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Abstract

This study intended to develop a road network planning for timber harvesting in tropical
forests in Peru using georeferenced and field data and Geographic Information System (GIS).
The Digital Elevation Model (DEM) Alos Palsar 12.5 m was used. The DEM was processed
to generate the hydrography and terrain slope maps. A weighted raster was created using
overlapping weights of the slope raster and the hydrography map. We created a least cost path
raster by using the weighted raster origin and destination points. We used a Triangular Ir-
regular Network (TIN) to validate the Least Cost Path. In addition, histograms of the trajec-
tory of each path with altitude and slope values were generated. We observed that the forest
road planning using GIS provided better definition (economically and environmentally) of
road networks in our forest site than those traditionally defined using conventional mapping

techniques.
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1. Introduction

Selective logging activities in tropical forests need
aroad network for machinery operations and environ-
mental monitoring. This directly impacts the forest by
completely removing trees, compacting soil layers,
and damaging streams and rivers within the harvest-
ing area in different intensities that may vary depend-
ing on the logging strategies adopted (Sidle et al. 2004,
Aruga et al. 2005, Brooks et al. 2006, Laurance et al.
2009, Gaveau et al. 2014, Yamada et al. 2014, Boston
2016, Kleinschroth and Healey 2017, Castro et al. 2018,
Hacisalihoglu et al. 2019, Matricardi et al. 2010, 2013
and 2020).

Road network planning in the Amazon region was
carried out empirically until the late 90s, characterized
by a high level of negative environmental impacts.
From that time on, a process of technical reforms ap-
plied to the management of tropical forests defined as
reduced-impact logging (RIL) was initiated. The RIL
adopted road planning criteria such as decreasing
road width and building bridges so as not to disrupt
or pollute watercourses. In addition, the density of
roads was adjusted to the commercial volume to be
used and a procedure was established in the construc-

tion of roads, managing to reduce the level of negative
impacts and keep costs at an acceptable level (Winkler
1997, Holmes et al. 2002, Boltz et al. 2003, Hruza 2003,
Francez et al. 2013).

Despite the advances introduced by RIL, the con-
ventional planning of the network of forest roads in
forests of the Amazon region is generally carried out
following a systematic projection of the roads without
considering in detail the characteristics of the hydrog-
raphy, terrain relief, and distribution of commercial
trees; every 400 to 700 meters a road parallel to the
previous one is projected and, on several occasions,
the skid trails are not projected. This practice has been
applied in the region in the last 20 years, with accept-
able results in flat terrain and with few water courses
(Winkler 1997), however, in undulating or mountain-
ous terrain, where it is generally necessary to make
several cuts and fillings in the profile of the terrain and
build several bridges, the economic and environmen-
tal results do not have the same efficiency.

There are several publications on procedures for
the projection of forest roads. Liu and Sessions (1993)
and Akay et al. (2005) discuss the use of the DEM for
the projection of the road network. Weilin et al. (2000),
Murthy (2003), Figuereido et al. (2007), Li et al. (2007),
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Gumus et al. (2008), Yusmah and Rodziah (2009),
Dean (2011), Hosseini et al. (2012) explain obtaining
the optimal route of roads by integrating them as lay-
ers of information into a GIS. Picard et al. (2006) deter-
mine the optimal route based on numerical optimiza-
tion techniques in tropical forests in Malaysia.
Gerasimov et al. 2008, Abdi et al. (2009) and Acar
(2017) use GIS and multi-criteria analysis or for the
projection of the road network. White et al. (2010) ap-
ply LIDAR technology in the projection of forest roads
on high slope terrain. Meignan et al. (2012) present a
greedy randomized adaptive search procedure to
minimize costs in the projection of new access roads.
Heinimann (2017) characterizes the evolution of the
use of geo-technologies for the projection of forest
roads. Bugday (2018), applies the artificial neural net-
work technique with GIS to predict the projection of
forest roads.

