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Abstract:

This study aims to optimize the planning of forest road networks using the Analytic Hierarchy Process (AHP)
integrated into a Geographic Information System (GIS) environment. The variables used in this study were:
permanent preservation area (PPA), slope (S), slope orientation (SO), commercial volume of timber (CV), and land
cover class (LC). The best scenario was achieved when the five variables were employed in the AHP analysis, with
a coherence index (Cl) of 0.04%, and a consistency ratio (CR) of 3.9%. Then, the suitability of the existing forest
roads was verified using the least-cost path tool associated with the map provided by the best AHP scenario. The
results indicate that only 1/3 of the roads are placed in areas classified as ‘good’ or ‘optimal’, suggesting that the
current road network can be improved. Adopting the road network proposed by this study, the length and density
of roads would decrease by 10%. Consequently, a reduction in transport costs and an increase in the planted area
are expected. We propose that this cost-effective approach can be leveraged for the reappraisal and suitability
assessment of forest road density in areas exhibiting substantial timber resources, including those managed by
mature forest enterprises.
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1. Introduction

Roads serve the purpose of enabling efficient transportation of timber logs, addressing cost- and supply-
related challenges (Malinovski 2010). Forest roads also serve as the main access to forest stands for implementing
silvicultural practices and conducting interventions over time, in addition to harvesting operations. However, the role
of forest roads is beyond their economic purpose; they also fullfill social, economic, and environmental functions
(Souza et al. 2018; Azari et al. 2023).

Forest harvest planning is based on the existence of roads within the area of interest. From these roads, cutting
directions, extraction paths, and truck routes over eventual and temporary roads are determined, forming the
foundation for the overall operation plan. Roads currently serve as the guiding framework for all forestry operations.

According to Straka and Martin (2017), forest roads are essential infrastructure for providing access to forest
harvesting activities. In recent years, the topic of forest roads has gained significant attention due to their critical role
in rural and forest landscapes, as well as their impact on the efficiency of forest extraction and transport operations
(Grigolato et al. 2013).

According to Parsakhoo et al. (2010), forest roads are the most important basis for sustainable forest
operations while playing an important role in environmental protection. Good forest roads are crucial for effective
forest protection and management (GUMUS et al. 2017), regardless of their main objectives (Castro and Santos-
Berbel 2015; Laschi et al. 2016, 2019).

Strategic road network planning is essential to ensure efficient access to production areas, facilitate
optimized timber flow, minimize costs, and fulfill operational requirements, all while addressing critical social and
environmental concerns. Lack of planning can lead to excessive investment in roads and loss of productive areas
(Souza et al. 2018). As a clear consequence, logistics costs can increase the production cost of the final product.

Efficient planning of roads enables the optimization of operational costs related to wood harvesting and
road construction activities, while also reducing environmental impacts and maximizing the use of productive areas
available for forestry plantations. Given the clear need for efficient planning that considers both environmental and
operational variables, it is essential to develop technologies to assist managers in this process (Morais et al. 2023).

As a practical example, some researchers have applied GIS and spatial analysis techniques to determine the
ideal density of forest roads in the forest of northern Iran (Parsakhoo et al. 2010). Their findings demonstrated that
using GIS and computerized analysis saves time, costs, and minimizes environmental damage

According to Oliveira Filho et al. (2005), integrating GIS with road-specific variables—including horizontal and
vertical geometry, surface quality, and width—significantly improves decision-making. Beyond efficient road density
planning, defining optimal routes is crucial to ensure they meet the standards required for timber transport. This
necessitates considering key variables such as slope, solar orientation, and timber volumes, while strictly avoiding
Permanent Preservation Areas (PPA) and native forest.

Methods for defining the optimal road layout, as noted by Akay and Yilmaz (2017), can be addressed using
multi-criteria analysis integrated with GIS. Souza (2019) provided a review analysis highlighting that GIS tools are
highly relevant in route planning operations, as they assist planners in identifying accessible and inaccessible areas
and determining the necessary road network for a given operation. However, according to Saaty (2008ab), defining
priority locations for road construction and prioritizing the criteria involved is often subjective. This subjectivity
underscores the importance of validating the process through frameworks that represent the flow of influences,
such as the Analytic Hierarchy Process (AHP).

