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Landscape fragmentation and the elimination of urban green spaces are the

results of human activities which put significant pressure on urban sustainability.

The planning and developing of urban ecological networks and corridors as an

effective approach is a response to rapid urbanization and fragmentation of

natural areas. The Tabriz metropolitan as the fourth-largest city in Iran was

selected as a case study that has grown rapidly over the past few decades. This

study presents a practical approach and framework for assessing and enhancing

ecological connectivity of landscape. The framework was developed based on

the landscape metrics, graph theory, least-cost modeling, and geographic

information system tools during three different periods (1984-2000-2020).

The results using the values of landscape metrics such as CA, Edge Distance,

Mean Patch Size, Mean Shape Index, large patch index, NP, Landscape shape

index, and COHESION indicate that the urban landscape of Tabriz has been

more fragmented over the past 3 decades and has lost its connectivity. To

reduce the effects of fragmentation and enhance landscape connectivity in

study area, we proposed a network of ecological corridors that passes through

the core ecological patches. Our results also indicate that the core patches and

the least-cost created corridors are mainly located in the suburbs of Tabriz and

the central part of the city cannot be suitable for ecological development.

Therefore, using the above-mentioned methods could be an effective

approach to develop ecological networks and improve landscape

connectivity that can encourage urban planners and managers to protect

and develop green networks.
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1 Introduction

Urban green spaces are the most important natural and

cultural sources in cities (Tian et al., 2014). They have a

significant role in sustainable urban development and provide

substantial environmental, economic, aesthetic, recreational and

social ecosystem service benefits (Li et al., 2015), (Xu et al., 2011).

However, Over recent decades, urban areas around the world

have expanded rapidly (Braaker et al., 2017). The reports

published by the UN show that 55% of the world’s population

live in cities and urban areas and the proportion of that will be

expected to surpass 68% by 2050 (Nations, 2018). This rapid

population growth and urbanization around the world can lead

to significant pressure on the natural environment and cause

many problems (Girma et al., 2019). Some of the negative effects

of urban expansion on the natural and ecological environment

include: decreasing natural areas and habitat fragmentation (van

Bohemen, 1998; Haddad et al., 2015; May et al., 2019); threats to

biodiversity (Seto et al., 2012; De Baan et al., 2013; Joly et al.,

2019); deforestation (Jorgenson and Burns, 2007), (Sathler et al.,

2019); pollution (Xu et al., 2011), (Grimm et al., 2008; Cui and

Shi, 2012; Sun et al., 2019); disturbing natural and wildlife

(Brown, 2019), (Mutuga, 2009); regional and global warming

of climate (Grimmond, 2007; McCarthy et al., 2010; Wang et al.,

2019). These problems directly affect urban sustainability and the

ecological pattern of its areas (Wanghe et al., 2020).

As a result, most of the environmental impacts of

urbanization are related to green spaces (Zhou and Wang,

2011), which can lead to landscape fragmentation and the

elimination of green patches (Nor et al., 2017). Therefore,

fragmentation of habitats is one of the major impacts of

human activities (Loro et al., 2015) and a dynamic process

over time (Bennett, 1999), that significantly affects landscape

structure and reduces landscape connectivity (Vergnes et al.,

2012). The term ‘fragmentation’ describes the processes of

subdivision by which large, connected areas of vegetation are

partially removed, leaving several smaller patches that are

separated from each other and less connected (Bennet, 2003),

(Soons, 2003). Therefore, fragmentation of urban green space as

one of the serious environmental problems and greatest threats to

biodiversity, decreases the health of urbanized ecosystems and

also threatens residents’ quality of life (Tian et al., 2014), (Qi

et al., 2017).

As the opposite of fragmentation, connectivity is a necessity

(Giardino and Houser, 2015), (Kong et al., 2010) that plays a

critical role in the health of the ecosystem and resilience to

environmental change (Thompson and Gonzalez, 2017).

