
 

 

Geomorphometric regularities of the spatial 

distribution of colluvial deposits 

 

Dissertation 

in fulfilment of the requirements for the degree “Dr. rer. nat.” 

of the Faculty of Mathematics and Natural Sciences 

at the Christian-Albrechts-University of Kiel 

 

Submitted by 

Andrey V. Mitusov 

 

 

 

 

 

 

 

Kiel, 2014 

  



First referee:   Prof. Dr. Hans-Rudolf Bork 

 

Second referee:   Prof. Dr. Johannes Müller 

 

 

Date of oral examination: February 17, 2015 

 

Approved for publication: December 12, 2014 

 

 

 

Dean:     Prof. Dr. Wolfgang J. Duschl 

 

  



 

I dedicate this work to my children: 

Semjon and Liza 

 

 

 

 

 

 

 

 



Content 

Abstract 4 

Zusammenfassung 5 

1. Introduction 6 

2. Key area locations 8 

3. Methods 9 

3.1. Digital elevation models 9 

3.2. Morphometric variables 9 

3.3. Landforms described by signs of curvatures 11 

3.4. Determination of colluvial deposits 13 

3.5. Indicator of the spatial variability of the colluvial accumulation rate (CAR) 13 

3.6. Statistics 14 

3.7. Determination of the potential role of main local landforms for the processes of 

soil erosion or colluvial accumulation 14 

4. Results 14 

4.1. Statistical properties of the indicator of the colluvial accumulation rate (CAR) and 

the thickness of colluvial deposits 14 

4.2. Statistical relationships in the dataset 15 

4.3. Distributions of the thickness of colluvial deposits and the indicator of the 

colluvial accumulation rate (CAR) on main local landforms 16 

5. Discussion 18 

5.1. Relationship of the thickness of colluvial deposits with the MCA 18 

5.2. Relationship of the indicator of the colluvial accumulation rate (CAR) with the 

MCA 19 

5.3. Relationship between the thickness of colluvial deposits and the indicator of the 

colluvial accumulation rate (CAR) 19 

5.4. Spatial distribution of orographic attributes related with colluvial deposits 21 

5.5. Geomorphometric quantitative descriptor of erosion and accumulation processes 

for terrains considered as one unit 23 

5.6. Phases of transformation of the local landforms 24 

6. Conclusions 6 

6.1. The spatial antagonism between land surface portions with a maximal colluvial 

storage and a high colluvial accumulation rate (CAR) 26 

6.2. Application of the occurrence frequency of main local landforms for the 

assessment of the erosion/accumulation status of a terrain 27 

6.3. Phases of land surface transformation on the local level 27 

Acknowledgements 28 

References 28 

List of abbreviations 32 

Affidavit 33 

  

Appendix I 34 

Appendix II 44 

Appendix III 56 

Appendix IV 68 

 

  



4 

Abstract 

 

The general objective of the investigation is to examine the basic relationships between 

quantitative characteristics of the modern land surface and the distribution of colluvial deposits on a 

fine spatial resolution. For a description of the colluvial deposits, thicknesses and accumulation 

rates were used. The experimental part was exemplarily conducted on two key areas located in 

Northern Germany. The land surface was characterized by a system of 17 morphometric variables 

and 12 types of landforms described by curvatures. Curvatures describe land surface segments at 

the local level, whereas at the regional level land surface portions are described by maximal 

catchment area.  

Land surface segments characterized by a high volume of colluvial deposits as well as land 

surface segments with a high colluvial accumulation rate (CAR) were identified. The spatial 

antagonism between these land surface segments was experimentally detected at local and regional 

levels. A hypothesis on the dual system of the land surface memory was suggested for the 

conceptual understanding of this result. A high CAR can be associated with the function of short-

term memory, whereas the storing of a large volume of colluvial deposits can be associated with the 

function of long-term memory. In conditions of the key areas, land surface portions responsible for 

short-term memory had a CAR approximately 20 times higher and colluvial thickness 

approximately two times smaller than land surface portions responsible for long-term memory. 

Two groups of landforms (described by curvatures) related with soil erosion and colluvial 

accumulation were experimentally identified. The proportion of occurrence frequency between 

these groups of landforms indicates potential domination of the erosion or accumulation processes 

in the region. The intensity of these processes can be assessed by comparison of the occurrence 

frequency of a chosen group of landforms for the real land surface and for an artificial random 

surface. The more the deviation the more intensive the backbone process is manifested. Based on 

this approach, the potential erosion/accumulative status at sampling points and in the surrounding 

terrain was assessed. At sampling points of the key area of Perdoel, the land surface is potentially 

suitable for intensive accumulation; at sampling points of the key area of Bornhoeved the land 

surface is potentially suitable for accumulation with medium intensity, and for the surrounding 

terrains of both key areas for erosion with low intensity. The results coincided with the existing 

information obtained by traditional methods. Hence, the approach can be used as an additional 

method of the assessment of the potential erosion/accumulative status of a terrain from a 

geomorphometric point of view. 

Three phases of land surface transformation during colluviation were experimentally 

distinguished. The phases were identified according to the correlations between the thicknesses of 

colluvial layers among each other and correlations of the thicknesses of colluvial layers with 

curvatures. Each phase is characterized by a group of four landform types described by curvatures. 

The first phase is associated with the beginning of accumulation processes. The second phase is 

indicated by the beginning of a detectible transformation of the land surface due to long-term 

sedimentation. The third phase is characterized by the largest differences between modern and 

buried surfaces. At the end of this phase, the sedimentation processes on the local level were 

terminated. 

Therefore, a new quantitative approach based on methods of geomorphometry and statistics 

was developed for investigations of erosion/accumulation processes on fine spatial resolution. This 

new approach allowed the explanation of regularities of spatial distribution of colluvial deposits on 

fine spatial resolution. 
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Zusammenfassung 

 

Das Ziel des Forschungsvorhabens ist die Untersuchung grundlegender Beziehungen 

zwischen den quantitativen Charakteristika heutiger Landoberflächen und der räumlich 

hochaufgelösten Verteilung kolluvialer Ablagerungen. Für die Beschreibung der kolluvialen 

Ablagerungen wurden die Parameter Mächtigkeit und Akkumulationsrate verwendet. Die 

Feldarbeiten zu der vorgestellten Analyse wurden in zwei Schwerpunktgebieten in Norddeutschland 

durchgeführt. Die Charakterisierung der Landoberfläche wurde mit Hilfe eines Systems von 17 

morphometrischen Variablen sowie 12 Landformtypen, die durch positive und negative 

Krümmungen differenziert werden, vorgenommen. Krümmungen beschreiben Bereiche von 

Landoberflächen auf lokaler Ebene, wohingegen Landoberflächen auf regionaler Ebene durch die 

maximale Einzugsgebietsgröße beschrieben werden. 

Landoberflächen, die durch ein hohes Volumen kolluvialer Ablagerungen charakterisiert sind, 

sowie Landoberflächen mit hohen kolluvialen Akkumulationsraten (CAR) wurden identifiziert. Der 

räumliche Antagonismus zwischen diesen Landoberflächen auf lokaler und regionaler Ebene wurde 

experimentell nachgewiesen. Für das konzeptuelle Verständnis der Ergebnisse wird die Hypothese 

des dualen Systems des „land surface memory“ vorgeschlagen. Hohe kolluviale 

Akkumulationsraten können mit der Funktion des „short-term memory“ verknüpft werden, 

wohingegen die Ablagerung großer Volumina kolluvialer Sedimente mit der Funktion des „long-

term memory“ verbunden werden kann. Es hat sich gezeigt, dass Bereiche von Landoberflächen, 

die für das „short-term memory“ verantwortlich sind, 20-fach höhere kolluviale 

Akkumulationsraten und zweifach geringere kolluviale Mächtigkeiten aufweisen, verglichen mit 

Landoberflächen, die für das „long-term memory“ verantwortlich sind. 

Zwei Gruppen von Landformen (beschrieben durch positive und negative Krümmungen), die 

in Beziehung mit Bodenerosion und kolluvialer Akkumulation stehen, wurden experimentell 

identifiziert. Das Verhältnis der Auftrittshäufigkeit zwischen diesen Gruppen von Landformen 

deutet auf potentiell dominierende Erosions- oder Akkumulationsprozesse in der Region hin. Die 

Intensität dieser Prozesse kann mit Hilfe eines Vergleichs der Auftrittshäufigkeit einer bestimmten 

Gruppe von Landformen zwischen der realen und einer künstlichen Oberfläche ermittelt werden. Je 

größer die Abweichung desto intensiver ist der dahinterliegende Prozess ausgeprägt. Basierend auf 

diesem Ansatz wurde die potentielle Erosion/Akkumulation an den Probenahmestellen und deren 

Umgebung bewertet. Die Probenahmestellen des Untersuchungsbereiches Perdoel deuten auf eine 

intensive Akkumulation hin; die des Untersuchungsbereiches Bornhoeved weisen auf eine mittlere 

Akkumulation hin. Die umgebenden Bereiche beider Untersuchungsgebiete zeigen eine Erosion mit 

geringer Intensität. Die Ergebnisse stimmen mit den existierenden Informationen überein, die mit 

klassischen Methoden ermittelt wurden. Aus geomorphometrischer Sicht kann das Vorgehen daher 

als eine zusätzliche Methode zur Bewertung des potentiellen Erosion-/Akkumulationsstatus eines 

Gebietes verwendet werden. 

Drei Phasen der Transformation der Landoberfläche während der Ablagerung von 

Sedimenten wurden experimentell differenziert. Die Phasen wurden identifiziert, basierend auf der 

Korrelation zwischen der Mächtigkeit der kolluvialen Schichten untereinander sowie der 

Korrelation zwischen der Mächtigkeit der Kolluvien und negativen und positiven Krümmungen. 

Jede Phase konnte durch eine Gruppe von vier Landformtypen beschrieben werden. Die erste Phase 

ist verbunden mit dem Beginn eines nachweisbaren Akkumulationsprozesses. Die zweite Phase ist 

gekennzeichnet durch den Beginn einer nachweisbaren Transformation der Landoberfläche durch 

langfristige Sedimentation. Die dritte Phase ist charakterisiert durch die größte Differenz zwischen 

der modernen und der begrabenen Oberfläche. Am Ende dieser Phase waren die 

Sedimentationsprozesse auf lokaler Ebene abgeschlossen. 
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Demzufolge wurde ein neuer quantitativer Ansatz basierend auf den Methoden der 

Geomorphologie und der Statistik für die Untersuchung von kleinräumigen Erosions- und 

Akkumulationsprozessen entwickelt. Dieser neue Ansatz ermöglicht die Beschreibung von 

Regelmäßigkeiten der räumlichen Verteilung kolluvialer Ablagerungen. 

 

1. Introduction 

 

Colluvial (slope) deposits are among the main indicators of human-triggered soil erosion 

during the Holocene (e.g. Bork, 1983; Lang, 2003; Kaiser et al., 2007; Dotterweich, 2008; Brown, 

2009; Dreibrodt et al., 2010; Fuchs et al., 2010). Investigations about the spatial distribution of 

colluvial deposits are based on a well-known concept. Runoff accumulates over remote areas and 

transports colluvial matter over relatively local distances during heavy rain events (e.g. Lang et al., 

1999). This is linked to the low output of colluvial matter from slopes into fluvial systems (e.g. de 

Moor and Verstraeten, 2008; Houben et al., 2012). Another factor influencing the low output of 

colluvial deposits is the disconnectivity of sediment cascades caused by different types of natural 

and artificial borders in a catchment (e.g. Walling, 1983; Fryirs, 2013). 

The application of information derived from colluvial deposits for palaeo-reconstructions is 

very common. Only in Germany more than a hundred excavated key areas exist (Dreibrodt et al., 

2010). However, quantitative regularities of the distribution of colluvial deposits with detailed 

spatial resolution are still not clear. Mapping of colluvial deposits is mainly based on the 

interpolation between a large number of samplings that is linked with a large amount of fieldwork 

(e.g. Rommens et al., 2005; Houben, 2008; Reiß et al., 2009). Moreover, such interpolation does not 

indicate situations in which a buried surface is characterised by high spatial heterogeneity. The 

problem can be solved with the help of predictive models, although only several investigations have 

been published in this direction (e.g. Dietrich et al., 1995; Mitasova et al., 1997; Mitas and 

Mitasova, 1998; Follain et al., 2006). 

In comparison with pedometrics, the application of spatial predictive models for colluvial 

deposits is limited by the deficit of quantitative predictors. Many of them cannot be measured 

precisely with high spatial resolution. However, if the main triggers of soil erosion are land use and 

climate, the spatial distribution of colluvial deposits in the slope/valley system depends mainly on 

the land surface. In this context, the modern methods of geomorphometry provide an extended 

system of morphometric variables (MVs) for the quantitative description of the land surface (Shary 

et al., 2002). These MVs can be precisely calculated based on high definition measurements of the 

modern topography (e.g. Florinsky, 2012). One group of MVs describes the modern land surface, 

another group can be used for a determination of buried landforms (Shary et al., 2002; Mitusov et 

al., 2013, appendix I). 

Most relationships of the spatial distribution of colluvial deposits with MVs are not known. 

Hence, the general objective of this investigation is to establish the basic relationships between 

quantitative characteristics of the modern land surface and distribution of colluvial deposits on a 

fine spatial resolution. The specific objectives to be pursued include: 
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– a comprehension of spatial relationships between colluvial thickness and accumulation 

rate 

The thickness or storage of colluvial deposits is a traditional object for mapping. However, 

the spatial distribution of another important parameter, such as the colluvial accumulation rate 

(CAR), is often not considered. This parameter is only determined at several sampling points 

and extrapolated for the whole valley. Theoretical antagonism between these parameters is 

known. However, the practical consequences from this fact are not discussed in the literature. 

For an understanding of the spatial interaction between these parameters, different types of 

land surface portions should be compared according to maximal values of colluvial thickness 

and CARs. 

– an assessment of erosion and accumulation intensity from a point of view of 

geomorphometry 

The reconstruction of processes based on a landform shape is one of the backgrounds of 

geomorphology. Hence, it is assumed that the size of area occupied by landforms of one type 

reflects the scale of related processes. The role of landforms in erosion and accumulation 

processes can be determined on the basis of their material content such as thickness of 

colluvia. In this case, the total area and occurrence frequency of different landforms can be 

used for a geomorphometric description of the spatial proportion between erosion and 

accumulation processes on a large terrain. 

– the quantification of transformation phases of the land surface under long-term 

sedimentation 

The spatial distribution of colluvial deposits is duly linked with the transformation of the land 

surface. In comparison with geological processes, the mechanisms of colluvial distribution are 

characterised by low energy input. Hence, the results of these processes are often not clearly 

visible without special techniques. The reconstruction of transformation phases of landforms 

is based on statistical comparisons between MVs and the thickness of colluvial layers. The 

known sequences of the phases enable the automatic reconstruction or prediction of the land 

surface shape in the past or the future. 

  



8 

2. Key area locations 

 

The data were obtained from two key areas located in Northern Germany approximately 35 – 

40 km south of Kiel (Fig. 1). The key area of “Perdoel” is located in the lower part of a dry 

subcatchment of Lake Belau near the farm Perdoeler Muehle. The key area of “Bornhoeved” is 

located in the upper part of a dry subcatchment of Lake Bornhoeved. The dataset of colluvial 

deposits consists of 64 points at the key area of Perdoel (Fig. 1B) and 71 points at the key area of 

Bornhoeved (Fig. 1C). Present and past ecological conditions in the region are shown in previous 

publications (Mitusov et al., 2013, appendix I; 2014, appendix II). 

 

 

Fig. 1. Locations of the key areas and sampling points. A: Area overview. B: Key area of Perdoel. 

C: Key area of Bornhoeved. 
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3. Methods 

 

3.1. Digital elevation models 

 

A digital elevation model (DEM) with 1 m resolution from the State Bureau of Surveying and 

Geoinformation, Schleswig-Holstein (Landesvermessungsamt Schleswig-Holstein, 2012) was used 

during investigations at the key area of Perdoel (Mitusov et al., 2013, appendix I) and surrounding 

terrain. For the investigations at the key area of Bornhoeved a DEM with a resolution of 5 m was 

prepared based on field measurements by a differential GPS (Mitusov et al., 2014, appendix II). A 

terrain around the key area of Bornhoved was analysed based on the DEM from the State Bureau of 

Surveying and Geoinformation, Schleswig-Holstein (Landesvermessungsamt Schleswig-Holstein, 

2012) that was generalised up to 5 m resolution. 

The modern land surface of the key areas includes many artificial macro- and microstructures. 

The macrostructures are hedges and ditches around arable lands. Some of these macrostructures are 

clearly visible in their natural settings; others are destroyed and their remnants are only visible after 

geomorphometrical analysis. The microstructures were established due to arable soil treatment. 

However, these structures were not detected at the sampling point locations. Moreover, the artificial 

structures do not have a strong impact on the catchment borders of the key areas. Hence, the 

maximal catchment area calculated at every sampling point, based on the modern land surface, will 

not strongly differ from former topography. This coincidence depends on the topography and long-

term development of an individual catchment of the land surface and might not be observed for 

other terrains. 

 

3.2. Morphometric variables 

 

The land surface was characterized by the system of 17 morphometric variables (MVs) 

described by Shary et al. (2002). These MVs are divided into four groups according to their 

physical meaning (Table 1). Additionally, based on different calculation methods, local and 

regional MVs can be distinguished (e.g. Shary, 1995). Regional MVs are a maximal catchment area 

(MCA) and a maximal dispersal area (MDA). For the calculation of regional MVs, extended terrain 

portions have to be taken into account (e.g. Tarboton, 1997). Local MVs are curvatures and slope 

steepness (GA). For the calculation of local MVs, only a small number of grid cells around a 

sampling point have to be considered (Shary et al., 2002). 

The correct equations for local MVs that are used in this investigation were given by Shary 

(2012). The mathematical theory explains statistical relationships among MVs and links every MV 

with physical processes on the land surface (Shary et al., 2002). The MVs used are free from 

specific coefficients. As a result, these MVs can be comparably applied to different landscapes. 

This gives the selected MVs an advantage over other MVs. For the calculation of all MVs, the 

analytical GIS Eco developed by P. Shary was used (Wood, 2009). The maps of basic MVs for the 

key areas are shown in previous publications (Mitusov et al., 2013, appendix I; 2014, appendix II). 
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Investigations of the land surface on different scales are usual in geosciences. In this context, 

the definition of “scale” traditionally means an area size and data resolution. Nowadays, methods of 

remote surveying of the land surface enable investigations of large terrains with a fine spatial 

resolution. Hence, in the following text the terms “regional level” and “local level” are used. These 

terms are used for identifying the size of areas around sampling points and are not linked with the 

resolution of DEMs. 

 

Table 1. System of morphometric variables (based on Shary et al., 2002). 

Variable name, Unit  Description  

Vertical zonation 

Altitude (Z), m  Vertical changes in climate conditions  

Morphometric pre-requisites of surface runoff and soil throughflow generation 

Slope steepness (GA), degrees  Flow velocity  

Maximal catchment area (MCA), m
2

  Maximum area from which material moving 

downslope may be collected  

Maximal dispersal area (MDA), m
2

  Maximal area at which materials moving 

downslope may be diffused  

Horizontal (tangential) curvature (kh), m
–1

 Flow convergence/divergence  

Vertical (profile) curvature (kv), m
–1

  Relative flow deceleration/acceleration  

Difference curvature (E), m
–1

  Compares kh (in plan) and kv (in profile)  

Total accumulation curvature (KA), m
–2

  Reveals relative accumulation zones  

Characteristics of land surface dissection 

Rotor (rot), m
–1

  Flow line rotation direction  

Total ring curvature (KR), m
–2

  Flow line twisting  

Vertical excess curvature (kve), m
–1

  Describes to what extent kv is larger than minimal 

curvature (kmin)  

Horizontal excess curvature (khe), m
–1

  Describes to what extent kh is larger than minimal 

curvature (kmin)  

Characteristics of geometrical landforms 

Maximal curvature (kmax), m
–1

  Geometrical ridge forms  

Minimal curvature (kmin), m
–1

  Geometrical valley forms  

Total Gaussian curvature (K), m
–2

  Separated elliptic and saddle landforms  

Mean curvature (H), m
–1

  Connected to “equilibrium” surface condition  

Unsphericity (M), m
–1

  Surface deviation from spherical form  
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3.3. Landforms described by signs of curvatures 

 

The land surface has four main directions (Shary et al., 2002). Two main directions of a 

surface itself are determined by normal sections with minimal (kmin) and maximal (kmax) 

curvatures. The gravity field produces such definitions as “up” and “down”. The shape of the land 

surface in direction from top to down as well as in perpendicular direction is defined by 

“gravitational” curvatures kv and kh. Other curvatures mainly describe different relationships 

between these four curvatures. Shary (1995) developed a theory for the identification of twelve 

types of main local landforms by signs of curvatures (Fig. 2). The set of these landforms is given in 

Table 2. 

 

 

Fig. 2. Distribution of twelve types of main local landforms in coordinates of five curvatures (Shary 

et al. 2005). 

 

The number of main local landforms cannot be extended by the introduction of other 

curvatures. Hence, 12 main local landforms can be considered as elementary segments of the land 

surface. A curvature = 0 is very rare for the land surface. Landforms that include at least one 

curvature = 0 are entitled as rare local landforms (Shary, 1995). Such rare landforms were not 

observed in the DEMs used for the investigations. 
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Table 2. Signs of curvatures for identification of twelve types of main local landforms (based on 

Shary et al. 2005). 

N Title of landform types K H kh kv E kmin kmax 

1 C-depressions with positive difference curvature + – – – + – – 

2 C-saddles mean-concave, convergent-decelerating, with 

positive difference curvature 

– – – – + – + 

3 C-saddles mean-concave, convergent-accelerating, with 

positive difference curvature 

– – – + + – + 

4 C-saddles mean-convex, convergent-accelerating, with 

positive difference curvature 

– + – + + – + 

5 C-saddles mean-convex, divergent-accelerating, with 

positive difference curvature 

– + + + + – + 

6 C-hills with positive difference curvature + + + + + + + 

7 C-depressions with negative difference curvature + – – – – – – 

8 C-saddles mean-concave, convergent-decelerating, with 

negative difference curvature 

– – – – – – + 

9 C-saddles mean-concave, divergent-decelerating, with 

negative difference curvature 

– – + – – – + 

10 C-saddles mean-convex, divergent-decelerating, with 

negative difference curvature 

– + + – – – + 

11 C-saddles mean-convex, divergent-accelerating, with 

negative difference curvature 

– + + + – – + 

12 C-hills with negative difference curvature + + + + – + + 

 

According to the statistical hypothesis of Shary (1995), the occurrence of each of the main 

local landforms has approximately equal probability (≈ 1/12) for a random surface. In nature, a 

deviation from this probability depends on the type of terrain. The accumulative landforms occur 

more often within mountainous terrains and less often on flatlands. This can be explained by the 

development of the land surface under impaction of tectonics in mountains and denudation of local 

concavities on flatlands. Other properties of the main local landforms are considered by Shary et al. 