AHP is a decision support tool designed to address complex decision-making problems. It employs a
multi-level hierarchical structure consisting of objectives, criteria, sub-criteria, and alternatives. Relevant data is

Boletim de Ciéncias Geodésicas, 32: e2026002, 2026



3 Franciny Lieny Souza et al.

derived through a series of paired comparisons, which are used to determine the importance weights of decision
criteria and the relative performance measures of the alternatives with respect to each criterion. In cases where
comparative inconsistencies arise, the method offers a mechanism for consistency improvement (Triantaphyllaou
and Mann 1995).

Shiba (1995) emphasizes that the AHP method helps decision-makers prioritize objectives and establish a
systematic set of criteria. It also assists in logically preparing evidence to select the most suitable road network
alternative based on multi-criteria analysis. By conducting pairwise comparisons of multiple variables, the method
enables the definition of importance criteria and their respective weights, aiding in the identification of optimal
locations for forest roads.

According to Samani et al. (2010), integrating AHP with GIS is an effective approach for road planning. The
method identifies optimal and suboptimal locations for road development, further determining the most efficient
road path.

In this study, we propose an approach to optimize forest road planning using the AHP method within a GIS
environment. A scenario with five variables was analyzed: slope (S), and slope orientation (SO), and forest inventory
data (e.g., commercial timber volume (CV), land cover (LC) maps, and PPA. The proposed approach served a dual
purpose: evaluating the existing forest roads within a Pinus sp. plantation and developing a suitability map for its
forest road network.

2. Material and Methods

2.1 Description of the study area

This study was conducted in the municipality of Campo Belo do Sul, located in Southern Brazil (Santa
Catarina State) (Figure 1). The research area consisted of a Pinus sp. forest farm owned by the company Florestal
Gateados. The selected forest farm spans 310.41 ha, corresponding to 3% of the total effective area and 1.4% of
the company’s total area. Features predominantly undulating to strongly undulating, with an average altitude of
1017 m above sea level. The slope in the area ranges from 8% to 45%, which, according to the EMBRAPA (1999)
classification, corresponds to wavy to strong wavy reliefs. The land use is predominantly dominated by planted
forests, with the surrounding areas comprising PPAs and fragments of mixed ombrophilous tropical forest, also
known as Araucaria Forest.
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Figure 1: Location of the study area within national (A) and state (B) contexts. A detailed land cover map of the
study area is also shown.

The climate of the region, according to the Képpen classification, is Cfb (humid mesothermal, characterized
by a lack of a defined dry season, mild summers, and with the occurrence of severe and frequent frost in winter)
(Pandolfo et al. 2002). According to EPAGRI (2002) data, the annual mean temperature is around 15 °C, and the
mean annual rainfall is 1400 mm.

The characteristics previously discussed are widespread throughout the Southern Plateau of Santa Catarina,
a region where numerous forest companies are based. The study area was selected because harvesting had already
occurred, and, according to the local forest company, this would be the most suitable time for readjusting the forest
road design, thereby avoiding harvesting in early-aged, planted forest stands. Consequently, this would also avoid
extra costs for its implementation when necessary.

2.2 Input Data and Spatial Analysis

Data for this study were sourced from the local forest company. This included hydrographic information,
detailing the drainage network and springs of the study area, as well as the road network, which was already classified
as primary, secondary, and access routes. Both of these foundational datasets were generated through topographical
surveys employing Total Stations and Global Navigation Satellite System (GNSS) receivers. Additionally, Continuous
Forest Inventory maps were incorporated, providing CV for the diverse planted forest species present in the study area.

