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Abstract: Rock cliffs are a significant component of world coastal zones. However, rocky coasts and
factors contributing to their erosion have not received as much attention as soft cliffs. In this study, two
rocky-cliff systems in the southern Baltic Sea were analyzed with Airborne Laser Scanners (ALS) to
track changes in cliff morphology. The present contribution aimed to study the volumetric changes in
cliff profiles, spatial distribution of erosion, and rate of cliff retreat corresponding to the cliff exposure
and rock resistance of the Jasmund National Park chalk cliffs in Rugen, Germany. The study combined
multi-temporal Light Detection and Ranging (LiDAR) data analyses, rock sampling, laboratory
analyses of chemical and mechanical resistance, and along-shore wave power flux estimation. The
spatial distribution of the active erosion areas appear to follow the cliff exposure variations; however,
that trend is weaker for the sections of the coastline in which structural changes occurred. The rate
of retreat for each cliff–beach profile, including the cliff crest, vertical cliff base, and cliff base with
talus material, indicates that wave action is the dominant erosive force in areas in which the cliff was
eroded quickly at equal rates along the cliff profile. However, the erosion proceeded with different
rates in favor of cliff toe erosion. The effects of chemical and mechanical rock resistance are shown
to be less prominent than the wave action owing to very small differences in the measured values,
which proves the homogeneous structure of the cliff. The rock resistance did not follow the trends of
cliff erosion revealed by volume changes during the period of analysis.

Keywords: cliff coastlines; cliff retreat; time-series analysis; airborne laser scanner

1. Introduction

According to current estimates, 80% of the world’s coastlines is composed of cliffs [1]. Despite
the significant area represented by rocky cliff coastlines, this topic is often neglected in scientific
dissertations. In their work summarizing previous research of the coastal geomorphology and related
topics, Naylor, Stephenson, and Trenhaile [1] revealed that only 8.8% of such research involves the study
of rocky coasts. The majority of contemporary research focuses on sedimentary coasts including mostly
beaches, considering the high importance from sociological and economical perspectives [2–9]. It is
popularly believed that rocky cliffs are characterized by slow rates of erosion and are only moderately
vulnerable to global sea level changes [1,10,11]. This aspect explains the superficial treatment of the
problem of cliff erosion.

Faster rates of beach coastline erosion are undeniable; however, the consequences of this
phenomenon are more predictable and are less catastrophic than those in the case of cliff erosion caused
by mass movement. Thus, researchers agree that the process of cliff erosion is important. Numerous
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models of chalk and limestone cliff retreat have been presented by authors from all over the world.
Their works indicate that the factors influencing erosion vary among study areas. For example, studies
conducted on chalk cliffs in East Sussex in the United Kingdom have identified geology as the main
factor controlling the location and scale of cliff erosion, whereas studies on chalk cliffs in Pas de Calais,
France, suggest that cliff stability is more relevant than other factors in cliff erosion [12]. Another
element considered is marine action, which in some cases is the main reason for cliff erosion [13,14]; in
other cases, its influence is restricted to debris removal [15]. In addition, the effect of rainwater is noted
for its significant influence. Furthermore, sub-aerial processes have also been found to be relevant in
the cliff retreat process [12].

Despite efforts made to the describe cliff erosion mechanisms, the relationships among factors
such as precipitation, geology, cliff stability, and sub-aerial processes are highly complex and have been
inadequately explained thus far. An essential question remains: Which of these factors is critical in
initiating erosion processes? If a cliff is composed of hard, dolomitized, and compressed chalk, heavy
rain will not be as erosive as high-power waves. Conversely, soft chalk can be easily saturated by
rainwater and thus erodes at a high rate without the influence of other factors.

Identification of the factors influencing cliff erosion is a challenge owing to the high complexity of
this mechanism. Even when applying the available techniques, this task remains very difficult and
demands prolonged observation and correlation of many factors.

The use of high-accuracy three-dimensional (3D) spatial data is necessary for such sophisticated
analysis. Tools and methods such as light detection and ranging (LiDAR), structure-from-motion
(SfM) photogrammetry, or video imaging provide the quickest and most accurate and detailed data
available for topographic analysis [16–20]. In the present study, a cliff system in Jasmund National
Park in Rugen, Germany, located in the southern Baltic Sea, was monitored by using multi-temporal
LiDAR data comparison. This method enabled us to track the annual cliff surface changes in these
well-known, spectacular white chalk cliffs. On the basis of the gathered data, precise calculation of the
rates of erosion and volumetric changes was performed, and ongoing processes were analyzed. The
results, when incorporated with wave, hydrological, and geological data, provided an overview of
interdependencies and influences of coastal erosion processes. However, LiDAR data are not free of
errors. Thus, creation of a digital terrain model (DTM) with suitable accuracy is another challenge
that demands data pre-processing. The vertical absolute accuracy of LiDAR surveys used for coastal
analysis is generally about ± 0.15 m [21].

The analyzed part of this coast has experienced erosion since the Pleistocene era. However, a
coastal monitoring program using an airborne LiDAR scanner has recently revealed intensification of
these processes.

Therefore, the main objective of the present study was to identify the possible correspondence
among cliff erosion rates, cliff exposure to wave action, and cliff rock resistance based on multi-temporal
LiDAR data. These data, in addition to those of the volumetric changes along the cliff–beach profile,
were used to produce final reproducible solutions for analyzing the relationship among the erosion rate
on coastal cliffs and selected variables such as wave action, rock resistance, the hydrological regime,
and geological structures.

