pasture with dwarf (predicted and measured erosion rates are between 4 and 12
t ha' a™). However, erosion amounts on hayfields and pasture without dwarf shrubs are
underestimated by the USLE compared to Cs-137 based erosion rates. We assume that the
underestimation is due to winter processes that cause soil erosion on sites without dwarf
shrubs (e.g. snow gliding). The winter processes are not considered by the USLE. Dwarf
shrubs may possibly prevent damage of soil erosion through winter processes.

In addition to the USLE we tested the WEPP model (Water Erosion Prediction Project) to
describe the soil erosion in the Urseren Valley as it seems to be one of the most promising
models for steep mountainous environments. Crucial model parameters were determined in
the field (slope, plant species, fractional vegetation cover, initial saturation level), by
laboratory analyses (grain size, organic matter) or taken from the WEPP manual (soil
erodibility, effective hydraulic conductivity, cation exchange capacity). Erosion rates were
measured with sediment traps during the vegetation period between June 2006 and November
2007. Long-term soil erosion rates were estimated by measuring Cs-137 redistribution as
described above. In addition to the erosion rates, soil moisture and surface flow was measured
during the vegetation period in the field and compared to model outputs. Short-term erosion
rate simulations for the vegetation period in 2007 are in agreement with measured erosion
rates (predicted and measured erosion rates are between 0 and 0.4 kg ha' mo™ for hf3,
between 0 and 3.4 kg ha” mo™ for pawo2 and between 0 and 1.1 kg ha” mo™ for paw2).
However, simulated soil moisture is up to two times higher than measured field data.
Furthermore, simulated soil moisture is increasing during spring time while measured soil
moisture is decreasing during the same time and surface flow is not simulated correctly. Snow
cover melting is simulated too late compared to field observations and thus water from
snowmelt is available until summer time in 2007. We assume that these differences lead to
the general underestimation of erosion rates for long-term rate erosion predictions for all three
land use types. Thus, the WEPP model could be a useful tool for alpine regions during the
vegetation period to assess the influence of different land use conditions but should be
applied carefully during winter time and on snow covered regions. Generally, neither WEPP
nor USLE contain avalanches and snow gliding processes. The Cs-137 based measurement
rates point out that winter processes seems to be important for high erosion rates during
longer time periods.

Our study demonstrates the need of soil conservation strategies in alpine regions since erosion
rates are much higher than previously reported. Furthermore, results of the WEPP model are
only comparable during the vegetation period with measured data on respective slopes. Also,
the accuracy of USLE results is not satisfactory on the affected sites. Thus, a first attempt was
done to create an alpine factor for the USLE based on the measured data. Hence, existing
models have to be adapted to alpine regions or new soil erosion models have to be designed
for steep mountainous slopes.
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CHAPTER 1

Introduction

The European Alps are the most intensively exploited mountain region in the world, inhabited
by 13.6 Mio people and visited by ca. 120 Mio visitors every year (Bétzing, 1997). Primary
resources are agricultural production, landscape values (e.g. tourism, transportation corridors)
and hydroelectric power. Human pressure on the alpine environment has increased since the
beginning of the 1970s (Isselin-Nondedeu and Bedecarrats, 2007). The extreme topography
and climate result in high instability, fragility and sensitivity of these ecosystems. While soil
erosion is a well studied phenomenon in lowlands (especially in arable land), only a few
studies about soil erosion in alpine grasslands have been done so far. Furthermore, soil
erosion quantification under natural precipitation regimes are scarce (Descroix and Mathys,
2003; Felix and Johannes, 1995). Thus, soil erosion in the Alps was identified as a priority for
action by the soil protocol of the Alpine Convention (AlpineConvention, 2005), but a
comprehensive assessment of soil erosion of the Alps is still missing (ClimChAlps, 2006).
Erosion processes in alpine regions differ from lowland erosion in many aspects: the soils are
less developed, they are more intensively exposed to freezing-thawing and snow-cover
processes, they are exposed to extreme climate and topography and often a high infiltration
rate which results in moderate overland flow. Simultaneously, observed damages are very
high but experimental and theoretical methods suitable for alpine terrain are not available. A
critical evaluation of well-established methods to determine soil erosion in mostly arable crop
soils is crucial for steep alpine environments, because reliable information on soil erosion
rates is an essential prerequisite for the design of targeted erosion and sediment control
strategies.

Moreover, soil erosion assessments for the Alps are based on models developed for lowlands
and often lack of serious validation. This validation is necessary to evaluate strengths and
lack of strengths of existing models.

Several projects concerning soil erosion in alpine areas have been done at the University of
Basel. One project addressed the qualitative approaches with stable isotopes such as carbon,
nitrogen and oxygen whereas another project treats the problem of soil erosion risk
assessment in the Alps on catchment scale with remote sensing and GIS tools.

The aim of this project was to identify suitable methods to measure soil erosion on steep
alpine sites. Furthermore, it was clarified if there are soil erosion prediction models for arable
land that are also suitable to use in alpine regions. For the measurement of soil erosion,
sediment traps, sediment cups and Cs-137 were used (Chapter 2). The Cs-137 in-situ method
was adjusted to alpine regions since the laboratory analyses that are most common, is a
destructive method especially in alpine regions (Chapter 3 and 5). Two different models were
applied in the Urseren Valley: the empirically based model USLE (Universal soil loss
Equation, Chapter 3) and the WEPP model (Water Erosion Prediction Project, Chapter 4).
Chapter six addresses the application of the USLE in the Urseren Valley with improved
information on fractional vegetation cover. The data were compared to Cs-137 based erosion
values.
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1.1 Field installations for soil erosion measurement

Mapping and quantification of soil erosion under different land use conditions has been
studied in numerous projects for agricultural soils in lowlands or low mountain ranges (e.g.
Gabriels et al., 2003; Leser et al., 2002; Nearing et al., 1999; Prasuhn et al., 2007). Since the
influence of snow makes it difficult to measure soil erosion in alpine regions around the year,
most of the erosion measurements in alpine regions have been done during the vegetation
period without the influence of winter processes (Descroix and Mathys, 2003; Felix and
Johannes, 1995; Isselin-Nondedeu and Bedecarrats, 2007). Erosion measurements over
several years that also included winter processes were done with USLE test plots by
Frankenberg et al. (1995). So far, the classical methods to measure soil erosion were done
either with sediment traps (e.g. Pieri et al., 2007; Robichaud and Brown, 2002), with erosion
pins (e.g. Haigh, 1977; Hancock et al., 2008), splash cups (e.g. Mati, 1994; Van Dijk et al.,
2003), Coshocton wheels of plot and ha measurement (e.g. Bonta, 2002; Rochester et al.,
1994), USLE test plot measurements (e.g. Bagarello et al., 2008; Wischmeier and Smith,
1978a) and with radioactive isotope measurements such as Caesium-137, Beryllium-7 and
Lead-210 (e.g. Matisoff et al., 2002b; Walling et al., 1999).

1.2 Cesium-137 based soil erosion quantification

Cs-137, Pb-210 and Be-7 have been used before as tracers for soil erosion. Be-7 (46.5 keV)
with its half life time of 53.12 days is only suitable for measurement of recent erosion
processes. Pb-210 (477.6 keV) has a half life time of 22.3 years. The determination of Be-7
and Pb-210 needs a good resolution of the specific energy lines (given in keV). Because of
the good peak resolution in spectra measured by Ge detectors, these are usually favored over
the Nal detectors. However, the use of a Ge detector in the field is difficult as Ge detector
systems are usually relatively heavy or not portable at all because of the Ge-crystal's need for
cooling. Thus, a Nal detector system was calibrated for Cs-137 measurements at steep
mountain slopes (chapter 5). Among the three isotopes Be-7, Pb-210 and Cs-137, Cs-137 is
the most commonly used in erosion studies because it is relatively easy to measure, has a well
defined date of input and with its half life of 30.17 years provides information about medium-
term erosion (Ritchie and McHenry, 1990). Cs-137 is an artificial nuclide and has its origin
either in bomb-testings in the 1960ies and 70ies or in the Chernobyl reactor accident in 1986.
For the Urseren Valley, about 90% of Cs-137 was deposited after the Chernobyl reactor
accident (source: Federal Office of Public Health, unpublished). Therefore, the detection of
Cs-137 concentration in the Urseren Valley provides important information on soil erosion
since 1986. After deposition Cs-137 is rapidly and tightly bound to the fine particles in the
soil, i.e. clay minerals and organic matter. Movement by chemical and biological processes
are strongly limited (Ritchie and McHenry, 1990). Redistribution is mainly caused by
physical processes where Cs-137 moves with soil particles (e.g. Bonnett, 1990b; Ritchie and
McHenry, 1990). The vertical distribution of Cs-137 in cultivated soils is influenced by the
tillage practice which results in a more or less homogenous Cs-137 activity within the plough
layer (He and Walling, 2000; Owens et al., 1996; Ritchie and McCarty, 2003b). In
unploughed soils most of the Cs-137 is accumulated at the top of the soil profile or few
centimeters below and the content decreases exponentially with depth (Owens et al., 1996;
Ritchie and McCarty, 2003b; Ritchie and McHenry, 1990). Soil erosion and redistribution
processes can therefore be tracked down by the measurement of the Cs-137 activity. Various
studies applied the Cs-137 method to track down soil erosion. However, mainly for
agricultural areas in different parts of the world (for overview see Wicherek and Bernard,
1995) and mostly with Ge detector measurements in the laboratory (e.g. Walling et al., 1999).
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It is possible to distinguish areas of net soil loss from net deposition areas by analyzing the
spatial distribution of Cs-137 in the studied area (Ritchie and McHenry, 1990). However,
applicability of the method depends on the Cs-137 activity in the catchment as not all parts of
Switzerland were impacted with measurable amounts of Cs-137 after the Chernobyl reactor
accident (Hofmann et al., 1995). Cs-137 activity in the Urseren Valley is high enough for soil
erosion measurements because defined energy peaks are detectable (Schaub et al., 2009).

1.3 Soil erosion prediction based on USLE and WEPP

The Universal soil loss equation USLE (Wischmeier and Smith, 1978a) is an empirically
based model to identify erosion risk areas and to help in decision making processes for long
term average erosion development in agricultural lowlands (e.g. Auerswald et al., 2003).
Erosion rates are calculated as

A=RKLSPC 1.1

where A is the average annual soil loss (kg m™ a) due to erosion, R is the rainfall-runoff
factor (N h™"), K is the soil erodibility factor and gives the soil’s tendency to erode (N h kg
m™). The topography factor combines slope length S (-) and slope steepness L (-), P is the
support practice factor (-) and C is the cover and management factor (-).The USLE was
originally parameterized for soil erosion evaluation in the United States. Modified versions
for other regions as well as for different temporal resolutions have been developed in the past.
These models are for example the German USLE that is called ABAG and the revised version
of the USLE, the RUSLE (Revised Universal Soil Loss Equation with a higher temporal
resolution than USLE). For our study, single factors of these three models were chosen
depending on the best suitability for our site. The factors were either determined from field
data or taken from literature values. Thus, we did not take the factors as proposed by
Wischmeier and Smith (1978) for the USLE but tried to get the most appropriate factor since
no special model is designed for mountainous regions.

The Water Erosion Prediction Project (WEPP) is a frequently used tool to simulate water
erosion and sediment yield. WEPP has been tested and applied in various geographic
locations across the United States (Huang et al., 1996; Laflen et al., 2004; Savabi, 1993), in
Australia (Yu and Rosewell, 2001) and in Europe (Brazier et al., 2000; Gronsten and
Lundekvam, 2006; Pieri et al., 2007; Raclot and Albergel, 2006). The application of WEPP in
steep alpine environments, has been tested only once in the Italian Alps by Simonato et al.
(2002). This study resulted in a relatively good simulation of erosion rates compared to
collected soil erosion data (Simonato et al., 2002). However, hydrological parameters were
not measured. Hence, the overall quality of the hydrology and of the total model output could
not be verified. For our study the WEPP model was chosen because it describes separately
and in detail plot size, cattle trails, vegetation and fractional vegetation cover, precipitation
amount and intensities, land use type and snow processes (snow accumulation and snow
ablation). Thus, it covers many processes that are essential for alpine regions.

1.4 Aims of the project

An Alpine Convention was established in 1989 stipulating that the contracting parties
(Germany, France, Italy, Slovenia, Lichtenstein, Austria, Switzerland and the European
Community) should pursue a comprehensive policy for the preservation and protection of the
Alps (Montanarella and Negere, 2001). However, recent research on soil erosion and runoff
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has mostly focused on lowland environments with agriculturally productive soils, where
erosion is a threat to economic values. For the promotion of agro-environmental indicators,
conservation practices and sustainable use of the soil resources the geomorphology as well as
the specific environment of the mountains has to be taken into account. Information of alpine
soils is urgently needed to be able to protect these environments in a sensible way. Within this
project we aim to move forward in closing information gaps on the determination of soil
erosion rates as well as the modeling of soil erosion in the Swiss Alps quantitatively. The aim
of our work was to evaluate the most appropriate method for soil erosion measurement in
steep alpine environments. Thus, the decision should be simplified which measurement
method can be used for soil erosion quantification in the future. For this reason, different
types of soil erosion measurements that were used in the past were applied and evaluated.
Furthermore, the intension within this work was to identify the influence of snow processes
on soil erosion in comparison to erosion processes during the snow free period. Additionally,
erosion rates of different land use types were considered. Pastures were subdivided into
pastures with and without dwarf shrubs. Additionally, since no erosion prediction model for
steep alpine environments is available, we tested the USLE as it is one of the most used
erosion models worldwide. Cs-137 based erosion rates were compared to modeled results of
the USLE (A) in order to assess the suitability of the model for steep alpine grasslands. The
physically based model WEPP (Water Erosion Prediction Project) was the second model that
was applied for the Urseren Valley. Output of overland flow, soil moisture, erosion rates as
well as snow height were compared to measured data in the field.
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CHAPTER 2

ON THE MEASUREMENT OF ALPINE SOIL EROSION ON PLOT
SCALE

Submitted to: Catena Special Issue: Experimental Methods in Soil Erosion Studies
Authors: Konz, N., Prasuhn, V., Alewell, C.

2.1 Summary

The knowledge of soil erosion processes and especially soil erosion rates in alpine grassland
regions is scarce because only a few studies on soil erosion measurements have been done, so
far. We distinguished between sediment traps and sediment cups to determine erosion rates
during the vegetation period and Cs-137 based measurements to measure long term erosion
rates since 1986. The latter method integrates over a time span of 22 years, thus including
erosion rates during winter time. We investigated three different land use types: hayfields,
pasture with dwarf shrubs and pasture without dwarf shrubs in the Urseren Valley (Central
Switzerland) with a mean slope steepness of 37°. Mean monthly erosion rates during the
vegetation periods 2007 and 2008 based on the sediment traps were 45 kg ha” mo™ (s.d. 56 t
ha™ a™) for pastures without dwarf shrubs, 12 kg ha' mo™ (s.d. 12 tha™ a™") for hayfields and
6 kg ha' mo™ (s.d. 7 t ha™ a™) for pastures with dwarf. These generally low erosion rates can
be explained by a low overland flow during the vegetation period of 0.5-1.8% of the
measured precipitation. Cs-137 based measurements yielded mean annual erosion rates for
the time span 1986 - 2008 of 26 t ha™ a™ (s.d. 14 t ha” a™) for hayfields and annual erosion
rates of 8.3 t ha-1 a-1 (s.d. 2.5 tha a'l) for pastures with dwarf shrubs. Pasture without dwarf
shrubs have mean annual erosion rates of 24 t ha a™! (s.d. 4t ha! a'l). Cs-137 based erosion
rates exceeded sediment traps by a factor 200. We conclude that erosion rates during the
vegetation period are only about 2% of the total mean annual amount of erosion in the
investigated alpine grassland systems.

2.2 Introduction

Erosion is a formative geomorphologic process in alpine environments due to steep slopes
and extreme climate. Rock falls, avalanches and landslides are among those formative
processes and have been studied many times to prevent from human damage (e.g. Fell et al.,
2008; Oppikofer et al., 2008; e.g. Wang and Cavers, 2008). However, the investigation of soil
erosion on alpine sites was limited to a few studies, so far. The term soil erosion is used for
sheet, rill, interrill and gully erosion as well as for landslides. Alpine grasslands that are the
focus within this study do not have the typical rill and interrill pattern. Rough surfaces occur
on the grassland but continuous rills down slope do not exist. This is the major difference to
soil erosion on arable land. Here, we focus on sheet erosion that is defined as erosion caused
by surface water in unconcentrated flow. Soil erosion and the regeneration of soil has been
mainly studied on ski slopes (e.g. Leser and Mosimann, 1982). Soil erosion in the Alps is a
well recognized problem, identified as a priority for action within the soil protocol of the
Alpine Convention (e.g. AlpineConvention, 2005). However, a comprehensive assessment of
soil erosion in the Alps is still missing (ClimChAlps, 2006) and the knowledge of soil erosion
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and especially sheet erosion on alpine grasslands remains scarce. For agricultural sites in
lowlands of low mountain ranges, mapping and quantification of soil erosion under different
land use conditions has been studied comprehensively (e.g. Gabriels et al., 2003; Ledermann
et al., 2008; Leser et al., 2002; Matisoff et al., 2002a; Nearing et al., 1999). Generally,
different erosion processes operate at different temporal and spatial scales and measurements
must be adapted to the scale (Stroosnijder, 2005). Stroosnijder (2005) defined five relevant
spatial scales for water erosion in agricultural systems: (1) the point scale (1m2) for interrill
(splash) erosion, (2) the plot (<100 m2) for rill erosion, (3) the hill slope (< 500 m) for
sediment deposition, (4) the field (<1 ha) for channels and (5) the small watershed (<50 ha)
for spatial interaction effects. The measurement methods of soil erosion on point scale are
splash cups (e.g. Mati, 1994; Van Dijk et al., 2003). On plot scale sediment traps (e.g. Pieri et
al., 2007; Robichaud and Brown, 2002), Coshocton wheels (e.g. Bonta, 2002; Rochester et
al., 1994) and USLE test plot are used (e.g. Bagarello et al., 2008; Wischmeier and Smith,
1978). Radioactive isotope measurements such as Caesium-137, Beryllium-7 and Lead-210
(e.g. Matisoff et al., 2002b; Walling et al., 1999, Mabit, et al. 2007) have been used for point
measurements that can be extrapolated to plots, depending on the heterogeneity and the
number of measurements on the site. The Cs-137 based erosion measurement is a common
method on arable land that has been used many times (e.g. Walling, (2004)). In alpine
regions, however, the Cs-137 method was not used before to quantify soil erosion with the
exception of measurements within this project in the Urseren Valley (Konz et al., 2009b).
Furthermore, in-situ as well as laboratory Cs-137 measurements based on soil sampling were
done to test the feasibility of those methods in alpine regions (Schaub et al., 2009). A detailed
discussion of general advantages and disadvantages on field and laboratory applications of
gamma detectors can be found in Beck et al. (1972), Miller & Sebell, (1993) and He &
Walling, (2000).

Regarding measurements during the vegetation period, some of the plot measurement
methods have been also sporadically used in alpine environments (e.g. Felix and Johannes,
1995). But since snow dynamics make it impossible to measure soil erosion in alpine regions
throughout the year, erosion measurements in alpine regions have been done during the
vegetation period only without the influence of snow (Descroix and Mathys, 2003; Felix and
Johannes, 1995; Isselin-Nondedeu and Bedecarrats, 2007). Felix and Johannes (1995)
measured erosion rates between 0.1 and 200 kg ha” during the vegetation period with
sediment traps. Isselin-Nondedeu and Bedecarrats (2007) determined the influence of several
plants on soil erosion. They found considerable differences between plant species with
Festuca Alpina having the highest amount of sediment deposition. Frankenberger et al. (1995)
measured erosion rates up to 20 t ha'a™ on arable alpine sites during the vegetation period.
The aim of our work was to measure soil erosion rates on nine plots in an alpine environment.
Since slope steepness, land use conditions as well as vegetation cover have to be constant, the
measurement plots were planned to be 2 meters in with and 20 meters in length. The results
should provide further information on soil erosion rates of alpine sites since only scarce
information exists. A further aim of our study was to evaluate the three applied measurement
methods in respect to their suitability for alpine regions. The measurements were done at
three different land use types (hayfields and pastures, whereas pastures were subdivided into
pastures with and without dwarf shrubs) with three replicates each to determine the main land
use types in the Urseren Valley. The valley was chosen because of the great damages due to
soil erosion at the south facing hillslopes. Measurements were conceived to give separate
information on erosion rates during the vegetation period (sediment traps) and whole year
rates (Cs-137 measurements) to separate out influence of winter processes. The information
of soil erosion results from sediment traps were supplemented by point measurements with
sediment cups to collect point information in addition to the plot measurements.
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2.3 Materials and Methods

2.3.1 Investigation area

The study area is located in Central Switzerland (Canton Uri) in the Urseren valley (Figure
2.1). The elevation of the W-E extended mountain valley ranges from about 1400 m a.s.l. up
to about 2500 m a.s.l.

The mean annual rainfall from 1986 to 2008 is 1516 mm, mean air temperature is 3.1 °C
(MeteoSwiss, 2007). The valley is snow covered from about November to April with the
maximum snow height in March (Ambuehl, 1961) and a mean annual snowfall from 1986 to
2008 of 448 mm. Surface flow is usually dominated by snowmelt from May to June.
Important contributions to the flow regime are early autumn floods. The dominant land use
types in the valley are hayfields near the valley bottom (from 1400 to approximately 1850
m.a.s.].) and pasture further upslope. Siliceous material is dominant, forming at our sites
cambic podzols (anthric) and podzols (anthric) classified after [USS Working group (2006).
The characteristic of these soils is a migration (M-horizon) horizon within the upper 100 cm
that has been caused by sedimentation in the past. The thickness of the M-horizon is between
5 and 45 cm. For a detailed description of the Urseren Valley see (Meusburger and Alewell,
2008).

b ' ; ek

Figur 2 1: The Urseren Valley in Southern Switzern a ction of the investigated sites with three
grassland types: hayfield (hf), pasture without dwarf shrubs (pawo) and pasture with dwarf shrubs (paw).
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Figure 2.2: Composition of all soil erosion measurements with sediment traps, sediment cups and Cesium-137
measurements as well as overland flow and soil moisture measurements (a) in the Urseren Valley. A lateral view
of sediment traps (b) and sediment cups (c).

