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Abstract: Designing and constructing a road network is one of the most critical steps of the development process
in managing natural resources. The current research is going to investigate the application of network connectivity
indices to the analysis of road networks in the forested watershed. First, the road network suitability map (RNSM) was
created to emphasize the technical and physiographic criteria and integrated management scenarios using a weighted
linear combination (WLC) and analytic network process (ANP). Subsequently, three road network alternatives (RNA)
were assigned based on the priorities in the RNSM. In order to try to determine the appropriate alternative, the network
connectivity of the designed alternatives looked into the forest and non-forest land uses, as well as the whole study area,
using the values of alpha (a), beta (B), gamma (y), eta (1), network density (ND) and detour indices (DI) in the context
of the graph theory. Results show that the road density of the RNA2 variant (11.56 m-ha™!) is shorter than the other
alternatives and the existing road network (ERN). In addition, dealing with the whole study area, we realized that the
index values which are related to the number two reflect a better status than the other alternatives of alpha, beta, gam-
ma, eta and detour index, in which they were identified to be 0.44, 1.34, 1.16, 0.45 and 0.83, respectively. RNA2 is chosen
as the appropriate road network according to the network connectivity, technical and physiographical criteria, along
with integrated management scenarios. Further control measures and field surveys are recommended to achieve more
relevant results.

Keywords: graph theory; indexes; network alternative; road network suitability map (RNAM)

In a mountainous forested watershed, forest protecting, and maintaining the forest area (Zhao
roads appear to be the leading infrastructure in or- et al. 2021). Forest roads could significantly alter
der to implement the forest management process- the landscape of mountainous watersheds (Ramos-
es, including timber harvesting, tree thinning and  Scharrén et al. 2022). Despite all the detrimental
planting, along with wildlife and wildfire managing, effects which forest roads might have on the forest
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and other catchment ecosystems, their design and
construction need to connect the land uses and ac-
cess to the forest area (Akay et al. 2020).

The network consists of nodes or vertices linked
together by edges where vertices are fundamen-
tal physical constructs and occupy particular po-
sitions in space and edges, e.g. roads or railway
lines in transportation networks (Gastner, New-
man 2006). Generally, road network structures set
off both topologic and geometric characteristics
(Sreelekha et al. 2016). The connectivity measures
among the various indices which are adopted for
evaluating road network properties could be re-
ferred to by several kinds of research. These mea-
sures assess the connection intensity between road
segments. A large number of connectivity assess-
ment indices exist to attempt to evaluate the con-
nectivity pattern of the road network, including
alpha («), beta (), gamma (y), eta (n), network den-
sity, and detour indices (Al-dami 2015).

Previously, connectivity assessment indices have
been extensively applied in road network connec-
tivity, including studies such as by Levinson and
Huang (2012), Olawale and Adesina, (2013),
and Patarasuk (2013), who developed a GIS-based
methodology for graph-based approaches (e.g. Loro
et al. 2015; Ayo-Qdifiri et al. 2017; Abbas, Hashidu
2019; Sarkar et al. 2020).

The road network in the Hyrcanian forests was
generally designed on the basis of bottom-up mecha-
nisms to aim at a forestry plan (Hosseini et al. 2012;
Jourgholami et al. 2012), most frequently ignoring
the fact that the forestry plan is a component of the
watershed. Moreover, a public road was typically
constructed in order to create a connection between
villages and cities, fully disregarding the design-
ing according to watershed management and other
land use accesses in the watershed. The road net-
work is the main forest watershed component, even
though this point was ignored in most cases in for-
est road planning. Previous experience with this
type of studies (Pentek et al. 2005; Abdi et al. 2009;
Hosseini et al. 2012; Hayati et al. 2013) analysed and
designed an appropriate road network to create the
connections in forestry plan. Nevertheless, in the
same way, there is barely any investigation into the
forest road network evaluation in the watershed area.

The present study highlights to draw on the graph
theory in order to analyse the existing road network
and its temporal changes. Furthermore, it has dealt
with analysing the existing road network (ERN)
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in which the new options have been designed ac-
cording to the technical and physiographical crite-
ria as well as the integrated management scenarios.
Subsequently, the new alternatives were analysed
by the use of the network connectivity indices, with
the aim that the new approach would take into ac-
count various features.

The research would serve some purposes such
as to: (i) evaluate current network connectivity us-
ing graph indices; (ii) create a suitability map in or-
der to plan a new road network; (iif) design the road
network alternatives to the study area considering
the suitability map; (iv) assess the designed road
network connectivity applying graph indices and
finally to determine the appropriate road network
for Chehel-Chai forest watershed.

