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Abstract
Soil erosion on agricultural land is a widespread and serious problem, and it is expected that
due to climate change the risk of soil erosion could change in the future. The aim of this study
was to assess this possibility for three locations in Switzerland using different management
options and crops, and to identify seasonal differences in the susceptibility to soil loss. For this
reason, the crop model CropSyst was used, which includes the calculation of rates of annual soil
loss with the revised universal soil loss equation (RUSLE). Through this modeling approach, it
was possible to study interactions between different factors affecting soil erosion.
The model was first tested against observed erosion data. It was run with different
managements, crops and weather data, but with the same boundary conditions such as slope
length, slope angle and soil type. The weather data originated from stations in Payerne,
Taenikon and Magadino, which represent different climatological regions in Switzerland.
Baseline weather was created from observed data (1981-2010). The climate change signals
from two regional climate models were used to establish two different climate scenarios for the
30-year time period around 2060 based on the emission scenario A1B. The regional climate
models were the RCA of the Swedish meteorological and hydrological institute (SMHI) and the
CCLM of the Swiss Federal Institute of Technology Zurich (ETHZ).
For the stations north of the Alps, simulated soil loss rates increased with both climate
scenarios (Taenikon: SMHI +54.0%, ETHZ +48.8%; Payerne: SMHI +34.6%, ETHZ +28.2%),
whereas for the station south of the Alps (Magadino) soil loss rates increased for the climate
scenario ETHZ and decreased slightly for the climate scenario SMHI (SMHI -1.2%, ETHZ
+21.6%). Increases in soil loss rates could be explained by changes in soil cover and changes in
precipitation erosivity. The efficiency of the soil conservation managements direct seeding and
mulching decreased because of more rapid decomposition of harvest residues, and the
efficiency of a catch crop increased because of faster crop growth with climate change.
Nevertheless, direct seeding was still the most effective conservation strategy for reducing soil
loss with climate change. The season with the highest risk of soil erosion were spring and fall for
both current and future climatic conditions.
The results show that climate change generally increases soil erosion rates under the conditions
of these simulations, and that soil conservation methods have a high potential to mitigate higher
risks of erosion. To better quantify the uncertainty of these results, further studies should be
conducted with different climate scenarios and additional erosion models, and more land
management practices that better reflect current standards.
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Introduction

1 Introduction
1.1 Background
1.1.1

Soil erosion in the world

Erosion forms the landscape. Under natural conditions, it occurs in very low rates, because the
vegetation cover protects the soil from washing out and deflation (Mosimann et al., 1991). With
the beginning of the agricultural use of cropland, soil erosion increased quickly. The temporally
uncovered soils led to a rapid increase of erosion by water and wind (Blume et al., 2010;
Mosimann et al., 1991). Soil erosion endangers soil fertility, if new formation of soil is lower
than soil loss (Mosimann et al., 1991).
Soil erosion by water accounts for 56% of the anthropogenic caused soil degradation, thus it is
the most important kind of soil degradation. This concerns 1094 million hectares, of which one
fifth is strongly or extremely degraded. The causes for soil degradation by water erosion are
deforestation, overgrazing and agricultural activities. (Oldeman, 1992)
Soil erosion by wind is mainly happening in the arid or semiarid zones. Globally 548 million
hectares of soil are affected by wind erosion. Therefore, it is the second largest type of
anthropogenic caused soil degradation worldwide of which overgrazing is the main human
cause. (Oldeman, 1992)
1.1.2

Problems and effects of soil erosion by water

Soil erosion causes problems in the field where it takes place (on-site), but affects also the
surrounding environment (off-site). In parts of the field, where the soil is washed (Figure 1 left),
a lack of nutrients, pesticides, and organic matter occurs; whereas in other parts, the washed
material accumulates (Figure 1 right) and leads to an overdose of nutrients and pesticides
(Blume et al., 2010). The erosion induces a deterioration of soil structure which reduces the
infiltration rate, and thus, increases runoff. This means that less water is available for plants
(Pimentel, 2006). In the long term, top soil can get lost. Hence, fertility and productivity could
decrease (Lal, 2001). Furthermore, the management is more difficult on fields with high erosion
rates. Because of washing and accumulation of nutrients and top soil, the crops grow
heterogeneously in the field, and cultivating with vehicles is more difficult with eroded gullies
and channels (Blume et al., 2010).
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Figure 1: On-site damages. Eroded top soil (left), accumulations in other parts of the field (right)
Source: Volker Prasuhn

Besides damages on fields, washed material is also accumulating off-site. Nearby ecosystems
and water bodies get polluted (Figure 2 left) and the washed nutrients lead to eutrophication in
lakes and rivers (Mosimann et al., 1990). The sediments muddy streets and block drainage
systems (Figure 2 right) (Arbeitsgruppe Bodenerosion Nordwestschweiz, 2007).

Figure 2: Off-site damages. Washed material in water bodies (left) and on streets (right)
Source: Volker Prasuhn
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1.1.3

Drivers and processes affecting soil erosion

The process of soil erosion implies physical removal of soil in the form of single particles and
aggregates by wind and water (Blume et al., 2010; Lal, 2001). The natural process of soil erosion
was accelerated by the agricultural use of soils (Mosimann et al., 1991) and new forms of soil
erosion evolved: Tillage erosion (van Oost et al., 2005) and harvest erosion (Auerswald et al.,
2006). Depending on climate, crop and terrain, these types of erosion could be in the same
order of magnitude as soil erosion by water (Auerswald, 2006; Auerswald et al., 2006).
Another factor that influences soil loss rate is soil structure. Soil erosion can be intensified
through processes such as dispersion, compaction and crusting, which lead to unfavorable soil
structures (Lal, 2001). In this context, a multidisciplinary view is necessary since weakening of
soil structure depend on human influences such as use of heavy machinery or removal of plant
cover, and also on non-anthropogenic influences like an unfavorable climate (Lal, 2001;
Mosimann et al., 1991).
1.1.4

Estimating soil erosion

Modeling of soil erosion began in the USA in the mid-20th century and was motivated by
difficulties arising from dust bowl erosion and the intensification of agriculture. In Europe,
erosion was not seen as a threat until 1970. Later, land management was also intensified and
practices promoting soil erosion were applied more frequently. Consequently, soil erosion
evolved into a concern also in Europe. (Jetten and Favis-Mortlock, 2006)
First attempts to modeling soil erosion in Europe were based on the application of soil erosion
models established in the US. However, since these empirical model were developed for US
conditions (Jetten and Favis-Mortlock, 2006), they needed to be adapted to European
conditions. As an example, the universal soil loss equation developed by Wischmeier and Smith
(1978) was adapted for Bavaria in Germany by Schwertmann et al. (1987). But, also new models
were developed for European conditions (Jetten and Favis-Mortlock, 2006). An example for
such a European model is EUROSEM, which is a model for small catchments (Morgan et al.,
1998).
Today, a wide range of soil erosion models exists (Grimm et al., 2002). Erosion models can be
divided into empirical and process-based models. The most widely known and applied
empirical model is the USLE, which models long term soil loss rates of rill and interrill erosion
(Grimm et al., 2002). The model is based on regression analysis of observed erosion rates of
cultivated fields in the US (Grimm et al., 2002). Since the development of the original USLE by
Wischmeier and Smith in 1978, the USLE has been modified (modified USLE by Williams and
Berndt, 1974) and revised with new available data and ideas of process-based approaches
(revised USLE by Renard et al., 1997). The process-based models are highly complex and allow
more interactions of natural processes. One example for a process-based model is the Water
Erosion Prediction Project (WEPP by Laflen et al., 1997). The WEPP is able to describe in
general terms where and when rill and interrill soil erosion and deposition of it takes place
(Tiwari et al., 2000). Further, the model’s validity is not restricted to the ecological conditions it
was developed for, as it is the case with USLE (Lal, 2001). Nevertheless, Tiwari et al. (2000)
stated that a calibration is also necessary for the WEPP model.
Besides modeling soil erosion, expert-based methods are often applied. Here, the erosion risk is
estimated qualitatively by expert judgment of the susceptibility of soils to erosion (Grimm et al.,
2002).
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For modeling impacts of climate change on soil erosion, interactions between soil, plant and
water are essential. In this context, precipitation data should be used at a daily time step, rather
than as summarized values for certain crop cover stages, as in the USLE (Williams et al., 1996).
1.1.5

Situation in Switzerland

In Switzerland, soil erosion problems have increased due to anthropogenic influence since the
beginning of agriculture (Mosimann et al., 1991). As in many countries in Europe, also in
Switzerland soil erosion by water has increased significantly from the mid-20th century
(Broadman and Poesen, 2006; Weisshaidinger and Leser, 2006). Some causes for this increase
are the expansion of the agricultural area, the use of more erosion prone fields e.g. along
hillsides, use of heavy machinery for cultivating the arable land, cultivation of erosive crops,
increase of field size, and removal of natural barriers for easier cultivation e.g. hedges
(Mosimann et al., 1991).
Most of the soils of the Swiss plateau are moderately susceptible to soil erosion. However, some
soils in the Swiss plateau are very prone to erosion. These are sandy soils in in areas of former
basal till and silty soils formed of alluvial deposits (Mosimann et al., 1990). Not all fields are
affected by soil erosion in Switzerland. But if soil loss happens on fields, the erosion rate is
usually much higher than the rate of new soil formation (Mosimann et al., 1991). This endangers
the crop productivity since soil depth is decreasing (Broadman and Poesen, 2006). Besides onsite damages, eutrophication of lakes and rivers is one of the most severe off-site effects of soil
loss in Switzerland (Mosimann et al., 1991).
Soils which are prone to erosion are protected by law in Switzerland. On the one side, a system
of direct payments for ecological requirements1 was established in 1999, which includes the
issue of adequate soil protection by soil cover and measures to be taken on fields with repeated
soil loss (Weisshaidinger and Leser, 2006; Swiss confederation, 2012a). On the other side, the
Ordinance on Soil Protection2 postulates long-term maintenance of soil fertility and sets a
threshold for soil erosion to a maximum of 4 tons per hectare and year for soils with more than
70 centimeter depth, and 2 tons per hectare and year for soils with less than 70 centimeter
depth (Weisshaidinger and Leser, 2006; Swiss confederation, 2012b). But, implementation of
these regulations is often insufficient (Gisler et al., 2011), and possibilities of soil conservation
are rarely applied. Thus, Mosimann et al. (2003) proposed better information and mentoring of
farmers regarding soil erosion and possible conservation strategies on fields prone to soil
erosion.
In previous studies of soil erosion in Switzerland, the risk was assessed for agricultural land
(Mosimann et al., 1991), and a map was created to identify erosion-prone areas that require
application of special conservation managements (Prasuhn et al., 2007; Gisler et al., 2011). Also,
short- and long-term field studies have been conducted (e.g. Prasuhn, 2011; Prasuhn, 2012;
Schaub and Prasuhn, 1993; Rüttimann et al., 1995). When modeling soil erosion, the influence of
plant cover and soil management were often excluded (Gisler et al., 2011), or simplified
(Prasuhn et al., 2007). As climatic conditions interact with plant growth and residue
decomposition (Pruski and Nearing, 2002a), the influence of crop and management might differ
between climatic regions of Switzerland. However, hitherto no study was conducted in

1
2

Ökologischer Leitungsnachweis (ÖLN)
Verordnung über Belastung des Bodens (VBBo)
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Switzerland to estimate the influence of climate on soil erosion by accounting for different crops
and managements.
Concerning climate change, also little is known about its impact on soil erosion in Switzerland.
Studies about climate change consider mainly other impacts on Swiss agriculture (OcCC, 2007).
Fuhrer et al. (2006) stated a possible increase in the risk of soil erosion, because of more
frequent and intense rainfalls, but interactions of climate with crops and management were not
considered.

1.2 Motivation
Influences of climatic conditions on soil erosion have not yet been investigated for different
crops and management practices in Switzerland, and estimates of soil erosion under climate
change are completely missing.
1.2.1

Studies about soil erosion with a changing climate

The impact of climate change on soil erosion was investigated in studies from other countries.
The main outcomes are summarized here.
Climate affects soil erosion in complex ways. Figure 3 sums up the main influences of
precipitation, carbon dioxide and temperature changes on soil erosion. Precipitation change in
form of intensity and amount of rainfall is one of the most direct influences on runoff and soil
erosion (Nearing et al., 2005; Pruski and Nearing, 2002b). The changes through plant biomass
are seen as the second most important effect of climate change on soil erosion (Nearing et al.,
2005). The effect of the biomass production is indirect. More biomass generally leads to less
erosion since the soil is better protected from rainfall, and runoff is decreased due to
interception of water in the plant canopy. Whereas increases in precipitation and carbon
dioxide have rather positive effects on plant growth, an increase in temperature could lead to
either a decrease or increase in plant growth (Pruski and Nearing, 2002a).

Figure 3: Influences of precipitation, temperature and carbon dioxide changes on soil erosion
with positive [+] and negative [-] feedback reactions
Source: Prusky and Nearing (2002a)

Other possible effects of climate change on soil erosion are related to the projection that winter
precipitation could occur more frequently as rainfall rather than snowfall as a result of
5
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increased temperatures, or that higher evapotranspiration rates or changed precipitation
amounts would lead to changes in soil moisture and soil surface structure (Nearing et al., 2005;
Pruski and Nearing, 2002a).
Many studies consider the effect of precipitation, temperature and occasionally carbon dioxide
changes on runoff and erosion. The studies mostly consider the effect of these climate
parameters in combination with different management options or changes in canopy and
residue cover (e.g. Klik and Eitzinger, 2010; Pruski and Nearing, 2002a; Zhang and Nearing,
2005; Scholz et al., 2008; Nearing et al., 2005). In some studies, the predicted soil loss rate
increased and in other studies the soil loss rate decreased with climate change. Amongst other
possible factors, change in soil loss depended on the specific region, climate scenario,
management option and model choice. Besides other studies that mainly used sites in one
country and one erosion model, Nearing et al. (2005) simulated climate change impacts on one
site in Europe and one site North America using seven different erosion models. They
postulated an overall increase in soil erosion with climate change unless soil conservation
practices were applied.
1.2.2

Soil erosion with a changing climate in Switzerland

Projections for the future climate in Switzerland include a rise in temperature and a decrease in
precipitation during the summer months. Mean annual precipitation could increase south of the
Alps, whereas in other parts both increase and decrease are possible. Projections for rainfall
intensity are more uncertain, but changes are also possible. (CH2011, 2011)
These general projections could be relevant for soil erosion. During summer, when a decrease of
precipitation is projected, most fields have a dense plant cover protecting the soil, while more
rain falling during the season when the soil is less protected, soil erosion could be increased
even without an increase in mean annual precipitation. Moreover, warmer temperatures could
either increase or decrease biomass growth (Pruski and Nearing, 2002a), or alter the growing
period of the crops. Earlier phenological stages of field crops were already noticed in Germany,
and could further increase with future climate changes (Chmielewski et al., 2004). Thus,
changes in the timing of rainfall events in relation to the development of a crop cover are
important. But also the overall decomposition rate of biomass is likely to change with increasing
temperatures, which would lead to an lower residue cover of the soil.
All in all, projections for the trend of soil erosion rates with climate change in Switzerland are
difficult, but studies from other countries provide a rough idea in which direction soil erosion
could change. But because soil erosion rates vary on small scales, the problem must be
investigated specifically for locations in Switzerland given the variability in climate and specific
climate change projections.

