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Abstract: In several areas of the Alps, steep grassland is characterized by shallow
erosions. These erosions represent a hazard through the increased availability of
unconsolidated material in steep locations, loss of soil and impaired landscape aesthetics.
Generally, the erosions concern only small areas but sometimes occur in large numbers.
Remote sensing technologies have emerged as suitable tools to study the spatio-temporal
changes of these eroded areas. The detection of such eroded areas is often done by manual
digitalization of aerial photographs, which is labour-intensive and includes a certain risk of
subjectivity. In this study we present a methodological tool that allows the automatic
classification of shallow erosions on the basis of orthophoto series. The approach was
carried out within a test site in the inner Schmirn Valley, Austria. The study covers both
the detection of erosion areas and a multi-temporal analysis of the geomorphological
changes. The presented approach is an appropriate tool for detecting shallow erosions and
for analysing them in multi-temporal terms. The multi-temporal analysis revealed one
period of higher increases in eroded areas compared to shrinking during the other periods.
However, the analysis of the change of all single erosions indicates that in each study
period there was both increase and decrease of erosion areas. The differences in the rates of
increase between the observation years are most likely due to the irregular occurrence of
events that encourage erosion. In contrast, the rates of decrease are almost constant and
suggest a continuous rate of recovery.
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1. Introduction

Various grassland areas on steep slopes in the Alps have been abandoned as a result of structural
changes in mountain agriculture [1-3] and may lead to an increase in shallow erosion areas [4-6]. In
this context the influence of climate change has also been mentioned, i.e., whether changes in
precipitation patterns and intensity lead to higher risk of erosion [7-10]. In general these erosion
processes are not systematically registered nor inventoried in Alpine regions and there is still some
uncertainty about the main causal factors. In some regions these shallow erosions can yield substantial
amounts of unconsolidated material. In combination with heavy rainfall, the denudation and
mobilization of material increases the danger of hazards such as landslides and debris flows reaching
intensively used or even populated areas. Apart from the dislocation of slope material, the resulting
impairment of landscape appeal has a negative impact, especially in tourist regions. For example,
Gobster et al. [11] state that noticeable impacts such as visible erosion may be seen as unattractive.

The assessment of the spatio and temporal changes of geomorphological elements is often
conducted using geographic information systems (GIS) and remote sensing techniques to analyse
satellite and aerial imagery [12-16]. Manual interpretation of aerial photographs is a common
technique for landslide mapping and multi-temporal change detection analysis [17-19]. Methods such
as pixel-based [20,21] or object-based classification techniques [22] aim for a high degree of
automation and improved comprehensibility of results [23-27]. In this study we concentrate on
mapping shallow and small eroded areas of a size between 2 m? and 200 m? [28] and a depth between
a few decimetres and 2 m [29,30]. Hence the dislocation of material per single eroded area is relatively
small. However, considering the total number of such erosion areas, the displacement and the spatial
distribution can be considerable (>30 areas per ha). Shallow landslides and snow gliding can cause
these kinds of small and shallow erosions [31,32]. Once the primary material displacement has
occurred, secondary fluvial erosion processes often enlarge the eroded areas [32]. It must be said that it
is not possible to identify the processes causing this kind of erosion using the available optical remote
sensing data (Section 3). Therefore we will use the general term “eroded areas” to describe the
geomorphological elements investigated in this study without specifying the underlying process.

Delineation procedures are often designed to generate objects with crisp boundaries. However,
uncertainties of sensor properties (e.g., resolution and target scale) and uncertainties from data
pre-processing (geometric and radiometric correction) lead to uncertainties of the object representation
in remote sensing data and furthermore to uncertainties in the definition of object boundaries. These
uncertainties are taken into account by calibrating the detection procedure using, e.g., training data.
Misclassification and delineation errors are expressed e.g., by calculating error measures. However, the
investigation of the influence of different parameter settings on delineation results is often not
presented. The concept of vague objects [33,34]—in particular the so-called Egg-Yolk model—is well
suited to do so. The object is composed of a core object with high probability of belonging to the object
(“yolk™) and the transition zone with declining probability belonging to the object (“egg white”) [35]. In
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this contribution we present a delineation approach following the idea of the Egg-Yolk model, to
present the influence of parameter settings on object delineation (see Section 4) in order to give more
insight to the object segmentation parameter settings calibration.