The selection of spatial variables in our GIS-AHP model follows recent advances in forest road planning
that emphasize the joint consideration of legal constraints, terrain conditions, stand attributes and environmental
sensitivity. In Amazonian concessions, Morais et al. (2023) explicitly integrated maps of Permanent Preservation
Areas (PPA) and slope derived from a digital elevation model into a least-cost path model to obtain road layouts
with better economic and environmental performance, showing that PPAs are an essential constraint layer for road
location under the Brazilian Forest Code.
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Consistently, several GIS—-MCDA/AHP applications in mountainous forests identify slope and slope orientation
(aspect) among the most influential criteria because they strongly control earthwork volumes, construction costs
and geo-hazard susceptibility along forest roads (Mohammadi Samani et al. 2010; Naghdi et al. 2012; Caliskan et al.
2019; Kucuker 2025). Commercial timber volume and land-cover classes are also widely used to guide road density
and alignment towards productive stands while avoiding environmentally sensitive land uses, thus improving
economic efficiency and reducing impacts (Naghdi et al. 2012; Shahsavand Baghdadi et al. 2011; Acosta et al. 2023).

In line with this literature, our model treats PPA as a hard constraint and combines slope (S), slope orientation
(50), commercial volume (CV) and land-cover class (LC) within the AHP framework to represent, respectively, terrain
operability, exposure and stability, spatial distribution of harvestable timber, and the environmental sensitivity of the
landscape. A detailed LC map was generated based on the visual interpretation of ultra-high spatial resolution images
acquired from the Airborne System for Acquisition and Post-processing of Images (SAAPI). The LC was identified and
characterized in terms of its structural properties and spatial representativeness. This procedure was performed
manually using geoprocessing editing tools available in GIS. We maintained a compatible scale for visualizing the
SAAPI image. This step also benefits from inspecting spectral profiles and changing color compositions for visual
interpretation. Intensive field surveys were also conducted to ensure good overall accuracy. The following LC classes
were considered: stands containing Araucaria angustifolia, Cupressus spp., Eucalyptus spp., and Pinus spp., were
labeled as well as wetlands, water bodies, native forests, and areas designated for interdisciplinary research.

The SAAPI sensor rendered images in blue, green, red, and three near-infrared spectral bands at the spatial
resolution of 0.39m. Additionally, based on these images, the airborne survey also delivered a detailed DEM with
a spatial resolution of one meter. While the first product refers to a digital surface model (DSM), a second product
was also generated detailing the terrain features, labeled as a digital terrain model (DTM). The airborne survey
was performed between 2010 and 2011 for the entire state of Santa Catarina, and all their products are publicly
available at https://sigsc.sc.gov.br/. Examples of data usage are available in PIAZZA et al. (2016) and SOTHE et al.
2016. Here, we used DTM to generate both slope (S) and SO products.

After mapping the water bodies, wetlands, and the drainage network, a buffer was generated to determine
the permanent protected area (PPA). According to the Brazilian Forest Act (Brasil, 2012a), it is forbidden to consider
any infrastructure, including building roads in PPA areas. However, an exception applies in consolidated areas
(i.e., areas with anthropic occupation before July 22, 2008). However, for conducting this research, and guided by
the company rules, we consider a strong restriction for PPA. A better perception of the impact of environmental
legislation on rural farms in the region is given in Bonamigo et al. (2017).

A geodatabase was then created, incorporating all the thematic layers, and considering the UTM projection
and the reference system SIRGAS/2000. Given the spatial resolution of the input datasets, the recommended
cartographic scale delivered for printed maps is 1/10.000. However, we performed the editing and visualization at
a finer scale whenever possible. To check for data consistency, we performed a topological analysis on the vector
datasets. For polygons, the topological analysis was: Must be larger than cluster tolerance. This analysis identifies
the minimum distance between vertices and requires a feature that does not collapse during a validation process.
This rule is mandatory for topology and applies to both line and polygon feature classes. In instances where this rule
is violated, the original geometry is left unchanged (ESRI 2024). To be supplementary to lines, the criteria were: must
not overlap and must not intersect. For points, they must not intersect and must have no pseudo nodes. Points are
created only where the end of a line touches the end of another line (ESRI 2024). All the geoprocessing processing
steps were conducted using GIS.
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2.3 Analytic Hierarchy Process (AHP)

The pairwise matrix proposed by Saaty (1987; 1990, 2008ab) involves variables in analysis that are compared
among themselves regarding their importance in relation to a given problem. Therefore, for the AHP, the criteria
were analyzed in pairs, using weights of 1, 3, 5, 7, and 9. The value of 1 represents that a given variable on the
row has the same importance as the variable in the column. Thus, a value of 9 means that the variable on the row
is much more important than the variable in the column. Intermediate values have variations ranging from little,
strong, and very strong importance.

