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Abstract: In forestry interventions such as thinning or selection cutting, appropriate road and skid
trail networks are essential for efficient forest operations, but also for limiting damage to the residual
stand and soil. Recently, multiple studies have shown the advantage of precision forestry and the use
of a geographic information system (GIS) in forest road network planning, replacing time-consuming
manual measurements and skid trail design directly in the forest. The objective of this research was
to test the accuracy of three GIS-based methods, the correct distance method (CDM), real distance
buffer method 12 (RDBM12) and real distance buffer method 10 (RDBM10), in estimating the area
accessible for winching along skid trails. The study was carried out in two mountain areas, Fibbino
and San Martino al Cimino (Italy). All the methods for determining the winching area were based on
GIS and digital terrain model (DTM) maps. Additionally, control distances were measured manually
in both areas and the results were compared with the distances measured using the GIS methods.
The initial results showed that all the methods were useful for determining the winching area in
mountain conditions. However, in conclusion, the CDM and RDBM10 methods were more accurate
and can be recommended for further use and development.
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1. Introduction

One of the prerequisites of sustainable forest management (SFM) is to minimise the negative
impact of harvesting on the environment without limiting work productivity [1–3]. A well-designed
network of forest roads can contribute to this, especially when precision forestry is applied [4–10].
Multifunctional forestry is strictly related to a forest road network guaranteeing access to silvicultural
and operational activities, as well as to other social functions, including tourist activities [3,6,11–15].
From an economic point of view, the efficiency of forest operations depends on appropriate road density
and distribution [16,17]. Moreover, a well-designed and properly established forest road network
guarantees a low impact on the environment when extracting or transporting timber [2,18–22].

In forestry interventions such as thinning or selection cutting, an appropriate road network is
important in order to limit damage to the residual stand, to restrict the area of disturbed soil and to
optimize productivity [2,17,20,23]. In other kinds of interventions, such as coppicing or clear cutting, a
limited road network does not guarantee a low impact on the environment after harvesting [24].
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The planning of low impact skidding operations can be done by selecting suitable equipment,
as well as choosing an appropriate harvest time and location [22]. In particular, it is important to
ensure cost-effective utilisation but with respect to environmental issues, for example, by limiting the
frequency of forest penetration by machines and constructing new branches of strip roads only
when it is really necessary [6]. In recent years, multiple studies have shown the advantage of
precision forestry and the use of a geographic information system (GIS) in forest road network
analysis and planning. Enache et al. [13] developed a GIS method for evaluating different forest road
options before implementing the design in the forest. The method allowed the assessment of forest
infrastructure scenarios based on multicriteria analyses (i.e., forest management, costs, environmental
and hydrogeological protection, social interests such as tourism, and wildfire extinction) bearing in
mind stakeholders’ interests, as well as economic, ecological and social aspects.

Enache et al. [4] used GIS in a private forest in Romania to calculate the mean extraction distance
and its correction factor, taking slope into consideration. This study showed the efficiency of different
GIS methods in determining the mean extraction distance for more efficient forest harvesting.

Laschi et al. [6] proposed a classification into accessible, barely accessible and inaccessible areas
of a forest estate in Northern Italy. This classification was based upon the concept of “access time”,
that is, the time required for a forest worker to make a round trip on foot from the nearest road to a
given point in the forest.

Gumus et al. [5] developed a GIS model to design a new skid trail pattern in order to improve
farm tractors skidding in a Turkish forest estate. The authors made a comparison between the existing
skid trail pattern and a simulated network of skid trails. The latter showed a 16.84% increase in the
efficiency of time consumption and a reduction in road density from 281 m/ha to 187 m/ha. Caliskan
and Karahalil [25] used GIS to classify Anbardag forest in Turkey analysing different extraction systems
(i.e., cable crane, forest tractor, agricultural tractor, and sledge yarder), taking into consideration slope
and distance from the road network. This work made it possible to obtain a classification of forest areas
in order to plan more efficient forest operations, which would not be possible without the application
of GIS. Picchio et al. [26] developed a GIS model to classify two forest estates in Central Italy into areas
which were accessible or inaccessible for extraction by tractor with a winch and/or lightweight cable
yarder. Based on this classification, a proposal for improving the forest road network was made using
GIS. A good correlation was obtained between the model validation and the actual accessibility in the
forest areas.