In this paper we present an approach to detecting small eroded areas that uses orthophoto series from
aerial imagery. Extraction of eroded and non-eroded areas is realized by implementing a segmentation
algorithm based on dynamic thresholds on the distribution of digital numbers (DNs)—also referred to as
“pixel value”—from the visible RGB colour bands. To analyse spatio-temporal changes of eroded areas we
compare maps derived from the analysis of orthophotos for different years. The objectives of the study are
(1) to develop a reliable mapping tool to detect small eroded areas based on orthophotos for different years,
(i) to characterize eroded areas by a differentiated appraisal of increase and decrease over a period of
10 years, and (iii) to evaluate the dynamics of small eroded areas by spatial and temporal analysis.

The paper is structured as follows. After the introduction in Section 1, including related work,
Section 2 describes the location and characteristics of the test site. The used data set, i.e., ortho-imagery,
is described in Section 3. Section 4 gives a detailed explanation of the implemented segmentation
workflow, followed by Section 5 which explains the choice of parameters. The changes in the
appearance of eroded areas between 2000 and 2010 is analysed in Section 6, followed by discussion in
Section 7. The paper concludes with an outlook in Section 8.

2. Site Description

The test site is located on an Alpine slope near the village of Obern in the inner Schmirn Valley
(Tyrol, Austria) (Figure 1). The slope contains several recent and historical shallow eroded areas,
which indicate a strong susceptibility to and activity of erosion processes.

Figure 1. Location of the test site in Tyrol, Austria.
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The area of the test site covers 36 ha. Altitude ranges between 1,980 m and 2,370 m a.s.l. The mean
annual temperature is 2 <C and annual precipitation is 1,220 mm (measurement period 1971-2000) [36].
Mean slope inclination is 36 facing east to southeast. Geologically the entire region is part of the
“Tauern Window” and consists mainly of metamorphic rocks [37]. The slope of the test site consists
mainly of BUndner schists deficient in lime, covered with few decimetres of regolith [38]. Dominant
soil types are shallow developed cambisols and regosols (authors’ field survey). The test site is situated
in the range of the timberline where the lower part was cleared. The vegetation cover of the test site
consists of subalpine and alpine grassland, with dwarf shrubs and single saplings. The slope has been
used as meadow and was mowed every second year until the 1960s. According to the local farmers,
shallow erosion has always been a problem. To counteract erosion, various measures were taken, such
as removing objects that facilitate erosion (e.g., boulders and trunks), filling tension fissures in the
surface to hamper the infiltration of water, and sowing fresh eroded areas. Since the 1960s the slope
has been used for grazing sheep and no erosion mitigation has been conducted to date.

3. Data Set

For the detection of eroded areas we used orthophotos from the official survey campaign of the
federal state of Tyrol from the years 2000, 2004, 2007 and 2010 with a resolution of 25 cm (analogue
camera) and 20 cm for 2010 (digital camera). Additional ortho-imagery between these dates is not
available. Each image was taken at the beginning of September, except that of 2007, which was taken in
early July [39]. Radiometric differences in the histograms between images can result from differences in
sun angle, atmospheric effects, viewing geometry, and instrument response characteristics at the different
capture dates [40]. The data provider had already performed radiometric corrections within each
campaign, but a radiometric adjustment between the individual images of each year was still needed. The
four orthophotos were radiometrically adjusted by applying histogram matching. In histogram
matching a lookup table is determined that serves as a function to convert the histogram of one image
and match it to the histogram of a second one. The orthophoto of 2004 serves as radiometric reference
as it seems to present the best radiometrical correction.

