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Abstract

Afforestation activity needs serious feasibility in as much as it is a work of establishing a new 
facility. Moreover, the process of selecting the land to be afforested; determining site conditions; 
selecting suitable tree species, provenance, and clones; the planting or sowing techniques; and planning 
of the environmental transport network are all costly. Determining suitable areas for environmental 
road network installation, which has an important place in afforestation areas, is discussed in this 
study. In this context, characteristics of an afforestated area have been evaluated by virtue of the fuzzy 
inference system (FIS) and modified analytical hierarchical analysis (M-AHP) methods on a sample 
area established as an afforestation area. The main objective of this study is planning in a way that is 
sensitive to nature and strives for ecological balance on environmental forest road networks for forested 
and afforested areas by utilizing multiple decision support methods with a view to realizing maintenance 
on afforestation areas in short- and long-term processes. A total of eight factors were determined in 
the study. The best twelve models, obtained as a result of analyses carried out with these factors, are 
presented. The success of the models was evaluated with receiver operating characteristic (ROC) 
analysis and the best model was obtained by M-AHP, which was Model 4M-AHP with 71.2% area under 
curve (AUC) value. We observed that the model obtained through the M-AHP method is more successful 
in on-site road network planning during the phase of creating the afforestation projects.
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Introduction

Forests have become an undeniable reality as a source 
of life, which is important-complicated for mankind 
and other living things and which is a guarantee for 
the future. Reforestation activities of non-forest and 
deforested areas are also increasing daily [1]. Deforested 
areas destructed due to natural disasters such as fire 
and tornado, and anthropogenic disasters are reforested 
annually [2-5]. Moreover, afforestation increases the 
amount of forest covering the land of countries around 
the world. However, much as afforestation work 
continues, the annual amount of afforested area does 
not equal the deforested areas [6]. The change in the 
amount of the forest-covered lands compared to the 
previous year provides important clues as to forest asset 
of countries. According to FAOSTAT (2018), net forest 
conversion is approximately nine million hectares, in 
line with the data of 2015 [6]. Afforestation activities 
continuous dynamically in many parts of the world. 
Afforestation activities have lots of benefits and effects 
such as ecological restoration, enhancement of water 
retention capacity, erosion control, increasing carbon 
sequestration potential, and reducing the albedo effect 
[4, 7-10].

Re-afforestation activities are projected because they 
can include entire actions to be carried out in an area in 
the long term. Every stage of re-afforestation activities 
must be calculated and examined very seriously because 
re-afforestation works are very costly and labor-
intensive, and also because they are “long-term” works 
that are “beneficial for future generations” [4, 11-13].

There are numerous studies in the literature as 
regards each part of afforestation activities. Economic 
evaluation of selected tree species [11], determining 
the relationships between ground and tree species to be 
selected [14], adaptation of selected tree species [15], 
identifying the most suitable areas for afforestation 
[16-18], evaluating the contribution of the afforestation 
studies to the social and economic structure of the 
people living in the vicinity of afforestation activities 
[19, 20], and similar studies can be shown as examples 

of the scientific approach to afforestation activities from 
different angles. As a matter of fact, the success levels 
of the afforestation activities are tried to be increased 
by virtue of simulations made on the afforestation areas 
currently in our day [10, 21, 22].

Our study discusses planning road networks in 
afforested areas, which are important tools used for 
afforestation activities and which is an infrastructure 
facility at the same time. The routes of these roads, 
which will be used as a “service road” while the 
afforestation activities continue and which will be 
used as a “forest road” after the afforestation activities 
are achieved, should be clarified during the projecting  
phase. The construction of forest roads is very costly  
[23-26], so it is necessary to determine the suitable 
places in the road network planning during the 
afforestation project phase in order to minimize the 
general costs on the forest. On the other hand, forest 
road construction in the forest area seriously damages 
the forest and environment [27-31]. This study has  
been carried out based on the hypothesis that the 
road network to be planned and applied during 
the afforestation works will be less harmful to the 
environment compared to a road network to be built in 
a forested area. 

In this context, after the evaluation of the area to 
be afforested as regards the exclusive features thereof, 
it is necessary to determine the most suitable areas for 
the routes indicated as “service road” in afforestation 
projects. It is envisaged that the road route to be planned 
will vary based on the different features of the land 
structure, soil characteristics and as such the variety 
of trees to be planted. In fact, in forest road planning; 
numerous “multi-criteria evaluation methods” are 
utilized in our day in order to evaluate all of the specified 
features together and select the most appropriate one 
among the cited different alternatives [32-39].