MATERIAL AND METHODS

Research location

This study tried to focus the attention on the Che-
hel-Chay watershed, Minoodasht County, in Goles-
tan Province, Northeast Iran. This area has extended
between 36°59'N and 36°17'N latitude and 55°22'E
and 55°37'E longitude (Figure 1). The Chehel-Chay
watershed is about 25 680 ha and includes 30 vil-
lages with the population of almost 14 068. The el-
evation ranges from 190 m a.s.l. to 2 750 m a.s.l,
and the mean annual rainfall is about 750 mm. The
northern part is covered by forest areas, while in the
southern part the forest is mixed with rangelands.
The Chehel-Chay watershed territory is surround-
ed by forest (67%), cropland (28.8%), rangeland
(4.09%), and villages (0.053%).

Methodology

Road network suitability mapping. Designing and
construction of forest roads are affected by the exten-
sive range of influencing factors to include topologi-
cal, climatic, demographical, landscape, land use, and
vegetation ones (Akay et al. 2020). Although the as-
sessment of scenarios in decision-making tends to be
highly critical, there has not been yet any standard
practice in the forest road network in connection with
the watershed boundary. An initiative aimed to fill
this gap can be the efficient use of decision-making as
a strong ally. In the current research, the Delphi tech-
nique was applied to determine essential criteria for
road network planning according to integrated water-
shed management. There were nine forest engineering
experts and also nine watershed management experts
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Figure 1. Location of the Chehel-Chai watershed in Iran and Golestan province

who were asked to fill in a questionnaire about the
Delphi process. The process was performed in three
rounds (Table 1). After each round, all responses were
analysed, and the relative importance of each sug-
gested criterion was calculated. At the conclusion, the
criteria that could reach the third round were selected
to produce the road network suitability mapping.

Quantification of the final criteria weights
in analytic network process (ANP). The ANP
method consists of two major steps; the first one im-
plements pairwise comparisons for each of the de-
pendency relationships to produce the relative major
weights. In the second phase, the supermatrix cal-
culation is generally split into three minor sections:
the formation of the supermatrix, the normalization
of the supermatrix, and the convergence to the solu-
tion (Tsai, Hung 2009). We used the ANP method
in order to estimate the relative weights of selected
criteria and sub-criteria. The response criteria rep-
resent their relative importance in the road network
looking at the forest watershed accessibility. Then,
we opted for the Super Decision Software (Ver-
sion 3.2, 2019) to calculate the relative weight.

Data acquisition. In order to plan a new road
network following the creation of the suitability
map, we have sought to identify the fundamental
criteria for putting the Delphi technique in three
rounds to use (Table 2).

Physiographic data were drawn from the Nation-
al Cartography Center, while geology and soil data
were obtained from the Geological Survey and
Mineral Exploration. Moreover, vegetation, natu-
ral and artificial distance, along with land cover
data were extracted from different sources which
were made available by the Secretariat of Integrat-
ed Management of the Chehel-Chay Watershed.
In the following, slope and aspect layer were se-
lected as physiographic variables, besides, the soil
texture, soil and rock erodibility were performed
in Geology and Soil Criteria categories. In the
same way, the variable layers consisted of the dis-
tance to the residential area, the water resources,
the connection point with the adjacent water-
shed, the location with fire occurrence, the land-
slide location, the fault, and electricity and the gas
line were put in the title of natural and artificial dis-
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Table 1. The criteria categories in the Delphi approach
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Criteria category Round 1 Round 2 Round 3
slope slope slope
aspect aspect aspect
Physiographic P P P
slope length slope length -
elevation - —
soil texture soil texture soil texture
soil depth soil depth -
Geology and soil soil drainage - -
soil erodibility soil erodibility soil erodibility
rock erodibility rock erodibility rock erodibility
forest type forest type forest type
forest production capacity forest production capacity forest production capacity
Vegetation farmland farmland farmland

excluded rangeland

rangeland production capacity

excluded rangeland

excluded rangeland

Natural and artificial
distance

distance to residential area
distance to industrial area
distance to recreational spot

distance to water resources

distance to connection point

distance to residential area

distance to recreational spot

distance to water resources

distance to connection point

distance to residential area

distance to water resources

distance to connection point

with the neighbour watershed with the neighbour watershed with the neighbour watershed

distance to occurred fire location distance to occurred fire location distance to occurred fire location

distance to landslide location
distance to fault
distance to flood prone areas

distance to ancient places

distance to biological resources

area

distance to livestock, poultry,
fisheries

distance to electricity and gas

distance to landslide location
distance to fault
distance to flood prone areas

distance to ancient places

distance to livestock, poultry,
fisheries

distance to electricity and gas

distance to landslide location

distance to fault

distance to electricity and gas

Land cover

line line line
terracing terracing residential
orchard orchard production forest

agro-forestry
conservation
production forest
culture
tourist area

residential

agro-forestry
conservation
production forest
culture
tourist area

residential

agro-forestry
orchard
culture
terracing
conservative area

tourist area

tance. At that moment, the land cover was divided
into eight categories, including terracing, orchard,
agro-forestry, conservation area, production and
culture forest, tourism, and residential area. Last-
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ly, all of the variable layers were created by geo-
graphic information system (GIS) tools (QGIS and
ESRI ArcMap). The bar chart in Figure 2 marks the
trends of the current research.
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Table 2. Selected variables used for suitability road network mapping

