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Abstract: The main aim of this research was to determine the magnitude of geomorphologic changes
within a section of a forest road. The research was carried out in the Lejowa Valley in the Tatra
Mountains. The measurements of the surface of the road were performed using a RIEGL VZ-4000
terrestrial laser scanner (TLS). TLS models for 2017, 2018, and 2019 served as the basis for the
determination of quantitative and spatial relief transformations. The net annual change on the
studied road within the first period equaled —884 m® ha™! year™!, and for the second period
~370 m® ha~! year~!. Changes across the accumulation fan ranged from —265 m® ha™! year™! to
+36 m® ha™! year™!. The average rate of erosion on the studied abandoned road is similar, and
sometimes even greater than that on roads which are still in use. Our research shows that improper
road location may lead to irreversible changes to the natural environment. The planning of a forest
road must take into account natural conditions, otherwise progressive relief transformations may
lead to significant surface changes and the road may be excluded from use.

Keywords: forest roads; erosion rates; relief transformation; terrestrial laser scanning (TLS);
Tatra Mountains

1. Introduction

Forest management is one of the most important factors influencing the intense transformation of
relief in forested areas [1,2]. Forest roads may cause significant changes in water and matter circulation
on a mountain slope, which has been shown in many places all over the world, including the Tatra
Mountains in Poland [3], the Olympic Mountains in the USA [4,5], tropical forests on the Malay
Peninsula [6-8], Western Cascades in the USA [9], Penteli Mountain in Greece [10], and Rio das
Pedras watershed valley in Brazil [11]. The construction and use of forest roads may contribute
to the development of numerous erosional and depositional landforms including erosional cuts,
landslides, and accumulation fans. This is confirmed by research work performed in Poland, and more
specifically in the Karkonosze Mountains [12], Gorce Mountains [13], Beskidy Mountains [1], and Tatras
Mountains [3] as well as in other locations in the world, for example in the Olympic Mountains,
USA [4], Cascade Range, USA [14], in the mountain areas of northeastern Italy [15,16], and on the
Darab Kola Mountain in Iran [17]. The research used, among others, geomorphological mapping,
repeated measurements within cross-section profiles, modeling, and field experiments.
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Excessive fragmentation of the slope system due to the establishment of new roads and skid trails,
activation of geomorphologic processes, and hydrologic changes may cause irreversible transformation
of land relief [18]. The development of deep erosional incisions may occur even within a single
season, which may be the result of considerable forest management work, but also of an improperly
engineered mountain slope road [3,12]. This is especially important in protected environmental areas,
where maintaining the balance between human impact and the natural functioning of a given area is
one of the more important goals [19,20]. Allowing land use by the local community while maintaining
biodiversity is of the utmost importance in protected environmental areas where economic activity
such as logging is allowed [21]. Sustainable development and protection of forest resources should be
the leading goals in forest management in mountain areas [22].

The implementation of new methods allowing determining changes on forest roads and logging
roads on hillslopes with better accuracy should be one of the more important tasks in the management
of forest areas. The use of LIDAR data to identify relief transformation on forest roads and logging
roads allows taking a broader look at their relief evolution [23-26]. Comparison of terrestrial
laser scanning (TLS) data allows determining changes with an accuracy of 3 mm to 10 mm [27,28].
However, due to the limited range, especially in mountain areas, these investigations focus on short
sections of road, for example 150 m [27], 530 m [28], 100 m [29], and 684 m [26]. An analysis of forest
roads over a wider area is possible with the use of aerial laser scanning (ALS) data, although the
measurements are less accurate [30,31]. Analysis of LIDAR data has shown that the density of forest
roads and logging roads in the Polish Carpathians is one of the highest, as documented in the research
literature, which considerably exceeds all recommended values [31]. The density of forest roads,
their geomorphologiclocation, and their type of use may have a significant impact on the transformation
of the natural environment [19,32]. This is why research is necessary, especially on a local scale, such that
will provide a better understanding of the overall situation and will allow to identify circumstances
and actions causing the intensification of geomorphologic processes [22,33]. Such research may be
useful to create guidelines and instructions for proper design, use, and management of forest roads
and skid trails.

