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Abstract. Landslides are important agents of sediment transport, cause hazards and are key agents for the
evolution of scarplands. Scarplands are characterized by high-strength layers overlying low-inclined landslide-
susceptible layers that precondition and prepare landsliding on geological timescales. These landslides can be
reactivated, and their role in past hillslope evolution affected geomorphometry and material properties that set
the framework for present-day shallow landslide activity. To manage present-day landslide hazards in scarp-
lands, a combined assessment of deep-seated and shallow landsliding is required to quantify the interaction
between geological conditions and vegetation that controls landslide activity. For this purpose, we investigated
three hillslopes affected by landsliding in the Franconian scarplands. We used geomorphic mapping to identify
landforms indicating landslide activity, electrical resistivity to identify shear plane location and a mechanical
stability model to assess the stability of deep-seated landslides. Furthermore, we mapped tree distribution and
quantified root area ratio and root tensile strength to assess the influence of vegetation on shallow landsliding.
Our results show that deep-seated landslides incorporate rotational and translational movement and suggest that
sliding occurs along a geologic boundary between permeable Rhätolias sandstone and impermeable Feuerletten
clays. Despite low hillslope angles, landslides could be reactivated when high pore pressures develop along low-
permeability layers. In contrast, shallow landsliding is controlled by vegetation. Our results show that rooted area
is more important than species-dependent root tensile strength and basal root cohesion is limited to the upper
0.5 m of the surface due to geologically controlled unfavourable soil conditions. Due to low slope inclination,
root cohesion can stabilize landslide toes or slopes undercut by forest roads, independent of potential soil cohe-
sion, when tree density is sufficient dense to provide lateral root cohesion. In summary, geology preconditions
and prepares deep-seated landslides in scarplands, which sets the framework of vegetation-controlled shallow
landslide activity.

1 Introduction

Landslides are important agents of sediment transport, cause
hazards and are key agents for the evolution of scarplands.
Preconditioning factors influence hillslope stability and are
temporarily unchanging, while preparing factors reduce hill-
slope stability over time to an actively unstable state. On
a geological scale, sedimentary deposition in terrestrial or
marine environments resulted in alternating layers of differ-
ent rock strength with varying inclination (Duszyński et al.,

2019), which preconditions slope stability (McColl, 2022).
Horizontal layering promotes the formation of plateaus,
while tilted layers create cuestas (Young and Wray, 2000;
Duszyński et al., 2019). Due to the differences in rock
strength and resulting different efficacy of erosive processes,
scarplands are characterized by high-strength layers overly-
ing weaker sedimentary layers (Duszyński et al., 2019). Tec-
tonic processes can increase slope height or slope steepness,
and erosion (e.g. by rivers) can undercut hillslopes and ex-
pose weaker sedimentary layers, which act as potential fail-
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ure surfaces and thereby prepare landslide processes (Mc-
Coll, 2022). Landslides can be caused by a wide range of
triggers including a rapid increase in pore water pressure by
rainfall and/or snowmelt and loading of a slope by precipi-
tation or vegetation (McColl, 2022). The tilting of sedimen-
tary layers controls the landslide type in scarplands. On front
scarps, sediment layers dip into the slope (Duszyński et al.,
2019) and landslides in the form of rockfall (e.g. Glade et
al., 2017) or deep-seated landslides (e.g. Jäger et al., 2013)
are abundant. In contrast, sedimentary layers dipping out of
the slope characterize back scarps (Schmidt and Beyer, 2003;
Duszyński et al., 2019), where landsliding processes com-
prise cambering (Hutchinson, 1991), block gliding (Young,
1983), lateral spreading (Spreafico et al., 2017) or deep-
seated sliding processes (Pain, 1986; Schmidt and Beyer,
2003). Geologic conditions precondition landsliding and the
formation of scarplands on a geological scale. In the present
day, reactivation of deep-seated landslides by geomorphic
and anthropogenic processes (McColl, 2022) causes hazards
to communities living in scarplands (Thiebes et al., 2014;
Wilfing et al., 2018); therefore, an understanding of geologic
controls on landsliding is required to analyse slope stability
for hazard management.

As deep-seated landslides were important in shaping scar-
plands, they changed the geomorphometry of hillslopes (e.g.
inclination) and sheared material, and they therefore pre-
condition and prepare present-day shallow landslides. Shal-
low landslides are characterized by soil material < 2 m deep
moving downslope in a flowing, sliding or complex type of
movement (Sidle and Bogaard, 2016; Vergani et al., 2017).
Forests can affect shallow landsliding mechanically and hy-
drologically (Vergani et al., 2017). They can reduce soil
moisture by interception and evaporation, suction and tran-
spiration, and infiltration and subsurface flow (Sidle and Bo-
gaard, 2016; Vergani et al., 2017). Mechanically, forests can
reinforce soil by roots (Wu, 1984; Phillips et al., 2021), roots
and stems can induce buttressing (Vergani et al., 2017), and
anchoring and trees can increase normal force on slopes
(Ziemer, 1981; Terwilliger and Waldron, 1991; Selby, 1993;
Schmidt et al., 2001; Roering et al., 2003). In forest man-
agement, the protective function of forests has been consid-
ered for a long time in high mountain regions (Dorren et al.,
2005; Bischetti et al., 2009). However, forestry is not only
affected by landslide activity, which causes damage to roads
and loss of timber (Sidle and Ochiai, 2006), but also has a
considerable impact on slope stability through changing the
characteristics of forests in sliding-prone areas (Phillips et
al., 2021). Root reinforcement of slope stability declines af-
ter logging operations (Ziemer, 1981; Schmidt et al., 2001;
Vergani et al., 2017) and forestry roads enhance landsliding
through undercutting slopes (Borga et al., 2005; van Beek et
al., 2008). Changes in tree species composition and tree den-
sity also have an impact on the root reinforcement in forests
(Roering et al., 2003; Genet et al., 2008). The influence of
vegetation on landslides has been intensely studied on steep

slopes in the European Alps (Bischetti et al., 2009; Vergani
et al., 2014), the Oregon Coast Range (Schmidt et al., 2001;
Roering et al., 2003), southern California (Terwilliger and
Waldron, 1991), northern Italy (Borga et al., 2005; Schwarz
et al., 2010b), New Zealand (Giadrossich et al., 2020) and
China (Genet et al., 2008); however, little effort was directed
to understanding the influence of vegetation on landsliding
on lower-inclined hillslopes such as scarplands in southern
Germany (e.g. Thiebes et al., 2014) or in the Flemish Ar-
dennes (e.g. Van Den Eeckhaut et al., 2009), where geologic
conditions such as clay layers enable landsliding (Skempton,
1964; Chandler, 2000; Bromhead, 2013).