Criteria category Input Data Source
slope
Physiographic . raster / 10 m National Cartography Center (NCC)
aspec
soil texture vector / 1:25 000 ) ) )
Geology and soil soil erodibility vector / 1:25 000 Geological Surviég\l\f};{;eral Exploration
rock erodibility vector / 1:100 000
forest type 1 — forest management plan; 2 — integrated
Vegetation forest production capacity vector / 1:25000 management of the Chehel-Chay Watershed;

farmland

3 — extensive fieldwork; 4 — satellite image

distance to residential area
distance to water resources
distance to connection point with

Natural and the neighbour watershed

artificial distance distance to occurred fire location
distance to landslide location
distance to fault

distance to electricity and gas line

vector / 1:25 000

1 — forest management plan; 2 — integrated
management of the Chehel-Chay Watershed;
3 — extensive fieldwork; 4 — satellite image;
5 — Geological Survey & Mineral Exploration
(GSME)

terracing

orchard
agro-forestry
conservation

Landcover ]
production forest
culture
tourist area

residential

vector / 1:25 000

1 — forest management plan; 2 — integrated
management of the Chehel-Chay Watershed;
3 — extensive fieldwork; 4 — satellite image; 5 —
Land Affairs Organization (LAO)

Criteria standardized using fuzzy logic ap-
proach. The criteria map was prepared in GIS and
then converted to a raster format. Then this layer
was standardized by the fuzzy function to a byte-
level range of 0-255 (0 as the least and 255 as the
maximum suitability rate at each criterion) in IDRISI
software (Version IDRISI TerrSet, 2020). Among
the available options to choose from, whereas the
linear membership functions were found fit to rep-
resent a scenario to create road network suitability
map (RNSM) and include triangular or trapezoidal
shapes (Lyimo et al. 2020), then we opted for the
linear membership functions. Finally, the produced
RNSM was categorized into four categories (high,
medium, weak, and very weak) according to the road
planning aims and the current limitation (Figure 2).

Designing of the road mnetwork. Traditional
methods for designing a forest road system used
to be heavily reliant on an aerial photo interpre-
tation and extensive fieldwork. Similarly, for-

est engineers have taken the large-scale contour
layers on as the preliminary ways with dividers
are known as route projection or 'pegging' (Abdi
et al. 2009). The traditional techniques tend to be
time- and cost-consuming, in which they evidently
come across as simultaneously impossible to get
the various affecting layers considered in road de-
signing. In order to strike a balance on the particu-
lar downside, we draw on the PEGGER extension
in ArcView software (2005).

Graph theory indices

The Network Analyst tool in GIS was run to de-
termine the nodes and edges with the purpose
to apply the graph theory. During the use of the
graph theory, several network indices are applied
to evaluate the accessibility and performance of the
network analysis (Dinda et al. 2018). In the present
study, alpha (a), beta (B), gamma (y), eta (n), net-
work density, and detour indices were used in or-

233


https://www.agriculturejournals.cz/web/jfs/

Original Paper

Journal of Forest Science, 69, 2023 (6): 229-243

https://doi.org/10.17221/8/2023-JFS

Icriteria | Clusters I

Indices

IIIIIIII||

""""" H » 1 Assessment of the existing road based on the Graph i
i 1 Theory indices '

i
.......................................................................... 1 —
1 Assessment of the designed variants based on the

E Graph Theory indices

Seeking appropriate road variant |

Figure 2. Flowchart of the implemented methodology of the Chehel-Chai watershed

ANP - analytic network process; WLC — weighted linear combination

der to evaluate the existing road network and road
network alternatives (RNA) that was designed ac-
cording to RNSM.

Alpha index («). The alpha index highlights
the ratio between the observed numbers of cycles
in a graph in comparison with the maximum num-
ber of cycles. For completing the interconnected
networks, the index will equal 1, whereas the trees
and simple networks will have a value of 0 (Al-dami
2015; Sreelekha et al. 2016). Equation (1):

e—v+p
* s o
where:
a — alpha index;
e — number of edges (links/routes);
v — number of vertices (nodes);
P — number of subgraphs in the network.

