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Kurzfassung

Die	Hänge	der	mitteleuropäischen	Mittelgebirge	sind	großflächig	mit	geschichteten	quartären	
Sedimenten bedeckt, welche einerseits bedeutende Paläoumweltarchive der spätpleistozänen und 
holozänen Landschaftsentwicklung darstellen und andererseits die Hangstabilität und aktuelle 
Geomorphodynamik	beeinflussen.

Entlang der Mittelgebirgsränder, wo sich periglaziale Deckschichten mit Lössen und 
Schwemmlössen	 verzahnen,	 sind	 komplexe	 periglaziale	 Sedimentabfolgen	 zu	 finden,	 die	 sich	
in besonderem Maße für die Rekonstruktion der spätpleistozänen Landschaftsdynamik eignen. 
So	 zeigen	 Untersuchungen	 in	 Nordhessen,	 dass	 sich	 zwischen	 Solifluktionslagen	 eingeschaltete	
Schwemmsedimente zuverlässig mittels Optisch-Stimulierter Lumineszenz (OSL) datieren lassen 
und eine chronostratigraphische Interpretation spätpleistozäner Sedimentationszyklen ermöglichen.

Jüngere	 Veränderungen	 der	 periglazialen	 Oberfläche	 durch	 natürliche	 oder	 anthropogene	
Prozesse spiegeln hingegen die geänderten Umweltbedingungen im Holozän und den zunehmenden 
Eingriff des Menschen seit dem Neolithikum wider. Für ein in periglaziale Sedimente eingeschnittenes 
Gullysystem in Nordhessen konnte anhand von Schwemmfächerablagerungen und Kolluvien der 
Beginn der Runsenbildung auf die späte Bronzezeit datiert und die Hauptphase der Gullyerosion für 
das späte Mittelalter rekonstruiert werden.

Darüber hinaus ist der Aufbau der periglazialen Sedimentdecke, insbesondere der Wechsel 
bodenmechanisch unterschiedlich stabiler Schichten, eine wichtige Steuergröße für das Auftreten von 
Hanginstabilitäten. Untersuchungen zu bodenphysikalischen und bodenmechanischen Eigenschaften 
der	 quartären	 Sedimentdecke	 im	 Wienerwald	 zeigen,	 dass	 die	 Deposition	 zu	 flachgründigen	
Rutschungen dort am größten ist, wo Schwemmlösse zwischen periglazialen Deckschichten auftreten. 
Auslöser	für	Rutschungsereignisse	sind	jedoch	durch	Wasserstau	und	Interflow	über	der	Basislage	
bedingte, hohe Wassergehalte innerhalb der Schwemmlösspakete.

In	 beiden	 Untersuchungsgebieten	 zeigte	 sich	 ein	 direkter	 Einfluss	 der	 spätpleistozänen	
Sedimentation auf die holozäne, historische wie aktuelle, Geomorphodynamik.
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Abstract

Surface features of Central European low mountain slopes result from (Late) Pleistocene 
periglacial processes and Holocene alterations of the periglacial sediment cover due to natural earth 
surface	processes	or	human	land	use	activity.	The	work	at	hand	focusses	on	marginal	areas	of	Central	
European uplands, which represent transition areas to the adjacent loess regions. Past Pleistocene 
and Holocene landscape dynamics were investigated in a gully catchment area in northern Hesse, 
Germany. Control mechanisms for present-day slope formation were studied in the Vienna Forest, 
Austria.

Thick,	highly	 loess-influenced,	multi-layered	periglacial	 sediment	sequences	 form	detailed	
(Late) Pleistocene paleoenvironmental archives. Findings in northern Hesse, Germany show that 
interbedded slope wash deposits and reworked loess enable consistent numerical dating with 
optically-stimulated luminescence (OSL) and a chronostratigraphic interpretation of Late Pleistocene 
sedimentation cycles and paleoenvironmental dynamics. In the studied gully catchment area in 
northern	Hesse	human	impact	on	Holocene	landscape	formation	is	reflected	by	anthropogenic	soil	
sediments and alluvial fan deposits. Severe soil and gully erosion started as early as the Late Bronze 
Age. 

Disconformities	 within	 the	 periglacial	 sediment	 cover	 further	 influence	 present-day	 slope	
stability and landslide activity. Particularly loess or loess-derived deposits in cover bed sequences 
represent important disposition factors for slope failures. Landslide events are, however, triggered 
by	high	soil	water	contents	due	to	water	stagnation	and	interflow	within	such	soil-mechanically	less	
stable sediment layers.

Findings in both research areas show a direct connection between Late Pleistocene 
sedimentation and Holocene both historic and present-day geomorphodynamics.



3

1. Introduction

On	the	basis	of	three	scientific	papers	the	work	at	hand	summarizes	and	discusses	findings	
obtained from two study areas concerning their relevance for a better understanding of past and 
present-day geomorphodynamics in Central European uplands.

A	profound	scientific	background	on	Quaternary	landscape	formation	is	included	to	outline	
the importance of Pleistocene and Holocene landscape dynamics and to explain the choice of research 
areas. Further, the work at hand comprises a short overview on the regional setting, including 
introductions of both selected study areas, and a concise presentation of the applied methodological 
approaches.

Although both study areas are located in marginal areas of the Central European uplands, 
which represent transition areas between areas with continuous loess covers and the higher elevated 
mountain	 regions	with	 stratified	 periglacial	 cover	 beds,	 and	 are	 thus	 characterized	 by	 loess-rich	
Quaternary	sediments,	investigations	followed	different	scientific	questions	in	both	study	areas.

In the Rehgraben gully catchment area in northern Hesse, Germany, the investigations 
focused on the reconstruction of Late Pleistocene periglacial sedimentation cycles and Holocene 
human	induced	gully	formation.	Extraordinary	 thick,	highly	 loess-influenced	periglacial	sediment	
sequences with well distinguishable, multi-layered cover beds and intercalated slope wash deposits 
reflect	(Late)	Pleistocene	 landscape	dynamics	 in	great	detail.	Slope	wash	sediments	further	allow	
numerical dating with optically-stimulated luminescence (OSL). Changes of the Pleistocene sediment 
cover further record the extent of human impact on Holocene landscape development and present-
day	surface	features.	Thus,	investigations	in	the	Rehgraben	catchment	area	aimed	i)	to	reconstruct	
and date (Late) Pleistocene sedimentation cycles within the study area and ii) to date the onset of 
gully incision and to identify major phases of gully formation during Holocene.

In the second research area, the Hagenbach Valley, which is located in the Vienna Forest, 
Austria, investigations focused on more recent changes of surface features due to shallow landslides. 
This	 study	aimed	 to	answer	 the	question	how	slope	 instabilities	and	slope	 failures	are	controlled	
by	 soil-physical	 and	 soil-mechanical	 properties	 of	 the	 stratified	 Quaternary	 sediment	 cover	 and	
furthermore, to differentiate disposition factors and triggers for landslide events. 

The	 following	 discussion	 links	 findings	 from	 both	 study	 areas	 and	 outlines	 the	 overall	
importance of transition areas for the investigation of past and present-day landscape dynamics in 
regions	 with	 highly	 loess-influenced	 Quaternary	 sediment	 cover.	 Beyond	 that,	 additional	 results	
which	were	not	to	this	extent	included	in	the	scientific	articles	will	be	presented	and	discussed.

This	work	finishes	with	major	conclusions	and	propositions	for	future	research.
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2. Scientific background

The	chronostratigraphic	unit	of	 the	Quaternary	 is	 traditionally	divided	into	 the	Pleistocene	
(2.6 Ma to 11.7 ka), the actual Ice-Age, and the following warm period, the Holocene (since 11.7 ka; 
Cohen and Gibbard 2011, Gibbard and Cohen 2008).

During Middle and Late Pleistocene (~480 ka to 11.7 ka, Cohen and Gibbard 2011, Gibbard and 
Cohen 2008) Central Europe has been affected by at least three extension phases of the Scandinavian 
ice sheet in the north (Elsterian glaciation, Saalian Complex and Weichselian glaciation; Ehlers et 
al. 2004, Ehlers et al. 2011) and at least four glaciations of the Alps and the Alpine foreland in the 
south (Günz, Mindel, Riss, and Würmian glaciation; Fiebig et al. 2004, Penck and Brückner 1911). 
During these glacial periods the Central European uplands remained ice-free except for small-scale 
glaciations	in	higher	altitudes	(cf.	Fiebig	et	al.	2004,	Koster	2005a)	of	the	Bavarian	Forest	(Bauberger	
1977, Jerz 1993), the Schwarzwald (Steinmann 1892, Leser 1979) or Harz mountains (Duphorn 
1968, Hövermann 1974, Zimmermann 1868) in Germany or the Vosges mountains in France 
(cf.	Leblanc	1838,	Merciér	and	Jeser	2004,	Meyer	1913)	and	belonged	to	an	approximately	500	km	
wide periglacial belt with permafrost, or deep seasonal frost conditions (Huijzer and Vandenberghe 
1998, Vandenberghe 2001, Vandenberghe et al. 2014).

2.1 Pleistocene periglacial geomorphodynamics in Central Europe

Pleistocene periglacial processes in Central Europe were similar to those in present-day 
permafrost regions of the high-latitudes. However, enhanced annual solar radiation in the mid-
latitudes (cf. Vandenberghe 1993) resulted in longer thaw periods and increased periglacial erosion 
and sedimentation rates (French 2007), intense geomorphodynamic processes, and rapid landscape 
changes	(Kolstrup	2005).

Periglacial environments are, due to high frequencies of freeze-thaw-cycles (Mackay 1999) as 
well as thermal stress (Hall et al. 2002), characterized by intense physical weathering, disintegration 
of bedrock, and enhanced sediment production (French 2007). Disruption of the vegetation cover 
and	 the	 formation	 of	 open	 landscapes	 (Kolstrup	 2005)	 with	 species-poor	 communities	 of	 low-
growing	plants	like	grasses,	dwarf	shrubs,	and	arctic	herbal	species	(Schultz	2005)	of	the	subarctic	
tundra	 and	 cold	 steppe	 (Fanta	2005)	were	 the	 result	 of	 decreasing	mean	 annual	 air	 temperatures	
and changes in the water cycle (French 2007). Discontinuous, tundra-like vegetation enabled rapid 
erosion	of	weathering	debris	by	gelifluction,	slope	wash	or	deflation	on	the	one	hand	(French	2007,	
Kolstrup	2005)	 and	 intense	 eolian	deposition	of	 sand	 and	 silt	 on	 the	other	hand	 (Koster	 2005b).	
Central Europe was thus affected by a combination of periglacial mass wasting processes as well as 
eolian	sedimentation	of	loess.	Periglacial	slope	processes	like	gelifluction	and	slope	wash	resulted	
in	the	deposition	of	stratified	slope	deposits,	the	periglacial	cover	beds	(see	2.2),	in	the	central	parts	
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or higher altitudes of low mountain ranges. Whereas forelands, basins, and large valleys below 
500	m	a.s.l.	 (Koster	2005b)	are	characterized	by	continuous	or	discontinuous	 loess	covers	due	to	
intense	eolian	sedimentation.	The	change	in	the	periglacial	sediment	cover	from	loess	areas	to	uplands	
with periglacial slope deposits is, however, rather gradual. In the marginal regions of low mountain 
areas loess sedimentation was less intense than in the adjacent loess areas but considerably higher 
than in the more elevated central parts of the Central European uplands. As a consequence, upland 
margins represent transition areas which are not only characterized by periglacial slope deposits with 
an enhanced eolian (loess-derived) component but also by an increased sediment thickness due to 
high allochtonous sediment input.

2.1.1 Periglacial slope formation by gelifluction and slope wash

Slope evolution in periglacial areas is controlled by a combination of mass moving 
processes,	including	frost	creep,	solifluction	or	gelifluction	(Benedict	1976),	and	slope	wash	(French	
2007,	 Strömquist	 1983,	 1985).	 Due	 to	 their	 close	 relation	 to	 freezing	 and	 thawing	 of	 seasonal	
frost or permanently frozen ground the mentioned processes have a strong seasonal character 
(cf.	French	 	2007,	Van	Vliet-Lanoё	2008).	Overall,	periglacial	 landscapes	are	 is	characterized	by	
a	smoothening	of	the	landscape,	the	extension	of	slopes	(“periglacial	cycle”	Peltier	1950:	223)	and	
thus,	by	a	“progressive	and	sequential	reduction	of	relief	with	the	passage	of	time”	(French	2007:	44)	
due to erosion in upper slope positions and re-deposition of sediment on lower slopes or in slope 
depressions (cf. French 2007, Kleber and Scholten 2013). 

Although	 the	 interaction	 of	 gelifluction	 and	 slope	 wash	 is	 well	 documented	 for	 present	
periglacial areas, its impact on Pleistocene cover bed formation is, however, not fully understood  
(cf. Frühauf 1991, Kleber 1992).

2.1.1.1 Gelifluction

Andersson	 (1906)	 defined	 “solifluction”	 as	 a	 slow	 downslope	movement	 of	 soil	 material	
under	saturated	conditions,	while	“gelifluction”	refers	to	solifluction	in	association	with	impermeable	
frozen underground (Washburn 1979: 14). Both terms are, however, often used as synonyms 
(e.g. Harris et al. 2008, Harris and Smith 2003) to describe gravitational mass movement controlled 
by soil creep, ice content, particularly ice segregation, and water supply during the thaw period 
(Benedict	 1976,	 Van	 Vliet-Lanoё	 2008)	 within	 the	 seasonally	 unfrozen	 “active	 layer”	 (French	
2007, Shiklomanov and Nelson 2013). Although permafrost is not mandatory for downslope 
movement of soil material in periglacial environments, encourages and maintains a high permafrost 
table the saturation of the active layer throughout the thaw period by impeding percolation of 
meltwater	or	precipitation	(Benedict	1976,	Van	Vliet-Lanoё	2008).	According	to	Harris	(1987)	or	
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Van	Vliet-Lanoё	(2008)	gelifluction	is	thus	more	frequent	and	more	pronounced	in	the	active	layer	on	
top of permafrost, especially during late summer (cf. Benedict 1976, Lewkowicz and Clarke 1998, 
Matsuoka and Hirakawa 2000). Saturation of the active layer causes a loss of friction and cohesion 
and provokes a slow gravitational mass movement (French 2007). In present periglacial regions 
the active layer thickness may show daily to annual variabilities (Hinkel et al. 2001) ranging from 
15	cm	100	cm	(French	2007,	Shur	et	al.	2005).	Highest	gelifluction	speed	is	observed	close	to	the	
surface	and	ranges	from	0.5	to	5	cm	per	year,	depending	on	slope	angle	and	gradient	(French	1974,	
Matsuoka 2001, Hinkel et al. 2001) as well as soil characteristics and vegetation cover (Harris et 
al.	1995,	Harris	and	Smith	2003).	In	consequence	of	a	decreasing	movement	with	depth,	only	the	
uppermost	~50	cm	of	the	soil	are	affected	by	gelifluction	(Harris	et	al.	2008,	Harris	and	Davies	2000).	
A	characteristic	feature	caused	by	gelifluction	is	an	inclination	of	clasts	in	direction	of	movement	
(Harris 1987), generating an imbricate structure due to alignment of longitudinal axes of rock 
fragments	parallel	to	the	slope	(Kleber	et	al.	2013a).	On	unvegetated	surfaces	gelifluction	proceeds	
as	 laminar	 (Matsuoka	2001)	 lateral	 sliding	process	 (Kleber	 et	 al.	 2013b,	Van	Vliet-Lanoё	2008),	
forming	 rather	uniform,	unsorted	 sediment	 layers	 (French	2007).	Repeated	phases	of	gelifluction	
during	 Pleistocene	 resulted	 in	 the	 formation	 of	 stratified	 sequences	 of	 periglacial	 slope	 deposits	
(e.g.	Ballantyne	and	Harris	1994,	Bates	et	al.	2003,	Semmel	1968,	Semmel	and	Terhorst	2010)	–	
the	periglacial	“cover	beds”	(Kleber	1992,	1997).	Cover	beds	are	defined	as	stratified	deposits	that	
formed by unconcentrated translocation of upslope materials, which may contain admixed eolian 
material	and	“cover	[…]	slopes	to	a	large	extent	or	even	completely	rather	than	being	restricted	to	
drainage	ways,	linear	discharges,	or	local	failures”	(Kleber	and	Terhorst	2013:	3).