2. Materials and Methods

2.1. Study Sites

Cliff erosion analysis was performed for a non-tidal basin of the Baltic Sea, a subdivision of
the shallow Arkona Basin, bordered by Borholm, Falster, and Zealand islands. The analyzed cliff
formations have long been the subject of widespread interest since they became part of Jasmund
National Park in 1990. These formations are known worldwide for their distinctive, high, white chalk
cliffs, with the highest occurring along the southern Baltic coastline [22]. In June 2011, the beach forest
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in Jasmund Park, which at only 30 km2 is the smallest German National Park, became part of the
United Nations Educational, Scientific and Cultural Organization (UNESCO) World Heritage list.

In this region, Cretaceous chalk rock has formed steep cliffs that often exceed 100 m in height [23].
The highest position in this area reaches 118 m above sea level and it is located in Königsstuhl near
Sassnitz. The elevated chalk cliffs are separated by lower, gently dipping parts consisting mostly of
Pleistocene deposits [23].

The morphology of the cliffs varies along the coastline and depends on the predominant building
material. The upper part of the cliffs forms a slightly concave, smooth slope with an almost vertical
profile. The majority of the chalk cliffs contain “apron fans of chalk rubble” at the base [22]; this talus
was produced by erosion processes. In the other parts of the cliffs, where the sea surface and the waves
interact with the cliff, wave-cut notches are a visible indicator of sea erosion. Beaches of Jasmund
National Park are covered by flint pebbles of different sizes the have formed shingle beaches (Figure 1).

Figure 1. Major morphological components of the coast cliff system in Jasmund National Park.

For this research, two study areas were chosen for analysis. The first located in the central part of
the national park coastline on the east-facing cliff, and the second is situated at the southern end of the
park close to the city of Sassnitz, with cliffs facing southeast.

Selection of test sites with different coastline orientations was crucial for this study. The power of
the waves reaching the cliffs changes depending on mean angle of the study area. Therefore, to analyze
the influence of waves on cliff erosion, the power of waves reaching the cliffs in both study areas
should be adjusted to reflect local conditions. Because wave power depends on the angle between
the refracted wave and the shoreline, the two study areas with different orientations were assumed
to receive different levels of wave power. The two selected study areas are located approximately 4
km apart.

The cliffs of both study sites dip steeply seaward. The cliffs are lower and the slope is moderate
only on the sides of the cliffs, where bluffs occur. The top parts of these cliffs are covered by Pleistocene
glacial sediments. The beach clasts in both study areas consist of flint pebbles originating from flint
veins in the chalk rocks.

Study Area 1 is located on the Kieler shore (Kieler Ufer). This part of the cliff, as well as the
neighboring area to the north (Kollicer Ufer), have been classified as highly prone to complex and
large-scale cliff failure according to the kinematic rock slope evaluation of Grunther and others [23]. In
particular, the northern part of the cliff qualifies as having very high/high susceptibility to chalk rock
failure. The northern and southern parts of the chalk cliff in this area border layers of glacial sediments;
the presence of this material corresponds with landslides occurring in the northern part of the study
area after 2000 and in the part bordering the study area to the south before that year. In the middle
part of the analyzed area, the chalk cliff experienced mass failure in 1994.
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Study Area 2 is located on the Gakower coastline (Gakower Ufer). Although the analyzed cliff did
not experience rock failure, landslides of the glacial sediments have occurred in neighboring areas to
the north and south before 2000. Small-scale landslides occurring after that year have been recorded
only in one part of the southern cliff side. The central part of study area has been characterized as
having moderate and low susceptibility to rock failure [23].

2.2. Data

Recent technical developments have enabled the broad use of new remote sensing techniques such
as Light Detection and Ranging (LiDAR) in topographic survey and coastal process monitoring [24–26].

In the case of cliff areas, airborne LiDAR surveys have one important advantage such that laser
scanning can be performed from the seaside. This enables collection of data from positions that were
previously inaccessible when using terrestrial LiDAR and traditional methods. This enables much
more flexibility and allows for the collection of data with greatly expanded coverage. However, the
data accuracy is usually lower owing to the very high laser beam incident angle; therefore, this method
does not always enable sufficient data collection, particularly from slanted surfaces. This problem is
also associated with the high-plain altitude: to access data with high vertical accuracy with all notch
concavity penetrated, the airplane equipped with the LiDAR instrument must fly at very low altitudes
and almost perpendicular to the cliff.

The data used in this study cover two airborne LiDAR campaigns. The first was performed in
April 2007 as part of a Federal Institute for Geosciences and Natural Resources (BGR) project in which
a 3D Optech ALTM3100 laser scanner was used to scan the area of Jasmund National Park. Data with
a horizontal point distribution of 0.5 m were obtained during 10 fly routes with flight strip swath
widths of about 9 km × 4.5 km. The resulting point cloud of the scanned area comprised 12.1 million
points. The data were divided into sub-areas of 1 km × 1 km in extent and were saved as separate files.
The average point density for the coastline area was equal 2.2 points per m2, and the average point
resolution was 0.67 m.

The second scanning campaign was performed in April 2012 by the National Board of Agriculture
and Environment of Central Mecklenburg (STALUMM) Coastal Group Department. The main purpose
of this LiDAR data collection was to create coastal and river flood simulation and coastal hazard maps.
Many flight routes were performed that sometimes covered the same area two or three times. As a
result, the data density varied between 1 and 25 points per m2.