2.3.2 Experimental plots

The nine experimental plots are situated at the south-facing slope at an altitude of 1550 m
a.s.l up to 1800 m a.s.l. Three different land use types with three replicates each were
investigated: hayfields, (hf 1-3), pasture with dwarf shrubs (paw 1-3) and pasture without
dwarf shrubs (pawo 1-3). The slopes of all plots were in the range of 35°-39°. Soil type of
hayfield hf2, paw2 and pawol is sandy loamy silt, paw1 is loamy sand and hfl, hf3, pawo2,
pawo3 and paw3 is silty loamy sand. Vegetation of hayfields is dominated by Trifolium
pratense ssp. Partense, Festuca sp., Thymus serpyllum and Agrostis capillaries. Pasture with
dwarf shrubs are dominated by Calluna vullgaris, Vaccinium myrtillus, Festuca violacea,
Agrostis capillaries and Thymus serpyllum. Dominant vegetation type at pasture without
dwarf shrubs are Glubelaria cordifolia, Festuca sp. and Thymus serpyllum. Experimental
plots of all pastures are dominated by horizontal cattle trails. The investigation sites are not
within or right beside a landslide but clearly separated to avoid mixture of information
especially from Cs-137 measurements. All slopes are separated from upper slopes by large
terraces. Pastures are stocked by cattle from June till September. Stocking rates on single sites
are not fixed and may change within different years. A flock of sheep cross the valley at the
beginning and the end of the vegetation period for all land use types.

Sediment traps

Sediment traps were installed on each plot in July 2006 using a geotextile which is fixed to
the ground (Figure 2.2b). The construction was carried out based on Robichaud and Brown
(2002). The sediment trap after Robichaud and Brown (2002) was extended by means of a v-
shaped steel plane below the geotextile to concentrate and to measure the surface water flow
(Figure 2.2b). Water and soil that flushed into the geotextile was collected every second week
during the vegetation period from April to November. The contribution area of the sediment
trap is 40 m2 (2 meters in width and 20 meters in length). The upper boundary was defined
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trough plastic boards that were plunged 20 cm into the ground and 20 cm overlapped at the
upper side. The plots were chosen in a way that the topography clearly defines the side
boundaries. That means that neither concave nor convex slopes were chosen. Furthermore,
side boundaries were not considered since it cause additional disturbance in stony soils.

In addition to the sediment trap installations, precipitation, soil moisture and surface flow
were measured continuously every 10 minutes at one plot of each land use type (m3, pawo2,
paw2). Precipitation was measured with tipping buckets (ECRN-50 rain gauge,
DecagonDevices), soil moisture was measured with a EC-5 sensor (DecagonDevices), and
surface flow with a two-bowl tipping bucket, each bowl having 0.5 liter capacity (UP, 20006).
The surface flow tipping bucket was installed at the outlet of the steel plate (Figure 2.2a).
Water that flushed into the sediment trap was concentrated by the steel plate by means of the
slightly v-shape plate and diverted to the tipping bucket. All data were logged by means of an
EmS50 Data Logger (DecagonDevices). To avoid underestimation of surface flow due to gaps
between soil and geotextile, sediment traps were installed one year before data was used for
evaluations. Thus, soil edges were fully regrown with grass when measurements started in
spring 2007. At each of the nine sites 10 soil samples of the upper 5 centimeters were taken
for grain size analyses. Also, grain size analyses were done for the eroded soil collected with
sediment traps and sediment cups.

Sediment cups

Especially at the land use type pasture (with and without dwarf shrubs) the contribution area
is heterogeneous because of frequent cattle trails crossing the plots. Thus, we installed
sediment cups for the observation of small scale heterogeneity of soil erosion actions along
each investigation plot (Figure 2.2a+c). The sediment cups do not have fixed boundaries.
Thus, the collected data is not quantitative (as no contribution area is defined) but we rather
aimed at getting qualitative information about small scale soil movement for each
investigation plot. The sediment cups are modified after (Van Dijk et al., 2003). A sediment
cup is composed of two layers. The outer layer consists of a robust material that is placed
with the top flush at the soil surface. The flange is flattened and vee shaped for a smooth
intersection between soil and cup and to avoid cavity (Figure 2.2b). The diameter at the top
side is 9 cm. The inner layer is made of thin plastic and fits exactly into the outer cup. This
inner layer can be easily replaced when the cups are sampled without disturbing the transition
area of soil and cup. Both cups are permeable to water. The inner cup is perforated at the
bottom. To avoid the loss of fine soil particles a filter paper (Sartorius Filter papers Type
3hw, filtration of particles >10 um) was put on the bottom of the inner cup. 10 cups were
placed at each investigation plot (Figure 2.2a) with a two meter interval. Soil erosion amounts
that are measured with sediment cups were taken as bulk samples per each site. Thus, data for
sediment cups that will be presented in this manuscript are shown for each of the nine sites
with a mean value of ten cups per site.

2.3.3 Laboratory Cesium-137 measurement

For laboratory measurements soil samples of a depth of 10 cm were taken as over 70% of the
Cesium-137 is stored in this section (Schaub et al., 2009). Each site was replicated five times
(Figure 2.2a). Samples were collected during summer season 2007. Soil samples were dried
at 40 °C, passed through a 2 mm sieve and finally ground using a WoC swing grinder. Soil
samples were packed into 25 ml sample containers (Semadeni25) and measured for 8 hours.
Measurements were done with a Li-drifted Ge-detector at the Department for Physics and
Astronomy, University of Basel. In order to reduce the amount of radiation from background
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sources in the environment the samples were shielded by lead during measurement. Cesium-
137 activity concentrations were determined using the InterWinner5 gamma spectroscopy
software (Ortec). The resulting measurement error on Cesium-137 peak area is > 15%.

2.3.4 In-situ Cesium-137 measurement

A Nal scintillation detector with a 50.8 x 50.8 mm crystal was used for in-situ measurements
in the Urseren Valley. For the measurement procedure, the Nal gamma spectrometer was
placed perpendicular to the ground at a height of 25 cm and measured for 1h. Each site was
replicated three times (Figure 2.2a). All measured Cesium-137 activities refer to 2007. Two
reference sites near the valley bottom were measured with the same procedure. We define a
reference site as a place which is neither influenced by erosion nor deposition. Deposition of
eroded soil can be excluded because of lateral moraines between the steep slopes and the
reference sites. Soil erosion on both reference sites was excluded due to the slope of both
reference sites being 0% and a constant 100% vegetation cover since 1986. The latter can be
confirmed from air photographs that were taken regularly since 1986. These reference sites
were also taken for laboratory measurements that are described in chapter 2.3.5. To estimate
the erosion rate from Cs-137 measurement we require the depth distribution of the Cs-137
concentration within the soil. The depth distribution was measured for a soil core taken at the
reference sites. The soil core was portioned into slices of 2.5 cm thickness and the Cs-137
activity was measured in the laboratory with a GeLi-detector (Schaub et al., 2009). We found
that the Cs-137 concentration decreases logarithmically with depth, whereby the
concentration reduces by the half about every 5 cm. We derived the depth distribution of Cs-
137 as:

Cs(z) = Cs(0)e 108(0/b) N

where z is the soil depth coordinate, Cs(0) the Cs-137 concentration in the uppermost layer,
and b the distance in which the Cs concentration is bisected, i.e. in our case 5 cm. Knowing
the activity at the surface and the shape of the Cs-137 depth distribution the value of Cs(0)
can be found by summing up the gamma radiation of Cs(z) seen at the surface and equate it to
the measurement of the Nal detector.

For detailed information on boundary conditions, measurement uncertainties including error
propagation and the entire measuring procedure please see Schaub et al. (2009) and Konz et
al. (2009b).

2.4 Results and Discussion

2.4.1 Erosion measurements with field installations

Monthly soil erosion rates measured with sediment traps during the vegetation periods 2007
and 2008 ranged between 0 kg ha™ (hf2 and hf3 in September 2007) and 580 kg ha™ (pawo2
in August 2007). The variation in collected sediment within single investigation plots is high
with a low standard deviation of 0% for pasture with dwarf shrubs in October 2007 and high
standard deviations up to 170% for pasture without dwarf shrubs in August 2007 and 173%
for hayfields in September 2007 (Figure 2.3a). The high erosion rates as well as the high
variation in collected sediment of hayfields (Figure 2.4) can be explained by soil activity due
to mice just above the sediment trap of hfl (measurements every second week resulted in
lowest erosion rates of 4 g per plot (1 kg ha™) and highest erosion rates of 322 g per plot (80
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kg ha™')) during the vegetation periods. Hayfields 2 and 3 that are not affected by mice have
low erosion rates and a low variation in collected sediment during the vegetation period
ranging from 0 kg ha™' to 8 kg ha™ per month. The high variation in collected sediment of
pawo (Figure 2.4) strongly correlates with soil detachment due to cow steps. The cows do not
pass regularly the sediment traps. The eroded soil fragments at the sites pawo were up to 30
cm in size. This leads to the assumption that soil detachment was triggered by animal steps
and that fragments were falling down due to gravity forcing.
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Figure 2.3: Monthly mean values of collected soil by sediment traps (upper figure) and sediment cups (lower
figure) for the three land use types during the vegetation period 2007 and 2008.

Results of sediment traps indicate that hayfields and pastures with dwarf shrubs are less prone
to erosion, whereas pasture without dwarf shrubs have higher damages. Pastures without
dwarf shrubs are more prone to erosion than pastures with dwarf shrubs which might be due
to the shielding effect of dwarf shrubs. Based on the measurement results with sediment traps
erosion rates do not significantly (p>0.05) differ between single land use types (Figure 2.4).

Soil erosion rates from measurements with sediment traps correlate positively with slope
steepness even though the range in slope was very small (Figure 2.5). No correlation was
found between precipitation amount and erosion amounts (p> 0.05 by separating erosion
values for rainfall events greater than 100mm per month and rainfall events smaller than
100mm per month) (Figure 2.6a) nor for overland flow and soil loss (p>0.05, data not
shown). The overruling influence of soil detachment by animals (e.g. mice activity, sheep and
cattle steps) most likely masked the influence of precipitation and surface flow amounts. This
hypothesis is congruent with data from grain size analyses (Figure 2.7). Grain size
distribution from eroded material at pastures without dwarf shrubs is within the heterogeneity
of grain size analyses of the upper soil horizon (5 cm). Eroded material is partly in the form
of whole soil pieces instead of single grains (e.g. silt). In contrast, eroded material from
hayfields or from pastures with dwarf shrubs is finer (high percentage of smaller grain size
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classes) compared to the bulk material of the upper horizon at the plots. Thus, we conclude
that the triggering erosion process was not detachment by splash erosion and transport by
water but rather detachment of whole aggregates and crumps by animal activity and transport
by gravity forcing. If the hypotheses of detachment through animals would be true, we would
conclude that meadows should significantly differ from measured erosion values on paw and
pawo. By excluding hfl where the activity of mice is great, meadows significantly differ from
paw (p=0.01) and from pawo (p=0.03). The difference between measured erosion in
dependence from land use type is also significant between paw and pawo (p=0.04).
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Figure 2.4: Monthly soil erosion measurements with sediment traps and sediment cups in dependence on the
land use type.

Measured soil erosion rates are low and comparable to the measured erosion rates during the
vegetation period from Felix and Johannes (1995) (0.1 to 200 kg ha'l). Felix and Johannes
(1995) conclude that their low erosion rates are based on low effective precipitation between
1 and 2%. The overland flow on our investigation plots is comparably low with a range of
0.6% and 2% from measured precipitation during the vegetation periods 2007 and 2008.
Frankenberger (1995) measured much higher erosion rates during the vegetation period up to
20 t ha'. However, he reported that the effective precipitation during the investigation period
was up to 60%.

Based on our measurement experience we suggest, that soil erosion measurement with
sediment traps are generally very prone to errors. Since erosion events are subject to a vast
spatial heterogeneity, it is critical to find the right location for the installation of a sediment
trap. In contrast to soil erosion measurements on arable land, no defined ploughing rills are
given that can be grasped by measurements. Thus, installation of sediment traps might just
miss active erosion sites (Figure 2.8). A further problem of sediment traps is that they are not
suitable for winter measurements because they will be flattened and destroyed by snow
gliding (Figure 2.8b).

22



10000 -10000

a Sediment trap A sediment cup

] %

§ S

= £

= 1000 - 4 -1000 2

© L

: —

= 2

ﬁ c
)

S A . 2

g 100 A -100 o

() 1 ®

— =

© c

2 ’ |

©

10 T T T T T T 10
32 33 34 35 36 37 38 39
slope [°]

Figure 2.5: Measured soil erosion amounts are higher on steeper slopes. Low measured erosion rates occur
independent of slope steepness on all sites. Thus there is no correlation between erosion rates and slope
steepness for measurements with sediment traps and sediment cups (R* =0.5 for cups, 0.2 for traps) and the
difference between measured erosion rates in dependence of slope steepness is not significant for both (p>0.05).

Since soil erosion rates during the vegetation periods were low, sediment cups were installed
to test if there is a small scale soil movement within the test plots that is not captured because
of soil particle sedimentation before they reach the sediment traps. Sediment cups have been
installed right on the side of the sediment traps (Figure 2.2a+b). The absolute rates of the two
measurement types can not be compared. With sediment traps is possible to install upper and
side boundaries to refer erosion rates to a defined area. In contrast, sediment cups have to be
installed without boundaries and have no defined catchment area (Figure 2.2a). Thus, the
methods can only be compared qualitatively not quantitatively (e.g. high erosion activity or
no erosion and relative differences between sites).
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Figure 2.6: Correlation between monthly measured precipitation during 2007 and 2008 and the respective
measured soil erosion with (a) sediment traps and (b) sediment cups. Correlated precipitation with erosion rates
from sediment traps are for the vegetation periods 2007 and 2008. Correlation of precipitation and erosion from
sediment cups include also precipitation during winter time 2007/2008.
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Mean measured erosion rates of hf are 10 g per plot and month with a standard deviation of
97%. Mean measured erosion rates of pawo is 74 g per plot with an standard deviation of
98% and mean erosion values of paw was 78 g per plot with an standard deviation of 124%.
Thus, the general pattern with low erosion rates in hayfields and high erosion rates in pastures
without dwarf shrubs was congruent for sediment cups and sediment traps. However,
sediment cups indicated a comparable high erosion activity for pasture with dwarf shrubs and
for pastures without dwarf shrubs. The difference between the low erosion rates determined
for pastures with dwarf shrubs with the sediment traps and the high erosion activity indicated
by sediment cups point to small scale soil movement with detached particles not being
transported down slope and thus not captured by sediment traps. Walling (1983) concluded
that generally 70 — 85% of eroded material remains near the point of detachment. At our sites,
the latter is obviously enhanced by the shielding effect of dwarf shrubs since results from
sediment traps in pastures without dwarf shrubs show higher erosion rates than in pasture
with dwarf shrubs while the small scale erosion activity indicated by sediment cups is
comparable for both types (Figure 2.4). Like for the sediment traps, there was neither a
correlation between collected soil and land use type nor precipitation amount and sampled
soil in the cups (Figure 6b). The question arises how to judge the small scale erosion activity
without transport of soil material down slope on pastures with dwarf shrubs. In a way this
may enhance bioturbation of soil provided that detached soil is not transported down slope by
winter processes which is obviously not the case at our sites (see Cesium-137 based erosion
rates below).

Regarding the measurement procedure of soil erosion with sediment cups, this method turned
out to be very suitable for alpine environments. The high small scale heterogeneity of soil
detachment and deposition can be recorded and gives additional information to sediment
traps. Furthermore, the installation of the cups is feasible even on steep segments and is
connected to low efforts in cost and work time. During winter time, cups were not disturbed
by snow packages or snow gliding processes. On most of the sites sediment traps were
flattened whereas sediment caps were still in the right position. However, sediment cups have
a limited volume thus underestimating erosion events with high material transport especially
during the winter month. Snow cover and avalanche threat makes a regular sampling of cups
impossible during the winter.
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Figure 2.7: Grain size analyses of the upper 5 cm (plot) as well as eroded sediment that was collected with
sediment traps (eroded plot) and sediment cups (eroded cup) for the sites hayfield 3, pasture without dwarf
shrubs 2 and pasture with dwarf shrubs 2. A equals <2000 to >1000um, B equals <1000 to >500um, C equals
<500 to >250um, D equals <250 to >125um, E equals <125 to >63um, F equals <63 to >20um, G equals 15 to
>6um, H equals 5 to >2um and I equals 1.5 to <lpm.
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Figure 2.8: Detached soil on the ground after Winter 2007/2008 (upper figure, left side) and sediment trap on
plot pawo3 without eroded material (lower figure and figure on right side), some meters away from detached
material.

2.4.2 In-situ and laboratory measurements of Cesium-137

Erosion values based on laboratory analyses with a GeLi detector were consistent to erosion
values from in-situ Cesium-137 measurements (Table 2.1). We have found a close
correspondence (Rzof 0.94) between Cs-137 activities obtained from in-situ measurements
(Nal-detector) and laboratory measurements (GeLi-detector) of several soil samples. This
indicates that both methods are practicable for the quantification of soil erosion at alpine sites.
However, the heterogeneity of soil erosion rates within single investigation plots is high with
a maximum standard deviation of 151% for paw2 measured with the GeLi-detector (Table
2.1).

Regarding both Cs-137 measurement methods in-situ analyses turned out to be more suitable
for alpine sites even if this method is not as established as measurements with the GeLi
detector. Spatial distribution of Cesium-137 in grasslands is much more variable than in
arable lands where Cesium-137 is mechanically homogenised by ploughing. Therefore,
interpretation of laboratory Cesium-137 data of alpine grasslands is subject to errors relating
to the small scale sampling. Our data shows that Cesium-137 varies largely over a small scale
(Figure 2.10). Consequently, the number of soil samples per site must be increased to capture
the variability and to achieve a representative Cesium-137 activity of a site. Collecting big
amounts of samples in the field for laboratory analyses does not suitable for sensitive
mountain soils seriously affected by soil erosion. Especially in regions where soil recovery
takes hundreds of years, non-destructive in-situ measurements should be favoured. In-situ
measurements integrate over 8 m® and averages small scale variability. In addition, the
method is non-destructive (Konz et al., 2009a). The disadvantage of the in-situ measurements
with the Nal-detector is an uncertainty of about 17% due to manual analyses of spectra. Small
changes in start and end position of the peak leads to a big variability in peak area (Konz et
al., 2009b). This error on peak area was determined by using the mean standard deviation of
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peak areas of 20 test spectra evaluated by five persons independently. The source area of the
spectra in the field was unknown to avoid manipulation of evaluation.

Table 2.1: Cesium-137 based soil erosion amounts for sites measured with Nal- and GeLi- detector. Additionally
for the Nal based erosion values, mean annual height for soil loss is given as well as soil density for each site.
Values in the square brackets are the mean standard deviation due to the heterogeneity on each plot based on
three measurements with the Nal- detector and five measurements with the GeLi detector. Fractional vegetation
cover was measured in April (first value) and September (second value) 2007 (s.d. 5%, n=3).

land use type soil density fractional vegetation | erosion from Nal- | erosion from
[kg m'3] cover [%] detector GelLi detector
[tha'a'] [tha'a™l]
hfl 1066.2 77192 355(=17.2) 28.8 (£4.6)
hf2 1043.8 93/95 13.5 (£2.3) 12.3 (= 8.8)
hf3 1041.8 76/90 344 (£6.4)] 27.6 (£ 12.5)
pawol 1357.4 65/65 17.4 (£5.0) 17.2(x13.2)
pawo2 1336.3 62/62 20.8 (£9.4) 19.3 (= 19.3)
pawo3 1242.4 67/67 27.8 (£ 11.3) 24.6 (£9.7)
pawl 1470.5 77177 8.0 (x2.8) 83 (x122)
paw2 1165.0 79179 7.8 (£2.0) 6.7 (£12.6)
paw3 1028.5 73/73 14.5 (£3.1) 17.9 (= 10.9)

The reference sites in the Urseren Valley had a mean Cesium-137 activity of 146.4 Bq kg™
(s.d. £ 17.3%) measured by GeLi detector in the laboratory. Resulting erosion rates are
between 6 and 37 t ha' a' (Figure 2.9). Mean Cesium-137 activity based on in-situ
measurements was 91 Bq kg (s.d. + 19.2%) for all hayfields, 94 Bq kg (s.d. * 27.4%) for
all pastures without dwarf shrubs and 121 Bq kg™ (s.d. + 27.3%) for all pastures with dwarf
shrubs. The variation in erosion rates for the three measured hayfields is high. This variation
might be explained by avalanche impact on hayfield hf3 (Ambuehl, 1961) and mice activity
(see chapter 2.4.1) combined with snow gliding processes on hayfield hfl. High avalanche
frequency might cause higher erosion rates during winter time and early spring. In contrast, at
hayfield hf2 with low erosion rates neither high activity of avalanches nor snow gliding nor
mice activity was observed. Hayfield hf2 and pasture with dwarf shrubs paw1 had similar
erosion rates even though the fractional vegetation cover was significantly lower in pasture
pawl (77%) than in hayfield hf2 (92%).

The latter might be due to increased sedimentation induced by dwarf shrubs which stabilize
the soil and act as physical barriers, thus, reducing transport of soil particles down slope. That
dwarf shrubs might act as physical barriers was also noticed during the vegetation periods
2007 and 2008 with sediment cup measurements (see above). The variation in Cesium-137
based erosion rates within single sites is higher on pastures than on hayfields (Figure 2.9).
This might be based on the high micro morphology on the sites that leads to a high
heterogeneity within a small scale. This micro morphology is due to cattle trails and a high
skeleton content that influences in-situ measurements of Cesium-137.
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Figure 2.9: Erosion rates from in-situ Cesium-137. Error bars are due to manually analysis of gamma spectra as
well as plot heterogeneity.