(2005). In the following text, instead of the long term “main local landforms” the short term 

“landforms” will be used. 
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3.4. Determination of colluvial deposits 

 

The thickness of colluvial deposits (M) was measured in trenches and auger cores. Locations 

and depths of trenches were defined so that all sequences of colluvial layers could be investigated at 

the bottoms of both valleys. Auger cores were distributed on slopes. Sequences and characteristics 

of different colluvial layers were described using conventional field methods (Ad-hoc-

Arbeitsgruppe Boden, 2005). The mean thickness of a colluvial layer was calculated for each cell of 

a DEM that was crossed by the trenches. For auger cores, this procedure was unnecessary. The 

average bulk density of colluvial deposits was taken as 1.5 g cm
–3

. Other properties of colluvial 

layers at the key areas are considered in previous publications (Dreibrodt et al., 2009, appendix III; 

Dreibrodt and Wiethold, submitted). The total duration of colluvial deposition at the key area of 

Bornhoved can be assumed to span approximately 2800 years and at the key area of Perdoel 

approximately 3000 years. 

 

3.5. Indicator of the spatial variability of the colluvial accumulation rate (CAR) 

 

The absolute value of a CAR is calculated with the commonly known equation (I): 

 

CAR = S/C/D    (I), 

where: 

CAR – colluvial accumulation rate, t m
–2

 a
–1

; 

S – storage of colluvial deposits, t; 

C – catchment area, m
2
; 

D – duration of accumulation, years. 

 

Primarily, this equation is used for the determination of a CAR at one or several points. The 

number of points of precise calculation of the CAR is limited by expensive procedures to determine 

the age of colluvial layers. However, the spatial variability of a CAR is defined by the storage of 

colluvial deposits and the catchment area. Hence, the ratio between them can be used as an indicator 

of the spatial variability of the CAR. The storage of colluvial deposits and the catchment area can 

be measured at every sampling point. It has to be noted that the values of the catchment area are 

much larger than the values of colluvial storage. Hence, spatial variability of the CAR stands in 

high negative dependence to the MCA. 

The investigation focuses on the spatial distribution of the thickness of colluvial layers and 

the CAR. A CAR cannot be measured with high spatial resolution. Hence, instead of absolute 

values of a CAR, the indicator of the CAR was used in the following work. 
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3.6. Statistics 

 

Well-known statistical methods were used for data analysis (StatSoft Inc., 2013). An 

overview was made using basic descriptive statistics. For the determination of normality, the tests 

of Shapiro-Wilk and Anderson-Darling were performed. Quantitative comparisons were made with 

the help of the non-parametric rank correlation coefficient of Spearman (rS). Correlation 

coefficients with a significance level (p) of p > 0.05 were not considered. 

 

3.7. Determination of the potential role of main local landforms for the processes of soil 

erosion or colluvial accumulation 

 

The role of landforms for processes of soil erosion or colluvial accumulation was determined 

according to the variability of the thickness of colluvial deposits (Mitusov, submitted, appendix IV). 

For every group of landforms of one type, the median thickness of colluvium (Mgroup) was 

calculated. Afterwards, values of Mgroup were compared with the median thickness of colluvium for 

a whole key area (Mkey). If Mgroup was equal to or higher than Mkey, such a landform type was 

accepted as potentially related with the colluvial storage. These types of main local landforms were 

denoted by the abbreviation LLF
M

, where “
M

” stands for colluvial deposits. If Mgroup was smaller 

than Mkey, such landform types were accepted as potentially related with the processes of soil 

erosion. A determination of the role of landforms based on material content enables the assessment 

of geomorphometric prerequisites of these processes on large terrains. For example, outside of the 

sampling points, LLF
M

 may not contain colluvial deposits at all. However, in case of the activation 

of erosion and accumulation processes, colluviation will take place at LLF
M

 in the first order. 

 

4. Results 

 

4.1. Statistical properties of the indicator of the colluvial accumulation rate (CAR) and the 

thickness of colluvial deposits 

 

The statistical distribution of the indicator of the CAR is close to the logarithmic type for both 

key areas (Fig. 3A). The most often occurring values are small and distributed over a narrow 

interval. This type of statistical distribution is caused by the MCA that is one of the components of 

the CAR. The statistical distribution type of the thickness of colluvial deposits varies depending on 

the key area (Fig. 3B). The bar chart of the thickness of colluvial deposits from the key area of 

Bornhoeved has no well expressed peak in the data except for several outliers. It might be caused by 

the location of this key area in a relatively flat valley. Thick peaks are clearly visible on the bar 

chart of the data from the key area of Perdoel. Two main peaks within the intervals 49 – 92 cm and 
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145 – 176 cm are caused by the distribution of sampling points on slopes and at the bottom of the 

relatively steep valley. A small peak in the interval 6 – 27 cm indicates that several sampling points 

are located in the former arable area and reflects the thickness of the former ploughing layer. 

 

 

Fig. 3. Statistical distribution of the indicator of the colluvial accumulation rate (CAR) (A) and the 

thickness of colluvial deposits (B). 

 

4.2. Statistical relationships in the dataset 

 

The thickness of colluvial deposits and the indicator of the CAR are statistically dependent 

parameters. The correlation coefficients rS = –0.41 at the key area of Bornhoeved and rS = –0.75 at 

the key area of Perdoel were obtained between these parameters. The relationships between the 

thickness of colluvial deposits and the MCA are relatively strong and positive: rS = 0.69 at the key 

area of Bornhoeved (Mitusov et al., 2013, appendix I) and rS = 0.85 at the key area of Perdoel 

(Mitusov et al., 2014, appendix II). The strong negative relationship between the MCA and the 

indicator of the CAR is the result of the disproportion between components in the equation for the 

CAR. 

The specifics of the correlations of individual colluvial layers with curvatures were well 

described in previous articles (Mitusov et al., 2013, appendix I; 2014, appendix IV). Here, only the 

results for the total thickness of colluvial deposits will be considered (Fig. 4). Signatures of rS with 

curvatures indicate the concentration of the thickest colluvial deposits at convergent areas (kh < 0) 

and at the zones of relative deceleration of surface flows (kv < 0) with a more twisted section for kv 

in comparison with kh (E > 0). These land surface portions are characterised by a tendency to 

concave geometry (kmin < kmax < 0) with a more twisted section for kmin in comparison with kmax 

(H < 0). 
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Fig. 4. Spearman correlations (rS) between total thickness of colluvial deposits and curvatures. 

Based on data from Mitusov et al. (2013, appendix I; 2014, appendix II). 

 

An interpretation of correlations with K is more difficult because values of K < 0 describe 

both convex and concave landforms. This terminates a meaningful interpretation of correlations in 

the interval of K < 0. A distribution of the thickness of colluvial deposits on land surface portions 

with K > 0 is defined by proportions between values of two geometrical (kmin, kmax) and 

gravitational (kh, kv) pairs of curvatures with different signatures. A correlation with KR (Fig. 4) 

indicates that the thickest colluvial deposits are concentrated at land surface portions with maximal 

radial asymmetry. Correlation with M indicates that the thickest colluvial deposits are concentrated 

at points with maximal differences between kmax vs. kmin. A correlation with kve indicates that the 

thickest colluvial deposits are concentrated at points with maximal differences between kv vs. kmin. 

 

4.3. Distributions of the thickness of colluvial deposits and the indicator of the colluvial 

accumulation rate (CAR) on main local landforms 

 

Correlations with curvatures (Fig. 4) indicate that land surface portions with the thickest 

colluvial deposits have complex shapes. This is an argument for the analysis of the spatial 

distribution of the thickness of colluvial deposits and the indicator of the CAR at main local 

landforms defined by signs of curvatures (Table 3). 
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Table 3. The total thickness of colluvial deposits and the indicator of the colluvial accumulation rate 

(CAR) at main local landforms. 

Type of 

landform 
n 

Thickness of colluvium, cm Indicator of CAR, t m
–2

 

 Q1 Median Q3 Q1 Median Q3 

The key area of Bornhoeved 

1 3 69.1 76.3 80.9 0.00010 0.00011 0.00010 

2 7 88.4 92.0 103.3 0.00013 0.00014 0.00013 

3 10 67.0 75.2 101.3 0.00012 0.00017 0.00012 

4 2 55.5 64.4 73.4 0.00342 0.00574 0.00342 

5 3 26.2 27.0 28.8 0.00334 0.00376 0.00334 

6 6 27.1 37.2 62.0 0.00601 0.00703 0.00601 

7 9 77.3 80.7 94.0 0.00172 0.00281 0.00172 

8 7 66.6 100.7 101.8 0.00030 0.00057 0.00030 

9 11 48.3 55.0 61.5 0.00544 0.00653 0.00544 

10 7 34.0 44.0 62.0 0.00146 0.00442 0.00146 

12 6 27.5 35.5 44.8 0.00505 0.00572 0.00505 

Entire dataset 71 44.3 67.0 88.3 0.00030 0.00364 0.00030 

The key area of Perdoel 

1 8 146.5 169.3 175.0 0.00004 0.00006 0.00004 

2 7 91.8 133.0 167.3 0.00005 0.00008 0.00005 

3 18 92.5 160.3 169.8 0.00007 0.00009 0.00007 

4 8 88.8 146.0 163.6 0.00046 0.00121 0.00046 

5 2 157.3 162.5 167.8 0.00601 0.00680 0.00601 

6 5 63.0 83.0 105.5 0.01148 0.02390 0.01148 

7 4 39.8 82.5 125.0 0.00769 0.01086 0.00769 

8 2 134.3 140.5 146.8 0.00256 0.00506 0.00256 

9 4 57.5 65.0 72.3 0.01249 0.01567 0.01249 

10 3 88.5 109.0 118.0 0.02955 0.03288 0.02955 

12 3 50.5 80.0 99.8 0.02121 0.03940 0.02121 

Entire dataset 64 71.1 133.0 136.9 0.00007 0.00306 0.00007 

Note: Q1 and Q3 – first and third quartiles. 

 

The reproducible results were found for both key areas (Table 3). The landforms described as 

kmin < kh < 0 (types 1, 2, 3 and 8) are characterized by relatively thick colluvial deposits. The 

landforms described as 0 < kh < kmax (types 6, 9, 10 and 12) are characterized by relatively thin 

colluvial deposits. A low indicator of the CAR is found at the landform types 1, 2 and 3; a high 

indicator at the landform types 5, 6, 9, 10 and 12 (Table 3). At other local landforms, the thickness 

of colluvial deposits and the indicator of the CAR are varied depending on the key area. 
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5. Discussion 

 

5.1. Relationship of the thickness of colluvial deposits with the MCA 

 

A positive relationship between the thickness of colluvial deposits and the MCA is described 

by a logarithmic trend (Fig. 5). This indicates that accumulation is more intensive than erosion at 

the same sampling points. On the regional level, positive relationships with the MCA mean that 

spatial variability of the thickness of colluvial deposits is caused by remote orographic factors. 

Probably, this situation is most often observed in small dry valleys without gully formation, 

coinciding with similar investigations (e.g. Tunnickliffe and Church, 2011; Schneider et al., 2011). 

 

 

Fig. 5. Relationship between the thickness of colluvial deposits and the maximal catchment area 

(MCA). Grey dots are the data from the key area of Bornhoeved. Black dots are the data from the 

key area of Perdoel. 
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5.2. Relationship of the indicator of the colluvial accumulation rate (CAR) with the MCA 

 

Manual techniques for the calculation of a catchment area provide only one value for the 

whole valley. This is the main restrictor for experimental investigations of the spatial variability of 

the CAR in conditions of small dry valleys. Measurements of colluvial storage and catchment area 

at every sampling point allow the construction of an experimental trend between these two 

parameters (Fig. 6). 

 

 

Fig. 6. Negative relationship between the indicator of the colluvial accumulation rate (CAR) and the 

maximal catchment area (MCA). A: The key area of Bornhoeved. B: The key area of Perdoel. 

 

A strong negative relationship between a catchment area and the CAR is the result of the 

equation for the calculation of the CAR. This relationship is described by a power trend (Fig. 6). A 

curve of the trend indicates a sharp change from conditions of a relatively small catchment (e.g. 

slopes) to conditions of a relatively large catchment (e.g. valley bottom). The measurements show 

that the CAR tends to zero values (but ≠ 0) at the valley bottom. Relatively large values of a CAR 

are only observed on slopes with thin colluvial deposits and small catchment areas. 

 

5.3. Relationship between the thickness of colluvial deposits and the indicator of the colluvial 

accumulation rate (CAR) 

 

Absolute values of the thickness of colluvial deposits and the indicator of the CAR are higher 

at the key area of Perdoel compared to the key area of Bornhoeved. This can be caused by the 

position of the key areas in the lower or upper parts of a catchment. Due to such differences, it can 

be assumed that the power of sediment delivery processes at the key area of Perdoel is higher than 

at the key area of Bornhoeved. 
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A descending logarithmic trend is the best monotonic descriptor of the relationship between 

the thickness of colluvial deposits and the indicator of the CAR (Fig. 7). At Bornhoeved, the 

determination coefficient is relatively low (Fig. 7). This is probably caused by the noise linked with 

the relatively low intensity of erosion and accumulation processes at this key area. The 

generalisation of the data by median values in groups of landforms reduced this noise. The derived 

trends show relatively equal coefficients of determination (Fig. 7). 

 

 

Fig. 7. Relationship between the thickness of colluvial deposits and the indicator of the colluvial 

accumulation rate (CAR). I: Data from the key area of Bornhoeved, all sampling points. II: Data 

from the key area of Perdoel, all sampling points. III: Median values in groups of landforms, key 

area of Bornhoeved. IV: Median values in groups of landforms, key area of Perdoel. The continuous 

lines are the logarithmic trends through all datasets. The dotted lines are the logarithmic trends 

through datasets generalised by median values in groups of landforms from Table 3. 

 

The direction of trends (Fig. 7) as well as negative correlations between the thickness of 

colluvial deposits and the indicator of the CAR show statistical distribution of the highest values of 

these parameters at different land surface portions. The same results are obtained by comparisons of 

the median data (Table 3). On the regional level, these observations are in agreement with 

relationships of the thickness of colluvial deposits and the indicator of the CAR with the MCA. 
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5.4. Spatial distribution of orographic attributes related with colluvial deposits 

 

It is expected if a landscape parameter has strong correlations with MVs, then the maps of 

these MVs can be used for the spatial assessment of this parameter. Such maps reflect a potential 

pattern of the response variable. In the present investigation, the maps of the MCA and main local 

landforms can be used for these purposes. Landforms described by curvatures are not sensitive to 

landscape position on a regional level. The MCA as well as such regional terms as “slope” and 

“valley” cannot be defined on a local level. Hence, the maps of the MCAs are linked with the 

distribution of colluvial deposits on a regional level (Fig. 8A and C); maps of main local landforms 

on a local level (Fig. 8B and D). 

Relationships with the MCA show that colluvial deposits are concentrated in the areas of high 

values of the MCA (Fig. 5). In landscapes, high values of the MCA are observed at valley bottoms 

and in closed depressions. This is also relevant for the spatial distribution of colluvial deposits. 

Hence, light cells of the gridded map of the MCA show areas with potential soil erosion, dark cells 

with colluvial accumulation (Fig. 8A and C). The space between these areas can be characterised as 

transit zones on slopes. These areas have no sharp borders because the map of the MCA represents 

a continuous surface. 

Relationships with curvatures (Fig. 4) show that colluvial deposits accumulated on several 

types of landforms (Table 3). The size of an individual landform duly coincides with the grid 

spacing of a DEM. However, most of the landforms are incorporated into larger patches with a 

systematic spatial structure (Fig. 8B and D). The pattern of these patches approximately coincides 

with large structures existing on the MCA maps: light areas potentially indicate areas of soil erosion 

at uphills; dark areas of colluvial accumulation at valley bottoms. The patches of landforms have 

sharp borders at certain grid spaces. This is caused by the fact that a map of main local landforms 

represents a discrete surface. 
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Fig. 8. Maps of orographic attributes that reflected land surface portions with potential soil erosion 

(light areas) and colluvial accumulation (dark areas) on regional (maps of the MCA) and local 

(maps of main local landforms) levels. A and B: The key area of Bornhoeved, grid spacing 5 m. C 

and D: The key area of Perdoel, grid spacing 1 m. 
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Applications of maps of MVs for the description of the potential pattern of colluvial deposits 

are not in competition with the application of statistical predictive models, but are able to extend 

them. The simultaneous application of models and maps of MVs can be considered on the example 

of the determination of a hydrological network. The map of the MCA is only calculated on the basis 

of a DEM and reflects a potential hydrological network. It may also be constructed for dry regions 

where this potential cannot be realised in form of surface water flows. Hydrological models duly 

take into account the volume of water in surface flows and other criteria. Hence, the model is 

focused on the description of the real situation. However, statistical modelling can be restricted by 

the deficit of initial data and is sensitive to the distance from samplings. 

 

5.5. Geomorphometric quantitative descriptor of erosion and accumulation processes for 

terrains considered as one unit 

 

The material content of landforms (e.g. volume of colluvium) reflects processes related with 

these landforms (e.g. erosion or accumulation). Hence, the size of an area occupied by these 

landforms and/or their occurrence frequency indicates the scale of the related processes. For the 

investigations in this direction, a relatively large set of landforms should be considered. Regional 

orographic structures have no fixed size. A DEM of key areas may include only a small number of 

such structures. As opposed to regional structures, the size of local landforms duly coincides with 

the size of grid cells of a DEM. Hence, mainly all DEMs have a sufficient number of local 

landforms for the analysis of their occurrence frequency. 

At both key areas, several types of main local landforms with a large storage of colluvial 

deposits (LLF
M

) were identified (Table 3). Therefore, an analysis of their occurrence frequency may 

reflect the erosion/accumulation status of the land surface at sampling points and the surrounding 

terrain. It is assumed that the occurrence of LLF
M

 at the level of 50 % indicates equilibrium 

between potential erosion and potential accumulation. The occurrence frequency of LLF
M

 at 

sampling points at both key areas is more than 50 % (Fig. 9). It indicates the domination of 

accumulative processes at sampling points on the local level. This coincides with the positive 

correlation between the thickness of colluvium and the MCA (Fig. 5), which indicates the 

domination of accumulative processes at sampling points on the regional level as well. The 

occurrence of LLF
M

 in the areas around sampling points is stable at approximately 40 % and is not 

sensitive to the size of terrain around the key areas (Fig. 9). These results show a potential 

domination of erosion processes around the key areas on the local level. 
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Fig. 9. The occurrence frequency of the group of main local landforms with colluvial deposits 

thicker than the median for a whole key area (LLF
M

). The horizontal line shows the theoretical 

occurrence frequency of LLF
M

 (= 41.67 %). 

 

The approach reflects a potential domination of soil erosion or colluvial accumulation. 

However, a direct comparison of the occurrence frequency does not indicate the intensity of these 

processes. For this purpose, experimental results have to be compared with the theoretical 

distribution of landforms for a random surface. The random surface is free of traces of any 

systematic processes. In case of activation of erosion or accumulation processes on such a surface, 

the number of landforms related with the dominant process will be increased. Hence, the more the 

deviation between random and natural surfaces, the more intensive the backbone process is 

manifested. 

The group of LLF
M

 at the key areas consists of five types of landforms. The theoretical 

occurrence frequency of this number of landforms is 41.67 % (probability 5/12). The maximal 

difference from this level was observed for data from sampling points of Perdoel. It shows an 

intensive transformation of the land surface due to accumulation. At sampling points of 

Bornhoeved, the land surface transformation is also caused by accumulation and its intensity can be 

assessed as medium. For terrains around the differences between the experimental and the 

theoretical occurrence frequency of LLF
M

, it is shown that processes of land surface transformation 

were caused by erosion. The intensity of the erosion can be assessed as low. 

 

5.6. Phases of transformation of the local landforms 

 

The fragmentation of the process of land surface transformation during colluvial 

sedimentation into several phases is useful for scientific reasons. These phases take turn at the same 

point of the land surface in duration of long-term colluviation. Direct observations on this time scale 

are not possible. However, in large spatial datasets all phases of land surface transformation can be 

determined at different sampling points by surveying both modern and buried surfaces during one 
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field campaign. Precise information on buried landforms at sampling points can be extracted from 

the thickness of colluvial layers, correlations among them as well as with the curvatures of modern 

land surface. Based on this three phases can be determined. 

Local landforms 1, 2, 7 and 8 can be associated with the first phase of land surface 

transformation. This phase is characterized by kmin < kh < 0 and kmin < kv < 0 (Fig. 10A). Initially, 

such a surface shape is formed due to erosion. As a result of environmental condition changes, 

colluvial accumulation can occur at these types of landforms. On the local level, the accumulation 

processes during this phase can be determined by positive correlations between the thickness of 

colluvial layers and negative correlations of the thickness of colluvial layers with curvatures (kh, kv, 

kmin and kmax). 

 

 

Fig. 10. Three phases of land surface transformation described by the combination of signatures of 

curvatures on the example of kh and kmin. 

 

Local landforms 3, 4, 9 and 10 can be associated with the second phase of land surface 

transformation. This phase is characterized by kmin < kh < 0 < kv or kmin < kv < 0 < kh and can be 

entitled as “transit” (Fig. 10B). During this period, the geometry of the surface itself is still concave, 

but accumulation is already restricted by the positive signature of kh or kv. This phase can be 

determined by positive correlations between the thickness of colluvial layers and negative 

correlations of the thickness of colluvial layers with one of curvatures kh, kv, kmin and kmax. 

However, the correlation with kmin or kmax can be stronger than with kh or kv (Mitusov et al., 

2013, appendix I). 

Local landforms 5, 6, 11 and 12 can be associated with the third phase of land surface 

transformation. This phase is characterized by kmin < 0 < kh (and kv) or 0 < kmin < kh (and kv) and 

can be denoted as “inversion” (Fig. 10C). The result of such a transformation is characterized by a 

completely inverted surface and the absence of local colluvial accumulation. The following 

colluvial accumulation at these landforms may be caused only by the influence of remote factors. 
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The orographic component of these remote factors is described by the MCA. This phase can be 

determined by negative correlations between thicknesses of colluvial layers as well as by positive 

correlations of the thickness of colluvial layers with one of curvatures kh, kv, kmin and kmax 

(Mitusov et al., 2014, appendix II). 

 

6. Conclusions 

 

6.1. The spatial antagonism between land surface portions with a maximal colluvial storage 

and a high colluvial accumulation rate (CAR) 

 

The positive relationship between the MCA and the thickness of colluvial deposits is 

described by a logarithmic trend. This indicates a monotonic impact of remote areas on the colluvial 

accumulation at sampling points. The strong negative relationship between the MCA and the CAR 

is also described by the logarithmic trend. This relationship is mainly caused by a disproportion 

between the absolute values of the MCA and colluvial storage that are components of the equation 

of the CAR. Previous relationships affect the formation of the negative relationship between the 

thickness of colluvial deposits and the CAR, which is described by the logarithmic trend too. The 

MCA is the regional MV. Hence, spatial antagonism between the thickness of colluvial deposits and 

the CAR is expressed on a regional level of consideration. 