Improving landscape connectivity can counteract the adverse

effects of fragmentation by reduce isolation (Bennet, 2003). To

enhance landscape ecological connectivity and ecosystem

services, urban green spaces ought to be connected through

corridors, forming a network that allows dispersion and

movement (Bennett, 1999), (Zhang et al., 2019). Hence,

creating ecological networks is an effective way to solve many

environmental problems and fragmentation issues (Jongman,

2008) and it is considered as a type of effective approach for

improving the ecological value of urban green spaces (Li et al.,

2015), (Kong et al., 2010), (Wang et al., 2021), (Cook, 2002).

Accordingly, when fragmentation occurs, linking the patches

through ecological corridors, in addition to facilitating their

ecological functions, provides many opportunities for human

services (Hepcan et al., 2009). The development of ecological

networks generally involves preserving existing green spaces,

restoring, designing new spatial ecological forms, and

maintaining connectivity between ecological patches (Kong

et al., 2010). However, the development planning of ecological

networks requires a more strategic, comprehensive approach

because urban planners are frequently faced with competing

priorities and limited resources (Zhang et al., 2019). Hereafter,

the establishment of these networks is often difficult and may

lead to unrealistic results.

In the past decades, various methods of landscape ecology

have been applied to assessing landscape connectivity and

planning ecological networks (Li et al., 2015), (Zhang and

Wang, 2006), such as landscape metrics to detect and monitor

ecological changes (Narumalani et al., 2004; Su et al., 2010; Tian

et al., 2011; Pan et al., 2019), circuit theory, gravity modelling,

least-cost approach and graph theory to identify ecological

corridors, develop green space networks, and also evaluate

landscape connectivity (Kong et al., 2010), (Zhang et al.,

2019), (Hofman et al., 2018), (Suksavate et al., 2019). In this

paper, first, we evaluated land use changes and their ecological

connectivity using landscape metrics, and then least-cost

ecological corridors were identified to create green space

networks based on graph theory and least-cost modelling.

Thereby, the goals of our research were to: 1) detect landscape

changes; 2) assess landscape connectivity; 3) identify the

ecological core patches; and 4) model potential corridors and

ecological networks. We aimed to explore conceptually and

empirically how the landscape ecology are used in

combination with graph theory, least-cost modelling, and GIS

tools to the understanding of landscape fragmentation and their

potential application in improving landscape connectivity in the

city of Tabriz.

2 Materials and methods

2.1 Casestudy

Tabriz the centre of East Azerbaijan Province is located at the

northwest of Iran (Figure 1). The study area has an urban area of

about 133 km2, and it is bounded between the lats. 38°1′ N to

38°9′ N and longs. 46°11′ E to 46°23′ E. The population of Tabriz

has been growing gradually from 289,996 in 1956 to 1,773,033 in

2020 (Statistical Center of Iran, 2020) and it is the fourth-largest
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city in Iran (Feizizadeh et al., 2021). Population increase in this

city has caused many environmental and physical changes and

based on multi-temporal satellite images residential, industrial

and commercial land uses have expanded over the gardens and

agricultural lands due to impacts of immigrants in recent years.

The mentioned reasons have caused unbalanced development of

the city, destruction, and fragmentation of green lands and the

reduction of the quality of ecological networks. The land use

status shows that the current green space area is about 2.4% of the

total area of the city and its per capita is about 3.8 m2 that has a lot

of differences with national and international standards. The area

of unoccupied and barren lands of Tabriz is 6880 ha that covers

about 28% of the city’s area (Naghsh Moheet engineering

consultant co, 2014). These lands are often abandoned on the

city’s surface and have a high capability for expanding green

spaces and ecological networks. Other environmental

characteristic of Tabriz is passing two waterways through the

city that are originated from surrounding high lands and play an

effective role in improving the city’s environmental situation, as

well as adjusting urban climate. Therefore, considering the

importance of unoccupied lands and existing green spaces

beside urban streams, we used them for extending the

ecological network of Tabriz and improving its ecological

situation.