Generally, erosion values based on sediment traps are significantly lower by two orders of
magnitude than erosion values based on Cesium-137 measurements. The latter integrate
erosion over a time period from April 1986 to today. Thus, erosive processes during winter
time and snow melt as well as during intensive rain storm events are included. There was no
intensive rainfall event during the investigation period 2007 and 2008 (data not shown). The

most intensive rainfall events since 1986 occurred in 1987, 1991 and 2002 during the
vegetation periods.
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Figure 2.10. Laboratory Cesium-137 measurements for single soil probes (plan of soil sampling on the right

hand side) on the land use type hf3 were an intensive soil sampling was done to show the large heterogeneity of
alpine sites.
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To separate erosive rainfall events during the vegetation period from 1986 till 2008 the
WEPP model was applied for this period (Konz et al., 2009a). Model results indicated that
erosion rates during all vegetation periods were low even if heavy rainfall events occurred
and that over 98% of the soil was eroded during October and April and not during the
vegetation period. The latter might be due to the very high infiltration capacity of the
investigated soils (Merz et al. 2009). Thus, erosion processes during the vegetation period
seems to have a minor influence on annual soil erosion rates in the Urseren Valley. Erosion
processes during the vegetation period are most likely of minor importance if the effective
rainfall is < 2%. This situation can be found in the Urseren Valley (this study) as well as in
the investigation area Jenner near Berchtesgarden published by Felix & Johannes (1995).
However, Frankenberger et al. (1995) described that with an effective rainfall up to 60%
(Allgiu, south-east Germany) erosion rates of > 20 t ha” can occur during the vegetation
period. The latter might have important implications if we consider climate change scenarios:
an increase in torrential rain events might significantly increase soil erosion during the
vegetation period.
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Figure 2.11: Precipitation greater than 50 mm per 3 days from 1986 till 2008 for the Urseren Valley.
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Table 2.2: Advantages and disadvantages of applied measurement methods in the Urseren valley for soil erosion
quantification in alpine areas with snow influence during winter time

Measurement.
measurement advantage disadvantage
method
sediment trap e defined area e destruction during winter time possible
¢ Surface flow measurement can be included e finding the right position should be
based on further experience
e temporal resolution depends on time
effort
e destructive  (installation) and time
intensive method
¢ finding the right position has to be based
on subjective expert knowledge
sediment cup e applicable at variable land use (also ski piste) e temporal resolution depends on time
¢ high replicates possible effort
e measurements during winter possible ¢ limited erosion amount measureable
e casy installation e automation is hardly possible
e no quantification of erosion rates
(qualitative)
Cs-137 e applicable at variable land use (also ski piste) ® measurement uncertainty is high

in-situ (based on

summer and winter processes are included

® high temporal resolution not possible

Nal detector non destructive method e differentiation between eroded sediment

measuerements) short measurement time (1h) from different seasons not automatically
possible

Cs-137 high peak resolution e destructive method (soil sampling)

Laboratory applicable at variable land use (also ski piste) e long measurement time per soil sample
(based on GeLi summer and winter processes are included (8h)
detector ® measurement uncertainty is lower than in.situ | ® high temporal resolution not possible

measuerements) measurements

® expensive (equipment, soil preparation)
e differentiation between eroded sediment

from different seasons not automatically

possible

2.5 Conclusions and Perspectives

Erosion rates in an alpine environment between 1550 and 1800 m a.s.] were determined in a
measurement comparison approach. We distinguished between measurements with sediment
traps applicable during the vegetation period and Cs-137 based erosion measurements which
integrate since 1986 and thus include long term soil erosion due to extreme and/ or winter
events. Regarding a comparison of applied erosion measurements all measurement has
inherent advantages as well as disadvantages on alpine sites (Table 2.2). The main conclusion
here might be that the measurement method has to be adapted to the main research question.
Even though the latter might be considered a trivial statement, it is more than crucial in alpine
environments and was often been neglected in past studies.

Both Cs-137 methods (laboratory measurements with a GeLi detector based on soil sampling
as well as in-situ measurements with a portable Nal detector) yielded consistent erosion rates
(R* = 0.94). Because alpine sites are very heterogeneous at a micro scale (<1 m’) a high
number of soil samples per site are required for laboratory analyses. Collecting numerous
samples in the field does not seem suitable for mountain grassland soils seriously affected by
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soil erosion. Especially in regions where soil recovery takes hundreds of years, non-
destructive in-situ measurements should be favoured.

The Cs-137 based erosion rate measurements were significantly higher (p<0.05) than erosion
rates based on sediment traps during the vegetation period. We conclude that this difference is
due to extreme events and winter processes captured by the Cs-137 measurements. Most
likely the influence of snow including snow gliding, avalanches as well as increased overland
flow during snow melt is the major driver for soil erosion in alpine grassland systems.

With the effective precipitation being only about 2%, erosion rates due to water erosion
during the vegetation period were low for all investigated alpine grassland sites. Erosion
induced directly by animal activity (cattle or sheep steps, mice digging) was a bit higher but
still negligible compared to Cs-137 based erosion rates. However, it is very likely that animal
activity increases sensitivity of sites leaving them vulnerable for winter processes.
Nevertheless, two out of three investigated hayfields had surprisingly high Cs-137 based
erosion rates comparable to pastures. The latter might be a problem of low sample numbers
with one hayfield being a site affected by high mice activity and another by high avalanche
frequency.

Sediment cups are a practicable tool to determine small scale erosion activity. Without upper
and side boundaries, the method is qualitative. Sediment cups are also useful to detect erosion
activity during the winter time. None of our 90 cups that have been installed were destroyed
during the winter. Our work provides a further step of soil erosion knowledge in alpine
grasslands. To develop soil erosion prediction models in the future winter processes as
driving factors of soil erosion have to be investigated quantitatively and qualitatively and
more data are needed for the calibration and validation of these models.
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CHAPTER 3

Cs-137 based erosion rate determination of a steep mountainous region
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3.1 Abstract

Data on quantification of erosion rates in alpine grasslands remain scarce but are urgently
needed to estimate soil degradation. We determined soil erosion rates based on Cs-137 in-situ
measurements. The method integrates soil erosion over the last 22 years (time after the
Chernobyl accident). Measured erosion rates were compared with erosion rates modeled with
the Universal Soil Loss Equation (USLE). The comparison was done in order to find out if
the USLE is a useful tool for erosion prediction in steep mountainous grassland systems.
Three different land use types were investigated: hayfields, pasture with dwarf shrubs and
pasture without dwarf shrubs. Our test plots are situated in the Urseren Valley (Central
Switzerland) with a mean slope steepness of 37°. Mean annual soil erosion rates determined
with Cs-137 of the investigated sites ranged between the minimum of 4.7 t ha' a' for
pastures with dwarf shrubs to >30 t ha” a™' at hayfields and pastures without dwarf shrubs.
The determined erosion rates are 10 to 20 times higher compared to previous measurements
in alpine regions. Our measurements integrated over the last 22 years, including extreme
rainfall events as well as winter processes, whereas previous studies mostly reported erosion
rates based on summer time and short term rainfall simulation experiments. These results lead
to the assumption that heavy rainfall events as well as erosion processes during winter time
and early spring do have a considerable influence on the high erosion amounts that were
measured. The latter can be confirmed by photographs of damaged plots after snow melt.
Erosion rates based on the USLE are in the same order of magnitude compared to Cs-137
based results for the land use type pasture with dwarf shrubs. However, erosion amounts on
hayfields and pasture without dwarf shrubs are underestimated by the USLE compared to Cs-
137 based erosion rates. We assume that the underestimation is due to winter processes that
causing soil erosion on sites without dwarf shrubs that is not considered by the USLE. Dwarf
shrubs may possibly prevent from damage of soil erosion through winter processes. The
USLE is not able to perform well on the affected sites. Thus, a first attempt was done to
create an alpine factor for the USLE based on the measured data.

3.2 Introduction

Soil erosion in the Alps is a well recognized problem, identified as a priority for action within
the EU (European Union) soil protocol to the Alpine Convention (2005). Steep slopes,
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extreme climate, fragile soils and partly intensive agricultural land use characterize the Alpine
environment. Main drivers for soil erosion are topography, soil texture, land cover, rainfall
patterns and land use. Additionally, snow processes like snow melt or avalanches enhance
erosion in alpine regions. A comprehensive assessment of soil erosion on the Alps is still
missing (ClimChAlps, 2006). Mapping and quantification of soil erosion under different land
use conditions has been studied in numerous projects for agricultural soils in lowlands or low
mountain ranges (e.g. Gabriels et al., 2003; Leser et al., 2002; Nearing et al., 1999; Prasuhn et
al., 2007) as well as in laboratory experiments (e.g. Boubakari and Morgan, 1999). However,
only few studies exist on soil erosion measurement and quantification under natural
precipitation regimes in alpine environments (Descroix and Mathys, 2003; Felix and
Johannes, 1995; Isselin-Nondedeu and Bedecarrats, 2007). The latter studies do all focus on
soil erosion measurement during the vegetation period. Hence, more data on soil erosion in
alpine regions for longer time periods including also winter processes is needed.

Numerous models have been developed and used to quantify and predict soil erosion. The
Universal soil loss equation USLE (Wischmeier and Smith, 1978a) is a frequently used model
to identify erosion risk areas and to help in decision making processes for long term average
erosion development in agricultural lowlands (e.g. Auerswald et al., 2003). Erosion rates are
calculated as

A=RKLSPC 3.1

where A is the average annual soil loss (kg m™~ a™') due to erosion, R is the rainfall-runoff
factor (N h™), K is the soil erodibility factor and gives the soil’s tendency to erode (N h kg
m™). The topography factor combines slope length L (-) and slope steepness S (-), P is the
support practice factor (-) and C is the cover and management factor (-). C factors are well
defined for crop rotations (e.g. Gabriels et al., 2003). Wischmeier and Smith (1978a) suggest
a C factor of 4 10 for established hayfields with a mean annual hay production of 6.7 t ha™
and a fractional vegetation cover of >95 %, and 3 10~ for permanent pastures. The values are
increasing with decreasing fractional vegetation cover. Prasuhn et al. (2007) used a C factor
of 3 10 for woodland and grassland for the Swiss erosion hazard map.

The determination of long-term soil erosion rates and patterns of soil redistribution on
cultivated land via Cs-137 is an established method (e.g. He and Walling, 2000; Ritchie and
McHenry, 1990). The use of Cs-137 measurements to quantify soil redistribution rates is
commonly based upon a comparison of Cs-137 inventories for individual sampling points to
the local reference inventory. When Cs-137 reaches the soil surface by wet deposition, it is
tightly adsorbed to fine soil particles (clay minerals and organic matter). The subsequent
lateral redistribution of adsorbed Cs-137 is associated with soil erosion (Sawhney, 1972).
Erosion is indicated by lower Cs-137 values, while sedimentation is indicated by higher Cs-
137 inventories compared to the reference site (e.g. Walling and He, 1999).

The aim of this study was to determine long term all-season soil erosion rates for different
land use conditions in an alpine catchment of Switzerland. Large damages are visible on the
investigated sites. The knowledge of the quantification of soil erosion is urgently needed in
the Swiss Alps to address the need of soil conservation strategies for the future. Additionally,
since no erosion prediction model for steep alpine environments is available, we tested the
USLE as it is one of the most used erosion models worldwide. Cs-137 based erosion rates
were compared to modeled results of the USLE (A) in order to assess the suitability of the
model for steep alpine grasslands. The Cs-137 amounts were determined with in-situ Nal
(Sodium-Iodide) gamma detector measurements. The advantages of such in-situ
measurements in alpine areas are discussed by Schaub et al. (2009).
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3.2 Material and Methods

3.2.1 Study site

The study area is located in Central Switzerland (Canton Uri) in the Urseren Valley (Figure
3.1). The elevation of the W-E extended mountain valley ranges from 1450 to 3200 m a.s.l.
Mean annual rainfall from 1986 to 2007 was 1516 mm and mean air temperature was 4.3°C at
the valley bottom. The valley is typically snow covered from November to April with the
maximum snow height in March (Ambuehl, 1961) and a mean annual snowfall between 1986
and 2008 of 448 mm (Source: MeteoSwiss, 2007). Runoff is usually dominated by snowmelt
in May and June. Land use in the valley is hayfield near the valley bottom and pasture further
upslope. Siliceous material is dominant, forming cambic podzols (anthric) and podzols
(anthric) classified after IUSS Working Group (2006). The characteristic of these soils is a
migration (M-horizon) horizon within the upper 100 cm that is caused by sedimentation in the
past. The thickness of the M- horizon is between 5 and 45 cm. For a detailed description of
the Urseren Valley see Meusburger and Alewell (2008).

All investigated plots are situated on the south-facing slopes between 1550 and 1800 m a.s.l.
(Figure 3-1). Three different grassland types were investigated with three replicates: hayfield
(hf), pasture with dwarf shrubs (paw) and pasture without dwarf shrubs (pawo). The slope
steepness of the investigation plots is between 35°-39°. Grain size analyses of all investigated
plots are listed in Table 3.1. Dominant plant species in the hayfields are Trifolium pratense
ssp. Partense, Festuca sd, Thymus serpyllum and Agrostis capillaries. Pasture with dwarf
shrubs are dominated by Calluna vullgaris, Vaccinium myrtillus, Festuca violacea, Agrostis
capillaries and Thymus serpyllum. Main species of pastures without dwarf shrubs are
Glubelaria cordifolia, Festuca sd and Thymus serpyllum.

0 g i T Y 5 ~ /%'.’ : 4 ‘ ’,;‘7 \’
1 4 Zop ol et e /
Figure 3.1: The Urseren Valley in southern Switzerland and the location of the investigated sites with three
grassland types: hayfield (hf), pasture without dwarf shrubs (pawo) and pasture with dwarf shrubs (paw).
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3.2.2 Erosion assessment with Cs-137

We used a Nal scintillation detector with a 50.8 x 50.8 mm crystal to measure Cs-137
distribution in the field. For the one hour measurements the gamma spectrometer was placed
perpendicular to the ground at a height of 25 cm. The Cs-137 measurements were done in
summer and autumn 2007 with three replicates at each plot. Additionally, two reference sites
near the valley bottom which are unaffected by erosion were measured with the same
procedure.

We define a reference site as a place which is influenced neither by erosion nor deposition.
Both reference sites are located at the valley bottom. Deposition of eroded soil on the
reference sites can be excluded because of lateral moraines between the steep slopes and the
reference sites. Soil erosion on both reference sites is unlikely due to a constant 100 %
vegetation cover since 1986. This can be confirmed from air photographs that were taken
regularly since 1986. Additionally, the slope of both reference sites is 0 %.

Table 3.1: Measured and calculated parameters for the investigation sites in the Urseren Valley. Relative
standard deviation (*n = 10 soil samples) of grain size analyses is 10 %. Relative standard deviation of organic
matter (n = 10 soil samples) is 17 %. K is given in N h kg m-2 and R in N h™". (**vfs = very fine sand and is
required in the k-nomograph of Wischmeier and Smith (1978)).

grassland type
hayfield pasture without dwarf shrubs pasture with dwarf
shrubs
hfl hf2 hf3 pawol  pawo2  pawo3 | pawl paw2 paw3
slope [°] 39 (1) 38(x1) 35(x1) | 38(x1) 38(x1) 35(%1) |38 (x1) 38(x1) 35(x1)
*sand [%] 40.2 23.8 39.3 37.9 36.6 394 49.8 25.7 449
*silt [%] 47.3 58.8 43.8 50.5 47.1 45.6 37.6 63.5 40.9
*clay [%] 12.5 17.3 16.9 11.6 16.4 15 12.5 10.8 14.2

silt & “vfs 60.2 68.5 56.1 61.7 56.8 58.0 485 69.8 52.1
org. mat. [%] | 13.2 12.3 12.7 13.1 12.8 12.4 11.7 11.9 12.2

pH value 5.0 4.4 4.5 7.1 73 4.6 43 4.4 45

R 97.2 94.5 93.6 97.6 96.4 96.4 94.1 91.7 94.8

K 0.28 0.29 0.23 0.27 0.23 0.25 0.21 0.32 0.23

P -] 1 1 1 0.9 0.9 0.9 0.9 0.9 0.9

S [-] 10.1 9.8 9.0 9.8 9.8 8.5 9.8 9.7 9.1
LI[-] 22 0.9 23 1.2 1.4 1.8 14 1.3 1.3
Cl-] 1X107% 6X10° 1X10% | 2X102 3%10% 2X107 | 4%X10% 4X10? 4%107?

To estimate the erosion rate from Cs-137 measurement we require the depth distribution of
the Cs-137 concentration within the soil. The depth distribution was measured for a soil core
taken at the reference sites. The soil core was portioned into slices of 2.5 cm thickness and the
Cs-137 activity was measured in the laboratory with a GeLi-detector (Schaub et al., 2009).
We found that the Cs-137 concentration decreases logarithmically with depth, whereby the
concentration reduces by the half about every 5 cm. We derived the depth distribution of Cs-
137 as:

Cs(z) = Cs(0)e 108(0/0)= .

where 7 is the soil depth coordinate, Cs(0) the Cs-137 concentration in the uppermost layer,
and b the distance in which the Cs concentration is bisected, i.e. in our case 5 cm. Knowing
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the activity at the surface and the shape of the Cs-137 depth distribution the value of Cs(0)
can be found by summing up the gamma radiation of Cs(z) seen at the surface and equate it to
the measurement of the Nal detector.

To determine in-situ erosion rates the activity at the test plot is measured with the Nal
detector. Soil density was measured tree times for the first 10 cm with the gravimetric
method. Soil samples with a defined volume were taken dried for 3 days at 105°C in the oven
and weighted (Table 3.2). To evaluate this activity we make the assumption that the Cs-137
depth distribution was the same as at the reference site at Cs-137 deposition 1986 and that no
new soil material is deposited on the test plots. Under the assumptions that these conditions
are fulfilled we first correct the reference Cs-137 depth profile according to the half life time
of Cs-137, i.e. the time step of the reference measurement and the test plot measurement have
to be known. The erosion rate can be calculated by removing a soil layer from top of the Cs-
137 profile. The thickness of the removed soil layer must have such a thickness that the sum
of the gamma radiation of Cs(z) seen at the surface and equates to the measurement of the Nal
detector at the test plot. Having the thickness of this layer and knowing the time when Cs-137
was deposited assuming continuous erosion processes, the annual erosion rate can be
determined.

Since the Urseren Valley is dominated by steep hill slopes it is very likely that the upper most
soil layer gets mixed (especially at the land use types pasture), e.g. due to solifluction and
bioturbation. This fact is underlined by the frequent occurrence of migration horizons (section
3.2.1). Thus, we extended our analysis by implementing a mixture horizon, i.e. we define an
uppermost possible layer thickness (1 — 5 cm) for which we continuously calculate the mean
of the Cs-137 concentration. By applying this technique mixing processes within the topsoil
can be considered to get a better estimation of erosion rates and their uncertainty due to upper
mixing layers.

The error of the erosion value of each single investigation plot (Figure 3.4) originates from
different sources. Around 10 % (depending on the land use type) of the uncertainty of the Cs-
137 based erosion values is based on the heterogeneity of Cs-137 values gained by the
replicated measurements on each single plot. The heterogeneity is higher on the pastures and
lower on the hayfields. Another error source is due to the conversion from Cs-137
measurements to erosion data since a mixture depth of the upper 5 cm has to be expected.
Finally, the measurement error due to the analyses of the of Cs-137 spectra is 17.3 % since
spectra have to be analyzed manually. Small changes in start and end position of the peak
leads to a big variability in peak area. This error on peak area was determined by using the
mean standard deviation of peak areas of 20 test spectra evaluated by five persons
independently. Spectra have been analyzed using a VisualBasic program provided by H.
Surbeck, University of Neuchatel. This program allows for setting regions of interest (ROI)
and determining gross and net ROI areas. Background within the ROI is assumed to be a
linear function between averaged background values at the left and the right ROI margins,
respectively. The Region of interest was set to include the three interfering peaks T1-208 at
583.2 keV, Be-214 at 609.3 keV and Cs-137 at 661.7 keV. The Peak area of Cs-137 is
specified by a gauss function over the region of interest (ROI). The total erosion estimated by
Cs-137 measurements includes the cumulative erosion since 1986 (time after deposition of
radioisotopes due to the Chernobyl reactor accident). Cs-137 input from atomic bomb tests in
the early sixties had minor impacts on the Urseren Valley (Schaub et al., 2009). Therefore, a
mean annual soil erosion rate can be estimated for the time period 1986-2007.
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Table 3 2: Cs-137 activity, soil density and resulting erosion rates. The Cs-137 reference value is about 145 Bq
kg, Soil density is determined for the first 10 cm (*n = 3 soil samples per site).

grassland type
hayfield pasture without dwarf pasture with dwarf shrubs
shrubs (pawo) (paw)
hfl hf2 hf3 pawol pawo?2 pawo3 | paw 1 paw2  paw 3

Cs-137 [Bqkg'] | 73.9 118.6  79.8 102 95.3 84.1 128.3 131.7 115.8
(RSD %) (1.3) (2.4) (11.1) | (11.9) (25.6) (18.0) | (7.2) (15.0)0 (13.5)
*soil density [kg | 1066 1044 1041 | 1357 1336 1242 1270 1165 1026
m”] (2.1) (2.6) 1.9 |34 (2.3) 4.1) (5.7) (3.8) (2.9)
(RSD %)
erosion t ha™ a™ 37 11 33 20 24 30 7 6 13

3.2.3 Erosion assessment with the USLE

The USLE was originally parameterized for soil erosion evaluation in the United States.
Modified versions for other regions as well as for different temporal resolutions have been
developed in the past. These models are for example the German USLE that is called ABAG
and the revised version of the USLE, the RUSLE. For our study, single factors of these tree
models were chosen depending on the best suitability for our site. The factors were either
determination from field data or taken from literature values. Thus, we did not only take the
factors as proposed by Wischmeier and Smith (1978) for the USLE but tried to get the most
appropriate factor for our land use site since no special model is designed for mountainous
regions. We used the algorithm of Rogler and Schwertmann (1981) (ABAG) to determine R
since the equation was designed for a comparable geographical and meteorological situation.
R was calculated from daily precipitation data of the local meteorological station of
MeteoSwiss (2007) (Tab. 3.1). In the Alps it is necessary to consider that some of the
precipitation falls as snow, which reduces R factor values. Schuepp (1975) found the
following relation between the elevation (m a.s.l.) and proportion of snow (f(x)):

fix) =0.0264 h — 2.0663 33
The combined equation for the R-factor is:
R =10.083 N (1-((0.0264 h — 2.0663)/100) — 1.77 34

where R is the rainfall-runoff factor (N h'l) and N the average annual rainfall (mm). The
elevation h (m a.s.l.) of the location is implemented in the equation with the result of
decreasing rainfall amount and increasing snow amount with increasing height (eq. 3.3). The
soil erodibility factor K (N h kg m™) was calculated according to the K nomograph after
Wischmeier and Smith (1978) (USLE).