The studied section of the road was selected based on a geomorphological mapping of forest
roads the results of which were published in 2018 [3]. In this research we mapped forest roads
sections, 6.2 km in total. Our research indicated that the significant relief transformations within
forest roads are mainly dependent on the number of subsurface flow interception features within
cutslopes. Such sections are frequently located in places where the road crosses a convergence area [3].
That investigation showed that the identified section of the road had become transformed the most and
it was already abandoned in the third year of usage. This is why it was decided to conduct a detailed
study with the use of terrestrial laser scanning (TLS). The aim of this research was to determine the
magnitude of geomorphologic changes occurring within the selected section of the abandoned forest
road. Specific goals included: (i) the determination of quantitative and spatial changes on the road
section and accumulation fan, (ii) the determination of the relationship between the mean flow velocity
and the magnitude of net erosion within selected forest road sections.

2. Study Area

The investigated section of a road was selected based on the previous research in which roads
located in the Lejowa, Jaroniec, and Koécieliska valleys were studied (Figure 1a) [3]. Those roads are
located in the area where a catastrophic wind event in December 2013 caused extensive damage to
tree stands [34], and some of them were created during extensive forest works which were begun in
2014 and 2015. The highest erosion was noted on the road located in the Lejowa Valley, which was
constructed in 2014, however, it was abandoned in 2016 due to intense transformation of land relief [3]
(Figure 2a—f). The lowest part of this road (Figure 1¢) encountered the greatest surface changes and it
was the subject of this work. These relief transformations were due to intensive rainfall, which occurred
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in 1.07.2016. Maximum precipitation intensity reached 62.6 mm over 5 hours (data source: the Institute
of Meteorology and Water Management - National Research Institute, Poland) (Figure 2b,c).
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Figure 1. Location of studied forest roads in the Lejowa and Jaroniec valleys (a), explanations: road
sections identified by geomorphological mapping (1), tourist road in the Lejowa Valley (2). The RIEGL
VZ-4000 scanner used to scan the road (b). The studied road on an orthophotomap taken in 2019 (data

source: www.geoportal.gov.pl) (c).
The studied road is located within sedimentary rocks and runs primarily over an area formed

of conglomerate. The average annual precipitation amount in the study area ranges from 1200 to
1400 mm [35]. The average total precipitation from June to September for the moderately cool elevation,
at which the investigated road section is located, is 610 mm [36]. The average annual temperature
ranges from 4 to 6 °C, and the number of days with snow cover is in the range from 80 to 120 days [37].
There were differences in the amount of precipitation both in annual and in the summer season in the
studied period (according to the Institute of Meteorology and Water Management — National Research
Institute) (Table 1). The investigated road is located in the landscape protection zone of the Tatra
National Park, where logging is allowed.

Table 1. Annual and summer season sum of precipitation between 2017 and 2019 (Data source: the
Institute of Meteorology and Water Management - National Research Institute).

Precipitation (mm)

i Annual Value from June to September
2017 1318.7 678.9
2018 1196.2 824.7

2019 950.6 401.7
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Figure 2. Changes on the surface of the studied road, explanations: the road in use in the first year
after its construction (a); deep incisions formed after heavy rainfall, which contributed to exclusion
the road from usage (b,c); strong relief transformations on the road two years after exclusion the
road from usage (d-f).

3. Methods

3.1. Analysis of Digital Elevation Models

Terrestrial laser scanning (TLS) of the selected road section was performed between 2017 and 2019
(Figure 1b). The measurement of the surface of the road was performed using a RIEGL VZ-4000 TLS
terrestrial laser scanner with a spatial data acquisition speed of about 222,000 pts. s~!. The measurements
were performed three times (31 August 2017, 31 July 2018, 1 October 2019). The precision of the scanner
was 10 mm, and its accuracy was 15 mm. Point clouds derived from TLS were then processed using
RiSCAN PRO software including the multi-station adjustment (MSA) module, which can generate
planes from point clouds and then aligns them based on similarity and spatial distribution. The resulting
poly-data objects were used by the RIEGL multi-station adjustment tool for automatic fine alignment
using best-fit least-squares iteration. The processed data were then converted into the LAS 1.2 format
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(special format for point clouds from LiDAR). In the next step in ArcGIS 10.2.2 (ESRI, Redlands,
CA, USA) software data LAS 1.2 format was converted to raster data. The raster data so prepared,
was with a resolution of 0.05 m.