Other authors highlight the use of geo-technolo-
gies to carry out activities related to forest harvesting.
Gerasimov et al. (2008) planned a short timber trans-
port system with the support of GIS. Emmert et al.
(2010) used geoprocessing as a tool to support forest
road pavement management. Hayati et al. (2013) de-
scribed a three-stage methodology that used: the
Delphi method to select important criteria, the ana-
lytical hierarchy process to obtain the relative impor-
tance of the criteria, and, finally, a spatial multi-criteria
assessment GIS environment to identify the road net-
work alternative with the least impact. Silva et al.
(2016) classified forest roads and determined routes
using GIS. Caliskan and Karahalil (2017) used GIS to
evaluate the network of forest roads and determine
timber extraction systems. Talbot et al. (2017) and Pir-
agnolo et al. (2019) applied remote sensing techniques
to improve accuracy in forestry operations and sup-
port for decision-making. According to Grigolato et al.
(2017), the number of publications on GIS-related ap-
plications in forestry operations increased exponen-
tially with approximately 40 publications in 2014. This
fact is explained by the availability of Free Access Soft-
ware with integrated technology accessories, appro-
priate DEM, a Global Positioning System (GPS) with
greater precision and increasingly widespread knowl-
edge coupled with the need for low-cost road projec-
tion and compatible with terrain relief.

There is a need to integrate all technologies and
procedures for road network planning into technical
support that is easily accessible to productive entities,
understandable to officials of any academic level, easy
to apply, and that can achieve efficient road projection
considering the low volume of timber to be harvested
in tropical forests subjected to selective logging of
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commercial trees. Therefore, it is about achieving a
higher level in forest management planning based on
the application of this high-precision technical support
addressed in several publications (Aruga 2005, Abdi
et al. 2009, Ismail and Jusoff 2009, Emmert et al. 2010,
Meignan et al. 2012, Caliskan and Karahalil 2017,
Picchio et al. 2018).

Akay et al. (2005) developed a three-dimensional
(3D) forest road design model as a support tool. This
model integrates two optimization techniques linear
programming and a heuristic approach to select a ver-
tical alignment with the lowest total costs, according
to environmental requirements. The authors conclud-
ed that the use of high-performance microcomputers,
improved software languages, advanced remote sens-
ing technologies, modern optimization techniques,
and high-resolution DEM data have significantly im-
proved the designer’s efficiency in forest road design.
However, they pointed out that the model has several
limitations for future developments, such as improv-
ing the graphical interface and optimizing the hori-
zontal alignment.

The LIDAR data has been used in forest road stud-
ies using a modern heuristic technique called Tabu
Search. This technique optimizes forest road align-
ments based on total costs. The application of this pro-
gram in forests of Washington State, USA, success-
fully found better alignments than the initial
manually selected alignments (Aruga 2005). Another
study by Figuereido et al. (2007) illustrated the results
of the application of GIS, using a 30 meter DEM, SRTM
images, and GPSin the planning of the timber harvest
in tropical forests of Brazil, demonstrating the effec-
tiveness of this procedure for projecting forest roads
with very precise results, and confirming the effective-
ness of this methodology.

Hoshiarkhah and Hosseiny (2008) used cross-sec-
tion road profile analysis in locating 1789 m of roads
in northern Iran. 32% of the the study area is a slope
area or less than 30% and 40% of the total area, the
slope ranging from 31 to 60%. The authors used re-
mote sensing and GIS techniques for the optimal lay-
out of the road. This route was controlled and revised
by determining 25 points on the digital map. The ad-
vantage of using this method was also demonstrated.

Abdi et al. (2009) developed a method using GIS
and Multi-Criteria Evaluation (MCE) to design a net-
work of forest roads with the lowest construction cost
while meeting other technical requirements. The study
was conducted south of the Caspian Sea, in Iran. The
area covers 788 ha with a selective use of trees. The
elevation is 310 to 1345 m.a.s.l. and the ground slope
varies between 0% and 80%. The existing road density
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is 14.6 m/ha. Six road alternatives that meet the techni-
cal requirements were evaluated and MCE was subse-
quently used to evaluate the construction costs of each
alternative. The decision-making group identified six
factors relevant to the costs of forest roads. The total
cost of each alternative was extracted from the suit-
ability map and the unit cost of each alternative was
calculated. The results illustrated the usefulness of us-
ing GIS and MCE to improve the planning process.