Beta index (). The beta index () shows the level
of connectivity in a graph and is expressed by the
link between the number of edges over the num-
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ber of vertices, as it shows the complexity and the
completeness of the network (Rodrigue et al. 2009;
Patarasuk 2013). Equation (2):

e

=7 )
where:

B — beta index.

Gamma index (y). The gamma index (y) is a mea-
sure of connectivity that considers the relationship
between the number of observed links and the
number of possible links (Rodrigue et al. 2009).
Equation (3):

e
S 3
Ly (v-2) ®)
where:
Y — gamma index.

Eta index (). The eta index (n) measures the
average edge length in the network and is used
as the traffic network speed index, the summation
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and number of edges in the network need to mea-
sure the eta index (Nagne et al. 2013; Sreelekha
et al. 2016). Equation (4):

n= L(G) @)
e

where:

n — eta index;

L(G) - summation of all edges in the network (km);

e — number of edges in the network.

Network density (ND). Road network density
is a factor which is to measure the road network
development (Nagne et al. 2013). Equation (5):

L

ND== (5)
A

where:

ND - network density;

L — length of road network (m);

A — area (ha).

Detour index (DI). The detour index (DI) repre-
sents the efficiency of the road network connection
and also marks the importance of physical situation
for the route selection (Arienti et al. 2009). Equa-
tion (6):

pr=2 (6)
I

where:

DI — detour index;

D — straight distance;

I — ground distance.

RESULTS AND DISCUSSION

The watershed consists of two major components,
water and land, whose surface and underground
waters from rain and melting snow flow into a body
of water such as a river, lake or reservoir. (Edwards
et al. 2015). Therefore, the transport sector is one
of the most important manmade infrastructures
inside the watershed area (Reggiani et al. 2011).

Road network suitability map and variable im-
portance

The variables were weighted by ANP, followed
by carrying out the road network suitability map.
According to the calculated relative weight among
the clusters, the weight of the environmental and
technical cluster (0.67) was higher than that of the
managerial cluster (0.33). In comparison with

the other physiographic criteria, it figured the most
importance with a value of 0.54, followed by the ge-
ology and soil ones, the distance to the natural and
artificial features and the vegetation with values
of 0.26, 0.14 and 0.06, respectively (Table 3).

The residential index showed the highest value
with a relative weight of 0.3 among land cover
criteria, followed by the productive forest, agro-
forestry, orchard, culture, terracing, conservative
forest, and tourist area with values of 0.2, 0.13, 0.1,
0.1, 0.07, 0.06 and 0.04, respectively.

The fuzzy map layers of the criteria were combined
considering their weights. Then the suitability map
was generated and classified into four categories
(Figure 3). The results indicated that 36.13% of the
study area was classified as the weak suitability cat-
egory, followed by the very weak suitability category
(32.59%), medium suitability category (29.58%) and
high suitability category (1.69%) (Figure 3, Table 4).

Existing road network analysis

The investigation finding confirmed that the
dirt roads have the highest length and density
(243.54 km, 9.47 m-ha™') (Table 5).

4100000 4105000 4110000 4115000 4120000

356000 360000 364000 368000 372000 376000 380000
Suitability category

% high

% medium

B weak 0 325 650 13.00
5 very weak L 1 1 1 1 1 1 1 ] km

Figure 3. The road network suitability map of the Chehel-
Chai watershed
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Table 3. The Analytic Network Process normalized supermatrix for competitive advantage of for road network suit-

ability map of the Chehel-Chay watershed

Cluster Weight Criteria Weight Indices Weight
physiographic map 0.54 slope 089
aspect 0.11
soil erodibility 0.60
geology and soil 0.26 rock erodibility 0.30
soil texture 0.10
forest production capacity 0.72
vegetation 0.06 farmland 0.19
Environmental and 0.67 forest type 0.09
technical cluster
distance to landslide point 0.22
distance to residential area 0.19
distance to water resources 0.16
distance to natural and 0.14 distance to fault 0.14
artificial features distance to electricity and gas line 0.13
distance to occurred fire location 0.12
distance to connection point with the 0.04
neighbour watershed
residential 0.30
production forest 0.20
o based agro-forestry 0.13
Managerial cluster 0.33 ma?izggztri:fl? scifarios - orchard 0-10
and land use planning culture 0.10
terracing 0.07
conservative area 0.06
tourist area 0.04

On the subject of the road network suitability
categories, the highest length of existing roads was
located in the medium suitability category. Af-
ter that, the most significant density goes to the
dirt roads (17.32 m-ha™!), followed by the asphalt
(4.61 m-ha™!) and gravel roads (0.56 m-ha™'). The
largest road density in the high suitability category
belonged to the dirt roads (8.28 m-ha™!), then to the
asphalt roads and the gravel roads with the densi-
ty of (4.45 m-ha™!) and (0.04 m-ha™!), respectively.