4. Segmentation Workflow

The boundary of eroded areas (object of interest) does not appear as a clear line but as a smooth
transition to grassland (background) due to uncertainties, e.g., from the limitations of sensor resolution
and the relation between target scale and object size [33,41]. The implemented segmentation workflow
takes these uncertainties into account.

In a first step a test site is pre-selected, which contains representative small and shallow eroded
areas (Figure 2). A dynamic threshold is defined based on each single band of the RGB image. As it is
difficult to find the ideal and definite threshold, a range of parameters is used to calculate a band of
high probability of being a shallow eroded area. This is implemented by using dynamic threshold t(j)
to separate brighter pixels of eroded areas from darker pixels of undisturbed meadows (Figure 3,
Equation (1)):

t(D=p+ oxj 1)
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where j is the parameter steering the extent of the segmentation results, o is the standard deviation of
DNs and pis the mean value of DNs within the test site (Figure 4(b,c)). The dynamic threshold is
applied to each colour band separately. If a DN is larger than the dynamic threshold it is assigned the
value 1, otherwise the value 0. The common detected area from all bands (i.e., where DN is equal to 1
in the red AND green AND blue bands) is extracted as a binary layer (layergelineation) CONtaining areas
assigned with 1 for detected area (shallow erosion) and 0 for background (meadow).

Figure 2. Test site near Obern in the inner Schmirn Valley. (a) Test site within the
orthophoto; (b) photograph of the southern part of the affected slope.
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Figure 3. Schematic illustration of setting the dynamic threshold in the distribution of the
digital numbers (DNs) of each colour band.
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Several layers are calculated within a defined range and step size of j. A fuzzy segment boundary is
created by summing up the resulting layers for each value of parameter j. The summed up layers
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(O layergeiineation) represent the vagueness [34] for delineating eroded areas. Clear segment boundaries
have a rather small transition area, while vaguer segment boundaries have a wider distribution between
these minimum and maximum counts (Figure 4(b)).

Figure 4. Segmentation steps illustrated on a sample area. (a) Eroded area visible within
the orthophoto; (b) sum image (3. layergeiineation) COMbining all 21 layers; (c) minimum,
maximum and expert-assessed segmentation thresholds.
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5. Parameter Setting

For the given data set, a range j from 1.0 to 3.0 with a step size of 0.1 was found to give most
reliable results. This range was chosen because if j is larger than 3.0, the resulting delineation
(layergeiineation) Underestimates the erosion area. This setting produced 21 layers where each pixel
contains information on how many times it was classified as erosion, i.e., DNs in Y. layergelineation Vary
from 1 to 21 (Figure 4(b)). Subsequently the Y layergeiineation Was inspected and compared with the
orthophoto by an expert to define the realistic delineation of eroded areas (3. layergeiineation > tcount)- It
was found that teount > 6 represents eroded areas in the orthophoto of 2000, 2004 and 2007 and teount > 1
in the orthophoto of 2010, which is referred to as “expert-assessed” below (Figure 4(c)).

In order to test the robustness of the segment extraction procedure, the changes in number and total
area of increasing and decreasing segment parts based on the four data sets are computed. For this
purpose a minimum and maximum of te,: IS applied to the probability map to investigate the
robustness of results. For each year probability maps are calculated using a minimum segmentation
threshold (tcount > 1) and a maximum threshold (tcount > 9) to see how much the results might change
(Figure 4(c)). Areas smaller than 2 m? are considered noise and excluded. When comparing two
orthophotos of a period, areas that have changed less than 0.01 m? are considered stable. For the
comparison in Figure 5 no limitation on maximum area was applied to reflect the nature of the
algorithm and the input data sets.
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Figure 5. Trends for minimum (tcount > 1), maximum (teoune > 9) and expert-assessed
(tcount = 6, teount > 1) thresholds. (a) Trends for changes in the number of all eroded areas

based on the three thresholds; (b) trend for changes in the total eroded area.
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6. Results

2298

This section presents the study results: Section 6.1 describes the impact of the selected parameters
from Section 5 and Section 6.2 presents the occurrence of eroded area per year (Table 1). In Section 6.3
we investigate qualitative changes of corresponding eroded areas in the three observation periods and
differentiate 25 patterns of change (Figure 6). The last Section 6.4 describes the quantitative changes
of eroded areas in the three observation periods.
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Table 1. Occurrence of shallow eroded areas in the four years.