2.2 Methodology

We proposed our methodological framework based on recent

studies in the field of landscape ecology that consist of three main

stages (Figure 2): First, land use changes were investigated during

three different periods (1984-2000-2020) using classified images

and landscape metrics. The selected images had the most time

matching with the official demographic data of Tabriz

metropolitan. Throughout this stage, we demonstrated how

the landscape of Tabriz has changed over the past decades,

and how its ecological spaces have been fragmented and

subdivided. At the second stage, the landscape ecological

connectivity was evaluated, and then the most important

green space patches (core patches) were identified. Finally,

based on the findings of the previous steps, the graph theory

and least-cost modelling were applied for the creation of the

ecological networks of green spaces.

2.1.1 Evaluation of land use changes
One of the most important steps for improving the ecological

status of landscape is analysing of land use trend change. We can

provide some basic solutions for improving the existing situation

and controlling the city’s growth with knowledge of the process

of changes and directions of city expansion. In this step, land use

FIGURE 1
Location of the study area in the metropolitan region of Tabriz, NW Iran, and its land use map.
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maps and landscape metrics for the years 1984, 2000 and

2020 were extracted using ArcGIS (version 10.5), ENVI

(version 5.1), and RAGSTATS (version 4.2), see (Figure 2).

Therefore, in this part, while assessing land use changes, we

also evaluated landscape ecological connectivity and its

fragmentation changes using landscape metrics. A review of

the main sources shows that there are many researches that

use landscape metrics to evaluate land use change (Narumalani

et al., 2004), (Pan et al., 2019), (He et al., 2011; Liu and Yang,

2015; Liang et al., 2017; Magidi and Ahmed, 2019). Also there are

a variety of indices to measure the changing of landscape

structure (Magidi and Ahmed, 2019). Some of the most

imperative landscape metrics that we applied to the analysis

of land use detection include: CA or TA (Class area or Total

area), Edge Distance (ED), Mean Patch Size (MPS), Mean Shape

Index (MSI), LPI (large patch index), NP (Number of patches),

LSI (Landscape shape index), COHESION (Patch cohesion

index) and so on (Inkoom et al., 2018), (McGarigal, 2015), see

(Table 3). Landscape metrics are often used to determine

landscape dynamics in developing countries (Magidi and

Ahmed, 2019), (Abebe, 2013) and just few researches have

been done for the analysis of landscape structure in Iran

especially in city of Tabriz.

2.1.2 Assessment of ecological connectivity and
identifying core patches

First, we updated the latest land use map of the Tabriz

metropolis area (2016) using satellite images and Google

Earth images and field surveying, and then the connectivity

indices to assess landscape connectivity were measured. Graph

theory and least-cost modelling are two common tools for

analysing connectivity and fragmentation among the various

FIGURE 2
Schema of our methodological framework (main steps).
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methods available (Braaker et al., 2017), (Minor and Urban,

2008), (Wimberly et al., 2018). Graph theory simulates the

relationships between network nodes (Nogués and Cabarga-

Varona, 2014) and it is the most common and

straightforward used method for measuring and assessing

various aspects of habitat connectivity (Minor and Urban,

2008), (Zhang, 2017). The least-cost theory generally refers to

easiest and least-cost route or path to travel from one patch to

another (Sun et al., 2019). These techniques are also used for

developing green space networks and improving landscape

connectivity by modelling ecological corridors (Kong et al.,

2010), (Hofman et al., 2018), (Adriaensen et al., 2003; Lechner

et al., 2015; Chiesura, 2004; Liu et al., 2015; ming Zhao et al.,

2019). To measure landscape connectivity indices based on

mentioned methods, we used Fragstats and Conefor Sensinode

2.6 software (McGarigal and Marks, 1995), (Saura and Pascual-

Hortal, 2007). Of all kinds of connectivity indices based on graph

theory and least-cost modelling, the Integral Index of

Connectivity (IIC) and COHESION are two of the most

popular and suitable indices to evaluate landscape connectivity

(Zhang et al., 2019), (Saura and Pascual-Hortal, 2007) which we

applied at the class and patch level in this study (Table 3). The

Cohesion index measures the structural (physical) connectivity

of the landscape (Zhang, 2017) and, the IIC index is one of the

best binary indices for functional connectivity analysis (Saura

Santiago and lucía, 2008).