As geological conditions control deep-seated landslide ac-
tivity on a geological scale that sets the framework for shal-
low landslides in scarplands on a present-day scale, there
is a need to understand how landslide historicity affects
current deep-seated and shallow landslide activity. As cli-
mate change affects forests (e.g. Seidl et al., 2017) and al-
ters landslide activity (e.g. Crozier, 2010), combined forestry
management and hazards approaches on shallow landslides
(Phillips et al., 2021) should be extended by incorporating
geological controls in scarplands. In this study, we aim to
(1) quantify the relation between deep-seated landslides and
geology in the Franconian Jura and estimate if landslides can
be reactivated by hydrologic conditions. For this purpose, we
extended a landslide inventory and compared landslide oc-
currence to geology. On three landslides, we applied elec-
trical resistivity tomography (ERT) to identify shear plane
depth and modelled hillslope stability with different wa-
ter level scenarios. Furthermore, we (2) test if vegetation-
induced root cohesion can stabilize shallow landslides occur-
ring on deep-seated landslides. For this reason, we mapped
tree distribution, quantified root cohesion and applied a slope
stability model. Our results aim to improve forest manage-
ment practices to reduce landslide occurrence in the Franco-
nian Jura.

2 Study area

The research area is located in northern Bavaria, Germany
(Fig. 2a). Geologically, it is situated at the north-eastern mar-
gin of the Franconian Jura, which is the back-scarp part of
the scarplands in southern Germany that consists of sand-
stone, claystone and limestone of mostly Mesozoic age dip-
ping gently to the east, south-east and south (Kany and
Hammer, 1985; Peterek and Schröder, 2010). Tributaries
of the Red Main River eroded deep valleys into the hill-
slopes that consist of Middle Triassic to Lower Jurassic clay-
stones and sandstones (Fig. 1a). The lower part of the hill-
slopes is formed by claystones called Feuerletten that are
part of the Trossingen Formation and were deposited dur-
ing prolonged flooding events in the Middle Triassic (Em-
mert, 1977). They are characterized by red violet, fine sandy
clay and clay–marlstones, which are weathered near the sur-

Earth Surf. Dynam., 11, 71–88, 2023 https://doi.org/10.5194/esurf-11-71-2023



D. Draebing et al.: Geology and vegetation control landsliding on forest-managed slopes in scarplands 73

face into clay. The clay minerals consist of smectite, su-
doite and illite (Emmert, 1977) with high swelling potential
(Wilfing et al., 2018); they are impermeable and serve as an
aquiclude (Boley Geotechnik, 2018). Silty and sandy lenses
lead to inhomogeneities and highly varying mechanical pa-
rameters (Wilfing et al., 2018). The Feuerletten are overlain
by a sequence of sandstones and claystones, which are part
of the Exter Formation (Upper Triassic) and Bayreuth For-
mation (Lower Jurassic). The strata are embraced as Rhäto-
lias and the sandstones form the escarpment in the scarplands
(Fig. 1a). The Exter Formation consists of a pronounced spa-
tial heterogeneous sequence of sandy and clayey deposits,
which vary greatly in their thickness. The predominant dark-
coloured clays are characterized by the occurrence of mont-
morillonite and kaolinite (Emmert, 1977) with high swelling
capacity that can promote the formation of sliding surfaces
(Wilfing et al., 2018). Intercalated quartzitic sandstone layers
are predominant fine- to coarse-grained with fluviatile cross-
bedding (Meyer and Schmidt-Kaler, 1996). The Bayreuth
Formation is formed by a mostly massy, coarse-grained and
light-coloured sequence of sandstones with a cross-bedding
structure and intercalated subordinate clayey lenses (Em-
mert, 1977). The Rhätolias strata serve as an aquifer over the
Feuerletten clays that significantly reduces the hydraulic per-
meability and are interpreted as sliding planes of abundant
landslides (Kany and Hammer, 1985). The intense fracturing
of the sandstones, due to the tectonic strain near the Fran-
conian line, allows water to penetrate into the soil and leads
to the formation of sliding surfaces along the clayey layers
(Wilfing et al., 2018). The climate in the research area is
warm to moderate with annual precipitation around 719 mm
and an annual temperature about 8.9 ◦ for the period 1991
to 2020 (DWD Climate Data Center, 2022a, b).

3 Methods

3.1 Geomorphic and geologic characterization

On a regional scale (Fig. 2b), we revised the exist-
ing landslide inventory by the Bayerisches Landesamt für
Umwelt (2020) for our research area and mapped additional
landslides based on a digital elevation model (DEM) with a
resolution of 1 m. To analyse the role of geology, we derived
the boundary between Rhätolias and Feuerletten from exist-
ing geological maps (Bayerisches Landesamt für Umwelt,
2021a, b, c). We created a frequency–magnitude relationship
based on our landslide inventory (Fig. 2c).

On a local scale, geomorphic mapping was conducted
in the field on three landslides with a focus on landslide-
induced landforms, and geomorphic maps were created in
ArcGIS 10.7.1 (Fig. 3). We used a longitudinal transect that
started in unaffected terrain above the head scarp and went
across the landslide down to or across the stream. Along this
transect, we conducted 1 m long Pürckhauer soil coring with

Figure 1. (a) 2D slope profile with the major geological units in the
Franconian Jura. Soil pits showing the upper 0.5 m of soil developed
in (b) Rhätolias sandstone and (c) Feuerletten clay.

25 to 35 m spacing to analyse the soil texture according to
Ad-hoc-AG Boden (2005).

3.2 Electrical resistivity tomography

Electrical resistivity tomography (ERT) is a standard tech-
nique to investigate landslides (Perrone et al., 2014). The
technique is well suited to differentiate landslide thickness in
lithologies producing contrasting resistivities such as mud-
stone and sandstone (Chambers et al., 2011; Uhlemann et
al., 2017) or loess and tertiary clayey sands (Van Den Eeck-
haut et al., 2007). To investigate three landslides, we applied
ERT along the 360 to 400 m longitudinal transects using an
ABEM Terrameter LS2. We measured a Wenner array with
5 m spacing of electrodes, which enabled a penetration depth
of 60 to 70 m. For data processing, we used a robust least-
squared inversion in Geotomo Res2DInv (Loke and Barker,
1995). Model results showed a low root mean square er-
ror (RMSE) between 5.3 % and 5.4 % for Putzenstein and
Weinreichsgrab and an increased RMSE of 12.1 % at Fürs-
tenanger. RMSE values are comparable to previous investi-
gations identifying shear planes at clayey sand layers in the
Flemish Ardennes (Van Den Eeckhaut et al., 2007; RMSE
4.1 %–14.5 %) and clay layers in the Apennine (Lapenna et
al., 2005; RMSE 2.3 %–15.1 %). The uncertainty analysis re-
vealed the highest uncertainties near the surface (Fig. S1 in
the Supplement) and uncertainties between 1 % and 5 % at
our area of interest, the potential shear plane. A minimum
and maximum analysis showed that ERT results are consis-
tent (Fig. S2) and data processing was not affecting the re-
sults. We used virtual 1D ERT boreholes to identify the shear
plane depth (Siewert et al., 2012) and applied minimum,
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Figure 2. (a) Location of the research area at the Franconian Jura (source: Bayerisches Landesamt für Digitalisierung, Breitband und
Vermessung). (b) Mapped landslides based on Bayerisches Landesamt für Umwelt (2020) and own mapping including investigated landslides
(source: Bayerisches Landesamt für Digitalisierung, Breitband und Vermessung). (c) Frequency–magnitude relationship of landslides.

mean and maximum shear plane depth scenarios (Fig. S3)
for our landslide stability model.