In the above-mentioned work, the study area included entire forest estates, usually hundreds or
thousands of hectares. The innovative aspect of the study proposed in this paper is that it is the first
attempt to use precision forestry in a more accurate analysis and planning of a forest road network on
a relatively small area (ca. 20–60 ha).

The objectives of this study were to: (1) apply GIS-based methods to determine accessible areas for
winching in mountain conditions, and (2) discover the accuracy of GIS-based methods. Initially, two
existing methods were tested to determine the accessible area for skidding, as well as their accuracy:
the correct distance method (CDM) and real distance buffer method 12 (RDBM12). Eventually, a third
method, the real distance buffer method 10 (RDBM10), was developed based on RDBM12 and this was
also used in the study.

The evaluation of the above-mentioned methods to qualify the extraction area involved four stages.
The first one was testing the possibility of using a modern mini portable GPS (Global Positioning
System)—an electronic device for the collection of reference points to mark forest roads on a map.
The second step consisted of importing data within an open-source GIS to implement digital models:
a digital elevation model (DEM) and digital terrain model (DTM). The third one was applying three
different methods (CDM, RDBM12 and RDBM10) and marking the areas accessible for winching.
The last step consisted of manual data collection in the forests (the measurement of distances) in order
to check the accuracy of the above-mentioned methods.
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2. Materials and Methods

2.1. Study Areas

2.1.1. Fibbino

The study area is located in Piegaro district in the Province of Perugia, within a State property
managed by the Regional Forest Agency (AFoR). The total area of the study area is 20.02 ha, 12 ha
characterised by the presence of a Pinus nigra Arn. high stand and 8 ha of high stands of Quercus
pubescens Willd., Quercus cerris L. and Fraxinus ornus L. descending from old coppice conversion
(Figure 1). This classification was taken from the Forest Management Plan of the property.

The prevalent elevation is 425 m a.s.l. with a maximum elevation of 505 m a.s.l. and a minimum
of 385 m a.s.l., with the prevalent exposition towards the South/South-East. Slope degree is between
26% (II Class) and 70% (IV Class) (Figure 1).
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Figure 1. Land cover and slope map of Fibbino study area. CRS: WGS84-UTM33T. EPSG 32633.

2.1.2. San Martino al Cimino

The second study area is located in Viterbo District in the Province of Viterbo, within a State
property managed by the local district. The total study area is 61.60 ha. According to the property’s
Forest Management Plan 44.32 ha is covered by Quercus cerris L. high stand, 16.35 ha by a high stand of
Fagus sylvatica. L and a little portion, approximately 0.9 ha, by chestnut (Castanea sativa Mill.) coppices
(Figure 2).

The prevalent elevation is 700 m a.s.l. and varies from 580 m to 783 m a.s.l., mainly exposed
towards the South and South-East. The mean slope degree is 52% (III Class) with a maximum of 120%
(V Class) (Figure 2).
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EPSG 32633.

2.2. Preliminary Field Reliefs

All the forest roads present in both study areas were detected using a GNSS system while on an
all-terrain vehicle. A Trimble Juno Sb handheld data collector was used, measuring 12.9 cm × 7.4 cm
× 3.0 cm, weighing 0.23 kg with the battery, and allowing for GPS measurements on an L1 frequency.
The Trimble Juno Sb was powered by the Windows Mobile 6.1 operating system and a 533 MHz
Samsung S3C3443 processor. According to the manufacturer’s information, a real-time accuracy of 2 to
5 m was possible thanks to the integrated SBAS receiver. Subsequent postprocessing of the data using
Trimble Delta Phase technology made it possible to reach 1–3 m positional accuracy [27]. However,
for the aims of this study, postprocessing the data was not necessary, therefore the field data showed a
positional accuracy of 2–5 m. After data collection, all the roads were classified according to Italian
standards [6] for the forest roads (Table 1).