Table 4. Road network suitability map categories area
of the Chehel-chay watershed

Suitability category Area (ha) Percent of total area
High 435.13 1.69
Medium 7 595.89 29.58
Weak 9 278.86 36.13
Very weak 8370.12 32.59

236

In the weak suitability category, the road density
- from the most to the least - belongs to the dirt
(8.86 m-ha™!), the asphalt (3.42 m-ha!), and the
gravel roads (0.61 m-ha'). The highest density
in the very weak suitability category belongs to the
dirt roads (3.09 m-ha!) (Table 6).

The results indicated that the alpha index values
were 0.79, 0.14 and —0. 21 for the forest, non-forest
land use and the whole study area, respectively. The
calculated beta figures for the forest, non-forest
land use and the whole study area were 0.4, 0.78
and 0.56, in turn. The eta figures were 1.2 (the for-
est area), 0.64 (the non-forest area), and 1.32 (the
whole study area). Our results mark that the gamma
index is 0.37, 0.19 and 0.27 for the forest, non-for-
est land use and the whole study area, respectively.

The network density figure for the non-forest land
use (27.53 m-ha™!) was the highest, followed by the
figure which belonged to the whole study area
(13.12 m-ha!), and the forest land use (6.17 m-ha!).
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In addition, the detour index was obtained for the
forest, and the non-forest area, and the whole study
area, i.e. 0.68, 0.81 and 0.71, in turn (Table 7).

The findings illustrated that network connectiv-
ity is relatively suitable for the forest area, however
in the non-forest area despite an increase in the
network density, the links between vertices (nodes)
appear not to be reasonably appropriate. Therefore,

Table 5. Existing road network and road network alterna-
tives length and density of the Chehel-Chay watershed

Surface type Road Length (km) Density (m-ha™')
Asphalt 82.87 3.23
Gravel existing road 10.66 0.42
Dirt network 243.54 9.47
Total 337.07 13.12
Asphalt 83.96 3.26
Gravel road network 10.65 0.41
Dirt alternative1 23871 9.29
Total 333.32 12.97
Asphalt 77.85 3.03
Gravel road network 6.60 0.25
Dirt alternative 2 212.85 8.28
Total 297.30 11.56
Asphalt 79.81 3.10
Gravel road network 19.48 0.75
Dirt alternative 3 230.62 8.98
Total 329.91 12.83

N edges

® vertices

Figure 4. (A) Existing road
network, (B) edges and verti-
ces of existing road network
of the Chehel-Chay watershed

the network connectivity ended up in an infirm po-
sition. The network density in the forest area came
out inadequate, and in the non-forest area, the
network connectivity has decreased despite the in-
creasing network density. In addition, on the whole
of the study area, the network predicted speed kept
a low amount out of the topographic status along
with the network development inadequate level.

Road network alternatives assessment

Three road network alternatives were designed
based on the suitability map to the study area. Then
the variants were evaluated concerning to RNSM
and Graph Theory indices.

Road network alternative 1. The results indicat-
ed that in RNA 1, the dirt roads marked the highest
length and density (238.71 km, 9.29 m-ha™'), followed
by the asphalt roads (83.96 km, 3.26 m-ha™!) and the
gravel roads (10.56 km, 0.41 m-ha™!) (Table 5).

The road density of RNA1 was extracted from the
suitability map. The findings point out that the most
extensive road density in high suitability category
belongs to the dirt roads (6.77 m-ha™), then to as-
phalt roads (0.2 m-ha™!). The study got a mention
that there were no gravel roads in such a category.
In the medium suitability category, dirt, asphalt
and gravel road density revealed 17.32 m-ha™l,
4.62 m-ha!, and 0.57 m-ha™!, in turn. The largest
road density in the weak suitability category was
in dirt roads (8.79 m-ha™!), followed by asphalt
roads (3.42 m-ha™!), and gravel roads (0.6 m-ha™?).
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Table 6. Detailed length and density of existing road
network and road network alternatives on road network
suitability map of the Chehel-Chay watershed
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Table 6. to be continued