In order to determine the magnitude of changes resulting from the road construction process,
the airborne laser scanning (ALS) model of 2013 was compared with the TLS model prepared in
2017. The 2013 ALS was obtained from Poland’s National Protection Against Extreme Hazards
(Polish acronym: ISOK) project. The adjustment of the x and y coordinates was made on the basis of a
manual adjustment based on the detailed topography of the area in the immediate vicinity of the road
(small denudation valley locations, the lower edge of the slope). In order to adjust the z coordinate
(height), the raster model was changed into a vector model (points) and the z coordinates from the
ALS model were compared with the z coordinates of the TLS model. On this basis, the functional
relationship R? = 0.99 was determined.

TLS models for 2017, 2018, and 2019 served as the basis for the determination of quantitative and
spatial changes resulting from the activity of natural geomorphologic processes on the abandoned road.
A DEM of difference (DoD) was created using ArcGIS 10.2.2 software, which involved a comparison of
the differences between DEMs from different measurement sessions. The DEMs of difference (DoD)
were made in ArcGIS 10.2.2 software using the map algebra and raster calculator tools. The first DoD
was created for the period 2017-2018, and the second for the period 2018-2019. In order to determine
spatial differences in the changes the entire studied road was divided into 24 equal-length segments,
each about 3 m long (Figure 3).

Hydraulical racius (Rh)=5

40 V77 cross-section area (A)
= wetted perimeter (P)

0 1 2 3 4(m)

Figure 3. Segments (1-24) of the investigated road with the erosion gully marked by a blue line,
cross-section profiles (I-IV) marked by dashed green, lines, and (a-j) marked by thin black lines (a).
An example of the cross-section profile within one road segment (4) with the average level of water
during a rainfall event marked (b).

The magnitude of erosion and accumulation was determined for each of the segments and for the
accumulation fan formed at the road’s entrance. Moreover, in order to visualize the local magnitude
of changes on each given road segment, 10 cross profiles were created based on the TLS models.
Those cross-section profiles (10) were chosen to be along the entire road and in zones where significant
changes could be observed. In addition, we have determined four cross profiles before and after the
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forest road construction to show the size of the road cut into the slope. We selected the road cross
profiles which represented different road development.

3.2. Flow Velocities Analysis

In order to determine the relationship between the mean flow velocity and the magnitude of net
erosion the average flow velocity was calculated for 2017 for 24 road segments (Figure 3). The flow
velocity (V) was calculated using the Manning formula: V=1/n*R2/3*s1/2, where V is the average flow
velocity (m s7!), n is the stream bottom roughness coefficient [38], Rh is the hydraulic radius (m),
and s is the slope of the hydraulic grade line (m m™).

The roughness coefficient was assumed to be 0.17 for segments with existing rock outcrops
(segments 1-18) and 0.35 for segments with large gravels and boulders in the substratum
(segments 19-24). A cross-section profile was made within each of the 24 plots. Within the profiles,
zones of the highest flow concentration were identified. Then, on this basis, the extent of the erosion
gully within which the maximum flow concentration takes place during rainfall events was determined
(Figure 3). The hydraulic radius was determined on the basis of individual profiles and by field
observations of the road profile filling during rainfall. The correlation (p = 0.05) between the average
flow velocity and the magnitude of annual net erosion within the designated erosion gully was
calculated (Figure 3). Before conducting the statistical analysis, the normality test (Shapiro-Wilk) was
conducted. Due to the fact that the values presenting the annual net erosion did not have a normal
distribution, a transformation (logjo) was applied. All statistical analyses were performed in the
Statistica 13.

4. Results

The length of the detailed studied subsection of the road was 120 m. The studied road is located at
elevations ranging from 926 to 950 m a.s.l.. The average slope of the road is 19 degrees, with a maximum
of 22 degrees. The average width of the road is 3 m (Figure 2a). The greatest relief transformation
after abandonment of the studied road occurred on July 18-19, 2018 and was associated with a heavy
rainfall event (the 24-hour rainfall total was 118.8 mm) (Figure 2b). In 2019, the total precipitation in
the analyzed period was only half of what it had been a year earlier. Consequently, the degree of relief
transformation was significantly lower than that in 2018.

4.1. Changes at Cross-Section Profiles of the Forest Road in the Period 2013-2017

Relief transformation in the period 2013-2017 was related to the construction of the studied road
as well as its use and increased level of activity of geomorphologic processes on the hillslope.