Table 1. Road classifications with main features in areas studied, according to Italian standards [6].

Type of
Road

Width [m] Slope [%] Maximum Curvature
Radius in Hairpin Turns

[m]Minimum Prevalent Optimum Average Maximum for
Short Stretches

Maximum
Reverse Slope *

Main 3.5 5÷6 3÷8 10 14 10 10
Secondary 3.0 4÷5 3÷8 12 18 12 7
Skid trail 2.5 3÷4 3÷8 14 25 14 5

* Reverse slope—distance that machine (forwarder, truck, tractor and trailer, etc.) has to cover when driving loaded
to the landing site.

Data characterising the relief were collected and recorded by the GIS software—the open-source
software Quantum GIS 2.18 “Las Palmas” [28] allowing the creation of the lines and the shapefile of
the forest floor. All the GIS elaborations were geo-referenced in WGS84-UTM33T. In the shapefile
attribute tables, both the classification and length of each road were reported.
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2.3. GIS Implementation

Initially, two basic GIS methods, the correct distance method (CDM) and real distance buffer
method (RDBM) were implemented in order to define areas as “accessible” and “inaccessible”
in relation to the existing forest road network. This classification was applied in respect to the
Tree-Length-System (TLS) and skidding with a farm tractor altered to suit forest conditions and
equipped with a forest winch. The pre-defined extraction distance was 80 m uphill and 40 m downhill.
In both methods, the extraction distance was the orographical distance, i.e., the real distance measured
along the slope. In both methods, implementation started from a 10-m pixel DTM [29,30]. The first
method CDM was developed by Pentek et al. [31] and further evolved by Enache et al. [4]. The second
method RDBM was developed by Picchio et al. [26].

2.3.1. Correct Distance Method (CDM)

CDM requires the forest road network file in raster format and uses the QGIS tool “r.grow.distance”
to create a raster layer in which the distance from the forest roads is reported, the so-called “distance
map”. This raster map is corrected according to slope and then reclassified in order to identify
accessible areas for winching.

2.3.2. Real Distance Buffer Method (RDBM)

In contrast, RDBM starts from a vector file of the forest road network and makes use of the QGIS
tool “r.cost” to create the “distance map”. This map, which is in raster format as in CDM, is corrected
according to the slope and finally reclassified to identify accessible areas for winching.

Eventually RDBM was used as two separate ones: (1) RDBM12, with a d0 of 12.07 m, and
(2) RDBM10, with a d0 of 10 m, corresponding to the side of the pixel. RDBM12 was the original
method [26] and RDBM10 was an implementation developed in the present work after a comparison
and validation of the two initial methods: CDM and RDBM12.

2.4. Field Relief for Method Evaluation and Statistical Analysis

In order to check the accuracy of the final three methods, 40 control points were identified in
Fibbino and 58 on San Martino al Cimino. The real shortest distance from the road to each point was
measured using the Trimble Juno Sb GPS and measuring tape. Furthermore, the distances obtained
were evaluated on Statistica. 7.0 spreadsheets. In addition, scatterplot analysis, t-test and one-way
ANOVA were used to find out if there were statistically significant differences between the set of
distances obtained with the two GIS methods and in manual measurements. For these comparisons,
factorial ANOVA was used in order to analyse the percentage error in relation to the field relief.

3. Results

3.1. Accessible Areas

3.1.1. Fibbino

In Fibbino, the road density (Figure 3a) amounted to 102 m ha−1. In particular, 2048 m of the
forest roads were present and all of these roads were classified as secondary roads for trucks (Table 2).

Table 2. Characteristics of forest road network in selected areas of Fibbino and San Martino al Cimino.