Spatial antagonism between zones of maximal colluvial storage and the fastest CAR was also 

found on the local level of consideration. Maximal values of the thickness of colluvial deposits were 

observed at four main local landforms (types 1, 2, 3 and 8). The highest CAR was observed at five 

other main local landforms (types 5, 6, 9, 10 and 12). These results are representative for both key 

areas. It has to be pointed out that the MCA and the indicator of the CAR have no formal 

mathematical relationships with local landforms. Hence, the relationships obtained on the local 

level are the obligatory function of erosion and accumulation processes on the land surface. 

The strong spatial antagonism between land surface portions with maximal colluvial storage 

and a maximal CAR needs a conceptual understanding. Slopes and bottoms of valleys as well as 

groups of main local landforms have two different functions for the distribution of colluvial 

deposits. These functions can be associated with a dual system of the land surface memory. A fast 

CAR on a slope can be understood as the function of short-term land surface memory. The storing 

of a large volume of colluvial deposits at the bottom of a valley can be interpreted as the function of 

long-term land surface memory. 
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6.2. Application of the occurrence frequency of main local landforms for the assessment of the 

erosion/accumulation status of a terrain 

 

A new geomorphometric approach for the potential erosion/accumulation assessment of the 

terrain was developed. The specific of this approach is that the whole terrain is considered as one 

unit disregarding internal variability. An example of such internal variability is the occurrence 

frequency of landforms at the sampling points. Finally, it is shown that the occurrence frequency of 

main local landforms is a quantitative criterion for the assessment of the scale of different processes 

of land surface transformation. Intensity of land surface modification can be assessed according to 

differences between the occurrence frequency of main local landforms on natural and random 

surfaces. This pure geomorphometric criterion is free of any subjective manipulations and can be 

used for the comparison of different terrains. 

In the present investigation, approximately 40 % of the terrain around the key areas is covered 

by landforms which potentially store colluvial deposits. Other landforms, covering approximately 

60 % of the terrain, can be considered as zones of potential erosion. This proportion reflects that the 

area around the key areas is potentially characterized by the domination of weak erosion processes. 

 

6.3. Phases of land surface transformation on the local level 

 

Correlations between the thickness of colluvial layers as well as with curvatures of the 

modern land surface reflect the shape of the former landforms buried by colluvial deposits. This 

provides an instrument for the investigation of land surface transformation under long-term 

sedimentation on the local level. Four types of local landforms characterize every phase of land 

surface transformation. The beginning of accumulation processes took place during the first phase 

(types 1, 2, 7 and 8). The beginning of a sensitive transformation of the land surface due to long-

term sedimentation took place during the second phase (types 3, 4, 9 and 10). The third phase (types 

5, 6, 11 and 12) is characterized by the strongest land surface transformation relative to the initial 

buried surface. In the end of this phase, sedimentation processes on the local level terminate. 

The phases can be detected by objective methods of geomorphometry and statistics. The 

transformation sequence of main local landforms in time enables an automatic prediction (or 

reconstruction) of the land surface in the future (or past) at sampling points. 
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List of abbreviations 

 

General 

CAR   colluvial accumulation rate  

DEM   digital elevation model 

LiDAR  light detection and ranging 

LLF
M

   main local landforms potentially related with the storage of colluvium 

M   colluvial deposits 

Mgroup   median thickness of colluvium in group of landforms of one type 

Mkey   median thickness of colluvium for whole key area 

MVs    morphometric variables 

p   significance level 

R
2
   determination coefficient 

rS   non-parametric rank correlation coefficient of Spearman 

 

Morphometric variables 

Z   altitude 

GA   slope steepness 

MCA   maximal catchment area 

MDA   maximal dispersal area 

kh   horizontal (tangential) curvature 

kv   vertical (profile) curvature 

E   difference curvature 

KA   total accumulation curvature 

rot   rotor 

KR   total ring curvature 

kve   vertical excess curvature 

khe   horizontal excess curvature 

kmax   maximal curvature 

kmin   minimal curvature 

K   total Gaussian curvature 

H   mean curvature 

M   unsphericity 
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Some morphometric variables store information about past land surfaces longer than others. This property of
morphometric variables is recognised as land surface memory. Slope deposits, soils, and vegetation also have
this memory. In this study, a memory effect was quantitatively detected by Spearman correlations between
thickness of colluvium and morphometric variables of the modern land surface.
During long-term sedimentation, the sign of horizontal curvature (kh) may be inverted from minus to plus,
suggesting that locations with positive kh values are not accumulation zones. However, the thickness of col-
luvial deposits at such locations in our study area indicates sediment accumulation. The sign of minimal cur-
vature (kmin) tends to be more stable and remains negative. This difference provides the stronger correlation
of colluvial layer thickness with kmin than with kh. The strongest correlation was found for total thickness of
the colluvial deposits of the Neolithic and Iron Age with kmin (−0.84); the correlation with kh was weaker
(−0.71).

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The fact that the modern land surface stores information about the
past is a basic principle of geomorphology. In geomorphometry it is
known that one group of morphometric variables (MVs) can store
information about past land surfaces longer than others (Shary, 1991;
Shary et al., 2002). Comparisons of these MVs enable quantitative
description of the land surface memory. Unfortunately, such investiga-
tions are not common in geomorphometry. However, investigations
of soil memory are popular in classical soil science (Targulian and
Sokolova, 1996; Targulian, 1999; Targulian and Goryachkin, 2008; Lin,
2011) and are used for quantitative palaeoenvironment reconstructions
(e.g. Mitusov et al., 2009).

To understand land surface memory from a geomorphometrical
point of view, one example of interaction between memory effects in
soil and the land surface will be considered (Shary et al., 2002). MVs
that depend on the gravity field potentially affect the present surface
flow. These MVs are known as “morphometric pre-requisites of surface
runoff” (Shary, 1995). The direction, pattern or other properties of flow
will be changed where the land surface changes, e.g. due to tilting. At
the same time, changes in the morphometric pre-requisites of surface
runoff will take place, implying that this group of MVs will reflect new
information about the land surface. However, some landforms that
were formed in the past can be resistant to land surface transformation.
These old forms are described by MVs that are not dependent on the
: +49 431 8804083.

l rights reserved.
gravity field. These MVs are known as “characteristics of geometrical
landforms” (Shary, 1995). In the case of land surface transformation,
the characteristics of soils (sediments and vegetation) that formed
under the long-term impact of flows will also change at different
rates. In this situation, such landscape properties will show stronger
correlations with characteristics of geometrical landforms rather than
with morphometric pre-requisites of surface runoff: i.e. with field-
invariant rather than with gravity-field-specific MVs.

The above example considers relatively fast transformation of a
large part of the land surface as a whole body without changes in the
local geometry of the surface. Such events aremore likely in tectonically
active regions. For relatively stable geological regions, land surface
transforms are mainly due to erosion–accumulation processes. For
example, a pattern of surface flows varies in time due to deposition of
sediments in an old channel; hence the location of sediments indicates
the past pattern of surface flows. The location of the sediments can be
determined by material measurements (sampling) and by the analysis
of land surface features.

The general idea of land surface memory detection in conditions of
long-term sedimentation in tectonically stable regions is clear. Many
features of spatial distribution of colluvial (slope) deposits, however,
cannot be described in general terms. Methods of geomorphometry
and statistical comparisons have to be used for quantitative description
of land surface memory, with a detailed geomorphometrical explana-
tion of the memory. Generation of such an explanation is the goal of
the present investigation.

The research is based on consideration of correlations between
MVs of the modern land surface and thickness of colluvial deposits

http://dx.doi.org/10.1016/j.geomorph.2013.03.006
mailto:a_mitusov@mail.ru
http://dx.doi.org/10.1016/j.geomorph.2013.03.006
http://www.sciencedirect.com/science/journal/0169555X
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of different ages, in conditions of a relatively small dry valley located
in a tectonically stable area with unindurated surface materials.
2. Study area and methods

2.1. Region

The study area (54° 04′N; 10° 15′ E) is located in northern Germany
approximately 40 km south of Kiel (Fig. 1). The main morphological
elements of the surrounding landscapes, as well as the substrate (out-
wash sands at the study site), result from the Weichselian Glaciation
(Piotrowski, 1991). After some alteration of the land surface during
the Late Glacial, natural soil formation proceeded until the Neolithic set-
tlers cleared the forests around 4300 cal BC (Hoika, 1993, 1994; Hartz,
2004). The area has been under extensive agricultural land use since
the Slavonic Period of Early Medieval Times (Dreibrodt et al., 2009).
Today, Cambisols and Luvisols (FAO, 1998) are the dominant soil
types in the region (Schleuss, 1991). At many sites these soils are devel-
oped in the remnants of capped pristine soils on upper slopes, or in the
associated colluvia downslope. The land use and soil erosion history of
the region are well investigated (e.g. Garbe-Schönberg et al., 1998;
Lütjens and Wiethold, 1999; Dreibrodt and Bork, 2005).
2.2. Study area

The study area is situated in the uppermost part of a small dry valley.
Trenches up to 3 m deep and up to 200 m long were excavated in the
thalweg area; 23 cores up to 2 m depth were made on slopes (Fig. 1).
A digital elevation model (DEM) with a 5 m grid mesh was made
based on a differential GPS survey. The thickness of colluvial layers
wasmeasured every 20 cmalong the trenches.Mean thickness of collu-
vial layers was calculated for each DEM cell that was crossed by the
trenches. For auger cores, however, this procedure was unnecessary.
As a result, the data set consisted of the 71 points shown in Fig. 2.
2.3. Colluvial deposits

The sequences of colluvial layers and soil horizons were identified
and described using conventional methods (FAO, 1998; Munsell,
2000; Ad-hoc-Arbeitsgruppe Boden, 2005). Colluvial layers were
denoted with the abbreviation M for “migrare” (lat.) according to
Fig. 1. Study area. Legend: 1 — trenches (I, III and V), 2 — auger sites; 3 — h
Ad-hoc-Arbeitsgruppe Boden (2005). Detailed description of the
soils and colluvial deposits was made by Dreibrodt et al. (2009).

Colluvial deposits were considered because their spatial distribution
is strongly dependent on erosion–accumulation processes caused by
surface flow. An important advantage of the investigation of colluvial
deposits is the possibility of determining their age. Sequences of collu-
vial deposits are mainly used for the assessment of palaeoerosion dur-
ing the Holocene and palaeorelief reconstruction (e.g. Dotterweich,
2008; Dreibrodt et al., 2010). Quantitativemodels of spatial distribution
of colluvial deposits (e.g. Ries, 2002; Follain et al., 2006; Reiss et al.,
2008; Mitusova, 2010) are based on geomorphometric analysis of the
modern land surface and on methods of predictive soil mapping
(e.g. Moore et al., 1993; McBratney et al., 2000, 2003; Scull et al., 2003).
2.4. Morphometric variables

During recent decades many MVs calculated from DEMs have
been introduced to geomorphometry (e.g. Shary, 1995; Zhou et al.,
2008; Hengl and Reuter, 2009). In our investigation the land surface
was described by 17 MVs of general geomorphometry (Table 1).
These MVs were combined by the physical–mathematical theory of
Shary (1995) into one system, with clear internal relationships
(e.g. Evans, 1980; Shary, 1995; Evans and Cox, 1999; Shary et al.,
2002; Sharaya and Shary, 2003; Shary et al., 2005), which is important
for the correct interpretation of correlations between thickness of collu-
vial deposits and the MVs.

The MVs were divided into three groups: i) morphometric
pre-requisites of surface runoff; ii) characteristics of land surface dissec-
tion; and iii) characteristics of geometrical landforms. Depending on the
situation, one group of MVs or another can show the best correlations
with landscape properties (e.g. Mitusov, 2001; Mitusov and Mitusova,
2005; Shary, 2005). Maps of the basic MVs are depicted in Fig. 2. For
the calculation of the MVs, Analytical GIS Eco was used.

According to the statistical hypothesis of Shary (1995), the frequency
of occurrence of signs of any curvatures can be predicted in a statistical
sense for large data sets. Based on this hypothesis, positive and negative
signs of kh (horizontal curvature), kv (vertical curvature) and H (mean
curvature) occur in equal proportions, kmin (minimal curvature) b 0 or
kmax (maximal curvature) > 0 occurs in the two-thirds of observations,
and kmin > 0or kmax b 0 in the one-third. The statistical hypothesis can
also predict combinations of the signs of different curvatures. Hence, in
the one-third of observations the sign of H does not coincide with
edgerows; 4 — contour lines (contour lines have 1 m vertical interval).
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Fig. 2. Maps of basic morphometric variables, also showing the 71 sampling points.
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those of kh or kv. Therefore, H as well as the Laplacian of altitude
cannot be considered as universal descriptors of relative accumula-
tion or deflection zones. This contradiction has not been well under-
stood until now. In a relatively small data set, disagreement
between signs of H and kh or kv can occur only at a few points; it
can be sensed as a random error and may be excluded from the
data set. In a large data set such exclusion can significantly impact
the results of modelling and interpretation.
Table 1
Morphometric variables of general geomorphometry.

Variable name, unit Description

Altitude (Z), m Altitude zonality

Morphometric pre-requisites of surface runoff
Slope steepness (GA), degrees Flow rate
Maximal catchment area (MCA), m2 Maximum area from which materi
Maximal dispersal area (MDA), m2 Maximal area at which materials m
Horizontal (tangential) curvature (kh), m−1 Flow convergence/divergence
Vertical (profile) curvature (kv), m−1 Relative flow deceleration/accelera
Difference curvature (E), m−1 Compares kh (in plane) and kv (in
Total accumulation curvature (KA), m−2 Reveals relative accumulation zone

Characteristics of land surface dissection
Rotor (rot), m−1 Flow line rotation direction
Total ring curvature (KR), m−2 Flow line twisting
Horizontal excess curvature (khe), m−1 Describes to what extent kv (kh) is
Vertical excess curvature (kve), m−1

Characteristics of geometrical land forms
Maximal curvature (kmax), m−1 Geometrical ridge forms
Minimal curvature (kmin), m−1 Geometrical valley forms
Total Gaussian curvature (K), m−2 Separated elliptic and saddle landf
Mean curvature (H), m−1 Connected to “equilibrium” surface
Unsphericity (M), m−1 Surface deviation from spherical fo
2.5. Statistical methods

Statistical analysis of the data was made using the conventional
methods described in StatSoft (2010). For the detection of normality,
the Kolmogorov–Smirnov test was applied. Quantitative comparisons
were made by means of Spearman's non-parametric rank correlation
coefficient (rs). The non-parametric method was used because it is
not dependent on a normal distribution of the data.
Reference

Shary et al., 2002

Shary et al., 2002
al moving down slope may be collected Speight, 1968
oving down slope may be diffused Speight, 1974

Krcho, 1983
tion Evans, 1972
profile) Shary, 1995
s Shary, 1995

Shary, 1995
Shary, 1995

larger than minimal curvature (kmin) at the same point Shary, 1995
Shary, 1995

Gauss, 1827
Gauss, 1827

orms Gauss, 1827
condition Gauss, 1827
rm Shary et al., 2005
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As colluvial layers have a fragmentary spatial distribution, the data
set was modified for rs computation. At points where a layer was not
found, the thickness was marked as zero. For binary consideration of
the existence of colluvial deposits, zero means the logic variable “NO”,
and other values mean “YES”.

3. Properties of the data obtained

3.1. Relationships among morphometric variables at sampling points

MVs are not independent parameters (e.g. Shary, 1995). For large
territories correlations between curvatures can be predicted based on
Shary's statistical hypothesis (e.g. Shary, 1995; Sharaya and Shary,
2003). However, experimental plots for landscape investigations are
often relatively small and restricted to one landscape element, e.g., an
arable field, slope or catchment. Because the spatial distribution of sam-
pling points is generally non-random, deviations from the statistical hy-
pothesis are likely. In the current investigation, the positive correlation
between kh and kv that can be expected for large data sets (Evans,
1980) was not found. At the same time, abnormally strong correlations
were established among kh, kmin and H (Table 2) because the study
area is small and covers only one valley.

In our data set strong relationships among maximal catchment
area (MCA), maximal dispersal area (MDA) and altitude were found
(Table 2). That is typical for small plots as well as for a catena along
one slope (e.g. Mitusov, 2001; Shary, 2005). Between this group of
MVs and the group of curvatures (mainly kh, kmin, and H) strong
correlations were also observed (Table 2). This is due to extreme values
of these MVs in the floor of the valley studied. Because the area studied
here does not cover a whole catchment, only relative values ofMCA and
MDA could be calculated. However, the DEM covered a sufficiently large
area to minimize the border effects in sampling points.

3.2. Stratigraphy of colluvial layers

The chronology of colluvial deposits was based on 18 AMS (Acceler-
atorMass Spectrometry) radiocarbon dates of charcoal (Dreibrodt et al.,
2009). Errors in the determination of colluvial layer thickness can arise
due to the similarity of deposits of different ages. A sumof layers always
contains less random variations than an individual layer. However, dur-
ing the combination of several individual layers, the temporal resolution
decreases and important information can be lost. Thus, the precision of
colluvial layer determination is always a balance between the number
of errors and the temporal resolution of the final data set.

Colluvial layer M1 was deposited during the Middle Neolithic
(~3500–3000 cal. BC) and Late Neolithic (~2500–2200 cal. BC) times.
The first period is related to the Funnel Beaker Culture. The layer M1
Table 2
Spearman correlations among morphometric variables (n = 71).

Z GA MCA MDA kh kv E K

GA 0.29
MCA −0.88 −0.50
MDA 0.63 0.69 −0.79
kh 0.74 0.55 −0.89 0.75
kv 0.24 0.27 −0.25 0.57 ⁎

E −0.30 −0.23 0.42 ⁎ −0.63 0.67
KA ⁎ −0.27 ⁎ ⁎ ⁎ ⁎ ⁎

kmin 0.69 0.70 −0.82 0.91 0.80 0.53 ⁎ ⁎

kmax 0.52 0.25 −0.61 0.64 0.58 0.58 ⁎ −
H 0.71 0.64 −0.84 0.92 0.80 0.60 ⁎ ⁎

K 0.36 0.27 −0.36 0.34 0.35 ⁎ ⁎

M −0.50 −0.73 0.63 −0.74 −0.66 −0.30 0.27 ⁎

rot ⁎ ⁎ ⁎ ⁎ ⁎ ⁎ ⁎ ⁎

KR −0.48 −0.58 0.60 −0.62 −0.59 ⁎ 0.27
khe ⁎ ⁎ ⁎ −0.28 0.27 −0.84 −0.83 ⁎

kve −0.47 −0.55 0.61 −0.44 −0.77 0.36 0.84 ⁎

⁎ Correlation not significant at p ≤ 0.05.
has the greatest thickness and occurs most often in the data set. At 22
points M1 is associated with a buried soil. In this article only the sum of
M1andburied soil thicknesswas considered. This sumwas labelledM1fA.

During the Bronze Age the area was protected against erosion and
colluvial deposits of this period were not found. Layer M2 contained
charcoals from the Iron Age (396–212 cal. BC and ~AD 250–400 cal.).
Beginning in this period, agricultural land use of the landscape probably
intensified. Layers M3 and M4 were deposited during Medieval (~AD
600–1400 cal.) and Modern times. At many points the border between
M3 and M4 was not clear. The sum of M3 and M4 was thus considered
and labelledMAp. Themaximum thickness ofMApwas 40 cm, coincid-
ing with the maximal depth of elevated content of heavy metals
(Dreibrodt et al., 2009).

Basic descriptive statistics of the thickness of the colluvial layers are
given in Table 3. The criteria of normality (Kolmogorov–Smirnov test)
showedno deviations from thenormal statistical distribution for any col-
luvial layer. Standard deviation (SD) was low for the individual layers
and increased for the sum of layers, coincidingwith statistical theory. In-
formation about MCA allows spatially distributed sampling points to be
aggregated into one profile. This aggregate profile permits visualization
of the short- and long-wave variations in the data. Often this operation
helps to detect random errors in the data set before statistical analysis.

A generalised profile of the sequence of colluvial layers MAp–M2–
M1fA was built in the coordinates of MCA (Fig. 3). This bar chart shows
the depth and thickness of the individual colluvial layers at all points of
the data set (Fig. 3A). The highest values ofMCAwere found in the valley
bottom, and the lowest values were on divides (Fig. 3B). At 17 points in
the sequence of colluvial layers, layer M2 was absent and the sequence
MAp–M1fA was found. This indicates that if M2 had been present at
these points, it was destroyed, probably by ploughing. In the valley bot-
tom, where values of MCA are relatively higher, the layer M2 was pre-
served continuously.

Thus, erosion–accumulation processes were the dominant factor for
the spatial distribution of colluvial deposits. Ploughing was able to de-
stroy older deposits and the youngest layer that was still in develop-
ment. The morphology of the deposits did not reflect any traces of
geological transformation of the area during approximately the last
5000 years.

4. Relationships between thickness of colluvial layers and modern
land surface

4.2. Mean thickness of colluvial deposits in different geomorphometric
positions

Signs of rs between curvatures and thickness of colluvium (Table 5)
indicate that the deposits concentrate in concave locations. Fig. 4 shows
A kmin kmax H K M rot KR khe

0.26 0.53
0.96 0.71

0.57 0.53 ⁎ 0.35
−0.89 ⁎ −0.74 −0.70
⁎ ⁎ ⁎ ⁎ ⁎

0.35 −0.69 ⁎ −0.62 −0.39 0.68 ⁎

−0.27 ⁎ −0.26 ⁎ ⁎ ⁎ ⁎

−0.54 ⁎ −0.44 −0.32 0.63 ⁎ 0.67 −0.49



Table 3
Descriptive statistics of colluvial layer thickness (in cm).

MAp M2 M1fA M1fA + M2 M total

Number (n) 71 42 50 59 71
Min 20.2 7.2 0.8 5.0 22.0
Max 42.5 31.0 95.4 113.8 123.6
Mean 32.3 17.9 39.9 46.6 67.2
Median 32.0 17.9 37.4 40.0 67.0
Skewness −0.1 0.3 0.5 0.6 0.1
Kurtosis −0.7 0.0 0.0 −0.6 −1.0
Standard deviation (SD) 5.2 5.2 22.1 28.0 27.8
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the mean thickness of the colluvial deposits in zones defined by the
signs of basic curvatures. Minimal mean thickness of deposits was
observed in the zone of positive kmin. Maximal mean thickness of
deposits was found in the zone of negative kmax. Hence, these curva-
tures describe the spatial distribution of colluvial deposits better than
the other curvatures such as kh or kv. These results confirm the correla-
tion between curvatures and thickness of colluvial layers (Table 5).