o o
Road Surface Suitability Length Density % total

type category (km) (m-ha’!) roads
Road Surface Suitability Length Density % total HSC 3.64 837 1.11
type category (km) (m-ha™!) roads - MSC 3472 457 10.52
asphalt
HSC 194 445 058 P WSC 2693 290 8.6
halt MSC 35.04 4.61 10.40 VWSC 14.52 1.73 4.41
aspha
P WSC 31.76 3.42 9.42
HSC 0.15 0.34 0.05
VWSC 1414 168 419  poud
MSC 8.20 1.08 2.49
network gravel
HSC 0.02 0.04 0.01 alternative 3 WSC 8.62 0.93 2.61
E’“Ztmg | MSC 427 056 127 VWSC 251 030 0.76
roa grave
WSC 5.65 0.61 1.68
network HSC 1567 3601 448
VWSC 0.71 0.08 0.21
dirt MSC 96.27 12.67 18.29
1r
HSC 3.84 8.28 1.14 WSC 83.95 9.05 25.45
dirt MSC 131.60 17.32 39.04 VWSC 34.73 4.15 10.55
1r
wsce 221 886 2439 HSC - high suitability category; MSC — medium suitability
VWSC 259 3.09 7.68 category; WSC — weak suitability category; VWSC — very
HSC 295 677 0.89 weak suitability category
MSC 35.12 4.62 10.51
asphalt WSC 3176 342 953 In the very weak suitability category, the highest
VWSC 1413 168 424 road density is related to dirt roads (1.88 m-ha™?),
asphalt roads (1.68 m-ha™!) and then gravel roads
HSC 0 0 0 (0.08 m-ha™!) (Table 6).
Road MSC 439 057 131 According to the RNA1 assessment based
nlettwortlf . gravel WSC 556 060 170 on Graph Theory indices, alpha values demonstrate
alternative the figure of 0.81, 0.45 and 0.31 for the forest, non-
VWSC 070 008 021 &
forest land use and the whole study area, respec-
HSC 10.34  0.02  3.10 tively. The beta values marked 1.58, 1.22 and 1.1 for
MSC 13093 17.32 39.29 the forest, non-forest land use and the whole study
dirt WSC 3164 879 9449 area. Research findings revealed that in the three
VWSC 1580 188 474 sections of the forest, non-forest land use and the
' ' ' whole study area, the eta index was 1.4, 0.54 and
HSC 145 1.86 049 0.78, resp. The results also showed that the respec-
MSC 3595 473  12.09 tive gamma values were 0.37, 0.23 and 0.19 for the
asphalt WSC 31.00 334 1043 forest, non-forest land use and the whole study
VWSC 045 113 318 area. The calculated network density in the com-
‘ ’ ' ponent of the forest, non-forest land use and the
HSC 0 0 0 whole study area was 6.48 m-ha!, 25.74 m-ha~! and
Road MSC 288 037 097 12.97 m-ha™!, respectively. Finally, the measured
network gravel detour index in the forest, non-forest land use and
alternative 2 WSC 346 037 116
VWSC 095 003 0.08 the whole study area 0.73, 0.72 and 0.74 (Table 7,
‘ ' ‘ Figure 5).
HSC 638 3.00 215 Road network alternative 2. According to the met-
MSC 11931 1570 4013 ric analysis RNA2, the length and density of the dirt
dirt WSC 2315 788  24.60 roads were 212.85 km and 8.28 m-ha! in most cases,
wse 14'01 1‘67 4'71 followed by the asphalt roads (77.85 km, 3.03 m-ha"!)
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Table 7. Existing road network and road network alternatives analyses using Graph Theory of the Chehel-Chay

watershed
Road Land use a B n Yy ND (m-ha™!) DI
forest 0.79 0.40 1.20 0.37 6.17 0.68
ERN non-forest 0.14 0.78 0.64 0.23 27.53 0.81
total study area -0.21 0.56 1.32 0.19 13.12 0.77
forest 0.81 1.58 1.40 0.40 6.81 0.73
RNA1 non-forest 0.41 1.22 0.54 0.41 25.74 0.72
total study area 0.35 1.10 0.78 0.37 12.97 0.74
forest 0.90 2.00 1.62 0.44 6.48 0.73
RNA2 non-forest 0.45 1.30 0.88 0.43 22.21 0.74
total study area 0.44 1.34 1.16 0.45 11.56 0.83
forest 0.86 1.45 1.12 0.33 10.54 0.73
RNA3 non-forest 0.44 1.31 0.95 0.44 21.76 0.69
total study area 0.41 1.05 1.06 0.31 12.84 0.71

ERN - existing road network; RNA - road network alternatives; a — alpha;  — beta; n — eta; y — gamma; ND — network

density; DI — detour index

Concerning the suitability map, the largest road
density of RNA2 in the high suitability category
is related to dirt roads (3 m-ha™'), while the second
largest went for the asphalt roads (1.86 m-ha™!).
Concerning the medium suitability category, the
dirt, asphalt and gravel road density obtained
15.7 mha™!, 4.73 m-ha! and 0.37 m‘ha™'. In the
weak suitability category, the largest road den-
sity belonged to dirt roads (7.78 m-ha™!), then
to asphalt roads (3.34 m-ha!) and gravel roads