Information for the K factor was calculated for the top 10 cm using grain size analyses and
content of organic matter. Total carbon content of soils was measured with a Leco CHN
analyzer 1000 and grain size analyses were measured with sieves for grain sizes between 32-
1000 um and with a Sedigraph 5100 (Micromeritics) for grain sizes between 1-32 pm.

L and S are topographic factors typically combined into LS factor. L scales the distance of
upslope flow accumulation at any field location to the length of the standard USLE plot used
for experimental erosion measurements (22.13 m). S scales the steepness at the field site
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relative to the slope of the experimental USLE plots (9 %; 5.1°) and was calculated after
Renard et al. (1997) (RUSLE) for this investigation as it is valid also for steep slopes.

L=(/22.13)" 3.5
m = f/(1+f3)

with B = (sin 6/0.0896)/(3 x (sin 0)*% + 0.56

for05.14° S =16.8xsin0—-0.5 3.6

where L is the slope length factor (-), A is the real slope length (m), m the slope length
exponent (-), 3 the susceptibility to rill erosion (-), 8 slope gradient (°) and S the slope factor
().

The support and practice factor P (-) was set to 0.9 after Wischmeier and Smith (1978)
(USLE) for all pastured plots (Tabel 3.1) since alpine pastures have small terrace buildings in
the form of cattle trails on these land use types which are suggested to be considered in P
(Foster and Highfill, 1983; Wischmeier and Smith, 1978). On hayfields P was set to 1 since
not terraces do exist. Although terrace building from cattle trails with an average widths of
10-20 cm are present at the land use types pasture the slope steepness is steeper than it is
considered by Wischmeier and Smith (1987) to use a suggested P factor. Thus, the variation
of USLE results from calculations with P = 1 and P = 0.9 was considered within the range of
error for all pastures. The cover and management factor C was separately determined for
investigation areas with and without dwarf shrubs in dependence of the measured fractional
vegetation cover (FVC) in the field (with FVC measurements of September). The following
equations were used to implement the C factors to different fractional vegetation covers (US
Department of Agriculture, 1977).

For investigation sites without dwarf shrubs we used:

C = 0.45 x o "0#0FVC 3.7

for investigation sites with dwarf shrubs we used the following equation:
C = 0.45 x 00324 x FVC 38

The resulting C factors are listed in Table 1. The fractional vegetation cover was determined
in April and September 2007 (Table 3.3). A grid of 1 m” was used with meshes of 0.1 m”. The
fractional vegetation cover of each mesh was estimated and averaged for the entire square
meter. This procedure was repeated four times for each plot. The maximum standard
deviation was ~ 5 %.

3.3 Results and Discussion

3.3.1 Cs-137 measurements and erosion rates

Mean Cs-137 activity was 91 Bq kg™ (RSD + 19.2 %) for hayfields, 94 Bq kg (RSD + 27.4
%) for pasture without dwarf shrubs and 121 Bq kg™ (RSD + 27.3 %) for pasture with dwarf
shrubs (Table 3.2). The reference sites in the Urseren Valley had a mean Cs-137 activity of
146.4 Bq kg'1 (RSD + 17.3 %). For our sites a mean soil bulk density of 1195 kg m” (RSD #
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13.7 %) was determined for the upper soil layer (0-10 cm) (Table 3.2). Average soil erosion
rates of hayfields, pastures without dwarf shrubs and pastures with dwarf shrubs are listed in
Table 2. The variability of erosion values on hayfields is quite high. The reason that could
explain this variability might be high avalanche impact on hayfield hf3 (Ambuehl, 1961) and
snow gliding processes on hayfield hfl (Figure 3.2 right side). High avalanche frequency
might cause higher erosion rates during winter time and early spring. In contrast, hayfield hf2
that has low erosion rates is neither influenced by avalanches nor by snow gliding. Hayfield
hf2 and pasture with dwarf shrubs paw1 had similar erosion rates Even though the fractional
vegetation cover was significantly lower in pastures (77 % paw1) than in hayfields (92 % ht2)
(Tabel 3.3). The latter might be due to increased sedimentation by dwarf shrubs which
stabilize the soil and act as physical barriers, thus, reducing transport of soil particles down
slope.

Table 3.3: Fractional vegetation cover of all plots in April and September 2007 (RSD 5 %, *n = 3 times of
vegetation cover determination of each plot).

grassland type
hayfield pasture without dwarf shrubs pasture with dwarf shrubs
(ht) (pawo) (paw)
*vegetation hfl hf2 hf3 pawol pawo2 pawo3 pawl paw2 paw3
cover [%]
April 2007 77 93 76 65 62 67 77 79 73
September 2007 | 92 95 90 65 62 67 77 79 73

Mean annual erosion rates of pastures without dwarf shrubs are higher than erosion rates on
pastures with dwarf shrubs (two to four times).

The measured values are higher than reported literature values of alpine grasslands (Felix and
Johannes, 1995). The reported low measured rates of erosion in alpine regions have been
determined during summer time. In contrast, measured erosion rates based on Cs-137
inventories in the Urseren Valley included extreme events and winter processes of 22 years.
Thus, snow and avalanche activity is included and the likelihood to capture extreme events is
much higher with our approach than with short term measurements and during summer time.
Also, the high erosion rates up to > 37 t ha a™' are congruent with the high visible damages
at the sites. Visible damages on alpine catchments can not be compared with visible damages
on agricultural croplands, where large rills are visible after an erosion event took place. Large
areas with low fractional vegetation cover and incoherent soil are visible at our sites. The
latter are prone to erosion damages which are long lasting and continuous (Figure 3.2). Due to
air photographs of the last 20 years it can be excluded that our high Cs-137 based erosion
rates arose from land slides.
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Figure 3.2: Eroded sites some days after snowmelt on hayfield hfl (left hand side) and on pasture without dwarf
shubs pawo?2 (right hand side) in the Urseren Valley. A cattle trail can be seen in the upper right corner of the
right picture. Both pictures illustrate visible erosion damages after winter time.

3.3.2 Erosion assessment with the USLE

Results of the USLE on the land use type pasture with dwarf shrubs are in a similar order of
magnitude compared to Cs-137 based erosion rates if uncertainty of methods is considered
(Figure 3.4). All pastures without dwarf shrubs and hayfields hfl and hf3 are underestimated
considerably by the USLE compared to Cs-137 based erosion rates. The reason for the
underestimation of the latter land use types might be that winter processes like avalanches
and snow gliding have a great influence on these plots. The damages on two of these plots
just after snowmelt are shown in Figure 3.2a (pawo2) and 2b (hfl) whereas no damages could
be seen on all paw plots (Figure 3.3). These winter processes are not considered within the
USLE. The USLE erosion value for the land use type hf2 also fits to the Cs-137 based erosion
values. Here again, no damages were visible after winter.

The uncertainty of the USLE is based on the measurement error of the plot steepness, due to
the heterogeneity of grain size analyses as well as organic matter (Table 3.1) that was
considered by the determination of the K factor with the nomograph of Wischmeier and
Smith (1987), according to the measurement error of the fractional vegetation cover that was
used for the determination of the C factor and to the uncertainty of the P factor. Generally, the
C factors that were determined based on detailed information of the fractional vegetation
cover on each single site lead to higher C factors compared to previous applications. The
reason for the lower applied C factors by e.g. Prasuhn et al. (2007) was due to the general
assumption that alpine grasslands have a fractional vegetation cover of minimum 95 %.
Hence, C factors were estimated to be about 3 x 10~ (chapter 3.1). Our USLE based erosion
rates are, thus, also higher than previously reported (Table 3.1). So far, mean erosion values
of the whole valley were assumed to be between 0 to 4 t ha™ a™'.
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Figure 3.3: Investigation site pastu}e with dwarf shrubs (paw2) during spring time 2008. No damages of soil
erosion are visible on the sites.

Our results indicate that the USLE is not suitable for steep alpine regions were snow
processes have a great influence on total soil erosion amounts. Other erosion models like
WEPP and PESERA have also been tested whether they are suitable to use in alpine regions
(Konz et al., 2009; Meusburger et al., 2009). The WEPP model was found to work quite well
for erosion simulation during summer time. However, erosion processes over longer time
periods with winter processes were also underestimated by the model (Konz et al., 2009).
General information of WEPP are given in Laflen et al. (1997) of PESERA in Kirkby et al.
(2008)

Thus, the USLE was applied a second time for all nine plots in the Urseren Valley with a
supplemental alpine factor W. This factor describes the failing information that led to the
deviation of erosion results gained for the first run of the USLE. These deviations might be
due to the influence of winter processes, measurement uncertainty or any other factors that
are not yet known. All factors (R K L S P C) as well as the gained Cs-137 based erosion rates
(A) were taken for the second run of the USLE. We inserted the W factor in the original
USLE equation and solved to the alpine factor W. The gained W factors are listed in Table
3.4. This value can only be considered as first assumption of an adjusted USLE for alpine
environments. More data is needed to validate such an alpine factor. However, this is a first
step to solve the problem of erosion modeling in alpine environments. Due to the similarity of
the W factor of the single land use types we might assume that this factor is mainly
influenced by snow processes that have different effects on soil erosion amounts depending
on the present land use types. These different influences on winter processes depending on
the different land use types could be observed after snow melt on all land use types (Figures
3.2 and 3.3). Additionally, hayfield hfl is visually most influenced by snow gliding, whereas
hf3 is known to have a high frequency of avalanches during winter time (recorded by the
Swiss Federal Institute for Snow and Avalanche Research Davos) lead to the highest alpine
factors W.
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Figure 3.4: Erosion rates due to Cs-137 based measurements (light grey) and calculations with the Universal Soil
Loss Equation (dark grey). Cs-137 error bars (17 %) are due to manually analysis of gamma spectra. USLE error
bars are gained by consideration of the uncertainty of single parameters.

3.4 Conclusions and Outlook

We determined mean annual soil erosion rates of steep alpine slopes of 6-37 t ha™ a”' which
are about 10 times higher than previously reported in literature. Our erosion rates were based
on in-situ Cs-137 measurements and thus included winter processes as well as extreme
rainfall events over the last 22 years since Cs-137 was released from the Chernobyl accident.
These high rates of erosion are congruent with the high visible soil degradation in the Urseren
Valley and explain the low recover rates of degraded alpine sites. Thus, we can conclude that
soil erosion is a significant problem in alpine environments and has to be investigated in
detail in the future for the development of soil conservation strategies. Erosion rates that are
calculated with the Universal Soil Loss Equation are in the same order of magnitude
compared to Cs-137 based erosion rates on the land use types pasture with dwarf shrubs
(paw). On the land use types hayfields and pasture without dwarf shrubs, USLE based erosion
values are considerably lower compared to the measured values. The high differences in
erosion values are most likely attributed to the great visible damages in early spring just after
snow melt. We suggest an alpine USLE including a alpine factor W that allows the user to
implement a factor for slopes that are influenced by avalanches and snow gliding processes
during winter time. An unambiguous statement can not yet be made due to our calculation
since the data inventory is too low. Future research should aim to enlarge the data inventory
also to other mountainous areas to provide a ground basis for an alpine USLE. This future
work should include the investigation of known areas that are affected by either snow gliding
processes during winter or by avalanches.
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Process identification of soil erosion in steep mountain regions
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4.1 Abstract

Mountainous soil erosion processes were investigated in the Urseren Valley (Central
Switzerland) by means of measurements and simulations. The quantification of soil erosion
was performed on hill slope scale (2 x 20 meters) for three different land use types: hayfields,
pastures with dwarf shrubs and pastures without dwarf shrubs with three replicates each.
Erosion rates during growing season were measured with sediment traps between June 2006
and November 2007. Long-term soil erosion rates were estimated based on Cs-137
redistribution. In addition, soil moisture and surface flow were recorded during the growing
season in the field and compared to model output. We chose the WEPP model (Water Erosion
Prediction Project) to simulate soil erosion during the growing season. Model parameters
were determined in the field (slope, plant species, fractional vegetation cover, initial
saturation level), by laboratory analyses (grain size, organic matter) and by literature study.
The WEPP model simulates sheet erosion processes (interrill and splash erosion processes,
please note that no rill erosion occurs at our sites). Model output resulted in considerable
smaller values than the measured erosion rates with sediment traps for the same period. We
attribute the differences to observed random gravity driven erosion of soil conglomerates. The
Cs-137 measurements deliver substantially higher mean annual erosion rates, which are most
likely connected to snow cover related processes such as snow gliding and avalanche
activities.

4.2 Introduction

Soil erosion is a major environmental problem in many parts of the world (Nearing et al.,
2004). The dominant processes in agricultural lowlands such as splash, rill and interrill
erosion are well investigated in numerous studies over the last decades (e.g. Govers et al.,
1999; Hessel et al., 2003; Walling and He, 1999). However, less attention has been paid to
erosion processes in mountainous systems, where the extreme climate and steep slope angles
trigger soil erosion processes. Gravity forcing is a crucial process in these environments in
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combination with animal activity during the growing season. Rill erosion processes are not
observed in unploughed mountainous environments. In the following the term sheet erosion
summarizes erosion through unconcentrated flow (often referred to as interrill erosion) and
splash erosion processes. In addition, snow cover related mechanical friction and/or abrasion
processes will occur during winter time and may also have a significant influence on erosion
rates in mountainous environments. Water induced soil erosion in mountainous regions is
greatly influenced by land use and management as well as by climate, extreme topography
and soil erodibility (Alewell et al., 2008; Simonato et al., 2002). Following the above
discussion, the term soil erosion is not referring to landslides or rapid mass movements in
shallow soils in this study.

Since snow dynamics make it difficult to measure soil erosion in mountainous regions
throughout the year, most of the erosion measurements have been conducted during the
growing season without the influence of snow (Descroix and Mathys, 2003; Felix and
Johannes, 1995; Isselin-Nondedeu and Bedecarrats, 2007). Erosion rates in alpine grasslands
measured by Felix and Johannes (1995) were between 0.1 and 10 kg ha™' for the growing
season. Isselin- Nondedeu and Bedecarrats (2007) measured the influence of several plants on
soil erosion. They found considerable difference with Festuca Alpina having the highest
amount of sediment deposition.

Climate change has an effect on the increase of thawing days in mountainous regions
(Appenzeller et al., 2008). Snowmelt is reported to occur earlier in spring due to rising
temperatures (Laternser and Schneebeli, 2003). This indicates a higher amount of
precipitation in the form of rain compared to snow. Surface runoff in winter and spring is
predicted to be higher with potentially increasing soil erosion during times of sparse or no
vegetation cover (Fuhrer et al., 2006). A better understanding of mountainous erosion
processes is therefore a prerequisite for all types of land use and climate change assessment
studies and the development of mitigation concepts.

This study aims at determining the dominant erosion processes in mountainous environments.
The assessment is based on a combined observation and modeling approach. We used the
Water Erosion Prediction Project Model (WEPP) because it is a well established tool to
simulate water erosion and sediment yield. WEPP has been applied in various geographic
locations across the United States (e.g. Huang et al., 1996; Laflen et al., 2004; Savabi et al.,
1993), in Australia (Yu and Rosewell, 2001) and in Europe (Brazier et al., 2000; Gronsten
and Lundekvam, 2006; Pieri et al., 2007; Raclot and Albergel, 2006). The application of
WEPP in steep mountainous environments has been tested once in the Italian Alps by
Simonato et al. (2002). The authors successfully reproduced measured erosion rates.
Measurements of erosion rates were done with sediment traps during the growing season and
mean annual erosion was measured by means of Cs-137 activity over the last 22 years to
obtain additional information of erosion processes for mountainous regions. Our hypothesis
was that the differences between the model results and the measurements can be attributed to
processes specific for mountainous regions that are less relevant in low lands and thus not
covered by the model.
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Figure 4.1: The Urseren Valley in Central Switzerland and location of the investigation sites with three land use
types: hayfield (hf), pasture without dwarf shrubs (pawo) and pasture with dwarf shrubs (paw). The
meteorological station is on the valley bottom at an elevation of about 1400 meter a.s.l., 1 km north-east of
measurement station hfl.

4.3 Materials and Methods

4.3.1 Investigation area

The study area is located in Central Switzerland (Canton Uri) in the Urseren Valley (Figure
4.1). The sub-catchment of the Furka Reuss has an area of about 30 km?. The elevation of the
WE oriented mountain valley ranges from about 1400 m a.s.l. to about 2500 m a.s.l.
Measured mean annual rainfall from 1986 to 2008 is 1516 mm, and mean air temperature at
the weather station (1400 m a.s.l.) is 3.1°C (MeteoSwiss, 2007). The valley is snow-covered
from about November to April with the maximum snow height occurring usually in March.
The mean annual snowfall from 1986 to 2008 is 448 mm water equivalent. Discharge is
usually dominated by snowmelt from May to June. Important contributions to the flow
regime are early autumn floods.

The dominant land use types in the valley are hayfield with hay harvesting near the valley
bottom, and pasture further upslope. Siliceous material is dominant, forming cambic podzols
(anthric) (IUSS Working Group, (2006). Vegetation shows strong anthropogenic influences
due to centuries of pasturing (Kaegi, 1973). The characteristic of these soils is a migration
(M-horizon) horizon within the upper about 100 cm that is caused by sedimentation in the
past. The thickness of the M- horizon is between 5 and 45 cm.

4.3.2 Experimental plots

The experimental plots (~40 m?) are situated at the south-facing slope at an altitude of 1550 to
1800 m a.s.l. (Figure 4.1). Three different land use types with three replicates each were
investigated. The land use types are hayfield (hfl, hf2, hf3), pasture with dwarf shrubs (paw1,
paw2, paw3) and pasture without dwarf shrubs (pawol, pawo2, pawo3). The slopes of all
plots were in the range of 35° to 39°. Soil textures of all 9 plots are listed in Table 4.1. The
hayfield vegetation is dominated by Trifolium pratense ssp. Partense, Festuca sp., Thymus
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serpyllum and Agrostis capillaries. Pasture with dwarf shrubs are dominated by Calluna
vullgaris, Vaccinium myrtillus, Festuca violacea, Agrostis capillaries and Thymus serpyllum.
Dominant plant species on pastures without dwarf shrubs are Glubelaria cordifolia, Festuca
sp. and Thymus serpyllum.

Quantification of soil erosion

Soil erosion rates were measured with two independent techniques. Sediment traps enabled
the direct measurement of erosion rates during the growing season. Long-term erosion rates
can be estimated by Cs-137 isotope analysis as indirect method. This method considers the
redistribution of Cs-137 after its deposition in the year 1986 by the Chernobyl accident. The
Cs-137 method delivers an integral value including winter and growing season processes.
Sediment traps

Sediment traps for erosion rate measurements were installed at each plot in July 2006 (Figure
4.2) to measure erosion rates during the growing season. A geotextile which is fixed to the
ground was used to detain the transported particles (Robichaud and Brown, 2002). The
sediment trap was equipped with a v-shaped steel plane below the geotextile to collect and
quantify the surface water flow (Figure 4.2c). The quantification of the overland flow was
done with a two-bowl tipping bucket (Figure 4.2d). Each bowl had a capacity of 0.5 liter
(EnvironmentalProducts, 2006).

Material that is transported into the geotextile was collected and weighted every second or
third week during the growing season from April to November. In addition, at one plot of
each land use type (hf3, pawo2, paw2), precipitation and soil moisture were measured
continuously every 10 minutes. Precipitation was measured with tipping buckets (ECRN-50
rain gauge, DecagonDevices), soil moisture was measured with an EC-5 sensor (precision +
2%), (DecagonDevices). All data were logged by means of an EmS50 Data Logger
(DecagonDevices).

Figure 4.2 : (a+b) Sediment trap after Robichaud et al. (2002) and (c) extended version under construction in the
Urseren Valley (2006) with a steel plate to concentrate the surface flow. The steel plate was finally attached to
the upper boundary of the filled trench where the geotextile comes out of the trench. (d): Completed sediment
trap for erosion measurement at land use type hayfield (hf3).

It is likely that the used sediment traps tends to underestimate the surface water flow. The
underestimation is due to small gaps between soil and geotextile at the upslope edge of the
sediment trap inlet. Surface flow might therefore partially trickle away. However, we
installed the sediment traps in July 2006 one year before the beginning of the experiments.
This ensured the recovery of the soil edges and the surface cover and, therefore, mitigated the
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above mentioned error. The measurement period presented in this study of the sediment traps
was from 2nd of April 2007 to 1st November 2007.

Cesium-137

As sediment traps provide information on total erosion for single growing seasons, long-term
information of soil erosion of all plots was obtained from Cs-137 measurements conducted in
autumn 2007. Cs-137 measurements for the determination of soil erosion rates since the
fallout of Cs-137 (Chernobyl accident in April 1986) is a common in the low lands (e.g.
Ritchie and McHenry, 1990; Walling and He, 1999), but has only been recently used in
subalpine terrain (Konz et al., 2009). We used a Nal scintillation detector for Cs-137
measurement on our nine subalpine test plots. For the measurement procedure, the Nal
scintillation detector was placed perpendicular to the ground at a height of 25 cm and
measured for 1h. To estimate the erosion rate from Cs-137 measurement we require the depth
distribution of the Cs-137 concentration within the soil. The depth distribution was measured
for a soil core taken at the reference sites. The soil core was portioned into slices of 2.5 cm
thickness and the Cs-137 activity was measured in the laboratory with a GeLi-detector. We
found that the Cs-137 concentration decreases logarithmically with depth, whereby the
concentration reduces by the half about every 5 cm. The reference sites were chosen at places
that are influenced neither by erosion nor deposition. Both reference sites are located at the
valley bottom. Deposition of eroded soil on the reference sites can be excluded because of
lateral moraines between the steep slopes and the reference sites. Soil erosion on both
reference sites is unlikely due to a constant 100 % vegetation cover since 1986. This can be
confirmed from air photographs that were taken regularly since 1986. Additionally, the slope
of both reference sites is 0 %. For further details please see Konz et al. (2009).