Sessions et al. (2014) pointed out that many prob-
lems of construction, maintenance and operation of
forest roads in the tropics could be avoided through
systematic planning and proposed a detailed method-
ology on planning forest roads for timber harvesting
using GIS. The publication identifies five phases in the
systematic and increasingly detailed study of the ter-
rain: Examination of general information from maps,
aerial reconnaissance, and aerial photographs to select
a proposed route corridor; Drawing of preliminary
alignments using the information collected; Detailed
ground reconnaissance to locate preliminary align-
ment possibilities; Establishing the final alignment by
correcting the preliminary one using information
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gained by the ground reconnaissance and marking out
and staking the selected alignment with regard to the
actual ground conditions to guide construction.

Picchio et al. (2018) conducted a study in the forests
of Tuscany, central Italy. The forest, managed by an
association of private owners, covered an area of
565 ha, with a road density of 52.6 m/ha, consisting of
13.1 m/ha of main roads (24.9%), 6.1 m/ha of secondary
roads (11.6%) and 33.4 m/ha of skid trails (63.5%). The
authors conducted an analysis of the »inaccessible«
areas to detect the points to which the new forest roads
should reach, in order to increase the accessible areas.
The final drainage algorithm (Quantum GIS2.12 Lyon
2012) was applied from a map of accumulated costs
based on slope values to define the route to connect
these points. The output result determines the lowest
cost routes between each location, readjusting the val-
ues based on costs and environmental impacts.

Caliskan et al. (2019) compared different methods
for the determination of forest roads based on GIS and
basic methods on multi-criteria spatial analysis. The
study area is located in the Black Sea region of Turkey.
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Fig. 1 Location map of study area
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They used FOROR software that combines GIS and
MCDM principles developed by the authors. The
Analytical Hierarchy Process (AHP), Simple Additive
Weighting (SAW), Fuzzy Overlay, and TOPSIS meth-
ods of Multi-Criteria Decision Methods (MCDM) were
used. This work shows that the use of GIS-based
MCDM provides the best solution to determine the
route of roads.

Considering the above, the objective of this work
is to illustrate, through a case study, a GIS-based pro-
cess to plan a road network on a cutting plot based on
the analysis of the characteristics of the water network,
the shape of the land, and the distribution of commer-
cial trees. The article shows that the use of GIS allows
the integration of different layers of information from
the harvesting area and projects a more efficient road
network with respect to conventional planning.

Road Network Planning in Tropical Forests Using GIS (153-169)

2. Methods

The study area is spatially located in the southeast
region of the Republic of Peru, Department of Madre
de Dios, Tahuamanu Province, next to the city of
Ihapari.

The area is part of the Amazon rainforest with a
high variety of tree species under concessional man-
agement, where the selective harvesting of trees with
diameter at chest height (DAP) greater than 60 cm and
intended for the primary processing industry is car-
ried out. The average slope of the terrain in the harvest
area is 7.21 degrees (13%) with a maximum value of
28.6 degrees (55%), with elevation of 330 to 420 m.a.s.1.

The study area is bordered to the north with areas
of the MADERYJA concession, to the south with the
Tahuamanu River, to the west with areas PC16 and
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PC17, and to the east with area PC10 of the MADEACRE
concession. The PC10 underwent selective use of com-
mercial trees and PC16 and 17 will be cut after PC15.
The PC10 transport path provides access to PC15 and
will be used for transporting all timber from PC15, 16,
and 17.

2.1 Classification of Roads by Category on PC15

First class roads (Primary roads): The mean width
of the roadway is 7 to 8 meters, ditches were built to
direct rainwater, the slope does not exceed 6 degrees
(11%) in the direction of transport of loaded vehicles,
the transverse inclination of the road varies from 2%
to 4%. Due to the high cost of building this category of
roads, it is projected to make up only 8% to 15% of the
road network.

Second class roads (Secondary roads): They are
projected from the primary road in order to connect a
certain area within the total area of use. The average
width of the roadway ranges from 5 to 6 meters, some
water drainage was built, and the longitudinal slope
does not exceed 8 degrees (14%) in the direction of
transport of loaded vehicles. These roads make up
20% to 40% of the total road network.