A high values of these indexes shows that they are more

connected and demonstrates the importance of green patches in

the landscape. Various researchers based on the scale and research

subject have considered different areas and criteria to identify core

patches; some of which propose to use perimeter area index and

some suggest to use utilized patch size (Zhang, 2017). For example,

several studies considered 12 ha as the standard for identifying

major areas (Kong et al., 2010), (Zhang et al., 2019), (Xun et al.,

2014), some suggested 40 ha (Firehock, 2015), some

considered >25 ha (Minor and Urban, 2008) and some of them

proposed 1 ha (Nogués and Cabarga-Varona, 2014). However, in

our case study, we decided to apply patches bigger than 5 ha as

criteria for identifying core patches. It means, if a patch has an

overall size equal to or bigger than 5 ha, it can be a core patch.

2.1.3 Enhancing landscape connectivity by
modelling corridors network

By showing the landscape as a cost-surface, both least-cost

modelling and graph theory are used to measure the connectivity

and find the best route between two patches (Xiu, 2017), which

are particularly proper for planners in landscape planning and

land use management (Qi et al., 2017), (Clauzel et al., 2018).

There are several ways and tools to analyze and identify

ecological corridors (Riggio and Caro, 2017). One of the

practical tools in this field is Linkage Mapper software, which

is mainly used in analysis, creation, and prioritization of habitats

corridors (McRae and Kavanagh, 2011; Doğan and Şahin, 2017;

González-Saucedo et al., 2021). Actually, Linkage Mapper is an

extension to the ArcGIS software that works based on graph

concepts and least-cost theory that assist planners to identify and

create the potential paths of the ecological network and removing

higher cost routes. Furthermore, we considered a resistance layer

with the values of weights between 0–100 for each land use layer

(Table 1). The resistance or cost layer is determined by landcover

type and vegetation coverage, and the resistance against

displacement and networking as suggested by McRae and

Kavanagh (McRae and Kavanagh, 2011); Wanghe et al.

(Wanghe et al., 2020);; Zhang et al. (Zhang et al., 2019).

3 Results

3.1 Analysis of land use changes using
landscape metrics

According to the research purposes, land use maps for 1984,

2000, and 2020 were created with five classes using ENVI

software and the Maximum likelihood method: built-up lands,

barren/unoccupied lands, farmlands, gardens and green spaces

and water bodies (Figure 3).

The classified images show that many of the urban green

spaces of Tabriz have been destroyed by urban development and

have been replaced with impenetrable surfaces (Table 2).

Reviewing of land use maps (Figure 3) and land use changes

table (Table 2) during the periods of 1984–2000–2020 indicate

that built-up lands from 1984 to 2020 have increased by 7667 ha

(136%). Also, farmlands increased from 2151 in 1984–2467 in

2020 (15%). But total gardens and green spaces area have been

decreased from 1642 ha in 1984 to 909 ha in 2020 (-45%) and

barren lands have been reduced by more than 48% (−7240 ha).

Furthermore, we calculated the accuracy of the produced land

use maps by using error matrix and Statistical parameters (Kappa

indices and Overall accuracy). The values of Kappa indices (89%–

97%) and Overall accuracy (95%–98%) shows that based on

allowable statistics (above 70%), our maps and data were

acceptable (See Darvishi et al. (Darvishi et al., 2020)).