3.3 Tree mapping and influence on stability

We mapped trees up to a lateral distance of 5 m along our
approximately 400 m long ERT transects. Tree mapping in-
cluded location and species of trees larger than 4 m. Dead
and cut trees were excluded as the influence of roots on co-
hesion decreases with ongoing decomposition (Vergani et al.,
2014; Zhu et al., 2020) until trees rot away (Ziemer, 1981;
Ammann et al., 2009). At different positions along our tran-
sects, we selected 15 individual free-standing trees with a
diameter at breast height (DBH) between 30 and 45 cm to
minimize variations in root stability due to different growth
and age (Deljouei et al., 2020). We dug 0.5 m wide and 0.5 m
deep soil pits at 0.8 m distance downslope of the stem (Ji et
al., 2012) of trees reflecting the three main tree species of
the area: Norway spruce, Scots pine and European beech.
To determine the root area ratio (RAR), we took photos of
each soil pit, georeferenced the photos in ArcGIS 10.7.1 us-
ing tie points designated by measurement tapes in both ver-
tical and horizontal directions, mapped every visible root,
and determined location and diameter (Vergani et al., 2014;
Hales and Miniat, 2017). Roots with a diameter< 1 mm were

excluded to avoid uncertainties, and roots with a diame-
ter> 10 mm were neglected as they do not contribute to the
tensile strength of roots due to their stiffness (Bischetti et al.,
2009; Vergani and Graf, 2016). To analyse RAR depending
on depth, the profile wall was divided into 10 cm depth inter-
vals and RAR was calculated as

RAR= ar =

i∑
i=1
Ari

A
, (1)

with the root cross-sectional area Ar as

Ar =
π

4
d2, (2)

where root diameter is d , and A is the area of each 0.1 m
segment of the soil pit. To measure root tensile strength of
Scots pine, root samples with different diameters and a min-
imum length of 10 cm were extracted. Sampled roots were
watered for 1 h to compensate for different moisture content
and to ensure tensile strength measurement under wet con-
ditions (Hales et al., 2013). Tensile strength measurements
were performed applying the set-up by Hales et al. (2013)
using a spring scale (G & G OCS-XY) with 0.01 kg resolu-
tion suspended with a rope on a horizontal branch. The roots
were clamped using a grip tong and vertically pulled down-
wards until breakage using a pincer. The weight at breakage
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Figure 3. Geomorphic maps of the landslides at (a) Putzenstein, (b) Weinreichsgrab and (c) Fürstenanger (DEM source: Bayerische Ver-
messungsverwaltung). For the location of landslides within the research area see Fig. 2b.

was recorded and the root diameter at breakage measured us-
ing a digital calliper (Preciva) with a resolution of 0.01 mm.
Only tests with a root breakage near the middle were used
for the statistical analysis (Genet et al., 2005; Bischetti et
al., 2009). The force at failure FFr was calculated from the
recorded weight w:

FFr = wg, (3)

where g is the gravitational acceleration. The root ten-
sile strength Tr was calculated following previous studies
(Schmidt et al., 2001; Genet et al., 2005):

Tr =
FFr

Ar
. (4)

A power law between root tensile strength and root diame-
ter d can be established for Scots pine:

Tr(d)= αd−β , (5)

where α and β are empirical constants depending on species.
In addition, power laws for Norway spruce (18.10 d−0.72,
r2
= 0.52) and European beech (41.57 d−0.98, r2

= 0.65) es-
tablished by Bischetti et al. (2009) were used in our analysis.

The total root tensile strength tr across the profile wall can
be calculated by incorporating the RAR for ith root diameters
ranging from 1 to 10 mm (Bischetti et al., 2009):
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Table 1. Strength parameters according to Boley Geotechnik (2018) measured at A70 (Thurnau in Fig. 2b) with cohesion c′s, angle of
friction φ and residual angle of friction φ′R.

Geology Soil c′s (kPa) 8 (◦) 8′R (◦)

Rhätolias Clay/silt layers 24.4–99.4 15.8–30.7 10.0–27.1
Sand–gravel 0.1–6.6 23.1–38.1
Sand (baked) 82.9–102.1 24.0–28.6 20.5

Median 48 23.1 13.8
25 % quantile 24.4 18.9 10.4

Upper Feuerletten Silty clay (stiff) 49.0–126.0 13.4–24.1
Silty clay (soft) 11.3–45.9 13.4–26.4 8.4
Silty clay (baked) 17.5–28.9 18.8–25.7
Claystone 94.9 20.1

Median 47.5 19.0
25 % quantile 27.9 16.0

tr =

n∑
i=1

(Trar)i, (6)

where n is the number of roots per diameter class i. The root
cohesion cr was calculated following previous studies (Wal-
dron, 1977; Wu, 1984; Schmidt et al., 2001):

cr = (cosα tan∅+ sinα)tr = k′tr, (7)

where α is the angle of root deformation from the vertical
angle by shearing (see Fig. 2 in Schmidt et al., 2001) and
ϕ is the angle of internal friction of the soil. For roots with
40◦ < α < 70◦ and 25◦ < φ < 40, k′ is around 1.2 (Wu et al.,
1979). Applying Eq. (7) with α similar to Wu et al. (1979) to
the angle of internal friction for Feuerletten (Table 1), k′ is
around 1, which is in accordance with Bischetti et al. (2009).
To consider non-simultaneous root breakage, the correction
factor k′′ of the order of 0.5 was applied following Bischetti
et al. (2009):

cr = k
′k′′tr. (8)

Root cohesion can be differentiated into basal and lateral root
cohesion (Schwarz et al., 2010a). The basal root cohesion is
characterized by roots crossing the shear plane of landslide
at a depth z. Following Bischetti et al. (2009), Eq. (6) can be
adapted to

czbas =

(
k′k′′

N∑
i=1

(Trar)i

)
z

, (9)

where N is the number of roots at a given depth.
Lateral root cohesion results from roots intersecting the

vertical plane of a detachment scarp:

czlat =

M∑
j=1

k′k′′( N∑
i=1

(Trar)i

)
j

1zj

z

 , (10)

where M is the number of depth classes of thickness 1zj .
The total root cohesion is the sum of basal and lateral root

cohesion:

czr = c
z
bas+ c

z
lat. (11)

3.4 Landslide stability model

Mechanical strength parameters of Feuerletten and Rhätolias
were quantified using approximately 90 circular, direct and
triaxial tests on materials derived from 35 boreholes on the
Thurnau landslide affecting the highway (Fig. 2b) and sur-
rounding bedrock (Boley Geotechnik, 2018; Wilfing et al.,
2018).