1.3 Research questions
As describes above, soil erosion can be simulated and could increase or decrease with climate
change. Thus, the first research question is:
1. How is simulated soil erosion changing with climate change in Switzerland?
Already today, several conservation managements such as mulching, reduced tillage, catch
crops or no-tillage could be applied for reducing soil erosion. With a possible increase in soil
erosion, conservation management might become more important for reducing the risk of big
6
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amounts of soil losses in the future. In other studies, soil erosion rates responded differently to
a changing climate depending on soil management (Klik and Eitzinger, 2010; Scholz et al.,
2008). Thus, the soil loss rate for common crops and management types should be established
as a basis for the development of effective adaptation options for farmers. This leads to the
second research question:
2. Are soil conservation practices still effective under climate change?
Under a different climate, also intra-annual differences of erosion prone periods could change.
This might be induced by changes in the seasonal precipitation distribution, altered residue
cover, and a shift in crop growing stages. The intra-annual biomass cover in form of harvest
residues and crop cover differ between crops and managements. This leads to the last research
question:
3. During what periods of the year are soil erosion risks highest under climate change for
different crops and managements?
To cover a range of possible soil loss rates in Switzerland, different climate regions, terrains,
soils, management practices and crops should be considered. The work focused on two main
influences of climate change on soil erosion: Direct effects of precipitation changes and indirect
effects of changes in crop growth (Pruski and Nearing, 2002a). Effects of a changing climate on
terrain and soils are not taken account.
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2 Methods
2.1 Weather data
2.1.1

Weather stations

Precipitation and temperature differ in Switzerland. The Alps divide the country in two main
climate zones. Influenced by the Mediterranean Sea, the southern part has a milder climate than
the northern part. For the whole country except the Valais region, approximately twice as much
precipitation falls in the summer months as compared to the winter months (Swiss Federal
Office of Meteorology and Climatology, MeteoSwiss). Because of large rainfall events due to the
influence of the nearby mountains, the Ticino region has the highest rainfall erosivitiy
(Meusburger et al., 2012).
For this study, data from three weather stations were used. These stations should represent the
different climatic situations in Switzerland. For assessments of climate change impacts, CH2011
(2011) recommended to divide Switzerland into northeastern, western and southern regions.
The exact position of the weather stations and the three climate regions of CH2011 are shown in
Figure 4.

CHW: western Switzerland
(asterisk) with weather
station Payerne (PAY)
CHNE: northeastern
Switzerland (triangles) with
weather station Taenikon
(TAE)
CHS: Switzerland south of
the Alps (dots) with
weather station Magadino
(MAG)
Weather stations

Figure 4: Location of weather stations and climate regions of Switzerland with topography
Source: CH2011 (2011)

In Figure 5, average temperature and precipitation for 1980 to 2009 are shown for the weather
stations in Taenikon, Payerne and Magadino. The seasonal distribution of precipitation is
similar for Taenikon and Payerne. However, Payerne, situated in the western Swiss lowlands,
has lower mean annual precipitation than Taenikon, situated in the eastern Prealps. At
Magadino, mean annual precipitation is much higher, and the seasonal differences are more
distinct. The temperature distribution over the year is similar for all three weather stations.
However, mean annual temperature differs between stations. The highest weather station at
Taenikon (539 m a.s.l.) has the coldest mean annual temperature; this is 0.6 °C colder than the
mean annual temperatures at Payerne (490 m a.s.l.). The lowest station at Magadino (203 m
a.s.l.) has the highest mean annual temperature.
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Figure 5: Mean annual temperature (MAT) and mean annual precipitation (MAP) for the weather
stations from 1980 to 2009
Data: MeteoSwiss

Large differences between stations exist regarding the number of days with rainfall of more
than 1 millimeter: Magadino has just 103 days of rainfall, Payerne 116 days and Taenikon 135
days. On a monthly basis, the amount of rainfall divided by the number of days with rainfall
yields a proxy for rainfall intensity (Figure 6). Since Magadino has less rainy days than the other
two stations but the highest amount of rainfall, rainfall intensity is much higher at this station in
Ticino. Taenikon has slightly higher rainfall intensities than Payerne. Rainfall intensities peak in
the late summer and autumn months for all stations.

Figure 6: Mean monthly rainfall intensity for the weather stations from 1980 to 2009
Data: MeteoSwiss

Compared to Taenikon and Payerne, very high precipitation events occur in Ticino due to
orographic rainfall (Meusburger et al., 2012). This implies that also the characteristics of storm
events differ between the three stations. An important parameter for describing storm
properties is the maximum fraction of the total rainfall that falls within the first 30 minutes, also
referred to α-value. The α-value varies between 0 and 1, where 0 refers to a uniformly
distributed rainfall event and 1 to an intensive storm event (Arnold and Williams, 1989).
The α-values were calculated after Arnold and Williams (1989). MeteoSwiss does not provide
half hourly rainfall data, but data with a higher resolution of 10 minutes for the years 1981 to
9
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2010. Thus, the 10-minute-data was first aggregated to half hourly rainfall data. Calculated
mean α-values for each month are shown in Figure 7.

Figure 7: Maximum fraction of the total rainfall of a rainfall event that falls within the first 30
minutes (α) for each month and station.
Error bars represent one standard deviation of the mean.
Data: MeteoSwiss

All three locations show seasonal differences in α-values. In summer, more rain falls within the
peak 30 minutes of a rainfall event than during winter. Magadino has higher variation in αvalues in winter than in summer. In Payerne and Taenikon, the α-value varies less. The yearly
mean α-value is considerably lower for Magadino. This does not mean that the rain is less
intensive, because the α-values are scaled to the total amount of rain per day. The absolute
rainfall during the 30 minutes is higher for Magadino than for Payerne and Taenikon.
When comparing mean α-values for the three weather stations for the period 1981 to 2010, no
temporal trend could be identified (not shown).
2.1.2

Climate change scenarios

Working with climate change scenarios always involves uncertainties originating from
differences in emission scenarios, different climate models, and from natural variability
(CH2011, 2011). To account for the uncertainty of climate change scenarios when used in
connection with in crop models, multiple climate simulations can be used; this is known as the
ensemble technique (Challinor et al., 2009). For example Trnka et al. (2004) used seven climate
models and two emission scenarios for modeling crop yields. The average yield resulting from
the seven climate models could then be compared between the different emission scenarios.
Within the scope of this study, only one emission scenario and two climate models could be
considered to give an indication on the variability in soil loss estimates. The emission scenario
A1B was chosen, which considers no intervention and a further increase of greenhouse gas
emission (CH2011, 2011). The A1B is a part of the A1 storyline scenario which projects an
increase in world population peaking in the mid-century, very fast economic growth and rapid
establishment of new and more efficient technologies (IPCC, 2000). Unlike the other scenarios
in the A1 storyline, the A1B emission scenario uses energy supplies which are balanced between
fossil-intensive and no fossil sources.
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The two scenarios were derived from ENSEMBLES projections (van der Linden and Mitchell,
2009) and were chosen because they represent an upper and lower end of the range of
projections for temperature and precipitation changes in Switzerland, i.e. a model projecting
rather moderate and a model projecting strong increases in temperature and precipitation
changes (Bosshard et al., 2011). The more moderate scenario was established at the Swedish
meteorological and hydrological institute (SMHI). The scenario was derived from the global
climate model BCM and the regional climate model RCA (CH2011, 2011). The other scenario
was established at the Swiss Federal Institute of Technology Zurich (ETHZ). This scenario
resulted from a model chain consisting of the HadCM3 global climate model and CCLM regional
climate model (CH2011, 2011).
The reference period was set to the period 1981 to 2010 (baseline), and the time period of the
projections was set to 2045 to 2074, with the central year 2060.
2.1.3

Weather generation

The weather data for the stations Payerne, Taenikon and Magadino originate from the Swiss
Federal Office of Meteorology and Climatology (MeteoSwiss). For the baseline, the available 30
years of data (1981 to 2010) for each station were used to produce synthetic weather data. The
stochastic weather generator LARS-WG (Semenov and Barrow, 1997) was applied for this
purpose. The climate change signal of the two scenarios SMHI and ETHZ were then used to
modify the baseline scenario for the projections of the weather in 2060.

2.2 Model choice and description
2.2.1

Crop model CropSyst

CropSyst is a multi-year, multi-crop, daily time step cropping system simulator (Stöckle, et al.,
2003). The model can be applied to analyze how crop productivity and environment are
affected by climate, soil and management. One of the possible simulation outputs is erosion by
water. The estimation of erosion is based on the revised universal soil loss equation (RUSLE).
The model was chosen for several reasons. (1) In Switzerland, soil erosion by wind is negligible,
and thus the water erosion model RUSLE is appropriate (Weisshaidinger and Leser, 2006). (2)
The erosion model was already successfully applied in Switzerland; Hebel et al. (2000) tested
four erosion models and compared modeled soil loss rate with observations; RUSLE generally
overestimated soil erosion rates, but relative differences between the years of simulation were
represented well by the model. (3) CropSyst has already been applied successfully for
simulating crop yields in many studies in Switzerland (Torriani et al. 2007; Klein et al., 2012)
and in other countries (Jalota et al. 2010; Badini et al. 2007; Bechini et al. 2006; Djumaniyazova
et al. 2010).
CropSyst simulates soil erosion by water in relation to weather, characteristics of the soil and
crops, and management options. CropSyst uses daily weather to calculate soil erosion instead of
weather data summarized for different crop stages as in the universal soil loss equation (USLE).
By using daily weather data and considering interactions between soil, plant and water, the
model fulfills important requirements for simulating soil erosion under climate change
(Williams et al., 1996).
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However, there are some differences between the RUSLE model implemented in CropSyst and
the original model of Renard et al. (1997). A comparison of the two RUSLE models is done in
section 2.2.2.
2.2.2

RUSLE in CropSyst

The RUSLE is a soil erosion model, which calculates the longtime soil loss rates based on an
equation with six factors. The basic equation is the same for the RUSLE and the original USLE
(Renard et al., 1997). The soil loss equation is
A=R*K*L*S*C*P
where
A
R
K
L
S
C
P

is the annual soil loss [t ha-1 a-1].
is the rainfall-runoff erosivity factor [MJ mm ha-1 h-1].
is the soil erodibility factor [t ha h ha-1 MJ-1 mm-1].
is the slope length factor [dimensionless].
is the slope steepness factor [dimensionless].
is the cover management factor [dimensionless].
is the support practice factor [dimensionless].

(Renard et al., 1997; Stöckle and Nelson, 2000)
CropSyst uses some simplification or adaptions for calculating the factors of the RUSLE because
not all necessary input parameters were available.
In the following, the factors described in the CropSyst manual (Stöckle and Nelson, 2000) are
compared with the corresponding factor described by Renard et al. (1997).
Rainfall-runoff erosivity factor (R)
This factor sums up the annual erosivity of storms. The erosivity of storms consists of the storm
energy and the maximum 30-min intensity (Renard et al., 1997). To estimate annual erosivity of
storms, CropSyst uses an alternative calculation to the one proposed by Renard et al. (1996). An
important parameter for calculating both storm energy and maximum 30-min intensity in
CropSyst is the α-value (2.1.1). A comparison of different ways of calculating the storm energy
was done in 4.2.
Soil erodibility Factor (K)
The K-factor expresses the influence of the soil properties on soil erosion during storm events
(Stöckle and Nelson, 2000). CropSyst uses a function based on the distribution of the different
particle sizes of the soil. The function was derived from 225 measured K-values and can be
applied if no direct measurements are available (Stöckle and Nelson, 2000). For the latter case,
Renard et al. (1997) recommend the same function.
Slope length and steepness factors (SL)
The SL-factor combines two factors namely slope length and steepness. This factor is calculated
exactly the same way for the original RUSLE and CropSyst. However, this function is only valid
for uniform slopes and a slope length of longer than 4.5 meters (Renard et al., 1997).
Cover management factor (C)
The C-factor is the ratio of soil loss in a field with its actual cover and management compared to
an equal field with clean tillage and unbroken fallow (Renard et al., 1997). Since the crop and
residue cover vary during the year, the C-factor is calculated for different time steps, for
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example during a certain crop stage or a fixed time step. For each time step, the soil loss ratio
(SLR) and rainfall-runoff erosivity (Rsub) is calculated and multiplied. The SLR consists of five
subfactors which represent the influences on the soil loss of canopy cover, prior land use,
surface cover, soil moisture and surface roughness during each time step (Renard et al., 1997).
The final C-factor is the average of all temporal subsets.
In CropSyst, this calculation of SLR and Rsub is made for every day. Thus, the different crop
stages are represented with relatively high temporal resolution compared to the suggested halfmonth time subsets by Renard et al. (1997). Besides the difference in temporal resolution, also
the subfactors for calculating the SLR differ between the two approaches:
-

-

-

-

-

The canopy cover subfactor is reduced to a function related to the crop canopy cover
(Stöckle and Nelson, 2000). Renard et al. (1997) also used plant height, which is
important because an intercepted raindrop that falls onto the ground gains more kinetic
energy the higher the plant is (Auerswald et al., 1986).
The prior land use subfactor is simplified in CropSyst by a function of the incorporated
residues. An important aspect is not included in CropSyst compared to Renard et al.
(1997): the effect of prior tillage practices on soil compaction.
In Cropsyst, the surface-cover subfactor is a function of surface residues. Renard et al.
(1997) also considered other materials covering the soil, such as for example stones.
Further, the user can adapt some parameters according to management, as for example
row management.
The soil moisture subfactor is scaled from 0 to 1 in both approaches. A value of 0 means
a fully depleted soil profile close to permanent wilting point, while a value of 1 means a
fully charged soil profile. This moisture condition in the soil depends not only on the soil
type and rainfall, but also on management, for instance mulching, or crop rooting depth
(Renard et al., 1997). The way of calculating this subfactor is not explained explicitly in
Renard et al. (1997). The user manual of CropSyst (Stöckle and Nelson, 2000) shows the
underlying equation. Nevertheless, the basic assumptions are the same in both
approaches.
The surface roughness factor includes changes of surface roughness and soil
detachability induced by tillage. The factor is evaluated after each tillage operation
(Stöckle and Nelson, 2000). Renard et al. (1997) includes a tillage roughness decay
function after tillage operation, and the impact of vegetation on the roughness.