Generally, we selected eight metrics, which had the highest

significance for describing landscape pattern changes (Table 3). The

values of CA and PLANDmetrics indicate an increase in the area of

built-up land and farmlands and the decrease of other land uses

from 1984 to 2020. Based on the results during 1984–2020, urban

areas (built-up lands) increased by 7667.46 (136%) and a rate of 4%

per year. Subsequently, the farmlands totally increased by 316.08 ha

(14.7%) from 1984 to 2020 and it is because of constructions and

population increase by this period. Furthermore, gardens and green

spaces were decreased from 1641.78 ha in 1984 to 909.27 ha in 2020

(totally 732.51 ha or 44.6%). The NP metric shows the number of

isolated patches and it can indicate connectivity or fragmentation in

the landscape (Magidi and Ahmed, 2019). Based on the results, the

value of NP for built-up land decreased from 45 in 1984 to eight in

Frontiers in Environmental Science frontiersin.org05

Mahmoudzadeh et al. 10.3389/fenvs.2022.969266

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.969266


2020. This means that in this period, urban areas (built-up lands)

got more connected. An important point in this analysis is that

values of the number of green space patches decreased from 1984 to

2000 and then increased between 2000 and 2020. But, totally the

values of NP for all land covers (except built-up lands) were

increased from 1984 to 2020 which means they became more

fragmented.

The larger values of LSI show the patches are dispersed and

fragmented (McGarigal, 2015). From 1984 to 2020, the values of

the LSI metric for all land uses (excluding water bodies) were

increased, which means that the landscape of Tabriz has seen

negative changes and is becoming more complex and

geometrically disordered. Values of the LPI in the urban area

(built-up lands) have shown an increasing trend and for other

TABLE 1 The score of each land use resistance to modeling least-cost patches.

Land use/cover Built-up lands Urban pathways Water bodies Barren lands Green lands

Description Buildings, facilities and
industries

Urban roads and
passages

Streams and
canals

Barren and unoccupied
lands

Farmlands, green spaces and
gardens

Resistance values 100 80 5–50 5–50 1–5

FIGURE 3
Land use map of Tabriz metropolis for 1984 (A), 2000 (B) and 2020 (C); and change detection map from 1984 to 2020 (D).
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land covers (barren lands, farmlands, and green spaces) a

reduction trend which indicates the convergence and

fragmentation of these types of lands especially gardens and

green spaces. In other words, the built-up patches have become

larger and more connected during this time, but the other land

use patches have become smaller and fragmented. The EDmetric

refers to the disintegration of spaces and its increase leads to the

decrease of connectivity and continuity of the landscape.

Therefore, this metric can measure the fragmentation process,

and it can also determine habitat quality (Liu et al., 2016). Based

on the results, all land use classes have lost their connectivity and

converted into smaller segments. The MPS metric shows the

average size of the patches and the increase in its values in

building land use represents more connectivity in the landscape.

COHESION is an index that measures the physical connectivity

between patches, and a higher rate of that indicates patches are

physically more connected (Zhang, 2017). According to the

results, the COHESION for built-up lands has increased from

99.85 in 1984 to 99.98 in 2000, but it has been decreased for other

land uses. In other words, Tabriz landscape has become

increasingly fragmented, as other metrics also demonstrate.

Therefore, the results of the analysis of land use maps and

landscape metrics clearly showed the effect of population

increases and demand for lands in the urban landscape of

Tabriz that can be seen in the fragmentation of green spaces

under the upsurge of urban construction.

TABLE 2 Land use area changes during the 1984, 2000 and
2020 periods in Tabriz.

Land-cover Type 1984 2000 2000

Area Area Area

(ha) (%) (ha) (%) (ha) (%)

Built-up lands 5639 23.01 9937 40.55 13306 54.30

Barren/vacant lands 15035 61.36 11826 48.26 7795 31.81

Farmlands 2151 8.78 1765 7.20 2467 10.07

Gardens and green spaces 1642 6.70 945 3.86 909 3.71

Water bodies 36 0.15 30 0.12 25 0.10

Kappa indices 94 89 96/6

Overall accuracy 95/5 96/6 97/4

TABLE 3 Landscape metrics and its values from 1984 to 2020 based on land uses.