To assess the reactivation of identified landslides, we used
the method of slices following Fellenius (1936) and calcu-
lated the factor of safety F :

F =

n∑
i=1

[
c′si li + (Wi cosβi −µi li) tan∅i

]
n∑
i=1

[Wi sinβi]
, (12)

where i is the number of slices, c′s is the soil cohesion, l is the
base length of each slice and β is the angle of failure plane
(Selby, 1993). For each slice, Wi needs to be calculated:

Wi = γsziBi, (13)

where γs is the specific weight of Feuerletten or Rhätolias of
the order of 21 kN m−3 (Boley Geotechnik, 2018), and Bi is
the width of each slice. We derived the depth zi and the angle
of the failure plane βi of each slice from the ERT and applied
an upper, mean and lower depth to incorporate uncertainties
associated with the applied geophysical technique.

The pore water pressure µi is calculated for each slice:

µi = γwmzicos2θ, (14)
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Table 2. Factor of safety scenarios for the reactivation of the entire
landslide. L,m and u refer to the lower, mean and upper shear plane
depth scenario.

Scenario z (m) c′s (kPa) 8 (◦) m (m m−1)

1 (blue) l, m, u 28.6 8.4 0–1
2 (yellow) l, m, u 8.5 8.4 0–1
3 (green) l, m, u 0 8.4 0–1

where γw is the specific weight of water assuming a water
density of 997 kg m−3 and θ is the slope angle. The slope
angle θ was derived from the DEM. As the saturation is un-
known, we scaled saturation using

m=
H

z
, (15)

where H is the height of the water table. We calculated sta-
bility scenarios from no saturation (m= 0) to full saturation
(m= 1; Table 2). Where F < 1, the slope is in a condition of
failure, while slopes with F > 1 are considered to be stable
(Selby, 1993).

To assess the susceptibility of shallow landsliding at un-
dercut areas or at landslide toes, we used the infinite slope
model by Skempton and De Lory (1957):

F =
c′s+ c

z
r + (γs−mγw)zcos2θ tan∅

γsz sinθ cosθ
. (16)

We calculated the factor of safety for cohesion scenarios
ranging from no cohesion to 10 kPa assuming fully saturated
conditions (m= 1) and a residual angle of friction of 8.4◦ to
test if root cohesion would be sufficient to stabilize the soil.

4 Results

4.1 Geomorphology of the landslides

In our research area, 125 landslides were identified (Fig. 2b)
with an area ranging from 745 to 320 220 m2 (Fig. 2c).
Around 95 % of the landslides are crossed by the Rhätolias–
Feuerletten boundary (Fig. 2b). The cumulative number of
landslides plotted against area showed a typical distribution
with a decreasing number of landslides with increasing land-
slide size (Fig. 2c). We mapped 3 of the 10 largest land-
slides in detail. All three landslides are characterized by the
location of the head scarp within the Rhätolias Formation.
The Putzenstein landslide has a 710 m long head scarp and
a length of up to 310 m, resulting in an area of approxi-
mately 150 000 m2 (Fig. 3a). Several secondary scarps and
depressions are located above the head scarp without indica-
tors of recent movement (e.g. bent trees). Within the north-
ernmost head-scarp part, we observed roots that were under
tension (Fig. 4a–c). The landslide area is very hummocky
and the landslide front has a height between 1 and 2 m. The

Weinreichsgrab landslide is characterized by a 490 m long
head scarp, a length between 110 and 330 m, and an area
of 120 000 m2 (Fig. 3b). The head scarp partially exposed
10–15 m vertical sandstones (Fig. 4d) in contrast to 45◦ in-
clined slopes (Fig. 4e). The landslide area is hummocky and
the front characterized by tilted and bent trees (Fig. 4f). The
Fürstenanger landslide has a 490 m long head scarp (Fig. 3c)
with a 10–15 m high 45◦ inclined slope (Fig. 4g and h).
The landslide is up to 290 m long and comprises an area of
150 000 m2. The upper third of the landslide area is hum-
mocky and the landslides developed into a straight slope end-
ing at the river (Fig. 3c). At the Putzenstein landslide, fine
and silty sand was abundant in the first 300 m transect length.
At 325 m transect length, reddish clays underlay a 0.2 m thick
sand layer. A similar pattern was visible at Weinreichsgrab
with silty and fine sand abundant until 320 m transect length,
where clays underlay a 30 to 50 cm thick sand layer. At Fürs-
tenanger, silty and fine sand occurred until 180 m transect
length. Initial layers of clay overlain by silty sand were ob-
served at 24 to 40 cm depth between 181 and 206 m transect
length. Clays were abundant at the surface from 236 m on but
usually overlain by a 20–40 cm thick organic and silt layer.

4.2 Landslide thickness

The Putzenstein landslide was characterized by three high-
resistivity cells located at transect lengths between 5 and
70 m, 70 and 195 m, and 232 and 315 m with resistivities
up to 4000�m (Fig. 5a). The cells’ thickness ranged from
18 m at the beginning of the transect to 7 m at the lower
part of the transect. The underlying areas below these cells
had low and contrasting resistivities that enabled a clear dif-
ferentiation from the near-surface areas (Figs. 5a and S3a–
c). Between the high-resistivity cells, the ERT revealed two
low-resistivity bodies between 195 and 220 m as well as be-
tween 315 and 330 m transect length with low contrast to
underlying areas (Fig. S3d). The Weinreichsgrab landslide
was characterized by high-resistivity areas near the surface
until transect length 320 m (Fig. 5b) with underlying low-
resistivity areas from 9 m depth on (Fig. S3e–g). The high-
resistivity areas were differentiated into three cells in clear
contrast to underlying low-resistivity areas, while the lower
part of the transect from 320 m on showed low resistivi-
ties between 20 and 70�m with low contrast to underly-
ing areas (Fig. S3h). The Fürstenanger landslide revealed
heterogeneous near-surface conditions with alternating high-
resistivity and low-resistivity areas (Fig. 5c). At transect
length 50 to 110 m, an up to 15 m thick high-resistivity body
was located. From 110 m on, the transect was characterized
by alternating low and high resisting cells and a more or
less consistent zone of contrasting resistivities at 4 m depth
(Fig. S3j and l). This pattern was disturbed at 180 m transect
length, where areas of higher resistivities dipped 45◦ into the
slope, resulting in a 10–12 m thick zone of contrasting low
and high resistivities (Fig. S3k).
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Figure 4. Photos of (a, b) lateral roots under tension located at the head scarp and (c) at a secondary scarp of the Putzenstein landslide.
(d) Rhätolias boulders at the head scarp, (e) overview of the head scarp and (f) tilted trees at the toe of the Weinreichsgrab landslide.
(g, h) Overview of the head scarp and (i) the toe of the Fürstenanger landslide.