Third class roads (Tertiary roads): They connect the
secondary roads and sometimes the primary roads
with smaller timber cutting plots. During construc-
tion, only the plant cover and some inconvenient ob-
stacles are removed to allow the transport vehicles to
go through. The average width of the roadway is 4 to
5 meters. The maximum slope set is 10 degrees (18%)
in the direction of transport with load. They make up
50% to 70% of the road network.

Skid trails: They are non-permanent roads built by
the skidder eliminating the vegetation in the strip
where the tractor travels. They facilitate the extraction
of trees from the felling site to the landing located next
to the transport roads. The width of the skid trails is 3
to 4 meters.

The projection of the road network follows paths
that intercept the watercourses as little as possible, fol-
lowing the highest part of the terrain, and, to the extent
possible, adapted to the shape of the relief, avoiding
the construction of unnecessary bridges, cuts, and em-
bankments.

2.2 Calculation of Length of Roads by Category
to be Projected in PC15

The length of roads must correspond to the com-
mercial volume of timber to be harvested in the study
area, the cost of extraction, and the cost of road con-
struction. For the calculation, we used the methodol-
ogy proposed by Sessions and Sessions (1992) and

F. C. Acosta et al.

Table 1 Calculation results of optimal road density

Road density | Extraction | Road cost | Extraction cost | Total cost
m/ha distance, m | US$/m° us$/m’ us$/m’
25.00 191.90 5.26 5.73 10.99
20.00 211.92 421 6.05 10.26
16.67 234.07 3.51 6.41 9.92
15.61 275.81 3.01 6.79 9.80
12.50 282.74 2.63 7.19 9.83
11.11 308.56 2.34 7.61 9.95

Source: Timber harvest manager

applied by Pentek et al. (2005), Chung et al. (2008) and
Acosta et al. (2015). The optimal calculation obtained
for PC15 was 15.61 m/ha.

The information for the calculation was provided
by the timber harvest manager. An average road con-
struction cost of US$ 2015.15/km and an operating cost
of US$ 89.45/h were used for the Caterpillar 525C skid-
der. For the optimal road density value, the mean ex-
traction distance is 275.81 meters and the total cost was
US$ 9.80/m’ (Tab. 1). After calculating the total road
density, a detailed survey of the harvest area is carried
out and the roads are distributed by category accord-
ing to the importance or volume of timber to be trans-
ported and the cost of construction of the road.

The total area of exploitation was 10,295.4 ha; con-
sidering a density of 15.61 m/ha, a total length of roads
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Fig. 3 Diagram used to project the least cost route
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Fig. 4 (a) Raster weighted overlay, (b) Cost Distance, (c) Cost Back Link,

of 160.71 km was obtained. Applying the percentage
by category presented above, the results were:
16.07 km for primary roads (10%), 40.18 km for sec-
ondary roads (25%) and 104.46 km for tertiary roads
(65%). This calculation was used as the reference to
start the projection of the road network.

2.3 Estimating the Least Cost Path

After calculating the total length of each road cat-
egory, the projection process begins considering the
location of the harvesting plot and the information
regarding the Digital Elevation Model (DEM), the for-
est inventory of commercial trees, and the polygon of
the area. For the terrain analysis, the ALOS PALSAR
DEM of 12.5 spatial resolution was used, available for
free download at: https://gdex.cr.usgs.gov.

Road Network Planning in Tropical Forests Using GIS (153-169)

Legend b)
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The DEM image was cropped with the polygon of
the harvesting area to facilitate the processing. From
the DEM, the vector layer of the hydrography was ob-
tained, as well as a slope map. After the hydrography
assessment, the vector layer was transformed into a
raster. Finally, it was reclassified, and the slope raster
was obtained.

After verifying the distribution of the commercial
trees, we decided not to include this layer of informa-
tion in the weighted analysis because the distribution
of commercial trees in PC15 is uniform throughout the
harvest area (Fig. 2), so it would not have an effect on
the analysis to determine the least cost path of the road
network. However, this variable was essential for the
projection of the landing and the skid trails because,
within small areas, the distribution of the trees can be
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more or less uniform and the extraction distance has
an influence (Fig. 11).

In addition, a weighted raster was created with a
superposition of weights of the slope raster and the
hydrography raster. With the point of origin of the
path and the weighted raster, the Cost Distance, Cost
Back Link, and Least Cost Path between the estab-
lished points were obtained (Fig. 3). This procedure
was applied to the projection of the primary road, then
to the secondary roads, and finally to each section of
the tertiary roads.