In summary, the weights were defined by pairwise comparison between the PPA, S, SO, CV, and LC variables.
These variables were chosen due to their availability, and after consulting professionals from the forest sector to
define forest roads.

The adopted criteria used in this study were based on the judgment of the company’s employers and local
forest experts, based on their accumulated experience. Such interviews enable us to rank the criteria that are most
important for forest roads. The adopted criteria selection aligns firmly with the guidelines proposed by Gumus
(2017) for assessing stakeholder perception differences in forest road valuation variables using the AHP.

Interestingly, the questionnaire basically requested each interviewer to rank the variables and select a score
ranging from 1 to 9 once each of the ten possible groups of two variables was presented side by side. The interview
respected the principles guided by Resolution 466/2012 (Brasil 2012b). It is essential to note that the questionnaire
was conducted with the free and informed consent of participants, whether individuals or groups, who, either
themselves or through their legal representatives, expressed their agreement to participate in the research, as it
was related to graduate research.

After the paired assignment of importance, the consistency index (Cl) and the consistency ratio (CR) were
calculated to verify whether the assigned weights are coherent with the weighting of the variables. Saaty (1986)
suggests that the CR value should be lower than 0.1 (or 10%). Interestingly, the literature also supports the importance
of the selected variables for planning forest roads. Samani et al. (2010) state that the variables S, LC, hydrography,
SO, and volume should always be considered when planning forest roads. According to Akay & Yilmaz (2017), these
variables are a limiting factor for transporting timber due to the very high road grades. Similarly, Norizah & Hasmadi
(2012) suggested the use of SO, soil texture, and S for road planning. According to Parskhoo (2016), the variables S,
depth of the soil, and the proximity to the hydrographic network were the most important parameters used to plan
the construction costs of forest roads.

2.4 Data processing

Initially, the vector files were converted to raster files and subsequently reclassified. The reclassification
consisted of altering the values of cells to scale the importance of each predefined criterion. Map algebra was
employed for reclassification. The scores used in this step were defined by Samani et al. (2010):

i) PPA:values 1 and 9 assigned for PPA and outside the PPA domain.

ii) S:value 3 assigned for areas with $>30°; value 5 for areas with S ranging from 20 to 30°; value 7: areas with
S between 10 and 20°; value 9 for areas with S<10°. The mentioned intervals were chosen because they
are important for defining the most suitable engines to harvest the trees in a given forest stand.

iii) SO: value 3 for areas with low sun incidence (south face); value 5 for areas with little sunlight; value 7 for
areas with sunlight; value 9 for areas with intense sunlight throughout the day (north face).
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iv) CV: was divided into volumetric classes with the following values: 1 for CV up to 77 m3-ha?; 3 for CV
between 77 and 94 m3-ha-; 5 for CV between 94 and 110 m3-ha-t; 7 for CV between 110 and 128 m3-ha-;
and 9 for CV >128 m3-ha<;

v) LC:values 1, 5, and 7 for PPA, natural forest, and planted forest, respectively.

The weights derived for each data input were applied to the respective reclassified raster files, generating
thematic maps with suitability classes for constructing forest roads. Afterward, both Cl and CR were calculated in
GIS with the AHP tool. The scenario, which utilized the five variables, was employed to evaluate the existing roads
and propose a new network using the least-cost path. It is worth noting that areas with slopes exceeding 452 were
only found in native forest remnants within the study area. The Brazilian Forest Act covers such areas as being PPA.

2.5 Least cost path

We used the least-cost path analysis, based on AHP, to define the most economical road paths within the study
area. This analysis automates the process by determining the least-cost path between an origin and a destination.
After defining the new path, it considers the farthest forest stands and the logging yard. We then compared the
original path to the proposed ones.

According to Chang (2012), the least-cost analysis calculates the minimum cost to determine the segment
between two points, with the cost of an area evaluated using raster data, where cell values represent the cost of
each cell. The analysis assesses the eight neighboring cells of a single pixel and identifies the neighboring cell with
the lowest accumulated cost. This iterative process continues until the start and endpoints are connected.