4.3.3 Description of WEPP

WEPP is a physically based simulation model (Flanagan and Nearing, 1995) that describes
mechanisms controlling water induced erosion including anthropogenic impacts such as
irrigation, grazing, cutting and ploughing. The hill slope version (v2008.907) of WEPP
contains nine components: a weather generator, snow accumulation and ablation, irrigation,
surface and subsurface hydrology, plant growth, residue decomposition, soils and erosion.
The determined vegetation as well as variable stocking rates and the cattle trails (variable
configuration of slope intersections) can be transcribed by the model. Furthermore, the winter
hydrology component is designed to simulate snow accumulation, snow density, snowmelt,
and soil frost and thaw, all on an hourly basis (Savabi et al., 1995). The WEPP model is well
tested in low land applications and is suitable to simulate dominate erosion processes of the
low lands. Mountain specific processes, e.g. animal induced gravity forcing and snow
mechanical processes cannot be handled by the WEPP model. Thus, a comparison of
simulation results with measured erosion rates by Cs-137 can not be expected due to the
missing processes. However, the simulations can be used to separate the bulk erosion rates
into sheet erosion (splash and interrill erosion) and mountain specific processes.
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WEPP inputs

Four modules of the WEPP model can be modified by the user (delivering input information
for the nine components that are described above). These four modules are climate (rainfall
amount, duration and intensity of rainfall, wind velocity and direction, temperature, solar
radiation and dew point temperature), slope, soil (albedo, initial water saturation, interrill and
rill erodibility, critical shear parameter, hydraulic conductivity, cation exchange capacity and
organic matter (Table 4.1) and management. For the climate description, field-observed
precipitation, daily temperature, solar radiation and wind (velocity and direction) were used.
The data were taken from the meteorological station located at the valley bottom (1400 m
a.s.l.), whereas the investigation areas are at the south-facing slope (at about 1650 m a.s.l).
Hence, temperature at single south facing plots is slightly higher (up to 2°C, depending on the
sky cover) than at the valley bottom due to the increased incoming short-wave radiation on
the inclined surfaces.

The soil properties soil texture, cation exchange capacity (CEC) and organic matter content
were determined for the first 50 cm (0-10 and 10-50, Table 1) by laboratory measurements.
Critical shear stress (tc), interrill erodibility (Ki), rill erodibility (Kr) and hydraulic
conductivity were calculated based on equations of the WEPP User Summary (Flanagan and
Livingston, 1995) depending on grain size analyses that were measured with 10 replicates at
each plot (Table 4.1). An initial water saturation degree was set for all plots at 25% in January
2007, based on soil moisture measurements. As there is no rotation of management type and
plant composition in this investigation area, one management type was assigned for each land
use type, as well as one composition of plants for the entire period. The surface of grassland
does not have the typical rill and interrill pattern that leads to the defined rill and interrill
erosion. This process has been realized by adjusting the random roughness (range
management file) based on field measurements. Thus, WEPP simulations are concentrated on
interrill erosion (sheet erosion). For the initialisation of the model’s storages and bio-activity
simulations an artificial warming up period was constructed using 20 times the data of the
year 2007. The model output stabilized after around 5 to 6 years (Figure 4.3). The slight
fluctuations in erosion rates are due to non-annual biomass cycles simulated by the model.

Table 4 1a: Soil parameter for the three investigated meadows (grain size analyses are given in % weight of fine-
grained soil < 2000um ). The maximum standard deviation is 10% for grain size analyses, 9.5% for organic
matter, 4.8% for pH value, 5% for fractional vegetation cover and 4.5% for slope steepness (for all three Tables
4-1a, b and ¢).

ml m2 m3
depth [m] 0-0.1 0.1-0.5 0-0.1 0.1-0.5 0-0.1 0.1-0.5
sand (63-2000 pm) [%] 31.9 33.1 23.8 22.1 37.2 34.1
silt (2-63um) [%] 42.3 39.8 45.5 439 414 33.6
clay (< 2um) [%] 13.7 16.1 15.3 13.8 16 12.6
organic matter [%] 12.9 6.7 12.2 6.1 12.8 6.4
pH value 5.0 na 4.4 na 4.5 na
fractional veg. cover [%] 92 95 90
slope [°] 39 36 39
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Table 4.1b: Soil parameter for the three investigated pastures without dwarf shrubs.

pawol pawo2 pawo3
depth [m] 0-0.1 0.1-0.5 0-0.1 0.1-0.5 0-0.1 0.1-0.5
sand (63-2000 um) [%] 24.6 24.3 25.2 22.1 27.4 28.2
silt (2-63um) [%] 38.2 37.8 324 34.6 30.1 31.4
clay (< 2um) [%] 12.1 14.6 11.3 11.8 10.9 11.2
organic matter % 12.6 6.3 12.8 6.4 12.2 6.1
pH value of soil 7.1 na 7.3 na 4.6 na
fractional veg. cover [%] 65 62 67
slope [°] 38 38 35

Table 4.1c: Soil parameter for the three investigated pastures with dwarf shrubs (paw).

pawl paw2 paw3
depth [m] 0-0.1 0.1-0.5 0-0.1 0.1-0.5 0-0.1 0.1-0.5
sand (63-2000 um) [%] 23.1 27.0 22.6 25.9 28.6 31.5
silt (2-63um) [%] 52.3 49.8 55.7 479 49.3 52.2
clay (< 2pum) [%] 8.7 8.5 9.5 7.6 11.2 10.1
organic matter [%] 11.9 6.1 11.9 6.0 12.2 6.1
pH value of soil 4.3 na 4.4 na 4.5 na
fractional veg. cover [%] 77 73 79
slope [°] 38 38 35

Application of the WEPP model

The calibration, we applied an experience based approach (Konz et al., 2007), takes our
process knowledge gained from the measurement plots into account. Thus, an initial model
parameter set was estimated according to measured system characteristics (e.g. soil texture,
climate parameters, relief, fractional vegetation cover), available data from literature (e.g.
rooting depth) and the parameter sets derived from earlier WEPP-applications in other basins
(for the plant specific parameters). However, due to heterogeneity of soils and our inability to
measure all model scale parameters (e.g. effective hydraulic conductivity that is derived from
grain size analyses) the physically measured soil parameters usually cannot be taken one-by-
one for the simulation. We therefore conducted a sensitivity analysis by varying one
parameter and keeping the others fixed in order to identify the most sensitive parameters. The
most sensitive parameters (precipitation amount and intensity, grain size, temperature, slope,
canopy cover, random roughness, effective hydraulic conductivity) were considered in a
Monte-Carlo analysis by allowing them to vary within reasonable ranges, which were defined
by measurement uncertainty. 10,000 runs were computed and the simulation results of
overland flow and erosion were analyzed relative to the initial model parameter set. We found
that the initial model parameter set, which is based on measurements and literature values,
delivered reliable simulation results within the uncertainty ranges given by the Monte-Carlo
simulations and we therefore used this parameter set for the simulation of the erosion rates. In
fact, the model was most sensitive to changes in canopy cover and precipitation intensity
allowing them to vary in a broader range. However, within the parameter range constrained
by estimated measurement errors the sensitivity of the parameters significantly declined and
with it the parameter uncertainty.
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Figure 4 3: Initialization of the WEPP model for the land use type hayfield for 20 times 2007. The same year
was taken 20 times instead of a time series in order to identify the stabilization of the water amount and erosion
processes independent of the variability of water amount from precipitation.

This analysis was conducted to assess the predictive power of our initial model parameter set
and it should be mentioned that it is not considered to be a thoroughly parameter uncertainty
analysis. Please note, the model application is seen as a screening exercise to delineate sheet.
WEPP does not simulate mountain specific processes. Therefore, we considered the
experience based calibration, supported by Monte-Carlo analysis, as a suitable tool to
differentiate between sheet erosion rates (simulated with WEPP) to total rates during growing
season (sediment trap measurements) to total whole year erosion rates (Cs-137
measurements).

4.4 Measurement Results

4.4.1 Measured erosion rates during the growing season

Erosion rates measured with sediment traps yielded in comparable results during 2006 and
2007. Two dominant erosion processes were identified during the growing season: (i)
relocation of grains by sheet erosion processes and (ii) soil conglomerate movement triggered
by animal trampling and followed by gravity forcing. Total monthly erosion rates ranged
from 0 to 4.4 kg ha™' for hayfields (hf), from 1 to 68 kg ha™ for pasture without dwarf shrubs
(pawo) and from 1 to 11 kg ha™! for pasture with dwarf shrubs (paw) (Table 4.2).
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Table 4 2: Monthly measured (meas.) and WEPP-simulated (simul.) erosion rates (kg ha') for the growing
season April to November 2007 for the investigated three land use classes hayfield (hf), pasture without dwarf
shrubs (pawo) and pasture with dwarf shrubs (paw). About 90 % of all measured erosion rates is caused by
gravity forcing. Erosion values that are due to sheet erosion (overland flow and splash erosion) are given in
brackets behind the erosion values. For pawo it is even more than 95%.

land use type

hf3 pawo2 paw2
meas. simul. meas. simul. meas. simul.
April 0(0) 0 39 (<1.9) 0 1(0.1) 0
May 4.40.4) 0.2 44 (<2.2) 0.3 8 (0.8) 0.2
June 1.3 (0.1) 0.1 22 (<1.1) 0.2 5(0.5) 0.1
July 0.5 (0.05) 0 68 (<3.4) 0 11 (1.1 0
August 1(0.1) 0 62 (<3.1) 0.3 3(0.3) 0
September 0 (0) 0 2 (<0.1) 0.1 3(0.3) 0
October 0(0) 0 1 (<0.05) 0 1(0.1) 0

Soil conglomerates were observed regularly in the sediment traps with diameters up to 30 cm
(Figure 4.4) during field observations in 2007 mostly on the land use type pasture without
dwarf shrubs. These eroded soil pieces cannot be explained with the movement of soil
particles through overland flow and splash erosion but rather by animal activity and the
steepness of the slopes, where soil conglomerates are subject to gravity forcing. In order to
separate between the two erosion processes we weighted the conglomerates and the fine soil
material separately. This separation process resulted in a fraction of soil from sheet erosion of
about 5-10% (Table 4.2) compared to a much larger fraction of 90-95% due to gravity forcing
process. The method tends to even overestimate sheet erosion rates because soil particles
detach from the conglomerations while falling into the trap. The highest difference of total
erosion rates can be observed at the land use site pasture without dwarf shrubs. Reasons for
this could be the use of rangeland with higher trampling damage. Dwarf shrubs obviously
reduce sediment transport. This can be explained with the hindering effect of dwarf shrubs on
the transport of soil particles (Konz et al., 2009). Hayfields seem to be generally less
susceptible to sheet erosion than pastures during the growing season. In general, erosion rates
are very low, compared to observations in agricultural low lands.

: i > o8 :
Figure 4.4: Soil erosion during the growing season 2007. Large soil conglomerates were collected in the
sediment traps ranging from 1 to 30cm.
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4.4.2 Long term erosion rates

The long term Cs-137 erosion rates expressed as mean annual rates were about three
magnitudes larger than the rates observed for the growing season at all nine plots (Figure 4.5).
It is very unlikely that inter annual variability and single high erosion years/events on specific
plots are responsible for the observed discrepancy between the long term averaged high
annual erosion rates and the measured low erosion rates during to growing seasons. Instead, it
is very likely that winter processes such as freezing and thawing and snow cover dynamics
trigger high erosion rates.

50
= Cs
30 4
E“ 20 - i
©
= i ' i
c
Ke)
[72]
o 14
(0]
0.5 -
] 00000 N
1 2 3 1 2 3 1 2 '3
hf pawo paw
land use type

Figure 4.5: Mean annual erosion rates of WEPP simulation compared to Cs-137-based erosion rates of all
investigation plots for the period 1986-2007. Cs-137 error bars are due to manual analysis of gamma spectra
(17%), the heterogeneity of each single plot (n=3; mean standard deviation 10.1%) and uncertainty of soil
porosity. WEPP errors result from sensitivity analysis.

Contradictory to the seasonal erosion rates the highest annual rates (~35 t ha'la'l) could be
found on hayfields. Mean annual erosion rates of pastures without dwarf shrubs are higher
than erosion rates on pastures with dwarf shrubs (two to four times). This observation is
congruent with the growing season measurements.

The variability of the long term mean annual erosion values on hayfields (hfl-hf3) is quite
high ranging from 10 t ha” a” up to 37 t ha™' a'. In contrast, the variability between the three
replicates of pasture with dwarf shrubs (pawl-paw3) and pasture without dwarf shrubs
(pawol-pawo3) is lower (ranging from 7 t ha” a up to 13 t ha™ a™ for paw and from 20 t ha™
a’ up to 29 t ha™ a!' for pawo).

The reason for the high spatial and temporal variability of the hayfields” erosion could be the
high avalanche activity on the hayfield sites (Ambuehl, 1961). Furthermore, we observed a
high influence of snow gliding processes (see Figure 4.6). Ambuehl (1961) determined the
avalanche activities on the slopes of the Urseren Valley and developed an avalanche map that
was compared with our study sites. Additional regular field visits and qualitative avalanche
monitoring (simple counting of avalanches on the specific sites) during winter 2007/2008
confirmed Ambuehl’s results. The site hf3 experiences regularly a high avalanche activity.
Neither avalanches nor snow gliding processes were observed on hf2 by Ambuehl (1961) and
during our investigation period.
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Figure 4.6: Investigation site pawo2 (left hand side) and hfl (right hand side) shortly after snow melt. This
picture gives an impression of the possible influence of snow and ‘snow gliding’ on erosion processes.

4.5 Simulation results of the WEPP model

As discussed in Section 4.3.6 the WEPP model simulates the sheet erosion, namely splash
erosion and interrill erosion (rill erosion was not modeled because of the failing rill-interrill
shape). In order to assess the model performance and the reliability of the simulated erosion
amounts we can compare results of the hydrology modules (overland flow and soil moisture)
to plots measurements (hf3, pawo2, paw?2).

4.5.1 Hydrology

The hydrology (overland flow and soil moisture content) was simulated well during the
growing season from April to October 2007 (Figure 4.7). Simulated overland flow compares
well with the measurements for all land use types (for example see simulation results and
measurements of the land use type hayfield, Figure 4.7). Overestimations of overland flow
occurred in May, June and August (42%, 33% and 53%, respectively). The sediment traps
with equipment for overland flow measurement tend to underestimate the surface flow (see
section 4.5). Thus, the simulation bias falls within the expected error of the observed flow
rates. Interestingly, in July, September and October surface flow is observed but not
simulated.

The dynamic of the observed soil moisture is reproduced well for all land use types (Figure
4.7) from the end of April onwards and even very specific patterns of the soil moisture
dynamics are simulated well for the land use type pasture without dwarf shrubs (pawo).
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Figure 4.7: (a) measured daily precipitation (black) and mean air temperature (blue), (b) measured (red) and
simulated (green) surface flow for hf3. (c-e) measured (red) and WEPP simulated (green) soil water content for
April to November 2007 for one of all three land use types pasture without dwarf shrubs (pawo2), pasture with
dwarf shrubs (paw2) and hayfield (hf3) for the first 35cm.

A general underestimation of about 5% during summer time can be observed for the land use
types pasture with dwarf shrubs (paw) and hayfields (hf), but dynamics are reproduced
satisfactory throughout the entire growing season. A possible reason could be an
overestimation of evapotranspiration with values of about 2.4 mm day' (mean values during
growing season) for hayfields and 3.2 mm day' for dwarf shrubs (mean values during
growing season). Fecht et al. (2005) provides values of about 1.7 mm day” (mean values
during growing season) for hayfields and 2.8 mm day' (mean values during growing season)
for dwarf shrubs in mountainous environments.
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Significant discrepancies between measurements and observations of soil moisture both in
terms of dynamics and absolute values can be observed in the end of March and beginning of
April (Figure 4.7c-e). Measurements and simulations show contradictory patterns with
increasing simulated soil moisture and decreasing measured soil moisture. Reasons for that
could be wrong assumption of snow accumulation and ablation calculations in WEPP (Figure
not shown). However, the model performance was satisfying during the major part of the
growing season when snow accumulation and ablation processes did not have any influence
(Figure 4.7c-e).

Since the hydrology dominates the erosion processes a reliable simulation of overland flow is
a prerequisite for erosion predictions. The WEPP model reproduces the overland flow rates
with acceptable accuracy and therefore provides reliable inputs for the erosion module.
Although the model overestimates the observed runoff rates it should be considered that the
measurement of overland flow is subject to measurement errors (underestimation, see chapter
4.3.2). Thus, the simulation results are considered to be within a range that is satisfying and
can be considered as appropriate for erosion simulations. Since the erosion processes are
simulated with equations which only use surface water level as transient variable the
hydrological input is the most important input that can be related to internal model
performance assessments. The additional information required for erosion simulations, e.g.
land use and soil parameters, are externally derived parameters and the errors caused by those
values cannot be considered as internal model uncertainties. We therefore consider the WEPP
model simulations as reliable and suitable to reproduce the erosion rates caused by the sheet
erosion processes during the growing season.

4.5.2 Simulated soil erosion rates during the growing season

Table 4.2 compares the simulated and the measured sheet soil erosion rates during the
growing season 2007. The measured values of sheet erosion rates (without conglomerates due
to gravity forcing) were generally very low (Table 4.2). The model simulates erosion rates in
the same order of magnitude for all three investigated land use types. As given in Table 4.3
only the growing season of paw2 shows significant differences compared to our observation
year 2007. The 2007 simulation delivers a sheet erosion rate of 0.3 kg ha'a™ for the growing
season compared to the simulated mean long term value of sheet erosion of 6.4 kg ha'a
(value of Table 4.3, 140 kg ha' divided by 22 years). This deviation is most likely due to
extreme precipitation events that have a higher influence on erosion processes on pastures due
to less vegetation cover. No extreme rainfall events occur during our measurement period
(Figure 4.8). However, even if we consider the simulated mean long-term erosion value for
paw? it is significantly lower than the measured total erosion rate during growing season in
2007 (32 kg ha', sum of paw? in Table 4.2). Therefore, the model proves the right magnitude
of the measured sheet erosion rates for all land use types. The simulated mean annual rates
are significantly higher than the corresponding rates of the growing season.

Generally, our measured soil erosion rates during the growing season are low but comparable
to the measured erosion rates of Felix and Johannes (e.g. Felix and Johannes, 1995) (0.1 to
200 kg ha) in the Berchtesgaden region (South Germany, Bavarian Alps). They conclude
that their low erosion rates are based on low effective precipitation that is between 1 and 2%.
The effective precipitation on our investigation plots is comparable and ranges between 0.6%
and 2% during the growing season. Frankenberger (1995) measured much higher erosion
rates during the growing season up to 20000 kg ha-1. However, he reported that the effective
precipitation during the investigation period was up to 60%.
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Table 4 3: Comparison of simulated erosion rates 1986-2007 during the vegetation periods (April-October) and
simulated erosion rates including the whole year (January-December) from 1986-2007. Erosion rates are given

intha'.

land use type

hf3 pawo2 paw2
growing complete growing complete growing complete
season period season period season period

> 1986 5 154 40 20900 140 4400

-2007

Extreme erosion rates (low as well as high rates) are generally challenging for soil erosion
modeling (Nearing, 1998). Thus, the inaccuracy of simulated erosion values is a general
problem of models and not a specific problem of the WEPP model. This is shown in the study
of Simonato et al. (2002). They did erosion simulations based on the WEPP model and the
RUSLE that were compared to plot measurements in the Italian Alps. The study was done
during the growing season 1998 and 1999. The lowest measured values were 0 kg ha-1,
highest values 3000 kg ha-1. For those plots WEPP simulations resulted in erosion rates of
210 kg ha-1 and 4720 kg ha-1, respectively. Results of the RUSLE are 39000 kg ha-1 and
41000 kg ha-1, respectively. Based on this study the WEPP model seems to be more useful
for the prediction of low mountainous erosion rates during the growing season. Moreover, it
could be shown that some further studies confirm low erosion rates during the growing
season in mountainous regions (Felix and Johannes (1995); Simonato et al. (2002)).
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Figure 4 8: Daily sums of precipitation (>50mm) from 1986 to 2008. Red box marks the time period were
erosion rates were measured with sediment traps.
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4.6 Relative contribution of soil erosion processes

Although a direct comparison of measured long term and seasonal data is difficult due to the
different time windows of observation (the long term annual value is the average erosion rate
of 22 years compared to the seasonal data of seven months), this comparison gives a good
indication of the dominant erosion processes at our subalpine sites. From the long-term
measurements, the sediment trap measurements, and the modeling exercises, we can
distinguish between three major process classes: (i) the direct measurements of gravity
forcing processes and sheet erosion processes during growing season, (ii) the modeling of
sheet erosion and (ii1) the indirectly inferred contribution of winter processes delineated from
the difference between Cs-137 derived erosion rates and modeled erosion rates (Figure 4.9).
Based on our combined measurement and simulation analyses we can provide first
quantitative measures of the relative contributions of each sub-process (Table 4). Erosion
processes during the growing season are negligible small compared to the winter processes.
Gravity forcing and development of soil conglomerates due to animal activity dominate the
growing season. Since the highest erosion rates were measured on slopes that are reported to
have a high avalanche risk or are prone to snow gliding during winter time (hfl, pawo3 and
hf3) it is very likely that those processes are responsible for the high erosion rates.
Furthermore, the discrepancy between the high Cs-137 based erosion rates and the measured
or simulated rates are most likely attributed to winter processes because (i) we measured
summer processes and (ii) these winter processes are not implemented in WEPP, thus
explaining the failure of the model. However, the influence of snow mechanical processes is
so far poorly understood and has to be investigated in more detail in the future.