4.1. Correlations with morphometric variables

Correlation coefficients among thicknesses of colluvial layers are
given in Table 4. The uppermost layer (MAp) had no significant correla-
tions with other individual layers. The correlation between individual
layers M1fA and M2 was weak. The strength of correlations between
the MVs and thickness of colluvial layers generally increased from
upper MAp to deeper M1fA (Table 5). For individual colluvial layers
the strongest correlation was detected between the oldest layer M1fA
and H.

The sum of layers reflects a longer period of sedimentation and has
fewer random errors than individual layers. As a result, correlations be-
tween the sum of layers and theMVswere often stronger than between
individual layers and theMVs (Table 5). The strongest correlation found
was between M1fA + M2 and kmin (rs = −0.84; n = 71). In general,
correlations of MVs with M1fA + M2 were somewhat stronger than
with M total.

There was no reason to consider correlations of colluvial deposits
with altitude, MCA, and MDA separately. These MVs describe regional
aspects of accumulation ofmaterial in the valley bottom. In small exper-
imental plots these MVs usually have strong relationships with curva-
tures (mainly kmin and kh). Along the profile in coordinates of MCA
(Fig. 3A), a monotonous increase of colluvium thickness was observed
and confirmed by rank correlation withMCA. Many short-wave oscilla-
tions of thickness of colluvial layers along this profile (Fig. 3A) were
related to other parameters and, probably, to noise in the data set.

kh is related to convergence and divergence of flows in plan, while kv
is related to relative acceleration and deceleration of flows in profile. The
processes ofmatter accumulation of these two types of events are known
as the first and second accumulation mechanisms (e.g. Aandahl, 1948).
Comparisons of rs with kv and kh can indicate what types of accumula-
tion mechanisms have stronger impact on the spatial distribution of col-
luvial deposits. The strength of rs between kh and thickness of buried
layers increased with depth. At the same time rs with kv was relatively
stable. The strongest rs was found between the thickness of the upper
layer (MAp) and kv; rs with khwas not significant.

Thus the youngest colluvial layer is better linked with landform in
profile, and older layers with landform in plan. The dynamic nature of
the second accumulation mechanism, and the variation of correla-
tions of kh and kvwith colluvial layers of different ages, have probably
shown that landforms in plan are more stable than in profile.

Characteristics of land surface dissection are the least studied MVs.
Curvatures in this group are important for landform classification
(Shary, 1995). These curvatures often improve regression models for
predictive mapping of spatial distribution of landscape properties
(e.g. Mitusov and Mitusova, 2005). Total ring curvature (KR) shows
the curve of flow lines; a positive rs value with colluvium thickness
indicates a statistical tendency of increased thickness where flow lines
are most curved. If a data set is restricted by valley borders, the flow
lines are mainly convergent. In this condition, KR can be interpreted
as an analogue of kh. For the middle layer (M2), KRwas more sensitive
than kh. Two slopes of a valley can be distinguished by rotor (rot) based
on the direction of flow line rotation. Absence of rs with rot indicates
that the balance of colluvial mater is similar on two slopes of the valley.
Apart from temperature regime, differences can arise, for example, if
one slope is considerably longer or steeper than the other.

Horizontal and vertical excess curvatures (khe and kve) have nega-
tive relationships (Table 2). Positive rs between kve and colluvium
thickness (Table 5) showed the tendency of thickness increase in points
where kh tends to kmin and kv to kmax at the same time. Positive rs
between khe and colluvium thickness (Table 5) indicated a thickness
increase at points where kh tends to kmax and kv to kmin. The correla-
tion coefficients showed different tendencies for spatial distribution of
the upper layer (MAp) and deeper layers. This also coincided with a
non-significant rs (p = 0.05) between MAp and other layers (Table 4).
Such results highlight the important role of the convergent–accelerative
landform types for the deeper layer M1fA and divergent–decelerative
landform types for the upper layer MAp. For the layer M2 a unique sit-
uation was observed: two excess curvatures simultaneously showed
the same signs of rs (Table 5).

4.3. Detection of memory effects

Memory effects are observed where descriptors of geometrical
landforms store more information about past erosion–accumulation
processes than about morphometric pre-requisites of surface runoff.
Considering the distribution of sampling points in coordinates of kh
and kmin is necessary in order to understand themechanismofmemory
effect detection (Fig. 5). The sampling points were distributed in three
clusters (Fig. 5A). Cluster IV is empty because in all situations kh ≥ kmin
(Shary, 1995). Cluster III is most dense and contains points with
kmin b kh b 0. Cluster II includes points with kmin b 0 b kh. Cluster I
contains the smallest number of sampling points with 0 b kmin b kh.
The frequencies of sampling points in these clusters (Fig. 5B) were in
accordance with the statistical hypothesis of Shary (1995). According
to this hypothesis, kmin b 0 occurs in one-thirdmore often than kh b 0.

The mean thickness of M total was 40.3 ± 18.4 cm (error range =
SD) for Cluster I; 50.7 ± 20.7 cm for Cluster II; and 84.7 ± 20.6 cm
for Cluster III. In at least one-half of the points of Cluster II, the thickness
of colluvial deposits was higher than the mean for Cluster I. That is an
absolute indicator of colluvium accumulation in the past. However,
the shape of themodern land surface at all points in Cluster II had a pos-
itive kh value. From a geomorphometrical point of view, a positive value
of kh cannot be considered as a predictor of colluvium accumulation
(e.g. Aandahl, 1948; Shary, 1995). Therefore a disagreement between
thickness of colluvium and the sign of kh occurred at the points in
Cluster II. This disagreement reduced the correlation between kh and
colluvium thickness for the whole data set. However, values of kmin
for Cluster II were still negative. As a result, the correlation of colluvium
thickness with kminwas stronger than that with kh. This is the basis for
land surface memory detection.

5. Discussion

5.1. Correlations between thickness of colluvial layers and the MVs

The strength of correlations between the thicknesses of individual
colluvial layers and the MVs mainly increased with depth. In general,
correlations between the thickness of the upper colluvial layer (MAp)
and the MVs were not so strong; the strongest correlation was with kv
(rs = −0.41). For the deepest colluvial layers, the other MVs such as
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Table 5
Spearman correlations between thickness of colluvial layers and morphometric vari-
ables (n = 71).

MAp M2 M1fA M1fA + M2 M total

Z ⁎ ⁎ −0.62 −0.58 −0.56
GA ⁎ −0.63 −0.50 −0.65 −0.63
MCA ⁎ 0.28 0.71 0.69 0.69
MDA −0.24 −0.49 −0.76 −0.80 −0.80
kh ⁎ −0.30 −0.72 −0.71 −0.69
kv −0.41 −0.36 −0.35 −0.41 −0.45

⁎ ⁎ ⁎ ⁎
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characteristics of geometrical landforms came to the fore. The strongest
correlation for individual layers was found between the oldest layer
M1fA and H (rs = −0.78). In general, the absolute value of rs is larger
after summing up the layers: hence the strongest correlation was
found between M1fA + M2 and kmin (rs = −0.84).

Clear internal relationships among curvatures facilitate interpreta-
tion of rs between the MVs and the thickness of colluvial layers. Corre-
lations with all groups of the MVs reflected different aspects of land
surface impact on the spatial distribution of the colluvial deposits due
to erosion–accumulation processes. Based on the results obtained and
the ages of colluvial layers, it is possible to assume that the local land-
form is most unstable in profile (described by kv) over time. The local
landform in plan (described by kh) is relatively more stable due to the
permanent influence of surface flow. Geometrical landform types are
the most resistant to land surface modification.

5.2. Memory effects

In general terms the distribution of mass on the land surface can be
described as the product of erosion (a property that is not expressed) in
the upper parts of a landscape and accumulation (a property that is
expressed) in the lower parts. From this approximation it can be
expected that the distribution of these properties is first of all correlated
with morphometric pre-requisites of surface runoff. But occasionally
the strongest correlation of such soil or deposit properties can be
observed with another group of MVs. These MVs describe geometrical
landforms and are not directly related to modern flows. This group of
curvatures contains information about past shape of the land surface.
These specific correlations between MVs and the thickness of deposits
or soil properties reflect thememory effect. This explanation is possible
only based on Shary's theory of curvatures and accompanying statistical
hypothesis (Shary, 1995). For the exemplification of correlations of ma-
terial properties with kh and kmin, the general mechanism of statistical
detection of memory effects has here been described.

If the data set contains only two groups of points, with kmin b kh b 0
and 0 b kmin b kh, the tendency is clear. Material is eroded at positive
points and accumulated at negative points. Such points are restricted
to Clusters I and III (Fig. 5A). Thus, the points in these clusters formed
the main trend for the whole data set. According to both field
Table 4
Spearman correlations among colluvial layer thicknesses (n = 71).

MAp M2 M1fA M total

M2 ⁎

M1fA ⁎ 0.31
M total 0.38 0.62 0.90
M1fA + M2 ⁎ 0.63 0.92 0.98

⁎ Correlation not significant at p ≤ 0.05.
observation and the statistical hypothesis, however, negative values of
kmin occur more frequently than negative values of kh. Hence, if points
are not deliberately selected, the situation with kmin b 0 b kh will arise
in any data set. These points are restricted to Cluster II (Fig. 5A). Confor-
mity of kmin and kh distributions with the statistical hypothesis (Fig. 5B)
suggests that the memory effect is independent of data set size.

On the one hand, when material property such as colluvium thick-
ness, soil elements, or vegetation type of points in Cluster II is weakly
expressed, the deviation from themain trend is low. Hence, the strength
of the negative correlation between amaterial property and kh becomes
stronger. On the other hand, when a material property of points in
Cluster II is strongly expressed, the deviation from the main trend is
high. As a result, the strength of correlation of a material property
with kh is decreased and correlation with kmin can be stronger.
5.3. Phases of land surface evolution under the influence of colluvial
sedimentation

Three phases of land surface evolution can be determined using var-
ious points in a dry valley. The period of gully growth can be taken as
the initial phasewhen kmin b kh b 0. The secondphase is the beginning
of colluvial sedimentation. It is likely that the second phase will be
characterised by a new proportion of the curvatures, kmin b 0 b kh.
During the second phase, memory effects can be observed. The third
phase of colluvial sedimentation will be characterised by another pro-
portion of the curvatures such as 0 b kmin b kh. In the third phase an
inversion between the primary and new surfaces can be observed.
E −0.27
KA ⁎ ⁎ ⁎ ⁎ ⁎

rot ⁎ ⁎ ⁎ ⁎ ⁎

KR ⁎ 0.36 0.56 0.60 0.58
khe 0.30 0.29 ⁎ ⁎ ⁎

kve ⁎ 0.26 0.47 0.50 0.44
kmin ⁎ −0.57 −0.77 −0.84 −0.83
kmax −0.30 ⁎ −0.54 −0.47 −0.49
H ⁎ −0.49 −0.78 −0.82 −0.81
K ⁎ −0.41 −0.35 −0.41 −0.42
M ⁎ 0.63 0.60 0.73 0.71

⁎ Correlation not significant at p ≤ 0.05.



0

10

20

30

40

50

60

I II III

O
cc

ur
re

nc
e,

 %

Clusters

Sampling 
points

Statistical 
hypothesis

B

-10

0

10

-10 0 10

km
in

, l
og

kh, log

I

IIIII

IV

A

Fig. 5. Distribution of sampling points in coordinates of horizontal (kh) and minimal (kmin) curvatures. A: Clusters with different signs of the curvatures; logarithmic scale
according to Shary et al. (2005). B: Frequency of occurrence of sampling points in the clusters according to the statistical hypothesis and experiment.

116 A.V. Mitusov et al. / Geomorphology 191 (2013) 109–117
Most probably, this inversion can be detected by a negative correlation
between the thicknesses of the oldest and the youngest colluvial layers.

Therefore, the proportion of curvatures can be used as an objective
parameter for the identification of phases of land surface evolution
under conditions of long-term sedimentation. Correlations between
thickness of the colluvial layers and their rs with the MVs quantita-
tively indicate the phase of land surface evolution.
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This article focuses on features of spatial distribution of colluvial (slope) deposits on amicro scale. These features
were detected by the non-parametric rank correlation of Spearman (rS) between thickness of colluvial layers and
morphometric variables (MVs) of the modern land surface. The strongest correlation was found between total
thickness of colluvial layers and maximal catchment area (rS = 0.85). A negative correlation was observed be-
tween thicknesses of younger and older colluvial layers. Additionally, if young colluvial layers have a negative
correlation with slope steepness (GA), relatively old buried colluvial layers have a positive correlation with GA.
These facts indicate an inversionof the zones of actualmatter accumulation due to transformation of the land sur-
face in profile during long-term sedimentation.
Vertical curvature (kv) characterises acceleration and deceleration of surface flow caused by the shape of the
slope profile along flow lines. Based on this, it was expected that kvwould have a direct impact on the accumu-
lation of colluvium. However, in this study, the correlations between the thickness of colluvial deposits and kv
were low. Functional relationships between colluvial accumulation and the shape of profiles along flow lines
were reflected by correlations withGA. Based on these observations, it is assumed that the regional nature of sur-
faceflowvelocity affects the shift between existing accumulation zones reflected by colluvial deposits and poten-
tial accumulation zones reflected by MVs.
Signs of correlation coefficients between the thickness of colluvial deposits and curvatures reflect the tendency of
increased colluvial depositions at three out of 12 local landforms of Shary's classification. These landforms are lo-
cated in the valley bottom. Themean thickness of colluvial deposits at these three landformswas 167± 18.7 cm
(error range = standard deviation); the other nine landforms show a mean thickness of 130.1 ± 34.1 cm.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

In small dry valleys, most of the eroded matter is distributed along
downslopes and thalwegs as colluvial deposits (e.g. de Moor and
Verstraeten, 2008; Houben, 2012). The investigation of past spatial dis-
tribution of colluvial deposits and related soil erosion is an important di-
rection of geomorphology and geoarchaeology (e.g. Rommens et al.,
2005; Houben, 2008; Vanwalleghem et al., 2010; Ciampalini et al.,
2012). However, thorough literature reviews by Dotterweich (2008)
and Dreibrodt et al. (2010) have pointed to one important fact: the
low number of investigations based on spatial variability of colluvial de-
posits atmicro scale and based onmodern quantitativemethods. One of
the reasons for this is the insufficiency of informationwith detailed spa-
tial and temporal resolution on the processes during the Holocene. In
this situation, morphometric variables (MVs) are often the only source
of additional information for predictive mapping of colluvium (e.g.
Ries, 2002; Follain et al., 2006; Reiss et al., 2008; Mitusova, 2010;
Schneider et al., 2011). It should bementioned that land use and climate
49 431 880 4083.
are important triggers, but the land surface play a predominant role in
the distribution of colluvial sediments on a micro scale. The MVs de-
scribe different prerequisites of processes that take place on the land
surface (Shary, 1995; Shary et al., 2002a, 2005). Hence, the MVs enable
us to understand the spatial variability of colluvial deposits that is not
visually detectable.

However, the statistical relationships betweenMVs and colluvial de-
posits are not well investigated. The specifics of correlations among
them are caused mainly by:

1) properties of colluvial layers (type of matter, thickness, density etc.),
specifics of deposition and spatial distribution, transformation of the
deposits due to soil formation and land use, and;

2) type of MVs and statistical relationships for MVs due to mathemati-
cal reasons or strong modification of the land surface e.g. by surface
flow and location of sampling points.

MVs can be considered as both prerequisites and indicators of the
processes on the land surface. However, not all known processes linked
with the land surface can be directly described by the existing MVs. In
this case the indirect information from other known MVs can be used

http://crossmark.crossref.org/dialog/?doi=10.1016/j.geomorph.2014.05.020&domain=pdf
http://dx.doi.org/10.1016/j.geomorph.2014.05.020
mailto:a_mitusov@mail.ru
http://dx.doi.org/10.1016/j.geomorph.2014.05.020
http://www.sciencedirect.com/science/journal/0169555X
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(e.g. Shary et al., 2002b). For example, variability of slope steepness along
flow lines is the geomorphometrical prerequisite of relative deceleration
and acceleration of surface flows. The local zones of relative deceleration
and acceleration of surface flows can be defined by the sign of vertical
curvature, whereas such an MV for the identification of these zones on
a regional scale does not exist because the zones are related to site loca-
tion in a catchment. This is one of the most important problems of
geomorphometry (Shary et al., 2002a).

The impact of the relative velocity of flows on the actual matter ac-
cumulation can be logically detected from relationships among MVs,
correlations between known MVs, and the thickness of colluvial layers
as well as the distribution of sampling points.

In comparison with geological scales, the process of colluvial matter
distribution anddeposition during theHolocene is usually characterized
by relatively small areas, short time of deposition, and low energy.
Therefore, the detailed features of spatial and temporal distribution of
colluvial deposits cannot be visually detected. Geomorphometrical and
statistical techniques have played a major role as the main procedures
for investigating spatial distribution of colluvial deposits. The goal of
this article is, therefore, the detection of basic statistical properties of
colluvial deposits, the calculation of correlations between the thick-
nesses of colluvial layers and MVs of the modern land surface, and the
explanation of the obtained relationships.

2. Study area and methods

The study area (54° 6′ 31″ N; 10° 15′ 2.76″ E) is located in the dry
subcatchment of Lake Belau near the farm “PerdölerMühle” in Northern
Germany, approximately 35 km south of Kiel (Fig. 1). The geomorpho-
logical elements surrounding Lake Belau were formed mainly during
theMiddleWeichselian and later modified during the LateWeichselian
(e.g. Piotrowski, 1991; Svendsen et al., 2004). Between theNeolithic pe-
riod and the Iron Age, soils which had developed during the early Holo-
cene were eroded on agriculturally used upslopes and midslopes, and
deposited downslopes in small valley bottoms. On slopes and in these
colluvial deposits, Cambisols and Luvisols developed from the Iron Age
until Medieval Times. During the Medieval Times and early Modern
Times, the upper horizons of Cambisols and Luvisols were eroded
again (e.g. Dreibrodt and Bork, 2005).

Four trenches and 18 auger cores (Fig. 1) were made in 2007
(Dreibrodt andWiethold, submitted for publication). The area, covered
by points of measurement, has been used as a permanent pasture for
more than 50 years; surrounding areas have been ploughed. Locations
Fig. 1. Location of the study area and points of measurements in
and depths of the trenches were defined so that all sequences of collu-
vial layers could be investigated; individual colluvial layers in auger
cores were not distinguished. Structure and characteristics of colluvial
layers were described using conventional field methods (Ad-hoc-
Arbeitsgruppe Boden, 2005). A digital elevation model (DEM) with 1
m grid spacing from the Land Survey Office of State Schleswig-
Holstein was used (Landesvermessungsamt Schleswig-Holstein,
2012). The DEMwas prepared from airborne Light Detection and Rang-
ing (LiDAR) data.

Themean thickness of colluvial layers in the trenches was calculated
for every grid cell of the DEM (1 m2). For auger cores, this procedure
was not necessary. As a result, the colluvial database consisted of 46
points from trenches and 18 points from auger cores. The points from
trenches mainly described the valley bottom. The points from auger
cores characterised the slopes.

In contrast to the location of soils, colluvial deposits are restricted in
space. Moreover, data obtained from thick deposits is more reliable
than those from thin ones, because of their resistance to possible distur-
bances. Consequently, dense point observations with thick deposits in
valleys lead to an optimal ratio between information quality and
workload.

Well known statisticalmethodswere used for data analysis (StatSoft
Inc., 2013). An overviewwasmade using basic descriptive statistics. For
the determination of normality, two different tests (Shapiro-Wilk and
Anderson-Darling) were used. Quantitative comparisons were made
with the help of the non-parametric rank correlation coefficient of
Spearman (rS). Correlation coefficients with a significance level (p) of
more than 0.05 were not considered.

Because colluvial layers have fragmentary spatial distribution, the
database was modified for rS computation. At points where a layer
was not found, the thickness was marked as zero. Zero impacts on sta-
tistical results but many landscape parameters have fragmentary distri-
bution. Hence, during investigations, this feature must be taken into
account. At binary consideration zeromeans logic variable “NO”, where-
as other values mean “YES”.

The land surface was described by the system of 17 MVs that are di-
vided into four groups (Table 1). Additionally, based on different calcu-
lationmethods, local and regional MVs can be distinguished (e.g. Shary,
1995). Regional MVs are maximal catchment area (MCA) and maximal
dispersal area (MDA). For calculation of regional MVs, extended terrain
portions have to be taken into account (e.g. Tarboton, 1997). Local MVs
are curvatures and slope steepness (GA). For calculation of local MVs,
only a small number of grid cells around the investigated point have
trenches and cores. Contour lines have 1 m vertical interval.



Table 1
System of morphometric variables.

Variable name, Unit Description Reference

Vertical zonation
Altitude (Z), m Vertical changes in climate conditions e.g. Shary et al. (2002a)

Morphometric pre-requisites of surface runoff and soil throughflow generation
Slope steepness (GA), degrees Flow velocity e.g. Shary et al. (2002a)
Maximal catchment area (MCA), m2 Maximum area from which material moving downslope may be collected Speight (1968)
Maximal dispersal area (MDA), m2 Maximal area at which materials moving downslope may be diffused Speight (1974)
Horizontal (tangential) curvature (kh), m−1 Flow convergence/divergence Krcho (1983)
Vertical (profile) curvature (kv), m−1 Relative flow deceleration/acceleration Evans (1972)
Difference curvature (E), m−1 Compares kh (in plan) and kv (in profile) Shary (1995)
Total accumulation curvature (KA), m−2 Reveals relative accumulation zones Shary (1995)

Characteristics of land surface dissection
Rotor (rot), m−1 Flow line rotation direction Shary (1995)
Total ring curvature (KR), m−2 Flow line twisting Shary (1995)
Vertical excess curvature (kve), m−1 Describes to what extent kv is larger than minimal curvature (kmin) at the same point Shary (1995)
Horizontal excess curvature (khe), m−1 Describes to what extent kh is larger than minimal curvature (kmin) at the same point Shary (1995)

Characteristics of geometrical landforms
Maximal curvature (kmax), m−1 Geometrical ridge forms e.g. Gauss (1828)
Minimal curvature (kmin), m−1 Geometrical valley forms e.g. Gauss (1828)
Total Gaussian curvature (K), m−2 Separated elliptic and saddle landforms Gauss (1828)
Mean curvature (H), m−1 Connected to “equilibrium” surface condition e.g. Gauss (1828)
Unsphericity (M), m−1 Surface deviation from spherical form Shary (1995)
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to be considered (Shary et al., 2002a). Gridded maps of GA, vertical and
horizontal curvatures are given in Fig. 2.

The correct equations for local MVs that are used in this article were
given by Shary (2012). Themathematical theory explains statistical rela-
tionships amongMVs and links everyMVwith physical processes on the
land surface (Shary et al., 2002a). The usedMVs are free from specific co-
efficients and subjective manipulations. As a result, these MVs can be
comparably applied to sufficiently different landscapes. This gives for
the selected MVs an advantage over other MVs. For calculation of all
MVs, Analytical GIS Eco developed by P. Shary was used (Wood, 2009).
Fig. 2. Gridded maps of basic morphometric variables (slope, vertical curvature a
3. Properties of layers of colluvial deposits

3.1. Source of colluvial deposits

Based on the DEMwith 1m grid spacing, themap of maximal catch-
ment area (MCA) was calculated (Fig. 3). This map reflects the location
of surface flows and depressions. The hedges around arable lands are
well visible on this map. The water catchment of the investigated area
is 16.07 ha. The area of water catchment was divided into three seg-
ments (Fig. 3).
nd horizontal curvature) with points of measurements of colluvial deposits.