Pingel (2010) explains that this analysis involves multiplying costs represented by a raster cost base, such as
distance, and a raster spending cost, such as S. The process treats raster pixels as interconnected network nodes.
Utilizing shortest-path algorithms within a GIS, a lower-cost path can be computed from this network.

3. Results and Discussion

3.1 Results of the AHP method

Table 1 shows the paired analyses and the percentage of importance assigned to each variable.

From the paired analyses (Table 2), the PPA (38.9%) emerged as the most significant variable, followed by S at
34.0%, CV at 15.9%, LC at 7.2%, and SO at 4.0%. These results indicate that PPA should be prioritized when defining
a forest road path, with S, CV, LC, and SO ranked in decreasing order of importance.

The Cl was 0.04, and the CR was 3.9%. According to Saaty (1986), a CR value below 0.1 (or 10%) is considered
acceptable. The scenario analyzed in this study adheres to this guideline, reflecting reliable decision-making outcomes.
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Table 1: Weights using Slope (S), Permanent Preservation Areas (PPA), Slope Orientation (SO), Commercial Volume
(CV), and Land Cover (LC).

S PPA SO cv LC \Y V (norm)%
S 1.0 1.0 5.0 3.0 5.0 2.4 34.0%
PPA 1.0 1.0 7.0 3.0 7.0 2.7 38.9%
SO 0.2 0.1 1.0 0.2 0.3 0.3 4.0%
cv 0.3 0.3 5.0 1.0 3.0 1.1 15.9%
LC 0.2 0.1 3.3 0.3 1.0 0.5 7.2%
Sum 2.7 2.6 21.3 7.5 16.3 7.0 100%

Note: V = Weight; V norm = Normal vector.

In this study, a scenario using all five available variables was chosen. The ideal number of variables or criteria
vary across other studies. For example, Parsakhoo (2016) used three variables to determine optimal road construction
locations: S, soil depth, and proximity to the hydrographic network. Similarly, Hayati et al. (2013) employed three
criteria - S, soil texture, and susceptibility to landslides - for forest roads planning. Norizah & Hasmadi (2012) used
four variables, including S, proximity to rivers, elevation, and distance to the existing roads, to define the best path
for road construction. Finally, Samani et al. (2010) considered seven variables: S, soil type, geology, hydrographic
network, individual tree volume, tree type, and elevation.

Despite the varying number of variables used, none of these studies explicitly justified their chosen criteria. In
this research, five variables were selected due to their relevance to the local forestry company and their contribution
to achieving favorable Cl and CR scores.

The Cl result was 0.04 and the CR the 3.9%. These findings align with the results of Norizah & Hasmadi (2012),
who identified S as one of the factors among PPA, elevation, and existing roads, assigning it a weight of 0.558.
Similarly, Samani et al. (2010) found that S, hydrographic network, geology, and soil were the most significant criteria
for planning forest roads. Complementing these findings, Kady et al. (2019) A dynamic algorithm was developed to
optimize forest road routing using landslide susceptibility analysis, revealing that about 39% of existing roads are at
risk of landslides.

S is widely recognized as a critical variable in forest road planning. Areas with steep slopes may restrict
machinery from accessing forest stands or necessitate specialized forest road designs (Malinovski & Perdoncini
1990; Akay & Erda$ 2007). High slopes also pose challenges for truck traffic, hindering timber transportation (Akay &
Yilmaz 2017; LABELLE et al. 2022). According to Kunwoo et al. (2000), planning roads in areas with low to moderate
S and stability can significantly reduce construction costs associated with excavation. In a cost-benefit analysis,
CV is another essential factor in forest road planning. Roads with high traffic volumes due to time transportation
increase production costs, but these costs tend to decrease after reaching a threshold of viability. Malinovski (2010)
highlighted CV as a crucial variable because it directly affects road construction costs and, consequently, the overall
production cost. Typically, the construction cost of a forest road is amortized based on the total volume of timber
extracted and transported via that road (Machado 1989).