It was targeted to determine the most suitable 
areas for the road network by evaluating the multi-
criteria in afforestation areas in this study. In this way, 
in the following years, the new forests resulting from 
afforestation areas will be prevented from damage 

Fig. 1. Location of study area.
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by new road construction due to reasons such as 
maintenance, production, and protection. To this end, 
predicting suitable areas for planning a road network 
in the afforestated area was carried out by virtue of 
fuzzy-logic and modified analytical hierarchical analysis 
methods. In this way, both multi-criteria evaluation 
methods will be used for road planning, and the success 
of the two different methods will be compared in this 
study.

Material and Methods

The study area is the province of Çankırı in 
northern Turkey between 40°34’37”, 40°33’05” north 
latitude and 33°37’32”, 33°37’41” east longitude. The 
study area is approximately 330 ha and its location is 
shown in Fig. 1. The non-forest area, which is located 
in the administrative boundaries of Doğantepe village 

of Çankırı and is described as “empty land,” has been 
allocated to the General Directorate of Forestry to be 
reforested in 2015 through the General Directorate of 
National Real Estate [40]. The area is located in the 404 
section of Çankırı Forest Management Directorate’s 
Çankırı Forest Management Sub-District Directorate 
and the afforestation project has been prepared and 
implemented by the Afforestation and Soil Conservation 
Sub-District Directorate [40].

Factors affecting forest road network planning also 
are valid for the road network to be planned in the 
afforested areas. Acting in line with both short- and 
long-term purposes is important for successful planning. 
Eight factors were analyzed in terms of planning in this 
study. These factors include the following: elevation (E), 
slope (S), lithology (L), tree species (TS), topographic 
wetness index (TWI), stream power index (SPI), plan 
curvature (Kc), and profile curvature (Kp). The factors 
are provided in Fig. 2.

Fig. 2. Road network planning factors in an afforested area: a) Elevation (E), b) Slope (S), c) Lithology (L), d) Tree species (TS),  
e) Topographic Wetness Index (TWI), f) Stream Power Index (SPI), g) Plan curvature (Kc), h) Profile curvature (Kp), i) current  
service road.
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Elevation, which is the first factor used in this study, 
is an important factor in the planning of forest roads due 
to its negative effects on temperature, precipitation type, 
and soil characteristics. The area of each community 
was distributed over three elevation classes (Fig. 2a). 
The slope is a significant factor inasmuch as it directly 
affects both the working time and the construction cost. 
The average slope of the study area is 14 degrees and 
the slope is grouped into three classes as 0-6, 6.1-18, 
and 18.1< (Fig. 2b). Lithology is considered a factor that 
affects the cost of forest road construction inasmuch 
as it reveals the features of the bedrock. In this study, 
lithology was evaluated in two groups as with soft and 
hard features (Fig. 2c). Tree species is another important 
factor in forest road planning. It affects the forest road 
density and designs directly based on the fact that 
the silvicultural maintenance works may frequently 
vary, especially if tree species are of the same age 
and of different ages (Fig. 2d). Topographic wetness 
index (TWI) (Formula 1) is widely utilized in order to 
determine the location and size of water-saturated areas 
at the topographic level [41]. The study area TWI is 
shown Fig. 2e).

                        (1)
As= Specific basin area

B = Incline of slope

Stream Power Index (SPI) (Formula 2) is defined as 
the ability of the flowing water to cause erosion in the 
topography considering the assumption that the current 
(q) is proportional to the specific basin area (As) [41]. It 
is shown in Fig. 2f).

                       (2)
As = Specific basin area

B = Incline of slope

Plan curvature (Kc), (Formula 3) slope direction 
along a specific topographic elevation is defined as 
the change in (contour line) by virtue of the equation 
provided below [42]. It is shown in Fig. 2g).

     (3)
z = Topographic Elevation

Profile curvature (Kp, curvature of the slope profile; 
Formula 4) expresses the velocity of flow in the surface 
of the water and the transport of the sediments along 
the slope, thus revealing the erosion that develops 
by expressing the rate of curve change. If the profile 
component is negative, it indicates concave (pit) 
structure and if it is positive it indicates (hill) structure. 
Kp is defined by the following equation as the slope 
curve change in slope downhill [42] (Fig. 2h):

 (4)
Z = Topographic Elevation

The roads used as a service road in the afforestated 
area were transferred to digital environment by Google 
Earth. The current service road length was calculated  
as 14.8 km (Fig. 2i). Elevation and slope were 
determined by forming contour lines with 5 m intervals 
on the base obtained from the ASTER-GDEM digital 
elevation model. Generally, in processing spatial 
data obtained for different purposes we used various  
GIS software such as ArcGIS, NetCAD, and MapInfo 
[43-47]. In this study all factors were processed from  
the databases of the related forestry unit and transferred 
to NetCAD-GIS software and the calculations were 
made.