Fig. 3. Gridded map of maximal catchment area (MCA) reflects water catchment. Dark spots indicate closed depressions. Contour lines have 1 m vertical interval. The catchment divides
into three segments according to possibilities for colluvial matter collection: 1- segment with accumulation of the colluvial matter in natural closed depressions, but not in the area of the
points of measurements; 2- segment with potential source of matter for colluvium before hedges erection; 3- segment with potential source of matter for colluvium before and after
hedges erection.
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Fig. 4. General sequence of colluvial layers.
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Segment 1 contains four depressions with mean depths ranging
from 10 to 36 cm (Fig. 3). Accumulation of solid matter mostly takes
place in the above-mentioned depressions. The last depression in seg-
ment 1 has a catchment area of 12.86 ha. Hence, this size has to be ex-
cluded from consideration as a potential source of colluvial matter
that is deposited in the points of measurements. The depression in the
centre of segment 2 (Fig. 3) is artificial. It was formed after erection of
the hedges approximately 200 years ago. Until the construction of the
hedges, the area of potential source for the formation of colluvial de-
posits in the points of measurements was 3.21 ha. After erection of the
hedges, this area was reduced to less than 0.5 ha (segment 3 on Fig. 3)
because the hedges play the role of artificial dams in the path of surface
flows. The area of segments 2 and 3 can be considered a potential source
for colluvial deposits in the points of measurements.

3.2. Sequences and history of colluvial layers

Five colluvial layers were identified and labelled fromM1 toM5 in a
stratigraphic sequence (Fig. 4). In the uppermost (M5) and deepest
(M1) colluvial layers, humus horizonswere formed in situ. It is the result
of relatively long exposure of M5 at present and M1 in the past. The
humus horizons in these layers were labelled as AhM5 and M1fAh re-
spectively. The sum of all layers and horizons was labelled as M total-
46 or M total-64: M total-46 consists of points from trenches; whereas
M total-64 consists of points from trenches and auger cores. Based on
the specific history of the region, some individual colluvial layers were
combined. M5-total is the sum of M5 and AhM5. M1-total is the sum
ofM1andM1fAh.M-middle is the sumofM2,M3 andM4 (Fig. 4). Here-
after, for general identification of such layers, the term “combined
layers” is used.

In the surroundings of the investigation area, humans started to
clear small areas of woodland for agricultural land use during the Neo-
lithic (Garbe-Schönberg et al., 1998; Dreibrodt and Bork, 2005). On
the agriculturally used fields, topsoil horizons were eroded by runoff
and deposited at accumulative zones of slopes and valleys as colluvial
layer M1-total approximately 4200–3700 BC. Then, for a relatively
long period, no new colluvial material was deposited. As a result, the
humus horizon M1fAh was formed.

Between the Late Neolithic time approximately since 2800 BC and
the Migration Period approximately 400–700 AD several phases of
human colonization of surrounding landscapes took place. Agricultural
land use and deforestation characterised these phases (e.g. Dreibrodt
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andBork, 2005). Probably,M2,M3, andM4were deposited during these
phases.M2was formed fromhumusmaterial of the upper soil horizons,
M3 consists of material of deeper soil horizons, and M4 consists of ma-
terial of B soil horizon. The sequence of these layers shows that the ag-
ricultural potential of the area was very low at the end of this period.

Upper colluvial layer M5-total was formed between the Medieval
and Modern Times. The material of this layer is more humic. This indi-
cates a relative increase of soil fertility due to natural factors, although
effects of systematic fertilization by manure during the last centuries
cannot be excluded. Since the erection of the hedges around the arable
fields, the colluvial input to the observation points was sharply de-
creased. This fact leads to the assumption that the humus horizon
AhM5 was formed during the last 200 years without strong inputs of
solid material.
3.3. Statistical properties of the thickness of colluvial layers

Basic descriptive statistics of the thickness of colluvial layers are
shown in Table 2. The positive skewness shows that a peak of a bar
chart has a shift in the left direction and vice versa. The highest positive
skewness was found for the upper humus horizon AhM5. The lowest
negative skewness was found for M total-46. Kurtosis assesses the
shape of a bar chart relative to the normal law. Positive kurtosis indi-
cates that a peak is sharper than for the normal law and vice versa. M3
has the highest negative kurtosis.

The Shapiro-Wilks test is used for the identification of normality. The
resulting p-values accept (p N 0.05) or reject (p ≤ 0.05) the hypothesis
of normality (H0). A rejection of H0 at p ≤ 0.05 implies with a 95% de-
gree of confidence that the data do not fit the normal distribution. Pass-
ing the normality test points to no significant deviation from normality.
Additionally, the Anderson-Darling test for normality was used to cor-
roborate the results of the Shapiro-Wilks test. The results of the tests
(Table 2) indicate distributions close to normal for M5, M4, M2, M-
middle, M1fAh, M1, M1-total and M total-18. The results for the other
layers do not indicate the normal distribution (H0 rejected).

The bar chart (Fig. 5C) with more than one peak and the theoretical
quartile (Q–Q) plots (Fig. 5D) with outliers at larger quartiles indicate a
tendency for bimodal distribution ofM total-64. Since the bar chart ofM
total-46 (data from trenches) has only onemajor peak (Fig. 5A), bimod-
al distribution of M total-64 can be the result of data combination from
the slopes (cores) and the bottom (trenches). The abnormal distribution
of M total-46 is illustrated by a right shift of the bar chart (Fig. 5A). This
shift is caused mainly by five points with thickness of M total-46 less
than 100 cm. In the Q–Q plot, all these points were located lower than
the linear trend (Fig. 5B). Geographically, these points were located at
the maximal thalweg distance.
Table 2
Basic descriptive statistics of the thickness of colluvial layers.

Colluvial layer n Min, cm Max, cm Mean, cm Standard deviation

AhM5 46 9.0 36.0 16.6 6.5
M5 46 8.0 60.0 34.2 11.4
M5-total 46 22.0 83.0 50.8 15.6
M4 46 14.0 58.0 32.7 8.9
M3 41 14.0 80.0 43.6 19.0
M2 15 7.5 23.3 15.3 4.9
M-middle 46 16.0 125.5 76.5 26.4
M1fAh 39 0.5 29.0 13.8 7.1
M1 20 7.0 24.0 14.6 4.5
M1-total 42 4.0 35.5 19.7 7.1
M total-46a 46 50.0 199.0 145.4 33.9
M total-18b 18 6.0 84.0 50.3 24.9
M total-64c 64 6.0 199.0 118.6 53.3

a Data from trenches
b Data from augers.
c Data from trenches and augers.
3.4. Spatial generalisation of colluvial layers in coordinates of MCA

The physical meaning of MCA allows the combination of data from
all trenches into one profile (Fig. 6). The bar chart in Fig. 6A shows the
depth of the individual colluvial layers for all trenches. The data are
ranked according to the values of MCA from minimum to maximum.
The ranked values of MCA are presented in Fig. 6B.

Based on Fig. 6A the general consideration of the stratigraphy in the
whole data is possible. M1 appears at intermediate values of MCA. M2
appears at relatively high values ofMCA. Also, long and short wave var-
iations of colluvial layers can be recognised. Long wave trends are
realised as a monotonous increase of the thickness of colluvial layers
in coordinates of MCA. In the ranked values of MCA, short wave oscilla-
tions cannot be seen (Fig. 6B). Hence, it is possible to assume that short
wave oscillations of colluvial layer thickness, is connected with other
random and systematic factors such as local landforms described by
curvatures.

3.5. Correlation among the thickness of colluvial layers

The negative correlations between individual colluvial layers as well
as between M-middle and M5-total (Table 3) indicated an inversion of
statistical extremes of the thickness of young colluvial layers relative
to older layers. Based on the landscape position of the sampling points,
it is possible to assume that the inversion was caused by long-term sed-
imentation of slope deposits at the valley bottom.

The negative rS value was also observed between M1fAh and M1.
This inversion can be explained by the specifics of humus horizon for-
mation in the body of sediments: the thicker the upper humus horizon,
the thinner the body of the untransformed sediment. LowM1fAh thick-
ness at certain points with relatively high values of MCA (Fig. 6) can be
associated with secondary erosion during the formation of M2.

Relatively strong positive correlations of M1 and M2 with other
layers illustrate zero impaction. More than half of these points are
zero. In this case, not micro oscillations but facts of existence of M1 or
M2 are considered. For example, M2 is present only in places with
high values of MCA which also coincides with the thickest part of
other layers.

4. Correlations of the thickness of colluvial layers with MVs

4.1. Strongest correlations in groups of MVs and colluvial layers

Significant rS values for all groups of MVs and colluvial layers were
established (Table 4). The strongest correlation for the whole dataset
was found between MCA and M total-64. Among the groups, the
, cm Skewness Kurtosis Test for normality:
Shapiro–Wilk (p)

Test for normality:
Anderson–Darling (p)

0.9 0.2 0.0014 0.0012
0.1 −0.2 0.8956 0.6639
0.4 −0.9 0.0564 0.0201
0.1 0.2 0.4814 0.4221
0.1 −1.2 0.0434 0.0375
0.0 −0.9 0.6726 0.6992

−0.6 −0.1 0.0805 0.0534
0.3 −0.1 0.2386 0.2451
0.2 0.0 0.7899 0.7283
0.1 −0.5 0.7758 0.3901

−1.1 0.8 0.0014 0.0005
−0.4 −1.1 0.2042 0.2463
−0.5 −1.0 0.0003 0.00002
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Table 3
Spearman correlation between the thickness of colluvial layers (points from trenches, n = 46).

AhM5 M5 M5-total M4 M3 M2 M-middle M1fAh M1 M1-total

M5 0.46
M5-total 0.67 0.95
M4 ⁎ −0.57 −0.55
M3 −0.32 −0.27 −0.31 ⁎

M2 0.61 0.58 0.67 ⁎ ⁎

M-middle ⁎ −0.34 −0.36 0.54 0.91 ⁎

M1fAh −0.45 −0.43 −0.47 0.36 0.55 −0.43 0.49
M1 0.65 0.61 0.70 ⁎ ⁎ 0.69 ⁎ −0.39
M1-total ⁎ ⁎ ⁎ ⁎ 0.38 ⁎ 0.34 0.52 0.52
M total-46 ⁎ 0.35 0.37 ⁎ 0.60 0.58 0.65 ⁎ 0.53 0.68

⁎ The correlation is not significant at p ≤ 0.05.
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combined layers had the strongest correlation with MVs. As compared
with the groups of upper and deeper layers, the group of intermediate
layers shows the strongest correlation with MVs. The thickness of
humus horizons (AhM5 and M1fAh) that were formed in the body of
colluvial layers has the weakest correlation with MVs. It is similar to
the previously reported results for soils (e.g. Mitusov, 2001). It can be
explained by the dominant role of biota during formation of humus ho-
rizons in the considered scales of time and space.
4.2. Functional and non-functional correlations with MCA and altitude

Altitude is often used in landscape investigations, but physically, it
describes vertical zonality in mountains. In low-lands, correlation with
altitude can be considered as a function of depth to ground water
level (e.g. Husson et al., 2000). For relatively small key sites of plain
landscapes, correlation with altitude shows that altitude is a surrogate
of other MVs (e.g. Shary et al., 2002b).

The relationship between altitude andM-total (Fig. 7A) only reflects
distribution of data clouds depending on location of the trenches. The
relationship betweenMCA and M-total (Fig. 7B) is closer to a monot-
onous trend and is more logical. This relationship confirms propor-
tion between catchment area and volume of material input. A
positive rS value shows that the input of colluvial matter is higher
than output. A comparison of M total-46 and M total-64 shows that
an increase in diversity of the thickness of colluvial layers both de-
creases the power of correlation with altitude and increases the
power of correlation with MCA.
Table 4
Spearman correlation between the thickness of colluvial layers and morphometric variables (M

Layers Z MVs that describe surface runoff MVs that desc

GA MCA MDA kh kv E KA

Upper layers
AhM5 −0.32 ⁎ 0.33 ⁎ ⁎ ⁎ ⁎ 0.34
M5 −0.41 −0.36 0.42 ⁎ ⁎ ⁎ ⁎ ⁎

M5-total −0.45 −0.39 0.49 −0.31 ⁎ ⁎ ⁎ ⁎

Intermediate layers
M4 ⁎ 0.57 ⁎ ⁎ ⁎ ⁎ ⁎ ⁎

M3 −0.41 0.64 ⁎ ⁎ ⁎ 0.33 0.48 ⁎

M2 −0.71 ⁎ 0.48 ⁎ −0.34 ⁎ ⁎ ⁎

M-middle −0.47 0.75 0.30 ⁎ ⁎ 0.30 0.49 ⁎

Deeper layers
M1fAh ⁎ 0.36 ⁎ ⁎ ⁎ ⁎ 0.38 ⁎

M1 −0.35 ⁎ 0.53 −0.44 −0.35 ⁎ ⁎ ⁎

M1-total ⁎ ⁎ 0.58 −0.67 −0.61 ⁎ 0.62 ⁎

All layers together
M total-46 −0.73 0.39 0.68 −0.48 −0.62 ⁎ 0.64 ⁎

M total-64 −0.49 −0.25 0.85 −0.75 −0.53 ⁎ 0.55 ⁎

⁎ The correlation is not significant at p ≤ 0.05. A bold number shows the highest correlation
4.3. Signs of correlation coefficients with curvatures

Traditionally, signs of correlations between curvatures and parame-
ters related with surface flows are explained by erosion in convex land-
forms and accumulation in concave landforms (e.g. Florinsky and
Kuryakova, 1996, 2000; Mitusov, 2001; Florinsky et al., 2002, 2004;
Shary, 2005). In current investigations, colluvial deposits of upper (rel-
atively young) layers have shown significant rS only with one curvature
(Table 4), which is not enough for the identification of clear tendencies.
The thickness of intermediate and deeper layers aswell as the thickness
of combined layers shows better sets of rS with curvatures (Table 4).

At local zones of flow convergence (local valleys), negative correla-
tionswith kh show statistical tendency for an increase in colluvial thick-
ness. Positive correlations with E show that these local landforms are
more twisted in plan than in profile. Although the proportion between
rS for kh and kmin shows that the geometrical shape of local valleys in
plan has been modified by surface flows, there are no markers of trans-
formation of signs of kh and kmin relative to the former land surface.

A traditional descriptor of local landforms in profile such as kv has
only two significant rS with colluvial layers. More rS were found for
kve that describe twisting of local landforms in profile relative to geo-
metrical landforms described by kmin. A sign of rS with kve is the ten-
dency to increase colluvial deposits on landforms of slope profile
where differences between kv and kmin are at a maximum. It explains
that this difference is as a result of the land surface transformation
due to the long-term deposition of colluvium.

Generally, signs of rSwith curvatures indicate the tendency of former
colluvial deposits to increase on saddles (kmin b kh b 0 b kv b kmax) and
Vs).

ribe geometrical landforms MVs that describe land surface dissection

kmin kmax H K M khe kve KR rot

⁎ ⁎ ⁎ ⁎ ⁎ ⁎ ⁎ ⁎ ⁎

⁎ ⁎ ⁎ ⁎ ⁎ ⁎ ⁎ ⁎ ⁎

⁎ ⁎ ⁎ ⁎ ⁎ ⁎ ⁎ ⁎ ⁎

−0.29 ⁎ ⁎ ⁎ 0.45 ⁎ 0.30 0.43 ⁎

⁎ ⁎ ⁎ −0.37 0.43 ⁎ 0.53 ⁎ ⁎

⁎ ⁎ ⁎ ⁎ ⁎ ⁎ ⁎ ⁎ ⁎

−0.35 0.29 ⁎ −0.35 0.55 ⁎ 0.59 ⁎ ⁎

⁎ ⁎ ⁎ ⁎ ⁎ ⁎ 0.32 ⁎ ⁎

⁎ ⁎ ⁎ ⁎ ⁎ ⁎ ⁎ ⁎ ⁎

−0.47 ⁎ −0.39 ⁎ 0.40 −0.29 0.59 ⁎ ⁎

−0.56 ⁎ −0.41 ⁎ 0.57 ⁎ 0.71 ⁎ ⁎

−0.51 ⁎ −0.36 ⁎ 0.50 ⁎ 0.62 ⁎ ⁎

for each layer group.
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depressions (kmin b kmax b 0 b E). M total-46, which describes total
thickness of colluvial deposits in the valley bottom, has the strongest
rS with curvatures. Hence, tendencies indicated by signs of rS for M
total-46 can be considered in details.

Signs of rS indicate the tendency of thickness of M total-46 to in-
crease at points with the following geomorphometrical criteria: kmin,
kh, H b 0; E N 0; M N M(mean); kve N kve(mean), where “mean” is the
mean value of M or kve. Because M and kve are obligatory N 0, the
mean value of these curvatures is used as a hypothetical border
between values that are related to accumulation and erosion of solid
material. Nineteen points of measurements have geomorphometric
criteria as described above. Themean value ofM total-46 at these points
is 167 ± 18.7 cm (error range = standard deviation) which is more
than mean (130.1 ± 34.1 cm) for other points of M total-46. Thus, the
mean confirms tendency reflected by signs of rS.

5. Problem of geomorphometrical description of a slope profile

The youngest colluvial layers (M5 and M5-total) have negative cor-
relations with GA (Table 4). In contrast to this, buried older layers (M4,
M3 andM1fAh) have positive correlationswithGA. In addition, different
signatures of rS with GA were found for M total-46 and M total-64
(Table 4).

The negative correlations with GA can be related to water erosion.
However, no acceptable explanation for the positive correlations
between the thickness of colluvial layers and GA was found in known
publications. Besides the peculiarities mentioned above, one of the
strongest positive correlation was found between M-middle and GA
(Table 4).

For a better understanding of the obtained results, the physical
meaning of GA should be determined. Oscillations of GA on slope
along flow lines are caused by local zones of relative acceleration (po-
tential erosion) and deceleration (potential accumulation) of flows on
the land surface. These zones are described by positive and negative
values of kv (e.g. Shary, 1995). Hence,GA characterises potential velocity
of surfaceflowswhile kv describes potential acceleration/deceleration of
surface flows.

Both GA and kv are characteristics of a mechanism of colluvial distri-
bution alongflow lines on slope profile. The correlation betweenGA and
kv in sampling points was not significant. This indicates the indepen-
dence of these MVs. Also in coordinates of MCA, the fluctuations of
trends for GA and kv did not coincide (Fig. 8). Contrary to this, the ex-
tremes in trends for GA and M-middle coincide (Fig. 8), supported by
strong positive rS between GA and M-middle (Table 4).

Negative correlations between M5-total and other buried colluvial
layers (Table 3) indicate inversion between zones of actual accumula-
tion and deflection at the same point of observation. Such an inversion
is improbable without the transformation of a former land surface.
The variability of correlation signs between GA and colluvial layers of
different ages shows that inversion caused by relative deceleration of
migrants along flow lines occurred for zones of actual accumulation.

The result reflects the problem of geomorphometric description of a
slope profile. Nowadays, zones of relative (potential) acceleration and
deceleration of flows are described as local convex and concave terraces
by signs of kv. Indeed,flowvelocity is a dynamic event. As a result, a spa-
tial shift can be observed between actual zones of colluvial accumula-
tion, which are caused by relative deceleration of migrants and
concave terraces defined by kv. Such a shift may decrease the strength
of correlation between the thickness of deposits and kv.

The relationships between the velocity of surface flows and the
shape of a land surfacewas used for constructing one of the first numer-
ical models of spatial distribution of colluvial deposits (Mitas and
Mitasova, 1998). However, thismodel is not taking into account the spa-
tial shift between functionally related zones of colluvial accumulation
and concave terraces defined by kv. If the data collection is made from
only one slope, the relationships of actual accumulation zones with
slope profile may be detected by a cubic trend of altitude (Tomer and
Anderson, 1995; Shary et al., 2002b). However, due to difficult organisa-
tion of slope profiles, this approach needs special examinations in each
and every case.Moreover, application of cubic trend of altitude does not
solve the problem of considering extended terrain portions.

The topographical index (Beven and Kirkby, 1979) and similar com-
binations between MCA and GA were developed for a slope profile de-
scription with extended terrain portions considerations. The essential
disadvantage of the topographic index is that it inadequately describes
various kinds of terraces (Fig. 9). Furthermore, at small GA values, the
topographic index takes unrealistically large values, which is forcing re-
searchers to use empirical methods for correction of this variable
(McKenzie and Ryan, 1999). Almost no correct MV for this purpose
has been introduced until now. The only exception as far as the authors
know is the “hydrodynamic area” described by Shary et al. (2002a). The
hydrodynamic area is based on the idea of taking valleys and terraces
into account at the same time (including saturation zones), and has no
unrealistically large values. The main idea of this attribute is the imme-
diate consideration of dynamic depressions. These depressions repre-
sent dynamic storages of migrants, which are moved downslope by
gravity. The algorithm for its calculation has not been developed yet.

6. Conclusions

Colluvial deposits are distributed under the control of buried land
surfaces. However, the significant correlations of colluvial deposits
thickness were established with characteristics of themodern land sur-
face. This indicates that the modern land surface contains information
on former surfaces. The structures that contain this information are
not visually detectable at detailed scales. Hence, sensitive techniques
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Fig. 9. Two sufficiently different land surface portions. In segments A and B they cannot be
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pographic index in these segments are the same. It is expected that potential velocity of
surface flows at segment A should be higher than at segment B.
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of geomorphometry for the description of hidden structures of themod-
ern land surface should be used. The comparison of MVs of the modern
land surface with sediment properties such as the thickness of colluvi-
ummay enable a detailed reconstruction of land surface transformation.
Analysis of correlations between MVs of the modern land surface and
the thickness of colluvial deposits yielded the following results:

• MVshave stronger correlationswith combined layers. The strongest rS
was found betweenM total-64 andMCA (Table 4). On the one hand it
is because combined layers reflect a longer period of sedimentation
andmore resistance to both random errors of measurements and nat-
ural disturbances. On the other hand,MCA is one of the best prerequi-
sites of surface flows, which play an important role in spatial
distribution of colluvial deposits.Moreover,MCA as a regionalMVbet-
ter describes long wave spatial variations of landscape properties as
compared with local MVs such as curvatures.

• Significant correlations with the thickness of colluvial deposits were
found for both Z and MCA. However, the key site was too small for
the assumption that altitude is the trigger of any physical process of
spatial variability of colluvial deposits in the valley. Hence, the corre-
lation with altitude was significant, but non-functional. MCA shows
the physical process of mass transport on small key sites. The correla-
tion with MCA reflects the accumulation of colluvial deposits at the
valley bottom. Hence, the correlation with MCA was significant and
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functional. These results illustrate the importance of logical interpre-
tation of correlation coefficients. It should be based on the correct
meaning of MVs according to the theory of geomorphometry.