Mean annual erosion
from Cs-137 method

Snow cover related processes

Erosion from sediment traps
during growing season

Erosion processes during
Sheet erosion from growing season other
WEPP model results than sheet erosion

Sheet erosion processes
during growing season

Figure 4 9: Conceptual results of process identification approach; marked parts of the bars indicate the
respective processes, whereas the entire bar shows the total measured value. The process separation was done by
calculating the relative differences between the annual rate, the growing season measurements and the model
simulations during the growing season.

58



Table 4 4: Relative contributions of the three process classes identified for the Urseren Valley.

hf3 (%) pawo?2 (%) paw2 (%)

Gravity forcing 0,019 1,13 0,36
Sheet erosion 0,0019 0,06 0,04
Winter erosion 99,98 98,81 99,60

4.7 Conclusions

We distinguished between the dominant erosion processes in mountainous environments. The
low measured erosion rates were confirmed by simulations with the physically based model
WEPP. We consider the WEPP simulations to be reliable because the driving transient
hydrological variables are reproduced with acceptable accuracy. WEPP failed to capture the
high mean annual (1986-2007) erosion rates as indicated by Cs-137 measurements. We
interpreted the latter differences to be due to winter processes which are not included in the
WEPP simulation. Besides sheet erosion processes, random gravity driven movements of
conglomerates following animal trampling could be distinguished. While gravity driven soil
erosion rates were already 20 times higher than sheet erosion rates, but the by far highest
fraction (~99%) of erosion is caused by winter processes as identified by Cs-137
measurements. The winter processes were dominant for all our nine investigation plots.
Therefore it is unlikely that single high erosion events are responsible for the high values.
Regarding model performance we conclude that the model reproduces sheet erosion processes
and can therefore be used to differentiate between confounding factors of erosion in mountain
systems but cannot be used to simulated whole year erosion rates in systems where winter
processes dominate erosion rates. This WEPP application was the first comparison between
high temporal resolute field installations (erosion, soil moisture, and surface flow
measurements) and WEPP simulations in mountainous areas.

The analysis of measurements and simulations indicated that winter processes have to be
investigated further; most likely avalanche activity and snow gliding processes are mainly
relevant for sediment detachment and transport. Future research should concentrate on
interface processes between soil and snow cover, e.g. friction and abrasion. As stated the
numbers presented here are first estimates and need further measurements to prove the
generality of our results.
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5.1 Abstract

In-situ measurements in steep alpine environments have not often been done. Most studies
have been carried out in arable lands and with Ge detectors. However, Nal detector system is
an inexpensive and easy to handle field instrument. In this study, a comparison of laboratory
measurements with GeLi detector and in-situ measurements with Nal detector of '*'Cs
gamma soil radiation has been done in an alpine catchment (Urseren Valley, Switzerland).
The aim of this study was to calibrate the in-situ Nal detector system for application on steep
alpine slopes. Replicate samples from an altitudinal transect through the Urseren Valley,
measured in the laboratory with a GeLi detector, showed a large variability in '*’Cs activities
at a meter-scale. This small scale heterogeneity determined with the GeLi detector is
smoothed out by uncollimated in-situ measurements with the Nal detector, which provides
integrated estimates of '*’Cs within the field of view of each measurement (3.1 m”). There
was no dependency of '*’Cs on pH, clay content and carbon content. However, a close
relationship was determined between B37Cs and soil moisture. Thus, in-situ data must be
corrected for soil moisture. Close correlation (R2 = 0.86) was found for B37Cs activities (in Bq
kg'l) estimated with in-situ (Nal detector) and laboratory (GeLi detector) methods which
proves the validity of the in-situ measurements with the Nal detector system. This paper
describes the calibration of the Nal detector system for field application under elevated e
activities originating from Chernobyl fallout.

5.2 Introduction

The measurement of Caesium-137 (**’Cs) concentrations is often used to gain important
information on the extent of soil erosion in areas where '*’Cs occurs either due to nuclear
weapon testing and/or the Chernobyl reactor accident in 1986. After deposition *'Cs is
rapidly and tightly bound to soil fine particles. Redistribution is mainly caused by soil erosion
where '¥’Cs moves with soil particles (e.g. Bonnett, 1990; Ritchie & McHenry, 1990).

Measurement of '*’Cs can either be done in the laboratory or in-situ in the field. Advantages
and disadvantages of field and laboratory applications of gamma detectors have already been
discussed in detail (e.g. Beck et al., 1972; Miller & Shebell, 1993; He & Walling, 2000).
Measurement time for in-situ measurements is generally shorter due to the coverage of a
representative sampling area in the field which results in a better counting statistics in
contrast to small volume soil samples in the laboratory (Table 5.1; Beck et al., 1972).
Comparability of in-situ and laboratory measurements has been shown before, but mainly for
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Ge detectors and/or on cultivated (mostly ploughed) fields with low heterogeneity (Haugen,
1992; Agnesod et al., 2001; Tyler et al., 2001). In general, because of the good resolution of
peaks in gamma spectra measured with Ge detectors, these are usually favoured over the Nal
detectors whose spectra often show interference of neighbouring peaks (Table 5.1). However,
for application in a mountain environment with difficult accessibility and steep slopes of up
to 45° priorities must be set differently from those of accessible areas or for arable lowland
sites. Germanium detector systems are usually relatively heavy because of the need for
cooling. In contrast to Ge detector systems, Nal detectors have the advantage that they are
substantially lighter to transport, cheaper to purchase and operate (Table 5.1). However, the
compromise is the reduction in spectral resolution that necessitates careful spectral processing
(Table 1; Beck et al., 1972; ICRU, 1994). The aim of this study was to find a measurement
routine with a Nal detector which is rather quick and can be handled by one person in the
field and which still achieves accurate results.

In order to make a statement about '*’Cs inventories and for use as a tracer for soil erosion
knowledge about spatial distribution of 3Cs is crucial. The vertical distribution of *’Cs in
cultivated soils is influenced by the tillage practice which results in a more or less
homogenous distribution of 137Cs within the plough layer (Schimmack et al., 1994; Owens et
al., 1996; He & Walling, 2000; Ritchie & McCarty, 2003). In unploughed soils most of the
Cs is accumulated at the top of the soil profile or few centimetres below and the content
decreases exponentially with depth (Mabit et al., 2008, Ritchie & McHenry, 1990; Owens et
al., 1996; Ritchie & McCarty, 2003). It is possible to distinguish areas of net soil loss from
net deposition areas by analyzing the spatial distribution of '*'Cs in the studied area (Mabit et
al., 2008, Ritchie & McHenry, 1990). Erosion investigations using YCs from weapons
testing fallout often assume that '*’Cs distribution is relatively homogeneous from the field to
small catchment scale (e.g. Walling & Quine, 1991; Wu & Tiessen, 2002; Schoorl et al.,
2004; Heckrath et al., 2005). Input of 137Cs through Chernobyl reactor accident was highly
dependent on the rainfall pattern which caused high (kilometre to regional scale)
heterogeneity in 137Cs distribution (Higgitt et al., 1992; Renaud et al., 2003). For a small
catchment or single hillslopes a homogeneous rainfall pattern can be assumed.

There are only few studies about 137Cs in alpine regions (e.g. Hofmann et al., 1995; Albers
et al.,, 1998; Agnesod et al., 2001) which mainly analysed soil samples in the laboratory.
Albers et al. (1998) studied the distribution of '*’Cs in alpine soils and plants in the German
Kalkalpen. They found that 10 years after the fallout from the Chernobyl reactor accident
most of the *’Cs was still stored in the top 5 cm of the soil profile and uptake by plants was
limited.

This study aims at finding a suitable measurement routine to describe eroded and uneroded
hill slopes in mountain regions and to provide a method routine for future erosion
measurements. Therefore an application-oriented method to give a quick overview of *'Cs
distribution in the field had to be developed. In a first step small- and large-scale
heterogeneity of '*’Cs distribution in the catchment was analysed by measuring soil samples
of an altitudinal transect in the laboratory using a GeLi detector. GeLi measurements of soil
samples in the laboratory were also made in order to check the comparison with '*’Cs specific
activity concentrations and their dependency on soil parameters.

Comparison of soil sample measurements in the laboratory (GeLi detector) and in-situ
measurements in the field (Nal detector) was done in order to calibrate the field device.
Subsequently the calibration of the field device was validated by comparing GeLi laboratory
and Nal in-situ measurements of 12 sites.
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5.3 Methods and materials

5.3.1 Site

The study area is located in the southern part of Central Switzerland (Canton Uri) in the
Urseren Valley (Figure 5.1). The bottom of the W-E extended mountain valley is
approximately 1450 m a.s.l. (above sea level). It is surrounded by mountain ranges of
altitudes up to 3200 m a.s.l.. The mean annual rainfall is 1516 mm (1986 — 2007, Source:
MeteoSwiss) and the mean annual air temperature is 4.3 °C (1986 — 2007, Source:
MeteoSwiss). The valley mainly consists of cultivated grasslands. Forested areas are limited
to protection forests at slopes above villages. Land use is dominated by grazing and, in the
lower reaches of the valley, by hay harvesting. The valley is strongly affected by soil erosion.
Vegetation cover is disturbed especially on the southern slopes. Soils in the study area mainly
consist of podsols and cambisols often with stagnic properties (WRB, 2006). For a detailed
description of the Urseren Valley see Meusburger and Alewell (2008).

Sampling took place at 12 sites at the south exposed slope (Figure 1). Sites represent hillslope
sections of about 20 m slope length. Mean slope angle of these hillslopes is 36°. For
laboratory measurements soil samples of a depth of 10 cm were taken as most of the YCs is
stored in this section (e.g. Schimmack et al., 1989; Owens et al., 1996; Schoorl et al., 2004)
and every site was measured three times with in-situ Nal spectrometry. For Nal system
calibration 9 additional soil samples taken from a circular area of 3 m of diameter at one of
the sites were used.

Additionally, an altitudinal transect between 1500 and 2050 m a.s.l. and two reference sites
with high vegetation cover at sheltered positions behind geomorphologic barriers near the
valley bottom (1470 m a.s.l.) were sampled (Figure 5.1). From each site 3 replicate samples
were taken within 1 m®. The reference sites represent the original BT activity without soil
redistribution processes.

Samples were collected during summer seasons 2006 and 2007 using a core sampler of 72
mm of diameter.

5.4 Analysis

5.4.1 Laboratory measurements

Soil samples were dried at 40 °C, passed through a 2 mm sieve and finally ground using a
tungsten carbide swing grinder. The ground soil samples were filled into 25 ml sample
containers (6.5 cm diameter; Semadeni25) and measured for 8 hours. Measurements were
done with a Li-drifted Ge detector (GeLi; Princeton Gamma-Tech, Princeton, NJ, USA) at the
Department for Physics and Astronomy, University of Basel. The size of the detector is 48
mm in diameteter and 50 mm in length. The relative efficiency is 18.7% (compared to a 3 x 3
inch Nal detector at a distance of 25 cm between sample and detector). In order to reduce the
amount of radiation from background sources in the environment the samples were shielded
by 4 cm-thick lead during measurement. The 137Cs activity concentrations were determined
using the InterWinner 5 gamma spectroscopy software (Ortec, Oak Ridge, TN, USA). The
energy calibration of the GeLi detector was done using a Eu-152 multi-source with peak line
positions at 117.6, 347.6, 773.5, 1108.0 and 1408.9 keV. For efficiency calibration three
reference-samples provided by H. Surbeck (University of Neuchatel) enriched with known
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activities of U-238, Th-232 and K-40 were used. These calibration samples were of the same
geometry and a comparable density as our analysed soil samples. The resulting measurement
uncertainty on >'Cs peak area (at 661 keV) is lower than 15 % (error of the measurement at
2-sigma). The minimum detection activity for *'Cs is 0.1 Bq kg™

5.4.2 In-situ measurements

For field measurements a 2 x 2 inch Nal-scintillation detector (Sarad, Dresden, Germany) was
used. The field equipment consists of a detector, a pole, a control unit, a battery and a pocket
PC (Figure 5.2). The detector was mounted perpendicular to the ground at a height of 25 cm.
Usually detectors are mounted 1 m above floor which means that the yield area has, as a rule
of thumb, a radius of 10 m. For comparable results the yield area should be flat and should
not have irregularities (Laedermann et al., 1998; He & Walling, 2000).

Figure 5.1: Aerial photograph of the Urseren Valley in Southern Central Switzerland and location of the sites
(numbers), the altitudinal transect (dashed line) and the reference sites (crosses).

As this can not be fulfilled for such a large area at any site in a mountain region, we decided
to use a detector height of 25 cm. The area of yield according to this detector height was
determined (see below). For all in-situ measurements 137Cs concentration was determined for
1 hour. Every hillslope section was measured three times. Measuring points were evenly
distributed over the slopelength of 20 m. Spectra evaluation was done with software provided
by H. Surbeck, University of Neuchatel/Switzerland. Peak area is specified by a gauss
function over the region of interest (ROI). The background is separated from the peak area by
a straight line between the beginning and end point of the ROI. The ROI was set to include
the three interfering peaks T1-208 at 583.2 keV, Bi-214 at 609.3 keV and *’Cs at 661.7 keV.
This multiplet was deconvolved in order to get peak areas of single peaks. In areas with
elevated 137Cs activities interference from natural radionuclides, full energy peaks and
secondary scattering of higher energy gamma photons, are rather small. In lower activity
environments a more sophisticated processing of the spectra might be required. All measured
7Cs activities refer to 2007. The spectral resolution of the Nal detector is 9.7 % at 661.7 keV
FWHM.
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Figure 5.2: Nal detector system with its components: (a) detector, (b) pole, (c) control unit, (d) battery and (e)
interface to pocket PC.

5.5 Method concepts, results & discussion

5.5.1 Spatial heterogeneity of '*'Cs

We tested the small-scale homogeneity of '*’Cs distribution in the field by using the soil
samples from the altitudinal transect from 1500 m a.s.l. to 2050 m a.s.l. (Figure 5.1). Samples
were taken at sites with high vegetation cover and no visible erosion and measured with the
GelLi detector in the laboratory. Y7Cs activities of the soil samples varied between 47 and 363
Bq kg (Figure 5.3). On single altitudinal levels a large difference in '*’Cs activity was
measured for replicate samples within 1 m” Generally, the wide variation of '*’Cs
concentration at meter scale gives evidence that either '*’Cs was not evenly deposited and/or
not bound homogeneously to soil particles. Another possibility would be secondary processes
such as erosion and accumulation, which can lead to the high small scale heterogeneity of
97Cs. The problem of inhomogeneity in 97Cs distribution has been shown in other studies,
but mostly relating to a larger scale (e.g. Clark & Smith, 1988; Albers et al., 1998; Kaste et
al., 2006; Machart et al., 2007). According to Machart et al. (2007) the distribution of the
radionuclide in the contaminated cloud as well as local inhomogeneities in rainfall intensity
or input on a snow layer can be the cause for inhomogeneous small-scale spatial distribution
of '*'Cs, especially in mountainous terrain. Inhomogeneity in '>’Cs distribution may also be
due to runoff connected to the rainfall event depositing the 97Cs (Albers et al., 1998). The
higher altitudes were still snow-covered at the time of '*’Cs deposition (Source:
MeteoSchweiz). Therefore, snow melt and runoff processes must be considered as a reason
for heterogeneous distribution of 13 7Cs, also on a small scale (Haugen, 1992). Small-scale
heterogeneity in '*'Cs activities for replicate samples at altitudes above 1800 m a.s.l. is
particularly striking. There are two interpretations possible: (i) a linear trend line through all
data points shows an increase of 37Cs with altitude (Figure 5.3) or (ii) extreme outliers at
1850, 1950 and 2050 m a.s.l. are excluded which results in a homogeneous distribution of
37Cs over 1800 m a.s.l.. The linear trend through the data points is supported by other studies
that have found a dependency of 37Cs on altitude (McGee et al., 1992; Arapis & Karandinos,
2004). However, interference with snow cover (Haugen, 1992) as an explanation for outliers
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in higher altitudinal levels is very likely. The remaining data from an altitude above 1800 m
a.s.l. is similar to the reference value (1464 + 19.5 Bq kg'') determined near the valley
bottom (Figure 5.3). Even though no erosion damage is visible in the grasslands today, the
lower activities measured at sites below 1800 m a.s.l. give evidence for soil loss through
erosion. This interpretation can be supported by the correspondence of lower 137Cs activities
with more intensive land use practice below 1800 m a.s.l. (Meusburger and Alewell, 2008).
Small scale heterogeneity in '*’Cs distribution is obvious from replicate samples taken at the
same altitudinal level.
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Figure 5.3: Altitudinal transect between 1500 and 2050 m a.s.l. with trendline (black). Dashed line represents the
Cs-137 activity (146.5 Bq-kg') measured at reference sites. For cluster (a) influence of erosion is possible,

cluster (b) is influenced by snow at the time of Cs-137 input.

5.5.2 Nal detector calibration and boundary conditons

The '*'Cs peak area obtained from measurements with the Nal detector had to be converted to
Bq kg'. This was done by comparison of an in-situ measurement using Nal detector to
laboratory measurements using GeLi detector for the samples collected at the same site.
Measurements from the altitudinal transect have shown large differences in their '*'Cs
content in replicate samples of the same sites (Figure 5.3). Therefore, small-scale
heterogeneity of '*’Cs concentration was analysed for Nal system calibration by laboratory
measurement (GeLi detector) of 9 samples (0 - 10 cm depth) distributed over a circular area
with 3 m of diameter centred on the position of the Nal in-situ measurement (Figure 5.4).
Mean '*’Cs concentration was 58.8 + 8.2 Bq kg'1 with a maximum at 68.2 Bq kg'1 and a
minimum at 42.0 Bq kg™'. The mean value of these 9 single measurements (GeLi) was used as
a calibration value with which the factor for the conversion of the *’Cs peak area (counts)
determined from in-situ measurement (Nal) to Bq kg™ was estimated. This factor allows the
conversion from peak area in counts to Bq kg'1 for further in-situ measurements at
comparable soils in the Urseren Valley. A potential dependency on soil parameters is
described below.
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Figure 5.4: Spatial heterogeneity of the Cs-137 distribution at the calibration site.

In order to estimate the soil volume which is representative for the '*’Cs measured in the
field, depth and spatial yield of the detector (Nal detector) as well as 97Cs distribution in soil
depth were determined. Depth distribution of '*’Cs was measured on a subdivided soil core (0
—5cm,5—-10cm, 10 — 15 cm, 15 — 20 cm) by laboratory measurements (GeLi detector). The
7Cs activity decreased exponentially with depth (Figure 5.5a). This is a typical distribution
for unploughed soils (Ritchie & McHenry, 1990; Owens et al., 1996; Ritchie & McCarty,
2003). Over 70 % of the total *’Cs inventory of the soil is in the top 10 cm of the soil column
(Figure 5.5a). This is in accordance with Schimmack & Schultz (2006) who studied the
migration of *’Cs deposited after the Chernobyl reactor accident in a grassland for 15 years.
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Figure 5.5: (a) Cs-137 depth profile for an upland soil measured in the laboratory (GeLi detector). (b)
Exponential decrease of the Cs-137 radiation measured at the surface with increasing burial depth of the point
source (Nal detector). (c) Exponential decrease of the measured Cs-137 activity with increasing horizontal

distance between the point source and the detector (Nal detector).

Contribution of radiation from different soil depths to the Nal detector was estimated by
repeated measurement of a buried '*'Cs point source (7.6 kBq 08/2007) in steps of 2 cm
between 0 and 20 cm soil depth by in-situ measurement with the Nal detector mounted 25 cm
above the surface. The radiation contributing to the total measured ey activity decreases
exponentially with depth (Figure 5.5b). Most of the activity comes from the top 10 cm of the
soil. Radiation from below 18 cm has a minor influence on the measured surface activity.

The horizontal coverage of the detector (Nal) was estimated in the field by repeated
measurement of a '*’Cs point source (15.8 kBq 08/2007) with increasing horizontal distance
from the detector which was mounted on 25 cm above ground. The distance was increased in
0.5 m steps. For increasing horizontal distance of the point source from the detector Ycs
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activity decreases exponentially (Figure 5.5¢). Under the assumption of a homogenous
distribution, 90 % of the measured '*’Cs activity origin from a circular area with a radius of 1
m around the detector (3.1 mz).

5.5.3 Sources of error

Determination of the '*’Cs peak position in the spectrum obtained by Nal measurement is
subjective. Small changes in start and end position of the region of interest (ROI) leads to a
big variability in peak area. This error on peak area was determined by using the mean
standard deviation of peak areas of 20 test spectra each evaluated by eight persons
independently. Uncertainty on peak area of measurement was 17.3 %. Interference with
neighbouring peaks may lead to an uncertainty on ">'Cs peak area. As spectral deconvolution
was processed the same way for all spectra, this uncertainty is thought to be negligible for
intercomparison of samples in this study. However, for comparison of absolute values with
other studies an uncertainty should be considered.

Knowledge about contribution of pre-Chernobyl '*’Cs is important for quantitative estimation
of erosion rates because date of input is crucial to know. Contribution of pre-Chernobyl ey
originating from above-ground nuclear weapon tests in the 1950's and 1960's is not clear for
the site Urseren Valley as only little data is available for Switzerland. Riesen et al. (1999)
measured samples collected in 1986 before the Chernobyl reactor accident from 12 forested
sites distributed over Switzerland. The '*’Cs activities of the top soil layers (0 — 5 cm) were
between 2 and 58 Bq kg (Riesen et al., 1999). Consequently, after decay with a half-life of
30.17 a, in 2007 only 1 — 35 Bq kg'1 are left, which means that the maximum contribution of
pre-Chernobyl '*’Cs might amount to 20 % at reference sites.