Area Road Type Length
[m]

Average
Width [m]

Average
Slope [%]

Maximum
Slope [%]

Maximum
Reverse

Slope [%]

Minimum Curvature
Radius in Hairpin

Turns [m]

Fibbino Secondary
road for trucks 2048 4.4 9 14 9 6.5

San Martino al
Cimino Skid trails 3300 3.5 12 18 10 5.4
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Figure 3. (a) Road network in Fibbino forests. (b) Fibbino: areas accessible for winching marked using
correct distance method (CDM); uphill winching distance = 80 m, downhill winching distance = 40 m.
(c) Fibbino: areas accessible for winching marked using real distance buffer method 12 (RDBM12);
uphill winching distance = 80 m, downhill winching distance = 40 m. (d) Fibbino: areas accessible for
winching marked using real distance buffer method 10 (RDBM10); uphill winching distance = 80 m,
downhill winching distance = 40 m. CRS: WGS84-UTM33T. EPSG 32633.
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According to CDM, the accessible areas for winching totalled 9.9 ha, corresponding to 49% of the
total surface of intervention (Table 3 and Figure 3b). In particular, 7.06 ha of the area could be used for
uphill winching, with 2.84 ha for downhill winching. RDBM12 estimated 7.69 ha of accessible areas,
5.47 and 2.22 ha for uphill and downhill extraction, respectively (Figure 3c). RDBM10 showed that
9.13 ha were accessible, 46% of the total surface (Figure 3d). About 73% of the area qualified for uphill
winching (6.66 ha) and 27% (2.47 ha) for downhill.

Table 3. Accessible areas for winching in Fibbino and San Martino al Cimino determined by CDM and
RDBM methods.

Area Method
Existing Road

Network
Length [m]

Intervention
Area [ha]

Density of
Existing Forest
Roads [m ha−1]

Total
Accessible
Areas [ha]

Percent of
Accessible
Areas [%]

Accessible Areas
for Uphill

Extraction [ha]

Accessible Areas
for Downhill

Extraction [ha]

Fibbino
CDM 2048 20.02 102 9.90 49 7.06 2.84

RDBM12 2048 20.02 102 7.69 38 5.47 2.22
RDBM10 2048 20.02 102 9.13 46 6.66 2.47

San Martino
al Cimino

CDM 3300 61.60 54 21.32 35 15.15 6.17
RDBM12 3300 61.60 54 17.64 29 12.16 5.48
RDBM10 3300 61.60 54 20.22 33 14.20 6.02

3.1.2. San Martino al Cimino

Road density in San Martino al Cimino amounted to 54 m ha−1 and all the roads were classified
as skid trails (Table 2 and Figure 4a). In total, 3300 m of forest roads were present with an average
width of 3.5 m and average slope of 12% (Table 2).

According to CDM, 21.32 ha were accessible for winching, 35% of the total surface (Table 3
and Figure 4b). In particular, 15.15 and 6.17 ha were accessible for uphill and downhill winching,
respectively. RDBM12 and RDBM10 estimated that 17.64 and 20.22 ha were accessible, respectively
(Table 3 and Figure 4c,d).
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Figure 4. (a) Road network in San Martino al Cimino forests. (b) San Martino al Cimino: areas
accessible for winching marked using CDM; uphill winching distance = 80 m, downhill winching
distance = 40 m. (c) San Martino al Cimino: areas accessible for winching marked using RDBM12;
uphill winching distance = 80 m, downhill winching distance = 40 m. (d) San Martino al Cimino: areas
accessible for winching marked using RDBM10; uphill winching distance = 80 m, downhill winching
distance = 40 m. CRS: WGS84-UTM33T. EPSG 32633.

3.2. Field Test

3.2.1. Fibbino

For the field tests in Fibbino, 40 control points were selected (Figure 5). Between each point and
skid trail, the shortest distance was measured using tape and the results were juxtaposed with the
distances measured using the CDM and both RDBM methods (Table 4).

The scatterplot analysis (Figure 6) showed high values of R for the three GIS methods and the
equations showed a similar constant error for the three methods (ranging from 6.9 to 8.7) and a different
level of variable errors. In particular, for the two GIS methods, CDM and RDBM10, the variable error
was close to 1.0 (almost negligible), while it was somewhat greater for the RDBM12 (ca. 1.3).

Table 4. Descriptive statistics of shortest distances between each point and skid trail measured using
geographic information system (GIS) methods and tape: 40 and 58 control points in Fibbino and San
Martino al Cimino, respectively.