Landscape metrics
(Units)

Equation Year Built-up
lands

Barren
lands

Farmlands Green
spaces

Water
bodies

CA (ha) ∑n
j�1aij( 1

10.000) 1984 5638.68 15034.86 2151.18 1641.78 36.18

2000 9936.81 11825.64 1764.9 945.27 30.06
2020 13306.14 7795.35 2467.26 909.27 24.66

PLAND (%) ∑
n

j�1aij
A (100) 1984 23.01 61.36 8.78 6.70 0.15

2000 40.55 48.26 7.20 3.86 0.12
2020 54.30 31.81 10.07 3.71 0.10

NP (none) NP � ni 1984 45 52 69 125 3
2000 35 115 86 119 11
2020 8 346 290 378 5

LPI (%) max
j�1 aij

A (100) 1984 20.45 58.88 3.33 0.45 0.09

2000 40.13 27.30 2.36 0.31 0.03
2020 54.15 7.30 2.43 0.30 0.03

ED (m/ha) E
A (10.000) 1984 15.41 19.02 7.20 10.55 0.71

2000 19.21 19.90 7.28 6.96 0.66
2020 25.77 22.64 12.84 10.68 0.56

LSI (none) 25∑
m

k�1eik�
A

√ 1984 12.85 11.77 10.27 16.39 7.26

2000 12.13 13.78 11.29 14.27 7.45
2020 14.27 18.14 16.66 22.63 6.96

MPS (ha) ∑
m

i�1[ai]
m

1984 125.30 289.13 31.18 13.13 12.06

2000 283.91 102.83 20.52 7.94 2.73
2020 1663.27 22.53 8.51 2.41 4.93

CHOHESION (none) [1 − ∑
n

i�1pij

∑
n

j�1pij
��
aij

√ ][1 − 1�
A

√ ]−1(100) 1984 99.85 99.97 99.14 98.15 97.60

2000 99.96 99.84 99.16 97.81 95.24
2020 99.98 99.30 98.76 96.25 95.83

IIC (none) ∑
n

i�1∑
n

j�1
ai .aj
1+nlnj

A2
L
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(McGarigal, 2015), (McGarigal and Marks, 1995), (Saura

Santiago and lucía, 2008).

3.2 Ecological connectivity assessment
and identification of the core patches

The results of analyzing the values of the Cohesion index for

all land classes (in landscape level) indicate that built-up land

with a value of 99.751 having the highest Cohesion values and

ecological spaces (farmlands and green spaces) have the least

cohesion among Tabriz landscape land uses (Table 4).

Furthermore, the values of this index for the gardens and

green spaces (class level) indicate that some of the green patches

are more connected, and some have low cohesion (Figure 4).

The results of the IIC index illuminate that patches number

32, 33, 29, 4, and 9 are the most significant patches in Tabriz

landscape and are more connected (Figure 5). As shown in

TABLE 4 COHESION scores for all five land uses in city of Tabriz.

Land use/cover Built-up lands Barren land Farmlands Green spaces Water bodies

Cohesion indices 99.751 98.689 96.657 97.423 97.715

FIGURE 4
The Cohesion index values for the green spaces of the Tabriz metropolis at the level of classes (Darker patches have high connectivity and
brighter have less connectivity).
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Figure 6, these patches mainly located on the edge of the city are

less affected by the changes.

By investigating the results of the analysis of the

connectivity indices in previous sections (IIC and

Cohesion) as well as using Google earth imageries, the

most significant patches of green spaces (core patches)

were identified (Figure 6), and also areas less than 5 ha

were eliminated (to increase the accuracy of the results

and reduce the processing time). These main patches are

important from this point of view in that they are used to

increase the connectivity of ecological spaces and create

continuous green networks.