2.1.1.2 Slope wash

Apart	from	gelifluction,	permafrost	conditions	also	favor	slope	wash	or	sheet	flow	on	frozen	
ground (French 2007). Unconcentrated surface runoff during rainfall or snow melt causes erosion 
and	downslope	transport	of	fine	grained	material,	having	a	sorting	effect	on	the	slope	(French	2007,	
Kolstrup	2005).	Investigations	in	present-day	periglacial	areas	show	that	slope	wash	and	gelifluction	
may alternate seasonally, each contributing to periglacial slope formation (cf. Strömquist 1983). 
However, the intensity of slope wash varies on a small scale, depending on the microrelief of the 
slope,	and	is	at	present	of	secondary	importance	for	periglacial	slope	formation	(cf.	Strömquist	1985).	
Slope wash processes are closely connected to snow melt and rainfall in spring and early summer 
when	the	frozen	ground	prevents	infiltration	of	meltwater	or	precipitation,	causing	saturated	overland	
flow.	Highest	slope	wash	erosion	rates	were	observed	on	unvegetated	slopes	with	gelifluction	lobes	
(Strömquist	1983,	1985).

Considering the fact that Pleistocene periglacial dynamics in the mid-latitudes were 
characterized by higher intensities than those presently observed in high-latitude regions, it is 
supposed that slope wash had a stronger impact on Pleistocene periglacial landscapes in Central 
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Europe. Paleoclimatic reconstructions, for example by Huijzer and Vandenberghe (1998), support 
this assumption for warmer, moister, and more temperate periods of the last glacial period 
(e.g.	50	to	41	ka,	Huijzer	and	Vandenberghe	1998).

2.1.2 Eolian processes and deposition of periglacial loess

High rates of sediment production on unvegetated surfaces in past periglacial areas 
favored wind driven erosion, transport, and sedimentation and, thus, intense eolian dynamics and 
worldwide dust transport (Pécsi 1990). As a consequence of higher wind speeds of the westerlies, 
increased aridity in Central and Eastern Europe, and open landscapes during Pleistocene glacial 
periods (Mahowald et al. 1999, Renssen et al. 2007, Seppälä 2004), eolian activity was enhanced 
and	 more	 widespread	 than	 it	 is	 today	 (Kolstrup	 2005).	 Late	 Pleistocene	 loess	 sedimentation	 in	
Western and Central Europe took place in very cold periods with arid conditions  and strong winds 
(cf. Vandenberghe and Nugteren 2001, Frechen et al. 2001). Furthermore, eolian processes were 
strongest on dry snow-free surfaces during summer (Koster 1988). Sediment source areas for eolian 
processes	in	Europe	were	local	flood	plains	or	glacial	outwash	plains	as	well	as	the	more	distant	floor	
of the North Sea (French 2007).

The	most	important	periglacial	eolian	sediment	in	Central	Europe	is	loess.	Periglacial	loess	
is	defined	as	terrestrial,	clastic,	coarse	silt-dominated	sediment,	which	originates	from	deposition	of	
windblown	dust	(Pye	1987,	1995,	Smalley	et	al.	2011).	Loess	is	typically	loose	structured,	unstratified,	
porous,	and	pale	yellow	in	color	(Pécsi	1990).	The	European	loess	belt	expands	from	northern	France	
over Germany, Czech Republic, Austria and Hungary to the continental plains east of the Carpathian 
Mountains	to	Ukraine	and	Russia	(Antoine	et	al.	1999).	The	thickness	of	the	loess	cover	increases	
in a northwest to southeast direction (French 2007, Haase et al. 2007, Fig. 1, p. 8), as a result of 
increasing loess sedimentation rates along a climatic gradient from the rather humid northwest to 
the	more	arid	southeast	 (Frechen	et	al.	2003).	The	often	 less	 than	2	m	 thick,	discontinuous	 loess	
covers	 in	Central	Europe	 (Haase	et	 al.	2007,	Fig.	1a)	belong	 to	 the	cold-humid	 loess	“province”	
(Smalley et al. 2011). Most Central European loesses were deposited during the Upper Weichselian 
(cf.	Frechen	et	al.	2001,	Koster	2005b),	a	time	span	with	particularly	high	loess	sedimentation	rates	
(Antoine et al. 2001, Frechen et al. 2003). In Central European uplands enhanced loess sedimentation 
was limited to forelands, large valleys, and basins (cf. Haase et al. 2007, Fig. 1b) in altitudes below 
500	m	a.s.l	(Koster	2005b).	In	higher	altitudes	and	central	parts	of	mountainous	regions	in	Central	
Europe	(Fig.	1b)	Pleistocene	loess	deposition	and	its	influence	on	the	periglacial	sediment	cover	is	
evidenced in the silty eolian component of cover beds, particularly upper and intermediate layers 
(cf.	 Kleber	 et	 al.	 2013b,	 Semmel	 1968,	 Semmel	 and	Terhorst	 2010).	 Loess	 deposits	 have	 often	
been	modified	by	local	reworking,	weathering	and	pedogenesis	after	their	deposition	(Pécsi	1990,	
Sprafke	and	Obreth	2015),	which	led	to	a	first	differentiation	of	typical	“primary	loess”	and	modified	
“secondary	loess”	as	differentiated	by	Obruchev	(1945).	Secondary	loess	is	also	called	“loess-derived	
colluvium”	(Pye	1995),	“loess	derivate”,	or	“alluvial	loess”	(Haase	et	al.	2007).
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Fig. 1. Loess distribution in Europe, A) European loess map (Haase et al. 2007), B) section of the European 
loess map showing the loess distribution in Central Europe. Stars indicate the locations of the research areas 
in the transition zone between loess regions and uplands.
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2.2 The periglacial layer concept and cover beds in marginal areas of the 
Central European uplands

In	 German	 uplands	 the	 periglacial	 sediment	 cover	 has	 been	 studied	 since	 the	 late	 1950s	
(cf.	Büdel	1959,	Rohdenburg	1965,	Schilling	and	Wiefel	1962,	Schönhals	1957,	Schwanecke	1966,	
Semmel 1964, 1968). Early cover bed research resulted in numerous, largely incompatible 
classifications,	 each	with	 a	 distinct	 terminology	 and	widely	 diverging	 interpretations	 on	 age	 and	
genesis	of	the	periglacial	slope	deposits	(Völkel	1995,	Völkel	et	al.	2002).

The	periglacial	layer	concept,	as	it	is	applied	today,	goes	back	to	works	by	Semmel	(1964,	
1968)	and	became	a	standard	tool	to	describe	the	stratified	sediment	cover	on	low	mountain	slopes	
by	 integrating	 it	 into	 the	 Geman	 soil	 mapping	manual	 (cf.	Adhoc-AG	Boden	 1994,	 2005).	 The	
periglacial layer concept differentiates three main lithological units: the basal layer which comprises 
autochtonous weathering debris of the underlying bedrock as well as the intermediate layer and upper 
layer,both characterized by an additional allochtonous silty eolian sediment component (Adhoc-AG 
Boden	2005,	Semmel	1968,	Semmel	and	Terhorst	2010;	Fig.	2).

Fig. 2. Schematic distribution of cover beds on Central European upland slopes (Kleber and Scholten 2013, simplified).

2.2.1 Age of cover beds

The	 age	 of	 cover	 beds	 has	 been	 and	 is	 still	 an	 object	 of	 research.	As	 lithological	 units	
(e.g. Fried  1984, Semmel 1968) cover beds do not represent certain time spans (Adhoc-AG Boden 
2005,	Hülle	and	Kleber	2013,	Zöller	and	Nehring	2002).	In	this	context	it	is	important	to	differentiate	
between the actual age of the deposited material and the time of its deposition (deposition age). 
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Based	on	findings	by	Zöller	and	Nehring	(2002),	Hülle	and	Kleber	(2013:	59)	state	that	periglacial	
cover	beds	“have	been	dislocated	one	last	time	to	reach	their	final	positions,	but	that	there	were	several	
earlier episodes of dislocation, affecting always the same matter again and again”. Actual sediment 
age	and	deposition	age	may	hence	differ	widely.	The	application	of	numerical	dating	techniques	such	
as luminescence or radiocarbon dating is further impeded by pedoturbation processes after deposition 
and/or by the admixture of fresh sediment (Fuchs and Lang 2009, Huber 2014, Hülle et al. 2009, 
Kleber	 et	 al.	 2013b,	Lang	 2003,	Lang	 and	Höhnscheidt	 1999,	Völkel	 and	Mahr	 1997).	The	 few	
published numerical datings for periglacial cover beds show great variations and wide age ranges 
(e.g. Huber 2014, Hülle et al. 2009, Völkel and Mahr 1997, see also Döhler et al. 2018 ).

While the age of intermediate and basal layers is still under discussion, the deposition age of 
upper	layers	appears	to	be	clarified.	The	youngest	periglacial	cover	bed	has	repeatedly	been	dated	
to the Late Glacial (Hülle and Kleber 2013, Kleber 2004, Sauer 2002, Völkel and Leopold 2001, 
Völkel	et	al.	2001),	or	even	to	the	Younger	Dryas	(e.g.	Semmel	1968,	1998,	Semmel	and	Terhorst	2010).	
A more detailed overview on published numerical ages for cover beds is given in Döhler et al. (2018).

2.2.2 Periglacial cover beds in marginal regions of Central European uplands

In the marginal regions of the Central European uplands the interaction of intense loess 
sedimentation,	 gelifluction,	 and	 slope	wash	 formed	 periglacial	 sediment	 successions,	which	may	
differ from those described by the periglacial layer concept. Due to enhanced loess input tripartite 

Fig. 3. Schematic distribution of periglacial sediments in transition areas. A) Plateaus and hilltops may show 
a primary loess cover, while the slopes are characterized by tripartite cover bed sequences with interbedded 
loess or loess-derived sediments. B) Primary loess has been completely eroded and modified by slope wash and 
gelifluction. Tripartite cover bed sequences occur on the hill top and the slope shoulder, while cover beds are 
interbedded with reworked loess in lower slope positions, based on Rosenberger and Sabel (2002), Hessisches 
Landesamt für Bodenforschung (1997), and findings by Damm and Terhorst (2010), Terhorst et al. (2009).
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cover bed sequences are more widespread and periglacial cover beds may occur with interbedded 
loess	 or	 loess-derived	 sediments	 (Fig.	 3,	 p.	 10;	 e.g.	 Homolova	 et	 al.	 2012,	 Rohdenburg	 1965,	
Semmel	1993,	Terhorst	et	al.	2009,	Zöller	and	Nehring	2002).

Based on these studies it is possible to outline exemplary distribution patterns of periglacial 
slope	deposits	in	transition	areas.	Depending	on	the	intensity	of	loess	sedimentation,	flat	mountain	
tops or plateaus may be characterized by thin primary loess covers (Fig. 3a, p. 10) or, where the eolian 
sediment	input	was	less	intense	or	primary	loess	has	been	modified	by	slope	wash	and	gelifluction,	by	
tripartite cover bed sequences (Fig. 3b). Periglacial cover beds or intermediate and upper layers, to 
be exact, on slopes show enhanced (Sauer 2002) or even dominant eolian silt contents. Occasionally, 
intermediate layers are associated with loess or loess-derived sediments (Fig  3; cf. Kleber et al. 2013b, 
Kolstrup	2005,	Sauer	2002)	in	lower	slope	positions	or	(former)	slope	depressions.	These	(reworked)	
loess	deposits	are	commonly	moderately	calcareous	and	stratified,	and	further,	show	enhanced	sand	
components	(Damm	and	Terhorst	2010,	Frank	et	al.	2011,	Terhorst	et	al.	2009).

Previous studies on the reconstruction of Late Pleistocene geomorphodynamics and 
paleoenvironmental	conditions	in	highly	loess-influenced	margins	of	Central	European	uplands	were	
conducted	in	the	Göttinger	Wald	mountains	by	Rohdenburg	(1965),	by	Zöller	and	Nehring	(2002)	in	
the Westerwald mountains or by Kösel (1996) in the Alpine forelands.

2.3 Holocene geomorphodynamics and the impact of human land use    
activity

From a geomorphodynamic point of view, the Holocene can be divided into a geomorphological 
stable	phase	(11.7	to	~	7.5	ka	BP)	and	a	more	or	less	instable	phase	since	~7.5	ka,	which	marks	the	onset	
of agriculture in Central Europe during the Early Neolithic and the beginning of a noticeable human 
impact on natural ecosystems and landscape evolution (Kalis et al. 2003, Rohdenburg 1971, Fig. 4, p. 12).

2.3.1 Geomorphodynamic stability and pedogenesis during Early Holocene

The	Early	Holocene	was	characterized	by	a	consistent	rise	in	temperature,	which	reached	a	
maximum	at	around	9.5	ka	BP.	Temperatures	remained	at	this	level	until	5.5	ka	BP	(cf.	Marcott	et	al.	
2013) and  Holocene warming was accompanied by reforestation as well as a stabilization of the 
surface	(Fanta	2005)	and	the	periglacial	sediment	cover	(Rohdenburg	1971).	The	geomorphologically	
stable	phase	continued	throughout	the	Mesolithic	(9	ka	to	~	7.5	ka	BP)	because	hunter	and	gatherer	
communities had no measurable impact on the natural ecosystem (Kalis et al. 2003). Surface runoff 
was	prevented	by	high	infiltration	rates	of	forest	soils	(Dreibrodt	et	al.	2010,	Valentin	et	al.	2005)	and	
erosion	of	the	periglacial	sediment	cover	was	limited	to	very	exposed	relief	positions	(e.g.	Bork	1985,	
Bork et al. 1998, Dotterweich 2008).
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Fig. 4. Chronostratigraphic and climatic stages of the Holocene with Central European cultural stages. 
Subdivison of the Holocene and ages (*) according to Walker et al. (2012), climatic stages taken from 
Mangerud et al. (1974), with ages (^) according to Landesamt für Bergbau, Energie und Geologie (2004). 
Cultural stages for Central Europe based on Bork et al. (1998) and Dotterweich (2008), beginning and end 
of Bronze Age (‘) according to Harding (2000), onset of the Neolithic (**) according to Kalis et al. (2003) 
and Pleistocene-Holocene boundary based on Cohen and Gibbard (2011) and Gibbard and Cohan (2008).