Support practice factor (P)
This factor must be adjusted, if conservation practices are applied. Stöckle and Nelson
recommend the method by Schwab et al. (1993 cited in Stöckle and Nelson, 2000) for estimating
the P-factor. Alternatively, the P-factor value can be directly entered into the management file.

2.3 Model setup
The model setup included fixed boundary conditions and variable conditions (Figure 8). The
model was run 108 times to achieving all possible combinations of variable inputs.
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Figure 8: CropSyst model setup

2.3.1

Boundary conditions

Constant RUSLE factors
To analyze the effect of the climate scenarios on soil erosion, Nearing et al. (2005) kept the K-,
S-, L- and P-factors constant. These factors were also kept constant in this study.
The slope length was chosen according to the map of soil risk in Switzerland and set to 100
meters (Prasuhn et al., 2007). In Switzerland, slopes steeper than 8-10% showed high amounts
of soil loss (Mosimann et al., 1991). Thus, the inclination was set to 10% to have a critical value
for soil erosion. For this study, the P-Factor was set to 0.88 according to the map of soil erosion
risk in Switzerland (Prasuhn et al., 2007).
The soil information was derived from the Swiss Soil Monitoring Network (NABO) for a soil
profile close to the weather station in Payerne. It consists mainly of sand with a small clay
content (top 20 centimeters: 56% sand, 14% clay, 30% silt for this soil profile). The distribution
of the particle size fraction does not change a lot with deeper soil layers. According to the
texture, this soil belongs to the hydrologic soil group B and has a moderate to low runoff
potential (NRSC, 2009).
Constant management options
CropSyst can simulate the nitrogen budget (Stöckle et al., 2003). This possibility was not
considered here, because the focus of the management options was on residual biomass and
tillage. Therefore, simulated plant growth has no limitation by nitrate or ammonium.
Another management possibility is irrigation. This was tested on the driest weather station in
Payerne with the ETHZ scenario. For all three crops, erosion increased with irrigation, with the
largest increase for winter wheat, because less water infiltrated into the wet soil and more was
discharged as runoff during the irrigation period. In this study, soil erosion should be explained
without the possible increase triggered by irrigation. Thus, the possibility of irrigation was
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excluded for the simulation runs. This increases the comparability between weather station and
management types.
Initial organic matter content
Organic matter stabilizes the topsoil and is important for controlling erosion processes
(Mosimann et al., 1991). Therefore, this parameter had to be set to realistic values. Klein et al.
(2012) simulated with CropSyst a daily organic matter pool over 300 years. In the beginning,
the initialization of organic matter was important. But for longer periods, the variations in
organic matter content leveled off and only seasonal variations were observed. For this study,
the values for the organic matter content were divided in different layers. Organic matter for the
layer from 0-0.2 m was set to 2.9%, lower layers were set to 2.0%. These values are comparable
to other organic carbon values for cropland in Switzerland from Leifeld et al. (2003) when
organic carbon is divided by 0.4 to obtain the respective organic matter content (Stöckle and
Nelson, 2000). For arable land, Leifeld et al. (2003) found approximately 5% organic matter at a
depth of 15 cm and approximately 2% for lower layers. Thus, the values for the initial condition
of organic matter in CropSyst seem reasonable.
CropSyst submodels
As the crop calibration performed by Klein et al. (2012) was used in this study (2.3.2) the
submodels were chosen or disabled in accordance with the setup by Klein et al. (2012). Hence,
the submodels for carbon dioxide fertilization, freezing and snowpack, and salinity were
deactivated. The infiltration model ‘cascade daily’, the runoff model ‘SCS curve model’, the
Penman-Monteith evapotranspiration model, and the organic matter and residue model for
multiple organic matter pools were used.
2.3.2

Variable conditions

The following section describes the inputs of crops and management types. The weather
variables are not explained, since they were already described in 2.1.
Crops
The crops potato, corn and winter wheat were chosen for the modeling. One reason for selecting
these three crops is their effect on soil erosion. The crops have a medium (winter wheat) to high
(corn, potato) risk for soil loss (Arbeitsgruppe Bodenerosion Nordwestschweiz, 2007). Another
reason is the difference in growing period; the winter crop winter wheat is sown in late fall and
stays during winter; corn and potato are summer crops. Corn grows mainly in summer to late
fall and potato stays in the field for only a few months in summer. Thus, the selected crops cover
and protect the soil from rainfall during different periods of the year.
Calibration of crop models to local conditions is very important (Klein et al., 2012). Since no
calibration can be conducted with climate scenarios, an uncertainty of the output arises under
climate change. For the sites in Payerne and Taenikon, calibrations by Klein et al. (2012) were
used. The calibration was done for the years 1980 to 2009 with yield data from the Farm
Accountancy Data Network (FADN). With the local calibration, the model reproduced yield data
reasonably well (Klein et al., 2012). Unfortunately, only very few FADN data were available for
the area around the Magadino weather station and local calibration was thus not possible. To
overcome this problem, CropSyst was run twice with the weather data of Magadino, once with
the local crop calibration of Payerne and once with the one from Taenikon. The outputs were
then compared to the few available yield data (Figure 9).
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The crop yields of the model output were higher than the observations. This could be expected,
since the model does not consider, for instance, pests and diseases (Klein et al., 2012). For this
reason, Klein et al., (2012) used only the highest ten percent of yields for the crop calibration.
However, this was not possible for Magadino in this study because of the lack of sufficient data.
Corn yields simulated with the model and observed yields had a similar trend during 1988 1991. Nevertheless, the model output had much more variability. Also the simulated yields of
potato varied more than the observations. Observed winter wheat yield differed from simulated
yields especially in 1982. In the following years, the model and the observations differed to a
smaller extent than in 1982. The differences between model output and observation of winter
wheat were smaller than for the other crops.

Figure 9: Comparison of crop yields for fields in the area around Magadino weather station
(observations) and modeled crop yield with weather data of Magadino and crop calibration for
Taenikon or Payerne
Gaps in the lines occur because of lack of data for these years and crops.

The discrepancy between model results and observation could be explained by the model itself,
inappropriate calibration for the local climate of Magadino, and the small amount of available
data (see Discussion). The crop calibration for Payerne was generally more similar to the
observations than the crop calibration for Taenikon. Hence, the crop calibration for Payerne was
used for the simulations at Magadino.
Management
The different ways of land management practices influence soil loss (e.g. Klik and Eitzinger,
2010; Prasuhn, 2012). Tillage basically increases the risk of erosion while any measure that
protects the soil during winter such as residues or cover crops reduces the risk of soil loss
(Mosimann et al. 2003). In 1999, a program of ecological requirements was developed for soil
protection in Switzerland (Weisshaidinger and Leser, 2006; Swiss Confederation, 2012a).
According to this program, catch crops or cover crops became mandatory to reduce erodibility
in winter. For this reason, a management type with a catch crop was chosen here, in addition to
three management types concerning tillage and residue treatment.
Crop rotations were excluded in this study to facilitate understanding of the causal relationships
between management, crop and soil erosion. Nevertheless, the different management types
were chosen to be typical for crop treatments in a rotation.
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Stubble processing would be important for conventional tillage and catch crop treatment. But,
preliminary tests showed that yield was not sensitive to stubble processing. Thus, this
treatment was not considered, and tillage takes place only before seeding or planting of the
crop.
The four management types are specified as follows (summary: Table 1):
-

-

-

Conventional tillage: Two days before seeding or planting, primary tillage is applied. The
following day, the seedbed is prepared with secondary tillage. After harvesting, all
biomass is removed from the field.
Mulch treatment: Two days before seeding or planting, primary tillage is applied, which
includes removal of residues. The following day, the seedbed is prepared with secondary
tillage. After harvesting, half of the remaining biomass is removed. The other half stays
on the field. The remaining biomass is divided into 40% surface residue and 10% dead
standing stubble or residue.
Direct seeding: No tillage takes place before seeding or planting the following crop. After
harvesting, all the remaining biomass stays in the field. The remaining biomass is
divided into 90% surface residue and 10% dead standing stubble or residue.
Catch crop: After harvesting, all biomass is removed from the field. Then, grass is seeded
as an interim cover. No tillage has to be done before planting a cover crop (Agridea,
2012). Five days before seeding or planting of the main crop, all biomass of the catch
crop is removed. Two days before seeding or planting, primary tillage is applied. The
following day, the seedbed is prepared with secondary tillage.

Table 1: Management types
Conventional
tillage

Mulch
treatment

Direct seeding

Catch crop

Catch crop

no

no

no

yes

Primary tillage

yes

yes

no

yes

Secondary tillage

yes

yes

no

yes

Residual biomass

0%

50%

100%

0%

In CropSyst, the soil erosion rate is sensitive to the number of tillage runs. Furthermore, the
choice of tillage equipment is known to affect soil loss (Agridea, 2012). The choice of the
equipment can be specified in CropSyst. However, model test runs showed that the effect of
different equipment was insignificant, even if the machines differed greatly in tillage deepness
and percentage of soil disturbance.
For the management option catch crop, a seeding date had to be specified for the cover crop.
Because harvesting of the main crop depends on its maturity, this date is variable. Maturity was
not always reached for corn; hence, a fixed date had to be set for the latest harvesting date. The
ideal harvesting time is between October and the beginning of November (Aeby et al., 1995), so
the date was set to mid-November. For winter wheat and potato, the harvesting date was
estimated by running CropSyst for 20 years (Table 2). To avoid overlapping of the main crop
with the cover crop, the grass was set to be sown one week after the latest harvesting date. The
modeled latest harvesting dates and the earliest seeding or planting dates were compared with
the suggestions by Agridea (2012) and Aeby et al. (1995). CropSyst produced reasonable dates.
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Table 2: Seeding/planting and harvesting dates for winter wheat, potato and corn in Switzerland
compared with dates of the baseline simulation
Crop

Observed
seeding/planting

Earliest modeled
seeding/planting

Observed
harvesting

Latest modeled
harvesting

Winter
wheat

Mid October –
mid November

October 14

July 20 – August
31

August 7

Potato

End March – end
April

April 1

After foliages died
(after August)

September 9

Corn

Mid April – end
May

April 15

October - begin
November

November 15

Observed seeding/planting and harvesting dates: Agridea, 2012; Aebi et al., 1995

2.3.3

Experimental design

The model was run with 108 simulations to have all possible combinations of variables (see
section 2.3). For each simulation run, the time period had to be set.
Erosion varies from year to year and a certain simulation period was required to receive a
constant, representative mean erosion rate. Regarding the R-factor, Wischmeier (1959)
proposed an observation period of at least 20 years. To test this, a baseline simulation was run
for potato with conventional tillage, since they had the highest expected erosion potential. The
simulation period was set to 200 years for all three weather stations. The erosion rate of the
200 years was then divided in groups of 20, 50 75 and 100 years. A repeated random number of
years within these 200 years were chosen and averaged. In the next step the mean and standard
deviation were calculated for these groups having the same number of simulation years (Figure
10).
The standard deviation increased for all locations, when the number of simulated years was
reduced to 20 years. Magadino had the highest standard deviation and also the highest mean
erosion rate of all weather stations. For this station, the standard deviation increased strongly
with less than 75 years of simulation. Thus, the simulation period was set to 75 years.

Figure 10: Standard deviation for 20, 50, 75 and 100 years of simulation of the different stations
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Because the boundary condition is a general setup for all sites, the first year of simulation may
differ from later years, and was not considered in the analysis. Therefore, first a total of 76 years
were simulated. But the analysis revealed that also the second year showed unusual high
erosion rates. Hence, not only the first, but also the second year of simulation needed to be
ignored, resulting in only 74 years for the analysis.

2.4 Validation
Validation of the simulated data was done for baseline weather, erosion rates and RUSLE
factors.
2.4.1

Weather generator

Weather files on a daily basis are important to run CropSyst. In this study, all simulations were
done with synthetic weather data generated by LARS-WG (see section 2.1.3). This means, that
also the weather files of today’s climate (baseline) were reproductions based on observed
weather data for three stations. To test if LARS-WG reproduces the baseline weather reliably,
mean annual temperature, days with precipitation and mean annual precipitation were
compared between observed and generated data. The observation period contained 30 years of
daily weather data from the three weather stations in Magadino, Taenikon and Payerne
provided by MeteoSwiss.
2.4.2

Erosion rates

Long-term measurements of soil erosion are rare in Switzerland, and shorter-term erosion rates
vary a lot (Mosimann et al., 1991). No direct comparison was possible of the simulation with
data from study sites close to the weather stations. Therefore, absolute erosion rates in the
baseline simulation were compared with typical values for Switzerland (Mosimann et al., 1991;
Weisshaidinger and Leser, 2006) and Germany (Auerswald, 2006), and with mean erosion rates
for arable land in Europe (Cerdan et al., 2010).
Not only was the simulated mean erosion rate for arable soil compared with observations, but
also the different erosion rates for different practices were compared. The reference data
originated from long-term observations that have been made in the Swiss midlands since 1997
by Prasuhn (2012). The study site was about 20 km northwest of Berne and included 263
hectares of arable land. The collected data was very useful, since the measured soil loss is listed
together with the respective management type and crop. However, between observed and
simulated erosion rates striking differences occurred in boundary conditions. Thus, ten years of
measurement might not be long enough to properly represent the climatic conditions.
Wischmeier (1959) proposed observation for at least 20 years to estimate rainfall erosivity. The
modeled time period was 74 years. Furthermore, only single-crop rotations are used in the
CropSyst simulation, and effects of pre-crops are not taken into account, while in the study crop
rotation was practiced. But also the factors of the RUSLE cannot be estimated easily from
observations as the fields of the study site have different soils, slops and slope lengths.
Therefore, absolute erosion rates are not comparable, but the relative differences between
management and crops can be used for validation purposes.
Because the field study took place north of the Alps, only simulations for Payerne and Taenikon
were considered in the comparison. The different treatments of CropSyst were compared with
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the most similar treatment in the field study, according to the description in Prasuhn (2012).
No match was found for the catch crop treatment.
2.4.3