Deep incisions in the surface of the road are visible at all measurement sites (Figure 4). On average,
the road surface was cut into the slope between 0.77 m (profile ¢) to 1.5 m (profile b), and the maximum
depth was 1.3 m (profile ¢), 1.5 m (profile a), 1.8 m (profile d), and 2.5 m (profile b). An embankment
formed by the material removed while the road was being constructed was also observed. The average
thickness of that deposited material was from 0.3 m (profile c) to 1 m (profile d).

4.2. Changes at Cross-Section Profiles along the Forest Road in the Period 2017-2019

All the data presented for the period 2017-2019 refer to relief transformation that occurred only
due to the action of natural geomorphologic processes (Figure 5). The largest relief transformation
occurred in 2017-2018 along the lowest located road segment (profile cc’, dd’). In this period the
average decrease in elevation of the surface of the road within profiles cc’ and dd’ was 0.24 m and 0.32 m,
respectively. However, the average lowering of the road surface within deep incision located within
those profile was 1.34 m (cc’) and 0.83 m (profile dd’), the maximum lowering was 1.7 m (profile cc’).
In the period 2018-2019, changes within the profiles were much smaller and accumulation dominated.



Remote Sens. 2020, 12, 3467

7 of 16

lt‘"l
a 2013 2017 b
[m]
3 3
2 2
1 1
°% 5 10(m) 2 5 10{m]
I':\] d
{m]
[+ 3
2 2
1 1
% 5 10[m 9 0 5 10 {m]

Figure 4. Cross section profiles within the analyzed forest road with embankments within the left-hand
side of each profile; black line shows year 2013 (before road construction), red line shows year 2017
(after road abandonment). The road surface (red line) without clearly developed erosive cuts (a,c).
The road surface (red line) with clearly developed erosive cuts (b,d). Locations of the profiles are

marked on Figure 3.
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Figure 5. Changes at selected cross profiles along the studied forest road and within accumulation
fan in the years 2017-2019. Changes in the accumulation fan at the end of the road (a,b). Changes in
the erosion gully in the lower part of the road (c¢,d). Changes within the road surface without clearly
developed erosion cuts (e—j). Locations of the profiles are marked on Figure 3.
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Changes at subsequent measurement sites along the studied road were significantly smaller in the
periods under analysis. The maximum deepening in the period 2017-2018 was in the range from 0.32
(profile ff’) to 0.71 m (profile ee”). However, in the period 2018-2019 the maximum deepening ranged
from 0.2 (profile ee’) to 0.5 (profile ii"). The largest transformation in all the analyzed profiles occurred
on the surface of the road, and the smallest occurred at road undercuts (profiles dd’, ff’, gg’, jj").

4.3. Rate of Erosion and Accumulation on the Studied Forest Road in the Years 2017-2019

The analysis of the DoDs showed that in the first period of 20172018 the greatest relief changes
occurred in the lower part of the road, where the development of a deep erosion gully took place.
The maximum deepening of the road surface was locally up to 2 m. In the second period, the highest
erosion values were lower and reached approximately 1 m (Figure 6).

2017-2018 2018-2019

_:ngh: 0.56m
A low:-1.48m

Figure 6. DEM of differences for the sections of forest road and accumulation fan in the period

2017-2018 and 2018-2019.

The rate of erosion in the period 2017-2018 in most of the studied road segments including the
accumulation fan substantially exceeded the rate of accumulation (Figure 6). In the period 2017-2018,
for the investigated road, the total erosion reached 1172 m® ha™! year™! and the total accumulation was
289 m® ha™! year™!. Net erosion, calculated by subtracting the total accumulation from the total erosion
equaled 884 m® ha™! year™!. The total erosion and total accumulation for particular road segments
equaled 322-3398 m® ha™! year™! and 31-1202 m? ha™! year™, respectively. The average amount of
change for all road segments was a lowering of 9 cm year™!. Spatial distribution of net erosion within
forest road indicated that the greatest changes occurred in the lower part of the road (segments 4-7),
with the maximum value of net erosion reaching 3286 m3 ha™! year~! (Figure 7). The total erosion
for the accumulation fan formed at the entrance of the road equaled 530 m? ha! year~! and the total
accumulation equaled 265 m® ha™! year™!, which gives net erosion of 265 m® ha~! year~!. Itis worth
noting that the accumulation fan was used as a lumber storage site.