A closed vegetation cover enabled pedogenesis in periglacial sediments. Holocene soil 
formation in Central Europe was characterized by weak physical and chemical weathering with 
vertical	 translocation	 of	 solutes	with	 the	 percolating	water	 and	 acidification	 (Blume	 et	 al.	 2010,	
Pécsi	and	Richter	1996,	Sevink	and	Spaargaren	2005,	Zech	et	al.	2014).	As	pre-weathered	regolith,	
the periglacial sediment cover (Lorz, 2008, Lorz et al. 2013) has enabled the development of rather 
profound	soil	profiles	since	the	end	of	the	last	glacial	period	(Kleber	1992,	Semmel	1994,	2005).
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Admixed	loess	material	in	cover	beds	influenced	the	chemical	properties	of	the	parent	material,	
including pH-value, base saturation, and buffering capacity (Kleber 1997, Lorz 2008, Lorz et al. 
2013,	Mahr	1998,	Semmel	1993)	and,	thus,	influenced	Holocene	pedogenetic	processes.	High	loess	
contents in periglacial cover beds thus disconnected the pedogenesis from the underlying bedrock 
(Kleber 1992, Lorz et al. 2013). In general, the admixture of loess enhanced the quality and fertility 
of soils in Central European uplands. While Cambisols commonly developed in shallow bipartite 
cover bed sequences, Luvisols are typical for more profound tripartite cover beds (Lorz et al. 2013). 
The	soils	in	the	highly	loess-influenced	transition	areas	are	thus	similar	to	those	of	the	adjacent	loess	
regions where Luvisols represent a major soil type (cf. Pécsi and Richter 1996).

2.3.2 Human induced landscape dynamics since the Early Neolithic

Because of their fertile and most favorable soils for agriculture (Muhs 2007) loess regions 
were	preferred	settlement	areas	since	the	Early	Neolithic	(Liner	Bandkeramik	culture,	Fanta	2005,	
Koster	2005a,	Lang	and	Bork	2006).	While	Early	Neolithic	people	lived	closely	adapted	to	the	natural	
ecosystem	 (Fanta	 2005,	Kalis	 et	 al.	 2003),	Younger	Neolithic	 communities	 shifted	 to	 large-scale	
woodland clearing and the exploitation of natural resources at ~6.3 ka BP (Kalis et al. 2003), which 
resulted	 in	 forest	 fragmentation	 and	 the	 expansion	 of	 heathland	 (Fanta	 2005).	Rising	 population	
numbers resulted in woodland clearing and the increasing disruption of the natural vegetation cover 
caused widespread soil erosion during Late Bronze Age and Iron Age (Bork et al. 1998, Dreibrodt et al. 
2010,	Dotterweich	2008),	particularly	in	the	vulnerable	loess	regions	(Pécsi	and	Richter	1996).	The	
highest level of deforestation and soil erosion in European history was reached during the Late 
Middle Ages (Bork et al. 1998, Lang and Bork 2006, Dotterweich 2008, Dreibrodt et al. 2010).

Past soil erosion in Central Europe was accompanied by intense gully erosion (Poesen et al. 
2003,	 2006,	 Valentin	 et	 al.	 2005),	 which	 had	 a	 severe	 impact	 on	 Central	 European	 landscapes	
(Bork	et	al.	1998,	Dotterweich	2005,	Dotterweich	et	al.	2013).	However,	severe	gully	erosion	was	
also	a	result	of	extreme	climatic	events	(Bork	and	Bork	1987,	Poesen	et	al.	2003,	Valentin	et	al.	2005).	
Highest	 soil	 erosion	 rates	were	 reconstructed	 for	 the	first	 half	 of	 the	14th	 century,	 a	period	with	
outstandingly high precipitation (Bork and Bork 1987) and for the time span between late 17th to the 
first	half	of	the	19th	century,	corresponding	to	the	beginning	and	end	of	the	Little	Ice	Age	(Bork	1985,	
Dotterweich	2005,	Dreibrodt	et	al.	2010).	Past	gully	erosion	thus	reflects	the	impact	of	environmental	
change on landscape dynamics, resulting from the interaction of human land use activity and climatic 
changes	(Ionita	et	al.	2015,	Valentin	et	al.	2005).

In regions with long settlement history human activity caused an almost complete 
re-modification	 of	 the	 surface	 (Koster	 2005a,	 Sevink	 and	 Spaargaren	 2005).	 Past	 soil	 erosion	
is	 recorded	 in	 truncated	Holocene	 soil	 profiles	 (cf.	Dreibrodt	 et	 al.	 2010,	Lang	 and	Bork	 2006),	
in	 re-deposited	 anthropogenic	 soil	 sediments	 on	 slopes	 (cf.	 Fröhlich	 et	 al.	 2005,	 Sevink	 and	
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Spargaaren	2005),	in	floodplain,	lake	and	alluvial	fan	sediments	(e.g.	Bork	et	al.	1998,	Dotterweich	
2008, Dreibrodt et al. 2010, Kalis et al. 2003), or in erosional land forms like Holocene slope 
depressions	 (e.g.	 Bork	 et	 al.	 1998,	 Thiemeyer	 1988,	 1989)	 and	 permanent	 gully	 channels	 (e.g.	
Bork	1985,	Semmel	1995,	Stolz	and	Grunert	2006).

2.3.3 Natural earth surface processes in the Quaternary sediment cover during   
Holocene

Considering	 the	 severe	 human	 impact	 on	Central	European	 landscapes	 (cf.	Koster	 2005a,	
Sevink	 and	 Spaargaren	 2005),	 there	 are	 only	 few	 rather	 small-scale	 areas,	where	 the	 periglacial	
sediment cover and the Holocene soils have not or only negligibly been affected by human activity, 
such as sites with less fertile, unproductive, or hard workable soils, which were used for forestry. 
Here, the constant forest stand ensured the protection of the ground surface from soil erosion. Natural 
geomorphodynamic processes in such regions occur on a very small scale and are controlled by 
specific	characteristics	of	the	Quaternary	sediment	cover.	In	this	context	the	disconformities	at	layer	
boundaries	between	single	periglacial	slope	deposits	(e.g.	Semmel	1968,	Semmel	and	Terhorst	2010)	
are	 of	 special	 interest.	 Disconformities	 between	 periglacial	 sediments	 further	 influence	 soil	 and	
slope hydrology by impeding the vertical percolation of water, causing water stagnation and lateral 
interflow	 on	 top	 of	 less	 permeable	material	 (Heller	 2012,	Moldenhauer	 et	 al.	 2013,	 Kleber	 and	
Schellenberger 1998, Kleber et al. 1998). In addition, varying geotechnical properties of periglacial 
sediments	 influence	 slope	 stability	 and	 landslide	 susceptibility	 in	 the	Quaternary	 sediment	 cover	
(e.g.	cf.	Damm	2005,	Semmel	1987,	2000,	Terhorst	2007).	Previous	studies	in	the	Vienna	Forest,	
Austria show that soil-physical and soil-mechanical properties of the periglacial sediment cover 
have	 a	 significant	 influence	 on	mass	movements	 (Damm	 et	 al.	 2008,	Damm	 and	Terhorst	 2010,	
Terhorst	and	Damm	2009,	Terhorst	et	al.	2009)	and,	hence,	on	present-day	geomorphodynamics	on	
low	mountain	slopes	(cf.	Terhorst	et	al.	2013).
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The	study	areas	are	situated	in	the	marginal	regions	of	the	Central	European	uplands	(Fig.	5),	
which	are	characterized	by	similarities	of	the	Quaternary	sediment	cover	due	to	their	location	in	the	
transition between regions with continuous loess covers and uplands characterized by periglacial 
cover	beds.	Both	study	areas	are	characterized	by	an	undulating	landscape	with	gentle	slopes,	flat	
plateaus	with	maximum	elevations	between	290	m	a.s.l.	(Rehgraben	catchment	area)	and	350	m	a.s.l.	
(Hagenbach Valley) and deeply incised valleys.

The	first	study	area,	the	Rehgraben	catchment	area,	is	located	in	the	western	part	of	Central	
Europe	between	51°22’	and	51°23’	N	and	9°31’	and	9°33’’	E,	close	to	the	loess	regions	(“Börden”)	at	
the	northern	margin	of	the	Central	German	uplands	(Fig.	5).	The	second	study	area,	the	Hagenbach	
Valley,	Vienna	Forest,	Austria,	is	situated	further	to	the	south-east	between	48°19’	and	48°18’	N	and	
13°12’	to	16°13’	E	near	the	loess	region	of	the	Danube	valley	(cf.	Haase	et	al.	2007,	Fig.	1b,	p.	8).	

Due to their location in the mid-latitudes of the northern hemisphere, the Central European 
uplands	are	characterized	by	a	temperate	climate	(Schultz	2005),	which	changes	with	increasing	distance	
from	the	Atlantic	Ocean	from	a	maritime	character	in	the	west	to	a	more	continental,	“altered	maritime”	

Fig. 5. Locations of the study areas in the margins of the Central European uplands (Braxmeier 2012).
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climate	 in	 the	 eastern	 part	 of	 Central	 Europe	 (Schuurmans	 2005).	Accordingly,	 the	 mean	 winter	
temperatures decrease, whereas the mean summer temperatures increase from west to east. 

The	average	annual	air	temperature	shows	a	characteristic	west-to-east	increase	from	7.9	°C	
in	 northern	 Hesse	 to	 9.5	 °C	 in	 the	 Vienna	 Forest	 (Deutscher	Wetterdienst	 2011,	 Zentralanstalt	
für	 Meteorologie	 und	 Geodynamik	 2010).	 The	 mean	 annual	 precipitation	 in	 Central	 Europe	 is	
characterized	by	a	high	spatial	variability,	reflecting	the	influence	of	topography	and	wind	direction	
(Schuurmans	2005).	Average	annual	precipitation	in	Central	Europe	lies	between	500	and	1000	mm	
(Schultz	2005).	In	both	study	areas	the	mean	annual	precipitation	is	~700	mm.	

3.1 Rehgraben catchment area, northern Hesse, Germany

The	 ~3	 km2 expanding Rehgraben catchment area (Fig. 6) is located in northern Hesse, 
Germany, in the southernmost part of the Reinhardswald, a mountain range of the Central German 
uplands.	The	Reinhardswald	mountains	 belong	 to	 the	Solling	 anticline,	which	 consists	 of	Lower	
Triassic	 rocks	 (Bunter	 Sandstone,	 Fig.	 7,	 p.	 17)	 and	 comprises	mainly	 fine-	 to	medium-grained	
sandstones	 with	 centimeter-	 to	 meter-thick	 strata.	 The	 sandstone	 is	 interbedded	 with	 layers	 of	
clay-	or	siltstone	(Damm	et	al.	2010,	Hedemann	1957).	The	bedrock	is	exposed	at	very	steep	slope	
sections	 toward	 the	Fulda	River	 and	 in	 the	walls	 of	 the	 “Rehgraben”	gully	 system.	The	genuine	

Fig. 6. Rehgraben catchment area with the Rehgraben (RG) and Fuchslöchergraben gully system (A) and its 
location in Germany (B) and Europe (C) (modified after Döhler et al. 2015).
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rocks	further	include	unconsolidated	Tertiary	sands	and	quartzite	blocks.	The	slopes	are	covered	by	
varying	sequences	of	Quaternary	sediments.	While	the	plateau	is	covered	by	Weichselian	loess,	the	
slopes are characterized by periglacial slope deposits. In the southwest of the Rehgraben catchment 
area remnants of Old Pleistocene gravel terraces of River Fulda have been preserved (Hessisches 
Landesamt für Bodenforschung, 1997, Fig. 7).

The	valleys	and	basins	in	the	loess	regions	of	northern	Hesse	were	preferred	settlement	areas	
since the Early Neolithic. People of the Linear Pottery Culture settled along River Fulda in the 
vicinity of the study area and used the fertile soils of the loess plateaus for agriculture (Fiedler 1984). 
Bronze Age settlements were even more widespread in the area (Kubach 1984). Over the millennia 
human land use activity caused severe soil erosion. 

The	most	striking	evidence	of	human	induced	soil	erosion	is	the	deeply	incised	“permanent	
gully	system”	(as	defined	by	Poesen	1993,	Soil	Science	Society	of	America	2008),	which	comprises	the	
“Rehgraben”	gully	channel	in	the	eastern	part	and	the	shorter	and	branched-out	“Fuchslöchergraben”	
gully	in	the	western	part	(Fig.	6).	The	latter	is	divided	into	a	main	channel	(Fuchslöchergraben	I)	
and	a	smaller	tributary	(Fuchslöchergraben	II).	The	gully	heads	are	located	at	the	border	to	arable	

Fig. 7. Section of the geological map of Hesse (1:25.000) showing the Rehgraben catchment area and its 
surroundings (Hessisches Landesamt für Bodenforschung 1997).
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land,	but	the	entire	gully	channels	run	along	forested	slopes.	Based	on	a	historical	map	from	1859	
(cf.	Kurfürstentum	Hessen	1859)	the	gully	system	is	more	than	160	years	old	and	neither	shape	nor	
expansion	of	the	gully	system	changed	significantly	since	the	mid	19th century. 

At	present	the	gully	channels	reach	maximum	incision	depths	of	15	to	20	m	and	merge	at	the	
top	of	a	joint	alluvial	fan	(Fig.	6,	p.	16).	The	permanent	gully	system	forms	a	tributary	to	River	Fulda	
and is characterized by intermittent discharge after long-lasting rainfall, heavy precipitation events 
or snowmelt. More recently, extreme rainfall events caused torrential discharge with high bedload 
transport and further incision into the underlying bedrock (Damm 2004, Kreikemeier et al. 2004).

3.2 Hagenbach Valley, Vienna Forest, eastern Pre-Alps, Austria

The	 Hagenbach	 Valley	 is	 located	 in	 the	 northern	 Vienna	 Forest,	 in	 the	 east	 of	 Austria,	
approximately	16	km	to	the	northwest	of	the	city	of	Vienna	(Fig.	8).	The	Hagenbach	Creek	forms	a	
right-hand	tributary	to	River	Donau.	The	study	area	is	located	in	the	vicinity	of	the	approximately	
1300	m	 long	so	called	“Hagenbachklamm”	(Hagenbach	gorge).	This	part	of	 the	valley	started	 to	
develop	during	 the	Late	Glacial	 (Terhorst	et	al.	2009),	when	the	Donau	River	changed	its	course	
(Plöchinger and Prey 1993) and caused a stream capture of the Hagenbach Creek and the formation 
of a transverse valley. Increased vertical erosion formed a rather straight valley with precipitous 
slopes	and	slope	gradients	between	30°	and	50°.	Slope	sections,	which	have	not	been	affected	by	
enhanced vertical erosion since the Late Glacial, are slightly inclined and show slope gradients 
between	7°	and	12°	(Terhorst	et	al.	2009).

Fig. 8. Location of the Hagenbach Valley in the Vienna Forest, Lower Austria (A) and digital terrain model 
(B) with locations of the investigated sediment profiles on the east-facing slope of the Hagenbach gorge 
(“Hagenbachklamm”; modified after Döhler and Menke 2016).
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The	Vienna	Forest	belongs	to	the	easternmost	part	of	the	Rhenodanubian	Flysch	Zone	of	the	
Alps (Faupl 1996, Neubauer and Höck 2000) and consists predominantly of calcareous quartzitic 
and	marly	sandstones,	marls,	and	clayey	schists	(Schnabel	1997,	2002).	The	Flysch	bedrock	shows	
a	graded	bedding	from	coarse,	sandy	sediments	at	the	bottom	to	fine	grained,	clayey	layers	at	the	
top,	which	 is	 typical	 for	 turbitites	 (Plöchinger	 and	Prey	1993).	The	 calcareous	 sandstones	 in	 the	
Hagenbach	Valley	belong	to	the	Greifenstein	Formation	(Faupl	1996,	Fig.	9,	p.	19).	The	calcareous	
flysch	 bedrock	 is	 susceptibile	 to	 deep-seated	 landslides	 (Figdor	 et	 al.	 1990,	 Götzinger	 1943,	
Wessely 2006,) because calcareous sandstones decompose quickly into rather friable material, so 
called	“Mürbsandstein”	(Plöchinger	and	Prey	1993,	Wessely	2006).	Mürbsandstein	is	characteristic	
for	the	Altlengbach	beds,	a	unit	of	the	Greifenstein	Formation	(Egger	1995,	Faupl	1996).