RUSLE factors

CropSyst delivers the erosion rate as an annual output. However, a special version of CropSyst,
which produces daily C-factors, was provided for this study by Roger Nelson. By summing up
the C-factor for each year, the potential erosion rate3 could be estimated. Since the slope length
and steepness factor, the soil erodibility factor and support practice factor were the same for all
scenarios, changes in potential annual erosion rate were influenced by the rainfall erosivity
factor only. Besides the C-factor, the other relevant factors for calculating the annual erosion
rate were not available as a CropSyst output. Nevertheless, K-, S- and L- factors could be
estimated according to the user’s manual of CropSyst (Stöckle and Nelson, 2000). The R-factor
was calculated by dividing the potential erosion rate by the K-, S-, L- and P-factor.
Subsequently, the estimated factors were compared with other studies. Requirements for
selecting specific studies were that they took place in Switzerland or in a country close to it, and
that the same erosion model was used. For this reason, studies by Mosimann and Rütimann
(2006), Prasuhn et al. (2007), Schwertmann et al. (1987) and Meusburger et al. (2012) were
selected.
Since changes in the C-factor under climate scenarios were especially interesting and needed to
be analyzed in detail, validation of the C-factor had to be done most carefully. Mosimann and
Rütimann (2006) established an erosion calculation tool (ErosionCH) for the Swiss central
plateau. The procedure is closely related to Schwertmann et al. (1987). One part of ErosionCH is
the calculation of a C-factor, which was used to validate the simulated C-factor. The
management options of ErosionCH were chosen as similar as possible to options described
above. Only the C-factor (not the annual erosion) was considered. Because the C-factor uses
climatic information, ErosionCH is just valid for the Swiss central plateau. Thus, the weather
station in Magadino could not be considered for this validation exercise. For calculating the soil
loss ratio (SLR), calculations with ErosionCH are based on rainfall experiments and field surveys
(Mosimann and Rütimann, 2006). The rainfall and runoff factor (Rsub) is considered as a mean
annual rainfall distribution valid for the Swiss central plateau. In contrast, CropSyst uses
different weather data for every year and site, and crop growth and harvest residue
decomposition reacted on the climatic differences between weather stations.

2.5 Statistical analysis
The statistical analysis of the data was conducted by R version 2.15.1. The graphics were made
using the R-package ggplot2 version 0.9.3.
2.5.1

Comparing means

Means were compared for annual erosion rates for the baseline and climate scenarios. The
samples were independent, but not normally distributed. The Kruskal-Wallis test was
performed to test if the median of three samples (e.g. baseline, ETHZ and SMHI scenarios) were
significantly different. To identify the sample that was different from the others, a two sample
Mann-Whitney-Wilcoxon test was performed. The significance level was set to 0.05.

3

Potential erosion rate: Erosion rate without cover management factor (C-factor) (Prasuhn et al., 2007)
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2.5.2

Boxplots

Boxplots were produced for annual erosion rate, R-factor, C-factor and C-factor changes. In all
plots, the middle line represents the median and the surrounding box represents the
interquartile range from the 25th to the 75th percentiles. The upper whisker includes values
between the 75th percentile plus 1.5 of the interquartile range, and the lower whisker include
values between the 25th percentile minus 1.5 of the interquartile range. All other values outside
the whisker are represented as dots.
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3 Results
In the first part of the results section, the weather data generated by LARS-WG are shown. The
second part of this chapter addresses the analysis of the erosion output produced by CropSyst.
This includes soil erosion rates for the baseline and climate scenarios, the different RUSLE
factors and the investigation of erosion prone periods for different crops and managements.
Finally, in the last part results are presented for the validation of weather and erosion outputs.

3.1 Weather data
Soil erosion was analyzed with a representation of today’s climate (baseline) and two different
climate scenarios. The two scenarios represent the same time in future (2060) modeled with
two different climate models. SMHI stands for the climate model of Sweden’s Meteorological
and Hydrological Institute and ETHZ stands for the climate model of the Swiss Federal Institute
of Technology Zurich.
3.1.1

Mean annual climate parameters

Annual climate parameters are summarized in Table 3 to get a first overview about the baseline
and climate scenarios for each station. Mean annual temperature (MAT) increased for the
climate scenarios. Overall, MAT increased more for ETHZ (+2.9 °C) than for SMHI (+1.5°C).
Thus, the climate scenario from ETHZ predicted a temperature increase that was nearly twice as
high as SMHI. Relative changes were highest in Taenikon (SMHI: +15.7%; ETHZ: +31.4%),
whereas absolute changes were highest in Magadino (SMHI: +1.7°C; ETHZ: +3.1°C).
Mean annual precipitation (MAP) changed for all stations. The scenario from SMHI predicted an
increase in MAP for Payerne and Taenikon, but a decrease for Magadino. In the ETHZ scenario,
MAP decreased for all stations. Furthermore, the number of days with rainfall more than one
millimeter also changed.
Dividing MAP by days with rainfall, an estimate for mean rainfall intensity could be calculated
for each weather station and scenario. Even though total amount of rainfall decreased in the
ETHZ scenario, annual rainfall intensity increased for all stations. Rainfall intensity derived with
the SMHI model was higher than in the baseline for Taenikon and Payerne, but not for
Magadino.
Table 3: Mean climate parameters for the baseline and climate scenarios
Mean annual
temperature
[°C]
Magadino

Payerne

Taenikon

Baseline
SMHI
ETHZ
Baseline
SMHI
ETHZ
Baseline
SMHI
ETHZ

Mean annual
precipitation
[mm]

11.7
13.4
14.8
9.6
10.9
12.4
8.7
10.1
11.5

1824
1679
1581
854
863
741
1131
1212
1042
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Number of
Mean rainfall
days with rain per day with
>1mm
rain [mm]
93
86
74
109
107
91
125
125
105

19.57
19.47
21.3
7.85
8.09
8.14
9.08
9.68
9.93

Results
3.1.2

Monthly precipitation

Patterns of mean monthly sum of precipitation are shown in Figure 11, revealing the striking
differences in amount and distribution between Magadino and the other two stations. The
weather stations north of the Alps were more similar and clearly different from the weather
station south of the Alps.
Changes in precipitation were not the same for all months. For Payerne and Taenikon, SMHI
projected an increase in precipitation from autumn until spring and a decrease in the summer
months. For Magadino an increase in precipitation was projected in spring and early summer,
but decreasing rainfall during the rest of the year. ETHZ produced lower rainfall amounts for
Payerne and Taenikon for the whole year. The highest decrease was predicted for the summer
months. Also, in Magadino summer rainfall decreased, but it is striking that the rainfall amount
increased in November.

Figure 11: Monthly sum of precipitation for the baseline and climate scenarios for each station

3.1.3

Wet and dry spells

Not only did the amount of precipitation change in future climate scenarios, but also the
duration of wet and dry periods. ETHZ scenario predicted shorter wet and longer dry spells
compared to the baseline. Since the ratio of wet to dry spell decreased, the number of days with
rainfall decreased for this scenario.
In the SMHI scenario dry spells were longer than in the baseline for all seasons besides early
spring, when wet spells became longer. The number of days with rainfall decreases
considerably for Magadino. Also, the number of rainy days slightly decreased for Payerne. For
Taenikon, the same number of days with rainfall was projected as in the baseline.
3.1.4

Monthly rainfall intensity

Weather data was entered as daily values in CropSyst. Together with the monthly α-values
(2.1.1) the crop model derived rainfall intensities. Since the daily intensities used by CropSyst
were not available as an output, the monthly amount of rain per days with rainfall > 1mm was
used as a proxy for rainfall intensity.
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Monthly rainfall intensity for Magadino is shown in Figure 12. Both climate change scenarios
had higher intensities in spring and in early summer, but over the whole year, rainfall intensity
was lower with SMHI than in the baseline. ETHZ had higher rainfall intensities in autumn and in
winter, peaking with considerably high intensities in November. Also, SMHI had the highest
intensity in that month.
Payerne and Taenikon had substantially lower rainfall intensities than Magadino. For Payerne,
the distribution of rainfall intensity was similar for the baseline and the climate scenarios. Only
in autumn and winter, rainfall intensity increased slightly for SMHI and ETHZ. For Taenikon,
SMHI produced higher rainfall intensities than in the baseline except in the summer months.
Comparing the ETHZ scenario to the baseline, rainfall intensity for Taenikon increased
considerably in spring and summer.

Figure 12: Mean monthly rainfall intensity for the baseline and climate scenarios for each station

3.2 Mean annual soil erosion
CropSyst simulates soil erosion rates in tons per hectare and year. The calculation was made
with the revised universal soil loss equation (RUSLE). For a first overlook, annual soil erosion
rates were calculated separately for the baseline and the two climate scenarios, and for the
three stations. Then, annual erosion rate was plotted against mean annual rainfall intensity
regardless of scenario, but considering different management types.
3.2.1

Soil erosion for the baseline and climate change

Annual outputs of 74 years of simulation with all input parameter combinations were
summarized for the different climate scenarios to get a first impression of the range and
variability of soil erosion rates under current and future climates (Figure 13). The range of
these rates was wide, but narrower for SMHI compared to baseline and ETHZ. The distributions
of annual soil losses were positively skewed, with the bulk of the data concentrated between no
or very low erosion rates and the median. Higher erosion rates were more spread.
The baseline had the lowest mean and median erosion rate (mean: 74.5 t ha-1 a-1; median: 30.6 t
ha-1 a-1; standard deviation: 102.8 t ha-1 a-1). The median was highest with SMHI (mean: 80.4 t
ha-1 a-1; median: 43.1 t ha-1 a-1; standard deviation: 90.4 t ha-1 a-1) and the mean was highest with
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ETHZ (mean: 93.3 t ha-1 a-1; median: 41.3 t ha-1 a-1; standard deviation: 113.1 t ha-1 a-1). The
median of the baseline and the climate scenarios differed significantly, but no significant
difference could be found between the two climate scenarios.

Figure 13: Annual soil erosion rate for the baseline and climate scenarios
Data: Annual erosion rates for all weather stations, crops and management types

3.2.2

Soil erosion for the baseline and climate change for the three stations

Since the climate characteristics of the three stations were different (2.1.1; 3.1) and the
variability of the annual erosion outputs was very high, the stations were used as another
grouping variable. The standard deviation of the annual erosion rate was considerably smaller
for Payerne and Taenikon than for Magadino (Table 4).
Table 4: Annual soil erosion rate [t ha-1 a-1] for the baseline and climate scenarios for each station
Mean
Magadino Baseline
SMHI
ETHZ
Payerne Baseline
SMHI
ETHZ
Taenikon Baseline
SMHI
ETHZ

Increase [%]
180.0
177.8
218.8
18.8
25.3
24.1
24.8
38.2
36.9

Median

-1.2
+21.6
+34.6
+28.2
+54.0
+48.8

sd
167.1
172.2
202.6
17.4
23.6
23.0
21.2
36.0
36.3

120.1
96.2
118.5
14.7
16.8
13.5
19.0
25.7
20.5

Data: Annual erosion rates for all crops and management types
sd: standard deviation
Increase [%]: Increase of mean in percent compared to the baseline mean of each station

For Magadino, only the climate scenario of ETHZ produced erosion rates that were significantly
different from the baseline. The mean increased by 21.6% for the ETHZ scenario and decreased
marginally (-1.2%) for the SMHI scenario. For Payerne and Taenikon, both climate scenarios
produced rates that were significantly higher than for the baseline, but no significant difference
was observed between of SMHI and ETHZ. The mean increase in erosion rate was highest for
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Taenikon with an increase of 54.0% for SMHI and 48.8% for ETHZ. Also, for Payerne the
increases in mean erosion rate was high (+34.6% for SMHI and +28.2% for ETHZ).
All in all, the annual soil loss rate increased significantly with climate change. An exception was
the SMHI scenario for Magadino where mean erosion decreased slightly. Since different climate
conditions can affect soil erosion in multiple ways (1.2.1), the factors contributing to soil
erosion were analyzed in more detail in 3.3.
3.2.3

Soil erosion in relation to rainfall intensity

Rainfall intensity is one of the key variables for soil erosion (Pruski and Nearing, 2002b). For
this reason, annual erosion rates for all crops and managements, for the baseline and climate
scenarios, and all stations were simulated. The results are plotted against the respective rainfall
intensity and separated by management in Figure 14. As introduced in 3.1.1, rainfall intensity
was calculated from mean annual precipitation and the days with rainfall of more than one
millimeter.

Figure 14: Annual soil erosion rate vs. rainfall intensity for different management types
Points show simulated estimates of annual soil erosion vs. annual rainfall intensity. The lines are
smoothening functions for each management type. The chosen function was a generalized additive model
(gam).
Rainfall intensity is the sum of rainfall divided by number of days with rainfall > 1mm.

A positive relation was found for annual soil erosion rate and rainfall intensity. But not only did
the annual erosion rate increase with higher rainfall intensities, also the range of soil loss rates
increased. Part of this variability was reduced by grouping the values by the management type.
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For these groups, a smoothing function was applied to estimate a general trend between annual
soil loss and rainfall intensity. The smoothing lines clearly differed between managements. The
slope for the catch crop treatment was slightly lower than for conventional tillage, but very high
for both types of management. Thus, for these managements small changes in rainfall intensity
had a strong influence on the annual erosion rate. The steepness of the smoothing function for
the mulch treatment was much lower than for the other two treatments. Hence, although
rainfall intensity and soil erosion rate were still strongly positively related, changes in rainfall
intensity had a low influence. For direct seeding, differences in rainfall intensities affected soil
erosion the least.
The rest of the variability in the data might be attributed to different crops, the simplification of
rainfall intensity, feedback reactions, or other aspects of the precipitation distribution.