For the purpose of this work, only the data from the coastline were used. Average point density
equals 24.5 points per m2. Average point resolution equals 0.2 m. The property of signal reflection
enabled categorizing, separating, and filtering out points representing terrain surface and overlying
points representing buildings or vegetation. The primary returns, including the intermediate and
first of many returns, represent vegetation, whereas the secondary returns, including the last returns,
correspond to the ground surface. Single point returns were also categorized as primary returns;
however, they were considered as a bare earth because their high return signal intensity resulted
in small error. It should be noted that the signal intensity and time of return is only one of many
available methods used for data classification and further filtration. Depending on concepts and
research objectives, data filters can be based on the morphology, progressive densification, surface, or
segmentation [27].

The wave data used in the present study were obtained from the Federal Maritime and
Hydrographic Agency of Germany (Bundesamt für Seeschifffahrt und Hydrographie, BSH) as a
part of the Western Baltic Sea Monitoring Program (MARNET). The records of the wave parameters
were obtained from the station Arkona Becken, located at a depth of 45 m at 54◦53′ N and 13◦52′ E.
The station is equipped with water quality sensors to measure salinity, temperature, and radioactivity;
water movement sensors to detect wave height, wave periods, wave direction, and current; and
meteorological sensors to measure temperature, wind speed, and wind direction.
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Data of significant wave height, wave period, and wave mean propagation direction were provided
for the period corresponding to the period in which the LiDAR data were obtained: 1 January 2007–31
December 2012. The wave data were recorded hourly. The continuity of the data was disturbed only
on a few occasions.

The study area inventory revealed the presence of objects that change cliff morphology and could
influence cliff erosion. Two types of obstacles were identified: log pilings located close to the coastline
on the sea side and fallen trees placed on the beach toe close to the coastline. These can be classified as
major breakwater structures.

Two locations with fallen trees were identified in the first study test area. Trees most likely grew
on the cliff tableland and then fell to the beach after cliff mass movement. Greater accumulation of
the trees was observed in the southern part of the study area, where they were situated across the
beach (Figure 2a). In the second area, a fallen tree was located on the beach toe parallel to the cliff
(Figure 2b). This single tree acted as cliff protection by shielding talus and beach material from erosion.
It is not clear whether the position of the tree is a result of natural processes or human intervention.
The location of Study Area 1 in the national park should exclude any type of human intervention in
the natural environment. However, wooden log pilings were found in front of the coastline (Figure 3).
This small, definitely anthropogenic breakwater structure is commonly used for cliff protection. Any
type of obstacle located in front of a cliff decreases the wave power, which in turn decreases the erosive
influence of the wave. Thus, the presence of these structures is expected to significantly affect the
results. Presumably, the location of the city of Sassnitz and the considerable tourist traffic on the beach
area justify the presence of this structure. It is likely that, without protection, narrow beach sections
3–10 m in width would disappear completely, which would make the area less attractive for tourism.

Figure 2. Inventory base of Study Area 1: (a) trees lying across the beach; and (b) tree located parallel
to the cliff.

Figure 3. Inventory base of Study Area 2, showing log pilings.
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2.3. Methodology

Due to representation of the surface and features by LiDAR raw data as a point cloud,
“hydrographically coherent surfaces” such as river banks or shorelines are not accurately
represented [28]. To provide accurate understanding of the data, a good digital elevation model (DEM)
and analysis are essential for recognizing morphologically important features [29]. Depending on the
study objective, four major line indicators are extracted from LiDAR-derived DEMs: shorelines, cliff
bases with talus, vertical cliffs without talus, and cliff crests.

In both datasets, the shoreline was created on the basis of an isoline 0.3 m above sea level. Owing
to the low slope and almost constant values below 0.3 m, this value is considered to be a practical
border for the division of beach and sea level data. However, the 0.3 m isoline indicates the presence of
debris and large stones on some parts of the coast, resulting in almost closed curves. For these areas,
the isoline was manually smoothed. Supervised changes were made to hill shade maps in which two
rasters were created: the first had an azimuth of 315◦ and an attitude of 45◦, and the second had an
azimuth and attitude both equal to 45◦.

For sea level recognition, the aspect raster was used as the water surface because the presence
of waves and ripples reveal significant aspect changes in small areas. Each wave or ripple consists
of one crest and two depressions (wave troughs) that divide the wave surface aspect in at least two
different directions. Therefore, it was easy to distinguish the water surface from the smother surface of
the beach, which has smaller aspect changes, or even from single waves.