Eight factors were evaluated by virtue of two 
methods in the study. The first preferred method was the 
modified analytical hierarchy process (M-AHP) method. 
Analytical hierarchy process (AHP) is a math-based 
GIS-compatible and multidisciplinary decision method 
utilized in various fields and also in the planning of 
routes, construction, and maintenance of roads and 
railways and subways [48-52]. At the same time, AHP is 
also preferred and used in forestry studies [53-58]. In the 
AHP method, analysis can be subjective inasmuch as 
the factors are limited through user-specified constraints 
[46]. As such, the M-AHP approach was adopted to get 
rid of this subjective situation [59]. M-AHP is better 
than the classic AHP approach inasmuch as it does not 
need an expert opinion, normalizes the factors, and 
makes the criterion comparison more successful at the 
decision-making stage [46, 59, 60]. Based on this reason, 
the M-AHP method was preferred in this study.

The second preferred method in the study was the 
fuzzy logic (Mamdani) method in the FIS. Fuzzy logic, 
discovered by Zadeh [61], is very successful in the 
solution of complex problems and is widely used [61]. 
Fuzzy logic is a mathematical methodology in which 
variable values are not used as 0 or 1 and interval values 
are also not taken into account [59, 62-64].

Fuzzy logic (Mamdani) and M-AHP methods and 
NetCAD software were used in evaluating the factors 
in this study as they are also utilized in other different 
studies [47]. The workflow of this work is given  
in Fig. 3.
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Results and Discussion

Twelve models were developed according to the 
fuzzy inference system (FIS) and M-AHP. Six of these 
models were produced with M-AHP and the others with 
FIS approaches. 

The models produced with FIS are: 
–– Model 1FIS includes slope (degree), tree species, SPI, 

and TWI factors.
–– Model 2FIS includes slope (degree), SPI, elevation, 

and tree species factors.
–– Model 3FIS includes elevation, tree species, SPI, and 

TWI factors.
–– Model 4FIS includes slope (degree), elevation, SPI, 

tree species, and plan curvature factors.
–– Model 5FIS includes slope (degree), elevation, SPI, 

tree species, and lithology factors.
–– Model 6FIS includes slope (degree), SPI, tree species, 

lithology, and profile curvature factors.
The models produced with M-AHP are: 

–– Model 1M-AHP includes slope (degree), tree species, 
SPI, and TWI factors.

–– Model 2M-AHP includes slope (degree), SPI, elevation, 
and tree species factors.

–– Model 3M-AHP includes elevation, tree species, SPI, 
and TWI factors.

–– Model 4M-AHP includes slope (degree), elevation, SPI, 
tree species, and plan curvature factors.

Fig. 3. Flowchart of suitability mapping in an afforested area.

Table 1. Scores of the factors related to the model generated by the M-AHP method.

Factor Classification Amount Factor Classification Amount

Elevation

665-750 5

TWI

1.38-3.86 5

750-830 3 3.86-6.35 5

830-935 1 6.35-8.83 3

Slope (degree)

0-6 5 8.83-11.32 1

6-18 3 11.32-13.81 1

18-23 1

Plan curvature

-0.9 5

Lithology
1-Soft 3 -0.89 5

2-Hard 1 -0.9 3

Tree species

1- Juniperus spp. 1 -0.89 3

  0.5 - 1.4 1

2- Pinus nigra Arnold. 3

Profil curvature

-97.09-75.00 5

  75.00-250.00 5

3- Robinia pseudoacacia 1 250.00-425.00 3

SPI
-62,303.35 - 0 3 425.00-600.00 1

-62,303.35 - 58,440.90 1 600.00-772.32 1
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–– Model 5M-AHP includes slope (degree), elevation, SPI, 
tree species, and lithology factors. 

–– Model 6M-AHP includes slope (degree), SPI, tree 
species, lithology, and profile curvature factors. 
The classification and scoring of the factors used in 

the models are given in Table 1.
According to the M-AHP approach used in this 

study, elevation values ranged between 665 m and 
935 m (Table 1) and are classified into three elevation 
groups. The highest score with 5 points was given to 
areas with low altitude because of their lower cost and 
faster accessibility advantages. In the study, the slope 
was evaluated in three different groups. The highest 
value of 5 was given slope areas in this classification 
since the increase in slope value affects both cost and 
productivity. 