3.3 RUSLE factors
The applied model for calculating soil erosion is the revised universal soil loss equation
(RUSLE). The calculation of the RUSLE factors is described in 2.2.2. The factors are analyzed in
this section as long-term annual averages. However, the C-factor varied within each year. Thus,
in 3.4.3 the C-factor is examined in more detail for intra-annual variability to determine the time
of the year with the highest risk for soil erosion.
3.3.1

Constant RUSLE factors

Since the annual erosion rate was divided by the C-factor, the resulting potential erosion rate
was independent of management and crop. The annual soil loss rate was only diverging
between the baseline and the climate scenarios, and between the stations.
K-, L-, and S-factors were calculated according the user’s manual of CropSyst (Stöckle and
Nelson, 2000). The resulting K-factor of 0.034 was deduced from the particle size fractions in
percent and the conversation to metric scale units. The slope steepness factor amounted to 2.19
and was derived from the slope angle. For calculating the slope length factor, the horizontal
slope length and the slope angle were needed. The angle was used to estimate the rill to interrill
relationship, where a moderate ratio was chosen. The resulting S-factor was 1.17. The erosion
control practice factor (P-factor) was not assessed by CropSyst, but was set to a fixed value of
0.88 (Prasuhn et al., 2007).
3.3.2

Rainfall erosivity factor

The R-factor varied for every year, station and scenario. The annual rainfall erosivity was
averaged over the simulation period, since at least 20 years were needed to achieve a good
estimate of the true value (Wischmeier, 1959).
Figure 15 presents variability and median of R-factors for the baseline and climate scenarios for
each station. Regarding the stations, the R-factor differed widely between Magadino and the two
stations north of the Alps. For Magadino, mean annual rainfall erosivity decreased with the
climate scenarios. However, it still stayed on a substantially higher level than the R-factor for
Payerne and Taenikon. For these two stations, the SMHI scenario predicted an increase in the Rfactor, while rainfall erosivity with the ETHZ scenario was lower than with the other climate
scenario. For Payerne, it was even lower than rainfall erosivity of the baseline.
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Figure 15: The rainfall erosivity factor (R) for the baseline and climate scenarios for each station

3.3.3

Crop cover factor

The C-factor depends on soil loss ratio (SLR) and rainfall erosivity (Rsub), each calculated for a
certain time step (2.2.2). SLR differs during the year, as plant and residue cover, and
management are changing with time.
Mean annual C-factor was 0.344, with a minimum of 0.001 and a maximum of 0.833 for all
crops, managements, weather stations and climatic conditions. In contrast to the other five
RUSLE-factors, the C-factor was significantly different between the baseline and climate
scenarios, stations, crops and managements. A complete table with mean annual C-factors for all
input parameter combinations can be found in the appendix (Table 7).
Figure 16 shows mean annual C-factors grouped by the baseline and climate scenarios, and
stations, as seen shown previously for the R-factor. Again, highest values were reached for
Magadino. On average, Payerne had higher C-factors than Taenikon. Differences between the
three stations were not as pronounced as the differences in the R-factor. The baseline had lower
C-factors than the climate change scenarios. Overall, ETHZ produced the highest C-factors for all
stations and managements.
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Figure 16: The cover management factor (C) for the baseline and climate scenarios for each
station

Figure 17 presents the C-factors for the baseline and climate scenarios for different
managements and crops. Focusing on managements, the best treatment for a low C-factor was
direct seeding, but also mulch treatment had low C values. Catch crop treatment had slightly
lower C-factors than conventional tillage, which was the management with the highest values.
Grouped by the three crops, potato had the highest C-factor, followed by winter wheat.
The median C-factors increased for all managements and crops with climate change. The
ranking of managements according to soil erosion risk stayed the same for both climate
scenarios. Thus, direct seeding always had the lowest and conventional tillage the highest Cfactors; and corn had the lowest and potato the highest C-factors for both climate scenarios.

Figure 17: Cover management factor (C) for each crop and each management for the baseline and
climate scenarios
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The increase in C-factor with the climate scenarios was not the same for different crops and
managements. Thus, the absolute increase in the C-factor with climate change was investigated
further. For this analysis, interactions between managements and crops are shown (Figure 18).
As shown before, the increase in C-factor was higher for ETHZ than for SMHI. However, the
variance was considerably lower for ETHZ than for SMHI. The low variance was most prominent
with winter wheat and potato, whereas the variance of the increase with the two climate
scenarios was nearly the same for corn. On average, all C-factors increased with climate change
compared to the baseline, but the differences between baseline and climate change scenarios
were not the same for all crops and managements.

Figure 18: Cover management factor (C). Interactions of managements and crops with climate
change
The boxplots show the differences of the cover management factor for climate scenarios compared to the baseline.

Highest increases were observed with the climate scenario of ETHZ and for corn; however, the
management ‘direct seeding’ was efficient with corn and reduced the increase with both climate
scenarios considerably.
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Across all crops, lowest increase for both scenarios resulted for potato. The increase could be
reduced most with the catch crop treatment. This was the only management and crop
combination for which in some simulation years the C-factor was lower with climate change
than with the baseline.
For winter wheat, the increase was similar for the different managements of climate scenarios.
The increases with SMHI were slightly lower for direct seeding than for the other managements
For the ETHZ scenario, highest increases occurred with mulch treatment, and lowest with
conventional tillage.

3.4 Erosion prone periods
The periods during the year, which were most susceptible to soil erosion, were analyzed for the
baseline and climate change scenarios. Thus, only erosion-relevant parameters, which change
during the year, were considered. The cover management factor is the only parameter of the
RUSLE, which includes seasonal variations. Even if rainfall erosivity is also changing during the
year, the R-factor represents only a mean annual value in the soil loss equation. Nevertheless,
rainfall erosivity is also included in the calculation of the C-factor (2.2.2) and the rainfall
patterns are also important when analyzing the time of the year prone to erosion.
For soil erosion studies, Nearing et al. (2004) pointed out the importance of variability in the
biological soil surface cover under different climatic conditions. In CropSyst, the biological soil
surface cover was expressed as canopy ground cover and residue ground cover. These two
parameters differed with the applied management practice. To reach a better understanding of
the changes in C-factor with climate change, seasonal changes in canopy ground cover (3.4.1)
and residue ground cover (3.4.2) were analyzed for the baseline and climate scenarios,
managements, crops, and weather stations.
As a last step, the days with high C-factors were counted for winter, spring, summer and fall
(3.4.3). Climate-induced changes of precipitation patterns and biological soil cover are
summarized for each crop, management and weather station.
3.4.1

Canopy ground cover

The peak leave area index and the period of crop growth were different for all crops, stations
and climate scenarios. The canopy ground cover was identical for the three management types
conventional tillage, mulch treatment and direct seeding. The catch crop management has a
second crop, and thus the canopy ground cover differed from the other treatments and was
analyzed separately. The mean annual canopy ground cover can be found in the appendix (Table
8).
Figure 19 presents the average canopy ground cover of 74 years of simulation. The comparison
of the canopy ground cover showed differences between crops and stations. Magadino had a
much lower cover than the other two stations, because of a shorter period between emergence
and harvesting, and a lower peak canopy ground cover.
The mean canopy ground cover of corn was significantly lower for Magadino than for Taenikon
and Payerne. Not only the average annual crop cover of Taenikon and Payerne was almost the
same, so was the seasonal cycle. The instant end of the canopy ground cover at day of the year
319 was due to the prescribed latest harvesting date, if maturity was not reached. In some
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years maturity was reached in Payerne, which led to a small decrease of the canopy ground
cover at the end of the cropping season.
The summer crop potato had the highest mean canopy ground cover in Taenikon, followed by
Payerne and Magadino. The peak cover was smaller, and the duration of the season when the
crop was covering the soil was much shorter in Magadino. In Payerne, crop growth started later
than in Taenikon, while maturity was reached earlier.
Winter wheat had the highest mean canopy ground cover in Taenikon. Compared to Payerne
and Taenikon, the growing season in Magadino started much earlier. Magadino had the highest
cover in winter.

Figure 19: Pattern of average canopy ground cover for each station and crop in the baseline and
for the management types conventional tillage, mulch treatment and direct seeding

The catch crop treatment had a similar cover for the main crop as the other three management
types, but had a second growing season. The catch crop season started after harvesting of the
main crop and ended with the seedbed preparation for the following crop. In Figure 20 the
ending of the catch crop is observable as little peaks at the growing stage, since the crop was
terminated abruptly.
Corn was harvested late; consequently the catch crop had little time to grow before winter. For
this reason, the soil was nearly uncovered during the winter months. The catch crop started to
grow in spring, but growth was interrupted soon by planting the main crop.
A drastic increase in mean canopy ground cover was achieved with potato. Due to the earlier
harvest dates, the grass was sown earlier and partly covered the soil in winter. In Magadino,
potato had just a short growing cycle, and grass was growing faster and had a higher cover than
in Payerne and Taenikon.
Winter wheat would be harvested as early as potato, but the period between harvesting and
sowing of the main crop was shorter. Therefore, the cover of the catch crop was terminated
soon after sowing.
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Figure 20: Pattern of average canopy ground cover for each station and crop in the baseline and
for the management type catch crop

Mean canopy ground cover decreased with the climate scenarios at all stations and with all
crops in comparison to the baseline. The growing season started generally earlier with the
climate scenarios, and maturity was reached sooner (Figure 21). This effect was more
pronounced for winter wheat than for the two summer crops, and the shift in crop cover was
more distinct with ETHZ than with SMHI.
The period of corn covering the soil was reduced considerably with climate change, but the
maximal cover stayed at the same level. Thus, the mean annual ground cover decreased with the
climate scenarios, but the ETHZ scenario produced a lower mean value than SMHI. For the
length of the growing season of corn, the possibility of achieving maturity was important. With
climate change, the latest harvest date in November did not need to be considered for as many
cropping years as for the baseline. The effect could clearly be seen for Payerne and Taenikon,
where in late autumn the percentage of crop cover was lower for the climate scenarios
compared to the baseline.
The mean annual ground cover of potato differed more between the baseline and both climate
scenarios, than between the climate scenarios. The decrease in the maximum crop cover with
climate change was most distinct for Magadino.
The canopy ground cover for winter wheat changed in the same way for all three stations.
Maximum ground cover decreased most with the ETHZ scenario and a bit less with the SMHI
scenario. Furthermore, the growing period began earlier. In the winter season, canopy ground
cover was increased with the climate scenarios.
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Figure 21: Pattern of average canopy ground cover for the baseline and climate scenarios for each
station, crop and the management types conventional tillage, mulch treatment and direct seeding

The comparison of the canopy ground cover for baseline and climate scenarios showed
differences between stations (Figure 22). The cover of the catch crop increased after corn and
potato with climate change, and the main crop had a lower cover. The mean cover with catch
crop could decrease or increase, depending on the possibility of the catch crop to compensate
for the lower cover of the main crop. For Magadino, the cover was higher with climate scenarios
than in the baseline. For Taenikon and Payerne, the cover in the baseline was higher than the
cover with the SMHI climate scenario, but smaller than with the ETHZ climate scenario.
However, the catch crop management could extend the mean canopy ground cover for all crops
and stations in comparison to the other managements. For potato, the catch crop was most
effective, especially with climate change.

34

Results

Figure 22: Pattern of average canopy ground cover for the baseline and climate scenarios for each
station, crop and the management type catch crop

3.4.2

Residue ground cover

Residue cover was only relevant for mulch treatment and direct seeding. For these management
types, plant residues were left on the field after harvesting. Direct seeding had no tillage
operation. Hence, all residues stayed on the field even after seeding or planting of the main crop.
After harvesting, half of the residues were left on the field with mulch treatment, but they were
removed completely during the process of seedbed preparation. A table with mean annual
residue ground cover for the baseline and the climate scenarios for each management, crop and
station can be found in the appendix (Table 9).
Figure 23 presents the annual average residue ground cover for the baseline. The seedbed
preparation was clearly visible in the mulch treatment, where the residue ground cover
decreased to 0%. For direct seeding, the decrease in residue cover occurred continuously but
never reached 0%. Therefore, mean residue cover was much lower for mulch treatment (mean
annual cover 19.4%) than for direct seeding (mean annual cover 60.7%).
Since the residue cover in the mulch treatment was only possible during the fallow period, the
duration of this period was important for the mean residue cover. For winter wheat, this period
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was rather short compared to the summer crops potato and corn. The initial biomass left on the
field was considerably lower for potato than for the other crops.
The duration of the crop growing season was less important for the mean residue ground cover
with direct seeding. Since harvest residues remained on the field, the initial residue input and
decomposition rate were important. Between the three crops, corn had again the highest mean
residue cover, but also winter wheat had a high mean cover. The residues of both plants covered
the soil completely after harvesting. In contrast, potato residues never reached a full cover. The
mean residue cover was less than half of the other crops.

Figure 23: Pattern of average residue ground cover for each station and crop in the baseline and
for the management types mulch treatment and direct seeding

For both management types, mean annual residue ground cover decreased with climate change.
The residue ground cover was smaller with the climate change scenario ETHZ than with the
climate change scenario SMHI.
Nevertheless, if the different managements, crops and stations were analyzed individually, the
residue cover was not always decreasing the most with ETHZ (Figure 24). For winter wheat, the
mean residue cover was nearly the same for the baseline and climate scenarios. Because of
earlier harvesting, the lower maximum residue ground cover after harvest of the main crop was
compensated for by a longer period of possible residue cover.
For corn, the longer fallow period with residue cover could not compensate for the lower
residue input after harvest. Hence, the mean residue ground cover was highest in baseline
followed by SMHI.
Potato showed a small difference between the baseline and climate scenarios. A small increase
of the maximum residue ground cover was observable with climate scenarios. Also residue
decomposition was more efficient with higher temperatures. For this reasons, the mean residue
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cover was sometimes higher (SMHI and ETHZ in Magadino, ETHZ in Taenikon and Payerne) and
sometimes lower (SMHI in Taenikon and Payerne) with climate scenarios as compared to the
baseline residue cover.

Figure 24: Pattern of average residue ground cover for the baseline and climate scenarios for each
station, crop and the management type mulch treatment

The pattern of residue ground cover for direct seeding are shown in Figure 25. The residue
ground cover of corn and winter was mainly dominated by an increased decomposition rate of
harvest residues with climate change. Thus, highest residue cover was reached in the baseline.
Between the climate scenarios, SMHI produced a higher residue ground cover than ETHZ. Also,
potato had a lower residue ground cover with climate change. But compared to the other to
crops, potato had a similar residue cover with both climate scenarios.