4.3 Trees and roots

The tree mapping results on all transects showed high spatial
variability of tree species composition. The Putzenstein land-
slide showed a clearing with seedlings of different species
including Scots pine, European silver fir and European larch
above the head scarp and until transect length 75 m (Fig. 6a).
From 75 m on, the tree cover got denser with young Nor-
way spruces and European beeches. Between 180 and 235 m
transect length, the trees were characterized by young Nor-
way spruces and European beeches of mixed ages. Norway
spruces became dominant from 235 m on and grew in the
form of a dense thicket between the first forest road at 260 m
and the second forest road at 325 m. Below the second forest
road, an abrupt change occurred and trees were characterized
by Norway spruces, European beeches and Scots pines of
different ages. Above the head scarp of the Weinreichsgrab
landslide (Fig. 6b), old trees stood in an open high forest,

mixed with the grouped regeneration of Norway spruce. Be-
tween 40 and 150 m transect length, young European beeches
and European silver firs grew with Scots pines that added
to the regeneration. From 150 m on, the species mixed with
older Norway spruce trees until the forest road at 225 m.
Below the forest road, Norway spruces were dominant and
young Norway spruces grew in thickets. From 320 m on,
many Norway spruces and a few European beeches occurred
but were misaligned or dead. The area above the head scarp
of the Fürstenanger landslide and from transect length 50 to
120 m was characterized by Scot pines (Fig. 6c). From tran-
sect length 120 m on, Norway spruce became the dominant
species and grew in the form of a thicket from 150 m until the
forest road at 170 m. Below the forest road, Norway spruces
with a few European beeches and Scots pines occurred until
280 m transect length, while Norway spruces were dominant
at the landslide toe.
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Figure 5. Geoelectric models and landslide forms at (a) Putzenstein, (b) Weinreichsgrab and (c) Fürstenanger. Failure plane depth was
derived from a vertical resistivity decrease of 1 to 2 orders of magnitude. For the detailed derivation, see Fig. S3. F highlights the location of
forest roads.

From 160 root tensile strength tests, 27 tests showed root
breakage in the middle and were used to develop a tensile
strength–root diameter relationship (Fig. 7). This relation-
ship is characterized by an exponential decrease in tensile
strength with increasing root diameter (14.22 d−1.13, r2

=

0.55; Fig. 7). Roots were restricted to the upper 0.5 m for
Scots pines and Norway spruces and to 0.4 m for European

beeches. The RAR showed no differences between Rhätolias
and Feuerletten. For Norway spruce, the mean root area ra-
tio decreased from the surface to 0.5 m with values between
0.19 % and 0.2 % at 0 to 0.2 m depth, 0.04 % at 0.2 to 0.4 m
depth, and 0.005 % between 0.4 and 0.5 m depth (Fig. 8a).
Only the depth between 0.1 and 0.2 m showed a variation
between the sites. Scots pines showed a similar RAR trend
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Figure 6. Mapped trees with height above 4 m with up to 5 m of distance to the ERT transects (Fig. 5) at (a) Putzenstein, (b) Weinreichsgrab
and (c) Fürstenanger. The locations of ERT transects are shown in Fig. 3.

Figure 7. Tensile strength plotted versus root diameter for Scots
pine compared to power laws derived for European beech and Nor-
way spruce.

with RAR values between 0.16 % and 0.19 % between 0 and
0.2 m, 0.01 % between 0.2 and 0.3 m, and 0.04 % and 0.11 %
between 0.3 and 0.5 m depth (Fig. 8b). The variability was
highest from 0 to 0.3 m depth between measurement loca-
tions. European beeches revealed a similar RAR depth pat-
tern but with increased magnitudes and variability. Mean
RAR decreased from 0.42 % between 0 and 0.1 m depth to
0.15 % and 0.12 % between 0.1 and 0.4 m depth (Fig. 8c).
Root cohesion revealed similar depth patterns as RAR. For
Norway spruce, mean root cohesion was 12 to 12.4 kPa for
0 to 0.2 m depth and decreased to 3.6 kPa between 0.2 and
0.3 m, 2.6 kPa between 0.3 and 0.4 m, and 0.7 kPa between
0.4 and 0.5 m depth (Fig. 8d). Scots pine revealed lower
root cohesion. Mean root cohesion increased from 4.3 kPa
between 0 and 0.1 m to 6 kPa between 0.1 and 0.2 m depth
(Fig. 8e). With increasing depth, mean root cohesion fluctu-
ated between 1.6 and 2.3 kPa. European beeches showed the
highest root cohesion magnitude and variability. Mean root
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Figure 8. Root area ratio plotted against depth for (a) Norway spruce, (b) Scots pine and (c) European beech. Root cohesion plotted against
depth for (d) Norway spruce, (e) Scots pine and (f) European beech. Red dots highlight mean RAR or root cohesion.

cohesion decreased from 23.6 kPa for the upper 0.1 m to a
range between 8.4 and 12.5 kPa for depths between 0.1 and
0.4 m (Fig. 8f).

4.4 Landslide stability analysis

4.4.1 Landslide stability scenarios for deep-seated
landslides

All three landslides revealed shear planes far below root-
ing depth and showed stable conditions with factor of
safety (FoS) values above 1.66 when assuming a soil co-
hesion of 28.6 kPa (Fig. 9). Assuming a residual cohesion
of 8.5 kPa resulted in FoS values over 1 at all water levels
at the Putzenstein landslide (Fig. 9a). For Weinreichsgrab
and Fürstenanger landslides, stability depended on the slice
height scenario. The Weinreichsgrab landslide became un-
stable when saturation increased above 0.8 in the upper slice
height scenario (Fig. 9b). The Fürstenanger landslide under-
cut a factor of safety of 1 at full saturation for the mean and
at 0.8 for the upper slice height scenario (Fig. 9c). Assuming
no residual soil cohesion, the Fürstenanger landslide would
be unstable independent of saturation levels (Fig. 9c). The
Putzenstein landslide would become unstable between a sat-
uration level of 0.65 and 1.0 depending on the shear plane
scenario (Fig. 9a). The Weinreichsgrab landslide would be
unstable for the maximum shear plane scenario independent
of saturation and for the mean and minimum shear plane
scenario above 0.55 (Fig. 9b). Assuming that full saturation

would reduce soil cohesion to zero, all scenarios for all land-
slides would show an FoS below 1.