4100000 4105000 4110000 4115000 4120000

356000 360000 364000 368000 372000 376000 380000

“\_» asphalt road
“N— gravel road
N di
. dirt road 15.00

0 375 750
|

vertices L 1 1 L 1 1 1 ] km

(0.37 m-ha™!). The most significant road density
was related to dirt roads (1.67 m-ha™!) in the very
weak suitability category. After that, there were as-
phalt (1.13 m-ha™!), and gravel roads (0.03 m-ha™')
(Table 6).

The investigation came across that the alpha value
was 0.9, 0.45 and 0.44 in the forest, non-forest land
use and the whole study area, respectively. In the
following, we found that the beta value in the for-
est, non-forest land use and the whole study area

Figure 5. (A) Road network
alternative 1, (B) edges and
vertices of road network
alternative 1 of the Chehel-
Chay watershed

o edges

vertices
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was 2, 1.3 and 1.34, respectively. The respective
eta values for the forest, non-forest land use and
the whole study area revealed 1.4, 0.54 and 0.78.
The results also indicated that the gamma rate was
0.44, 0.43 and 0.45 for the forest, non-forest land
use and the whole study area respectively (Table 7,
Figure 6).

Road network alternative 3. By carrying out
the research, we found that in RNA3, the dirt
roads featured the highest length and density
(230.62 km, 8.98 m-ha!), followed by the asphalt
roads (79.81 km, 3.1 m-ha™!) and the gravel roads
(19.48 km, 0.75 m-ha!) (Table 5).

The study results also showed that according
to the RNSM analysis, the density of the dirt roads
in the high suitability category was 36.01 m-ha-!, fol-
lowed by the asphalt and gravel roads (36.01 m-ha~!
and 0.34 m-ha!) along with the dirt roads with
density of 13.67 m-ha™! in the medium suitability
category. Our findings revealed that in the weak suit-
ability category, the highest road density was related
to dirt roads (9.05 mh), followed by asphalt roads
(2.9 m-ha™!) and gravel roads (0.93 m-ha™!). Further-
more, in the very weak suitability category, the dirt
road density was 4.15 m-ha™!, followed by asphalt
(1.73 m-ha™1) and gravel roads (0.03 m-ha™!) (Table 6).

As a result of the graph theory analyses, the alpha
value appeared to be 0.86, 0.44 and 0.41 for the for-
est, non-forest land use and the whole study area,
respectively. In the forest, non-forest land use and
the whole study area the beta value obtained 1.45,

4100000 4105000 4110000 4115000 4120000

So i

356000 360000 364000 368000 372000 376000 380000

#~_, asphalt road

“_ gravel road

"\ dirt road 0 375 750 15.00
vertices Ly o1y jkm
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1.31 and 1.05, respectively. The eta index rate re-
vealed 1.12, 0.95 and 1.06 in the forest, non-forest
land cover and the whole study area, in turn. The
research noted that the gamma value was 0.44, 0.43
and 0.45 in the forest, non-forest land use and the
whole study area, respectively.

The network density index in the forest, non-for-
est land use and the whole study area was measured
as 10.54 m-ha1, 21.76 m-ha~! and 12.84 m-ha}, re-
spectively. Ultimately, the detour index in the for-
est, non-forest land use and the whole study area
appeared to be 0.73, 0.69 and 0.71, respectively
(Table 7, Figure 7).

The structure or complexity of a road network
is identified by the addition of a new linkage and
expansion of the existing routes (Nagne et al. 2013).
In addition, well-designed roads should be imple-
mented according to the vulnerability of forest
ecosystems along with the ecological and techni-
cal circumstances. The road construction impacts
need to be carefully assessed in terms of physi-
cal, biological, economic, and social aspects from
place to place. Our results indicated that a larger
part of the existing road network has been located
in the very weak suitability category, which means
that the inherent limitations and technical stan-
dards have been remarkably ignored in road de-
signing and construction. Hence, the lower road
length was allocated to the very weak suitability
category and the maximum amount went to the
medium suitability category in RNA1 and RNA2

Figure 6. (A) Road network
alternative 2, (B) edges and
vertices of road network
alternative 2 of the Chehel-
Chay watershed