37

Results

Figure 25: Pattern of average residue ground cover for the baseline and climate scenarios for each
station, crop and the management type direct seeding

3.4.3

Seasons with high C-factors

Changes of precipitation patterns and changes in soil cover together determine the C-factor. The
mean changes of the C-factor were described in 3.3.3. In this section, the seasons with the
highest C-factors are identified. To this end, a threshold had to be set, which separated the
highest cover management factors. This threshold was set to the 90th percentile specified for
each crop in the baseline. The days of each season were counted when this threshold was
exceeded.
Direct seeding had significantly less days with high erosivity than the other management types
(Figure 26). Mulch treatment had more days that are vulnerable to erosion, but still not as many
as conventional tillage and catch crop treatment. This distinction stayed the same for the
baseline and climate scenarios. Also, the erosion prone seasons were still the same, namely fall
and spring. Nevertheless, the number of days with a high C-factor increased for all
managements with climate change. Between the different stations, Magadino showed again
higher erosion risk in all seasons and for all managements.
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The increase in erosion prone days with climate change was similar with conventional tillage
and catch crop treatment; however, from autumn until spring, the influence of the catch crop
could be observed, when fewer days susceptible to erosion were counted in this period. Direct
seeding had a small number of erosion prone days even with climate change.
The highest number of days with a high C-factor was found during fall for Magadino with the
climate scenario of ETHZ. Two out of three days had a high C-factor with conventional tillage
and catch crop treatment. High amount of precipitation in November took place in a period with
low vegetation cover.

Figure 26: Erosion prone days per season in the baseline and climate scenarios for each
management and station

The seasonal distribution of erosion risk was not the same for the three crops, and a clear
distinction could be made between winter and summer corps (Figure 27). The spring season
was the season most prone to soil erosion for the summer crops corn and potato. This was
already the case in the baseline, but the number of days with a high C-factor increased with
climate change for all stations. The spring season of winter wheat was less susceptible to soil
erosion. During this period, the soil was well covered. A higher risk prevailed during the fall and
winter seasons.
Magadino had a high number of days prone to soil erosion. Comparing the other two stations,
Payerne had more days with high C-factors for corn and potato, and Taenikon had more days
with high C-factor for winter wheat.
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Figure 27: Erosion prone days per season in the baseline and climate scenario for each crop and
station

3.5 Validation of baseline simulation
3.5.1

Weather generator

The baseline weather data generated by LARS-WG was compared to observed weather data for
the stations Payerne, Taenikon and Magadino (Table 5).
Table 5: Comparison of observed and generated weather data

Payerne

mean
(sd)

Taenikon

mean
(sd)

Magadino

mean
(sd)

Mean annual
temperature [°C]
Observed LARS-WG
9.6
9.5
(0.6)

Annual precipitation
[mm]
Observed LARS-WG
882
876

Number of days with
rainfall >= 1mm
Observed LARS-WG
111
109

(0.2)

(132)

(117)

(12)

(11)

8.7

8.7

1183

1148

130

125

(0.6)

(0.2)

(172)

(140)

(15)

(12)

11.7

11.7

1830

1817

97

93

(0.6)

(0.1)

(403)

(382)

(12)

(12)

sd: standard deviation

The mean values of annual mean temperature, annual precipitation and days with rainfall were
well represented by LARS-WG. Only a slight underestimation of the observed values could be
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detected. Nevertheless, the variability of the mean annual temperature was considerably lower
in the reproduction. Also the variability of annual rainfall and days with rainfall was lower with
LARS-WG.
Relatively, the difference between the observed and generated data was bigger for days with
rainfall than for the annual precipitation. This led to a higher mean amount of rainfall per day
with rainfall. Thus, rainfall erosivity was slightly higher with the weather data produced by
LARS-WG.
3.5.2

Erosion rates

In a first part, the absolute erosion rates of the baseline were compared with the available
observation data of Switzerland. Weisshaidinger and Leser (2006) summarized test plot studies
with soil loss rates for different regions in Switzerland. The soil loss rates should just give a
certain range of observed soil losses in Switzerland. The comparison with the test plots is
restricted because of different vegetation covers, slopes and soils.
The measured soil loss rates varied between 8.6 t ha-1 a-1 and 21.6 t ha-1 a-1 for plots north of the
Alps. With 21.8 t ha-1 a-1 the mean soil loss rate at Taenikon and Payerne in the baseline was a
bit higher. South of the Alps, soil loss rates were measured only for two years and varied
between 0.2 t ha-1 a-1 and 19.0 t ha-1 a-1. This is much lower than the simulated 180 t ha-1 a-1 at
Magadino. Mosimann et al. (1991) mention that in exceptional situations soil loss rates of
several ten tons of soil material can be washed off in Switzerland (Mosimann et al., 1991).
However, this cannot explain the high mean erosion rate of 180 t ha-1 a-1.
For arable land, Auerswald (2006) calculated an average soil loss rate of 3.9 t ha-1 a-1 in Germany
and Cerdan et al. (2010) an average soil loss rate of 3.6 t ha-1 a-1 for Europe. Compared to these
values, all stations had too high mean soil loss rates in the baseline.
In a second part, CropSyst results were compared with data from a 10-year field survey (Figure
28) comparing relative soil loss differences between management types. Special attention had
to be given to the different prevailing conditions (2.4.2).
In both CropSyst simulations and observations, highest erosion rates were found with
conventional tillage. In contrast to the simulation, the observations showed no significant
difference between the erosion rates of direct seeding and mulch treatment. As mentioned
before, the comparison of the different crops was difficult. Besides the lack of considering
effects of rotations, also the amount of observations was limited. For potato, mainly
conventional tillage was used, while direct seeding was not applied at all. However, potato had
the highest overall erosion rate in CropSyst and observation. But also winter wheat had very
high erosion rates in the observation. Corn had considerably lower soil loss rates than winter
wheat for conventional tillage and direct seeding. For the mulch treatment, the observations
had the same soil loss for corn and winter wheat, whereas the simulations showed again lower
rates for corn. Prasuhn (2012) remarked that erosion rates for winter wheat might be higher
because this crop often follows corn, sugarbeet and potato. The runoff could increase because of
soil compactions induced by the harvesting techniques used in these crops.
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Figure 28: Comparison of erosion rates calculated with CropSyst and data from field observations
for different managements and crops.
For CropSyst simulations, only Payerne and Taenikon in the baseline were considered. No data was
available for the observation of direct seeding and potato.
Observations: Prasuhn (2012)

All in all, the model overestimated absolute soil loss rates, but relative differences between the
managements were in reasonable agreement with observations. Hebel et al. (2000) used the
RUSLE to compare observations and modeled soil erosion rates in a four-year study in
Switzerland. Also in this study, erosion rates were highly overestimated, but the relative
differences between years were modeled realistically. A local adaption of the model seems to be
necessary, if absolute soil loss rates are required (Hebel et al., 2000).
3.5.3

RUSLE factors

The factors of the revised universal soil loss equation estimated in this study are compared with
the observations of other studies in Switzerland (Table 6).
The soil of Payerne had a K-factor of 0.034. This is in the upper range of cantonal averages.
CropSyst used a simplification of the original K-factor function. The factor was solely related to
the particle size distribution, which could influence the K-factor. The percentage of stone cover,
base saturation, soil structure, permeability and content of organic matter were not considered
in the K-factore in contrast to Schwertmann et al. (1987).
The SL- factor was at the upper end of cantonal averages, too. The higher SL-factor was
expected, since the steepness was relatively high for arable soils. This factor could change with
the ratio of rill to interrill erosion. In case of a higher ratio, the factor increases and
subsequently the annual erosion rates increase.
Contrary to the other factors, the mean rainfall-runoff erosivity factor varied between scenarios
and stations. The R-factors determined by CropSyst were higher than cantonal averages
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(Prasuhn et al. 2007) and other calculations for the same weather stations (Meusburger et al.,
2012). Nevertheless, relative differences of the R-factor between the stations were still the
same, with a much higher value for Magadino, and the lowest value for Payerne. So, even if the
R-factor was overestimated, the relative relations remained the same.
Table 6: Long-term averages of RUSLE factors in CropSyst and reference studies
K
S*L
R

Factor name
Soil erodibility factor
-1
-1
[t h MJ mm ]
Slope length and
steepness factor
Rainfall erosivity
-1 -1
factor [MJ mm ha h ]

CropSyst
0.034

Literature
0.026 – 0.034 for cantonal averages
(Prasuhn et al., 2007)
2.56
0.60 – 2.60 for cantonal averages
(Prasuhn et al., 2007)
Mean (baseline
Derived from weather data of 22 years
scenario)
(Meusburger et al., 2012)
- Payerne: 952
- Payerne: 835
- Taenikon: 1406 - Taenikon: 1374
- Magadino: 6200 - Magadino: 5033

The C-factor is a particularly complex parameter of the RUSLE, as discussed in 2.2.2. It was
difficult to find appropriate literature to compare the C-factor with similar management and
climatic conditions. Thus, another model was used, which is called ErosionCH. The exact Cfactors for the two models for each management and crop can be found in the appendix (Table
10).
Figure 29 summarizes the C-factors of the two models. The cover management factor was
higher in CropSyst than in ErosionCH for all four management types. Relatively, the highest
difference could be found with direct seeding. For the three crops, the C-factor of CropSyst was
higher for potato and winter wheat, but not for corn. The low C-factor of corn was not only
conflicting with ErosionCH, also Mosimann et al. (1991) claimed corn to have a high erosive
potential in the Swiss midlands. Both sources stated an even higher erosivity for corn than for
potato.

Figure 29: C-factor separated by management types and crops for Erosion CH and CropSyst
For the CropSyst simulations, only Payerne and Taenikon in the baseline were considered.
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4 Discussion
4.1 Findings
The main results of this study indicate a potential increase in the soil erosion risk with both
climate scenarios, which depends on location, crop and management. Whereas the rainfall
erosivity factor only changed marginally, the cover management factor showed substantially
increases. While absolute erosion rate might be overestimated with this model, relative
differences between management types are reasonable.
4.1.1

Soil erosion

The soil erosion rate increased most for Taenikon (SMHI: +54.0%, ETHZ: +48.8%) and a bit less
for Payerne (SMHI: +34.6%, ETHZ: +28.2%). The soil erosion rate for Magadino increased only
with the ETHZ scenario (+21.6%), and decreased marginally with the SMHI scenario (-1.2%).
The main driver of soil erosion is precipitation, but the effect is modulated by biomass
production (Pruski and Nearing, 2002a; Klik and Eitzinger, 2010). With respect to rainfall, the
amount should be considered for soil erosion processes together with intensity (Klik and
Eitzinger, 2010; Nearing et al., 2005). This is represented in the rainfall-runoff erosivity factor of
the RUSLE, where the number of storms and their energy and intensity are combined (Renard et
al., 1997). Higher rainfall erosivity changes the hydrological properties of a soil and lead to an
increase in surface runoff and potential erosion (Klik and Eitzinger, 2010). Although the amount
of rain per rainfall event increased with the ETHZ scenario, the annual R-factor stayed at a
similar level as in the baseline because of an overall lower amount of rainfall. For the SMHI
scenario, the amount of rainfall and the R-factor increased slightly. For some climate scenarios
and stations, the changes in soil erosion rate showed trends that are contrary to changes in
rainfall-runoff erosivity; for all scenarios, relative changes in the rainfall erosivity were much
lower than relative changes in soil loss rate. Therefore, with climate change seasonal differences
in rainfall-runoff erosivity in relation to the seasonal biomass cover and changes in biomass
might be more important than changes in annual rainfall-runoff erosivity alone.
The plant and residue cover negatively influences runoff and soil erosion (Pruski and Nearing,
2002a). The cover protects the soil from erosion by reducing the impact energy of raindrops.
Moreover, the residue cover reduces sediment transport and rill detachment rates (Pruski and
Nearing, 2002b). Nearing et al. (2005) found a higher sensitivity of soil erosion to residue cover
than to canopy cover. Biomass production may change in relation to soil moisture, carbon
dioxide concentration in the atmosphere, temperature and solar radiation. Whether biomass
increases or decreases with climate change depends on the conditions for plant growth and
varies between different climatic conditions (Pruski and Nearing, 2002a). But with higher
temperature, plants are expected to generally grow faster (Trnka et al., 2003; Umwelt NRW,
2011), and if soil moisture is increased, residues decompose more quickly due to higher
microbial activity (Nearing et al., 2004). This leads to shorter periods with crop and residue
cover. Trnka et al. (2004) simulated a reduced growing period of 7-71 days for winter wheat.
Across Europe, Harrison et al. (2000) projected a decreased growing period length by 1-2 weeks
for each 1°C increase in mean temperature during the period from sowing to maturity.
Regarding canopy ground cover, in this study a lower maximum crop cover, shorter plant
growth seasons and a higher cover of the catch crop could be found with climate change for all
three stations. Concerning residue ground cover, due to earlier harvesting plant residues were
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sooner present on the field, but the cover decreased faster. Together, this leads to a lower
annual ground cover with climate change. In combination with the changed annual rainfall
patterns, this results in a higher C-factor for the climate scenarios, most pronounced with the
ETHZ scenario.
4.1.2

Efficiency of management

The efficiency of the management types is reflected in the cover management factor of the
RUSLE. The mean C-factor increased for all managements, most strongly with the ETHZ scenario
but also with the SMHI scenario. Nevertheless, the conservation managements maintained their
protective effect compared to conventional tillage with climate change. Even if the efficiency
decreased for direct seeding and mulch treatment because of more rapid residue
decomposition, direct seeding had still the lowest C-factors, and the C-factor for mulch
treatment was lower than for conventional tillage and catch crop. Protection by the catch crop
treatment increased with climate change, especially with the ETHZ scenario. Although direct
seeding would be the best solution in terms of reducing soil loss, it is not always practicable. On
waterlogged soils with high clay content this management type is not applicable (Ledermann
and Schneider, 2008). For fields with unfavorable conditions for direct seeding, mulch
treatment might be a good alternative to reduce soil loss.
Maintenance of the protective effect of soil conservation management with climate change was
also reported in other studies (e.g. Klik and Eitzinger, 2010; Scholz et al., 2008; Zhang and
Nearing, 2005), and thus to mitigate the increasing risk of soil erosion with climate change, soil
protection methods are becoming more important (Umwelt NRW, 2011; Scholz et al., 2008;
Fuhrer et al., 2006; Zhang and Nearing, 2005). The fields which are already susceptible to soil
erosion today might be endangered even more with climate change and need special protection
to avoid high soil losses (Nunes et al., 2009; Scholz et al., 2008).
4.1.3