The relative importance of variables in forest road planning can vary across studies. For example, Akay &
Erdas (2017) reported different rankings of variable importance, which could be attributed to the emphasis placed
on PPA in specific studies. In this analysis, the significance of PPA was heightened because roads are prohibited near
these areas. PPAs, which often surround water bodies and wetlands, are highly sensitive to forest construction and
play a vital role in preserving biodiversity (Machado & Silva 2001; Silva et al. 2017).

Machado & Silva (2001) observed that forest roads established near water streams significantly increase
sediment runoff, with roads near streams producing up to seven times more sediment than those farther away. The
Boletim de Ciéncias Geodésicas, 32: e2026002, 2026
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erosion process can be mitigated by strictly maintaining roadside drainage channels and establishing continuous
vegetation over cut and fill ramps. Additionally, water and soil management are critical for maintaining forest roads,
as soil loss due to erosion is particularly problematic in mountainous regions (Parsakhoo 2016).

Table 2 presents the areas categorized based on the weight of each variable. The class “without PPA” (scale
9) accounts for 90% of the total area. Regarding S, flatter areas (scales 7 and 9) total 244.84 ha, representing
approximately 79%. For SO, sunny areas (scales 7 and 9) constitute 59% of the total area. The largest area
concerning CV was associated with stands of smaller diameter classes (scales 1 and 3), which correspond to lower
CV values. Areas without effective planting were also included in class 1. Notably, areas with higher CV values (scale
9) represented only 5% of the total area. Finally, LC prioritized planting areas (scale 7), which amounted to 208.89

hectares, about 67% of the total area.

Table 2: Variations of the areas for each variable and scaled values. Values are expressed in hectares.

. Weights (ha)

Variables Total
1 3 5 7 9

PPA 32.38 - - - 278.03 310.41
S - 12.32 53.25 122.06 122.78 310.41
SO - 91.74 34.75 107.55 76.37 310.41
cv 160.19 81.00 27.10 27.59 14.53 310.41
LC 85.50 - 16.02 208.89 - 310.41

Figure 2 displays the thematic map of suitability classes, derived from the five variables and their scales detailed
in Table 1. The most suitable areas for planning forest roads are concentrated in the northern and northeastern
regions of the study area. These areas are characterized by low slope (S), high commercial volume (CV), and the

presence of planted forests.

Figure 2: Suitability classes for the construction of forest roads according to the best scenario provided by the AHP

analysis.
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A comparison between existing roads and the forest road suitability map (as detailed in Table 3) reveals that
very few roads are situated in critical areas (Class 1). The table further reveals that 71% of the roads are situated in
regions classified as bad or reasonable, while 21% are found in good areas, and only 8% are in the optimal regions.
These findings highlight opportunities for improvement in the current forest road network.

Table 3: Length of the proposed forest roads under the best scenario considering permanent preservation area
(PPA), slope (S), slope orientation (SO), commercial volume of timber (CV), and land cover (LC) type.

Class Length of roads (m) %
Critical area 22.72 0.17
Bad area 4,361.00 32
Reasonable area 5,256.73 39
Good area 2,753.27 21

Optimal area 1,036.56 8
Total 13,430.28 100

3.2 Least cost path analysis

While the AHP method provided a thematic suitability map, we also selected specific start and destination
points based on operational knowledge of each forest stand. These points were essential for computing the least-
cost path and generating an optimized road layout, since the AHP map alone does not provide sufficient guidance
for effective road network design or relocation. Figure 3 presents the existing forest road network alongside the
alignment proposed by the least-cost path analysis. The existing network totals 13,455.89 m, resulting in a density of
43.34 m-ha™. In contrast, the optimized layout spans 12,133.81 m, yielding a density of 39.08 m-ha™" — a reduction
of 1,322.08 m (approximately 10%). A visual comparison of the two networks reveals a clear decrease in horizontal
curvature, the elimination of unnecessary dead-end segments, and a prioritization of circuit-based road patterns, all
of which contribute to smoother traffic flow and improved efficiency during timber transport operations.
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Figure 3: Existing road network (red lines) and the network proposed by the least-cost path tool (black lines).