3.3 Modelling corridors network based on
graph and least-cost theory

In the meantime, Built-up lands and streets had the higher

resistance against creating ecological corridors and were almost

impenetrable. But, green lands (farmlands, water bodies, and

green spaces) and unoccupied and barren lands that cause the

least resistance are the most suitable areas for the development

of urban ecological corridors. Therefore, based on the weight

distances and the cost layer (resistance layer), the network of

corridors passes only through the area that has the least

resistance. Figure 7 shows the least-cost corridors between

core patches that designed by Linkage Mapper.

These least-cost corridors based on a resistance layer can be

practical for connecting the most important green patches of

Tabriz by the characteristic of the land cover condition and along

with unoccupied and barren lands can provide an abundance

ecosystem and social services for residents and improve the

quality of the urban environment.

FIGURE 5
IIC values for green patches bigger than 5 ha at different
distances (2500, 5000, 10000, and 15000 m).

FIGURE 6
The IIC index values for the green spaces of Tabriz city (A), and the core green patches of the city based on the results of connectivity indices (B).
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As shown in Figure 7, most of the created corridors are drawn

like a green belt around the city the main reason of which is the

geographical position of main habitats located in the suburbs.

The central part of the city is also highly resilient and it is not

possible to create ecological corridors in this area.

However, by developing the corridor networks among the

remaining green spaces and the use of potential facilities in the

city with combining effective decisions we can promote the

ecological connectivity of these spaces while preventing the

destruction of ecological spaces.

4 Discussion

The framework proposed in this research covers the past and

current trends between 1984 and 2020 to assess landscape

fragmentation and provide operational solutions for

enhancing landscape connectivity.

As a first point, our research clearly indicates that land use

changes which occurred in the city of Tabriz between 1984 and

2020 have led to unbalanced city development and reduced

gardens area, agricultural lands, green spaces, biodiversity, and

ecological connections. While in 1984, the city was mainly a

mosaic of gardens, farmlands, and barren lands, currently it has

become more urbanized and has lost many of its ecological

spaces. These results are similar to the findings of other

studies such as by Mahmoudzadeh (Mahmoudzadeh, 2007),

Rahimi (Rahimi, 2016), and Taheri et al. (Taheri et al., 2014).

The difference is that we used landscape metrics to evaluate

landscape changes that is a more efficient way to quantify

landscape changes in spatial complexity (Boisramé et al.,

2017). But, none of the other studies have examined the

landscape metrics and the ecological connectivity to detecting

landscape changes. Furthermore, a variety of indices have been

currently used to evaluate landscape ecological patterns (Tian

et al., 2014), (Magidi and Ahmed, 2019). According to research

objectives, we selected several of the most significant metrics,

such as: CA or TA, ED, MPS, MSI, LPI, NP, LSI, COHESION.

Our study also reveals the significance of landscape ecological

connectivity in biodiversity and the health of the ecosystem.

Thus, it is important to always consider this factor when

planning development to avoid increasing fragmentation and

decreasing cohesion of green spaces. As we mentioned in section

(2.2.2.), we used graph theory and least-cost modelling to assess

landscape connectivity. These tools are one of the most common

and efficient tools for exploring connectivity and fragmentation

among the various methods available (Braaker et al., 2017),

(Minor and Urban, 2008), (Wimberly et al., 2018), (Zhang,

2017), (Adriaensen et al., 2003), (Clauzel et al., 2018). The

evaluating the values of the connectivity indices indicated that

in the current situation, the ecological lands are more fragmented

and built-up lands have the highest connectivity values (see

FIGURE 7
Least-cost corridors between core patches in the city of Tabriz (these corridors are the least-cost corridors between core patches based on
Figure 6 and the higher-cost corridors were eliminated).
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Table 3). These findings highlight the necessity of landscape

connectivity and encourage managers and planners to protect

and develop green networks.