In	 the	 Hagenbach	 Valley	 the	 flysch	 bedrock	 is	 covered	 by	 periglacial	 slope	 deposits	 of	
varying	thickness.	The	mountain	tops	and	uppermost	slopes	are	covered	by	periglacial	cover	beds.	
On	top	of	Late	Pleistocene	 landslide	masses	(cf.	Damm	and	Terhorst	2010,	Terhorst	et	al.	2009),	
periglacial cover beds occur with intercalated reworked loess. Here, shallow landslides occur within 
the	Quaternary	sediment	cover,	independent	of	the	underlying	bedrock	(Damm	et	al.	2013).	

Fig. 9. Geological map of Lower Austria (1:200.000) showing the Vienna basin in the SE (bottom right corner), 
the red outline marks the city limit of Vienna. The flysch zone of the Eastern Pre-Alps with the Vienna Foest 
is located to the NE. The star shows the location of the Hagenbach Valley (Geologische Bundesanstalt 2002, 
modified after Faupl 1996).
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4.1 Reconstruction of Late Pleistocene and Holocene geomorphodynamics 
in a gully catchment area

The	investigation	and	reconstruction	of	landscape	formation	in	the	Rehgraben	gully	catchment	
area rests on two basic components: i) the reconstruction of Late Pleistocene landscape history based 
on the detailed investigation of periglacial sediments and ii) dating the onset of gully formation and 
identification	of	gully	erosion	events	or	periods	based	on	anthropogenic	soil	sediments	and	alluvial	
fan deposits.

A basic requirement was to identify the periglacial upper layer as a marker for the Late 
Pleistocene surface at the gully margins because the upper layer represents the youngest Pleistocene 
periglacial sediment (cf. Semmel 2002). When the gully channels cut through the upper layer, 
gully	formation	started	at	some	point	during	Holocene,	after	the	deposition	of	the	upper	layer.	The	
suitability of periglacial cover beds for relative dating purposes has successfully been demonstrated 
in previous studies to differentiate Holocene and Pleistocene landslides in Central Europe (cf. Bibus 
and	Terhorst	2001,	Damm	and	Terhorst	2010,	Semmel	1996,	2002,	Terhorst	2007,	Terhorst	et	al.	2009,	
Terhorst	et	al.	2013)	as	well	as	river	terraces	in	the	Western	United	States	(Kleber	1999).	Based	on	
the	presence	of	the	upper	layer	at	gully	margins	Bauer	(1993),	Semmel	(1995)	or	Stolz	and	Grunert	
(2006) dated gully systems to the Holocene.

In the context of relative dating purposes it is important to properly distinguish the periglacial 
upper layer and much younger anthropogenic soil sediments. Since anthropogenic layers often consist 
of re-deposited upper layer material this may be problematic. Hence, the sediment in question must 
be checked carefully for indicators of human impact like charcoals, fragments of brick or ceramics 
or increased humus contents (cf. Leopold and Kleber 2013). In addition, young anthropogenic layers 
may	be	differentiated	from	upper	layers	due	to	rather	weak	soil	formation	(cf.	Bibus	and	Terhorst	2001,	
Fröhlich	et	al.	2005,	Semmel	2002;	for	pedogenesis	as	tool	for	relative	dating	see	also	Walker	2005).

4.1.1 Understanding Pleistocene periglacial geomorphodynamics

The	periglacial	history	of	gully	catchments	and	the	connection	of	gully	channels	to	Pleistocene	
slope depressions is commonly recognized all over Central Europe, but most studies are limited 
to	the	investigation	of	Holocene	dynamics	(e.g.	Dotterweich	2005,	2008,	Dotterweich	et	al.	2013,	
Gábris et al. 2003, Nachtergaele et al. 2002, Stolz and Grunert 2006, Vanwalleghem et al. 2006). 
Although periglacial slope deposits and cover beds form discontinuous paleoenvironmental 
archives (Kleber 2014), their detailed investigation enables the reconstruction of Late Pleistocene 
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environmental conditions, periglacial processes and landscape formation. Successions of varying 
periglacial sediments record Pleistocene climatic oscillations, which are a major control factor for 
earth	surface	processes	(cf.	Büdel	1968,	1981,	Gutiérrez	2005).	They	further	reflect	periods	of	erosion	
or	accumulation	on	the	surrounding	slopes.	While	gelifluction	layers	represent	periods	of	sediment	
transport within the unfrozen active layer, slope wash deposits indicate enhanced erosion on the 
surrounding	slopes.	The	intensity	of	eolian	sedimentation	may	be	deduced	from	rising	or	decreasing	
silt	contents	in	the	fine	earth	of	the	periglacial	sediments.	

To	understand	the	periglacial	dynamics	and	changes	of	paleoenvironmental	conditions	during	
Late Pleistocene, based on a succession of periglacial slope deposits, preceding or synchronous 
processes on the surrounding slopes have to be taken into account because the accumulated sediments 
are always the result of translocation and re-deposition within the study area.

A determination of relative ages for particular periglacial sediment layers or at least of 
their	final	stage	of	dislocation	(deposition	age)	is	possible	by	applying	the	Law	of	Superposition,	
although periglacial cover beds do not represent stratigraphic units. In this context, the lowermost 
slope deposit represents the oldest and the uppermost the youngest deposit in a succession (cf. Hülle 
and Kleber 2013). For a more precisce chronostratigraphic interpretation of the periglacial sediment 
sequence, optically-stimulated luminescence dating (OSL) was applied on slope wash deposits and 
reworked loess because the gained numerical ages are more reliable than those obtained from cover 
beds	(cf.	Damm	and	Terhorst	2010,	Frank	et	al.	2011,	Homolova	et	al.	2012).	OSL	dates	on	reworked	
loess were measured at the Nordic Laboratory for Luminescence Dating, Department of Geoscience at 
Aarhus University, Risø Campus, Roskilde, Denmark and numerical ages were provided by Christine 
Thiel.	An	 additional	 luminescence	 age	 for	 sandy	 slope	wash	 sediments	was	provided	by	 Jingran	
Zhang and Manfred Frechen, Leibniz Institute for Applied Geophysics in Hannover, Germany.

Furthermore, the profound knowledge of periglacial landscape formation may help to 
recognize interdependencies between the Pleistocene sediment cover, human activity and the extent 
of	human	impact	and	gully	erosion	during	the	Holocene	(cf.	Bork	1985).

4.1.2 Understanding human induced geomorphodynamics and gully formation

Changes	of	the	Late	Pleistocene	landforms	and	sediment	covers	basically	reflect	the	human	
land use activity as well as the extant of human induced soil erosion processes. In the Rehgraben 
catchment area investigations focus on the up to 20 m deep incised gully system and sediments at 
the	gully	margins.	Ionita	et	al.	(2015)	recently	pointed	out	that	gully	channels	are	the	most	important	
morphological	 evidence	of	past	 phases	of	 severe	 soil	 erosion	 in	Europe,	 reflecting	 the	 impact	of	
environmental change as a result of interactions between geomorphological features, human induced 
land use change and extreme climatic events.
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Commonly, past soil erosion and gully formation are analyzed and dated based on 
anthropogenic sediments within older gullies or at the gully margins as well as connected alluvial 
fans, each commonly dated with radiocarbon dating on charcoal or fossil wood (e.g. Dotterweich et al. 
2013,	Stolz	and	Grunert	2006)	or	in	combination	with	archeological	age	classification	of	artefacts	
(e.g.	Dotterweich	2005,	Dotterweich	et	al.	2003,	Vanwalleghem	et	al.	2006).	Most	studies	on	past	
soil	erosion	and	gully	formation	are	based	on	investigations	of	re-filled	gullies.	The	often	stratified	
sediment	 filling	 provides	 vast	 amounts	 of	 datable	material	 (Bork	 et	 al.	 1998,	Dotterweich	 2005,	
Dotterweich et al. 2013, Pécsi and Richter 1996) and enables high-resolution reconstruction of gully 
development. In case of the Rehgraben gully system, the availability of datable sediments is limited 
due to episodic discharge in the gully channels, which frequently removes sediment from the gully 
bottom, and because the alluvial fan has been partly removed during construction works.

The	 combined	 analysis	 and	 interpretation	 of	 anthropogenic	 soil	 sediments	 at	 the	 gully	
margin, the remaining alluvial fan deposits and artefacts such as potsherds or cut logs nevertheless 
provide	sufficient	information	to	estimate	the	onset	of	gully	incision	and	to	reconstruct	early	gully	
erosion phases. In this context, numerical datings were obligatory. Radicarbon ages for fossil wood 
and decomposed organic matter taken from alluvial fan deposits were provided by Bodo Damm 
(Damm 2000, Englhard et al. 2010) and re-calibrated by Manfred Frechen at the Leibnitz Institute 
for Applied Geophysics in Hannover. An additional radiocarbon age for charcoal taken from 
anthropogenic	soil	sediments	was	determined	at	 the	AMS	Laboratory	 in	Erlangen,	Germany.	The	
comparison of the reconstructed gully erosion phases in the Rehgraben catchment area to other studies 
on	gully	erosion	in	Central	Europe	enabled	an	evaluation	and	verification	of	the	gained	results.

4.2 Identifying control factors for present-day slope instability in 
Quaternary sediments

Present-day slope instability and landslides in the Central European uplands are in most 
cases connected to anisotropies of soil physical and geotechnical properties within unconsolidated 
periglacial slope deposits, which cover the solid bedrock up to several meters (cf. Damm et al. 2008, 
Semmel	1987,	Terhorst	et	al.	2009).	Under	dry	conditions,	these	sediments	are	commonly	characterized	
by high soil-mechanical stabilities (Damm et al. 2008, Damm et al. 2013). Previous studies in the 
Hagenbach Valley in the Vienna Forest, Austria, showed that recent failures of slope stability were 
controlled by rising soil moisture contents due to water stagnation on top of a compact, clay-rich basal 
layer,	which	was	identified	as	a	natural	slide	plain	(Damm	and	Terhorst	2010,	Damm	et	al.	2008,	
Terhorst	and	Damm	2009).

The	 conducted	 investigations	 are	drawn	on	previous	findings	 in	 the	Hagenbach	Valley	by	
Damm	 and	Terhorst	 (2010),	 who	 stated	 that	 the	 interface	 between	 impermeable	 basal	 layer	 and	
permeable	loess-influenced	periglacial	sediments	represents	the	“fundamental	controlling	factor”	for	
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slope	instability.	The	study	area	is	yet	characterized	by	both	geomorphologically	stable	and	instable	
slope	sections,	and	field	observations	further	indicate	that	slope	instability	may	be	closely	related	to	
the varying sediment distribution on the slopes. In this context, the presence or absence of reworked 
loess	deposits	intercalated	in	cover	bed	sequences	seems	to	be	of	particular	significance.

Analyses of soil-physical and soil-mechanical properties thus focus on the interface between 
basal layer and overlying reworked loess. In addition geotechnical parameters of a tripartite cover 
bed sequence without intercalated reworked loess were determined to allow a comparison of both 
types of sediment succession.

The	spatial	distribution	of	shallow	landslides	in	the	Hagenbach	Valley,	which	mainly	occur	in	
lower	slope	sections,	further	indicates	an	influence	of	slope	hydrology	on	mass	movements.	Together	
with	findings	by	Menke	(2014)	and	Menke	et	al.	(2014)	on	the	water	flow	paths	and	slope	hydrology	
in the Hagenbach Valley the results of geotechnical analyses were linked to the current knowledge on 
the impact of cover beds on slope hydrology (cf. Heller 2012, Moldenhauer et al. 2013, Kleber and 
Schellenberger 1998, Kleber et al. 1998).

This	combined	approach	aims	at	identifying	interdependencies	between	sediment	distribution	
on the slope, geotechnical anisotropies within the periglacial sediment cover, and slope hydrology, 
as well as at differentiating disposition factors and triggers for actual slope instability and landslides.
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5.1 Pleistocene to Holocene landscape formation in the Rehgraben 
catchment area 

This	chapter	summarizes	main	results	presented	in	the	following	scientific	papers:

• Döhler, S., Damm, B., Terhorst, B., Thiel, C., Frechen, M. 2015. Late Pleistocene to 
Holocene landscape formation in a gully catchment area in Northern Hesse, Germany. 
Quaternary International 365, 42-59.

• Döhler, S., Terhorst, B., Frechen. M., Zhang, J., Damm, B. 2018. Chronostratigraphic 
interpretation of intermediate layer formation cycles based on OSL-dates from intercalated 
slope wash sediments. Catena 162, 278-290. 

Whereas	 the	 first	 article	 focusses	 on	 the	 combined	 reconstruction	 of	 Late	 Pleistocene	 to	
Holocene landscape evolution and the formation of a permanent gully system, the second one 
emphasizes the Late Pleistocene development of the study area, providing additional data and new 
insights on periglacial slope formation in context with the periglacial layer concept.

In the following main results on Late Pleistocene and Holocene landscape formation in the 
Rehgraben	gully	catchment	area	of	both	scientific	articles	are	summarized	and	presented	together.	
For	more	detailed	argumentation	see	Döhler	et	al.	(2015,	2018).

5.1.1 Late Pleistocene landscape formation

At gully channel Fuchslöchergraben II (FLG II) in the eastern part of the study area in a 
Pleistocene slope depression (Fig. 6, p. 16) an undisturbed succession of periglacial slope deposits 
with intact upper layer and Holocene soil enabled the reconstruction of the Late Pleistocene slope 
formation.	The	overall	 thickness	of	 the	periglacial	 sediment	filling	 is	~8	m,	corresponding	 to	 the	
current	gully	incision	depth	at	this	site.	The	periglacial	sediments	comprise	altogether	eight	cover	
beds: basal layer, six intermediate layers and upper layer. In addition, the cover beds are interbedded 
with four layers of slope wash sediments with varying grain size composition as well as one deposit 
of reworked loess. Except for the basal layer, all periglacial sediments in the study area show high 
coarse	silt	contents,	indicating	an	enhanced	loess	input.	Furthermore,	five	of	six	intermediate	layers	
contain material that has to some degree been affected by pedogenesis (cf. Döhler et al. 2018).
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Fig. 10. Model of Pre-Weichselian (A-C) and Weichselian (D-G) slope evolution with indicated major 
periglacial process(es) deduced from sediment characteristics and schematic illustration of the distribution 
of periglacial deposits on the NE-facing slope at FLG II at the end of the last glacial and during Early 
Holocene (H) (Döhler et al. 2018).
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The	findings	allowed	the	development	of	a	model	of	Late	Pleistocene	slope	evolution	(Fig.	10,			p.	25).	
The	chronostratigraphic	interpretations	are	based	on	OSL	ages	of	reworked	loess	(Döhler	et	al.	2015)	
and slope wash sediments as well as on the interpretation of paleosol relics (Döhler et al. 2018).