Descriptive
Statistics

Fibbino San Martino al Cimino

CDM
[m]

RDBM12
[m]

RDBM10
[m]

Field Test
[m]

CDM
[m]

RDBM12
[m]

RDBM10
[m]

Field Test
[m]

Mean 66 82 69 73 86 107 89 84
Minimum 21 35 29 33 23 13 11 20
Maximum 98 116 97 96 259 296 246 236

SD 24 29 24 20 55 69 58 56
Number 40 40 40 40 58 58 58 58
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Figure 6. Scatterplot of distances measured in Fibbino study area: field test vs. CDM: R2 = 0.7193, R =
0.8481, p < 0.001; field test vs. RDBM12: R2 = 0.7583, R = 0.8708, p ≤ 0.001; field test vs. RDBM10: R2 =
0.7583, R = 0.8708, p < 0.001.

From the statistical analysis, there were no significant differences between RBDM10, CDM and
the field test measurements (Figure 7). RBDM10 gave the closest distance values to those obtained in
the field (Figure 7). Only RDBM12 was different (statistically significant and with an overestimation of
the distance value) from CDM, RDBM10 and the field test (Figure 7).
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study area. In diagram, points represent average values, bar represents standard deviation and the
same letters stand for statistically homogenous groups.

3.2.2. San Martino al Cimino

The field test in San Martino al Cimino was carried out on 58 control points (Figure 8). The
shortest distances between each point and the skid trail were measured and the results were compared
with those distances obtained using the GIS methods (Table 4).
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The scatterplot analysis (Figure 9) showed high values of R for the three GIS methods as well
as equations showing a similar constant error for the three methods (ranging from 6.6 to 8.2), and a
different level of variable errors. In particular, for RDBM10, the variable error was close to 1.0 (almost
negligible), while it was slightly bigger for the CDM method (ca. 0.9) and the biggest for the RDBM12
method (ca. 1.2).

Electronics 2019, 8, x FOR PEER REVIEW 11 of 15 

 

different level of variable errors. In particular, for RDBM10, the variable error was close to 1.0 (almost 

negligible), while it was slightly bigger for the CDM method (ca. 0.9) and the biggest for the RDBM12 

method (ca. 1.2). 

 

Figure 9. Scatterplot of distances measured in San Martino al Cimino study area: field test vs. CDM: 

R2 = 0.9337, R = 0.9603, p < 0.001; field test vs. RDBM12: R2 = 0.9189, R = 0.9586, p < 0.001; field test vs. 

RDBM10: R2 = 0.9189, R = 0.9586, p < 0.001. 

Statistical analysis found no significant differences between the three GIS methods and the field 

test measurements (Figure 10). However, RBDM10 gave the closest distance values to those obtained 

in the field (Figure 10), while the RDBM12 method had the biggest error. 

 

Figure 10. Differences in distance measurements: results of one-way ANOVA for San Martino al 

Cimino study area. In diagram, points represent average values while bar represents standard 

deviation. 
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Figure 9. Scatterplot of distances measured in San Martino al Cimino study area: field test vs. CDM:
R2 = 0.9337, R = 0.9603, p < 0.001; field test vs. RDBM12: R2 = 0.9189, R = 0.9586, p < 0.001; field test vs.
RDBM10: R2 = 0.9189, R = 0.9586, p < 0.001.

Statistical analysis found no significant differences between the three GIS methods and the field
test measurements (Figure 10). However, RBDM10 gave the closest distance values to those obtained
in the field (Figure 10), while the RDBM12 method had the biggest error.
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3.2.3. Comparison of Tested Methods

In the presented research, all the GIS methods were useful in determining skidding area,
particularly for winching in mountain conditions. GIS methods save time and make the job of
estimating the accessibility area for different extraction methods easier in comparison with conducting
field measurements.