2299

2000 2004 2007 2010

Number of eroded areas 1,018 1,202 919 1,013

Total eroded area (m?) 9,350 13,460 9,725 9,498
Maximum size of e.a.* (m?) 175 185 188 132

Figure 6. Different patterns of changes for the eroded areas depending on their qualitative
changes summarized in groups of similar decrease or increase behaviour.
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6.1. Comparison of Minimum, Maximum and Expert-Assessed Thresholds for the Segmentation of
Eroded Areas

A comparison of the minimum (teount > 1), maximum (teount > 9) and the expert-assessed (tcount > 6,
tcount > 1) thresholds over the three observation periods reveals similar trends for changes in the number
as well as the total size of the eroded areas (Figure 5(a,b)). The values for the expert-assessed eroded
areas are often lower than for the minimum and maximum thresholds because some segments were
excluded due to the maximum size being set at 200 m? (Section 6.2). Graphs for expert-assessed
increase in numbers differ from those based on minimum and maximum thresholds in that they rise
again in the period 2007-2010 instead of decreasing. There are slight deviations in the trends on the
total eroded areas based on the minimum threshold for decrease. Most of the trends, however, show a
similar behaviour. This means that the overall assessment of changes in eroded areas remains
essentially unaltered and hardly affected by any change in the thresholds.

The number of increasing and decreasing segment parts compared to the areas of these segments
show the same tendency across the four years, i.e., a predominant increase between 2000 and 2004 and
a predominant decrease between 2004-2007 and 2007-2010 (Figure 5(a)). A comparison of the
numbers of increasing and decreasing eroded segments with the total area of increasing and decreasing
eroded segments, based on the three different thresholds over the 10 year time span, reveals the same
trend. In the first period (2000-2004) an increase in numbers and total eroded area dominates, whereas
in the two following periods (20042007 and 2007-2010) a decrease in numbers and total eroded area
prevails (Figure 5(b)).

6.2. Occurrence of Erosions in the Four Different Years

Segmentation is conducted for each orthophoto, producing maps containing all eroded areas. Inside
the eroded areas little gaps can occur due to sliding vegetated clods. Because these are also part of the
eroded area, the gaps are filled and merged with the detected eroded area. A unique ID is assigned to
every single eroded area to allow a comparison of corresponding eroded areas in the four different
years. According to Schauer [28] and our own field investigations, the target size of the analysed
eroded areas ranges from 2 m? to 200 m?. Smaller eroded areas can represent initial erosion-related
forms such as tension fissures, which can be confused with other forms such as trails of grazing
animals or large boulders. The boundaries of eroded areas larger than 200 m? are often characterized
by gradual transitions between eroded and undisturbed areas. Hence they do not show distinct
boundaries and are difficult to delineate. Each probability map is analysed according to the total
amount and the sizes of eroded areas. For the changes of the areas in the three observation periods we
differentiate between (i) qualitative changes indicating increase and decrease tendency without
considering quantitative changes in size and (ii) quantitative changes describing the measurable
changes in the size of eroded areas.

Across the entire test site there were 1,018 classified eroded areas in 2000, 1,202 in 2004, 919 in
2007 and 1,013 in 2010 (Table 1). The properties of all eroded areas show an increase for the number
of eroded areas and the total eroded area for the first observation period between 2000 and 2004. The
next two periods are characterized by a constantly decreasing number and total size of the eroded area,
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whereas an increase for the number of eroded areas re-occurs between 2007 and 2010 (Table 1). There
seems to be an overall trend of one increase followed by a continuous decrease. It is notable that the
values of numbers of all eroded areas and total eroded area for 2000 are quite similar to the values
in 2010.