Additionally, vertical migration must be considered. From literature migration values
between 0.03 and 1.30 cm a™' are known (Schimmack et al., 1989; Arapis & Karandinos,
2004; Schuller et al., 2004; Schimmack & Schultz, 2006; Ajayi et al., 2007). However, our
measurements show that in the Urseren Valley most of the '*'Cs is still stored in the top 10
cm of the soil profile. Thus, only moderate migration of '*’Cs occurred.

5.5.4 Dependency of '¥'Cs on different soil parameters

Cs-137 content of the soil was controlled for dependency on pH, clay content, soil moisture
and organic carbon content (Figure 5.6). There are two groups of soil differing in pH, one
with a pH between 4 and 5 and one with a pH around 7 (Figure 5.6a). Neither an overall
dependency of Cs-137 content on pH was found nor within the single groups. This is in
accordance with Livens & Loveland (1988) who relate the pH range between 4 and 7 to
conditions of immobile Cs-137. No correlation between clay content and Cs-137 content was
calculated due to different sites forming different clusters (Figure 5.6b). Niesiobedzka (2000)
found a positive dependency of Cs-137 on clay content for soils with very low clay contents
under 3 %. Higher ¢ with higher clay content are consistent with the theory of the clay’s
higher binding capacity and strength. No dependency of Cs-137 on total organic carbon
content was found (Figure 5.6c). Dependency of ¥7Cs on soil moisture was estimated by
repeated measurement of a soil sample at different moisture levels with the Nal detector in
the laboratory. The sample was sealed in a plastic bag during measurement time to keep
moisture constant. Soil moisture shows a clear influence on the measured *’Cs activity
(Figure 5.6d). Therefore, soil moisture was measured parallel to in-situ measurements in
order to correct data with soil moisture using an EC-5 soil moisture sensor (DecagonDevices,
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Pullman, WA, USA). Measured soil moisture in the field at the time of in-situ measurements

varies from 5 to 12 %, which represents a shielding of gamma activity by 3 to 7 %.
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Figure 5.6: Dependency of Cs-137 on (a) pH, (b) clay content,(c) carbon content and (d) soil moisture (3, 4, 5, 7,
9, 10 stand for different sampling sites).

5.5.5 Validation of the in-situ Nal measurements

In-situ and laboratory determination of Bcs activity were compared in order to check the
validity of the calibration of the Nal detector system. The mean value of all soil samples (0 —
10 cm) of one site measured in the laboratory (GeLi detector) was checked against the mean
value of the in-situ measurements (Nal detector) at the same sites (Table 5.2, Figure 5.7). A
good correspondence of Cs activities determined by in-situ Nal measurements and
laboratory GeLi measurements was found (R? = 0.86). In Figure 5.7 standard deviations for
both, laboratory measurements with GeLi detector and in-situ measurement with Nal detector
are given. Note that the big variation of *’Cs activities for GeLi detector measurements at
single sites is due to spatial heterogeneity in '*’Cs distribution (see above). In-situ
measurements generally have a smaller standard deviation because the detector integrates
over a measurement area of 3.1 m? (Table 5.2, Figure 5.7). The close correlation between in-
situ and laboratory measurements shows that both methods give good averages of '*’'Cs
activities at alpine hillslopes. Our results are supported by Haugen (1992) and Tyler et al.
(2001) who have found similar correspondences for cultivated fields.

Despite the fact that our estimations do not include an exact calculation of the basic
conditions concerning *’Cs flux and detector response (e.g. Beck et al., 1972; Miller &
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Shebell, 1993) the achieved results with low calculating effort are equal to laboratory
measurements (GeLi detector) of several soil samples. Nal in-situ measurements provide a
quick and easy method to determine '*’Cs inventories.

Spatial small-scale distribution and especially vertical distribution of *’Cs in grasslands is
much more variable than in cultivated lands where '*'Cs is mechanically homogenised by
ploughing. Therefore, interpretation of in-situ data of alpine grasslands is subject to errors
relating to the spatial heterogeneity. Our data shows that YCs varies greatly over a small
scale. Consequently, either the number of soil samples per site must be increased or in-situ
measurements which smooth out irregularities must be done in order to achieve a
representative '>’Cs activity of a site. Collecting large numbers of samples in the field does
not seem adapted to the case of sensitive mountain soils seriously affected by soil erosion.
Especially in regions where soil restoration takes hundreds of years, non-destructive in-situ
measurements should be favoured. Furthermore, large numbers of soil samples are always
connected to the problem of adequate homogenizing which is problematic in densely rooted
soils, soils with varying soil texture and/or organic content.
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Figure 5.7: Comparison of Cs-137 activities determined by in-situ (Nal detector) and laboratory measurements
(GelLi detector).

Based on the results of this study, in-situ measurements with Nal detector enable a
determination of a mean *’Cs activity of a single hillslope section and at the same time an
estimation of the erosion state in a steep alpine catchment characterised by elevated '*'Cs
activities originating from Chernobyl fallout. For an application of the method in the Urseren
Valley see Konz et al. (2009).
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Table5.1: Cs-137 data of all sites for measurements with GeLi- and Nal detector.

GelL1 Nal
site | Mean s.d. Min. Max. Mean s.d. Min. Max.

(Bqkeg'y | (Bgkeg) | Bagkeg) | Bgkg') | Bgke') | Bgkeg!) | Bqgke!) | (Bgkgh
l 73.9 315 427 134.0 733 0.9 722 73.8
2 1348 594 68.6 266.0 148.0 31 144 4 150.5
3 104.0 48.5 526 177.8 108.2 12.0 953 119.0
4 919 249 59.59 144.5 758 23.2 56.2 105.9
5 922 243 48 83 132.5 991 28.5 70.4 135.2
6 113.8 249 76.8 131.2 118.6 141 103.0 130.5

133.6 67.4 539 260.9 128.3 328 104.9 165.8
8 110.8 49 8 496 160.3 131.7 238 113.7 158.6
9 66.0 lo.4 40.55 84.95 63.0 10.9 52.5 63.8
10 63.7 193 377 9l 4 64.4 46 59.2 68.2
11 86.2 25.5 553 112.5 841 12.6 70.0 945
12 70.7 293 41.0 127.8 90.1 12.2 82.6 104.1

5.6 Conclusion

The '*’Cs distribution in the Alps is very heterogeneous especially on a small scale (meter
scale) which was shown by GeLi laboratory measurements. In alpine areas the steep terrain
with low accessibility hampers the use of the heavy and mostly non portable Ge detectors in
the field; hence Nal detector system offers a good alternative. Further, in-situ measurements
are non-destructive which is important particularly at sites strongly affected by soil erosion.
For the in -situ measurements a Nal detector was mounted 25 cm above ground integrating
over a measurement area of 3.1 m”. No dependency of Cs-137 on pH, carbon content and clay
content was found, but in-situ measurements must be corrected for soil moisture. The Nal
detector which is a quick and easy to apply method was successfully applied to an alpine
grassland with strong heterogeneity in '*’Cs distribution. The use of Nal detectors in the field
is a valid and rather quick alternative for extensive soil sampling (correspondence to GeLi
laboratory measurements R* =0.86). In addition small scale heterogeneity of '*’Cs activity
obtained in GeLi laboratory measurements is averaged spatially by Nal in-situ measurements.
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Abstract

The focus of soil erosion research in the Alps has been in two categories: (i) on-site
measurements, which are rather small scale point measurements on selected plots often
constrained to irrigation experiments or (ii) off-site quantification of sediment delivery at the
outlet of the catchment. Results of both categories pointed towards the importance of an intact
vegetation cover to prevent soil loss. With the recent availability of high-resolution satellites
such as IKONOS and QuickBird options for detecting and monitoring vegetation parameters
in heterogeneous terrain have increased. The aim of this study is to evaluate the usefulness of
QuickBird derived vegetation parameters in soil erosion models for alpine sites by
comparison to Cesium-137 (Cs-137) derived soil erosion estimates. The study site (67km2) is
located in the Central Swiss Alps (Urseren Valley) and is characterised by scarce forest cover
and strong anthropogenic influences due to grassland farming for centuries. A fractional
vegetation cover (FVC) map for grassland and detailed land-cover maps are available from
linear spectral unmixing and supervised classification of QuickBird imagery. The maps were
introduced to the Pan—European Soil Erosion Risk Assessment (PESERA) model as well as to
the Universal Soil Loss Equation (USLE). Regarding the latter model the FVC was indirectly
incorporated by adapting the C factor. Both models show an increase in absolute soil erosion
values when FVC is considered. In contrast to USLE and the Cs-137 soil erosion rates,
PESERA estimates are low. For the USLE model also the spatial patterns improved and
showed “hotspots” of high erosion of up to 16 t.ha™.a™. In conclusion field measurements of
Cs-137 confirmed the improvement of soil erosion estimates using the satellite derived
vegetation data.

6. 1 Introduction

Alpine areas have a high potential soil erosion risk associated to the extreme climatic and
topographic conditions. The range of soil erosion rates is very uncertain due to the high
spatial heterogeneity of erosion risk factors that cause difficulties to extrapolate sediment
measurements on plot scale to larger regions (Helming, et al., 2005). Several models have
been developed for soil loss quantification (e.g. USLE, RUSLE, LISEM, WEPP, PESERA
and EROSION-3D). More recently, water erosion models tended to place a greater emphasis
on representing the physical processes that are responsible for erosion, but such efforts are
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scarce for the alpine environment (Cernusca, et al., 1998). In the European Alps, only the
Universal Soil Loss Equation (USLE) and the Pan-European Soil Erosion Risk Assessment
(PESERA) model have been used (Joint Research Center Ispra, 2009a, b). USLE is an
empirical model, which allows the prediction of average annual soil loss based on the product
of five erosion risk factors (Wischmeier and Smith, 1978). Emerging geospatial techniques
(Desmet and Govers, 1996; Reusing, et al., 2000; Wilson and Gallant, 1996) allows extending
USLE to entire watersheds and rapid spatial risk assessment, particularly for remote rural
areas, where data availability is constrained. PESERA is a simple physically based model
with low data demand based on a runoff threshold, which depends on soil properties, the
surface and the vegetation cover. The validity of these models has to be carefully considered
for alpine regions (Van Rompaey, et al., 2003a; Van Rompaey, et al., 2003b), especially for
the empirical USLE model, which was designed for the western U.S.. In high relief regions
with rugged topography a more detailed scale is needed. Jetten et al. (2003) even stated that
there might be more benefit for soil erosion assessment by improving spatial information for
model input and validation rather than by adapting models to a specific landscape. Satellite
imagery can provide valuable spatial information mainly on vegetation parameters to improve
the performance of soil erosion models (De Asis and Omasa, 2007; De Asis, et al., 2008; De
Jong, 1994; De Jong, et al., 1999; Jain, et al., 2002; Tweddales, et al., 2000). PESERA
considers different vegetation- management types and fractional vegetation cover. In USLE,
the C factor accounts for vegetation characteristics. The C factor is an empirical factor that is
dependent on vegetation type, management and fractional vegetation cover. Several studies
focused on the mapping of vegetation parameters using techniques like image classification,
NDVI and linear spectral unmixing (De Jong, 1994; De Jong, et al., 1999; Liu, et al., 2004;
Thiam, 2003). The availability of high-resolution satellites such as IKONOS and QuickBird
further increased the options for mapping of vegetation parameters.

This paper explores how high resolution maps of fractional vegetation cover (FVC) and land
cover improve soil erosion risk mapping using USLE and PESERA in an alpine catchment.
High resolution maps of land-cover and FVC were obtained from image classification and
linear spectral unmixing analysis (Meusburger, et al., submitted, this volume). The evaluation
of model performance is done by comparing modelled soil erosion estimates to Cesium-137
(Cs-137) measurements. Cs-137 inventories are an established approach to gain integrative
soil erosion estimates (He and Walling, 2000; Ritchie and McHenry, 1990; Walling, et al.,
1999).

6. 2 Site description

The study site (67 kmz) is located in the Urseren Valley (46.36°N, — 8.32°E) Central
Switzerland Alps. The U-shaped valley is characterized by distinct topography with elevation
ranging from 1400 to 3200 m a.s.l and a mean slope angle of 24.6°. The valley corresponds to
a geological fault line that extends NW-SE. The different geologic formations are displayed
in Figure 6.1. The climate is alpine with a mean air temperature of 3.1°C and a mean annual
rainfall of about 1400 mm per year at the climate station in Andermatt (1901-1961; 1442 m
a.s.l.) of MeteoSwiss. The valley is snow covered for 5 to 6 month (from November to April)
with the maximum snow height in March. The river Reuss drains the valley. Its nivo-glacial
runoff regime is replenished by summer and early autumn floods. The peak runoff period is in
June (BAFU, 2009). The valley mainly consists of cultivated grasslands. Forested areas are
limited to protection forests at slopes above villages. Land use is dominated by grazing and,
in the lower reaches of the valley, by hay harvesting. Dominant soil types in the catchment
classified after WRB (2006) are Podsols, Podzocambisols and Cambisols, often with stagnic
properties. On steep valley slopes, Leptosols are common (with rendzic Leptosols on the
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calcareous substrates). At the valley bottom and lower slopes, clayey gleyic Cambisol, partly
stagnic Histosols, Fluvisols and Gleysols developed. The predominant soil texture in the
upper 10 cm is silty-loamy sand. The highest soil erosion rates are expected in spring due to
the snowmelt on scarce vegetation cover. The dominant soil erosion process is sheet erosion.
Rill erosion is of minor importance at our study site. For a more detailed description of the
study site, see Meusburger and Alewell (2008).

Switzerland Qx

46°38'54"N
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46°34'21"'N

% investigated slopes
© ground truth

Figure. 6.1: Geographic location of the QuickBird image (false colour). The white lines separate different
geologic formations, the white dots show the locations of the Cs-137 elevation transect and the white rectangles
are the slopes used for the model evaluation.

6. 3 Materials and Methods

In order to compare model performance of PESERA and USLE at our alpine study site we
applied the models at nine slopes (average slope angle of 37°) with measured long-term soil
erosion rates based on Cs-137 method. We evaluated four different model runs: 1) runl was
done with ground truth FVC of the slopes, 2) run2 with 100% FVC, 3) run3 with 0% FVC
and 4) run4 with FVC derived form linear spectral unmixing (LSU). For run4, the average
FVC of the 7 pixels that match the location of each slope was used.

Further the USLE was applied for the entire catchment using the high resolution (2.4 m)
FVC- and land-cover map in comparison to low resolution (25 m) land-cover data.

6. 3.1 Model input data

Parameters for the soil erosion model PESERA

The PESERA model (Kirkby, et al., 2003; Kirkby, et al., 2000) estimates soil erosion rates by
the processes of sheet wash and rill wash on a regional scale. The spatially distributed model
is process based and commonly applied as a diagnostic tool for land use and climate change
scenarios on an European scale (Gobin, et al., 2004). The PESERA works with a regular grid
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and may be applied to variable scales. As data resolution becomes finer (< 100 m) and for
single slopes the PESERA-VBA model is recommended and was used in this study (Joint
Research Center Ispra, 2009a). The key concept of the model is the separation of precipitation
into overland flow and infiltration with a runoff threshold. The runoff threshold value
accounts for the effects of surface storage, the dynamic evolution of soil crusting as well as
moisture storage within the upper soil layers. In addition to the runoff threshold, two further
components determine the erosion estimates: erosion potential and erodibility (Kirkby, et al.,
2003). Allowance is made for snow accumulation, melting and frozen ground development,
using a set of accumulated day-degree terms based on daily temperature data (mean,
maximum and minimum). Finally, sediment transport is calculated as:

S=kq’G 6.1

where k is the soil erodibility, ¢ is the overland flow discharge per unit width and G is local
slope gradient. For more details on the model concept see Kirkby et al. (2003). The climate
input parameters of the model are incorporated on a monthly basis for the period of 1986 to
2007 (corresponding to the time-frame of the Cs-137 method). The monthly outputs were
averaged for the according period. The potential evaporation was calculated based on daily
mean values of relative humidity, air temperature, global radiation and wind speed using the
Penman equation (Penman, 1948). PESERA-VBA offers five soil type categories. We chose
medium soil texture (18% < clay < 35% and >= 15% sand, or 18% <clay and 15% < sand <
65%) for all our sites. The topography of the single slopes was described by slope angle and
curvature. Land use type was set to pasture considering the respective FVC. The ground truth
FVC was determined in September 2007 with a mesh of 1 m? (grid size of 0.1 m?). The FVC
of each mesh was visually estimated and averaged for the entire square meter. This procedure
was repeated four times for each slope. The maximum standard deviation was ~5 % (Konz, et
al., 2009b).

Parameters for the soil erosion model USLE
The USLE is given as:
A=RxKxLSxCxP 6.2

where A is the predicted average annual soil loss (t ha™' a™). R is rainfall- runoff-erosivity
factor (N h™) that quantifies the effects of raindrop impact and reflects the rate of runoff
likely to be associated with the rain (Wischmeier and Smith, 1978). The soil erodibility factor
K (t ha h MJ™" ha™ mm™) reflects the ease with which the soil is detached by impact of a
splash or surface flow. The parameter LS (dimensionless) accounts for the effect of slope
length (L) and slope gradient (S) on soil erosion. The C factor is the cover factor, which
represents the effects of all interrelated cover and management variables (Renard, et al.,
1997). Published values of C (dimensionless) vary from 0.0005 for forest areas with 100%
ground cover to 1 for bare soil areas (US Department of Agriculture, 1977). The P factor
(dimensionless) is the support practice factor (Wischmeier and Smith, 1978), which is set to 1
because there are no erosion control practices in the study site. The R, K, LS factor basically
determine the erosion volume while the C and P factor are reduction factors ranging between
Oand 1.

Typically, rainfall erosivity (R) is computed as total storm energy (MJ m™) multiplied by the
maximum 30-min intensity (mm h'l) (Renard, et al., 1997). Detailed data on storm intensity is
available only for a limited time span (2006-2008), necessitating the use of approximation
methods. We used the algorithm of Rogler and Schwertmann (1981) for the determination of
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the R factor, because the equation was designed for a comparable geographical and
meteorological situation in the Bavarian Alps. Rogler and Schwertmann (1981) calculate R
as:

R, =0.083xN-1.77 6.3

where R, is the rainfall-runoff factor (kg m s h'l) and N the average annual rainfall (mm). In
the Alps some of the precipitation falls as snow, which reduces R factor values. According to
Schiipp (1975) the relation between elevation (m a.s.l.) and proportion of snow is:

f(x) = 0.0264 x elevation — 2.0663 6.4

The combined equation for the R factor is:

R =0.083x Nx(1-(0.0264 x elevation —2.0663)/100)-1.77 6.5

The elevation map was derived from the DEM (25 m grid; vertical accuracy in the Alps of +3
m; (Swisstopo, 2006)). The mean annual precipitation map was derived through inverse
distance weighted interpolation of 1 km grid values of the HADES (©Hydrological Atlas of
Switzerland, Swiss Federal Office for the Environment).

The soil erodibility factor K (t ha MJI"' mm™) was calculated according to Wischmeier and
Smith (1978). The calculation of the K factor requires four parameters:

K = (27.66xm! "4 x1078 x (12 - @)+ (0.0043x (b — 2)) + (0.0033x (c - 3)) 6.6

in which m = (silt (%) + very fine sand (%) x (100-clay (%)), a = organic matter (%), b =
structure code: (1) very structured or particulate, (2) fairly structured, (3) slightly structured
and (4) solid and ¢ = profile permeability code: (1) rapid, (2) moderate to rapid, (3) moderate,
(4) moderate to slow, (5) slow and (6) very slow. Grain size analysis of the upper 10 cm was
done for 52 samples at 18 locations with a sedigraph (5100 micromeritics). The organic
matter map was derived from measurement of total carbon content at 23 soil profiles with a
depth of 40 cm with a Leco CHN analyzer 1000. Measurement reproducibility was better than
0.1%. For the determination of the K factor the values of the upper 10 cm are used.

The C factor was parameterised by assigning a uniform value to each land-cover class. For
grassland areas parameterisation was done according to the description of the US Department
of Agriculture (1977). A more detailed description is presented in section 6.3.2.

The LS factor (dimensionless) was calculated with the DEM according to the procedure
described in Renard (1997) because it is also valid for steep slopes between 22 % (12.4 °) and
56 % (29.3 °).

In addition, to the application of USLE for the nine slope sections, a parameterisation was
done for the entire catchment. Therefore the point measurements needed to be regionalised.

Regionalisation of the USLE parameters to catchment scale

For the K factor, spatial estimates of grain size distribution were derived by assigning the
mean value of soil samples within a geologic formation to the entire geologic formation. The
geologic map was created based on the definition of geologic formations by Labhart (1999)
that was refined by field and air photograph mapping. Using ANOVA we found that organic
matter content significantly differs between upland and wetland soils. Thus, we mapped the
distribution of organic matter via the occurrence of wetland areas. The latter was done by
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selecting all areas with a topographic wetness index > 50 and a slope angle < 8°. The wetland
map was verified by comparison to an orthophoto of the study site. Soils above 2000 m a.s.l.
were assumed to exceed organic matter contents of 12% as was found for soil samples in the
study site as well as for other alpine regions (Egli, et al., 2005; Leifeld, et al., 2008). The soil
structure parameter map consisted of two categories: for the Mesozoic formation with clayey
soils, we set a class value of 3 (lumpy) for all other areas, we used the value 1 (granular). For
the profile permeability, we used three categories 1 (rapid) for the alluvium at the valley
bottom and debris fans, 5 (slow) for the Mesozoic formation and (2) moderate to rapid for the
remaining areas. Structure code and profile permeability code were regionalized with the
geomorphology and geology map. The geomorphologic map was generated based on a
Quaternary map with a scale of 1:33000 (Fehr, 1926) and the orthophoto. All data layers were
created using ArcGIS (ESRI) version 9.2.

6.3.2 QuickBird data for vegetation parameterisation

High resolution multispectral QuickBird imagery (pixel resolution = 2.4 m) was used to
improve the parameterisation of vegetation. QuickBird standard imagery was acquired on
October 17, 2006 (10:51 UTC), under clear sky conditions, over a 67 km? area. The imagery
was radiometrically- and geo-corrected by the satellite data providers with a published spatial
accuracy of 14 m root mean square error (RMSE). Orographic illumination effects were
corrected using a DEM (25 m grid; #3 m vertical accuracy in the Alps) and the TOPOCOR
module of the Atcor3 software package (Richter, 2005).