The	accumulation	of	periglacial	sediments	began	in	pre-Weichselian	time	with	the	deposition	
of	 the	 loess-free	basal	 layer	within	a	slope	depression	or	valley	bottom	(Fig.	10	A,	p.	25).	Later,	
probably at some point during the penultimate (Saalian) glaciation, a period of eolian sedimentation 
of	dust	followed.	The	deposited	loess	then	became	modified	and	mixed	with	autochtonous	material	
derived	 from	 the	 underlying	 basal	 layer	 by	 gelifluction	 (B),	 forming	 the	 lowermost	 intermediate	
layer. During the Eemian Interglacial the surface was stabilized by a vegetation cover, and soil 
formation took place in loess-rich periglacial deposits (C). During the Early Weichselian vegetation 
was disrupted and the Eemian soil and underlying sediments were exposed to erosion (D) by slope 
wash	and	gelifluction	 (E).	While	 the	Last	 Interglacial	 soil	and	parts	of	 the	underlying	periglacial	
sediments were completely eroded in upper slope positions, pedosediments were re-deposited in 
an alternating sequence of slope wash deposits and cover beds (intermediate layers) on the lower 
slope,	 reflecting	a	constant	 change	of	periglacial	processes	during	Early	and	Middle	Weichselian	
(>24.4	±	2.3	ka;	cf.	Döhler	et	al.	2015)	and	a	period	of	enhanced	periglacial	erosion.	According	to	
OSL dates on reworked loess, which was deposited between 24.4 ± 2.3 and 21.1 ± 1,9 ka, the Upper 
Weichselian was characterized by intense eolian deposition of loess (F). Shortly after its deposition 
the	primary	loess	was	translocated	by	(seasonal)	slope	wash,	modified	and	re-deposited	as	stratified	
reworked	loess	in	lower	slope	sections.	During	the	Late	Glacial	gelifluction	two	more	cover	beds	
formed (G): the uppermost of six intermediate layers and the upper layer. Reforestation during Early 
Holocene stabilized and preserved the Late Pleistocene surface from erosion and the periglacial 
sediments became the parent material for Holocene pedogenesis.

Figure 11 (p. 27) shows that periglacial sedimentation at the bottom of the Pleistocene slope 
depression started at least during the penultimate glaciation with the basal layer. Further, two major 
phases	of	eolian	deposition:	a	first	one	during	the	penultimate	glaciation	and	a	second	one	during	the	
Upper	Weichselian.	Intermediate	layers	formed	in	four	different	time	spans:	after	the	first	phase	of	
loess deposition, probably during the Saalian glaciation, during Early as well as Middle Weichselian, 
and	the	Late	Glacial.	The	studied	intermediate	layers	further	derived	most	of	their	eolian	sediment	
component	from	older	loess	deposits	or	loess-derived	paleosols	(as	already	suggested	by	Büdel	1959,	
Kösel	1996,	Sauer	2002,	Zöller	and	Nehring	2002).	The	extraordinary	number	of	Early	and	Middle	
Weichselian intermediate layers with intercalated slope wash deposits is the result of repeated 
alternation	 of	 gelifluction	 and	 slope	 wash.	 The	 latter	 had	 a	 considerable	 impact	 on	 periglacial	
landscape development, particularly during Middle and Upper Weichselian. Periods of slope wash is 
reflected	in	alternating	coarse	and	fine	grained	deposits,	a	decrease	in	silt	from	the	Early	Weichselian	
to the Middle Weichselian slope deposits, as well as in a sediment gap of probably several thousand 
years,	 before	 the	 onset	 of	Upper	Weichselian	 loess	 sedimentation.	The	 investigated	 intermediate	
layers also indicate weak eolian deposition of loess during Early and Middle Weichselian and 
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repeated	translocation	of	the	same	material	on	the	slope.	Whereas	erosion	first	and	foremost	affected	
the upper slope sections, the sediment cover on the lower slope is the result of accumulation. Here, 
cover beds are therefore covered by material derived from their upslope equivalents.

Regarding	 the	 periglacial	 layer	 concept	 the	 findings	 elucidate	 the	 fact	 that	 intermediate	
layers,  as lithological units (Fried 1984), do indeed not represent certain time spans as pointed out 
by	Hülle	and	Kleber	(2013)	or	Zöller	and	Nehring	(2002).	They	may,	however,	be	assigned	with	
a chronostratigraphic position when they occur related to numerically datable sediments such as 
reworked loess or other slope wash deposits.

Fig. 11. Pedosedimentary sequence 
at Fuchslöchergraben II, phases of 
loess deposition, dominant periglaci-
al processes and incorporated pedo-
sediments are derived from sediment 
characteristics. The stratigraphic 
positions are based on numerical 
datings. Stars indicate positions of 
samples for luminescence dating. UL 
= upper layer, IL = intermediate lay-
er, L = reworked loess, S = slope wash 
deposit, BL = basal layer, “autochto-
nous material” is pre-loess sediment 
and weathering debris of bedrock 
(Döhler et al. 2018).
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Fig. 12. Holocene development of Fuchslöchergraben II with (A) stable geomorphodynamic conditions 
before human impact, (B) a first gully erosion phase, (C) infilling of the gully channel with anthropogenic 
colluvial sediments, (D) a second gully erosion phase, and (E) present-day situation (Döhler et al. 2015).
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5.1.2 Holocene landscape dynamics and gully incision

Investigations of the Holocene landscape development in the Rehgraben catchment area 
mainly focused on the reconstruction of gully formation phases and the determination of the age of 
the	gully	system.	The	presence	of	the	upper	layer	at	the	margin	of	Fuchslöchergraben	II	and	the	fact	
that the gully cuts through the youngest periglacial cover bed points to a Holocene age of the gully 
system. Findings of potsherds in the alluvial fan of the gully system as well as in anthropogenic 
soil sediments in the catchment area indicate that human settlement activity dates back to as early 
as	the	Early	Neolithic	(Linear	Pottery	Culture).	There	are	also	indicators	for	Bronze	Age	and	Iron	
Age settlements in the vicinity of the gully system and continuous human land use since the Early 
Neolithic is thus expected for the research area.

Neither the alluvial fan sediments nor anthropogenic soil sediments indicate a noticeable 
human impact during Early Neolithic. Gully incision started in the time span between Late Bronze 
Age	and	Roman	times	(Fig.	12,	p.	28)	with	moderate	gully	erosion	was	and	it	is	supposed	that	the	first	
gully	channels	were	no	permanent	surface	features.	This	assumption	is	based	on	the	reconstruction	of	
a	shallow,	partly	refilled	gully	channel	at	the	margin	of	FLG	II	(Fig.	12,	B	and	C).	A	second	phase	of	
gully erosion, which initiated the incision of the present gully system, was dated to the Late Middle 
Ages.	Thick	alluvial	fan	deposits	point	to	severe	gully	erosion	in	a	short	amount	of	time.	The	gully	
system in its present form, thus, dates back to the main gully erosion period in Central Europe. 
Because of the partly removal of the alluvial fan it was not possible to reconstruct younger gully 
erosion events. However, it is likely that repeated gully erosion events, particularly during the 18th 

century,	are	responsible	for	the	extraordinary	incision	depth	of	the	gully	system.	Later,	refilling	of	the	
gully channels was on the one hand prevented by reforestation of the surrounding slopes and on the 
other hand by intermittent discharge events, which regularly clear the gully channels from sediment 
infill	(cf.	Damm	2004,	Kreikemeier	et	al.	2004).

5.2 Influence of the Quaternary sediment cover on present-day slope 
stability and landslide susceptibility in the Hagenbach Valley

This	chapter	summarizes	 the	main	results	on	 investigation	on	slope	stability	and	 landslide	
susceptibility	of	Quaternary	sediments	presented	in:

• Döhler, S., Menke, M. 2016. Soil-mechanical properties of the Quaternary sediment cover and 
landslide susceptibility in the Vienna Forest, Austria. Geoöko 37 (1-2), 31-59.

Previous	studies	on	the	influence	of	Quaternary	sediments	on	landslide	susceptibility	in	the	
Hagenbach Valley in the Vienna Forest so far focused on cover bed sequences with intercalated 
reworked loess in the direct vicinity of crack regions of recent landslides in lower slope positions. 
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These	 investigations	 document	 a	 close	 relation	 of	 slope	 instability	 to	water	 stagnation	 on	 top	 of	
marly,	impermeable	basal	layers	(cf.	Damm	and	Terhorst	2010,	Damm	et	al.	2008,	Terhorst	et	al.	2009).

Furthermore, shallow landslides mainly occur in slope sections where cover beds are 
interbedded with reworked loess, whereas slope sections with regular tripartite cover bed sequences 
are	characterized	by	high	slope	stabilities.	Slope	stability	in	the	Hagenbach	Valley	is	thus	influenced	
by the distribution of varying periglacial sediment successions with diverging soil-physical and soil-
mechanical properties.

Geotechnical and soil-physical analyses showed that cover beds on upper slopes are 
characterized by comparable liquid limits and high friction angles. Compactness, in-situ penetration 
resistance, and in-situ shear strength increase gradually with depth and prevent the formation of 
natural	slide	plains	at	 layer	boundaries	or	between	cover	beds	and	the	underlying	flysch	bedrock.	
Furthermore, water stagnation is impeded by high hydraulic conductivities of sandy cover beds. 
Based on both soil-mechanical characteristics and hydraulic properties high slope stabilities are 
expected	for	tripartite	cover	bed	sequences	on	flysch	sandstones	in	upper	slope	positions.

The	situation	is	different	 in	 lower	slope	sections	where	cover	beds	occur	with	 intercalated	
reworked loess. Here, the periglacial sediment cover is characterized by inconsistent soil-physical 
and soil-mechanical properties. Differences in geotechnical characteristics are most pronounced at 
the boundary between reworked loess and the underlying basal layer, with an abrupt decrease in 
soil	mechanical	stability	by	~30	%.	Hence,	 the	 reworked	 loess	 represents	 the	“weak	spot”	of	 the	
periglacial sediment cover regarding slope stability.

Landslides are, however, triggered by high soil moisture contents due to water stagnation 
on top of the impermeable, clay-rich basal layer, which forms a natural slide plain (cf. Damm and 
Terhorst	2010,	Damm	et	al.	2008	,	Terhorst	et	al.	2009).	It	is	further	supposed	that	slope	hydrology,	
particularly	 the	 formation	of	 interflow	on	 top	of	 the	basal	 layer	enhances	 landslide	 susceptibility	
in	 the	Hagenbach	Valley.	 Interflow	may	enlarge	 the	 total	soil	moisture	content,	extend	periods	of	
water stagnation and saturation and thus, prolong periods during which slope stability parameters 
are exceeded.

In	 summary,	 landslide	 susceptibility	 in	 the	 Hagenbach	Valley	 is	 controlled	 by	 a	 specific	
combination	of	local	factors.	Slope	failures	and	shallow	landslides	within	the	Quaternary	sediment	
cover	 occur	where	water	 stagnation	 and	 inerflow	 cause	 high	 soil	moisture	 contents	 and	 a	 los	 of	
friction in soil-mechanically less stable reworked loess depositis. 
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6.1 The relevance of transition areas for of the reconstruction of           
Quaternary landscape dynamics 

6.1.1 Detailed reconstruction of Late Pleistocene geomorphodynamics

In former accumulation areas of the Pleistocene paleotopography on low mountain slopes, 
periglacial sediment sequences with an above-average thickness and numerous sub-layers record 
detailed information on Late Pleistocene geomorphodynamics. Although the sediment archives 
in transition areas are less detailed than the loess-paleosol-sequences in the loess regions, they 
provide paleoenvironmental information of higher resolution than typical bi- or tripartite cover bed 
sequences. Periglacial sediment successions at the margins of Central European uplands are hence 
valuable archives for climate-induced changes of Late Pleistocene paleoenvironmental conditions 
and associated periglacial process(es). Climatic oscillations of the Weichselian glacial period 
represent	a	major	geomorphic	agent	(cf.	Büdel	1981,	Gutiérrez	2005,	Peltier	1950)	and	are	reflected	
in the sediment characteristics of the periglacial sediment cover.

The	comparision	of	findings	by	Kösel	(1996),	Rohdenburg	(1965),	and	Zöller		and		Nehring	(2002)	
with	findings	from	the	Rehgraben	catchment	area	allows	a	comparative	examination	and	discussion	
of Late Pleistocene periglacial slope formation.

Rohdenburg	 (1965)	already	outlined	 the	complexity	of	Late	Pleistocene	accumulation	and	
erosion cycles and a spatial and temporal juxtaposition and/or succession of periglacial processes. 
He	pointed	out	that	for	“all	periods	of	[the	Weichselian	glaciation]	there	is	evidence	of	slope	wash,	
solifluction,	and	deposition	of	loess”	(Rohdenburg	1965:	69).	The	alternation	of	gelifluction	layers,	
loess, and slope wash deposits documents a constant, short-term change of periglacial processes and 
paleoenvironmental conditions during each climatic oscillation of the last glacial period (cf. Huijzer 
and Vandenberghe 1998).

Dominant periglacial processes and paleoenvironmental conditions may be recognized 
on the basis of three main indicators: i) cover beds represent periods of slow sediment transport 
and	 translocation	 by	 gelifluction	 and	 frost	 creep	 in	 periods	 with	 reduced	 or	 missing	 vegetation	
cover	 on	 permafrost	 or	 deep	 seasonal	 frost	 (cf.	 Harris	 and	 Smith	 2003,	 Harris	 et	 al.	 1995,	
Srömquist et al. 1983), ii) high silt contents of cover beds or the occurrence of loess or loess-derived 
sediments point to allochtonous eolian sediment input in more arid periods (cf. Frechen et al. 2001, 
Huijzer and Vandenberghe 1998, Mahowald et al. 1999, Vandenberghe and Nugteren 2001), and 
iii) slope wash deposits record enhanced erosion by surface runoff under more humid conditions 
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(Huijzer	 and	 Vandenberghe	 1998,	 Strömquist	 1985).	 For	 the	 paleoenvironmental	 interpretation	
the irregular character of periglacial slope formation with denudation in upper slope positions and 
accumulation on the lower slope must be considered. Each periglacial deposit mirrors the concurrent 
periglacial accumulation or erosion process(es) on the entire surrounding slopes. Chronostratigraphic 
interpretations of detailed sediment successions in previous studies were, however, either conducted 
without	 any	 numerical	 datings	 (Rohdenburg	 1965,	 Schönhals	 et	 al.	 1964,	 Semmel	 1968)	 or	 by	
comparing	the	sediment	sequences	to	well	dated	loess	profiles	(Zöller	and	Nehring	2002).	Only	in	
few more recent studies chronostratigraphic interpretations are based on luminescence datings of 
cover beds, which do, however, show great age variations (cf. Huber 2014, Hülle et al. 2009, Hülle 
and Kleber 2013).

In comparison to bi- or tripartite cover bed sequences, the advantage of the more detailed 
periglacial sediment sequences of transition areas is that interbedded loess, reworked loess or slope 
wash sediments enable more precise numerical age determination and differentiation of periglacial 
slope	deposits	of	different	age	by	applying	 luminescence	dating	 (cf.	Harris	et	al.	2008).	The	fact	
that	 sufficiently	bleached	grains	 in	 eolian	deposits	or	 slope	wash	 sediments	 allow,	 in	 contrary	 to	
cover beds, reliable luminescence dating, represents a major advantage of transition areas in the 
frame	of	Quaternary	research	in	Central	European	low	mountain	areas	(for	further	argumentation	see	
6.1.1.3, p. 36). Based on numerical datings and chronostratigraphic interpretations it was possible 
to identify the dominant periglacial processes for Early, Middle, and Upper Weichselian as well as 
the	Weichselian	Late	Glacial	in	the	Rehgraben	catchment	area	and	to	compare	the	findings	with	the	
above mentioned studies.

In the Rehgraben catchment area periglacial sedimentation started at least during the 
penultimate glaciation and proceeded throughout the last glacial period (cf. Döhler et al. 2018, 
Fig. 11, p. 27). Although the recorded changes of dominant periglacial processes are more or less 
gradual in the sediment succession, it was possible to deduce a general trend of Late Pleistocene 
slope	formation:	i)	the	Early	Weichselian	was	dominated	by	gelifluction,	ii)	the	Middle	Weichselian	
was characterized by slope wash processes, iii) during Upper Weichselian eolian loess sedimentation 
alternated	 with	 slope	 wash,	 and	 iv)	 the	 Late	 Glacial	 was	 again	 characterized	 by	 gelifluction	 as	
dominant slope forming process.