After determining the Least Cost Path, a visual anal-
ysis was performed through the Triangular Irregular
Network (TIN). To achieve a better representation of
the DEM, the contour lines were extracted every 15 me-
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Fig. 5 Points for constructing of a primary road bridge
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ters. From these points, the TIN that relates the height
above sea level was created. To examine the slopes of
the terrain in the path of the road, the tool (Terrain Pro-
file) was used, which allows locating exactly where the
steepest sections are. Together with the visualization
through TIN, this facilitates the most efficient selection
to project the path of the road in accordance with its
category. The Coordinate Reference System of the
study area is: EPSG: 32719-WGS 84/UTM zone 19S.

3. Results and Discussion

3.1 Projection of Primary Road Trajectory

The trajectory was traced in a straight line between
two points with a total length of 11,853.30 meters as

383000 384000
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Fig. 6 (a) Elevation values (m) and (b) slope values in degrees along
primary road

shown in Fig. 4 (a). Fig. 4 (b) shows the path of least
cost between the point of origin and the point of des-
tination. The image reflects that the trajectory was
traced by intercepting only one main watercourse be-

Road Network Planning in Tropical Forests Using GIS (153-169)

tween both points, following the highest elevations, as
well as staying close to the trajectory in a straight line
that corresponds to the purpose of the desired projec-
tion. This path has a total length of 13,810.92 meters,
with an additional length of 1,957.62 meters with re-
spect to the straight-line path.

The total path length of the least-cost path in-
creased 14.17% when compared to the straight-line
path, however, the straight-line path intercepts more
than 16 watercourses including a main watercourse.
Also, the path of the road following this straight line
intersects stretches of maximum slopes. This makes
the construction of the road very inefficient due to the
number of bridges necessary, as well as cuts and for-
mation of embankments.

Considering that the interception of the main wa-
tercourse requires a more complex analysis, the TIN
image was enlarged, and the water network was added
to verify the technical feasibility of building the bridge
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Fig. 7 Map of primary road projection using TIN
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in the place indicated by the minimum cost projection,
represented by the red line, point (P1). After carrying
out a field visit, we concluded that the selected site was
not suitable for the construction of the bridge due to
terrain instability. It was necessary to find a solution
only for this section of the primary road.

The solution for the landslide-prone areas and ter-
rain with low bearing capacity detected in (P1) was the
point (P2), where the height of the ground is equal on
both sides of the watercourse, which is a straight and
stable section to build the bridge. The solution ap-
peares in yellow (Fig. 5). This solution increased the
total length of the road by 7%, and only intercepts the
main watercourse. Another alternative was identified
at the point (P3), where the terrain is higher; however,
this path presents a high slope on one side of the wa-
tercourse that requires building of a road with a hori-
zontal and vertical curve simultaneously near the
bridge. In addition, this alternative deviates signifi-

F. C. Acosta et al.

cantly from the straight-line path, increasing the cost
of transportation.

In addition to visualizing the general slope along
the path projection, it is possible to identify exactly the
points with the highest slope values. In the projection
of the lower cost road or route, 6 points were identified
with higher slopes through the total route, namely
points 103.0, 319.0, 4064.0, 4879.0, 10,602.0 and 11,412.0
meters, from the beginning of the route.

After having obtained the least cost route (Fig. 4),
it is necessary to verify the appropriate place to build
bridges (Fig. 5), and then perform an analysis of the
road profile using the GIS to determine sections of
roads where it will be necessary to carry out significant
cuts and fills to adjust the slope to the category of the
road (Fig. 6), ending the analysis with the field survey
where the best solution is decided. Afterwards, field
work is carried out to mark the final trajectory and
guide the work of the construction team.
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Fig. 8 Projection of secondary roads trajectory
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Fig. 9 Road projection compatible with terrain characteristics

The elevations along the primary road varied from
380 to 420 meters. This means that 14,917.12 meters of
road were projected in a total elevation difference of
40.0 meters. The ratio of the actual route to the length
of straight line is 1.26. After readjusting the path of the
road to build the bridge (Fig. 5), the length of the main
road increased by 1106.20 meters compared to the
length of the road with the least cost (Fig. 4). Through
this main road, a volume greater than 100,000.00 cubic
meters of timber is transported, corresponding to the
PC15, PC16, and PC17.