In the period 2018-2019 the total erosion for the whole road was lower comparing to the previous
period and equaled 725 m® ha™! year~!. However, the total accumulation remained at a similar level
and was equal to 356 m® ha~! year~!. Net erosion was less than one half of its value in the previous
monitoring period, at 370 m® ha™! year~!. The total erosion and total accumulation for particular
road segments equaled 83-2501 m® ha™! year™! and 7-928 m® ha™! year™, respectively. The average
amount of change for all road segments was a lowering of 4.4 cm year™!. Compared to the previous
period, the spatial distribution of the net erosion shows that the area with material accumulation
(segments 1-4) is enlarged in the lower part, in the immediate vicinity of the accumulation fan. On the
other hand, the zone with the highest net erosion value (segments 7-9) is moved to the upper part
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(Figure 7). However, the maximum net erosion value is lower than in the previous period and amounts
to 2.494 m® ha~! year™!.

2017-2018 2018-2019
2 highest part

Net change (m® ha-'year™)
I +697.6 - +500.0
1 +4990-00
0.0--400.0
~400.0 - -800.0
-800.0 - -1200.0
-1200.0 - -2493.7

Net change (m? ha™'year™')
W +7267-0.0

Figure 7. Net change on selected test surfaces within forest road between 2017-2018 and 2018-2019.

The total erosion within the accumulation fan during the second period equaled 117 m® ha~! year™!

and the total accumulation equaled 153 m® ha™! year~. Calculated by subtracting the total accumulation
from the total erosion, the net accumulation within the accumulation fan was 36 m* ha=! year™".

4.4. Relationship between Average Flow Velocity and Net Erosion

The studied forest road presently functions in the course of precipitation events as a periodic
stream channel. The average flow velocity within erosion gully in 2017 for the segments underlain
by rock outcrops (segments 1-18) was 0.62 m s}, and the maximum value reached 0.91 m s71.
For segments with coarse rock material (segments 18-24) the average flow velocity was 0.34 ms~!,
and the maximum value was 0.46 m s™1.

Significant correlation between flow velocity and net erosion was found. Flow velocity explains
28% of variation in the net erosion (r* = 0.28) (Figure 8). This relationship is the most apparent in the

lower part of the road (road segments 2, 4, 5, 7, 8).
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Figure 8. Relationship between the flow velocity and net erosion within the erosion gully formed
within the investigated road.
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5. Discussion

5.1. Magnitude of Erosion within Forest Roads—Data Comparison

The rate of erosion for forest roads is significantly higher than that in areas with no human impact,
i.e., with no forest roads [4,39-42]. In the tropical forests in Tekam Forest Reserve in Malaysia the
average lowering of the ground in areas with no human impact was 6.29 cm year™!, while it was
39.14 cm year~! on skid trails, and 54.52 cm year~! on forest roads [6]. Other research has shown
that the magnitude of erosion on heavily used forest roads is 130 times greater than on abandoned
roads [5]. Moreover, significant differences were noted in the rate of erosion on roads, depending
on the intensity of their use. A significant decrease in the rate of erosion on abandoned and steep
sections of roads is also confirmed by other research [39]. Our study on the road in the first years
after its abandonment indicates that the average rate of erosion is similar, and sometimes even greater
than that on roads that are still in use (Table 2). An earlier study conducted in the studied area in
2016 showed that the mean rate of net road deepening equaled 4.5 cm year™!, and the maximum rate
of deepening was 10 cm year™ [3]. In the Gorce Mountains (Poland) the mean rate of deepening of
intensively used forest roads ranged from 0.08 to 4.14 cm year™! [13]. In tropical forests in Peninsular
Malaysia, where average annual precipitation is about 2654 mm, the average rate of erosion associated
with surface runoff on skid trails ranged from 2.4 to 3.1 cm year™! [7].

The changes noted along the studied road were significantly higher than those on tourist trails in
the Carpathian Mountains (Table 2). Lower values are also found in other mountains. In the Karkonosze
Mountains (Poland), the average rate of lowering of the surface of tourist trails is 1.09 cm year™!,
and the maximum rate is 2.1 cm year™! [12]. On popular tourist trail in the Guadarrama Mountains
(Spain) in the Senda Schmidt, where the average rainfall is about 1400 mm year ~!, the erosion rate
reached from 0.17 to 0.26 cm year’] [43].