This	trend	of	Late	Pleistocene	change	of	periglacial	geomorphodynamics	differs	from	findings	
by	Rohdenburg	(1965)	in	the	close-by	Göttinger	Wald	mountains,	where	Weichslian	slope	formation	
was	characterized	by	an	overall	succession	of	slope	wash,	gelifluction,	and	then	loess	sedimentation	
from	Early	Weichselian	to	the	Late	Glacial.	In	contrast	to	findings	in	the	Rehgraben	catchment	area,	
Rohdenburg	 (1965)	 identified	 the	 Early	Weichselian	 as	 a	major	 erosion	 phase.	He	 further	 states	
that	older	sediments	as	well	as	the	Last	Interglacial	soil	have	been	eroded	“practically	everywhere”	
(Rohdenburg	1965:	53).	The	notion	of	a	complete	erosion	of	older	slope	deposits	and	soils	during	
Early	Weichselian	has	been	an	established	scientific	concept	of	that	time	(e.g.	Schönhals	et	al.	1964)	
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and was later adopted by numerous researchers (e.g Sauer 2002, Sauer and Felix-Henningsen 2006, 
Semmel 1968). Consequently, the idea arose that Late Pleistocene periglacial weathering, erosion, 
and sedimentation in low mountain areas, including the formation of cover beds, started on bare 
bedrock or saprolite (cf. Sauer 2002, Sauer and Felix-Henningsen 2006, Semmel 1968). Findings in 
the Rehgraben catchment area show that this presumption does not hold true for former accumulation 
areas of the paleotopography, as also reported by Zöller and Nehring (2002).

Despite	 arguing	 for	 the	 complete	 erosion	of	 the	Last	 Interglacial	 soil,	Rohdenburg	 (1965)	
also	describes	Early	Weichselian	gelifluction	layers,	which	comprise	loess-derived	soil	material.	It	is	
possible that the mentioned sediments correspond to the Early Weichselian intermediate layers found 
in the Rehgraben catchment area.

Nevertheless, the absence of an in-situ paleosol of the Last Interglacial in the Rehgraben 
catchment	area	confirms	the	erosion	of	the	Eemian	soil	during	the	Early	Weichselian.	But	erosion	
did not cause the entire loss of soil material. Instead, pedosediments of the Last Interglacial soil 
have been incorporated and preserved in intermediate layers on lower slopes and within the slope 
depression.	Hence,	Early	Weichselian	erosion,	whether	by	gelifluction,	slope	wash	or	a	combination	
of both, did not necessarily result in the complete removal of older sediments. Rather, both processes 
translocated and reworked the same material several times, mixing it into periglacial cover beds 
(cf. Kleber et al. 2013b). For further argumentation on paleosols in cover beds see section 6.1.1.2 (p. 34).

The	 presence	 of	 Early	Weichselian	 cover	 beds,	which	 probably	 reworked	 a	 loess-derived	
paleosol, in the Rehgraben catchment area further supports statements by Kleber (1998, 2004), 
Sauer		2002)	or	Zöller	and	Nehring	(2002),	who	claim	that	significant	gelifluction	took	place	after	
phases of geomorphological stability and soil formation.

Although the sediment succession in the Rehgraben catchment area represents a rather 
detailed paleoenvironmental record with a higher resolution than most cover bed sequences 
(cf.	Kleber	2014),	it	does	not	represent	a	complete	Late	Pleistocene	archive.	Erosion	by	gelifluction	
and	slope	wash	resulted	in	sediment	hiatuses.	The	most	evident	disconformity	in	 the	investigated	
sequence corresponds to the time span between Middle and Upper Weichselian, the period of highest 
slope wash intensities.

6.1.1.1 The relevance of slope wash during Late Pleistocene

The	investigated	periglacial	sediment	sequence	records	an	increasing	impact	of	slope	wash	
from Early to Middle Pleistocene, where it became the major slope forming process. Furthermore, 
erosion by slope wash caused a hiatus of probably several thousand years.
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Two	major	 effects	 of	 slope	wash	were	 recognized	 in	 the	Rehgraben	 catchment	 area:	
i)	slope	wash	erodes	fine	earth	and	leads	to	a	concentration	of	coarse	material	in	upslope	positions	
(cf.	Sauer	2002,	Völkel	1995)	and	ii)	slope	wash	causes	a	sediment	input	on	lower	slopes,	forming	
stratified	layers	free	of	coarse	material.	Erosion	of	fine	material	can	be	recognized	in	those	cover	
beds,	which	reworked	and	incorporated	remaining	coarse	material	in	a	subsequent	gelifluction	phase	
(cf.	Felix-Henningsen	1991,	Kleber	et	al.	2013b,	Sauer	2002,	2004,	Semmel	and	Terhorst	2010).	
Since	gelifluction	destroys	the	stratification	of	slope	wash	deposits,	the	impact	of	slope	wash	as	well	
as	its	input	of	fine	grained	material	to	cover	beds	is	usually	not	visible	(Kleber	1992).	Slope	wash	
deposits	have	repeatedly	been	described	within	cover	beds	(cf.	Bertrain	and	Texier	1999,	Bibus	1985,	
Semmel 1968), but the impact of surface runoff on Late Pleistocene slope evolution and cover bed 
formation	remains	underestimated	(cf.	Kleber	1992,	Liedke	1993,	Rohdenburg	1965).

The	 same	 applies	 to	 reworking	 of	 primary	 loess	 by	 unconcentrated	 surface	 runoff.	 The	
modification	of	primary	loess	by	slope	wash	is	a	rather	common	phenomenon	in	the	marginal	regions	
of the Central European uplands. Reworked loess deposits within cover bed sequences were already 
described	 for	 the	Göttinger	Wald	Mountains	 in	Germany	 (Rohdenburg	 1965),	 the	Vienna	 Forest	
(Frank	et	al.	2011,	Terhorst	et	al.	2009),	the	Lake	Neusiedel	region	(Homolova	et	al.	2012),	and	at	
River Salzach, Upper Austria in Austria (Starnberger et al. 2008). Investigations in the Rehgraben 
catchment area showed that slope wash proceeded more or less synchronously to loess sedimentation 
during	the	Upper	Weichselian.	This	may	sound	contradictory,	but	 in	sloping	relief	both	processes	
probably alternated seasonally with eolian sedimentation of loess during summer (cf. Koster 1988) 
and	its	translocation	by	water	in	consequence	of	snow	melt	(French	2007,	Strömquist	1983,	1985).	
High	sedimentation	rates	of	~1.2	m	in	3	to	5	ka	during	Upper	Weichselian	(cf.	Döhler	et	al.	2015,	
Döhler et al. 2018) support the assumption of a seasonal formation of reworked loess deposits.

6.1.1.2 Paleosols and pedosediments in periglacial sediment sequences 

In most Central European low mountain areas Early Weichselian erosion removed the Last 
Interglacial soil and older periglacial sediments (cf. Sauer 2002, Schönhals et al. 1964, Semmel 1968, 
Rohdenburg	 1965).	 Based	 on	 findings	 of	 clay-enriched	 cover	 beds,	 Büdel	 (1959)	 proposed	
that	 gelifluction	may	 have	 reworked	 the	Last	 Interglacial	 soil	 during	 the	Weichselian	 glaciation.	
Rohdenburg	(1965)	also	describes	cover	beds,	which	contain	material	from	a	loess-derived	paleosol.	
More recently, intermediate layers with increased clay contents, particularly in comparison to the 
overlying upper layer (Scholten 2003, Scholten et al. 2013), have frequently been described, and 
Büdel’s	idea	of	a	pedosediment	component	in	cover	beds	was	adopted,	for	example,	by	Bibus	(1985),	
Felix-Henningsen	(1991),	Felix-Henningsen	et	al.	(1991),	or	Terhorst	and	Felix-Henningsen	(2010).	
In	the	Rehgraben	catchment	area	five	of	six	intermediate	layers	show	enhanced	clay	contents.	It	is	
supposed that the clay-enriched intermediate layers either contain a pedosedimentary component or 
have been affected by in-situ pedogenesis (cf. Döhler et al. 2018).
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Findings of high clay contents and fragments of soil aggregates in the Early Weichselian 
intermediate	 layers	 indicate	 that	 gelifluction	 reworked	 a	 brown	 forest	 soil	 with	 (Bt	 horizon)	
which formed due to enduring weathering processes with clay production and clay translocation 
under temperate climate and geomorphologically stable conditions during the Eemian Interglacial 
(cf. Behre 1989, Stephan 2000, Fig. 11, p. 27). It is supposed that the Eemian soil was partly 
eroded	 during	 the	 Early	Weichselian,	 repeatedly	 reworked	 by	 gelifluction,	 and	 incorporated	 by	
intermediate	layers	before	the	Upper	Weichselian	loess	deposition	(>	~25	ka	BP,	see	Fig.	11,	p.	27;	
cf.	Döhler	et	al.	2015).	The	pedosediment	character	of	the	Early	and	Middle	Weichselian	intermediate	
layers	is	most	clearly	recognizable	in	IL	4	(Fig.	10,	p.	25),	but	the	pedosediment	characteristics	become	
less and less visible the younger the cover beds become (IL 3 and IL 2 in Fig. 11., p. 27). Hence, 
repeated cycles of reworking by periglacial processes may be the reason why a pedosedimentary 
component in cover beds, particularly in intermediate layers, is often not recognized.

The	youngest	intermediate	layer,	which	was	deposited	after	the	reworked	loess	(<	22	ka	BP,	
see	Fig.	11,	p.	27;	cf.	Döhler	et	al.	2015),	also	shows	enhanced	clay	contents.	A	slight	decrease	in	clay	
with depth points to vertical clay illuviation, but the overall high amounts of clay in the more than 
1.5	m	thick	cover	bed	cannot	be	explained	by	Holocene	clay	illuviation	from	the	overlying	upper	
layer	(cf.	Müller	2011,	Müller	and	Thiemeyer	2012,	Paton	et	al.	1995,	Phillips	2004)	because	clay	
translocation was rather weak in Central European soils during the Holocene (Felix-Henningsen 1991, 
Plass	1966).	Thus,	E	 and	Bt	horizon	 in	 the	 investigated	 sediment	 sequence	have	no	pedogenetic	
relationship	and	form	a	so	called	“pseudo-Luvisol”	(cf.	Bargon	et	al.	1971,	Semmel	2001).	Due	to	
the position of the investigated sediment succession in a slope depression and because of the fact 
that the Late Glacial intermediate layer is separated from the underlying cover beds by a several 
centimeters to more than one meter thick deposit of (reworked) loess on the entire surrounding 
slope	(cf.	Döhler	et	al.	2015),	an	inheritance	of	clay	from	Eemian	soil	material	seems	unlikely.	The	
high clay contents may rather be the result of Late Glacial soil formation as suggested by Kühn 
and	Schröder	 (2001),	Kühn	(2003)	or	Van	Vliet-Lanoё	(1998)	or	by	 in-situ	weathering	processes	
(cf.	Kleber	1992,	Plass	1966,	Semmel	2001,	Thiemeyer	et	 al.	2005).	 It	 is	 supposed	 that	 the	clay	
content of the youngest intermediate layer is, at least partly, the result of Late Glacial pedogenesis. 
Bibus	(1985),	Bibus	et	al.	(1991),	or	Müller	and	Thiemeyer	(2012)	argue	for	in-situ	pedogenesis	in	
intermediate layers during Allerød. For loess soils the main period for the formation of argic horizons 
was	the	Bölling	Interstadial	(Van	Vliet-Lanoё	1998).	Say	the	Late	Glacial	intermediate	layer	contains	
an in-situ Late Glacial soil, it is possible that the overlying upper layer contains material derived from 
the	corresponding	clay-depleted	E	horizon	(cf.	Stephan	2000).	This	assumption	is	supported	by	the	
remarkably	low	pH-values	of	the	upper	layer	(pH	3.9,	cf.	Döhler	et	al.	2015,	2018)	and	comparable	
findings	in	tripartite	cover	bed	sequences	published	by	Terhorst	and	Felix-Henningsen	(2010)	for	the	
Vienna Forest, Austria.

Furthermore, it is possible that the youngest intermediate layer formed after a period of 
soil formation, which would be in agreement with statements of Kleber (1998), Sauer (2002), and 
Zöller and Nehring (2002), and, thus, reworked and incorporated a Late Glacial paleosol. Further 
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investigations, for example by applying micromorphology, are needed to answer the question 
whether the uppermost intermediate layer represents the parent material for Late Glacial pedogenesis 
or whether the cover bed contains pedosediments of a Late Glacial soil.

6.1.1.3 The relevance of multi-layered periglacial sediment successions in transition areas 
for dating purposes and chronostratigraphic interpretations

Slope	 wash	 sediments	 and	 reworked	 loess	 enable	 consistent	 numerical	 	 dating.	 This	 is	
especially important for the chronostratigraphic interpretation of cover beds, because previous 
attempts	to	directly	date	gelifluction	layers	using	luminescence	dating	provided	unrewarding	results	
with wide age ranges and broad age over or underestimations (cf. Hülle and Kleber 2013). Although 
the	luminescence	dating	technique	is	constantly	improved	(e.g.	Murray	et	al.	2015,	Thiel	et	al.	2011,	
Tsukamoto	et	al.	2012),	there	are	two	major	problems	for	applying	the	method	to	cover	beds,	both	
being well documented for the investigated sediment sequence in the Rehgraben catchement area 
(cf.	 Döhler	 et	 al.	 2018):	 i)	 repeated	 translocation	 and	 reworking	 of	 old	material	 by	 gelifluction	
as well as ii) incorporation of fresh sediment provided by eolian deposition or slope wash. Both 
processes cause a mixture of materials with differently bleached grains, resulting in varying age 
signals (cf. Hülle and Kleber 2013, Hülle et al. 2009).

Reliable numerical ages are, however, indispensable for chronostratigraphic interpretations 
of sediment sequences and necessary to develop realistic, reasonable models of Pleistocene 
geomorphodynamics. For example, Zöller and Nehring (2002) compared multi-layered periglacial 
slope	deposits	with	well	dated	 loess	profiles,	 identified	several	periglacial	 sedimentation	and	soil	
formation cycles, and attributed cover beds and paleosols with chronostratigraphic positions. 
However, they did not attempt to numerically date interbedded loess deposits. Although luminescence 
datings on interbedded loess or slope wash deposits do not yield direct determination of ages for 
the over or underlying periglacial cover beds, they may provide minimum and/or maximum ages 
(cf.	Frank	et	al.	2011,	Harris	et	al.	2008,	Homolova	et	al.	2012,	Terhorst	et	al.	2009).	Age	estimations	
based on OSL-ages on interbedded sediments are most accurate, where cover beds occur between 
two datable sediments. In this way it was possible to date one intermediate layer in the Rehgraben 
catchment area to the Middle Weichselian (cf. Döhler et al. 2018). Furthermore, the luminescence 
ages enabled the differentiation of overall four sediment units, including two intermediate layer 
complexes, according to their relative chronostratigraphic position (cf. Döhler et al. 2018). Most 
importantly the OSL-dates allowed an age differentiation for the subdivided intermediate layers.