• The signs of correlation coefficients reflect the tendency of an increase
of colluvial deposits in three main local landforms of classification ac-
cording to Shary (1995). These landforms are located in the valley bot-
tom and are described as: kmin, kmax,H, kv, kh b 0 b E; kmin,H, kh, kvb
0 b kmax, E; and kmin, H, kh b 0 b kv, E, kmax. The mean values of M
total-46 at these three local landforms were higher than at the other
nine main local landforms. This result shows that several curvatures
were not enough for a detailed description of the land surface. The
description of the land surface with the help of the system of 12 cur-
vatures detects local landforms that weremost sensitive to accumula-
tion of colluvium.

• The negative correlation was observed between the thickness of rela-
tively young and old colluvial layers. In relation to long-term sedi-
mentation this indicates an inversion of the land surface shape from
concave to convex. However, such terms as “concave” and “convex”
cannot be accepted in geomorphometry without considering the di-
rection in which such a shape was measured. The variability of signs
of correlation coefficients between thickness of colluvial layers and
slope steepness reflects transformation of the land surface shape
along flow lines. Such a transformationwas caused by different veloc-
ities of surface flows in time for a constant point in space.

• It was expected that the distribution of colluvium along flow lines
should be reflected by correlations of these sediments with both
slope steepness and vertical curvature. However, under the given con-
ditions, only slope steepness was a good geomorphometrical descrip-
tor of actual colluvium accumulation zones caused by deceleration of
migrants along flow lines. The problem refers to the regional nature of
realflowvelocity and the absence of a corresponding regionalMV that
considers the impact of extended terrain portions. This indicates one
of themain problems of geomorphometry: the necessity to introduce
a new regional MV for a complete assessment of geomorphometric
prerequisites of surface flow dynamics along flow lines.
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exposed diameters of around 10 to 20 m (Laux, 1996: 174). Data

about the former height of the mounds are rare, since the struc-

tures were often destroyed through intentional removal, soil ero-

sion and plough action. Struwe (1979: 32) gives reconstructions of

about 1 to 3 m for the majority of prehistorical burial mounds (a

measure which may fit the mounds at the investigation site),

whereas some mounds may have reached 10 m. Usually, the

development of a burial mound started with a single grave and a

first mound body. Later, additional graves were dug; some of them

even have new mound layers. Therefore, many burial mounds in

northern Germany are polygenetic in their history (Struwe, 1979:

32ff; Ethelberg, 2000: 149). Many burial mounds of the Early

Introduction

Burial mounds were erected in northern Europe since the Early

Neolithic (~ 3700 cal. BC) until Early Mediaeval Times (~ AD

1000) (eg, Hingst, 1976, 1979; Struwe, 1979; Laux, 1996;

Ethelberg, 2000; Jørgensen, 2000; Eisenschmidt, 2004). Besides

these specific funeral practises, burials in ordinary shallow graves

were common throughout these times (Hingst, 1974; Zich, 1992).

Burial mounds from the Neolithic until the Late Bronze Age

Abstract: The idea of open landscapes around prehistoric burial mounds is founded on their topographical posi-

tion and findings of plaggen clots within the hills at some sites. We have investigated the surroundings of four

Bronze Age burial mounds at Bornhöved (northern Germany) to test whether this assumed landscape openness

enabled soil erosion and colluviation or not. The soils and colluvia within a watershed below the burial mounds

were investigated in six large exposures and additional auger cores. The chronology is based on 21 AMS-radio-

carbon dates, complemented by charcoal analysis and the content of selected heavy metals in the sediments.

Colluvia were deposited in the Late Neolithic (~2500–2200 cal. BC), Roman Emperor Times (~ 250–400 cal.

AD), Mediaeval Times (~ AD 600–1400) and Modern Times (~ AD 1800–2000). Our findings indicate that the

soil surfaces were protected against soil erosion during the phase of Bronze Age funeral use (~ cal. 1800–600

BC). Either the prehistoric gravediggers practised a well suited form of pasturing to keep the scenery open or

the surroundings of the burial mounds were forested at the time of funeral use. The results of charcoal analysis

reflect the known succession of woody taxa in the region and underline the great potential of anthracology on

colluvial layers for palaeoenvironmental reconstructions apart from traditional archives such as lakes or mires.

Bulk radiocarbon dating of organic matter overestimated the time of burial of a buried soil as well as the time

of deposition of colluvial layers considerably.

Key words: Bronze Age burial mounds, historical soil erosion, charcoal analysis, landscape history, land-

scape openness, Holocene palaeoecology, northern Germany.
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Bronze Age were erected at special topographical positions: on

top of hills within the landscape (Ethelberg, 2000: 149) as is the

case at the investigation site at Bornhöved. Since these topo-

graphical positions are dominant, archaeologists have assumed

that the landscape around the burial mounds was open, in order to

make them visible from the surrounding scenery. A significant

opening of the surrounding landscape is also indicated at selected

sites from palaeobotanical results (eg, Odgaard, 1988; Schmidt,

1993; Hannon et al., 2007; Karg, 2008). It is not clear in every

case if the reconstructed landscape openness is related to the set-

tlement and sites used for agriculture, or to the burial mounds.

Willroth (1999: 56ff, figure 13) assumes at least open woodland

surrounding the Early Bronze Age burial mounds. At other sites,

traces of agricultural field use (plough horizons) were associated

with Early Bronze Age burial mounds. For instance, Zich (2005)

found plough layers below and beside burial mounds at Flintbek,

testifying agricultural field use during the growing phases of the

mound structures.

Soil erosion is a process supposed to be enabled or amplified by

forest clearings and agricultural land use worldwide. Recent studies

estimate global sediment flux associated with soil erosion under

cropland to be ~ 22 Pg/yr but also ~ 11 Pg/yr under pasture- and

rangelands from recent observations (van Oost et al., 2007).

Therefore any clearing of a pristine forest cover should result in soil

erosion and deposition of the sediment. The history of soil erosion

resulting from human impact on central European landscapes has

been reconstructed at numerous sites, where most of the sediment

volume was found to be deposited in proximity to its sources (eg,

Bork et al., 1998; Bork and Lang, 2003; Dotterweich 2008).

Since the results of archaeological research testified to the con-

struction of burial mounds on top of hills within a scenery of a con-

siderable relief at the Bornhöved site, we tested whether or not the

assumed landscape openness enabled soil erosion and colluviation.

Another focus of the present study was to test whether or not it is

possible to gain insights into vegetation history additionally to

pollen analysis from charcoal analysis on colluvial sediments.

Material and methods

Study area
The Bronze Age burial field ‘Mang de Bargen’ (translation: ‘in

between the hills’) is located in northern Germany, approximately

40 km south of the city of Kiel (Figure 1). The main morphological

elements of the landscape, as well as the substrate (outwash sands

at the studied site) are the result of the Weichselian glaciation

(Piotrowski, 1991). After some alteration of the relief during the

Lateglacial, natural soil formation proceeded until the Neolithic set-

tlers cleared the forests ~ 4300 cal. BC (Hoika, 1993, 1994; Hartz,

2004). Today, Cambisols and Luvisols (Food and Agriculture

Organization (FAO), 1998) are the dominant soils in the region

(Schleuss, 1991). At many sites, these soils developed in the rem-

nants of capped pristine soils on upper slopes, or in the associated

colluvia on lower hills. The land use and the settlement history of

the region are well known from archaeological (eg, Schwerin von

Krosigk, 1976; Lütjens and Wiethold, 1999) and historical (eg,

Kock, 1972; Dege, 1988) investigations. On a profundal sediment

core from Lake Belau, which is situated 3 km north of the research

site, Wiethold (1998) and Garbe-Schönberg et al. (1998) estab-

lished a high resolution palynological and geochemical record.

Additional results about historical land use, soil formation and soil

erosion history within the catchment area of Lake Belau was

presented by Dreibrodt (2005) and Dreibrodt and Bork (2005).

The Bronze Age burial mounds at Bornhöved were first investi-

gated by Schwerin von Krosig (1976). The results of the ongoing

archaeological investigations will be published in a separate paper

(I. Lütjens and I. Clausen, unpublished data, 2008). Therefore, only

the most important findings are outlined in the following. The old-

est finding was a remnant of a shallow grave from the early

Funnelbeaker Culture (Early/Middle Neolithic, ~ 3600–3400 cal.

BC). The oldest burial mound was constructed during the late Middle

Neolithic to late Neolithic (~ 2700–1800 cal. BC). The following

main phase of burial activity dates into the early to late Bronze Age

(~ 1800–1200 cal. BC). Four burial mounds of diameters of 10 m or

more and heights of about 1–3 m were constructed. At the bases of

two of these Bronze Age burial mounds traces of plough layers were

identified. Continued burial use of the area during the late Bronze

Age (~ 1100–600 cal. BC) is documented in fields of shallow graves

adjacent to the older mounds. One of the fields was used until the

early Pre-Roman Iron Age (~ 400 cal. BC).

In the vicinity (~ 500 m to the north) traces of a Roman

Emperor Age settlement site (per convention AD 1 to 400) were

detected during a survey.

Field methods
The selected study site lies within a watershed below five Bronze

Age burial mounds (Figure 2). At the site six exposures up to 3 m

deep and up to 200 m long were dug with an excavator (Figure 2).

After carefully cleaning the sidewalls, colluvial layers and soil

horizons in the sequences were identified and described using the

following field methods:

(a) Colours were determined using the Munsell-System

(Munsell, 2000).

(b) All soil types and horizons were denoted according to the

instructions of FAO (1998). Colluvial layers were denoted

with the abbreviation M for ‘migrare’ (lat.) according to AG

Boden (2005).

(c) Archaeological relics, such as artefacts, traces of fire or settle-

ment pits, were documented in detail and interpreted together

with specialists.

(d) All exposures were documented by scaled drawings and

photographs.

(e) Additional information about the spatial distribution of soils

and sediments was acquired from dense augering (35 cores,

up to 2 m in length) in the watershed area.

(f) A relative chronology of the deposited sediments and soils

was established through the stratigraphic order.
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Figure 1 Bornhöved: site and location showing the actual mean

land-use classes around the research area and its proximity to the

Belauer See
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Laboratory methods
For selected samples additional laboratory analyses were applied:

(a) Texture analysis using the sieve and pipette method (Schlichting

et al., 1995).

(b) Soil organic matter content was determined via the content of

Carbon and Nitrogen using an elemental analyser with dry

combustion. The total organic carbon content of the samples

was multiplied by 1.72 (according to AG Boden, 2005) to get

the soil organic matter content.

(c) For measurements of the content of selected heavy metals con-

tinuous series of samples were taken in steps of increasing

depth (increments of 10 cm in exposure (i) and 20 cm in expo-

sure (vi), the locations of sample profiles are given in Figures 3

and 4). The content in Pb, Cr, Cu, Cd and Zn of the dried and

grinded samples was measured at an ICP-OES after digestion

in aqua regia according to the instructions of DIN 38414

(1983). The limits of detection were 5 ppm for Pb, 1 ppm for

Cr, 0.2 ppm for Cd, 1 ppm for Zn and 0.5 ppm for Cu.

(d) Dating. Radiocarbon dating of charcoal fragments and soil

matrix was carried out in order to convert the relative stratig-

raphy of colluvial layers into chronometric information. To

identify charcoals that were reworked repeatedly, at least two

were dated per layer. Since no indication for bioturbation was

observed in the field, the youngest object in a layer was used

to derive a maximum age of the deposition of the layer.

Radiocarbon ages from charcoals found in fire places or pits

were used to derive minimum ages for the underlying sedi-

ment layers and maximum ages for sediments layers that

cover the in situ findings. When possible the taxa of the

charred wood were determined before radiocarbon dating.

Samples of soil matrix for radiocarbon dating were taken

from the lowest parts of a humic horizon (exposure (i); SM1)

and two colluvial layers (exposure (vi); SM2, SM3). The frac-

tion < 500 µm was selected after carefully removing any char-

coal particles or other organic remains under the microscope.

The organic matter was extracted first with 1% HCl, then with

1% NaOH (60°C), finally precipitated with 1% HCl and

dried. The residue and the extracted humic acid were dated.

All age data are given as calibrated radiocarbon ages AD/BC on

the 2σ range (calibrated after Reimer et al., 2004).

(e) Charcoal analysis. Samples for charcoal analysis were taken

from all colluvial layers of exposure (vi) at three profile

columns (Figure 3). Each sample with a volume of 10 l sub-

strate was wet-sieved (mesh with 1 mm), air-dried and

weighed before microscopical analysis. The determination of

wood taxa follows Schweingruber (1990a, b) using a stereo-

scope with magnification up to 112× (Nikon SMZ 1500) and

an incident-light microscope with magnification up to 500×

(Nikon ME 600) as well as a reference collection. The small

fragments were cut manually under the stereoscope at a mag-

nification of 7.5–10×, in order to attain fractured surfaces of

transversal, tangential and radial orientation. The determined

fragments were again weighed to calculate percentages as

numbers as well as weight. A wood diameter measurement,

which is possible when analysing larger charcoal fragments

because of the visible growth ring curvatures and angle of

wood rays (Nelle, 2002, 2003; Ludemann et al., 2004), was

not applied here because fragments were too small.

Results

Distribution of colluvia, eroded and buried
soils in the exposures and auger cores
Figure 2 gives an overview of the locations of the exposures and

auger coring sites. An overall stratigraphy of the Holocene collu-

vial sediments was worked out by a combination of results from

all exposures and additional auger cores. Four distinct colluvial

layers (M1 to M4) were found to be deposited within the investi-

gated watershed. For illustrating the stratigraphy and the results

we selected the exposures (i) (Figure 3) and (vi) (Figure 4). In gen-

eral, the colluvial sediments are thicker in exposure (vi) than in

exposure (i) reflecting the topographical positions of the profiles

and the relief gradient between them.

In exposure (i) a section through a depression in between two

hills topped with burial mounds was exposed (Figure 3).

At the base brown sand rich in large stones (up to 15 cm in

diameter) was exposed. Frequently, thin (~ 1 cm) dark brown clay

bands have penetrated the sand. Above lies a sediment body with-

out large stones, with a slightly more silty texture. The lower part

of this sand (thickness ~ 15 cm) has a brown colour. The upper

part (thickness ~ 15 cm) is paler in colour. No artefacts or char-

coal particles were found within the material. A buried Ah-hori-

zon in the uppermost part indicates the former surface. This

horizon has a thickness of up to 20 cm. Because it exceeds the

usual thickness of Ah-horizons on sandy substrates it may already

contain humus rich colluvia (M1) in its upper part to some extent.

Approaching the hills the soil horizons described are eroded and

gradually disappear. At the upper hillslopes only remnants of the

Bw/BBt-horizon are preserved. At both slopes, patches of a loamy

material (exposed as two sections of about 2 m in length, more

than 1 m in depth, Figure 3), probably representing remnants of

former glacial tills, were exposed.

The soil described above was buried by a sequence of colluvial

layers in the centre of the investigated valley. As these sediments,

which reach their maximum thickness within the centre of the val-

ley, originate from the soil the horizons of the Lammellic Luvisol

(FAO, 1998) disappear stepwise to the adjacent slopes. Layer M2

is of brown colour and contains charcoal fragments. The distribu-

tion of the layer is limited to the centre of the investigated valley,

where it reaches a maximum thickness of up to 50 cm. Towards
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Figure 2 Bornhöved: relief and location of the exposures and the

archaeological findings
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the hillslopes its thickness decreases gradually. Above M2 the

sediment M3 with slightly higher humus content and a little darker

in colour was deposited. M3 is exposed within the deepest part of

the exposure continuing to the eastern hillslope. It reaches a max-

imum thickness of about 15 cm. At the western hillslope M3 is

present within a small pocket-like depression at the upper hill with

a thickness of about 25 cm. The layer M4 forms the top of the

sequence. It contains the recent plough horizon and is therefore

rich in humus and of dark grey colour. The M4 (Ap) layer reaches

a maximum thickness of ~ 40 cm and thins gradually to the hill-

slopes. At the western middle slope position it is present in a min-

imum thickness of about 20 cm. At the length of 20 m within the

exposure a modern disturbance was existent, buried below the

plough horizon.

Exposure (vi) cuts through an elevated hedgerow (Figure 4).

These linear landscape structures are typical for the region.

Founded at around 200 years ago these structures delineate bor-

ders of historical estates and create enclosures for cattle etc. In

exposure (vi) the sequence of colluvial layers reaches a cumula-

tive thickness of about 2 m. At the base a sand of brown colour,

probably indicating a former Bw-horizon was exposed. No clay

bands were found within the layer. Large stones (up to 20 cm in

diameter) were present in the sand layer. Above the sand a collu-

vial layer M1 rich in humus and of dark grey colour was exposed.

It reaches a maximum thickness of about 50 cm below the

hedgerow and contained abundant charcoal fragments and large

stones. Towards the hillslope the thickness of M1 decreases to

approximately 20 cm and most probably merges there into the

remnants of a buried Ah horizon. Above M1 the brown colluvial

layer M2 was deposited. It contains abundant charcoals and

reaches a maximum thickness of about 70 cm in exposure (vi). A

shallow pit of pale grey colour containing a few charcoal pieces

was dug into the layer M2. The pit was buried by another collu-

vial layer M3. It has a darker and more greyish colour than M2 and

contains fewer charcoals. The colluvial layer M4 forms the top of

the sequence. The present plough horizon is developed in M4 and

it is rich in humus and has a dark grey colour. M4Ap covers the

lower section of the hedgerow body: the linear structure raised in

former times exposes the character of a terrace today because of

the deposition of M4Ap.

Laboratory data
Texture and soil organic matter content
The texture and soil organic matter values of the colluvial sedi-

ments and soils are given in Figure 5. According to the instruc-

tions of AG Boden (2005) the substrate at the base is pure sand

and the colluvial sediments are loamy sands. The stone content

(> 2 mm) in the parent material is respectively high. But even a

high stone content was measured for the oldest colluvial layer

(M1) in exposure (vi). The sediment sequence of exposure (vi)

shows a slight trend to finer sediment (silt + clay) from the lower

to the upper layers. This trend is not visible in exposure (i). The

buried soil in exposure (i) has developed in layers with a different

texture. The sand content of the upper horizons (fAh, fE) is clearly

smaller than that of the underlying fBw/fBbt horizon. Also, the fE

horizon of the buried soil shows a slight increase in silt and a

slight decrease in clay, compared with the overlaying fAh/M1

horizon. This difference is explained by the accumulation of clay

bands and the slight increase within the clay content in the fBbt

horizon at the base of the soil profile.
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The organic carbon and soil organic matter content decreases

from the top of the sequence to the deeper layers. The buried

humic horizon in exposure (i) (a certain amount of colluvial

material should be assumed, see above) is visible with slightly

higher organic matter content, compared with the overlying col-

luvial layer.

The finer texture and higher organic matter content of M4 in

exposure (vi) compared with exposure (i) indicates that a supply

S. Dreibrodt et al.: Buried soils and colluvial layers around Bronze Age burial mounds 491

Figure 4 Exposure (vi): superelevation two-fold

Figure 5 Results of laboratory analysis. Heavy metals contents below the detection limit (see text) where no bar is plotted
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of finer textured upper soil particles was transferred to the lower

positions of the watershed during the formation of layer M4.

Content of selected heavy metals
The content of heavy metals in the sediments and soils shows a

comparable pattern in the exposures (i) and (vi) (Figure 5). The

content of all measured heavy metals is clearly the highest in the

top 40 cm of the profiles (except for some values that may reflect

variation in natural background concentrations). The lower collu-

vial layers, the buried soil and the sand in exposure (i) have a mod-

erate to low heavy metal content. Cr, Cu and Zn (exposure (vi))

values are increased at the base of the exposures too, indicating a

source within the parent material.

Analysing soils of 393 sites with different textures, Wiegmann

(1999) has calculated the natural heavy metal contents of soils in

northern Germany. He gives the medians for sandy soils (n = 106)

as follows: Cd, 0.07 ppm; Cr, 5.6 ppm; Cu, 3.2 ppm; Pb, 6.3 ppm;

Zn, 20.3 ppm. Therefore the measured contents for the upper 40

cm of the colluvial layers are not only enriched in heavy metal

content with respect to the deeper layers but also have higher values

than can be assumed from the natural background.

Radiocarbon dating
On several samples of charcoal pieces and soil matrix 21 AMS

radiocarbon ages were determined (Table 1).

The oldest object was a Pinus charcoal from the very early

Holocene (9.1–8.7 ka cal. BC). First traces of anthropogenic activ-

ity were detected in a late Mesolithic pit buried by 1.5 m of collu-

vial sediment at the base of exposure (iv) (4.5–4.3 ka cal. BC,

exposure not shown here). First charcoal pieces that date into the

Neolithic Times appear at ~ 3.5–3.0 ka cal. BC and relate to the

Middle Neolithic Times (Funnelbeaker culture). Only one char-

coal dates to Bronze Age (1744–1615 cal. BC) but was found

embedded in colluvial layer M3 associated with younger char-

coals. M2 contains charcoals of Iron Age. Two of them date into

Roman Emperor Times (~ AD 0.25–0.4 cal.) and one into Pre-

Roman Iron Age (396–212 cal. BC). A charcoal from the pit dug

into the colluvial layer M2 in exposure (vi) was dated to High

Mediaeval Times (AD 1032–1187 cal.). The variation of radiocar-

bon data (~ AD 700–1400 cal.) within the Mediaeval Period from

layer M3 indicates that the watershed was under agricultural land

use since early Mediaeval Times (Slavonic Period).

The ages of soil and sediment matrix samples deliver some

additional clues. When possible, the two fractions of humines and

humic acid were dated separately to minimize age errors accom-

panied with the addition of younger organic matter (via Dissolved

Organic Carbon) from the respective surface. The resulting age

differences between the humine and the humid acid of the samples

SM1 and SM2 (~ 400 years) indicate that the addition of fresh

organic matter (dissolved organic carbon) from the respective
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Table 1 AMS-radiocarbon data of charcoals and soil matrix samples

Exposure Sample no. Layer/horizon/pit Sample Radiocarbon Calibrated age ∆13
C Lab. no.