4.4.2 Stability scenarios for shallow landslides above
road cuts and landslide toes

Root cohesion can act as basal root cohesion when penetrat-
ing the shear plane and as lateral root cohesion when an-
choring the soil during scarp development. We calculated
which minimum combined soil and root cohesion is neces-
sary to prevent the occurrence of shallow translational land-
slides above road cuts and at landslide toes. All these loca-
tions are underlain by Feuerletten, and assuming a soil cohe-
sion of 28.6 kPa or a residual soil cohesion of 8.5 kPa would
result in stable conditions (Fig. 10). When the soil is over-
saturated, soil cohesion can be zero. In this case, a minimum
root cohesion between 0.8 kPa for shear planes at 0.3 m and
4.5 kPa for shear planes at 1.5 m would be sufficient to stabi-
lize the soil above road cuts (Fig. 10a). At landside toes, root
cohesion between 0.25 and 0.8 kPa is required to stabilize a
potential landslide with a shear plane at 0.3 m depth and root
cohesion between 0.9 and 3.6 kPa to stabilize landslides with
shear planes of 1.5 m depth (Fig. 10b).

5 Discussion

5.1 Geologic control on deep-seated landsliding

The combination of high-permeability Rhätolias above
Feuerletten controls deep-seated landsliding. Of the 125 ob-
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Figure 9. Factor of safety models for the reactivation of the landslides at (a) Putzenstein, (b) Weinreichsgrab and (c) Fürstenanger. We assume
an angle of internal friction of 8.4◦. We vary cohesion between 28.6 kPa (blue scenario), 8.5 kPa (yellow) and 0 kPa (green). Calculations are
based on a mean shear plane depth (line) and minimum and maximum shear plane depth (rectangle).

Figure 10. Factor of safety for fully saturated conditions with a residual angle of friction of 8.4◦ plotted against cohesion scenarios ranging
from no cohesion to 10 kPa for (a) translational landslides at road cuts and (b) landslide toes. Line style highlights the depth of shear plane
ranging between 0.3 and 1.5 m. Line colour in (a) refers to Putzenstein (black) with a slope angle of 13◦ and Weinreichsgrab and Fürstenanger
(both blue) with slope angles of 12◦. Line colour in (b) refers to Putzenstein (black) with a slope angle of 11◦, Weinreichsgrab (blue) with a
slope angle of 9◦ and Fürstenanger (green) with a slope angle of 6◦.

served landslides in our research area, 95 % occurred at the
Rhätolias–Feuerletten boundary (Fig. 2b), which suggests
that Feuerletten play a key role in landsliding. The Feuer-
letten possess a lower angle of internal friction than Rhä-
tolias (Table 1), and cohesion of these clays is susceptible
to saturation. Previous landslide inventories of the Franco-
nian Jura support this role of Feuerletten in the northern
Bavarian scarplands, where Feuerletten were responsible for
an inappropriately high proportion of landslides (Kany and
Hammer, 1985). Kany and Hammer (1985) assumed that
most landslides were fossil and occurred under past climatic
conditions; however, they suggested that these deep-seated
landslides could be reactivated due to anthropogenic impacts
such as road cutting and forestry. The observed movement of
the Thurnau landslide affecting the highway (Fig. 2b; Wilfing
et al., 2018) supports the argument of potential reactivation.

The ERT enabled the identification of the shear plane lo-
cation and suggested that landslides are complex with ro-
tational and translational movement. The Putzenstein land-

slide revealed a hummocky topography (Fig. 3a), and the
ERT showed three high-resistivity cells with resistivities up
to 4000�m and a thickness between 7 and 18 m located
above low-resistivity bodies at transect length between 5 and
70 m, 70 and 195 m, and 232 and 315 m (Fig. 5a). Pürckhauer
drillings revealed fine and silty sand in the upper 1 m. We in-
terpret these cells as dry Rhätolias above wet Feuerletten.
The form of these cells and the hummocky topography indi-
cate three rotational slabs. Between the lower high-resistivity
cells, low resistivities indicate a water-saturated rotational
slab (Fig. 5a). The lower part of the landslide was charac-
terized by a flat topography, low-resistivity areas and near-
surface clay material. Therefore, we interpret this landslide
part as a translational slide within the Feuerletten. The Wein-
reichsgrab landslide revealed a similar pattern of three high-
resistivity cells within hummocky terrain with near-surface
silty sand followed by flat terrain with low resistivities and
near-surface clay (Fig. 5b). These results indicate three ro-
tational slabs and one translational slab at the toe of the
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landslide. In contrast, the Fürstenanger landslide showed one
high-resistivity area in the upper part, indicating a rotational
failure (Fig. 5c). However, the major part of the landslide
showed heterogeneous near-surface resistivities underlain by
low resistivities in the form of a straight slope, indicating a
translational landslide. The observed resistivity pattern was
disturbed at 180 m transect length, where areas of higher re-
sistivities dipped 45◦ into the slope, resulting in a 10–12 m
thick zone of contrasting low and high resistivities (Fig. S3k).
However, the topography showed no evidence of a rotational
slide; therefore, we interpret the resistivity pattern as an arte-
fact of the measurement rather than an indicator for rotational
movement. In summary, electrical resistivity tomography en-
abled in most conditions the identification of the shear plane
due to high resistivity contrasts between Rhätolias and Feuer-
letten with an uncertainty depending on the resolution of the
tomography in the range of 2.5 m. Therefore, we established
minimum, mean and maximum shear plane depth scenarios
to propagate the uncertainty into our stability analysis. All
shear plane scenarios showed a shear plane location far be-
low rooting depth of trees observed on the landslides, indicat-
ing that root cohesion by trees plays no role in stabilization
of deep-seated landslides.