Table 2. Erosion rates for the studied forest road and other data in the Carpathian Mountains.

Net Change ?
Study Area Author(s)
(cm year 1)
Form of Human Impact
Forest road (first year o ; i :
without huran frpace 9 (average) Tatra Mts. (Poland) Our research
Forest road (second year B ) e "
without himan fmpact) 4.4 (average) Tatra Mts. (Poland) Our research
Forest road —4.5 (average) Tatra Mts. (Poland) [3]
Forest roads from —0.08 to —4.14 Gorce Mts. (Poland) [13]
from -2.3 to +2.5
Tourist trail —0.7 (average) Gorce Mts. (Poland) [45]
—0.9 (average)
Tourist trail above from —0.59 to —2.66 Western Carpathian Mts. [46]
timberline —1.38 (average) (Slovakia)

Natural Processes and Landforms
Tatra Mts. and their

W, t(,e rgr}]o:;(?slzsove from —0.88 to —2.66 foreland (Slovakia) [44]
= i from +0.012 to +0.072  High Tatra Mts., Belianske
Tatra Mts. (Slovakia)
- Vel'ka Fatra Mts.,
Avalanche chutes —2.4 (average) (Slovakia) [47]
3 Western Tatra Mts. .
Surface runoff +0.893 (average) (Slovakia) [46]
Nival niches from -1 to =5 High Tatra Mts. (Poland) [48,49]

4 Minus sign means erosion, plus sign means accumulation.
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In studies conducted in the Slovak Tatra Mountains and their foreland, it was stated that erosion
rate ranging from 0.5 to 1.5 cm year~! should be considered very high, whereas rates >1.5 cm year™!
should already be classified as catastrophic [44]. The rates of change noted for the studied road are also
significantly higher compared to erosion rates found in areas with no human impact in the Carpathian
Mountains (Table 2).

The magnitude of erosion on the studied road is greater than that on roads in other areas. Research
conducted in Peninsular Malaysia, where during 16 months of research the total precipitation reached
3638 mm, showed that erosion on forest roads was 266 +/— 20 m> ha™! ycar‘1 [7]. In the same area
the volumetric rate of erosion at timber storage sites equaled 139 +/— 10 m® ha™! year™! [7], which is
lower than erosion within timber storage sites located in our study area during the first measurement
period. On the other hand, the combined erosion rate for forest roads and lumber storage sites was
220-315 m® ha™! for a 260 mm precipitation event which took place from 18-22, April 1983 in the
Tairua Forest, New Zealand [50].

5.2. Flow Velocity Relationship—Data Comparison

Human intervention associated with the construction of forest roads and special logging roads in
mountain areas contributes to an increase in the level of activity of selected geomorphologic processes
occurring on hillslopes [51-53]. Gullies often develop in such areas. The gullies may completely change
the circulation of water and matter on hillslopes. Such gullies function as flow channels during intense
precipitation events. The rate of water flow after heavy rainfall events within gullies created as a result
of the relief transformations along logging roads in the Karkonosze Mountains is about 1 m s™1 [52].
Our research indicates that the flow velocity is locally comparable for road segments with rock outcrops
where the value comes to 0.91 m s™!. The values obtained for road segments with rock outcrops are
close to flow rates obtained for unpaved roads on the Carpathians’ flysch hillslopes, which exceed
1 m s~1 [53,54]. However, the maximum average value, found in our research, is lower than the flow
rate in small catchments in the Carpathians during flash floods, which ranges from 1.6 to 2 m s™! [55].

Many studies conducted so far indicate that the magnitude of relief transformation depends on
the slope inclination, surface resistance, intensity of road use and the occurrence of subsurface flow
interception (ISSF) within the road cutslope [3,5,8,56,57]. Our research shows that the local conditions
in a given road section, such as the local slope, type of surface and local morphology are also extremely
important. In the longitudinal profile of the analyzed erosion gully within the road we can distinguish
zones characterized by the presence of a sequence of accumulation steps, thresholds and evorsion
kettles, and zones characterized by the exposed bedrock. In the sections with thresholds and evorsion
kettles the flow velocities are decelerated below the thresholds, and, at the same time, high erosion
values occur which is related to the development of evorsion kettles and headward erosion at the
thresholds (cavitation). On the other hand, in the sections where bedrock is exposed, downward erosion
is slowed down and lateral erosion then becomes more active. This regularity was demonstrated by
the correlation between flow velocity and net erosion within the erosion gully at the lower part of the
studied road (Figure 2b,d,e). In turn, the sections where there is a high flow velocity and low erosion
are characterized by the presence of wide zones with rock outcrops, which limits the erosion processes.