Optimal management types for the crops

The efficiency of conservation managements differed between the crops. Depending on planting
and harvesting dates, some management practices are more favorable to preserve from soil
erosion than others.
For the potato crop, conservation managements are difficult to apply and direct seeding is not
used for this crop in Switzerland today (Mosimann and Rüttimann, 2006; Prasuhn, 2012;
Agridea, 2012). Potato harvesting leads to a small residue cover, so that management types
which leave harvest residues in the field are not very effective (Fiener and Auerswald, 2007;
Prasuhn, 2012). However, in this study catch crop treatment appears to be very efficient with
the summer crop potato; it was the only combination of management and crop, in which the Cfactor could be reduced in some simulation years compared to the baseline.
The late-harvested corn is better protected if residues are left on the field as compared to
management types including catch crops. This is because the following crop is planted late in
the year and thus no dense cover can be established during the winter months. The
management type ‘direct seeding’ shows relatively low increases in the C-factor, as compared to
the baseline. Such soil conservation practices are already frequently used today (Prasuhn,
2012).
In the simulated single-crop rotations the catch crop was unable to establish a dense cover
between harvesting and sowing of winter wheat. However, in a crop rotation also summer crops
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could fallow winter wheat. Since winter wheat is harvested in summer, a dense cover of the
catch crop could establish with this crop. Thus, a catch crop could be an efficient conservation
strategy. But also the other soil conservation practices are effective with this crop. Therefore,
the management type ‘direct seeding’ should be favored, since it leads to the lowest C-factor.
4.1.4

Erosion prone periods

The occurrence of the erosion prone periods under baseline and climate change conditions
results from a combination of timing of tillage operations, seasonal canopy ground cover,
seasonal residue ground cover changes, and the seasonal precipitation patterns.
Summer and fall are more prone to soil erosion with climate change. Winter wheat partly covers
the soil in winter and spring. Thus, these seasons are less susceptible to soil loss with this crop.
For management types with residues, the soil is covered in fall and winter, but is only sparsely
covered in spring. Furthermore, the seedbed preparation increases the susceptibility to soil
erosion in spring for potato and corn, and in fall for winter wheat.
The number of days prone to soil erosion increase or decrease with climate change mainly
because of seasonal changes in canopy and residue ground cover. For mulch treatment and
direct seeding the days prone to soil erosion increase with climate change in spring, and
decrease slightly for the catch crop treatment in fall and winter compared to conventional
tillage. An exception is the fall season with the ETHZ scenario for Magadino as large amounts of
precipitation are projected for November. This leads to high erosion rates in the fall season for
all crops and managements, even with well-covered soil with direct seeding.
In summer, only small differences appear between corn and potato. The number of days prone
to erosion is very low because this is the main growing period and the soil is well covered. Also
Fiener and Auerswald (2007) found this similarity between the two crops. Winter wheat has
more days susceptible to soil loss in summer since harvesting starts already in late summer.
Klik and Eitzinger (2010) studied the impact of climate change in the Austria. The spring season
was identified as the most susceptible to soil loss. And also in the study of Klik and Eitzinger
(2010) a decrease of rainfall in erosion prone periods not always led to a decrease in erosion
with climate change scenarios.

4.2 Uncertainties
One of the biggest challenges in climate impact studies is the assessment of sources of
uncertainty. Even if not all questions can be answered completely and some gaps still exist,
studies about possible strategies to mitigate risks of climate change are indispensable (Nature,
2010). In this part of the discussion, the uncertainties of input parameter and model structure
are examined. Not all sources of uncertainty are addressed, but the once that are considered
most important for simulations of soil erosion.
The weather data is one of the biggest sources of uncertainty. A cascade of uncertainty increases
with the choice of the emission scenario, climate forcings, global climate models, and regional
climate models to the application of the data in the erosion model (Viner, 2002). To cover a
range of possible future developments, multiple emission scenarios should be applied (Viner,
2002) and to quantify the uncertainty of climate models an ensemble of climate simulations
should be used (Challinor et al., 2009). In this study only one emission scenario and two climate
models were used. Thus, not all possible outcomes could be considered, but by choosing
regional climate models with either a moderate or a rather extreme prediction of climatic
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changes compared to the baseline (Bosshard et al., 2011), a broad range of possible outcome is
considered.
Another source of uncertainty is the crop model calibration. The calibration should be done
with measured soil loss data. But as seen in the validation of the erosion rates of the baseline
(3.5.2), erosion measurements are scarce, and no calibration could be done with the available
soil loss data. For Payerne and Taenikon, yield data were used to calibrate the crop model (Klein
et al., 2012). Since not enough yield data was available for Magadino, the crop calibration of
Payerne is applied. Moreover, crop calibration was derived for today’s climate conditions and
might not be valid for the climate scenarios (Klein et al., 2012). Thus, the uncertainty from crop
calibration is highest for Magadino, and possibly higher for simulations with climate scenarios
compared to baseline simulations.
In this study, three crops and four management types were chosen which nowadays are
frequently applied in Switzerland. The management options were set as similar as possible to
Agridea (2012). Nevertheless, the management options might not be represented well enough
in CropSyst, and not all management possibilities could be considered. For example, no
irrigation options were applied. Furthermore, in Switzerland the diversity of crops is much
higher than just potato, winter wheat and corn, and the crops are cultivated in a crop rotations,
for which farmers get subsidies from the government (Vullioud, 2005), instead of single-crop
rotations as in this study. The crop rotation can affect soil loss considerably (Fiener and
Auerswald, 2007; Prasuhn, 2012).
The same soil of Payerne was taken for all simulations of the baseline and climate scenarios. But
plant growth may vary for different soil types. Preliminary tests with another soil type showed
no effects on the canopy ground cover; however, the residue ground cover was affected by soil
type. Also the slope length and the slope angle were fixed. The absolute erosion rates are
therefore restricted to this soil type, slope angle and slope length, and the influence of these
parameters on soil erosion was not estimated.
In projections of future climate change impacts, maybe the biggest uncertainty originates from
possible adaptions of land use management (Scholz et al., 2008; Nearing et al., 2005; O’Neal et
al., 2005). Howden et al. (2007) summarized thinkable adaption strategies for cropping
systems. These include the choice of different crops or more variety in cultivated crops, more
efficient water usage, management adaptations to prevent from water logging, erosion and
nutrient leaching for regions where rainfall increases, or more pests and diseases resistant
plants. O’Neal et al. (2005) describes the possibility for a change from corn to soybean in the
Midwest of the United States. Such a solution would increase the crop yield, but also soil
erosion. A multi-disciplinary approach would be necessary to better understand possible
adaptation strategies (Howden et al., 2007), because the erosion is not only affected by
biophysical characteristics such as climate, terrain, cover and soil, it is also affected by
economic, social and political issues (Lal, 2001).
The model structure is another source of uncertainty. Especially for extrapolations, the model
structure becomes an important source of uncertainty and different models should be used to
answer a research question (Refsgaard et al., 2006). For today’s climate, Nearing et al. (2005)
simulated soil loss with seven different erosion models to find some universal relations
between soil erosion, rainfall properties and cover. In the present study, only the model
CropSyst was used. The underlying erosion calculation is the RUSLE, which was also used in the
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study by Nearing et al. (2005). This is the only model where ground cover had a higher effect on
soil erosion than rainfall intensity (Nearing et al., 2005).
The way of calculating soil erosion was adapted in CropSyst and compared to the original
RUSLE by Renard et al. (1997). Some factors were simplified in CropSyst (2.2.2 and 4.3.2) and
for others such as the rainfall-runoff erosivity factor a different equation was used. The erosivity
consists of the storm energy (E) and the maximum 30-min intensity (I). The calculation of the
storm energy was revised from the original USLE to the RUSLE (Renard et al., 1997). According
to the CropSyst user’s manual (Stöckle and Nelson, 2000) a different equation to USLE and
RUSLE was used for calculating the storm energy with CropSyst. Figure 30 shows the effect of
different equations on the storm energy. CropSyst had generally higher storm energies with the
same rainfall intensities compared to the original USLE and RUSLE function. The higher storm
energies leads to higher rainfall-runoff energy factors and finally higher erosion rates. If the
equation used by CropSyst is multiplied by 0.83 (CropSyst_corr), the function is very similar to
the original USLE. For low rainfall intensities the corrected CropSyst and USLE function diverge
from the revised function of RUSLE. Thus, CropSyst possibly overestimates the R-factor, but
since the true R-factor can only be estimated, there is no true function.

Figure 30: Unit rainfall energy function of different models
CropSyst:

Function used in Stöckle et al. (2000)
Storm energy [MJ ha-1 mm-1] = 0.199 + 0.0873*(log10(rainfall intensity [mm h-1])-0.434)

CropSyst_corr:

Function used in Stöckle et al. (2000) with correction factor
Storm energy [MJ ha-1 mm-1] = (0.199 + 0.0873*(log10(rainfall intensity [mm h-1])0.434))*0.87

USLE:

Function of original USLE description by Foster et al. (1981 cited in Renard et al., 1996)
Storm energy [MJ ha-1 mm-1] = 0.119+0.0873*log10(rainfall intensity [mm h-1])
If rainfall intensity [mm h-1]) <= 76 mm h-1
-1
-1
Storm energy [MJ ha mm ] = 0.283
If rainfall intensity [mm h-1]) >= 76 mm h-1

RUSLE:

Function by Brown and Foster (1987 cited in Renard et al., 1996 and Meusburger et al., 2012)
Storm energy [MJ ha-1 mm-1] = 0.29*(1-0.72*exp(-0.05* rainfall intensity [mm h-1]))

Besides different ways of calculating the R-factor, the model structure of the RUSLE contains
other uncertainties. Since the RUSLE delivers soil loss rates only annually, the modeled high soil
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erosion rates could source from a cumulative overestimation of soil losses with every day with
rainfall. This could lead to a serious overestimation especially in Magadino, where the mean
annual precipitation is very high.

4.3 Limitations
4.3.1

LARS-WG

The validation of the baseline weather data showed a slight underestimation of the average
mean annual temperature, annual precipitation and number of days with rainfall for the
generated weather data compared to the observations. Also the variability of annual
precipitation and of the number of days with rainfall was lower in the weather data generated
by LARS-WG than in reality. The variability of mean annual temperature was highly
underestimated by LARS-WG. The underestimation of the variability in mean temperature and
precipitation is known to be a common problem of weather generators (Kim et al., 2012). A
higher variability of precipitation could increase the absolute soil loss rate (Zhang and Nearing,
2005). However, the underestimated variability by LARS-WG is the same for all generated
weather data of the current study. Hence, this limitation should not change the interpretation of
relative soil loss changes.
4.3.2

RUSLE

Only little data is needed to run the universal soil loss equation and its modifications (Merritt et
al., 2003). However, the model has difficulties to simulate realistically absolute erosion rates for
Switzerland (Hebel et al., 2000). Also in this study, the soil loss rates were overestimated for all
weather stations, but most pronounced in Magadino (3.5.2). The difficulties of modeling
accurate absolute erosion rates might results from different environmental conditions in
Western Europe compared to the continental middle USA. Rainfall events happen here at lower
intensity and for longer duration, compared to the convectional rainfall events in the USA, for
which the model was designed (Jetten and Favis-Mortlock, 2006). The model was not
established for low intensity rainfall of longer duration and thus could lead to wrong absolute
erosion rates for European conditions (Jetten and Favis-Mortlock, 2006). Furthermore, Prasuhn
(2011) points out the problem, that most soil loss models were established with test plot results
and have never been validated with observed soil losses on farmer’s fields.
The erosion rates should be considered in the long-term, since the RUSLE overestimates small
erosion events and underestimates high erosion events (Tiwari et al., 2000). In the CropSyst
annual output of soil loss, every year a certain amount of soil loss was registered. However, in a
long-term study in Switzerland the fields were affected by soil erosion only every third year
(Prasuhn, 2011).
The RUSLE models only consider soil erosion from rill or interrill erosion. Thus, in regions
where gully erosion occurs, the model cannot simulate the soil loss rates adequately (Jetten and
Favis-Mortlock, 2006). Boardman and Poesen (2006) highlight that also in Europe gully erosion
is a serious problem, especially in some Mediterranean regions. But also study sites in
Switzerland showed the occurrence of ephemeral gullies (Ledermann et al., 2010).
The erosion types emerging from harvesting and tillage practices are also not considered in the
RUSLE. Harvest erosion is happening during the harvest process for potato, sugar and fodder
beet, chicory and leek (Boardman and Poesen, 2006). The magnitude of tillage erosion depends
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on the tillage technique (Boardman and Poesen, 2006). Both erosion types could cause erosion
rates in the same degree as soil erosion by water (Auerswald, 2006; Auerswald et al., 2006;
Boardman and Poesen, 2006).
4.3.3

Erosion calculation of CropSyst

The crop model CropSyst uses the RUSLE as basic calculation method for soil erosion by water.
Therefore, all limitations that were described in 4.3.2 are also valid for the soil loss rates
produced by CropSyst. Even if CropSyst gives an opportunity for calculating the cover
management factor at shorter time-scales, and the process-based crop model accounts for more
interactions, some limitations reduce the applicability of the model for erosion simulations.
The differences in the C-factor between the management types are reasonable, but the C-factors
of winter wheat and corn are questionable (3.5.3). The unusual difference in erosion rates might
arise from the adapted calculation of the cover management factor. The crop cover sub-factor
does not consider plant height in CropSyst compared to the RUSLE version of Renard et al.,
(1997). Auerswald et al. (1986) related the major problem of corn to plant height and size of the
leaves, which affects the raindrops’ gain kinetic energy. This is important since corn grows
higher than winter wheat. Furthermore, the kinetic energy of the raindrops is lower for wheat,
because it has a high stem flow. And finally, the big leaves of the corn lead to a redistribution of
the raindrops and thus to higher rainfall intensities (Auerswald et al., 1986). The influence of
leaf size and stem flow was also not part of the original RUSLE.
CropSyst does not model soil physical properties such as surface crusting (Sommer er al., 2007).
Some parameters of the original RUSLE could be adjusted by soil roughness values, but not to
the soil structure itself. The modeling of surface structure would be important because it
influences the soil loss rate, and it is affected by climate and management practices (Lal, 2001).
The pre-crop can have major effects on soil loss rate of the following crop, because it could also
change the soil structure (Fiener and Auerswald, 2007). For instance, the harvesting procedure
of potato destabilizes the soil aggregates and leaves a rough surface. This induces high erosion
rates for the following crop winter wheat (Fiener and Auserswald, 2007).
The risk of pests and diseases is not decreasing with climate change, and could even increase
depending on the location (Umwelt NRW, 2011). Process-based crop models generally cannot
simulate influences of pests and diseases (Klein et al., 2012), and therefore this possible impact
on soil erosion via effects on plant cover could not be considered.
For today’s climate wind erosion plays a minor role in Switzerland (Weisshaidinger and Leser,
2006). With climate change, soil moisture might decrease because of reduced rainfall in
summer, and windstorms might get more intense in Switzerland (CH2011, 2011). Therefore,
soil erosion by wind could become a more important source of soil loss (Olesen and Bindi,
2002). It would be helpful if in CropSyst another erosion model could be integrated to simulate
soil loss by wind.
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5 Conclusion
The crop model CropSyst was sensitive to different climate scenarios and proved to be a reliable
tool for modeling relative differences in soil loss rates between different locations, crops and
management options.
The following conclusions refer to the boundary conditions of the model and the choice of
climate scenario, management and crop simulations applied in this study.
-

Overall, soil loss rates increased with climate change in Switzerland. However, the
increase was more distinct north of the Alps (Payerne and Taenikon) than south of the
Alps (Magadino) where one climate scenario projected the same erosion rates as for
today’s climate conditions. The differences in soil loss can be attributed to changes in
rainfall erosivity and soil cover. However, the changes in rainfall erosivity showed
trends which are contrary to the soil loss increases. Thus, changes in soil cover and
combinations of soil cover and seasonal rainfall patterns are more important than
changes in rainfall erosivity alone.