Two datasets relevant for vegetation parameterisation result from the analysis of QuickBird
imagery, a land-cover map and a FVC map. The land-cover map consists of nine categories:
forest, shrub, dwarf-shrub, grassland, non-photosynthetic vegetation, snow, water, bare soil,
rock and the artificial category shadow. The overall classification accuracy is 93.3%. In total,
0.81% of the dataset is unclassified. The land-cover classes of bare soil, grassland, rock,
snow, water, forest, and shadow have high classification accuracies (82%~100%), while
classes of dwarf-shrub, shrub, and non-photosynthetic vegetation have lower classification
accuracies (67%~78%).

The FVC map for the grassland areas was generated by linear spectral unmixing (LSU) of the
grassland areas using the endmembers bare soil, grassland and shadow. The resultant
vegetation abundance showed significant correlation to ground truth (GT) FVC (Figure 6.2).
The regression between the 43 ground truth FVC and QuickBird derived vegetation
abundance points is given by:

FVC(GT) =1.63x FVC(LSU)+12.20 6.7

with a coefficient of determination of r* = 0.85. The mean RMSE value for the image is 0.52.
For a detailed description of the analysis see Meusburger et al. (submitted, this volume).
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Figure 6.2: Scatter plot of LSU-derived vegetation abundances versus the ground truth fractional vegetation
cover. Linear regression line is shown.

Except for the land-cover class grassland uniform C factors are used for single land-cover
classes derived from the QuickBird classification. For the land-cover class “grassland”, the
following equation was used to implement the FVC (US Department of Agriculture, 1977):

C = 0.45x g 0-045¢6xcv 6.8

where cv is the “cover that contacts the surface”. We assume that for grassland cv equals
FVC. We will refer to this map as LSU-derived C factor map in the following. The resulting
C factors are shown in Table 6.1 together with the values of the low resolution dataset.

For the application of USLE on catchment scale, comparative analysis of soil erosion
estimates between the low resolution land-cover input data (uniform C factors are used for
single land-cover classes) and high resolution satellite-derived land-cover data (considering
FVC for grassland areas) was conducted (see below). The land-cover dataset (where we will
refer to as the “low resolution dataset”) is based on the VECTOR?25 dataset available at
Swisstopo with a scale of 1:25000. We used a raster-based approach for the modelling of soil
erosion with a pixel resolution of 25 m for the low resolution dataset and a pixel resolution of
2.4 m equal to the spatial resolution of the QuickBird image.

Table 6.1: C factors used for specific land-cover classes (US Department of Agriculture, 1977) for the low
resolution land-cover dataset and the QuickBird derived data. * indicates that the according land-cover class is
not existent, thus, the C factors for grassland were assigned.

C factor for the low resolution

land-cover type dataset C factor

bare soil *0.002 0.45

dwarf-shrub *0.002 0.011

shrub 0.003 0.003

grassland 0.002 depending on FVC
forest 0.0005 0.0005

rock, snow, non-photosynthetic vegetation 0 0
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6.3.3 Cs-137 measurements

Soil erosion rates estimated with PESERA-VBA and USLE were compared to erosion rates
derived from in-situ measurements of Cs-137 with a sodium-iodide (Nal) detector 2 x 2 inch
(Sarad, Germany; efficiency at 661 keV is 1.4 s'l/(pSV h'l)). The detector was mounted
perpendicular to the ground on a height of 25 cm. Cs-137 concentration was measured for 1
hour with three replicates per slope section. Spectra evaluation was done with software
provided by H. Surbeck, University of Neuchatel (Switzerland). All measured Cs-137
activities refer to 2007. The mean error for the erosion estimates resulting from analytics and
data evaluation is + 30% (Konz, et al., 2009b).

To evaluate the USLE estimates for the catchment seven additional Cs-137 measurements
(with 3 replicates) along an elevation gradient were done. Here, only the Cs-137 activity of
soil samples (upper 10cm) was determined with a Li-drifted Ge-detector and InterWinner5
gamma spectroscopy software (Schaub, et al., submitted). Spearman correlation was used to
compare modelled erosion estimates with the Cs-137 activity. For all statistic analysis the
software SPSS was used (SPSS, 2009). A list of the used data is presented in Table 6. 2.

Table 6.2: Used datasets (*npv = non-photosynthetic vegetation).

Data Type Model parameters Source Samples (n)

Topography | LS factor map (USLE: plot, catchment) | DEM ©swisstopo -
Slope angle (PESERA-VBA)

Climate R factor map (USLE: plot, catchment) DEM, mean precipitation -
data ©Hydrological Atlas of

Monthly climate data: precipitation, Switzerland
temperature, pot. evaporation Daily climate data of
(PESERA-VBA) MeteoSwiss:
Soil K factor (USLE: plot) Plot grain size analysis 9 (3-5 replicates)
Plot organic matter content 9 (3 replicates)
K factor map (USLE: catchment) DEM (topographic wetness
index, slope, elevation) 9 (composite
Grain size analysis sample)
Organic matter content 14 (5 replicates)
Vegetation | C factor map (USLE: catchment) VECTOR2S5 dataset -
©swisstopo
Land-cover map (USLE: catchment) QuickBird imagery -

LSU FVC map (USLE: plot, catchment, | QuickBird imagery -
PESERA-VBA)
Ground truth FVC (USLE: plot, field measurement 9 (4 replicates)
PESERA-VBA)

Evaluation Cs-137 erosion estimates (USLE: plot, in-situ measurement 9 (3 replicates)

PESERA-VBA)

Cs-137 activities (USLE: catchment) laboratory measurement 7 (3 replicates)
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6. 4 Results and Discussion

6.4.1 Comparison of USLE and PESERA-VBA at plot scale

The mean erosion estimates for the nine plots and the four test runs using PESERA-VBA and
USLE are shown in Table 6.3 (column 3-6) together with the soil erosion estimates from in-
situ Cs-137 measurements (column 2). PESERA-VBA distinguishes only between 6 soil
texture classes and 12 land use types, which is limiting the spatial differentiation. This is
especially true for our sites that differ in soil texture, land use and FVC, of which only
differences in FVC could be considered. Thus, we will only compare mean values of the nine
slopes. The mean erosion rate resulting from in-situ Cs-137 measurements is 20.1 + 5.8 t ha™
a’'. Both models underestimate the Cs-137 derived soil erosion estimates in all runs. With
field measured data (column 3), the USLE estimate is 9.6 t ha’! a'l, which is only half of Cs-
137 based erosion rates. PESERA-VBA computed a soil erosion rate of 0.37 t ha' a”, which
is approximately 50 times less. PESERA-VBA estimates of erosion rates are far too low even
with 0% FVC (column 5). Using 100% FVC (column 4), which is done in most soil erosion
modelling studies, both models underestimate erosion rates modelled with field measured
input data by almost a magnitude (an underestimation of 8.2 t ha' a’! (85%) and 0.05 t ha'a’
(86%) for the USLE and the PESERA-VBA, respectively). By introducing the LSU-derived
FVC (column 6), the modelled erosion rates of both models approximate the modelled values
based on the field measured vegetation cover but still underestimate Cs-137 derived soil
erosion rates.

Table 6.3: Comparison between mean (nine slopes) Cs-137-derived soil erosion rates and mean estimates (t ha™
a') of USLE and PESERA for four different model runs with (1) field measured input data at plot scale (2)
100% FVC (3) 0% FVC and (4) LSU-derived FVC.

Model Cs-137 erosion 1) Measured 2) 100% 3) 0% 4) LSU-derived
estimates data FVC FVC FVC

USLE 20.1+5.8 9.6 1.4 201.6 114

PESERA-

VBA 20.1+5.8 0.37 0.05 2.9 0.38

The deviation between the Cs-137 and modelled soil erosion values is high. USLE does not
account for winter processes such as snow gliding, snow ablation, avalanches and snow melt.
The latter processes have been discussed as potentially being the crucial confounding factors
for soil erosion in the Urseren Valley (Konz, et al., 2009a). Surprisingly the deviation is even
higher for PESERA-VBA, although snow accumulation and snowmelt are considered and
peak erosion occurs in May during snow melt. The main reason might be the lower sensitivity
of PESERA-VBA to changes in FVC, which results in a very small range of erosion estimates
between 0.05 t ha™ a™ for 0% FVC and 2.9 t ha” a” for 100% FVC. Sprinkling experiments
at the sites have shown that 100% FVC almost prevents soil erosion (Merz, et al., 2009),
which is in accordance with PESERA-VBA. For 0% FVC, on sites with silty-loamy sands
and an average slope angle of 37°, higher soil erosion rates are expected. Another possible
reason for the underestimation of soil erosion rates for sites with low FVC might be a low
erosivity resulting from monthly averaged climate input data in the PESERA-VBA that
smoothes out extreme events. Even though a coefficient of variation for the monthly
precipitation is considered its impact on soil erosion estimates is low. The empirical USLE
equation 6.8 where the impact of FVC is implemented via the C factor seems more suitable
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than the vegetation growing module of PESERA-VBA at our site. An exponential
relationship (r’= 0.93), similar to the empirical USLE equation, between sediment yield and
FVC was found for sprinkling experiments in the valley (Schindler, et al., submitted).
Moreover, the empirical factors of the USLE equation are based on long-term average values
(including extreme events) and the used R and LS factor are adapted to mountainous areas
which might explain the higher soil erosion estimates. In general, USLE estimates are closer
to the range of measured erosion rates by the Cs-137 method and to visually observed erosion
features. Further it showed a high dependency on FVC, which is a decisive parameter in
alpine regions (Isselin-Nondedeu and Bedecarrats, 2007).

6.4.2 USLE erosion estimates for the entire catchment

Grain size analysis for the nine slope sections (with 3-5 replicates each) showed no
significant differences between slopes. Mean values are 37.86% + 1.10 sand, 48.25% + 1.18
silt and 13.09% + 0.41 clay. Total carbon content of upland soils is 3.49% + 0.17 (n = 121)
and 24.85% + 1.48 (n = 107) for wetland soils (note that most wetland soils are influenced by
sedimentation of mineral soil particles thus decreasing organic matter content). For the spatial
mapping of organic matter content, we worked with two groups: 24.9% for wetlands and
3.5% for the remaining areas. The produced input parameter maps for USLE are displayed in
Fig. 6.3.

K factor values range from 0.0 to 0.368 t ha MJ"' mm™ with the lowest values in elevated
areas where skeleton- and organic matter content is high. The values for R range from 24.4 to
84.2 N h' with the lowest values for elevated areas due to the increasing proportion of
snowfall. The LS factor map clearly displays the channel network, where the highest values of
about 57.5 are observed in the channels. The LSU-derived C factors are highest for bare soil
areas, which are mainly located at the south exposed slope and low for rock outcrops that
have no erosion potential (see enlargement in Figure 6.3).
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Figure 6.3: USLE input factor maps (LS-, R-, K factor and LSU- derived C factor) and an enlargement for the
LSU-derived C factor.

The predicted soil erosion estimates are categorized into five classes (Figure 6.4). The land-
cover types shadow, snow and rock are displayed in black. With the C factor based on the low
resolution dataset highest soil erosion values are about 2.8 t ha” a”' and the mean modelled
erosion rate for the entire catchment is 0.08 t ha™' a'. Highest values are found along the
channels in the catchment. The areas in between are characterised by very low erosion rates <
0.5 t ha' a™'. Thus, the former soil erosion map mainly displays the pattern of the LS factor
map. The erosion estimates produced with the LSU-derived C factor map range from 0.0 to
16 t ha! a™! with a mean erosion of 1.18 t ha™ a™. High erosion rates are concentrated on the
south exposed slopes where grassland cover is scarce due to pasturing and at landslides
(Meusburger and Alewell, 2009). The highest values occur at spots of bare soil located along
rivers, roads and landslides (Figure 6.4, lower part). Thus, by visual evaluation of the
produced maps the satellite data assisted map is plausible.
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Figure 6.4: Estimated soil loss (t ha" a™) by USLE calculated with the low resolution C factor map (based on the
swisstopo land-cover dataset) and the C factor based on the QuickBird derived vegetation data. Below: a visible
comparison between the high resolved USLE soil erosion map and the pan-sharpened QuickBird image.

In addition, model estimates are compared to Cs-137 activities for seven locations. The
Spearman’s rank correlation between LSU-assisted USLE outputs and Cs-137 activity is r = -
0.71 (n = 7). For the USLE map based on the low resolution dataset a correlation coefficient
of r =-0.43 (n = 7) is observed. The correlation is negative because the Cs-137 activity is
higher with less soil erosion (Sawhney, 1972). Both correlations are not significant due to the
small number of sampled locations (n =7 with 3 replicates).

Generally the evaluation with Cs-137 measurements showed that using the LSU-derived C
factor increased the correspondence between measured Cs-137 activity and modelled values
of soil erosion. Both Cs-137 and USLE give long-term erosion estimates, which makes the
combination of the two methods very suitable. Furthermore, the high resolution input data
allows for allocation of field measurements and observed erosion features. This is a necessary
requirement in order to validate produced erosion estimates.

6.5 Conclusion and outlook

Even though USLE is an empirically based model and was not designed for the application in
alpine environments the magnitude of erosion estimates seem more plausible than PESERA-
VBA derived rates. This might be due to the suitability and high impact of the C factor to
overall model outputs at our sites. Several other erosion models also apply this C factor such
as the Morgan and Finney method (Morgan, et al., 1984), WEPP (NSERL, 1995),
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ANSWERS (Beasley, et al., 1980), SEMMED (De Jong and Riezebos, 1997) and PCARES
(Paningbatan, 2001). Thus, improved C factor mapping using remote sensing can provide
crucial information to improve spatial soil erosion modelling. PESERA-VBA under estimate
the importance and influence of vegetation cover on soil erosion in alpine grasslands.

The QuickBird data could decisively improve vegetation input data for soil erosion risk
mapping. On catchment scale (using USLE and high resolution vegetation data), “hotspots”
of soil erosion were identified, which allows for more effective soil conservation planning. In
addition to direct visual verification of the high resolution USLE map a comparison to soil
erosion measurements in the field is possible, which is of crucial importance to validate and
adapt soil erosion models. We conclude that even a “simple” empirical erosion model can
strongly benefit from using spatial FVC information.

Generally, the suggested approach to model soil erosion with high resolution input data on the
catchment scale seems to be promising especially with the perspective to validate the
obtained soil erosion risk maps. Model validation is not only critical with respect to the
spatial patterns of erosion estimates but also with respect to absolute erosion rates.
Consequently, the main profit of high resolution data for soil erosion assessment lies in the
ability to directly compare results to ground measurements while at the same time providing
soil erosion estimates for entire catchments.
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CHAPTER 7

Final remarks & Outlook

Soil erosion is a serious problem in mountain ecosystems. For the purpose of a better
understanding of soil degradation processes adapted approaches for alpine environments are
needed to design control strategies of soil erosion in the future. In this study we investigated
the suitability of measurement tools that have been applied in low land regions for tracing soil
erosion.

7.1 Methodological approach

Cs-137 gamma spectrometry is commonly used for soil erosion measurements but mostly in
lowlands and with laboratory measurements. In order to adapt the method to mountainous
environments an in-situ Nal detector was tested for its suitability for Cs-137 measurements at
steep alpine slopes. Our comparison of Cs-137 measurements from the laboratory and in-situ
measurements at the same site in the Urseren Valley shows that despite the big heterogeneity
in Cs-137 distribution both methods achieve similar mean Cs-137 activities (R2 of 0.94). In-
situ measurements seem to have a better suitability for erosion application in high alpine
environments as an extensive soil sampling is not necessary and the spatial heterogeneity is
captured. Although, Ge detector systems offer a better resolution of energy spectra priorities
must be set different for sensitive alpine ecosystems. Also, soil sampling as well as sample
measurements is time consuming and expensive. Thus, in-situ Cs-137 measurements are not
destructive and can provide reference data to evaluate soil erosion models for long term
prediction since 1986.

7.2 Erosion measurements

We tested the suitability of measurement methods of sediment traps (plot measurement),
sediment cups (point measurement) and Cs-137 for tracing soil erosion in alpine
environments. All studied measurement methods are common methods to quantify soil
erosion rates on arable land in lowlands or low mountain regions. During summer time,
sediment traps can be used to measure erosion rates. But the spatial heterogeneity can not be
captured as well as the probability that the trap is on the right place to measure extreme
events is low. During winter time, sediment traps turned out to be not a useful tool for soil
erosion measurement. Steel plates of the traps and upper plot boundaries were flattened by the
winter processes. Thus, detached soil could not be collected by the traps.

Sediment cups are a practicable tool to determine small scale erosion activity. Without upper
and side boundaries, the method is qualitative. Because sediment cups are at ground level
they also useful during winter time. None of our 90 cups that have been installed were
destroyed during winter time. Furthermore, relative differences of soil erosion activity
between different land use types can be shown. Thus, soil erosion activity on point turned out
to be a practicable method to detect with sediment cups.

Cesium-137 measurements in the laboratory require soil sampling in the field. Since alpine
sites are heterogeneous (micro morphology) either the number of soil samples per site must
be increased or in-situ measurements which smooth out irregularities must be done in order to
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achieve a representative Cesium-137 activity of a site. The quantification of soil erosion with
in-situ Cesium-137 measurements turned out to be a suitable tool for alpine regions.
Measurements can be accomplished within a few days to determine long term erosion rates
since the Chernobyl accident (deposition of Cesium-137).

7.3 Erosion prediction based on USLE and WEPP

Erosion rates that are calculated with the Universal Soil Loss Equation are in the same order
of magnitude compared to Cs-137 based erosion rates on the land use type pasture with dwarf
shrubs (paw). On the land use types hayfields and pasture without dwarf shrubs, USLE based
erosion values are considerably lower compared to the measured values. The high differences
in erosion values are most likely attributed to winter processes. The latter was concluded from
great visible damages in early spring just after snow melt. Thus, we suggest an alpine USLE
including an alpine factor W that allows the user to implement a factor for slopes that are
influenced by avalanches and snow gliding processes during winter time. This value can only
be considered as a first assumption of an adjusted USLE for alpine environments. More data
is needed to validate such an alpine factor. However, this is a first step to solve the problem
of erosion modeling in alpine environments.

Because of the uncertainties of simulated winter processes, including snow height and
development, temporal snowmelt and water amount distribution, we conclude that WEPP is
not a useful tool for alpine regions where winter processes seem to have a great influence on
the water balance and erosion processes. WEPP underestimated erosion rates for the long
time period from 1986 till 2007 by a factor of 10 to 100. Though erosion rates of the
vegetation period turned out to account little to the entire erosion rates of the whole year, the
model was able to simulate the erosion rates during the vegetation period in a comparable
order of magnitude. Simulated soil moisture and overland flow during the vegetation period
was simulated well as well. Winter processes have to be investigated as it is not yet clear
what factors of winter processes are triggering those high erosion rates and implemented to
the WEPP model in order to provide simulation of erosion under changing land use and
climate conditions. Furthermore, it has to be keept in mind that the parameter need for the
present form of the WEPP model is high (74 parameters) to run this model successfully. The
implementation of triggering erosion processes during winter time will surely enlarge this
parameter request. Generally, the comparison of WEPP simulations with our measurements
(sediment traps as well as Cs-137) improved the understanding of Alpine erosion processes.
Winter processes seems to be important drivers of alpine erosion. Thus, WEPP might be a
useful tool to differentiate between confounding factors of erosion in alpine systems.

7.4 Outlook

It could be shown that not all measurement types to detect soil erosion rates in lowlands and
low mountain regions are a suitable tool for alpine regions. Winter processes affect
installations like sediment traps. This results in a loss of data or in a measurement error due to
defect measurement equipment. Cs-137 measurements turned out to be a useful tool to
determine soil erosion in steep alpine regions. Still several tasks remain to be pursued:

1. The Cs-137 method needs to be applied for the detections of short term soil erosion. A next
step of our work will be to test, if it is possible to measure annual erosion rates with this Cs-
137 as well. After the first measurement (that integrates erosion since Cesium-137 release)
each further measurement might be subtracted from previous measurements to obtain
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temporary erosion information. The prerequisite is to measure at an exact source position for
further measurements. The challenge of this further measurement method will be to decrease
the measurement error to make sure that further annual measured erosion processes are not
within the measurement error.

2. Additional measurements are needed to add an alpine Factor W since empirical equations
like the USLE need a substantial data inventory. To enlarge the data inventory future research
should aim to include several alpine valleys. This future work should include the
investigation of known areas that are affected by snow gliding processes during winter time
or by avalanches. This distinction should be done since our first measurements seem to be
greatly influenced by avalanches on plot hfl and hf3. Furthermore, the influence of snow
processes and land use types on soil erosion rates have to be pointed out. Thus, it should be
clarified if winter processes mask land use type. The knowledge is of great importance for the
development of soil conservation strategies.

3. The Influence of snow processes on soil erosion has to be monitored in detail. Physical
processes have to be identified. The idea is that one or two hill slopes has to be prepared with
temperature sensors in different soil depth, pillows to measure the pressure of snow on the
soil, as well as a camera to monitor snow movements with high temporal resolution. The aim
of this investigation should be that the influence of soil degradation by freezing and thawing
can be estimated. Furthermore, is should be identified how injuries occur. Is it based on the
pressure of snow on the soil or is it based on the occurrence on small ice crystals that
developed through thawing and freezing. If such small crystals at the intersection snow-soil
do exist this might cause the effect of abrasive paper.

4. Based on snow process measurements those processes have to be physically described to
extend the winter and snow module of the WEPP model.

The proposed work for the future would help to enlarge the knowledge of soil erosion
processes in alpine regions. Furthermore, adjusting both models to alpine regions would
advance the possibility to estimate soil erosion rates for the future under changing land use
conditions as well as different scenarios of the influence of climate change. Since the two
models types are different the possibility is given that estimations based on variable data
inventories can be estimated for the future. For a detailed estimation and a good data
inventory, the WEPP model would be preferred, whereas for a rough estimation on large sites
with low data inventory estimations on soil erosion can by done with the USLE.
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