(taxa) type age (BP) (2σ range) (‰)

i 1 fAh/M1 C 4556 ± 35 cal. 3486–3474, 3370–3305, −23.75 ± 0.08 KIA 29082

3304–3264, 3239–3167, 3164–3101 BC

i 2 fAh/M1 C 4494 ± 28 cal. 3346–3092 BC −23.74 ± 0.16 KIA 29927

i 3 M3 C 3387 ± 24 cal.1744–1615 BC −26.25 ± 0.09 KIA 28729

i 4 M2 C 2273 ± 22 cal. 396–354, 293–232, −25.80 ± 0.22 KIA 29928

217–212 BC

i 5 M3 C 1314 ± 24 cal. AD 660–723, 742–771 −26.92 ± 0.18 KIA 28730

i 6 M3 C 1126 ± 24 cal. AD 879–986 −25.10 ± 0.17 KIA 29926

i 7 M3 C 589 ± 23 cal. AD 1303–1368, −26.86 ± 0.13 KIA 29929

1383–1408

i SM 1 fAh/M1 SM, 5390 ± 25 cal. 4333–4220, 4196–4161, −26.22 ± 0.11 KIA 29442

H 4149–4143, 4120–4110,

4086–4080, 4063–4052 BC

SM, 5040 ± 25 −26.09 ± 0.20

HA

vi 1 fAh/M1 (pinus) C 9543 ± 43 cal. 9142–8985, 8983–8970, −25.85 ± 0.13 KIA 32318

8961–8740 BC

vi 2 M1 C 4375 ± 27 cal. 3087–3060, 3035–2913 BC −25.29 ± 0.16 KIA 29568

vi 3 M1 C 3884 ± 24 cal. 2460–2293 BC −22.63 ± 0.10 KIA 29565

vi 4 M1 C 3877 ± 26 cal. 2462–2286, 2247–2235 BC −25.69 ± 0.06 KIA 29567

vi 5 fAh/M1 (betula) C 3550 ± 35 cal. 2010–2001, 1976–1769 BC −28.05 ± 0.52 KIA 32317

vi 6 M2 (carpinus) C 1712 ± 25 cal. AD 256–304, 316–408 –24.20 ± 0.17 KIA 32016

vi 7 M2 C 1678 ± 23 cal. AD 262–278, 324–335, 335–423 −27.72 ± 0.09 KIA 29566

vi 8 pit (carpinus) C 918 ± 24 cal. AD 1032–1164, 1168–1187 −20.25 ± 0.30 KIA 32017

vi SM 2 M1 SM, 4446 ± 46 cal. 3336–3210, 3192–3152, −28.38 ± 0.13 KIA 29930

H 3138–3005, 3004–2923 BC

vi SM 3 M2 SM, HA 4085 ± 25 – −25.18 ± 0.21 KIA 32316

SM, H – – –

SM, HA 2740 ± 33 cal. 971–958, 937–817 BC −26.97 ± 0.10

iii 1 pit (at the base C 5589 ± 31 cal. 4489–4478, 4461–4352 BC −23.36 ± 0.06 KIA 28731

of the colluvial

sequence)

iv 1 M3 C 1154 ± 28 cal. AD 781–792, 804–904, 910–976 −28.44 ± 0.32 KIA 31588

v 1 M2 C 1836 ± 24 cal. AD 90–99, 126–242 −27.61 ± 0.22 KIA 31587

Calibration with ‘CALIB rev 4.3’ data set of Stuiver et al. (1998), abbreviations of sample type: C, charcoal; SM, soil matrix; H, humin; HA, humic acid.
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surface soil formation was comparatively low. For the sample

SM3 not enough material was extracted from the humine fraction

for a separate dating.

The bulk radiocarbon age of the buried humus horizon in expo-

sure (i) falls into the late Mesolithic Age (Table 1). This age is

almost 1.0 kyr greater than the charcoals found within M1 in (i).

Within the colluvial layers M1 and M2 in exposure (vi) similar off-

sets of around 1.0 kyr between the age of the youngest embedded

charcoals and the bulk radiocarbon ages of the soil organic matter

appears. Assuming that the offset between humine and humic acid

is at a comparable level (~ 400 years), an age of about 1501–1311

cal. BC for the bulk soil organic matter of M2 would result.

Charcoal analysis
The samples contained between 1 and 19 mg charred wood per litre.

The charcoal concentration was especially high in layer M1 of

exposure (vi). From 15 samples of three columns, 215 fragments in

all could be determined. Forty-five remained undetermined (indet.),

partly because it is likely that they are either derived from the bark

of a wooden plant or because they were too small for identification.

Thus, the high number of indeterminata reflects the small size of the

fragments, which makes species determination sometimes vague

(‘cf.’), and often impossible. The analysed fragments weigh

between 0.5 and 2 mg. However, because of their three-dimensional

form it is mostly possible to determine the species.

The charcoal spectrum includes 11–12 (the differentiation between

Populus and Salix was not possible, thus a Populus/Salix-type)

determined taxa and three further taxa, which were not determined

unequivocally (Table 2). Most fragments were oak (Quercus),

which is either Quercus robur or Quercus petraea. Fagus (Fagus
sylvatica) and Carpinus (Carpinus betulus) occurred significantly

in samples of layer M2 to M4. All three profile columns show com-

parable results: high values of oak in layer M1 and increasing val-

ues of hornbeam and beech beginning in layer M2 up to layer M4.

Thus, data of the individual columns were summarized according to

their layer origin for graphical presentation (Figure 6).

Discussion

Landscape development and
historical soil erosion
The main landscape features at the studied site were shaped dur-

ing the last glaciation and the following transition to the Holocene.

During the Weichselian Glaciation tills and outwash sands were

deposited by the large inland ice sheets that covered the site.

Lateglacial fluvial activity cut valleys into these deposits and gave

rise to the accumulation of large stones at the bases of the depres-

sions. Later, aeolean activity led to the addition of some silty

material, visible within the texture. Within these sandy substrates,

exposed at the base of the investigated exposures, soil develop-

ment started as the closing forest cover led to slope stability at the

beginning of the Holocene at around 9650 cal. BC (Nelle and

Dörfler, 2008). We found remnants of an early-Holocene humic

horizon in exposure (vi) indicated by embedded charcoal pieces of

Pinus dating to 9142–8740 cal. BC. The accumulation of organic

matter was followed by the oxidation of iron bearing minerals in

the underlying substrate resulting in the development of cambisols
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Table 2 Result of charcoal analysis from soil and colluvial sediments, exposure Bor (vi) (Börnhoved)

M1 M2 M2 Pit M3 M4Ap Sum / means

a b

Late Neolithics Roman Emperor Times 1100 Late Mediaeval Modern Times

AD Times

I II III.1b I II III I I II III I II III

Pinus . . 1 . . . . . . . . . . . 1

Betula . . 6 . . . . . . . . . . . 6

cf. Betula . . . . . . . . . . . . . 1 1

Quercus 31 22 6 7 6 8 3 10 2 1 . 1 1 2 100

Corylus . . . 3 2 3 1 1 . . . . . 2 12

cf. Corylus . . . . . 1 . . . . . . . . 1

Carpinus . . 1 2 6 1 9 7 3 1 1 . 2 2 35

Corylus/Carpinus . . . 2 . . 1 . . . . 2 . . 5

Fagus . . . 1 2 7 5 5 2 . 2 10 1 4 39

Ulmus . . . . . 5 . . . . . . . . 5

Fraxinus . . . 1 . . . . . . . . . . 1

cf. Prunus . . . 1 1 . . . . . . . . . 2

Populus/Salix . . . . . . 1 . . . . . . . 1

cf. Populus/Salix . . . . 3 . . . . . . . . . 3

Alnus . . . . . . . . 1 . . . . . 1

cf. Sambucus . . . . . . . . . . . . 1 . 1

cf. Euonymus . . . . . . . . . . . . 1 . 1

indet. 4 1 6 3 4 6 1 5 1 . . 5 4 5 45

N det. 31 22 14 17 20 25 20 23 8 2 3 13 6 11 215

sample volume (l) 10 10 10 10 10 10 10 10 10 10 10 20 10 10 150

W
HK

(mg) 185 81 25 51 38 40 22 32 12 2 4 15 11 21 539

W
HK

/V (mg l.1) 19 8 3 5 4 4 2 3 1 <1 <1 <1 1 2 3.5

W det.+ id. HK (mg) 65 47 23 29 22 33 19 24 12 2 4 12 8 20 320

W/N (mg) 1.9 2.0 1.2 1.5 0.9 1.1 0.9 0.9 1.4 1.0 1.4 0.7 0.8 1.3 1.1

Numbers of analysed charcoal, column I–III (see Figure 6), sample volumes (V), weights (W) of all served charcoal fragments >1 mm, concentra-

tion of charcoal per volume (W
HK

/V), weight of microscopic charcoal (det + indet.) and mean weight per fragment.
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(FAO, 1998). As the archaeological findings at one hillside (see

above), signals in the pollen record (Wiethold, 1998), lake sedi-

ments (Garbe-Schönberg et al., 1998) and deposition of colluvial

sediments (Dreibrodt, 2005; Dreibrodt and Bork, 2005) within the

lake catchment of Belauer See indicate, the region was first

cleared for agriculture during the middle Neolithic, around 3600

cal. BC. We found charcoals dated to the Funnelbeaker Culture in

the upper part of the buried fAh/M1 in exposure (i). Shallow bury-

ing of the soil by a thin humic colluvial layer is probable at ~ 3400

cal. BC in exposure (i). The first unequivocal evidence for agricul-

tural land use is given with the deposition of the colluvial sedi-

ment M1 during the late Neolithic Times at around 2200 to 2400

cal. BC found in exposure (vi). The enrichment of large stones in

M1 usually may be interpreted as a result of high intensity runoff.

But as the layer contains a high amount of humic matter and

almost no subsoil matter, the incision of gullies in the course of

this soil erosion phase can be excluded. Therefore the increased

stone content may rather be explained by an enrichment layer of

large clasts originating from the Lateglacial–Holocene transition

at a shallow depth below the soil surface here. Also the distribu-

tion of the late Neolithic colluvial layer is very limited to the low-

est position of the investigated watershed. Therefore the soil

erosion intensity may have been on a rather moderate level. As

remnants of settlement, land use (plough horizon) and funeral

activities from late Middle Neolithic to late Neolithic were

detected during the archaeological campaign on the surrounding

hills, the detected soil erosion signal may have been triggered by

this phase of land use. During the Bronze Age (1800–600 cal. BC)

the four surrounding hills (Figure 2) were used for funeral pur-

poses (Schwerin von Krosigk, 1976; I. Lütjens and I. Clausen,

unpublished data, 2008). Investigating six large exposures (see

Figure 2) and 35 additional auger cores, we found no colluvial

layer to be deposited during the Bronze Age. Furthermore, only

one of 18 charcoals was dated to the Bronze Age and found

embedded in a colluvial layer together with younger charcoals.

Thus, clearing of wood seems to have been restricted to small

areas, probably to the top of the hills to enable the construction of

the burial mounds. The pocket-like depression found at the upper

hill slope position in exposure (i) might be a relict of digging for

burial construction material. It probably delineates therefore the

area temporary used for burial mound construction at that hill. But

the soil surface within large parts of the investigated watershed

apparently remained protected against soil detachment during

Bronze Age. After a time of slope stability probably associated

with a soil formation phase spanning more than 2000 years

another phase of soil erosion occurred. The colluvial layer M2 was

deposited during Roman Emperor Times between AD 250 to 400

cal. The deposition of M2 buried the lammelic luvisol in exposure

(i), therefore more or less infinitively stopping the development of

this soil. As no E- or Bt-horizon nor clay bands have been found

beyond the M1 layer in (vi), the formation of these horizons in (i)

is likely to have occurred after Neolithic Times and is therefore

probably of Holocene age, in contrast with other results of clay

eluviation during glacial times (eg, Van Vliet-Lanoe, 1990) but

in accordance with results from the lake catchment of Belauer

See (Dreibrodt, 2005; Dreibrodt and Bork, 2005, 2006).

Geomorphodynamic activity during the Roman Iron Age was not

found within the catchment area of Belauer See, where a decrease

in settlement activity and land-use intensity is indicated in the

pollen diagram (Wiethold, 1998) and the soil profiles (Dreibrodt,

2005; Dreibrodt and Bork, 2005). But its occurrence at the site

Bornhöved reflects the spatial variation of settlement and land-use

activities during the past. A settlement site from the Roman Iron

Age is indicated via surface findings in the vicinity of the research

site (500 m to the north, Figure 2). Also, Schmidtchen (2003)

found colluvial sediments from the Roman Iron Age at a site

nearby the city of Kiel. Since the sediment M2 is present in all

exposures, has a greater thickness than M1 and shows a larger

content in subsoil matter the intensity of soil erosion during the

Roman Emperor Time was higher than during the late Neolithic.

This could be explained by larger fields contributing to a larger

active watershed area, different agricultural techniques, a greater

population density and/or more heavy rainfall events. During the

Migration Period (~ AD 450–700, Nelle and Dörfler, 2008) the area

was sparsely populated or even completely abandoned, as indi-

cated by pollen analysis (Wiethold, 1998) and soil formation

(Dreibrodt and Bork, 2005) from Belauer See. No colluvial layer

was found to be deposited at the Bornhöved site. After this time of

slope stability a renewed soil erosion phase started again during

early Mediaeval Times at the Bornhöved site. As indicated by the

pollen record from lake Belauer See (Wiethold, 1998) slavonic

tribes immigrated from the east, cut down parts of the forests and

began agricultural field use. At the study site this is reflected by

the beginning of deposition of a colluvial layer M3. This phase of

agricultural field use continued through High and late Mediaeval

Times (until ~ AD 1100 to 1400), when Saxonian tribes captured

the Slavonic area, expanded their territory eastwards and intensi-

fied agricultural field use in the region (Lammers, 1981;

Wiethold, 1998; Dreibrodt and Bork, 2005).

Three different indicators testifying ongoing soil erosion

throughout Modern Times: the extreme thinning of the M4Ap

layer in exposure (i) towards the hills, the covering of the lower

parts of the hedgerow – constructed at around AD 1800 in the

region – in exposure (vi) and the increased content of heavy met-

als of M4 in both exposures.

Lead is a metal with a well known history of ecotoxicology

and may therefore serve as a time-sensitive indicator. As Nriagu

(1998) has reviewed, its principal output (85%) in history

occurred after AD 1800, unless lead was introduced early into

mining processes and released locally to regionally in ancient
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Figure 6 Charcoal spectra from soils and colluvial sediments, exposure Bor (vi) (Bornhöved). Percentages of taxa in the sampled layers and one

pit (see Figure 4). Percentages of indeterminate – ‘% indet.’ – based on the sum of the determined and indetermined charcoal fragments
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times. Detailed studies on several peat bogs and lake sediments

across Europe reflected increased emissions since the

Industrial Revolution (eg, Shotyk et al., 1998; Dunlap et al.,
1999; Kober et al., 1999). This increase was also detected for

the region investigated by Garbe-Schönberg et al. (1998) in the

sediments of Belauer See (3 km north of the studied site).

These investigators found increased amounts in Pb, Zn, Cu, Cd

and Cr in the modern part of their sequence. As the sediment of

the upper 40 cm of the investigated profiles at the Bornhöved

site shows increased heavy metal contents (except for some

outlayers in the deeper part of (vi), which could reflect natural

variation within the substrate or early local human activity) we

conclude that its relocation took place during the past 200

years, when atmospheric emission of heavy metals increased

through industrialization.

Aspects of vegetation history reflected
in the charcoal spectra
The origin of the charcoals remains unknown. They might be

derived from local natural fires or – more likely – from human

activities, such as campfires or burning down woodland to open

up the landscape for agriculture or pasturing. The findings of the

archaeological excavations yielded indication of sparse settlement

and agricultural field use activity during the late Neolithic. During

the Bronze Age and Iron Age exclusively, an indication of burial

activities was found at the investigated hills. Although the settle-

ment site of Roman Emperor Times lies downhill, influence of

settlement activities on the sediment-delivering hills cannot be

excluded. Therefore, a selection of species associated with settle-

ment activities is more probable during the Neolithics and Iron

Age than during Bronze Age. Since Mediaeval Times this is rather

improbable as no relicts of a deserted Mediaeval town were found

or are known from written sources.

Charcoal spectra show the Holocene succession from oak-

dominated woodlands during the Atlantic to beech-dominated

stands with an admixture of hornbeam and oak since the migration

period (Wiethold, 1998). This is in agreement with the obtained

radiocarbon dates. With the absence of Fagus in the older colluvia,

we can support the hypothesis that the very low percentages of

beech in the pollen diagram of Belauer See are due to long distance

transport from southern low mountain ranges during the Neolithic

(Wiethold, 1998). With more charcoal samples being analysed in

the future, we will be able to check this further, and have the oppor-

tunity of dating the first local occurrence of Fagus in the area. Tilia
is lacking in our Neolithic samples, pointing to the low proportions

of lime trees on poor sandy soils (Wiethold, 1998). Fagus spreads

slowly during the Bronze Age, with low proportions in the pollen

diagrams. It is not until the Migration period that beech becomes

the dominant tree on the groundwater-distant sites.

Hornbeam was promoted by the establishment of coppiced

woodlands in Mediaeval Times, or maybe even earlier. Compared

with the pollen record (Wiethold, 1998) hornbeam has higher values

in the charcoal record. With our, as yet only three, profiles of one

exposure, this might be due to very local effects, or it might point

to a problem yet not seen in palynology: the under-representation

of Carpinus in the pollen record.

Overall, we found no sign of woodland degradation in the char-

coal spectra, eg, the increase of pioneer species such as birch,

poplar or willow. This might indicate that the phases of reforesta-

tion, which interrupted the phases of slope instability and colluvi-

ation, were long enough to allow the development of advanced

succession stages. Also hazel was only rarely found in the upper

layers, whereas it was more common in older layers. The relative

decrease of Corylus, though interpreted cautiously to be due to the

small data base, confirms also the decrease of Corylus in the

pollen diagrams, probably connected with the spread of Fagus.

Since there is in general a good accordance of the observed

charcoal record with the pollen data of Wiethold (1998) we

hypothesize that charcoal analysis is a promising additional tool

for reconstructions of vegetation history on a local scale. Whether

the observed variations in species spectra reflect a higher spatial

distribution of the record or are affected by local human activities

has to be tested via further analyses.

Radiocarbon age of the soil organic matter
We found the bulk radiocarbon ages of soil organic matter in the

buried fAh/M1 (i) and the colluvial sediments M1 and M2 (vi) to be

older than the youngest charcoal found within the layer (Table 1).

The difference between the bulk radiocarbon age of the soil

organic matter of the buried humus horizon in exposure (i) and the

youngest charcoal found in its upper part (assumed to be of collu-

vial origin- fAh/M1) is 566–1232 years (according to the two δ
standard deviation interval of the radiocarbon ages). The differ-

ences of the bulk radiocarbon ages of the colluvial layers and the

youngest charcoals embedded within the layers of exposure (vi)

are 493–1043 years for M1 and 1079–1394 years for M2. Since

the radiocarbon data of the bulk soil organic matter of M2 is based

on the humic acid fraction, this age might be an underestimation

(see results).

From the site conditions (sandy texture, no indication of water-

logging), it seems reasonable to assume that mainly an inactive

pool of soil organic matter, probably of recalcitrant structure, has

resisted decomposition. The observed time offsets between depo-

sitional time and radiocarbon age of the bulk organic matter are in

accordance with modelling considerations for buried soils of

Wang et al. (1996) or calculated turnover times of the passive

fraction of organic carbon in surface soils (Parton et al., 1987,

1989, 1993; Schimel et al., 1994).

Therefore, the different radiocarbon ages of soil organic matter

and charcoals indicate an input of fresh organic matter into the

surface soils and deliver further indication of soil formation

phases between the individual phases of soil erosion and burial via

sedimentation. The preservation of these patterns within the buried

soils and colluvial layers indicates a potential for soil organic

matter decomposition research. Furthermore, our results demon-

strate that bulk radiocarbon data of soil organic matter overesti-

mate not only the burial time of soils but also the depositional time

of colluvial layers.

Conclusions

As we found colluvial layers deposited during the late Neolithic,

the Roman Emperor Times, Mediaeval Times and Modern Times

the incidence of colluviation at the site is a suitable indicator for

landscape openness resulting from agricultural land use. As no

colluvial layer was found to be deposited during the Bronze Age,

the soil surface within the surroundings of the investigated burial

mounds was protected against soil erosion during that time. After

the clearing of the sites to construct the burial mounds a rapid sta-

bilization of the soil surface seems to have occurred at the site.

Either a very well suited system of pasture (that maintained a shel-

tering vegetation cover) was used to realize the assumed land-

scape openness or the watershed area was forested. Soil erosion

occurs under pastures and rangelands as well (eg, van Oost et al.,
2007) and the duration of burial practices is considerably long

(> 1000 years) at the studied site. Therefore, it is more probable

that the soils on the hills topped with the burial mounds were pro-

tected against soil erosion by a forest cover. We conclude that the

assumption of open landscapes surrounding burial mounds on hill-

tops is rather improbable at the Bornhöved site. Investigations of

colluvial layers and buried soils at other sites have to prove
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whether this result is of site specific or of regional significance.

The potential of colluvial sediments to detect slope instability at a

local scale (adjacent slope) might then enable reconstructions of

landscape openness at a high spatial resolution.

The history of soil erosion in the studied watershed is similar to

that within the lake catchment of Belauer See that is located only

4 km to the north but shows some variations. Intensive soil erosion

occurred at both sites during Mediaeval and Modern Times.

Whereas slope instability was found at the lake during the Middle

Neolithic and Pre-Roman Iron Age it occurred at late Neolithic

and Roman Emperor Times at the Bornhöved site. These differ-

ences documented temporal and spatial variability of settlement

patterns and land use in the Holocene draws attention to the ques-

tion: how can we get representative reconstructions of Holocene

development of our landscapes?

The analysis of charcoal fragments embedded within colluvial

layers reflected well the results of woody taxa within the pollen

spectra from Belauer See (Wiethold, 1998). Since this pollen dia-

gram is thought to represent the development of the region (Behre,

2000), the analysis of charcoals from colluvial layers may help to

differentiate the local dynamics of woodland composition and

human impact. Furthermore, it helps to cross-check the radiocar-

bon datings and provides therefore another method to recognize

the repeated reworking of sediments observed by Lang and

Hönscheid (1999). This was the first time for northern Germany

that charcoal species identification analysis was done within the

presented context. It shows the potential of a fine-scale, site-

related reconstruction of Holocene vegetation change, and has to

be checked and developed further through the analysis of more

profiles in the region and elsewhere.