The process of identifying the cliff base line was more challenging than that used to distinguish
the shoreline. Numerous studies on cliffs assume manual delineation of the cliff baseline by relying
mainly on aerial photographs, topographic maps, and in situ surveys [30–33]. Some examples of
automatic delineation were reported by Palaseanu-Lovejoy and others [34], who used generalized
coastal shoreline vectors, and by Terefenko and others [33], who considered a simplified methodology
of rapid changes in altitude. In our work, cliff base line evaluation was done based on slope and
hill shade analysis. The slopes of cliffs are greater than those of beaches; therefore, areas adjacent to
the coastline showing sudden and significant changes in the slope were classified as the base of the
cliff. However, in some parts of a cliff, talus material concentrated in front on the cliff toe changes the
morphology by smoothing the slope close to the beach. These areas are recognized in LiDAR data as
characteristic cone embankments, sometimes with the flat top surfaces showing a step-like shape. On
parts of a cliff containing obvious talus material, a second break line referred to as a cliff base with
talus, with an azimuth of 315◦ and a horizon of 44◦, was created on the basis of the slope and hill shade
map. To ensure the presence of cone or step-like talus, additional profiles of the cliff were created for
problematic areas. If the profiles indicated the presence of this form, a second break line was created.
Moreover, evaluation of the talus material for the dataset from 2012 is supported by notes from field
work and onsite photo documentation. The presence of this talus material at the base of a cliff is not
guaranteed or continuous. Areas in which the beach is separated from the cliff’s surface by a sudden
and high slope were identified by creating a third break line known as a vertical cliff base.

Owing to the relatively high resistance of the rock-building chalk cliffs in Jasmund National Park,
vertical cliffs forming steep surfaces are easily recognized. In the case of a cliff crest, the same technique
as that used in creating the second and third break lines was employed, in which the cliff rest border
was determined in areas of high steepness. The tableland close to the cliff is flat, which facilitates
recognition even without comparison with a hillshade raster. Mapping the cliff crest and its migration
over time is one of the most common methodologies used for investigating cliff recession with both
manual hand-digitized procedures [35] and automatic extraction [34].

Finally, to explore the changes in the entire cliff system that occurred between LiDAR surveys,
line indicator migration and volumetric changes were analyzed. The total volume of eroded material
was calculated on the basis of the indicated differences between surveys.

The average values of cliff recession were calculated on the basis of differences in the x direction
(in meters) between two mean center points, where one line represents one feature in both datasets.
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The mean center point identifies the geographic center of the line based on average x and y values and
thus is assumed to effectively represent the average line indicator location.

The differences in distance between two central points on each line indicator reveal the shift
distance. The results indicate the total shift per analyzed time period of six years and as the average
value of line shift in meters per year.

The wave capacity for eroding a cliff depends on the power of the wave action on the cliff surface.
The energy and power of waves depend on the wave incident angle, in which a smaller angle is related
to higher power in the wave reaching the cliff. This relation among wave erosion capacity, its power,
and its incident angle is assumed to be an indicator of cliff exposure. The calculation of cliff exposure
to wave action consists of four major phases: (a) calculation of the deep water wave parameters based
on data from buoys; (b) calculation of the wave parameters for the near-shore location, at 5 m in depth;
(c) calculation of the cliff exposure based on the wave refraction angle; and (d) calculation of the total
wave power for a wave acting on 1 m of cliff, measured in watts.

The height and direction of refracted wave propagation are functions of the propagation angle,
depth, height, and period of wave initiation for offshore wave. Following this relation, the wave
refraction and height for near-shore conditions were calculated using offshore wave data calculated
for waves affecting the shoreline. The calculation was performed using MATLAB software including
equations for wave refraction and height modification derived from the Coastal Engineering Manual
of the U.S. Army Corps of Engineers [36].

For evaluating the offshore wave parameters affecting the Jasmund National Park coastline, a
wind rose for the wave period (Tp) and wave significant height (Hs) was created. The final wave
parameters were calculated only for waves with significant Tp and Hs that affect the coastline.

After determining the offshore wave parameters, including Tp, Hs, and wave angle oriented to
the coastline calculated for each coastline segment, it is possible to calculate the refraction of the wave
at the 5 m depth by using Snell’s law [36]. The height of the near shore wave was calculated for each
part of the coast line based on Equation (1), where Ho is offshore wave height, Ks is shoaling coefficient,
and Kr refraction coefficient.

Hnearshore = Ho Ks Kr (1)

Wave refraction depends on offshore wave parameters as well as the coastline orientation.
Therefore, the wave refraction angle will change along the coastline depending on its angle. The
phenomenon of wave refraction angle change according to variation in the mean shoreline angle for
both study areas is illustrated in Figure 4. Even with the same parameters or offshore wave, the wave
angle after refraction at Study Area 1 was different from that at Study Area 2.

Figure 4. Wave refraction changes according to mean shoreline angle.
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The wave power was then calculated based on the results of wave refraction and near-shore wave
height. This parameter is related to the wave energy and wave celerity for the wave group and wave
incident angle.

The cliff exposure affected by wave action was evaluated according to the wattage of the wave
acting on 1 m of the cliff, where greater power is related to more cliff exposure. As a result, five classes
of wave exposure were identified using equal intervals between maximum and minimum observed
values, as presented in Table 1.

Table 1. Cliff Exposure Classification Based on Wave Power.

Class Exposure Wave Power Range (W/m)

1 Very exposed 2460.1–2780
2 Exposed 2140.1–2460
3 Moderately exposed 1820.1–2140
4 Moderately sheltered 1500.1–1820
5 Sheltered 1178–1500

Finally, to rate the chemical and mechanical resistance against the wave action creating mechanical
and chemical erosion, rock samples were collected and analyzed. The content of the calcium carbonate
(CaCO3) in the sample was used to evaluate of the rock’s chemical resistance: The rock’s resistance
decreases with an increase in CaCO3. For this analysis, the commonly used Scheibler calcimeter was
employed owing to its ease of use and rapid results [37].