~_ edges
® vertices
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during the road network designing process. The de-
scribed techniques in our findings can be employed
to make the experience more valuable for decision-
makers in which they would be able to take the
multilateral vision in order to mitigate the plenty
of road construction side-effects on the ecosystem.
When it comes to the findings, the majority
of the existing road network was located in non-
forest land use, even though 65% of the research
area is covered by forest vegetation. Therefore,
there has scarcely been a finely balanced approach
in terms of allocating the road design in the for-
est area, meanwhile, in the non-forest area, a road
overlap was observed. Subsequently, the existent
inaccessible regions in the forest area lead to the
forest management plan disruption such as forest
conservation, reforestation, forest harvesting, and
wildfire suppression. For this reason, the current
and potential road locations and specifications
must be pre-defined in the forest road network
designing (Akay et al. 2013). In hope to be able
to achieve a breakthrough, we designed the three
Road Network Alternatives so that RNA2, with
the lowest density, would massively cover the most
of the study area, especially the forest land use.
The connectivity index serves to mark the acces-
sibility nature of the study area and the land uses,
not to mention the accessibility of any region is also
determined by a well suited connectivity at that re-
gion (Sarkar et al. 2020). The graph theory indices
took into account looking closely over the network

Figure 7. (A) Road network
alternative 3, (B) edges and
vertices of road network
alternative 3 of the Chehel-
Chay watershed

N edges

vertices

structure of the study area. Going according to the
road network analyses, the alpha index value was
positive and higher than in the existing road net-
work in all three designed alternatives while in the
whole study area, this index came out negative. The
results revealed the weak connectivity in the cur-
rent existent road network as well as they supported
the Al-dami (2015) findings. The alpha value of the
road network in RNA2 was higher than in the other
ones, as the recent facts have given the impression
of more connectivity in this alternative than in the
others. The beta value in RNA2 was pointed out
as higher than in the other alternatives and the ex-
isting road network. The indices measure the level
of connectivity in the network (Levinson, Huang
2012). The value of the beta index which is equal
to zero is demonstrating the nodes without con-
necting, while the excellent value for the beta index
is 2.5 (Al-dami 2015) and the value 1.4 is explaining
the appropriate connectivity throughout the net-
work (Levinson, Huang 2012). As a consequence
of the beta index, RNA2 appeared more reasonable
than the other alternatives which approved the ac-
ceptable connection between the nodes and vertex-
es. For the study area, the eta amount of the road
network in RNA2 is marked higher than the ap-
propriate RNA1, which is indicative of the average
length per link, and it shows the network speed
(Sreelekha et al. 2016). Therefore, in the light of the
eta index, RNA2 figured as the quickest alternative
compared to the two others. In view of the gamma
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value, RNA2 figured as the suited one, followed
by RNA1 and RNA3. The value of the gamma index
in all alternatives went more than in the existing
network, which quantifies the progress of a net-
work in time (Sreelekha et al. 2016). Accordingly,
the connectivity between nodes in RNA2 appeared
more preferable than in the other variants. Out
of the findings, the highest value of the detour in-
dex belonged to variant two, which describes the
efficient spatial level of the network and would
be located in a value range between 0 and 1, which
is rare if the network should possess the detour in-
dex of 1 (Levinson, Huang 2012). For this reason,
RNA2 could be considered as quite an acceptable
practical choice compared to the others. The vari-
ant two density appeared lower than in the other
variants and the current road network, while the
other indices of the graph theory for such an alter-
native went higher than in variant one and three
as well as in the existing road network. Patarasuk
(2013) indicated that an increase in the road den-
sity more probably could not thoroughly improve
the graph theory indices, unlike in our research
findings, in which the increasing connectivity in all
alternatives began to improve in comparison with
the existing road network. Thus, the recent finding
appears to be in line with Sreelekha et al. (2016),
who significantly recommended using the manage-
ment factors along with the graph theory indices
aimed at the road network assessment.

CONCLUSION

Carrying out this study lets us do the existing
road network analysis accompanied by making
use of new alternatives by applying plenty of net-
work connectivity indices and the road network
suitability map. The existing road network was
assessed, which marked how such available road
connectivity in the study area is not an acceptable
way, particularly in forest land use. Although the
forest vegetation has been covering more than
half of the research area, the current road net-
work has not been able to create a reasonable ac-
cessibility standard within the forest watershed.
Consequently, it poses numerous obstacles to be
overcome in conducting the forest management
aims. For this reason, trying to practically imple-
ment a long-term road network plan with regard
to the forestry approaches is in dire need. The
main research findings demonstrate that in all
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the presented alternatives, the connectivity has
distinctly been improved in comparison with the
existing road network. In addition, it confirms
the impression that the indices values which
go in RNA2 featured higher than in RNAI and
RNA3, and in the existing road network. In the
end, the study makes it clear that the road net-
work connectivity indices have generally been ap-
plicable in order to attempt to analyse the road
network in a forest watershed.
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