The analysis showed that, for the two areas, the errors had the same trend. A further comparison
of the GIS methods (Figure 11) showed that statistical difference was present only between the GIS
method, RDBM12, compared to the other two. In particular, RDBM12 showed the highest error,
ranging from −13% to −33%, an overestimation of the distances calculated by the specific GIS method.
The RDBM10 method was particularly accurate in the Fibbino area, where an error of only 6% was
obtained (an underestimation of the distances), while the CDM was particularly accurate in the San
Martino al Cimino area, where an error of only −8% was obtained (an overestimation of the distances).
Statistically, the two GIS methods, RDBM10 and CDM, showed errors for the Fibbino area grouped as
an average error of 7.7%, showing an underestimation of the distances calculated by the specific GIS
methods. The same GIS methods for the San Martino al Cimino area showed errors grouped as an
average error of −9.4%, showing an overestimation of the distances calculated.
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4. Discussion

As also developed and found in other papers [32,33], using GIS for planning forest utilisation is
less time-consuming and much cheaper in comparison with field measurements and working with a
topographic map. They are particularly useful when it is necessary to decide which extraction method
can be applied in mountain areas, especially when different extraction methods can be used. i.e.,
skidding or cable yarding.

In mountainous conditions, accessibility for machines is very often limited, and a suitable analysis
with the developed applications, as in the presented research, could help in determining which
extraction method to use on what area. The proposed methods (CDM or RDBM10) may also be useful
in planning additional skid trails and establishing a larger area of accessibility [26], in limiting damage
to the remaining stand [34–37] and reducing impact on forest soil [38].
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Further tests focusing on the accuracy of both methods revealed that RDBM10 was particularly
useful and most accurate in the Fibbino area. In general, all the methods were less accurate in San
Martino al Cimino. This might have been due to the fact that the San Martino area had larger slope
differences: the prevalent degree was 52% and maximum 120%, in comparison with Fibbino where the
prevalent was 26% and the maximum 70%.

The impact of the slope degree on the accuracy of the measurements should be taken into
consideration in further studies. This difference in the accuracy of the methods between the two areas
may not only be due to different ground slope values, but also to the size of the total surface studied
(20 ha in Fibbino— and 62 ha in San Martino al Cimino) (Table 3).

In the Fibbino study area, all the methods showed good results in relation to the field control and
no statistically significant differences were observed only between the CDM and RDBM10 methods.
The methods RDBM10 and CDM were slightly more accurate than RDBM12. In the San Martino al
Cimino study area, there were no statistically significant differences between all the methods and
the field test (control). However, CDM and RDBM10 gave better results than RDBM12. Eventually
RDBM12 was used as a base for the RDBM10 method, which was in the end more accurate.

One important aspect that should be underlined is that all methods start from a DTM. Nowadays
in Italy there is only 10-m resolution DTM that covers all the national territory. In order to implement
either CDM or RDBM, LIDAR (Light Detection and Ranging o Laser Imaging Detection and Ranging)
data could be applied to develop higher resolution DTM. Another important suggestion that could
improve all the methods would be automation of the GIS implementation process, which is currently
time-consuming and needs the assistance of a forest technician.

The GIS models applied in this study could be implemented in forest machines equipped with a
computer, GNSS antenna and automatic pilot [39], leading to further improvement in forest harvesting
operations in terms of economic (higher work productivity and less manpower), environmental (forest
machines travel only along precise trails without redundant penetration in the forest) and social
(greater work safety for forest workers) aspects [40–42]. Furthermore, as highlighted in another
study [38], many demonstrated applications of remotely sensed data in forest operation planning are
still rather experimental. The development of the methods presented in this paper can be considered
as applied research based on the experimental stage.

5. Conclusions

The study confirmed that the GIS-based methods, CDM and RDBM10, were useful for determining
accessible areas for winching in mountain conditions. They showed a good level of accuracy with
interesting perspectives for implementation. During the evaluation, validation and implementation of
these methods, it was possible to test the usefulness of mini, portable, electronic GPS devices for the
collection of reference points to mark forest roads on a map. Additionally, both methods enabled the
efficient management of the digital data within open source GIS to implement digital models. It was
also possible to evaluate the accuracy of marking accessible areas for winching in a GIS database and
with digital models.
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