The analysis revealed that the studied cliff sections include dolomitized chalk. The presence of
dolomite is known to significantly increase the strength of chalk [38]. Dolomite is formed from the
carbonate rocks during the dolomitization process under high temperature and high pressure. As a
result of this metamorphosis, rocks lose volume but gain mechanical resistance [39]. Even though calcite
and dolomite have similar chemical and structural properties, calcite undergoes plastic deformation,
while dolomite is “brittle and very strong” [38]. Cleven [38] proved that, although dolomite effectively
increases the “structural capacity of the rock to compress and store”, the calcite-bearing network is
still dominant.

Considering these factors, the dolomite content in the rock sample, calculated during the calcimeter
test as part of the CaCO3, was assumed to be an indicator of the rock’s mechanical resistance.

3. Results and Discussion

3.1. Volumetric Changes

The calculations of total volume change between 2007 and 2012 revealed progressive erosion in
both analyzed study areas. During this period, the total volume of the cliff measured in 2007 was
decreased by 6% (form 322.566 to 303.470 m3) and 2.6% (from 638.649 to 621.801 m3) in Study Areas 1
and 2, respectively. Therefore, the rate of coastline erosion in Study Area 1, at 0.01 m3/year, was faster
than in Study Area 2, at only 0.004 m3/year.

The areas of the highest cliff activity were evaluated based on the volume changes occurring
between 2007 and 2012. In Study Area 1, the amount of material erosion in the upper part of the cliff
averaged 2.2–9 m3/0.25 m2, and the maximum value was 36 m3/m2. In the middle and bottom parts,
the average was 0.01–2.1 m3/0.25 m2, and the maximum value was 9.6 m3/m2. It is worth noting that,
in addition to the differences in activity across the cliff profile, an increasing tendency for erosion was
evident on the northern part of the cliff, whereas the southern part of the study area is characterized by
smaller volume changes and thus lower cliff activity.

The cliff section in Study Area 2 revealed significant changes in the material volume at the bottom
of the cliff, with average volume changes of 3.6–6.9 m3/0.25 m2 and a maximum erosion value of
27 m3/m2. In the upper part of the cliff, only small changes in volume were found, with averages of
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0.01–2.8 m3/0.25 m2 and a maximum value of 11.2 m3/m2. In addition to the areas of high volume
change in the lower part of the cliff, two other areas were shown to be significantly eroded. The first
is the southern part of the cliff near the crest, and the second area is in the middle of the cliff in the
northern part. This indicates susceptibility to linear erosion, which occurs at the bottom to the upper
part of the cliff.

The erosion–accumulation ratio of the vertical cliff surface in both study areas indicates significant
erosion. Slightly more than 98% and 92.5% of the cliff surface measured in 2007 had been eroded by
2012 in Study Areas 1 and 2, respectively. However, the progressive cliff erosion calculated in both
study areas does not always correspond with the beach–talus development (Table 2).

Table 2. Volumetric Changes and Dominant Morphological Processes of Vertical Cliff, Talus Material,
and Beach. The 95% Confidence Interval was Used as a Critical Threshold for Volumetric Calculations.

Volume (m3) Area m2 Volume Change
(m2)

Percentage of
Total Area

Ratio
(Erosion/Accumulation)

A
R

EA
1

Cliff
Erosion 19260.35 3503.50 5.50 98.10

51.52
Accumulation 15.60 68.00 0.23 1.90

Talus
Erosion 238.73 289.50 0.82 38.96

0.64
Accumulation 251.36 53.50 0.55 61.04

Beach
Erosion 33.64 443.50 0.08 27.07

0.37
Accumulation 238.73 1194.75 0.20 72.93

A
R

EA
2

Cliff
Erosion 15167.41 12314.75 1.23 92.52

12.38
Accumulation 315.34 995.00 0.32 7.48

Talus
Erosion 818.93 942.25 0.87 91.26

10.44
Accumulation 6.08 90.25 0.07 8.74

Beach
Erosion 2768.97 3247.25 0.85 92.98

13.25
Accumulation 42.89 245.00 0.18 7.02

According to the erosion–accumulation rate, accumulation was observed in Study Area 1,
particularly in the beach and talus areas. Material accumulation on the cliff toe is a direct effect of mass
movement of the upper part of the cliff. After a cliff collapse, the beach area is enriched by fresh debris
material that provides additional cliff protection against wave erosion. In the case of Study Area 2,
erosion was predominant across the entire cliff–beach profile.

Analysis of the recession rate, calculated separately for each part of the cliff, revealed that the cliff
retreated at varying speeds across the profile (Table 3). In Study Area 1, the difference between the
recession rates of the cliff crest and base was insignificant, at 0.004 m/year, and an increasing tendency
was revealed in the top part. In Study Area 2, the opposite occurred such that the cliff toe retreated
more quickly than the crest. In addition, the difference in erosion between the cliff top and toe was
significant, at 0.46 m/year. These results are within the average values presented in various scientific
works [40–43].

Table 3. Recession Rate Based on Calculations of Cliff Profiles.

Study Area 1 Study Area 2

Recession (m) Total Per year Total Per year

Cliff crest 2.70 0.45 0.63 0.11
Cliff base (vertical) 2.6 0.43 1.15 0.19

Cliff base (with talus) 2.45 0.41 3.43 0.57
Average 2.58 0.43 1.74 0.29
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3.2. Exposure to Erosion

The analysis of the amount of cliff exposed to wave action revealed relatively high exposure in
both study areas. The average values of wave power received by the cliffs in Study Areas 1 and 2 were
2665.6 and 2535 W/m, respectively. With such a high value of wave power acting per cliff unit, the
influence of waves in the cliff recession processes is expected to be significant.