In addition to numerical datings, pedosediments or paleosols represent important 
chronostratigraphic	 markers	 (cf.	 Pécsi	 and	 Richter	 1996,	 van	 Vliet-Lanoё	 2008,	 Walker	 2005)	
suitable for relative dating purposes. Chronostratigraphic interpretations based on paleosols are a 
common approach for the investigation of loess-paleosol sequences (cf. Pécsi and Richter 1996).
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The	findings	in	the	Rehgraben	catchment	area	show	that	cover	beds,	particularly	intermediate	
layers,	 may	 contain	 reworked	 paleosols.	 The	 fact	 that	 a	 gelifluction	 layer,	 which	 contains	 a	
pedosediment component, must be younger than the incorporated soil can be used for relative age 
estimations. Based on the assumption that some intermediate layers in the studied sediment sequence 
contain material derived from the Last Interglacial soil, it is concluded that these intermediate layers 
formed not earlier than the Early Weichselian. In contrary to the Early Weichselian intermediate 
layers	(IL5	to	IL	3,	Fig.	11,	p.	27),	 the	lowermost	loess-containing	cover	bed	does	not	show	signs	of	
in-situ pedogenesis. Due to its position below the Early Weichselian intermediate layers, which 
contain material derived from the Eemian soil, is seems plausible that the lowermost intermediate 
layer as well as the basal layer formed before the Last Interglacial, at least during the penultimate 
glaciation (cf. Döhler et al. 2018).

The	findings	from	the	Rehgraben	catchment	area	show	that	multi-layered	periglacial	sediment	
sequences may provide reliable numerical ages, which may build a scaffold for chronostratigraphic 
interpretations	 and	 relative	 age	 estimations	 (deposition	 age)	 of	 cover	 beds.	 The	 additional	
interpretation	of	pedosediments	or	in-situ	paleosols	allows	a	further	refinement	of	the	gained	relative	
ages.	Multi-layered	periglacial	sediment	sequences	in	the	highly	loess-influenced	marginal	areas	of	
Central European uplands thus hold a high potential for chronostratigraphic investigations in the 
context of (Late) Pleistocene landscape dynamics.

6.1.2 Relevance of transition areas for cover bed research

Based on the above discussed issues it is possible to deduce the relevance of transition areas 
for cover bed research, particularly in the context of investigations on genesis and age. Kleber (2014) 
points out that cover bed sequences form important but incomplete paleoenvironmental archives. 
Advantages of transition areas for cover bed research are i) the comparably thick periglacial slope 
deposits with split-up cover beds and intercalated sediments, which record Late Pleistocene slope 
formation and paleoenvironmental conditions in greater detail and ii) that disconformities cover 
shorter periods of time. Although periglacial sediment successions in transition areas still represent 
incomplete	 paleoenvironmental	 archives,	 they	 clearly	 reflect	 the	 complexity	 of	 Late	 Pleistocene	
periglacial slope formation and landscape development to a greater extent than seqiences in 
mountainous	 areas.	 Thus,	 detailed	 pedosedimentary	 sequences	 in	 specific	 geomorphological	
positions,	such	as	former	slope	depressions,	of	the	highly	loess	influenced	transition	areas	enable	the	
recognition of consecutive translocation cycles, which are commonly not differentiable in typical bi- 
or tripartite cover bed successions (cf. Zöller and Nehring 2002).

Furthermore,	the	alternation	of	gelifluction	layers,	loess	or	loess-derived	deposits,	and	slope	
wash	sediments	 furthermore	 records	 the	 influence	of	different	periglacial	processes	on	cover	bed	
formation during the Late Pleistocene. Whereas an eolian sediment input can be recognized based 
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on	 the	 coarse	 silt	 content	 of	 gelifluction	 layers	 (Adhoc-AG	 Boden	 2005,	 Semmel	 1968)	 or	 by	
heavy	mineral	analyses	(cf.	Leopold	and	Kleber	2013),	the	influence	of	slope	wash	on	cover	beds	
is usually not visible in the sediment characteristics (cf. Kleber 1992) and often regarded to be of 
secondary	 importance	for	cover	bed	formation	(cf.	Adhoc-AG	Boden	2005,	Kleber	et	al.	2013b).	
The	investigated	sediment	sequence	in	the	Rehgraben	catchment	area	shows	a	considerable	impact	
of slope wash on cover bed formation from throughout the Last glacial period, both as an eroding 
agent and as a sediment supplier. Particularly in combination with eolian deposition of loess slope 
wash continuously provided fresh sediment in lower slope sections and enabled the formation of 
multi-layered	 cover	 beds.	 The	 findings	 support	 statements	 from	 previous	 studies:	 i)	 slope	 wash	
probably had a greater impact on cover bed formation than is commonly recognized (cf. Kleber 1992, 
Rohdenburg	1965)	and	ii)	sediment	supply	is	a	crucial	factor	for	the	formation	of	sub-divided	intermediate	
layers (Kleber 2004). By reworking primary loess prior to cover bed formation (cf. Sauer 2002), 
slope wash indirectly contributed to the incorporation of eolian material into cover beds.

In addition, the high loess input in transition areas may in addition be responsible for a partly, 
or even total disconnection of cover beds from the underlying autochtonous material and bedrock. 
It is supposed that the entire Rehgraben catchment area was covered with primary or reworked 
loess	at	 the	end	of	 the	Upper	Weichselian	and	 that	gelifluction	during	 the	Late	Glacial	 reworked	
the underlying eolian material. As a consequence, the deposited cover beds are, especially in lower 
slope positions, free of coarse material and almost free of sand derived from weathering debris of 
the	underlying	bedrock.	In	the	German	soil	mapping	manual	(Adhoc-AG	Boden	2005),	upper	layer	
and	intermediate	layer	are	defined	as	sediments	which	contain	material	derived	from	the	underlying	
bedrock or saprolite and a varying, but notable allochtonous, eolian component (Adhoc-AG Boden 
2005:	 180-181).	Hence,	 the	 present	 periglacial	 layer	 concept	 does	 not	 include	gelifluction	 layers	
which consist entirely of allochtonous eolian material. Strictly speaking, the youngest intermediate 
layer	(IL	1)	in	the	Rehgraben	catchment	must	not	be	denoted	as	“intermediate	layer”,	because	the	
cover	bed	in	question	is	free	of	autochtonous	material.	The	application	of	the	periglacial	layer	concept	
in	highly	loess-influenced	areas	of	the	Central	European	uplands	may	thus	be	limited	due	to	diverging	
sediment successions and differences in the sediment composition (Döhler et al. 2018) 

The	 most	 important	 aspect	 of	 multi-layered	 periglacial	 sediment	 sequences	 in	 transition	
areas for cover bed research is, however, that intercalated datable sediments such as loess or slope 
wash sediments enable a more detailed chronostratigraphic interpretation of the Late Pleistocene 
sedimentation	cycles.	Transition	areas	thus	represent	key	sites	for	future	research	on	the	deposition	
age of cover beds.

The	presence	of	overall	six	intermediate	layers	in	the	Rehgraben	catchment	area	with	ages	
ranging	 from	 the	 penultimate	 glaciation	 to	 Weichselian	 Late	 Glacial	 confirms	 the	 assumption	
of	 previous	 studies	 that	 intermediate	 layers	 do	 not	 represent	 a	 certain	 time	 span	 with	 specific	
paleoenvironmental conditions (cf. Fried 1984, Hülle and Kleber 2013, Kleber et al. 2013a, Semmel 



39

6. DISCUSSION

and	 Terhorst	 2010,	 Zöller	 and	 Nehring	 2002).	 Instead,	 the	 split-up	 intermediate	 layers	 in	 the	
Rehgraben	catchment	area	 record	 repeated	cycles	of	gelifluction	and	cover	bed	 formation	during	
Late	Pleistocene,	each	intermediate	layer	representing	the	final	stage	of	re-deposition	on	the	slope	
(cf. Zöller and Nehring 2002). Furthermore, it has to be noted that basal and intermediate layers may 
form next to each other during the same period of time (cf. Zöller and Nehring 2002) and may grade 
into one another through a facies transition (Kleber and Stingl 2000). Whether a basal layer or an 
intermediate layers forms, depends entirely on the available material: Basal layers form where older 
loess-containing	material	and/or	paleosols	have	been	eroded	completely,	which	is	first	and	foremost	
the	case	in	upper	slope	sections	(cf.	French	2007,	Kolstrup	2005).	In	lower	slope	positions	where	
gelifluction	reworks	re-deposited	loess-containing	(soil)	material	or	where	older	sediments	and	soils	
have been protected from erosion, intermediate layers form, as evidenced by six distinct intermediate 
layers in the Rehgraben catchment area.

6.1.3 Holocene landscape dynamics and human induced gully erosion

The	 enormous	 anthropogenic	 impact	 on	 the	 natural	 periglacial	 sediment	 cover	 and	 the	
Holocene soils in the Rehgraben catchment area is manifested in the widespread distribution of 
anthropogenic	soil	sediments	and	the	absence	of	complete	soil	profiles,	particularly	in	flatter	slope	
positions	and	on	the	plateau.	The	most	outstanding	evidence	for	human	induced	landscape	formation	
is the deeply incised permanent gully system.

Holocene gully formation started not earlier than during the early Neolithic (see sections 2.2.2 
and	5.1.2).	Radiocarbon	datings	on	fossil	organic	matter	taken	from	alluvial	fan	sediments	indicate	
that	gully	incision	started	between	Late	Bronze	Age	and	Early	Roman	Times.	A	more	precise	age	
determination as well as the differentiation of single gullying events based on radiocarbon ages 
was,	 however,	 impeded	 by	 an	 inverse	 chronology	 of	 the	 gained	 ages.	The	 latter	 is	 the	 result	 of	
repeated re-deposition in sediment cascades (cf. Bracken 2010, Burt and Allison 2010, Fryirs 2013, 
Fuchs et al. 2010, Harvey 2010) within the gully system.

The	problem	of	age	inversions	and	maximum	ages	gained	from	organic	material	also	applies	
to anthropogenic soil sediments at the gully margin. Charcoal gained from anthropogenic soil 
sediments was dated to the Iron Age but the deposition of the sediment may have taken place much 
later.	The	radiocarbon	age	nevertheless	provided	additional	information	on	settlement	history	in	the	
Rehgraben catchment area and, thus, helped to estimate the onset of gully formation.

The	mentioned	anthropogenic	soil	 sediment	fills	an	older,	 shallow	gully	channel,	which	 is	
located	close	to	Fuchslöchergraebn	II	(Fig.	7,	p.	17).	The	identification	of	the	shallow,	refilled	gully	
channel and the available radiocarbon ages provided enough information to differentiate two distinct 
gully	incision	phases.	The	first	gully	incision	period	represents	the	onset	of	gully	formation	between	
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Late	Bronze	Age	and	Early	Roman	Times	and	caused	the	incision	of	a	relatively	shallow,	“ephemeral”	
(for	 a	 definition	 see	 Soil	 Science	 Society	 of	America	 2008)	 gully	 channel.	 However,	 according	
to	 Dottwerweich	 (2008)	 gully	 erosion	 during	 Bronze	Age	 and	 Roman	 Times	 was	 a	 rather	 rare	
phenomenon in Central Europe. Comparable gully systems have been documented, for example, in 
the	loess	regions	of	Central	Belgium	(cf.	Vanwalleghem	et	al.	2006)	or	in	other	highly	loess-influenced	
uplands,	such	as	the	northern	Odenwald	mountains	in	Germany	(cf.	Moldenhauer	et	al.	2010).	The	
Rehgraben gully system hence belongs to the oldest gullies in Central Europe and certainly to one 
of the oldest in the Central European uplands. Here, gully incision commonly started not earlier than 
during the Middle Ages (cf. Bork et al. 1998, Schmitt 2003, Schmitt et al. 2006) as a consequence 
of	an	extension	of	agriculture	in	more	mountainous	regions	(Küster	2010).	The	reconstructed	onset	
of gully formation in the Rehgraben catchment area is in agreement with the settlement history of 
northern	Hesse.	The	 area	was	 characterized	by	population	growth	 and	 rising	 settlement	numbers	
since the Bronze Age (cf. Jockenhövel 1994, Müller-Karpe 1980).

The	 second	 phase	 of	 gully	 incision	was	 very	 intense	 and	 led	 to	 the	 formation	 of	 a	 deep,	
permanent gully during medieval times, the main period of gully erosion in Central Europe 
(cf.	Bork	1985,	Bork	and	Bork	1987).	Although	the	time	span	of	initial	gully	incision	in	the	study	
area could be determined, it was not possible to reconstruct gully-erosion history of the Rehgraben 
gully	system	in	detail.	The	identification	and	dating	of	single	gullying	events	was	prevented	by	a	
lack of datable sediments because i) episodic discharge within the gully system, which frequently 
clears	the	channels	from	sediment	infill,	and	ii)	the	alluvial	fan	has	been	partly	removed.	The	latter	
particularly impeded the reconstruction of the younger gully erosion history. 

It is supposed that current size and incision depth of the Rehgraben gully system is the result 
of recurring gully erosion events in the past centuries, because (torrential) discharge and vertical 
erosion	proceed	until	 today.	The	present-day	 incision	depth	of	 the	Rehgraben	gully	system	is	 the	
result of the most recent, very well documented torrential discharge event, which took place in 1994 
(Damm 2004, Kreikemeier et al. 2004).

6.1.4 Interdependencies between Pleistocene periglacial sediment cover and human 
induced Holocene gully erosion

The	 combined	 investigation	of	Late	Pleistocene	 and	Holocene	 landscape	 formation	 in	 the	
study	area	allowed	the	 identification	of	 interdependencies	between	the	periglacial	sediment	cover	
and human induced gully erosion.

The	 loess-rich	 periglacial	 sediment	 cover	 of	 the	 Rehgraben	 catchment	 area	 represents	 a	
prerequisite for the long land use history and the severe impact of human activity on Holocene landscape 
dynamics. Because of fertile and easily workable soils (Luvisols, e.g. Pécsi and Richter 1996) the 
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study	area	has	become	a	preferred	settlement	region	since	the	Early	Neolithic.	The	quality	of	 the	
Holocene	 soils	 and	 the	 characteristics	 of	 the	 periglacial	 sediment	 cover	 thus	 directly	 influenced	
human	settlement	and	land	use	activity	(cf.	Bork	1985,	Bork	et	al.	1998).

Furthermore, gully channels in Central European uplands are often connected to Pleistocene 
slope	depressions	(Bork	1983,	1985,	Richter	1965,	Richter	and	Sperling	1967,	Semmel	1995,	Stolz	
and Grunert 2006) or Pleistocene gully-like surface features (cf. Kessler 1962). Slope depressions 
favor the concentration of surface runoff once the vegetation cover has been disrupted by woodland 
clearing. Concentrated surface runoff causes linear erosion and gully incision. In case of the Rehgraben 
gully	system,	the	main	gully	channels	are	incised	in	periglacial	slope	depressions,	which	are	filled	
with several meters of unconsolidated, silty, easily erodible material (cf. Pécsi and Richter 1996). 
Thus,	vertical	erosion	proceeded	fast	and	caused	the	incision	of	deep	gully	channels	in	a	short	period	
of time. Hence, the initial incision depth of the medieval gullies in the study area is directly connected 
to the thickness of the periglacial sediment cover.

Subsequent	infilling	of	the	gully	system	was	prevented	by	the	reforestation	of	the	surrounding	
slopes,	as	repeatedly	observed	in	other	permanent	gully	catchments	areas	under	forest	(cf.	Bork	1985,	
Semmel	1995).	The	collapse	of	the	gully	channels	is	further	impeded	by	rather	stable	gully	walls.	As	
a consequence, the gully system became a permanent drainage system with episodic discharge after 
long-lasting precipitation, which may reach torrential dimensions and cause further incision into the 
underlying bedrock (cf. Damm 2004, Kreikemeier et al. 2004).