The information provided by the least-cost path tool is highly valuable for planning a new forest road network.
However, in cases involving consolidated roads, redefining new and alternative roads can be extremely costly.
Despite this, short-term benefits are anticipated, including increased planted areas and reduced logistic costs.
The integration of AHP within the GIS environment enables simultaneous analysis of multiple forest management
variables, thereby reducing construction costs and minimizing environmental and social impacts. Furthermore, the
least-cost path analysis allows the identification of optical routes based on the suitability classes provided by the
AHP method. Given the localized nature of the results, this approach has significant potential for replication in other
areas, provided similar datasets are available.

It is also worth noting that many forest companies are adopting airborne LIDAR surveys to generate detailed
DTMs. The promising results reported here demonstrate the potential of the AHP approach; however, its reliability
may decrease as the number of variables compared grows, which should be considered in future applications and
model refinements. However, these inconsistencies can be mitigated by evaluating decisions using the Cl and CR.
In this study, the adopted scenario with five variables yielded a Cl of 0.04 and a CR of 3.9%. As stated by Norizah
and Hasmadi (2012), CR values below 10% can be considered acceptable, and the resulting criteria weights are
valid for decision-making within a 5-by-5 matrix. Therefore, the AHP result of this study provides a reliable basis for
optimizing the forest road network.

This research represents an applied study, executed in collaboration with a local company under a scientific
cooperation agreement. The company strategically implemented the study’s findings to enhance its forest road
network, capitalizing on the recent harvesting of forest stands illustrated in Figure 1. Ongoing considerations
include evaluating the logistics costs associated with both the former and newly proposed road networks, assessing
the effectiveness of current road maintenance practices, and establishing robust erosion control monitoring. It
is pertinent to note that ecological aspects were purposefully excluded from the scope of this investigation. This
decision was based on the avoidance of crossing native forest remnants and refraining from new road construction
within Permanent Preservation Areas (PPAs), despite current legislation may authorize such actions in specific
physiognomic stages and consolidated zones.
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Instead, new roads were preferentially constructed over recently harvested forest stands, allowing for the
efficient use of heavy machinery such as bulldozers, backhoe loaders, dump trucks, and motor graders. Following
this, strategies were implemented for installing traffic signs, designing culverts, and employing concrete piping for
drainage and other structural elements, although these are beyond the scope of this research.

Although various decision-making methods are available, the AHP method was chosen due to its well-
established framework, simplicity, and ease of operational implementation, particularly for small forest companies
(Kantartzzis 2023). Future studies should explore alternative approaches, such as the Analytical Network Process
(ANP), which accounts for interrelations among elements (Saaty & Takizawa, 1986; Satty, 1986).

Other methods of planning forest roads have been proposed. Naderializadeh and Crowe (2018) developed
an optimal road location model designed to reduce construction and transportation costs in forest operations.
They generated maps using three layers: forest polygons and water bodies, a DEM of the forested landscape,
and a graph of potential road vertices and arcs. Their study revealed that using a dense set of candidate roads
versus a sparse set resulted in a mean reduction in transportation and construction costs of 34.34% and 6.94%,
respectively. Similarly, Heinimann (2017) reviewed traditional and computer-assisted forest road network
planning approaches, noting that significant advancements were made with the wider availability of DEMs, which
allow surface as a 3D-grid. This aligns our findings, which identified S (derived from DTM) as one of the most
critical variables in forest road planning.

Field knowledge from operational staff confirmed that the proposed alighment avoids areas historically
associated with operational difficulties and follows the natural terrain in a more efficient manner than the existing
network.

4. Conclusions

The study validated the integration of the Analytic Hierarchy Process (AHP) with a Geographic Information
System (GIS) to generate suitability maps for constructing of forest roads. Employing AHP analysis with five variables,
it was shown that Permanent Preservation Area (PPA) and Slope (S) are the most important variables to consider
when planning new forest roads. When comparing the suitability map generated by the AHP with the existing road
network in the study area, the study revealed that most of the current roads are not located in the most suitable
areas. Specifically, 71% of the existing roads are in regions classified as “bad” or “reasonable”, while only 21% are
in good areas and 8% in optimal regions. Using the least-cost path analysis based on the AHP results, the study
proposed an optimized route for the road network. The road network proposed by this analysis would result in a
10% reduction in road length and density compared to the existing network. Alternative approaches, such as the
Analytical Network Process (ANP), are recommended as directions for future studies.
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