Study Area 1 has greater exposure to wave action than that in Study Area 2. In addition, the wave
power amplitude in Study Area 2 is roughly three times smaller than in Study Area 1, with values of
1601.5 and 521.1 W/m, respectively. This means that the coastline of Study Area 2 is more diverse, and
the refracted waves approach it from different directions with varied power. Finally, the cliff parts of
Study Area 1 were classified as exposed and highly exposed to wave action (Figure 5), whereas those
in Study Area 2 included all classes, from sheltered to very exposed.

Figure 5. Cliff exposure to wave action corresponding to volumetric changes in Study Area 1.

3.3. Rock Resistance

The chemical resistance of the cliff in Study Area 1 decreases from south to north, although
the largest variance between measured values was relatively small, at 8%. This result confirms a
homogeneous chalk structure with variations in CaCO3 content occurring along the cliff.

In Study Area 2, the resistance increases along the cliff from southwest to northeast. However, an
extremely high CaCO3 value in one of the samples, at 99%, significantly influenced the trend. Even
though the fluctuations in CaCO3 content in the cliff indicate geological differences, the difference
between the maximum and minimum content was only 5%. Therefore, the cliff is assumed to
be homogeneous.

The measurements of mechanical rock resistance revealed large differences between both study
sides. The cliff in Study Area 1 is composed mostly of pure chalk with a high CaCO3 content and no
dolomitization and thus has low resistance to mechanical wave action. Only one cliff part, located in
the northern area, revealed the presence of dolomite and is considered to be moderately resistant. The
cliff in Study Area 2 is classified as being highly resistant to mechanical action, designated as Class 3,
with an average value of 0.62% dolomite content and a northward trend for decreased resistance.

3.4. Correspondence to Morphological Changes

As described above, material accumulation in the beach area is explained by mass movement.
However, in the analyzed study areas, slight accumulation was also noticed along the vertical cliff
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surface. The amount of accumulated material is insignificant and can be explained by the presence of
vegetation, particularly near the cliff crest, and material movement along the structural breaks.

This phenomenon is clearly visible in Study Area 2. Large amounts of erosion on the upper part
of the cliff were observed in correspondence with changes in the geomorphological structure identified
in the same area by Niemeyer and others [44]. These changes structure clearly proceeded downslope
during the analysis period, causing significant erosion as well as accumulation in specific parts. In
addition, the linear orientation of the high cliff activity and its location over the middle part of the cliff
profile in this study area most likely corresponds to a structural break. However, only erosion was
observed in this case.

Owing to the small changes in wave power amplitude occurring along the coastline of Study Area
1, most of the cliff sides were classified as very exposed and exposed. The variability of the exposure
is very small; thus, it can be assumed that the waves acting on the cliff were similar for all parts of
Study Area 1 and had very high intensity. Analysis of the retreat rate also indicated that no significant
changes occurred along the cliff profile.

Study Area 1 is an example of a cliff retreat process caused mainly by wave action: high coastal
exposure to wave action accelerates cliff erosion. When the cliff toe and beach are eroded, the cliff
stability decreases until reaching a critical value, at which point sudden mass movement occurs. Debris
material from the collapsed cliff enriches the talus and beach area and provides additional protection
against wave erosion. However, owing to the high power of the waves, this material is again eroded
and washed offshore by currents, which leaves the cliff vulnerable to erosion.

The higher degree of erosion on cliff crest than that on the base can be easily explained. First, the
presence of accumulated material at the cliff base indicates the occurrence of a cliff collapse between
1997 and 2012. According to Gunther and others [23], toppling is the most common type of mass
movement in Rugen. During this type of erosion, the top of the cliff experiences the greatest amount of
material loss. The volume of the collapsed material can be so high that the material loss after a single
mass movement event is greater than that caused by constant erosion occurring at the cliff base. As a
result, the average recession rate of the cliff crest will have a higher value than the rate of ongoing cliff
base erosion, particularly because it is also enriched by material from the cliff collapse.

In Study Area 2, the area of cliff exposure to wave action corresponds with the areas of greatest
volume change between the analyzed years. Cliff sections composed predominantly of exposed and
moderately exposed sections, as well as the section classified as sheltered, have not been significantly
eroded. On the contrary, small accumulation was observed. Relatively small wave power reaching the
cliff has been further reduced by breakwater structures. Presumably, the presence of pilings facilitates
material accumulation.

Sections containing predominantly very exposed cliffs appeared to be eroded and showed the
highest rate of erosion of all analyzed cliff profiles, at 0.57 m/year. Particularly strong cliff toe erosion is
visible owing to the very high degree of cliff exposure to wave action. Erosion of the material on the
vertical cliff surface was caused by the presence of structural features.

In Study Area 1, only parts of the area revealed trends of strong cliff erosion that do not correspond
with exposure. Owing to the predominance of mostly exposed cliffs, erosion of the cliff toe is very
low. The impact of the waves was additionally decreased by presence of pilings as wave-break
structures. In this case, the observed erosion occurred on the upper part of the cliff and was caused by
geomorphological changes descending in the structure.