To create least-cost corridors, we suggested using graph and

least-cost theory. According to other authors (Nor et al., 2017),

(Kong et al., 2010), (Nogués and Cabarga-Varona, 2014),

(Heintzman and McIntyre, 2019) and based on the results of

this study, using the landscape ecology, the graph theory, and the

least-cost cost approach, we can simulate and analyse ecological

networks and finally provide operational solutions and optimal

development of urban ecological networks. In other words, the

comparison of the corridors generated by the proposed methods

indicates that the proposed framework can effectively help urban

planners and designers to identify core patches and create

optimal ecological networks. Generally, three types of

ecological space can be identified in the city of Tabriz based

on the results: 1) farmlands and gardens that are located mainly

in the western part of the city, 2) promenades and urban forests

located in the suburbs (north and south part), and 3) green spaces

and parks that are scattered throughout the city. These ecological

spaces with urban streams are certainly an important part of the

mosaic of the Tabriz landscape, and urban planning should

facilitate maintaining or enhancing them.

However, we have considered only some of the effective

environmental criteria in designing ecological corridors. Other

researchers can evaluate and design ecological networks more

realistic and rational by considering various other criteria such as

economic and social. Furthermore, the suggested framework can

be applied to assess the landscape connectivity and develop an

ecological network in other cities that have been fragmented and

damaged by its effects, and acceptable results have been achieved.

5 Conclusion

We have presented a framework based on the studying of

the trend of changes in the past 3 decades applying classified

multi-temporal satellite images and landscape metrics, then

the ecological connectivity of the study area in the present

condition was evaluated and finally for improving ecological

connectivity, optimal corridors as solutions were provided by

the use of minimum cost designed corridors. The proposed

framework consisted of a set of well-known and accessible

methods and models that have been used in similar

researches.

This study by its own is considered to be one of the first

researches investigating ecological connectivity in Tabriz

landscape. In the first part of the study, land use changes

between 1984–2020 were analysed by using land use maps

derived from multi-temporal satellite images and landscape

metrics. The results indicated the growth of built-up lands as

a result of urbanization and the reduction of ecological land

uses (farmlands, gardens, and green spaces) and other land

uses like unoccupied areas. This means that the landscape of

Tabriz has been fragmented over the past 3 decades and has

lost its cohesion. In the other part of this study, the ecological

connectivity of Tabriz landscape was evaluated using

Cohesion and IIC indices. The results showed the greater

uniformity of the building land and the fragmentation of the

ecological spaces. The results of these two parts indicated that

over time, building the lands have been gradually becoming

more contiguous and dominant land use in Tabriz, but the

green and ecological lands have been shrunk and interrupted

day by day.

Also, based on the results of the connectivity indices, the

most important ecological patches were identified and

prioritized that could play a vital role in the ecological in

the future. These patches are important, especially in the

central regions of the city, which have a high population and

residential density and the impossibility of placing large

habitats in these areas. The creation of green networks and

ecological development in Tabriz metropolis, regardless of

these patches, is practically impossible. In the last part of the

research, the least-cost corridors were calculated based on the

graph theory and the least-cost approach for linking between

the main patches. To achieve this goal, ecological spaces

(farmlands, green spaces, and water bodies) and

unoccupied lands in the city were considered as a potential

possibility to play an essential role in the ecological future of

Tabriz; thereby protecting these lands have great

prominence. However, our study mainly focused on the

past and current situation of the city. Consequently, the

results may face some limitations and uncertainties, and

require further investigation.

In conclusion, the destruction of habitats and their

convergence in Tabriz city is the result of years of

ineffective land management planning, which, if continued,

would make the situation even more complex. The results of

this research can be used to maintain and improve existing

corridors or to create ecological networks in the future

planning of the city of Tabriz. Through the multistage

suggested framework of this study, other researchers will

be able to identify the least-cost corridors in urban areas.
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