3.2 Projection of Secondary Roads

The total length of secondary roads projected was
39,495.93 meters, divided into 5 sections that connect

Road Network Planning in Tropical Forests Using GIS (153-169)

Legend Elevation, m
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385000

the utilization areas with the main road, with an aver-
age length of 7899.19 meters per section. The difference
between the calculations of the total length of secondary
roads with respect to that projected on the map does
not exceed 2%, not influencing the extraction distance.

In the case of roads 1, 3, and 5, the projection was
carried out on the highest part of the terrain relief
without intercepting water courses. Road sections 2
and 4 presented a more difficult overhang because it
was necessary to cross a main watercourse in each
marked section.

The projection of roads 2 and 4 was verified using
the TIN image and hydrography. Only one water-
course is intercepted for each stretch of road and the
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bridge is built at an elevation of 360 to 370 meters.
Secondary roads allow access to all harvesting areas,
facilitating transportation. Each section of the second-
ary road is used to transport approximately 9,782.28
cubic meters of wood.

3.3 Projection of Tertiary Roads

After carrying out the projection of the primary
and secondary road network, the tertiary roads are
projected. About 68% of these roads have their point
of origin from secondary roads and 32% are directly
connected to the main road.

The tertiary road network has 56 sections or roads
throughout the PC15, with an average length of 1862.1
meters. For each section of the tertiary road, an average
volume of timber of 837.43 cubic meters is transported.

F. C. Acosta et al.

3.4 Projection of Landing

After the road network is projected in the harvest
area, the projection of the landing network begins to
temporarily store the logs that will be extracted. In this
case, the distribution of commercial trees is presented
in two categories with the inventory code, the digital
model of the terrain, and the water courses.

The landings are projected on the margin of the
roads to facilitate the loading and transport of timber,
preferably in places with little slope, with the highest
concentration of felled trees and where the vegetation
offers the least resistance to build the landing. In PC15,
230 landings were planned and built and the average
volume of timber in each landing was 187.65 cubic
meters. Landings were distributed considering that
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Fig.10 Projection of tertiary roads
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Fig. 11 Projection of landing

the average extraction distance remains around 275.81
meters, without altering productivity values and ex-
traction costs.

3.5 Projection of Tree Skid Trails

After projecting the network of landings, it is nec-
essary to plan the network of skid trails for the extrac-
tion of the logs. This planning is carried out by a spe-
cialized technician and, after the trees are cut, it needs
to be readjusted by the field team, which also signals
the skid trails to guide the skidder operator.

Inside the landing 23 (Fig. 12), first the primary
skid trails that start from the landing are projected,
continuing through the central location of the trees
until they reach the last felled trees. Subsequently, the
secondary skid trails that connect the primary routes
with the felled trees are projected. The intersection of
the secondary skid trails with the primary skid trails
maintains an angle that facilitates the traffic of the
loaded skidder. These roads are designed so that the
skidder travels several times through the primary skid
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trails already built, reducing the impacts to the re-
maining trees, increasing productivity, and lowering
the cost of production.

The amount of timber extracted for each landing
ranges from 20 to 35 trees and the average area im-
pacted by the construction of skid trails is 129.3 m/ha
for an average harvest volume of 12.3 m*/ha. The
amount of timber extracted for each landing using the
conventional planning method ranges from 14 to 24
logs and an average harvest volume of 13.9 m’/ha,
however the average area impacted by the construc-
tion of skid trails is 254,7 m/ha. This difference is ex-
plained by the fact that the conventional method does
not consider the previous projection of skid trails by a
specialized technician, who integrates the detailed in-
formation of the harvest area and performs the skid
trail planning directly on the ground.

It is also necessary to know the code of each tree to
keep control of the operations and avoid the loss of
timber during felling and extraction of cut trees. This
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information is transferred to the felling team, extrac-
tion team, and landing team to carry out field opera-
tions, which is a requirement of the company manage-
ment and environmental authorities.