The cliff in Study Area 1 has been categorized as moderately resistant to chemical erosion but not
resistant to mechanical erosion. In this case, the downwearing process caused mostly by freshwater
action is expected to be slower than the backwearing process resulting in erosion of the cliff toe by
wave action. However, the volume changes indicate the exact opposite trend: the erosion is stronger at
the cliff top than at the cliff base. Only the northern part of the cliff has high mechanical resistance and
low chemical resistance, and the upper part of the cliff has become eroded. This result indicates no
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connection of the mechanical and chemical resistance to location of the active erosion areas across the
cliff profile.

The chemical resistance in the cliff decreases in the northern direction. This trend agrees with
the trend of increasing cliff erosion northward. Therefore, it can be assumed that waves are acting on
the cliff and causing erosion by both mechanical action depending on the wave power and chemical
reaction through dissolution.

Low chemical resistance and high mechanical resistance characterize the cliff in Study Area
2. According to the factors mentioned above, the cliff is expected to be eroded more quickly by
the downwearing process at the cliff top than by the mechanical wave action at the cliff base.
However, volume changes indicate the exact opposite trend: The erosion is stronger at the cliff
bottom. As discussed above, mechanical and chemical rock resistance are not good indicators of
downwearing/backwearing processes. In addition, variations in the chemical resistance along the
coastline location do not indicate changes in the volume of eroded material. Unfortunately, all samples
collected from Study Area 2 correspond only to the second sector of cliff exposure. This fact prevents
correlation of cliff resistance and wave influence.

3.5. Model of the Cliff Retreat

Considering the high wave activity and its correspondence with active, eroded areas identified
across the cliff–beach profile, a wave-induced cliff recession model with four stages is proposed to
explain the mechanisms of cliff erosion of the Jasmund National Park coastline (Figure 6). Stage 1
occurs when the vertical cliff is in equilibrium. No accumulation occurs on the beach and no talus
material appears. In this stage, waves act on the cliff surface directly, although only during storm and
high-water level events. With the progression of cliff erosion, the cliff base experiences material loss
(Stage 2). As a result, the cliff is undercut by wave-induced mechanical and chemical erosion, and the
slope stability decreases. In this stage, the cliff base retreats more quickly than the still-balanced cliff
crest. After reaching a critical value, the cliff collapses (Stage 3). From a geomorphometry perspective,
the upper part of the cliff incurs the greatest loss of material. As a result, the top part of the cliff shows
a high retreat rate. Material lost from the upper part of the cliff accumulates at the cliff base as talus
material. Because the waves now act directly on the accumulated talus material, it provides the vertical
cliff with additional protection from further erosion. In time, talus material is eroded (Stage 4) until
it is completely removed or transported offshore, and the cliff returns to a vertical profile with slope
equilibrium (Stage 1).

Figure 6. Model of cliff retreat induced by wave action.

According to the described wave-induced cliff retreat model, Study Area 1 is at Stage 4. The
significant material accumulation on the cliff base and the large material loss at the cliff crest indicate
the occurrence of a recent cliff collapse, most likely by toppling. According to the model, the cliff
should be in Stage 3; however, the erosion–accumulation ratio calculated for the talus–beach area
indicates accumulation as the dominant process, with small amounts of erosion present. Finally, the
amount of material accumulated on the talus–beach area is not equal to the amount of eroded material
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from the upper part of the cliff. This indicates that progressive erosion of the accumulated beach and
talus material has already begun, and the cliff in Study Area 1 is at Stage 4.

According to the observed progressive erosion of the cliff base and thus the much faster retreat
rate of the cliff bottom, the cliff in Study Area 2 is at Stage 2, characterized by progressive erosion. The
lack of material accumulation at the bottom of the cliff can be explained by the low rate of retreat, at
0.004 m/year. The erosion process is not as fast as that in the case of Study Area 1; thus, mass movement
likely occurs less often in this area. Therefore, the beach is not supplied by the material from the cliff.

Assuming the factors described above and considering such large wave power acting on the cliff,
the changes along the cliff are expected to be similar for the wave influenced model of cliff erosion.
However, in Study Area 1, although the cliff is affected the waves with similar power, a trend of high
material erosion on the north part of the cliff is evident. Therefore, in addition to the predominant
influence of the wave action indicated by similar retreat rates along the cliff profile, fast erosion rates,
and high wave power, other influencing factors that facilitate erosion cannot be neglected. After
incorporating the resistance of the cliff rocks, it appeared that the faster erosion in the northern sector
was induced by lower chemical resistance. As a result, it is assumed that the wave action is causing
mechanical and chemical erosion through hydraulic and dissolution processes, respectively. However,
dissolution at the cliff bottom can also be an effect of freshwater action through which precipitation
is concentrated between the flint pebbles accumulated on the beach or on concave parts of the talus
material. Nevertheless, this contribution to cliff erosion in Study Area 1 must be further evaluated and
was thus excluded in the final cliff retreat model developed in this study.

The spatial distribution of the cliff erosion in Study Area 1 appears to agree with the map of
cliff vulnerability to collapse evaluated by Gunther and others [23], based on the kinematic cliff slope
stability. According to their evaluation, the northern part of the cliff in Study Area 1 is particularly
prone to cliff collapse. The present study shows that the northern section indeed experiences mass
movement. The cliffs in Study Area 2 were also evaluated by Gunther and others [23] and were
determined to have moderate to low susceptibility to cliff collapse. In the present study, the same cliff
revealed a low rate of retreat, indicating a low degree of cliff exposure to wave action. Thus, the low
wave erosion identified in the present study is reflected in the low susceptibility for cliff collapse [23].