6.3. Qualitative Changes of Classified Eroded Areas between 2000 and 2010

Qualitative changes describe how many increasing (+), decreasing (-), and unchanged (=) eroded
areas are situated in the test site, regardless of the size of the changes. Depending on how often and in
which observation period an eroded area increases, decreases or remains unchanged, 25 different
patterns of change can be deduced. These 25 different patterns of change could be gathered into three
groups of similar trend behaviour (Figure 6).

Over the ten-year observation period, predominantly decreasing eroded areas make up the largest
group (48.0%), followed by the eroded areas with a tendency to increase (34.2%). For 17.8% of eroded
areas a balance of enlargement and reduction exists (Figure 6). In this case the size of the erosion
remains the same for one observation period, which happens very rarely. Sometimes data are missing
for individual periods because an eroded area was not classified in two consecutive years of a period
and the remaining two periods balance between increase and decrease. The most frequently occurring
pattern of change (Figure 6, pattern 18) corresponds to the overall trend of all classified eroded areas
(Section 5.2; Table 1): increases dominating in the first period (2000-2004) followed by two periods
(2004-2007 and 2007-2010) in which decreases prevail. Individual consideration of the three
observation periods also corresponds to this overall trend. However, looking at the 25 different
patterns of change separately, the majority of eroded areas increase and decrease irregularly during the
ten-year time span. Nevertheless, it should be noted that half of all patterns occurs less than 1%,
therefore these areas should be regarded as exceptions.

6.4. Quantitative Changes of Classified Eroded Areas between 2000 and 2010

Quantitative changes describe the measurable changes in size of eroded areas classified in two
consecutive years. The number of such areas ranges from n = 682 in 2000-2004 to n = 796 in
2004-2007 and n = 638 in 2007-2010 (Table 2). Looking at the net changes of the total eroded area,
we can again observe the overall trend of an increase in the first observation period (2000-2004) and a
continuous decrease for the remaining two periods (Table 2), albeit with great differences in the
overall size of the reduction.

Table 2. Quantitative net changes of total eroded area.

2000-2004 (n = 682) * 2004-2007 (n = 796) * 2007-2010 (n =638) *
2000 2004 Net 2004 2007 Net 2007 2010 Net
Area (mz) 7,900 10,993 +3,092 12,082 9,324 -2,758 8,793 7,944 —849
* Number of detected eroded areas per observation period.

Differentiating the net changes into single increases and decreases per observation period we can
see that each period contains enlargement and reduction (Figure 7). The increases differ greatly by up
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to a factor of four. In the first observation period the increase is larger than the decrease resulting in an
overall net increase. In the two remaining periods the decrease is larger resulting in a net decrease. In
contrast to the increase rates the decrease rates remain fairly constant in the three periods, between
—35.3% and —40.7% (Figure 7). There seems to be the same degree of reduction in all observation
periods and only the amounts of increase vary and the net changes with them.

Figure 7. Differentiated consideration of quantitative changes.
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At plot level it is possible to differentiate and evaluate changes on a detailed scale. Considering a
single eroded area at four different times allows locating increasing and decreasing parts and drawing
conclusions on the processes involved. Example areas with different behaviours are shown in Figure 8.

7. Discussion
7.1. Reliability of Imagery

The orthophotos used were provided as radiometric and geometric corrected images. Systematic
radiometric differences between the images of the individual years were adjusted by histogram
matching (Section 3). Remaining unsystematic radiometric differences are taken into account by the
implemented segmentation approach (Section 4). Remaining unsystematic geometric differences might
influence the analysis of spatial changes in eroded areas in the order of up to 0.25 m=2which has to be
taken into account during interpretation.