Reactivation of deep-seated landslides depends on cohe-
sion and water saturation. As soil cohesion showed a large
variation between individual layers and within each layer of
the Feuerletten (Table 1; Boley Geotechnik, 2018; Wilfing
et al., 2018), we used three different cohesion scenarios in
combination with the residual internal angle of friction of
8.4◦ measured by Boley Geotechnik (2018) for the stability
analysis. Our landslide stability analysis showed that all three
landslides revealed stable conditions independent of satura-
tion with FoS values above 1.66 when assuming a soil cohe-
sion of 28.6 kPa (Fig. 9). This high cohesion is the mean soil
cohesion of soft silty Feuerletten clay (Table 1) and poten-
tially representative for undisturbed Feuerletten. According
to laboratory tests by Ikari and Kopf (2011), soil cohesion
can redevelop in clays after landsliding due to normal stress.
To include this scenario, we used a reduced soil cohesion of
8.6 kPa (1/3 of the original value). When assuming a resid-
ual cohesion, an FoS below 1 is not reached at the Putzen-
stein landslide independent of water level (Fig. 9a), at Wein-
reichsgrab below saturation of 0.8 in the upper slice height
scenario (Fig. 9b), or at Fürstenanger below 0.8 for the maxi-
mum and 1.0 for the mean shear plane scenario (Fig. 9c). The
development of high saturation in the sand layers of Rhäto-
lias is unlikely as sand is very permeable. However, Rhäto-
lias has impermeable clay layers (Boley Geotechnik, 2018),
and tectonic-induced fractures can increase water infiltration
through these clay layers (Wilfing et al., 2018). Therefore,
water can be trapped between clay layers in Rhätolias and
clay layers in underlying Feuerletten, which can cause hydro-
static pressures equal to high saturation levels (Rogers and
Selby, 1980; Selby, 1993). Therefore, a reactivation of the
entire landslide could be possible due to the geologic condi-

tions of alternating clay layers within the Rhätolias underlain
by impermeable Feuerletten. Assuming no residual soil co-
hesion as suggested by Skempton (1985), the Fürstenanger
landslide would be unstable independent of saturation level
and shear plane scenario (Fig. 9c), while the Putzenstein and
Weinreichsgrab landslides would become unstable between
a saturation level of 0.65–1.0 and 0–0.5 depending on shear
plane scenario (Fig. 9a and b). However, there are no indi-
cators for a reactivation of the Fürstenanger landslide, while
recent fissures indicate potential reactivation of Putzenstein
and Weinreichsgrab landslides (Fig. 3a and b). The applied
model scenarios showed a large variation of stability states
depending on chosen soil cohesion and water availability.
The application of landslide models incorporating hydrolog-
ical conditions (e.g. Perkins et al., 2017) can improve the as-
sessment of slope stability.

5.2 Vegetation control on shallow landsliding

Root area ratio plays a more important role in stabilization
of shallow landslides than tensile strength. Based on 27 tests,
we developed a tensile strength–root diameter relationship
for Scots pines, which is characterized by an exponential
decrease in tensile strength with increasing root diameter
(r2
= 0.55; Fig. 7). Therefore, relative tensile strength in-

creases with decreasing root diameters (Stokes et al., 2009)
as thinner roots possess a higher cellulose content that pro-
vides additional strength (Genet et al., 2005). The power law
and the statistical degree are in the range of previous mea-
surements on European beeches and Norway spruces (Fig. 7;
Genet et al., 2005; Bischetti et al., 2009) and show little dif-
ference between species (Genet et al., 2005; Hales, 2018).
Our RAR measurements revealed 2 times higher RAR values
for European beeches than Scots pines or Norway spruces
(Fig. 8a–c). Consequently, root cohesion is much higher for
European beech than Scots pine and Norway spruce (Fig. 8d–
f). A decrease in tree species number of Scots pine and Nor-
way spruce with an increase in European beech as planned
by the forest management (Fritz Maier, personal communi-
cation, 2020) would increase the root cohesion and therefore
slope stability.

Local soil conditions are controlled by geology, and geo-
logically affected soil conditions at the hillslope scale reduce
rooting depth (Fig. 1). Our RAR measurements showed that
roots were restricted to the upper 0.5 m for Scots pines and
Norway spruces and to 0.4 m for European beeches (Fig. 8a–
c). Within a species, RAR revealed no differences between
topographic locations at the slope or between Rhätolias and
Feuerletten. The rooting depth was very low compared to
pines and beeches occurring in the nearby Frankenwald that
showed rooting depth up to 1.2 m (Nordmann et al., 2009);
however, lithology and soil conditions are different, which
seem to influence root properties more than species identity
(Lwila et al., 2021). At the upper slope location, Rhätolias is
abundant and characterized by high-permeability sandy soil
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(Fig. 1b). In dry soils, trees usually develop deeper roots to
reach groundwater (Hoffmann and Usoltsev, 2001); however,
the hard sandstone layers within the Rhätolias prevent deeper
rooting (Fig. 1b). In addition, sandy soils are less deeply
warmed than fine-grained soils, which results in shallower
root growth (Kutschera and Lichtenegger, 2002). At lower
slope locations, clayey Feuerletten are abundant (Fig. 1c),
which resulted in combination with slope-induced water flow
in moist conditions. Moist aerated soils are characterized by
extreme flat rooting (Stone and Kalisz, 1991; Kutschera and
Lichtenegger, 2002). Therefore, lithology and associated soil
conditions in combination with topography-controlled wa-
ter flow resulted in low rooting depth. Consequently, basal
root cohesion can only effect shallow landslides with a shear
plane below 0.4 or 0.5 m depth, respectively.

Tree density plays an important role in shallow landslide
stabilization by controlling lateral root cohesion. Tensed
roots at Putzenstein (Fig. 4a–c) and bent or tilted trees at
Weinreichsgrab (Fig. 4f) indicate soil creep or shallow land-
sliding in the upper 1 to 1.5 m of Feuerletten clay (Fig. 3a
and b). To quantify the minimum root cohesion necessary to
stabilize low-inclined slopes, we tested shallow landsliding
with shear planes up to 1.5 m depth for slopes affected by for-
est road cuts and at landslide toes with clay material near the
surface enabling high saturation (m= 1). Slopes above for-
est road cuts were characterized by low inclination between
11 and 12◦, while landslide toes revealed even lower slope
angles in the range of 6 to 9◦. Assuming a shear plane depth
of 0.3 m, slopes above road cuts and landslide toes would re-
quire a cohesion between 0.2 and 0.8 kPa (Fig. 10) to stabi-
lize the slope. As root cohesion of Norway spruce, Scots pine
and European beech between 0.3 and 0.4 m depth is above
1 kPa (Fig. 8d–f), root cohesion would be sufficient to sta-
bilize the slope. However, species distribution, number and
position have an influence on the occurrence of landslides
(Roering et al., 2003), as the vegetation patterns always leave
gaps with lower root cohesion. Our investigated slopes above
road cuts were characterized by a combination of European
beech and Norway spruce at Putzenstein and Weinreichsgrab
landslides (Fig. 6a and b), which grew dense enough to pro-
vide sufficient root cohesion to stabilize the slopes. Dense
thickets of Norway spruce occurred on Fürstenanger slopes
above road cuts and on all landslide toes (Fig. 6c) and provide
high root density that would enable sufficient stabilization.
When shear planes exceed rooting depth, lateral root cohe-
sion can have a stabilizing effect (Schwarz et al., 2010b) by
affecting the onset and size of shallow landsliding (Schmidt
et al., 2001; Roering et al., 2003) as indicated by tensed roots
observed at Putzenstein (Fig. 4b). To stabilize shallow land-
slides with shear planes up to 1.5 m, our calculations showed
that a cohesion between 1 and 4.5 kPa would be required
(Fig. 10). As lateral root cohesion is the sum of root co-
hesion of rooted depth, all three investigated species would
provide sufficient lateral root cohesion to stabilize the slope
(Fig. 8d–f) independent of potential soil cohesion when spac-