Our results confirm the modelling considerations of Wang et al.
(1996), which conclude that radiocarbon data of soil organic matter

overestimate the burial time of buried soils. That this is true in a sim-

ilar manner for the age of colluvial layers is a new result. Therefore,

results of former investigations on colluvial layers based on such

data must be checked for correctness. Furthermore our results illus-

trate the promising potential of colluvial layers and buried soils to

contribute to estimations of historical organic carbon fluxes in land-

scapes and soil organic matter decomposition research.
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2 

Highlights 1 

 2 

Twelve local landforms are determined by signs of curvatures 3 

Role of these landforms for distribution of colluvial deposits are established 4 

60% of terrain covered by local landforms related with potential soil erosion 5 

Occurrence frequency of landforms is criteria for description of erosion status 6 

Maps of these landforms reflect location of potential zones for erosion/accumulation 7 

 8 

Abstract 9 

 10 

The local landforms were divided into twelve types by the signs of curvatures. A role of 11 
these local landforms in the distribution of colluvial deposits on a fine spatial resolution was 12 

determined on the example of two small dry valleys “Perdoel” and “Bornhoeved” located in 13 
Northern Germany. Two landform groups relating with erosion and accumulation were 14 

experimentally identified. The distribution of these groups approximately coincides with the 15 
pattern of the catchment area map. The proportion of occurrence frequency between two 16 
groups of local landforms indicates potential domination of the erosion or accumulation 17 

processes in the region. The intensity of these processes was assessed by comparing the 18 

occurrence frequency of these local landforms on a natural land and a random surfaces. Based 19 
on this approach the potential erosion/accumulation status in sampling points and the 20 
surrounding terrain was assessed. In sampling points of the key area Perdoel the land surface 21 

is potentially suitable for intensive accumulation. In sampling points of the key area 22 
Bornhoeved the land surface is potentially suitable for accumulation with a medium intensity. 23 

For the surrounding terrains erosion with a low intensity was assessed. The results coincided 24 
with the existing information obtained by traditional methods. Therefore, this approach can be 25 

used as an additional method for the assessment of the potential erosion/accumulation status 26 
of terrains from a geomorphometric point of view. 27 

 28 

Key words: Local landforms; Curvatures; Erosion; Accumulation; Colluvium; 29 

Geomorphometry. 30 

 31 

1. Introduction 32 

 33 

Colluvial (slope) deposits are among the main indicators of human-triggered soil 34 
erosion during the Holocene (e.g. Lang, 2003; Dotterweich, 2008; Brown, 2009; Dreibrodt et 35 
al., 2010). Investigations of spatial distribution of colluvial deposits are based on a well-36 

known concept. Runoff accumulates over remote areas and transports colluvial matter over 37 
local distances during heavy rain events (e.g. Lang et al., 1999). This is linked to the low 38 
output of colluvial matter from slopes into river-valley systems (e.g. de Moor and Verstraeten, 39 

2008; Houben et al., 2012). 40 



3 

Traditionally it is assumed that distribution of colluvial deposits is linked with the 1 

landscape position and especially catchment area (e.g. Bork, 1983; Walling 1983). Such 2 
regional relationships were reflected in the form of several erosion/deposition models (e.g. 3 
Dietrich et al., 1995; Follain et al., 2006). In contrast to the regional level the shape of a 4 

landform on the local level is considered without taking into account their location in a 5 
landscape or catchment. Local landforms are described by the signs of curvatures (e.g. Troeh, 6 
1964; Gauss, 1827). Local landforms impact on accumulation of different migrants on the 7 
land surface (e.g. Sinai et al., 1981; Florinsky et al., 2002) as well as on the spatial 8 

distribution of colluvial deposits (Mitusov et al., 2013; 2014). 9 

The importance of local and regional orography is generally understood. For example, 10 

one of the first numerical models for simulation of erosion/deposition processes combine both 11 
local and regional attributes of the land surface (Mitasova et al., 1997). However, it can be 12 

pointed out that in comparison with regional orography the local landforms are often hidden 13 

from non instrumental landscape observations. In result, relationships between local 14 
landforms described by the signs of curvatures and spatial distribution of colluvial deposits 15 

are not well investigated. Hence, objectives of the article are: 16 

 detection of local landforms characterized by colluvial deposits with the largest thickness; 17 

 assessment of the spatial distribution of these local landforms; 18 

 application of local landforms for the assessment of erosion/accumulation status of 19 
terrains from a geomorphometric point of view. 20 

 21 

2. Study area and methods 22 

 23 

2.1. Key areas and digital elevation models 24 

 25 

The data on colluvial deposits were obtained from two key areas located in Northern 26 
Germany approximately 35 – 40 km south of Kiel (Fig. 1). The key area “Perdoel” is located 27 

in the lower part of a dry subcatchment of Lake Belau near the farm Perdoeler Muehle. The 28 
key area “Bornhoeved” is located in the upper part of a dry subcatchment of Lake 29 
Bornhoeved. The dataset of colluvial deposits consists of 64 points at the key area Perdoel 30 

(Fig. 1B) and 71 points at the key area Bornhoeved (Fig. 1C). 31 

 32 



4 

 1 

Fig. 1. Locations of the key areas and sampling points. A: Area overview. B: Key area 2 

Perdoel. C: Key area Bornhoeved. Contour lines have 1 m vertical interval. 3 

 4 
A digital elevation model (DEM) with one meter resolution from the Land Survey 5 

Office of State Schleswig-Holstein (Landesvermessungsamt Schleswig-Holstein, 2012) was 6 
used during investigations at the key area Perdoel (Mitusov et al., 2013) and surrounding 7 

terrain. For the investigations at the key area Bornhoeved a DEM with a resolution of 5 m was 8 
prepared based on field measurements by a differential GPS (Mitusov et al., 2014). A terrain 9 
around the key area Bornhoved was analysed based on the DEM from Land Survey Office of 10 

State Schleswig-Holstein (Landesvermessungsamt Schleswig-Holstein, 2012) that was 11 
generalised up to 5 m resolution. 12 

 13 

2.2. Morphometric variables 14 

 15 

The land surface was described by a set of curvatures and maximal catchment area 16 
(MCA) considered by Shary et al., (2002). These morphometric variables (MVs) are divided 17 

into two groups according to their physical meaning (Table 1). Additionally, based on 18 
different calculation methods, curvatures are characterized as local MVs and MCA is 19 
characterized as a regional MV (e.g. Shary, 1995). For the calculation of regional MVs, 20 

extended terrain portions have to be taken into account (e.g. Tarboton, 1997). For the 21 
calculation of curvatures, only a small number of grid cells around a sampling point have to 22 
be considered (e.g. Shary et al., 2002). 23 

  24 
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 1 

Table 1. Set of morphometric variables (based on Shary et al., 2002). 2 

Variable name, Unit  Description  

Morphometric pre-requisites of surface runoff and soil throughflow generation 

Maximal catchment area (MCA), m
2

  
Maximum area from which material moving 

downslope may be collected  

Horizontal (tangential) curvature (kh), m
–1

 Flow convergence/divergence  

Vertical (profile) curvature (kv), m
–1

  Relative flow deceleration/acceleration  

Difference curvature (E), m
–1

  Compares kh (in plan) and kv (in profile)  

Characteristics of geometrical landforms 

Maximal curvature (kmax), m
–1

  Geometrical ridge forms  

Minimal curvature (kmin), m
–1

  Geometrical valley forms  

Total Gaussian curvature (K), m
–2

  Separated elliptic and saddle landforms  

Mean curvature (H), m
–1

  Connected to “equilibrium” surface condition  

 3 

The mathematical theory explains statistical relationships among curvatures and links 4 
every curvature with physical processes on the land surface (Shary et al., 2002). For the 5 

calculation of all MVs, analytical GIS Eco developed by P. Shary was used (Wood, 2009). 6 
The maps of basic MVs for the key areas are shown in previous publications (Mitusov et al., 7 

2013; 2014). 8 

 9 

2.3. Landforms described by signs of curvatures 10 

 11 

The land surface has four main directions (Shary et al., 2002). Two main directions of a 12 
surface itself are determined by normal sections with minimal (kmin) and maximal (kmax) 13 
curvatures. The other two main directions are formed by gravity field. The shape of the land 14 

surface in section along flow line as well as in perpendicular section is defined by vertical (kv) 15 
and horizontal (kh) curvatures. Other curvatures mainly describe different relationships 16 
between these four curvatures. Shary, (1995) developed a theory for the identification of 17 

twelve types of main local landforms (MLLFs) by signs of curvatures (Fig. 2). The set of 18 

these MLLFs is given in Table 2. 19 

 20 
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 1 

Fig. 2. Distribution of twelve types of main local landforms in coordinates of five curvatures 2 

(Shary et al., 2005). 3 
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Table 2. Signs of curvatures for identification of twelve types of main local landforms (based 1 

on Shary et al., 2005). 2 

N Title of landform types K H kh kv E kmin kmax 

1 C-depressions with positive difference curvature + – – – + – – 

2 C-saddles mean-concave, convergent-decelerating, 

with positive difference curvature – – – – + – + 

3 C-saddles mean-concave, convergent-accelerating, 

with positive difference curvature – – – + + – + 

4 C-saddles mean-convex, convergent-accelerating, 

with positive difference curvature – + – + + – + 

5 C-saddles mean-convex, divergent-accelerating, 

with positive difference curvature – + + + + – + 

6 C-hills with positive difference curvature + + + + + + + 

7 C-depressions with negative difference curvature + – – – – – – 

8 C-saddles mean-concave, convergent-decelerating, 

with negative difference curvature – – – – – – + 

9 C-saddles mean-concave, divergent-decelerating, 

with negative difference curvature – – + – – – + 

10 C-saddles mean-convex, divergent-decelerating, 

with negative difference curvature – + + – – – + 

11 C-saddles mean-convex, divergent-accelerating, 

with negative difference curvature – + + + – – + 

12 C-hills with negative difference curvature + + + + – + + 

 3 

According to the statistical hypothesis the occurrence of each of the MLLFs has equal 4 
probability (≈ 1/12) for a random surface (Shary, 1995). In nature a deviation from this 5 

probability depends on the type of terrain. The accumulative MLLFs occur more often within 6 
mountainous terrains and less often on flatlands. This can be explained by the development of 7 

the land surface under impaction of tectonics in mountains and denudation of local 8 
concavities on flatlands. Other properties of the MLLFs are considered by Shary et al., 9 

(2005). 10 

The classification of Shary, (1995) can be considered as an extension of the 11 
classifications of Troeh, (1964) and Gauss, (1827). The classification of Troeh divides four 12 
local landforms based on signatures of kh and kv; the classification of Gauss divides four local 13 
landforms based on signatures of kmin and kmax. A curvature = 0 is very rare for the land 14 
surface. Landforms that include at least one curvature = 0 are entitled as rare local landforms 15 

(Shary, 1995). Such rare landforms were not observed in the DEMs used for the 16 

investigations. 17 
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2.4. Determination of colluvial deposits and statistics 1 

 2 

The thickness of colluvial deposits (M) was measured in trenches and auger cores. 3 
Locations and depths of trenches were defined so that all sequences of colluvial layers could 4 
be investigated at the bottoms of both valleys. Auger cores were distributed on slopes. 5 
Sequences and characteristics of individual colluvial layers were described using conventional 6 
field methods (Ad-hoc-Arbeitsgruppe Boden, 2005) and considered in previous publications 7 

(Dreibrodt et al., 2009; Dreibrodt and Wiethold, submitted). The total duration of colluvial 8 
deposition at the key area Bornhoved can be assumed as approximately 2800 years and at the 9 
key area Perdoel as approximately 3000 years. For the goals of the present article the total 10 
thickness of colluvial deposits was analysed. 11 

Statistical properties of the dataset are described in latest publications (Mitusov et al., 12 
2013, 2014.). Quantitative comparisons were determined with the help of the non-parametric 13 
rank correlation coefficient of Spearman (rS) (Spearman, 1904). Correlation coefficients with 14 
a significance level (p) of p > 0.05 were not considered. The link between MLLFs and the 15 

distribution of colluvial deposits was determined based on comparisons of the first, second 16 

(median) and third quartiles. 17 

 18 

2.5. Determination of the potential function of the main local landforms for processes of 19 

erosion or accumulation 20 

 21 

The role of MLLFs for processes of soil erosion or colluvial accumulation was 22 

determined according to the variability of the thickness of colluvial deposits. For every type 23 
of MLLFs the median thickness of colluvium (Mgroup) was calculated. Afterwards, values of 24 

Mgroup were compared with the median thickness of colluvium for a whole key area (Mkey). If 25 
Mgroup was equal to or higher than Mkey such type of MLLFs was accepted as potentially 26 
related with the accumulation. These types of MLLFs were denoted by the abbreviation 27 

MLLFs
M

, where “
M

” stands for colluvial deposits. If Mgroup was smaller than Mkey, such types 28 

of MLLFs were accepted as potentially related with the erosion. 29 

A determination of the role of MLLFs based on material content enables the assessment 30 

of geomorphometric prerequisites of these processes on large terrains. For example, outside of 31 

the sampling points, MLLFs
M

 may not contain colluvial deposits at all. However, in case of 32 

the activation of erosion and accumulation processes, colluviation will take place at MLLFs
M

 33 

in the first order. 34 

 35 

3. Results 36 

 37 

3.1. Statistical properties of the thickness of colluvial deposits 38 

 39 

The statistical distribution of the total thickness of colluvial deposits is assessed as 40 
abnormal (Mitusov et al., 2013; 2014). Statistical bar charts for the thickness of colluvial 41 
deposits vary depending on the key area (Fig. 3). The bar chart of the thickness of colluvial 42 
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deposits from the key area Bornhoeved has no well expressed peak in the data. It might be 1 

caused by the location of this key area in a relatively flat valley. Thick peaks are clearly 2 
visible on the bar chart of the data from the key area Perdoel. Two main peaks within the 3 
intervals 49 – 92 cm and 145 – 176 cm are caused by the distribution of sampling points on 4 

slopes and at the bottom of the relatively steep valley. The thickness of colluvial deposits in 5 

the interval 6 – 27 cm is caused by ploughing. 6 

 7 

 8 

Fig. 3. Statistical distribution of the thickness of colluvial deposits. 9 

 10 

3.2. Statistical relationships in dataset 11 

 12 

Relationships between the thickness of colluvial deposits and MCA are relatively strong 13 
and positive: rS = 0.69 at the key area Bornhoeved (Mitusov et al., 2013) and rS = 0.85 at the 14 
key area Perdoel (Mitusov et al., 2014). Correlations between the thickness of colluvial 15 
deposits and curvatures are visualised in Fig. 4. Signatures of rS with curvatures indicates a 16 

concentration of the thickest colluvial deposits at convergent areas (kh < 0) and at the zones of 17 
relative deceleration of surface flows (kv < 0) with a more twisted section for kv in 18 
comparison with kh (E > 0). These land surface portions are characterised by a tendency to 19 

concave geometry (kmin < kmax < 0) with a more twisted section for kmin in comparison with 20 
kmax (H < 0). Correlations with K indicate tendency of colluvial thickness increase at saddles 21 

(K < 0) in comparison with other landforms. 22 

 23 
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 1 

Fig. 4. Spearman correlations (rS) between total thickness of colluvial deposits and curvatures. 2 

Based on data from Mitusov et al., (2013; 2014). The horizontal lines show p = 0.05. 3 

 4 

3.3. Distribution of the thickness of colluvial deposits at main local landforms 5 

 6 

Correlations with curvatures (Fig. 4) indicate that land surface portions with the thickest 7 
colluvial deposits can be described by negative and positive curvatures in the same time. 8 

Hence, the analysis of spatial distribution of the thickness of colluvial deposits at MLLFs was 9 
carried out (Table 3). The types of MLLFs 1, 2, 3 and 8 are characterized by relatively thick 10 
colluvial deposits. All these MLLFs have kmin < kh < 0. The types of MLLFs 6, 9, 10 and 12 11 
are characterized by relatively thin colluvial deposits. All these MLLFs have 0 < kh < kmax. 12 
These results were the same for both key areas (Table 3). At other MLLFs the thickness of 13 

colluvial deposits varies depending on the key area. 14 

  15 
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Table 3. The thickness of colluvial deposits (cm) at main local landforms. 1 

Type of MLLFs The key area Bornhoeved The key area Perdoel 

n Q1 Median Q3 n Q1 Median Q3 

1 3 69.1 76.3 80.9 8 146.5 169.3 175.0 

2 7 88.4 92.0 103.3 7 91.8 133.0 167.3 

3 10 67.0 75.2 101.3 18 92.5 160.3 169.8 

4 2 55.5 64.4 73.4 8 88.8 146.0 163.6 

5 3 26.2 27.0 28.8 2 157.3 162.5 167.8 

6 6 27.1 37.2 62.0 5 63.0 83.0 105.5 

7 9 77.3 80.7 94.0 4 39.8 82.5 125.0 

8 7 66.6 100.7 101.8 2 134.3 140.5 146.8 

9 11 48.3 55.0 61.5 4 57.5 65.0 72.3 

10 7 34.0 44.0 62.0 3 88.5 109.0 118.0 

12 6 27.5 35.5 44.8 3 50.5 80.0 99.8 

Entire dataset 71 44.3 67.0 88.3 64 71.1 133.0 136.9 

Note: Q1 and Q3 – first and third quartiles. 2 

 3 

4. Discussion 4 

 5 

4.1. Maps of orographic structures related with potential erosion and accumulation 6 

 7 

It is expected if colluvial deposits have a strong relationship with orographic structures, 8 

then these structures can indicated potential colluvial patterns. In conditions of the key areas, 9 
the maps of MCA and MLLFs can be used for these purposes. Landforms described by 10 
curvatures are not sensitive to landscape position. MCA as well as such regional terms as 11 

“slope” and “valley” cannot be defined on a local level. Hence, MCA is linked to the 12 
distribution of colluvial deposits on a regional level (Fig. 5A and C); MLLFs – on a local 13 

level (Fig. 5B and D). 14 

 15 
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 1 

Fig. 5. Land surface portions with potential erosion (light areas) and accumulation (dark 2 
areas) on regional (maps of MCA) and local (maps of MLLFs) levels. A and B: The key area 3 

Bornhoeved, grid spacing 5 m. C and D: The key area Perdoel, grid spacing 1 m. 4 

 5 
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Relationships with MCA show that colluvial deposits are concentrated in areas with high 1 

values of MCA. High values of MCA are observed at valley bottoms and in closed 2 
depressions. Hence, light cells of the gridded map of MCA show areas with potential soil 3 
erosion, dark cells – potential colluvial accumulation (Fig. 5A and C). The space between 4 

these areas can be characterised as transit zones on slopes. These areas have no sharp borders 5 

because the map of MCA represents a continuous surface. 6 

Correlations between colluvium and curvatures (Fig. 4) as well as the distribution of the 7 
median thickness of colluvial deposits (Table 3) show that colluvial deposits accumulate on 8 
several types of MLLFs. The size of an individual MLLF obligatory coincides with the grid 9 
spacing of a DEM. However, most of the MLLFs are incorporated into larger clusters with a 10 

systematic spatial structure (Fig. 5B and D). Light clusters indicate areas of potential erosion; 11 
dark clusters indicate potential accumulation. The clusters of MLLFs have sharp borders at 12 

certain grid spaces. This is caused by the fact that a map of MLLFs represents a discrete 13 

surface. 14 

Applications of maps of MVs for the description of the potential pattern of colluvial 15 

deposits cannot be considered as an alternative to predictive modelling. However, the 16 
predictive properties of MVs are useful in situations of initial data lacks and large distance 17 
from samplings. It has to be marked that patterns of local and regional orographic structures 18 

coincides only approximately. It is expected because e.g., similar results can be observed at 19 
comparisons between maps of MCA and kh as well. A mathematical theory for the 20 
comparison of local and regional orographic structures is not developed. This is the main 21 

reason that restricts the investigations in this direction. 22 

 23 

4.2. Assessment of potential for erosion and accumulation from geomorphometric point 24 

of view 25 

 26 

The material content of MLLFs (e.g. thickness of colluvium) reflects processes related 27 

with these MLLFs (e.g. erosion or accumulation). Hence, the size of an area occupied by 28 
these MLLFs and/or their occurrence frequency indicates the scale of the related processes. At 29 

both key areas several types of local landforms with a large storage of colluvial deposits 30 
(MLLFs

M
) were identified (Table 3). Therefore, an analysis of their occurrence frequency 31 

may reflect the erosion/accumulation status of the land surface in sampling points and the 32 

surrounding terrain. 33 

It is assumed that the occurrence of MLLFs
M

 at the level of 50 % indicates equilibrium 34 
between potential erosion and potential accumulation. The occurrence frequency of MLLFs

M
 35 

at sampling points at both key areas is more than 50 % (Fig. 6). It indicates the domination of 36 
accumulative processes at sampling points on the local level. This coincides with the positive 37 

correlation between the thickness of colluvium and MCA, which indicates the domination of 38 
accumulative processes in sampling points on the regional level as well. The occurrence of 39 
MLLFs

M
 in the areas around sampling points is stable at approximately 40 % and is not 40 

sensitive to the size of terrain around the key areas (Fig. 6). These results show a potential 41 

domination of erosion processes around the key areas on the local level. 42 

 43 
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 1 

Fig. 6. The occurrence frequency of the group of main local landforms with colluvial deposits 2 
thicker than the median for a whole key area (MLLFs

M
). The horizontal line shows the 3 

theoretical occurrence frequency of MLLFs
M

 (= 41.67 %). n is the number of points in the 4 

dataset. 5 

 6 

Based on the occurrence frequency of MLLFs it is possible to determine either potential 7 
domination of soil erosion or colluvial accumulation on large areas. However, a direct 8 

comparison of the occurrence frequency does not indicate the intensity of these processes. 9 

Therefore experimental results have to be compared with the theoretical distribution of 10 
MLLFs for a random surface. The random surface is free of traces of any systematic process. 11 
Activation of erosion or accumulation processes on such surface will increase the number of 12 

MLLFs related with the dominant process. Hence, the more the deviation between random 13 

and natural surfaces, the more intensive the backbone process is manifested. 14 

Five types of MLLFs are related to colluvial accumulation at the key areas. The 15 
theoretical occurrence frequency of this number of MLLFs is 41.67 % (probability 5/12). The 16 

maximal difference from this level was observed for data from sampling points of Perdoel. It 17 
shows an intensive transformation of the land surface due to accumulation. At sampling 18 

points of Bornhoeved, the land surface transformation is also caused by accumulation and its 19 
intensity can be assessed as medium. For the surrounding terrains the little differences 20 

between the experimental and theoretical occurrence frequency of MLLFs
M

 were determined. 21 
It is shown that processes of land surface transformation were caused by erosion of low 22 

intensity. 23 

 24 

5. Conclusions 25 

 26 

Correlations indicate that colluvium concentrates at landforms described by a complex 27 
combination of signatures of curvatures. Such landforms were quantitatively described by 28 
Shary’s classification (Shary, 1995). This classification divides the land surface into twelve 29 

MLLFs. The distribution of quartiles of the thickness of colluvium divides MLLFs in two 30 
groups characterized by relatively thick and thin deposits. Thus the potential role of the 31 
MLLFs in spatial distribution of colluvial deposits was determined. In the present 32 
investigation, approximately 40 % of the terrain around the key areas is covered by MLLFs

M
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which potentially store colluvial deposits. Other MLLFs, covering approximately 60 % of the 1 

terrain, can be considered as zones of potential erosion. This proportion reflects that a terrain 2 
around the key areas is potentially characterized by the domination of weak erosion processes. 3 
The intensity of landform modifications can be assessed according to differences between the 4 

occurrence frequency of MLLFs on natural and random surfaces. 5 

Finally, it was shown that the occurrence frequency of MLLFs is a quantitative criterion 6 
for the assessment of domination and intensity of processes of land surface transformation. 7 
This pure geomorphometric criterion is free of any subjective manipulations and can be used 8 

for the comparison of different terrains. 9 

 10 
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