-

Soil conservation practices proved to be an effective method to reduce soil erosion for
today’s climate and climate change. Management practices which include no tillage,
mulching or catch crops are effective under all weather conditions. Even if the efficiency
of direct seeding and mulching decreases because of more rapid decomposed residues,
direct seeding is still the best conservation practice for reducing soil loss with climate
change. The catch crop treatment for early harvested crops is more effective with
climate change, since a denser cover establishes with higher temperatures before
winter.
Depending on the crops, different ‘best conservation practices’ are advised with climate
change. Direct seeding is not practiced for potato cultivation in Switzerland. However,
catch crop treatment is an effective practice for reducing soil loss, since the crop is
harvested already in late summer. Mulch treatment and direct seeding are effective with
corn, and all tested management practices can reduce soil loss considerably with winter
wheat, if crop rotations are the common land use practice.

-

For summer crops, spring is the season which is most vulnerable to soil loss. In this
season high amount of precipitation, freshly tilled soil, and a low soil cover overlap. The
overall residue cover is lower with climate change than for today, because less biomass
is produced and residues are decomposed faster. For winter crops, the susceptibility to
soil erosion increases most in fall for the same reasons as for the summer crops. Due to
earlier harvesting with climate change, the soil loss risk increases in summer.
Spring and fall are the seasons most prone to soil erosion for all managements and all
weather conditions. Nevertheless, the risk for high soil losses increases considerably
with climate change. A lower risk is still achievable with direct seeding and the highest
risk results with conventional tillage. Mulch treatment and direct seeding protect the
soil immediately after harvesting, whereas the catch crop needs time to grow before
completing a cover that helps protecting the soil from rainfall erosivity. Depending on
the growing season of the crop, the catch crop reduces soil losses from fall until winter,
compared to conservative tillage. However, the average seasonal conservation effect is
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considerably lower for catch crop treatment than for managements leaving a residue
cover after harvesting.
Large increases in precipitation in spring and fall can lead to a very high risk for soil
losses, as seen in the fall season in Magadino for one climate scenario. Thus, soil
conservation management is an unavoidable mitigation strategy to prevent from high
soil erosion rates associated with a possible loss of the soil fertility.
For this study, a selection of emission scenarios, regional climate models, weather stations, soil
types, management options and crops were used to model the effect of soil erosion with climate
change. Thus, some conclusions might change with alternative choices of factors. Possible
consequences could be differences in the efficiency of soil conservation practices with climate
change. For instance, faster emergence of a dense catch crop cover or a faster decomposition of
harvest residues could lead to an earlier effective protection of the soil or an earlier uncovered
soil, respectively. The efficiency of conservation managements with harvest residues could
decrease in combination with drastic increases in spring precipitation. Furthermore, residue
decomposition is affected by soil moisture, which is influenced by soil type. A different soil type
could lead to faster or slower decomposition, which influences the efficiency of management
types involving residue cover.
If the same management practices and crop cultivations are used in future as today, an increase
in soil erosion is likely. Nevertheless, drastic land use changes could occur to cope with different
climatic conditions. These could either reinforce the projected soil loss increase or have a
conservative effect compared to the currently applied managements.
Main limitations of the modeling used here concern the lack of differences in erosivities
between crops, uncertain absolute soil loss rates due to lack of validation data, and the nonconsidering of possible soil structural changes. Since only the relative soil loss rates were used
and the season prone to soil loss was calculated relatively for each crop, the conclusions are
valid in spite of these limitations. Nevertheless, the non-considering of possible soil structural
changes might affect relative soil loss changes with climate change.
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6 Outlook
Even though soil erosion showed significant increases for nearly all scenarios and locations, the
conclusions should be tested with more regional climate models. The regional climate models
generally agree in their projections of an increase in mean annual temperature and a decrease
in summer precipitation. But for the rest of the year, the variability between models for
precipitation is very high (CH2011, 2011; Bosshard et al., 2011). Thus, different climate
scenarios could affect the relative soil loss changes, and the efficiency of the conservation
practices, if the seasonality of the rainfall pattern changes. Furthermore, other emission
scenarios could be considered (Moss et al., 2010; Meinshausen et al., 2011), although
differences until 2060 could be small (CH2011).
Besides more simulations with different management and crops, to investigate the effect of crop
rotations would also be interesting. Effects of pre-crops are important for soil erosion for
different reasons. One main reason is the tillage and harvesting technique, which influences the
soil structure of the following crop (Prasuhn, 2012). Since CropSyst cannot model the impact of
crops and managements on soil structure, a different model should be used for this purpose.
Summing up, soil erosion is likely to increase in Switzerland. The potential of soil conservation
practices is important and should be exploited more. These land management practices could
prevent the Swiss farmland from long-term productivity decreases and the environment from
pollution by washed soil, nutrients and pesticides. The focus ought to be laid on farmland, which
is already prone to soil erosion, but also on the prevention of fields which are potentially
vulnerable to soil loss.
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Table 7: Mean and standard deviation of the C-factors for each scenario, station, management and crop
Corn

Conventional tillage Mulch treatment
BL

SMHI

ETHZ BL

SMHI

Direct seeding

ETHZ BL

SMHI

Catch crop
ETHZ BL

SMHI

ETHZ

MAG

mean
(sd)

0.398 0.468 0.538 0.173 0.272 0.350 0.030 0.089 0.149 0.389 0.446 0.503

PAY

mean
(sd)

0.155 0.271 0.345 0.047 0.112 0.216 0.002 0.011 0.058 0.151 0.266 0.340

TAE

mean
(sd)

0.157 0.232 0.340 0.048 0.082 0.182 0.001 0.005 0.025 0.153 0.228 0.336

Potato

(0.051) (0.063) (0.055) (0.032) (0.047) (0.046) (0.008) (0.020) (0.024) (0.051) (0.058) (0.062)
(0.031) (0.044) (0.059) (0.014) (0.028) (0.038) (0.001) (0.005) (0.016) (0.030) (0.043) (0.059)
(0.028) (0.043) (0.034) (0.014) (0.025) (0.028) (0.001) (0.003) (0.010) (0.028) (0.043) (0.035)

Conventional tillage
BL

SMHI

Mulch treatment

ETHZ BL

SMHI

Direct seeding
ETHZ BL

SMHI

Catch crop
ETHZ BL

SMHI

ETHZ

MAG

mean
(sd)

0.657 0.666 0.731 0.541 0.553 0.619 0.350 0.370 0.427 0.563 0.565 0.614

PAY

mean
(sd)

0.541 0.600 0.622 0.448 0.507 0.525 0.278 0.334 0.355 0.479 0.518 0.485

TAE

mean
(sd)

0.479 0.567 0.554 0.348 0.432 0.413 0.167 0.237 0.230 0.458 0.523 0.452

Winter
wheat

(0.059) (0.062) (0.057) (0.057) (0.058) (0.057) (0.042) (0.042) (0.043) (0.063) (0.065) (0.077)
(0.046) (0.043) (0.051) (0.046) (0.044) (0.053) (0.033) (0.035) (0.041) (0.051) (0.047) (0.050)
(0.049) (0.040) (0.054) (0.042) (0.037) (0.047) (0.028) (0.026) (0.031) (0.047) (0.045) (0.061)

Conventional tillage
BL

SMHI

Mulch treatment

ETHZ BL

SMHI

Direct seeding
ETHZ BL

SMHI

Catch crop
ETHZ BL

SMHI

ETHZ

MAG

mean
(sd)

0.509 0.524 0.621 0.342 0.369 0.475 0.107 0.149 0.226 0.492 0.512 0.604

PAY

mean
(sd)

0.379 0.462 0.479 0.232 0.321 0.361 0.026 0.093 0.145 0.360 0.445 0.477

TAE

mean
(sd)

0.379 0.468 0.482 0.223 0.322 0.340 0.015 0.077 0.122 0.364 0.452 0.468

(0.068) (0.061) (0.085) (0.053) (0.048) (0.078) (0.022) (0.025) (0.042) (0.069) (0.064) (0.084)
(0.036) (0.053) (0.060) (0.026) (0.037) (0.047) (0.007) (0.021) (0.024) (0.036) (0.055) (0.061)
(0.045) (0.045) (0.056) (0.036) (0.037) (0.046) (0.009) (0.016) (0.023) (0.047) (0.045) (0.057)

MAG: Magadino
PAY: Payerne
TAE: Taenikon
sd: standard deviation
BL: baseline
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Table 8: Mean and standard deviation of the canopy ground cover [%] for each scenario, station,
management and crop

Conventional tillage,
mulch treatment,
direct seeding
Catch crop
BL
SMHI ETHZ BL
SMHI

Corn
MAG
PAY
TAE

mean

25.5

22.9

21.7

26.1

24.6

24.8

(sd)

(40.2)

(38.7)

(37.8)

(39.8)

(37.9)

(36.8)

mean

40.0

29.3

25.0

40.3

29.8

25.9

(sd)

(46.2)

(41.8)

(39.7)

(45.9)

(41.4)

(38.9)

mean

39.7

37.2

28.0

39.9

37.6

28.7

(sd)

(46.2)

(43.5)

(41.2)

(46.0)

(43.2)

(40.8)

Conventional tillage,
mulch treatment,
direct seeding
Catch crop
BL
SMHI ETHZ BL
SMHI

Potato
MAG
PAY
TAE

PAY
TAE

ETHZ

mean

12.9

11.4

10.1

25.5

27.6

27.4

(sd)

(28.5)

(26.7)

(24.5)

(26.5)

(26.5)

(26.6)

mean

16.2

14.3

13.6

24.8

23.8

26.8

(sd)

(32.8)

(30.1)

(29.8)

(30.0)

(27.4)

(27.6)

mean

21.1

18.6

17.9

26.9

25.5

29.4

(sd)

(37.8)

(35.6)

(34.9)

(35.1)

(33.0)

(32.1)

Conventional tillage,
mulch
treatment,
direct seeding
Catch crop
BL
SMHI ETHZ BL
SMHI

Winter
wheat
MAG

ETHZ

ETHZ

mean

25.6

24.7

22.8

26.4

25.5

23.5

(sd)

(34.6)

(32.3)

(29.0)

(33.3)

(31.6)

(28.3)

mean

26.0

23.4

22.0

27.6

24.9

23.2

(sd)

(35.9)

(33.3)

(30.2)

(35.1)

(32.6)

(29.6)

mean

29.6

27.1

26.9

31.2

28.5

28.2

(sd)

(40.4)

(38.4)

(36.5)

(39.6)

(37.7)

(36.0)

MAG: Magadino
PAY: Payerne
TAE: Taenikon
sd: standard deviation
BL: baseline
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Table 9: Mean and standard deviation of the residue ground cover [%] for each scenario, station,
management and crop
Corn
MAG
PAY
TAE

Mulch treatment
Direct seeding
BL
SMHI ETHZ BL
SMHI ETHZ
mean

34.6

27.8

23.7

79.8

66.5

56.1

(sd)

(29.8)

(23.6)

(20.7)

(20.8)

(19.5)

(18.3)

mean

38.3

35.4

25.4

85.9

82.9

68.8

(sd)

(45.7)

(32.7)

(22.4)

(18.3)

(20.7)

(19.9)

mean

37.9

36.4

30.0

89.8

83.5

79.7

(sd)

(45.4)

(39.0)

(27.5)

(14.4)

(19.8)

(21.5)

Potato
MAG
PAY

Mulch treatment
Direct seeding
BL
SMHI ETHZ BL
SMHI ETHZ
mean

10.9

11.8

11.7

31.9

32.1

30.9

(sd)

(10.0)

(11.2)

(11.1)

(12.6)

(14.2)

(14.3)

mean

10.3

9.8

11.1

31.8

29.5

31.0

(9.3)

(8.9)

(10.1)

(11.6)

(11.5)

(12.9)

(sd)

TAE

mean

15.2

13.9

16.6

46.2

41.7

45.1

(sd)

(13.6)

(12.5)

(14.4)

(14.8)

(14.1)

(15.0)

Winter wheat
MAG
PAY
TAE

Mulch treatment
Direct seeding
BL
SMHI ETHZ BL
SMHI ETHZ

mean

13.7

14.1

14.2

66.9

57.9

51.6

(sd)

(23.2)

(21.8)

(20.5)

(15.0)

(17.1)

(17.8)

mean

13.4

13.5

15.5

88.5

70.4

62.5

(sd)

(25.4)

(23.5)

(24.3)

(9.7)

(14.2)

(15.9)

mean

12.4

12.3

13.2

92.6

73.5

62.6

(sd)

(24.7)

(22.3)

(21.8)

(8.4)

(13.4)

(15.6)

MAG: Magadino
PAY: Payerne
TAE: Taenikon
sd: standard deviation
BL: baseline
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Table 10: Comparison of C-factor for weather stations in central Switzerland calculated by
Erosion CH and CropSyst

Corn
Potato
Winter wheat

Conventional
tillage

Mulch treatment
(10-30% cover)

Direct Seeding

Catch crop

Erosion
CH
0.3419
0.3239
0.0945

Erosion
CH
0.128
0.2653
0.0465

Erosion
CH
0.0692
NA
0.0247

Erosion
CH
0.3066
0.2128
0.0961

CropSyst
0.1561
0.5104
0.3788

CropSyst
0.0476
0.3978
0.2275

NA: Not practiced in Switzerland. Thus, no possible option in Erosion CH.
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CropSyst
0.0016
0.2228
0.0202

CropSyst
0.1522
0.4686
0.3620
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