The uniqueness of mountain areas, especially their natural conditions and different intensity and
type of human impact, may affect the way they function and make them different from other mountain
areas [6,7,14,58]. This is why research is necessary on different spatial and temporal scales, which allows
one to gain an in-depth knowledge of the principles that govern the transformation of mountain areas.
Conclusions drawn in such research work may be helpful in the management of mountain areas.

5.3. Management Practices within Forest Roads—Selected Aspects

Forest management may contribute to significant relief transformation within a short period of
time [12]. Research indicate that erosional processes along logging roads and forest roads are strongest
in the first period immediately following their construction [6,58,59]. Research has shown that in the
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second year after the construction of forest roads, erosion along roads can decrease by 77%, and along
skid trails by 80% [6]. Others have found that erosion in the first period following the construction
of forest roads is, on average, four times as much as in subsequent seasons [60]. A decrease in the
magnitude of erosion in the seasons following the construction of a new road was also noted [59].
The greatest transformation of relief on the investigated road occurred in the third season following
the construction of this road, and contributed to its abandonment. These transformations were caused
by improper design of the road, which crossed runoff convergence area, low resistance of rocks in
the substratum, and occurrence of a heavy rainfall event [3]. Research conducted four years after the
construction of a new road segment in the Hengduan Mountains indicates the presence of massive
erosion, the rate of which was incomparably higher than the rates specified for other areas of the
world [61]. The researchers also indicated that massive erosion was caused by the construction of
a road without any detailed prior analysis of its geomorphologic location and threats related to the
activity of natural processes in the area.

In order to minimize the negative impact of forest roads and logging roads on the local natural
environment, it is important that their planning and construction be performed only after an analysis
of natural conditions of a given area is performed [17,19,57,62,63]. Another important aspect is that
lumber transportation techniques should be suitable for a given set of terrain conditions—a cable crane
may be used for instance [56,64,65]. This kind of approach may contribute to a “development without
destruction” [17,66]. The monitoring of forest roads should be continued even after cessation of use, as
their terrain may continue to undergo successive changes due to erosional processes [26]. Such an
approach may limit intense and irreversible transformation of relief [67,68].

Our research has shown that the use of the TLS may contribute to better understanding of a given
road development. Precise measurements enable determining and comparing flow velocities, which in
turn allows to roughly predict further erosion rates. Detailed identification of natural conditions may be
crucial in applying effective anti-erosion treatments. In order to limit excessive erosion, it is extremely
important to slow down the flow velocity, e.g., by creating drainage systems or arranging rock blocks
in a way that disperses the excessive flow energy. Research has shown that proper maintenance and
control of the condition of a forest road within the period of 5 years after its construction, are of key
significance in minimizing erosion along the road [69]. The proper drainage of water from roads is a
highly effective technique in limiting excessive erosion [39]. Forest management in the United States,
including forest road construction and maintenance, is accomplished based on so-called forestry best
management practices (BMPs) established by state forestry agencies, which yields a well-informed
management plan for forest areas [2].

6. Conclusions

Forest roads may cause substantial transformation of relief, even after their abandonment.
The net annual change on the studied road equaled —884 m® ha'! year™ for the first measurement
period, and —370 m® ha™! year™ for the second measurement period. The surface of the whole road was
lowering at the rate of 9 cm year ! and 4.4 cm year™!, respectively for the first and the second measurement
periods. Furthermore, changes across the accumulation fan were from —265.13 m® ha™! year™! to
+35.9 m® ha~! year™!. The amount of material removed from the accumulation fan was 2.7 cm year™!
and amount of accumulation was 0.4 cm year™!. The average rate of erosion for the studied road
no longer in use is similar, and sometimes even greater than that for roads still in use. Forest
roads may function similarly to gullies with similar flow rates. Research has shown that there is a
significant relationship (r* = 0.28) between the flow velocity and the magnitude of net erosion within
the studied forest road.
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