7.2. Reliability of Segmentation

Investigations on the sensitivity of the segmentation method (Section 6.1) suggest that results on
trends for increasing and decreasing eroded areas remain comparatively stable against variation in
thresholds (tcount). However, especially the order of decreasing segments is rather sensitive to threshold
changes, while increasing segments remain more robust (Figure 5). The adaptation of the dynamic
thresholds to the whole test site aims at securing the best possible results for the entire slope. For some
areas, however, this can mean misclassifications if the adapted threshold is less well suited to that area.
This means that intact areas may be entered as eroded in the classification.
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Figure 8. Example areas for the determination of quantitative changes at plot level.
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7.3. Changes in Shallow Erosion Size between 2000 and 2010

An analysis of all detected eroded areas between 2000 and 2010 shows that in the first study
period (2000-2004) erosion areas increased the most. In the two subsequent periods (2004-2007,
2007-2010), the increases amounted to just a quarter of those in the first period. This means that in the
first period more and/or stronger eroding events happened, such as severe snow gliding or heavy
precipitation, than in the other periods. These erosion events can cause the formation of new eroded
areas. They also enlarge existing eroded areas, for example by displacement of material clods in the
scarp area [42]. Unlike the variation in increases there is little difference in the decrease of eroded
areas. These amount to 35%-40% for a 3-4 year period. The relatively constant decrease of eroded
areas is mainly caused by rehabilitation from the surrounding meadow or by pioneer plants [28]. So we
have relatively regular decreases of eroded areas on the one hand, and irregularly occurring increases
as a result of short-term erosion events, on the other. Figure 6 shows that individual areas behave
differently, but there is a noticeable overall trend. All in all, the investigation shows declining erosion
activity for the investigated period from 2000 to 2010.

8. Conclusions and Further Applications

The automated detection approach using orthophotos from four different years (2000, 2004, 2007,
2010) has proved to be an appropriate method for analysing development trends of small and shallow
eroded areas (2—200 m?). Central to the study is an assessment of process dynamics, i.e., whether the
erosion areas are predominantly increasing or decreasing.

Compared to manual delineation by an operator, which relies on the individual experiences the
presented approach saves time and produces repeatable results. Furthermore, the investigation of the
parameter sensitivity and its impact on uncertainty of delineation results give deeper insight to the
algorithms behaviour, which is often neglected in classification studies. The investigation of uncertainty
based on different parameter settings shows that total number of eroded areas might vary between 20%
and 100% and total area of erosion might vary even between 25% and 300% compared to the expert
selected parameters. However, the development trends of increasing and decreasing erosion within each
period remain stable except for the increasing features in the study period 2007-2010 (Figure 5).

In each year we detected between 919 and 1,202 eroded areas. For 1,928 eroded areas we
demonstrate qualitative changes (regardless of the size of the changes), by deducing 25 different
patterns of change (Figure 6). For another 638 to 796 eroded areas we calculated the individual
quantitative amount of areal changes (Table 2). In the first study period (2000-2004) erosion areas
increased but then decreased in the two subsequent periods (2004-2007 and 2007-2010). Presumably
in the first period stronger erosion events occurred than in the two subsequent periods which are
dominated by a constant decrease due to rehabilitation of the vegetation.

The method presented is well suited for future long-term monitoring of shallow eroded areas. The
ongoing integration of up-to-date aerial photographs will continuously expand the study series. The
integration of a high resolution digital terrain model, e.g., from airborne laser scanning would allow an
area slope correction for a more reliable quantitative comparison of the spatial extent of the changes in
eroded areas. Future classifications in current orthophotos could be compared with reference data from
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field surveys if they are mapped without a great time lag to the image acquisition. Study areas are,
however, often remote, very steep and difficult to access, which makes fieldwork rather labour-intensive
and time-consuming. For further studies we recommend the usage of unmanned aerial vehicles as an
alternative reference data source. With such a modified set-up, following the Soil Conservation
Protocol of the Alpine Convention [43], areas endangered by erosion can be mapped and long-term
monitoring can be applied to achieve a better understanding of the processes involved.
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