ing of trees enables cover of the entire slope. Sufficient tree
cover is provided at landslide toes and at the slope above the
road cut at Fürstenanger (Fig. 6c), where thickets of Scots
pine are abundant. Above road cuts at Putzenstein and Wein-
reichsgrab, European beeches occur that provide the high-
est calculated root cohesion (Fig. 8f). Our analysis excluded
dead or harvested trees that can provide additional root cohe-
sion until they rot away (e.g. Ammann et al., 2009; Vergani et
al., 2017); therefore, we eventually underestimate both basal
and lateral root cohesion. Despite the calculations suggest-
ing that lateral root cohesion should prevent shallow land-
sliding, tilted and bent trees, especially at Weinreichsgrab
(Fig. 4f), indicate the occurrence of soil creep and potential
slow shallow landslide movement (Van Den Eeckhaut et al.,
2009; Pawlik and Šamonil, 2018).

5.3 Potential impacts of forestry activity on future
shallow landsliding

Forestry activities influence slope stability. Roots decay af-
ter forest cutting results in decreasing strength and RAR de-
creases (Vergani et al., 2014, 2016) that are already relevant
1 year after tree cutting (Sidle and Bogaard, 2016; Zhu et
al., 2020). In addition to reduction of root cohesion by tim-
ber harvesting (Vergani et al., 2016) or small-scale logging
(Bischetti et al., 2016), the harvesting process can result in
soil erosion (Haas et al., 2020), and the construction of new
forest access roads increases instability through slope frag-
mentation and altered drainage (Borga et al., 2005; van Beek
et al., 2008). Forestry activity can induce gaps in the for-
est cover that would decrease the effect of lateral root cohe-
sion (Cohen and Schwarz, 2017). Therefore, forestry activity
at slopes or above road cuts could decrease root cohesion
sufficiently to trigger landslides in the case of non-existing
soil cohesion due to high saturation levels. Regeneration of
young trees may already provide a considerable amount of
root reinforcement but takes years to restore the original root
cohesion (Sidle and Ochiai, 2006; Giadrossich et al., 2020).

Climate change will result in higher probability of dry
summers and wet winters (Estrella and Menzel, 2013). In dry
locations such as permeable Rhätolias sandstone, droughts
can affect the growth of Norway spruce and Scots pine, with
less of an effect on European beech (Debel et al., 2021). In
the research area, forest management aims to adapt tree com-
position to climate change (Keenan, 2015). In detail, the for-
est service aims to reduce the number of Norway spruce and
increase the percentage of European beech (Fritz Maier, per-
sonal communication, 2020). Our RAR and root cohesion
data (Fig. 8) suggest that a species change towards Euro-
pean beech would increase root reinforcement on the slopes
when a sufficient rooted area has been developed. Further-
more, the forestry service will diversify the tree composition
by planting European sliver fir (Abies alba), Norway maple
(Acer platanoides), European alder (Alnus glutinosa), ses-
sile oak (Quercus petraea (Matt.) Liebl.), pedunculate oak
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(Quercus robur R.), silver birch (Betula pendula Roth) and
downy birch (Betula pubescens Ehrh.) and diversify tree age
(Fritz Maier, personal communication, 2020). Previous in-
vestigations on plant diversity showed that tree mixture had
no influence on FoS as root tensile strength plays a minor
role in stability (Genet et al., 2010). However, root strength
decreases with age (Sidle and Bogaard, 2016); therefore, a
mixed age forest can prevent root strength decay as young
trees can compensate for the reduction of root strength of old
trees. Our root cohesion data showed (Fig. 8) that lateral root
cohesion is sufficient to stabilize slopes (Fig. 10) when tree
distribution is dense enough to avoid gaps. Therefore, sta-
bility is more a factor of tree size and density (Genet et al.,
2010), and forest management should aim to achieve a dense
enough forest that provides sufficient lateral and basal root
cohesion (Fig. 10) to avoid future shallow landsliding.

6 Conclusion

Scarplands are characterized by alternating sedimentary lay-
ers with different strength properties. In our study, we ob-
served 125 deep-seated landslides that indicate a geologic
control on landsliding by impermeable Feuerletten under-
lying more permeable Rhätolias. Detailed investigations on
three landslides showed that shear planes occurred at depths
too deep for tree roots; therefore, roots play no role in the
stabilization of deep-seated landslides. The wide range of po-
tential material strength properties result in high uncertainty
of landslide stability analysis. Scenarios incorporating orig-
inal soil cohesion showed stable conditions independent of
saturation, while cohesion-less scenarios indicated unstable
scenarios independent of or starting at a low height of the
water table. Mean soil cohesion scenarios revealed unstable
conditions limited to high saturation levels during increased
heights of the water table. These saturation levels seem to be
unlikely; however, unfavourable geologic conditions could
result in high water pressures that develop between imper-
meable Feuerletten and clay layers within Rhätolias, reacti-
vating deep-seated landslides.

Vegetation control is restricted to shallow landsliding.
Roots of trees are limited to the upper 0.5 m due to un-
favourable dry conditions at Rhätolias locations or un-
favourable wet conditions, where Feuerletten are abundant.
Root tensile strength is comparable between Norway spruce,
Scots pine and European beech, and root cohesion is mainly
controlled by root area ratio. Therefore, shallow landslid-
ing is highly unlikely at near-surface depth (0.3 m) where
basal root cohesion provides sufficient stability. Below 0.5 m,
lateral root cohesion can stabilize slopes even under high
saturation without soil cohesion if gaps between trees are
avoided. Forest management can reduce landslide suscepti-
bility by providing sufficient tree density and avoiding large-
scale harvesting.

Data availability. The DEM can be bought from the Bay-
erisches Landesamt für Digitalisierung, Breitband und Vermessung
(https://www.ldbv.bayern.de/produkte/3dprodukte/gelaende.html;
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