Lithology, Quaternary, and Miocene were classified 
in two groups as soft and hard ground in the study and 
they were given the highest score of 3 in the group with 

soft characteristics in terms of working more efficiently 
in road construction and reducing cost, in addition 
to benefiting root growth. The tree species factor was 
derived from the map of tree species distribution in  
the afforestation project [40]. Scoring was done 
according to three different tree species that were 
planned to plant in the afforestation area. Three points 
that were the highest rating for the classification were 
given Pinus nigra Arnold, since it is a widespread 
species with the high economic value of raw wood 
materials and more successful in afforestation. 

The topographic wetness index (TWI) is an 
important factor in terms of the impact of topography 
on the hydrological process and therefore the ability 
to express soil moisture [65]. This factor has been 
chosen because soil moisture tends to be more at  
0-15 cm depth in the forest roads [66]. TWI was 
evaluated in five different groups. The highest score with 
5 points was given. Stream power index (SPI) is a factor 

Fig. 4. Models obtained according to the M-AHP approach: a) Model 1M-AHP, b) Model 2M-AHP, c) Model 3M-AHP, d) Model 4M-AHP, e) Model 
5M-AHP, f) Model 6M-AHP.
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used to express the erosive power of the stream [67]. 
SPI has divided two groups and the highest score with 
3 points were given. Curvatures (plan and profile) were 
considered a factor in the study because it represents 
concave or convex land in forest road construction. 
Curvatures (plan and profile) were evaluated in five 
different groups. The highest scores were given 5 points.

The other method used in this study is the FIS 
approach, which integrates with NetCAD 7 GIS 
software.

This approach features the database used and the 
membership functions to which these factors were 
assigned. The rules were based on whether these factors 
are low or high. The analysis results obtained with these 
factors were obtained as output data. Factors used in this 
study were inputs of the FIS method. Rasters were the 
outputs of generated models. All entries were defined as 
triangular membership functions in fuzzy sets. Models 

obtained according to the M-AHP and FIS approach 
were given in Figs 4 and 5.

In this study, the validation of the successful 
measurements of the models obtained according to  
the M-AHP and FIS approaches was made according  
to receiver operating characteristic (ROC) analysis 
[39, 67, 68], and area under curve (AUC) values were 
calculated. 

The success rates of the models obtained according 
to the M-AHP and FIS approach are given in Figs 6  
and 7.

According to the M-AHP method, models’ successes 
were found to be: AUC-Model 1M-AHP = 70.2%, AUC-
Model 2M-AHP = 69.3%, AUC-Model 3M-AHP = 68.5%, 
AUC-Model 4M-AHP = 71.2%, AUC-Model 5M-AHP = 69.7%, 
and AUC-Model 6M-AHP = 69.6%. 

According to the FIS method, models’ successes 
were found to be: AUC-Model 1FIS = 64.5%, 

Fig. 5. Models obtained according to the FIS approach: a) Model 1FIS, b) Model 2FIS, c) Model 3FIS, d) Model 4FIS, e) Model 5FIS, 
f) Model 6FIS.
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AUC-Model 2FIS = 64.3%, AUC-Model 3FIS = 63.8%, 
AUC-Model 4FIS = 70.7%, AUC-Model 5FIS = 66.3%, and 
AUC-Model 6FIS = 62.7%. 

It is important to increase the success of afforestation 
efforts, which are costly for increasing forests in the 

global world as well as reducing sustainable activities 
costs to reasonable levels. Updating the inadequate 
road network and frequent maintenance and repair of 
infrastructures could be hindered by determining road 
networks, which are basic infrastructure facilities, 

Fig. 6. Success rates of the models obtained according to the M-AHP approach.

Fig. 7. Success rates of the models obtained according to the FIS approach.
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at the planning stage of afforestation activities. The 
M-AHP and FIS approach utilized in this study were 
tested on eight factors of the afforestation area and the 
Model 4M-AHP (AUC 71.2%), which was determined to 
be the most successful model in line with the obtained 
results. When these results and the results of [46] were 
compared, the M-AHP approach was observed to be 
more successful than the FIS approach in both studies. 
In the study of [69] in which M-AHP approach is 
compared with GLM, GAM, and MARS approach, it 
was also indicated that M-AHP is a more successful 
approach. In this study, the most suitable areas were 
determined by evaluating the factors affecting road 
planning [39, 60]. 

Conclusions

Diversification of the factors utilized in these and 
similar studies and evaluation of the factors with 
different approaches and even the determination of 
the successes of the approaches on the same factors 
are significant as regards the development of decision 
support systems. Furthermore, taking into consideration 
the characteristics of the afforestation area and using 
GIS systems and M-AHP effectively in planning 
the road network to be constructed will lead to the 
establishment of a dynamic infrastructure. Rational and 
effective plans can be created within the framework of 
sustainable forest management in this way.
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