3.6 Comparison of Results of GIS-Based
Planning and Conventional Planning

A direct result of the planning process is the de-
crease in road construction cost expressed in the num-
ber of bridges. On average, a bridge is built every three
kilometers using the traditional procedure, while,

387800
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with the use of GIS-based procedure, a bridge is pro-
jected every nine kilometers depending on the charac-
teristics of the area. With the GIS-based procedure, one
bridge is planned in a main watercourse at a cost of
US $ 5128.67 in 14.92 km of road path.

The topic of road planning addressed by different
authors integrates various procedures, techniques,
and types of software to optimize the projection of the
forest road network. It should be noted that some of
the cited authors refer to certain procedures with a
high theoretical level that can be difficult to be used by

Table 2 Summary of road construction costs using GIS-based planning in comparison to conventional procedures

Road planning and construction cost, US$/km ;
Road category - - - Road cost difference, %
Conventional planning GIS-based planning
Primary 3600.78 2767.65 23.14
Secondary 1803.55 1448.23 19.70
Tertiary 749.12 658.84 12.05

Source: Road construction manager
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personnel in the production process. The review of
most cited publications does not refer to the need to
calculate the total length or density of roads based on
the volume to be harvested, the costs of road construc-
tion, and the cost of transportation, whereas it is neces-
sary to know this information before projecting the
road network.

In this sense, it is also recommended to determine
the density for each road category considering the cost
benefit of each section of the road. The results pre-
sented by Gumus et al. (2008), Abdi et al. (2009),
Picchio et al. (2018), Petkovi¢ and Potocnik (2018)
show the density of roads with a trend similar to the
results obtained in this work despite the difference in
investigation locations. Picchio et al. (2018) deter-
mined two locations with the road density of 19.2 and
15.8 m/ha, distributed in 13.1 m/ha for main roads and
6.1 m/ha for secondary roads in the first locality and
4.2 and 11.6 m/ha in the second locality. The greatest
difference between this work and Picchio et al. (2018)
is that in the first locality the density of main roads is
higher than the density of secondary roads.

The results obtained in this work correspond to
those presented by Locks and Matricardi (2019), who
reported that the area impacted by skid trails was
133.8 m/ha with a harvest intensity of 14.8 m’/ha in
Brazil; Elli et al. (2016) reported a value greater than
175.0 m/ha for an intensity of 37.0 m’/ha in Borneo. The
analysis of these results demonstrates the direct rela-
tionship between the volume of harvested timber and
the area impacted by the construction of extraction
routes with the GIS-based planning.

The authors cited agree that the use of GIS togeth-
er with other geo-technological tools is highly effective
when it comes to the projection of forest road net-
works. All agree that there are several options that al-
low the integration of various layers of information,
with increasingly precise images and instruments
with a greater capacity to obtain and process informa-
tion. With GIS, it is possible to project automated
routes based on raster layers with assigned weights,
to develop terrain models that make it easier for users
to correct automatically projected routes or to manu-
ally draw the route projection, and also to visualize the
graphical results through the trajectory of the route
drawn and calculate land volumes.

4. Conclusions

The application of GIS for planning the road net-
work reduces the cost of road construction by catego-
ry by 23.14%, 19.79% and 12.50%, respectively, (Table

Road Network Planning in Tropical Forests Using GIS (153-169)

2) for timber extraction under the research conditions,
compared to conventional planning. The holistic view
of the different layers of information in the study area
together with processing add-ons and analysis of al-
ternatives in the GIS allow the determination of mini-
mum cost trajectories.

Planning with the use of GIS managed to reduce
the area impacted by the construction of the road net-
work to 0.85% of the total area. This procedure allows
the projection of the road network by category, con-
sidering the distribution compatible with the charac-
teristics of the terrain. It was possible to select better
points to build bridges, design the roads to avoid in-
tercepting water-courses, and select the route of the
road, knowing the profile of the terrain in advance,
contrary to conventional planning.

The projection of the road network with the help
of GIS is more effective than the conventional proce-
dure, justified by the existence of free software with
updated complements and integrated software, avail-
ability of suitable elevation models of the terrain, a
growing supply of high precision instruments to cap-
ture coordinates of trees within the forest, and broad
knowledge of the use of these technologies, allowing
the forestry sector to increase its profitability.
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