The model results of cliff retreat caused by waves presented in this study combined with those
of erosion susceptibility based on cliff stability reported by Gunther and others [23] have proved the
causes and effects of the cliff erosion mechanism. Although the results of both models indicate areas
prone to erosion, the topic is evaluated from different perspectives. The results demonstrate that cliff
slope stability is an effect of cliff erosion caused primarily by wave action.

4. Conclusions

The number of studies on remote coastal morphology have increased in recent years and include
high temporal resolution in terrestrial laser scanning, structure-from-motion photogrammetry, and/or
video imaging survey. Our study demonstrates a clear advantage of using airborne LiDAR scanning
for studies of rocky cliffs characterized by slow rates of erosion. By using this technique, several
factors such as wave action and chemical and mechanical rock resistance can be correlated with the
geomorphological responses of coastlines for long-term analysis. In addition, this method enables a
conceptual model of cliff behavior to be developed.

The proposed model explains the general behavior of a cliff coast with respect to the most relevant
variables of each segment along the profile. Wave action is classified as the primary force in cliff erosion.
According to the differences in the rate of retreat based on features along a cliff–beach profile, the wave
erosion-dominated cliff retreat model with the following four stages effectively represents the analyzed
study areas in Jasmund National Park.

• Stage 1: Cliff in equilibrium. The vertical cliff has balanced stability, and no talus or material is
accumulated on the beach. Waves acts directly on the cliff surface.
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• Stage 2: Progressive erosion. Erosion of the cliff toe is caused by wave action. The cliff stability is
decreased, and a high degree of erosion occurs along the cliff base.

• Stage 3: Cliff collapse, most likely by toppling. The beach is enriched by material removed from
the upper part of the cliff. High erosion of the cliff crest and accumulation on the cliff base occur.

• Stage 4: Talus reduction: Waves act on talus and beach areas to remove accumulated material.
Progressive erosion of the talus and beach material occurs until complete removal.

For both analyzed study areas, volume changes occurring in the cliff–beach profile between 2007
and 2012 show strong correlation to cliff exposure by wave action. The cliff of Study Area 1, which
is highly exposed, retreats more quickly in comparison to the moderately exposed parts of the cliff
located in Study Area 2. As a result, the rate of retreat of the cliff in Study Area 1 is 0.43 m/year, whereas
that in Study Area 2 is only 0.29 m/year. Since 2007, 6% of the cliff in Study Area 1 and 2.6% of that
in Study Area 2 have been eroded. All mentioned values of cliff retreat are within the retreat range
typical for chalk cliffs, between 1 cm and 10 m per year.

The predominance of accumulation processes occurring on the beach–talus sector in Study Area 1
and the significant material loss from the cliff crest indicate the recent occurrence of a cliff collapse.

Although the cliff located in Study Area 2 is classified as moderately exposed, one analyzed part
indicates a high degree of cliff erosion. This anomaly, which does not correspond to a high degree
of cliff exposure, is attributed to changes in geomorphological structures that descend on the cliff,
revealing the high importance of cliff structural breaks in cliff retreat–erosion processes.

The single trees present on the beach side were not found to be important obstacles for cliff erosion.
These features are likely not large enough to cause a significantly reduction in the power of waves
affecting the cliff. Only breakwater structures in the form of log pilings are likely to decrease the
wave power and thus the degree of cliff erosion. However, owing to the ubiquitous presence of such
obstacles along the shore in Study Area 2, its influence was difficult to evaluate.

Owing to the homogeneous geological structure of the analyzed cliffs and thus the very small
differences in chemical and mechanical cliff resistance, this parameter did not closely follow the trends
of cliff erosion revealed by volume changes during the period of study. Only one correlation was found
in Study Area 1 between the chemical resistance of the cliff and the erosion trend; thus, the influence of
chemical erosion caused by waves was proved.

The model results indicate that the cliffs in both study areas are in different stages of cliff erosion.
Study Area 1 shows material accumulation on the cliff bottom and significant material loss in upper
part of the cliff as well as the onset of talus material erosion; therefore, it in Stage 4: talus material
reduction. However, the cliffs in Study Area 2 show progressive erosion on the cliff base; therefore, it is
in Stage 2: progressive erosion.

It has been shown that wave erosion is the most active ongoing process triggering the retreat of the
rocky coastline in Jasmund National Park. However, two additional factors cannot be neglected: both
structural breaks and chemical erosion were found to play significant roles in the cliff retreat model.

Author Contributions: Conceptualization, D.Z.W.; Methodology, D.Z.W., P.T. and A.K.; Software, D.Z.W. and
P.T.; Validation, D.Z.W. and P.T.; Formal analysis, D.Z.W.; Investigation, D.Z.W. and P.T.; Resources, D.Z.W.; Data
curation, D.Z.W., P.T. and A.K.; Writing original draft Preparation, D.Z.W. and P.T.; Writing-Review & Editing, P.T.;
Visualization, D.Z.W. and P.T.; Supervision, P.T.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Naylor, L.A.; Stephenson, W.J.; Trenhaile, A.S. Rock coast geomorphology: Recent advances and future
reasearch directions. Geomorphology 2009, 114, 3–11. [CrossRef]

http://dx.doi.org/10.1016/j.geomorph.2009.02.004


Remote Sens. 2019, 11, 2666 15 of 16
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