Current vertical erosion and further incision of the Rehgraben gully system is, strictly 
speaking,	not	anymore	the	result	of	gully	erosion.	Gully	erosion	is	defined	as	recurring	linear	erosion	
process by water, which removes soil material, not bedrock, and causes the incision of narrow 
channels on arable land (cf. Soil Science Society of America 2008). Gully erosion is further a result 
of	“soil	failure”,	while	vertical	incision	into	bedrock	(“torrent	erosion”),	as	currently	observed	in	the	
studied	gully	system,	is	caused	by	“rock	failure”	(cf.	Heede	1980).	Thus,	the	vertical	erosion	process	
responsible for the incision of the Rehgraben gully system changed at some point in the past from 
gully erosion to vertical erosion into bedrock. Human-induced gully erosion in the past is therefore 
regarded as predecessor of the recent torrential dynamics.

Findings in the Rehgraben catchment area show that the formation of deep permanent 
gully	 systems	 is	 connected	 to	 extraordinarily	 thick	 periglacial	 sediment	 covers	 or	 infillings	 of	
paleodepressions, because the incision of comparably deep channels by episodic discharge into solid 
bedrock	in	a	time	span	of	max.	3	ka	is	hardly	imaginable.	The	extent	of	gully	incision	on	Central	
European low mountain slopes furthermore depends, apart from human impact and climatic events 
(cf.	Ionita	et	al.	2015,	Valentin	et	al.	2005,	Verstraeten	et	al.	2009),	also	on	the	characteristics	and	
thickness of the Pleistocene periglacial sediment cover.
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6.2 Present-day geomorphodynamics and landslides in the Quaternary 
sediment cover

6.2.1 Reworked loess as disposition factor for shallow landslides 

Enhanced Late Pleistocene loess input in the Vienna Forest did not only result in the formation 
of cover bed sequences with intercalated reworked loess but is further responsible for the disposition 
of the periglacial sediment cover to slope instability and landslide activity in the Hagenbach Valley.

Soil-mechanical and soil-physical data derived from cover beds and intercalated reworked 
loess	in	the	vicinity	of	the	crack	regions	of	recent	landslides	verified	previous	findings	by	Damm	and	
Terhorst	(2010),	Terhorst	and	Damm	(2009),	or	Terhorst	et	al.	(2009),	who	identified	a	connection	
of slope instability to the interface between loess deposits and the underlying nearly impermeable 
basal	layers.	The	comparison	of	cover	bed	sequences	with	and	without	intercalated	reworked	loess	
showed that the presence or absence of interbedded loess-like deposits is crucial for the distribution 
of shallow landslides on the slopes of the Hagenbach Valley. Whereas loess-rich tripartite cover bed 
sequences in upper slope sections show overall high soil-mechanical stabilities due to slight variations 
of geotechnical properties of single cover beds and at layer boundaries, sediment successions with 
deposits of reworked loess in lower slope positions are characterized by more pronounced differences 
of	soil-mechanical	stability.	The	applied	approach	of	comparing	geotechnical	characteristics	of	cover	
bed sequences with to those without intercalated reworked loess thus helped to identify reworked 
loess deposits as major disposition factor for soil-mechanical slope instability in the Hagenbach 
Valley.	The	 reworked	 loess	 differs	 remarkably	 in	 shear	 strength,	 bulk	 density,	 liquid	 limits,	 and	
friction angle from the over- and underlying cover beds and, thus, represents the soil-mechanical 
“weak	spot”	of	the	Quaternary	sediment	cover.

6.2.2 Influence of slope hydrology on landslide events

Although reworked loess deposits are soil-mechanically less stable than the periglacial cover 
beds	 in	 the	Hagenbach	Valley,	 they	 remain	 stable	 under	 dry	 conditions.	The	 loss	 of	 friction	 and	
cohesion	is	caused	by	high	soil	water	contents	(cf.	Damm	and	Terhorst	2010,	Terhorst	et	al.	2009)	
which	cause	a	rise	in	hydrostatic	pressure	and,	thus,	reduce	cohesion	and	friction	angle	(Terhorst	and	
Kreja 2009) of the reworked loess deposits. As a consequence, the soil moisture content is regarded 
as	the	main	trigger	for	landslide	events	(Damm	2005).

One reason for high soil water contents within the reworked loess is water stagnation on 
top	 of	 the	 underlying	 impermeable	 basal	 layer	 (Damm	 and	 Terhorst	 2010,	 Damm	 et	 al.	 2008,	
Terhorst	et	al.	2009).	Particularly	in	lower	slope	positions	high	amounts	of	soil	water	may	further	be	
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Fig. 13. Schematic cross section of the investigated slope in the Hagenbach-Valley, depicting sediment 
distribution, soil-mechanical stability, and vertical and lateral water flow paths within the Quaternary sediment 
cover as well as the deduced landslide susceptibility (Döhler and Menke 2016, based on Terhorst et al. 2009 
and supplemented according to Moldenhauer et al. 2013).

the	result	of	lateral	water	input	by	interflow.	The	latter	is	a	common	phenomenon	in	periglacial	cover	
bed sequences and results from disconformities between and anisotropies within single cover beds 
(cf.		Molenhauer	et	al.	2013).	The	importance	of	lateral	flow	as	a	control	factor	for	shallow	landslides	
within	the	Quaternary	sediment	cover	of	Central	European	low	mountain	areas	was	already	pointed	
out	by	Damm	(2005).

Soil-physical	data	gained	for	 the	investigated	sediment	profiles	as	well	as	a	 long-term	soil	
moisture monitoring in the Hagenbach Valley (cf. Menke 2014, Menke et al. 2014) enabled the 
development of a model of slope hydrology for the investigated slope, which outlines the supposed 
relevance	of	lateral	water	flow	paths	for	slope	stability	or	instability	(Fig.	13).	The	interpretation	of	
water	flow	paths	and	interflow	along	the	slope	is	based	on	previous	studies	on	slope	hydrology	in	
periglacial cover beds (e.g. Heller 2012, Kleber and Schellenberger 1998, Kleber et al. 1998) and on 
basic hypotheses on this subject given in Moldenhauer et al. (2013). 

In	the	Hagenbach	Valley	the	amount	of	interflow	depends,	apart	from	precipitation,	mainly	on	
the	extent	and	continuity	of	the	impermeable,	marly	basal	layer	along	the	slope.	The	longer	the	slope	
section	on	which	vertical	percolation	 is	hindered,	 the	more	 lateral	flowing	water	 can	accumulate	
downslope.	 It	 is	 supposed	 that	 interflow	 prolongs	 periods	 with	 high	 soil	 moisture	 contents	 or	
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saturation	within	the	reworked	loess	due	to	a	steady	water	input	from	upslope.	Thus,	it	is	assumed	
that	 lateral	 interflow	 is	at	 least	partly	 responsible	 for	 the	high	 frequency	of	 shallow	 landslides	 in	
lower slope positions in the Hagenbach Valley, particularly where slope failures are connected to 
soil-mechanically	instable	reworked	loess.	However,	the	extent	to	which	lateral	interflow	influences	
slope stability and landslide susceptibility needs to be further investigated. Not at least to understand 
the degree to which slope hydrology is involved in landslide activity in the Hagenbach Valley.

6.3 Direct and indirect influences of the Pleistocene periglacial sediment 
cover on past and present Holocene geomorphodynamics – a summary 
based on results from both study areas

Investigations	on	the	Quaternary	sediment	cover,	particularly	on	Pleistocene	periglacial	slope	
deposits, in both research areas allow a deduction of direct and indirect impacts of the unconsolidated, 
stratified	sediment	cover	on	past	Holocene	landscape	dynamics	as	well	as	present-day	slope	formation.

In	the	Hagenbach	Valley,	Vienna	Forest,	Austria,	interactions	between	Quaternary	sediment	
cover and slope instability are quite obvious. Here, slope formation is currently characterized by 
landslide activity, which is directly controlled by the combination of a geotechnical disposition 
of periglacial sediment layers to slope instability and slope hydrology. Whereas the disposition to 
slope instability and landslides is mainly controlled by the distribution of soil-mechanically instable 
deposits	of	reworked	loess,	impermeable	basal	layers	influence	slope	hydrology	and	soil	moisture	
contents, which are regarded as the main control factor and trigger for slope failures.

In contrary to the Hagenbach Valley, the surface features in the Rehgraben catchment area 
arethe result of long-lasting, intense human impact on landscape dynamics, particularly during the 
past	3000	years.	The	deep	incision	of	the	gully	channels	was	nonetheless	only	possible	because	of	
the	thick	periglacial	sediment	filling	of	 the	periglacial	slope	depression.	Thus,	 the	unconsolidated	
periglacial	sediments	thus	directly	influenced	the	initial	incision	depth	of	the	gully	system.	Due	to	
repeated vertical erosion events in past centuries the gully system became a permanent landscape 
feature and drainage system. Episodic vertical erosion events have now the character of mountain 
torrents	with	high	bedload	transport,	and	they	represent	a	natural	hazard.	The	most	recent	and	very	
well documented torrential event in the Rehgraben gully system took place in 1994 (cf. Damm 2004, 
Kreikemeier et al. 2004), cleared the gully channels from sediment and weathering debris (~16.000 m³) 
and caused further incision into the underlying bedrock.

Although gully incision was induced by human land use activity, present-day erosion takes 
place	without	further	human	influence.	Instead,	torrential	discharge	and	vertical	incision	of	the	gully	
system	mainly	depend	on	weather	conditions	and,	thus,	proceed	on	a	“quasi-natural”	basis.	In	case	
of the Rehgraben gully system, the impact of periglacial sediment thickness and human land use 
activity on present-day landscape dynamics has an indirect character.
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Investigations	 of	 highly	 loess-influenced	 Quaternary	 sediment	 covers	 led	 to	 a	 better	
understanding of both past and present-day landscape dynamics in marginal regions of Central 
European	uplands.	Transition	areas	prove	valuable	study	areas	for	the	investigation	of	three	major	
aspects	 in	 Quaternary	 research	 in	 low	 mountain	 areas:	 i)	 the	 reconstruction	 of	 past	 periglacial	
landscape dynamics and Late Pleistocene paleoenvironmental conditions, ii) the reconstruction of 
human	impact	on	Holocene	landscape	formation	as	well	as	the	identification	of	interdependencies	
between periglacial past and the extent of Holocene gully erosion, and iii) the understanding of direct 
and indirect control mechanisms for present-day earth surface processes.

Transition	areas	are	of	particular	interest	for	the	understanding	of	Late	Pleistocene	periglacial	
geomorphodynamic	processes	because	 the	enhanced	 loess	 input	during	glacial	periods	 influenced	
the overall sediment thickness and favored the formation of multi-layered successions of periglacial 
slope	deposits.	Thick	periglacial	sediment	sequences	record	the	alternation	of	periglacial	processes	
in greater detail and, thus, allow a relatively high-resolution reconstruction of Late Pleistocene 
sedimentation cycles and changes of the paleoenvironment, particularly in comparison to more 
widespread bi- or tripartite cover beds sequences. Hence, transition areas are valuable key sites 
for future cover bed research. Split-up cover beds with interbedded loess-derived sediments or 
slope wash deposits record repeated sedimentation cycles, which are commonly not recognizable 
in	cover	bed	successions	on	less	loess-influenced	low	mountain	slopes.	The	mentioned	interbedded	
sediments	clearly	reflect	the	impact	of	slope	wash	on	cover	bed	formation.	Furthermore,	slope	wash	
sediments and deposits of reworked loess are of great relevance for numerical dating purposes and 
chronostratigraphic	interpretations.	In	this	context,	intercalated	sediments	with	sufficiently	bleached	
grains are in this context very valuable because they provide reliable numerical ages.

To	gain	a	more	transregional	understanding	of	Late	Pleistocene	cover	bed	formation	cycles,	of	
the processes involved, and of the relevance of pedosediments and paleosols as components of cover 
beds it could be useful to re-investigate known sediment sequences, for example in the Westerwald 
(cf.	Zöller	and	Nehring	2002)	or	Göttinger	Wald	mountains	(cf.	Rohdenburg	1965),	provided	that	
these sites are still accessible. Due to the restricted distribution of thick, detailed periglacial sediment 
sequences in former accumulation areas of the paleotopography, the detection of comparable study 
areas	might	be	difficult.

Marginal regions of Central European uplands are further promising study areas for the 
reconstruction of human impact on Holocene landscape formation, particularly for human induced 
gully erosion. Although a detailed reconstruction of gully erosion history for permanent gully systems 
is impeded by a lack of datable sediments, it is possible to reconstruct at least the onset of gully 
incision as well as to identify major incision phases, particularly by comparing sediment archives to 
settlement history.
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The	combined	 reconstruction	of	Pleistocene	and	Holocene	 landscape	 formation	elucidated	
interdependencies between periglacial sediment cover, Holocene soils, and the impact of human 
activity	on	 earth	 surface	processes	 since	 the	Early	Neolithic.	Highly	 loess-influenced	margins	 of	
Central European low mountain areas are in many regards similar to the adjacent loess regions, 
including soil fertility, settlement history, and extent of human induced soil erosion. But in contrary 
to loess regions, linear erosion forms became permanent surface features because reforestation of the 
surrounding	slopes	impeded	backfilling	with	sediments.	In	 low	mountains	areas	gullies	are	hence	
easier to detect in the landscape. Deep permanent gully channels prove furthermore valuable for the 
detection of slopes with thick periglacial sediment covers, because of a direct correlation between 
periglacial sediment thickness and the magnitude of Holocene gully incision. In the centuries past the 
gully systems became permanent surface features and drainage ways. Hence, present-day torrential 
discharge and further incision of the gully channels depend stronger on weather conditions than on 
human land use activity. In consequence, periglacial past and human land use changes have only an 
indirect impact on present day earth surface processes.

In comparison to the extent of human induced geomorphodynamic processes, natural changes 
of	 the	 Quaternary	 sediment	 cover	 like	 shallow	 landslides	 seem	 to	 be	 of	 secondary	 importance,	
because	affected	areas	are	much	more	restricted.	The	identification	of	disposition	factors	and	trigger	
mechanisms for shallow landslides is nevertheless important for a better understanding of past 
slope evolution, present-day landscape dynamics, and the prediction of future geomorphodynamics. 
Particularly interbedded loess or loess-derived deposits within periglacial cover beds seem to enhance 
the	general	disposition	of	the	Quaternary	sediment	cover	to	slope	instability.	Landslide	susceptibility	
in	 the	Hagenbach	Valley,	Vienna	 Forest,	Austria	 is	 controlled	 by	 a	 very	 specific	 combination	 of	
geotechnical and soil-physical properties. While the disposition to landslides is a direct result of 
disconformities	within	 the	 stratified	 periglacial	 sediment	 cover,	 actual	 slope	 failure	 is	 controlled	
by	soil	and	slope	hydrology,	including	lateral	interflow.	Loess	or	loess-derived	deposits	within	the	
Quaternary	sediment	cover	represent	a	geotechnical	weak	spot.	It	is	thus	concluded	that	particularly	
slopes in marginal regions of Central European uplands may be characterized by enhanced landslide 
susceptibilities.

This	 assumption	 should	 be	 investigated	 further	 in	 order	 to	 evaluate,	 whether	 the	 specific	
combination of control mechanisms, including sediment distribution, geotechnical properties of the 
periglacial sediments, and hydrological parameters on landslide susceptibility is rather exceptional 
and a unique characteristic of the Hagenbach Valley or if other regions show comparable landscape 
dynamics.

In summary, Pleistocene and Holocene surface features and sediments in marginal regions 
of	 Central	 European	 uplands	 form	 detailed	Quaternary	 archives,	 which	 enable	 the	 identification	
of direct and indirect relations between past and present-day geomorphodynamics. Highly loess-
influenced	transition	areas	thus	represent	key	sites	for	Quaternary	research.
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