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Abstract: Human-caused landscape transformation represents a danger to conserving the Earth’s
natural habitats. Landscape fragmentation (LF) caused by transportation infrastructure and urban
development poses a threat to human and environmental health by increasing traffic noise and pol-
lution, reducing the size and viability of wildlife populations, facilitating the spread of invasive
species, and reducing the recreational qualities of the landscape. It is especially noticeable in the
metropolitan areas of developing countries due to rapid and unsupervised urban sprawl. In this
context, this study aims to protect natural landscapes and biodiversity, promoting forms of sustain-
able development. To exemplify our aim, we bring a spatio-temporal analysis of landscape change
comparing three metropolitan areas in the Western Balkans (WB). First, we compare the land use
land cover (LULC) changes in Tirana (Albania), Skopje (North Macedonia), and Sarajevo (Bosnia
and Herzegovina). The comparison was based on the Urban Atlas (UA) data of 2012 and 2018. The
analysis was performed on two levels, at the metropolitan and urban spatial scales. Apart from
descriptive statistics about the changes in surface area and patch counts, we used effective mesh
size (meff) as a landscape metric to quantify the LF level. Our results show that each city has faced
significant LULC change between 2012 and 2018, with a dominant increase in artificial surfaces.
Furthermore, the cumulative natural surface area reduction is followed by increased landscape
patch counts, indicating an increased LF at both levels. This study enhances public awareness about
the landscape transformation trends in the developing metropolitan regions of WB. The respective
administrative bodies at both local and central levels are invited to consider our results and adopt
proper measurements to reduce the adverse consequences of subsequent spatial development de-
cisions.

Keywords: landscape; fragmentation; urban fragmentation; territorial fragmentation; connectivity;
patches; biodiversity

1. Introduction

Worldwide, urbanization is rapidly growing. In the next decades, the population liv-
ing in cities is expected to increase [1]. Urban development is a necessity of human socie-
ties, but controlling and well supervising it has been a continuous challenge. Processes
such as landscape transformation and habitat fragmentation are among the direct conse-
quences of the urban sprawl of existing cities [2]. Many studies show that the spatial ex-
pansion of metropolitan areas is rising faster than the increase in the respective popula-
tions that occupy these lands [3-6], causing habitat fragmentation at different levels [7].
Consequently, uncontrolled urbanization processes destroy, alter, and dissect the existing
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natural and semi-natural ecosystems while concurrently creating smaller habitats at a
finer spatial scale. With urbanization, the size of semi-natural patches shrinks, and heavily
populated areas are distinguished by small patches divided by highways, towns, or in-
tensively maintained agricultural land [8].

Indeed, even small semi-natural areas, such as green surfaces and natural elements,
such as single trees, in heavily inhabited areas improve human well-being and contribute
to residents’ health [9]. Adapting nature and urban surroundings in densely populated
areas can support native species and enhance human health [10]. Landscape fragmenta-
tion is a significant cause of the disturbing reduction of many wildlife species in Europe
due to transport networks and urban sprawl [11,12]. Wildlife ecosystems are adversely
impacted by roads and railroads by reducing habitat and quality, increasing mortality due
to car collisions, limiting or blocking access to services across transport networks with
barrier effects, and separating and isolating animal populations into smaller and more
vulnerable communities [13-15].

Many European countries have stressed the need to protect biodiversity and main-
tain connectivity between the remaining natural areas for the movement of species, in-
cluding migration and dispersal, access to various habitat types and other resources, re-
colonization of empty environments, and genetic exchange between populations [12].
While developed regions in Europe are positively moving forward in this respect, devel-
oping regions, such as south-eastern Europe and especially the Western Balkans (WB),
continue to face rapid and uncontrolled urban sprawl against the surrounding natural
and semi-natural areas.

WB region is categorized by diverse geographies and unique habitats. For example,
the recent literature reports that the rarest wild watercourses remaining in Europe are
found in the WB [16,17]. The region is home to rich biodiversity, including plenty of en-
demic species of flora and fauna. Recently, urban sprawl, land abandonment, habitat loss,
infrastructure projects, and other pressure have threatened this natural treasure [18]. Es-
pecially in the metropolitan areas of WB, the pressure of land use change along the urban
watercourses is acknowledged by Pilua et al. [19]. Countries in the region have under-
taken essential initiatives to protect biodiversity and nature areas: particularly in recent
years, the size of protected areas in the region has risen gradually [20]. However, the EU
goal of preventing biodiversity loss by 2010 has not yet been reached [21].

In addition to human activity’s impact on semi-natural and natural areas, recent
studies highlight the consequences of global climate change as an amplificatory of land-
scape transformations [22,23]. Consequently, alterations in micro-climates of the region
are expected to have a major effect on the region’s biodiversity. In addition to the general
global biodiversity changes, degradation at a coarse scale could also influence the region’s
rich local biodiversity. More specifically, according to previous studies, the area has un-
dergone major land cover shifts regarding the usage of natural resources. In 2000, about
45% of the land was used for agriculture in the WB, and another 40% was covered by
forests [24].

In addition to the expansions surrounding urban areas, a remarkable proliferation
has also occurred regarding tourist developments in coastal areas. Furthermore, the re-
duction in habitat quality due to climate change, natural hazards, or human intervention
in the WB may directly affect large-scale habitat networks’ biodiversity and ecological
services to belong at a pan-European level [25]. Thus, the safeguarding of the unique nat-
ural and semi-natural areas in the WB is of vital importance.

In this context, this study aims to highlight the landscape transformation trends in
developing countries (WB) based on available land use land cover (LULC) data. We hy-
pothesize that, between 2012 and 2018, remarkable LULC changes have been dominated
by the transformation of natural and semi-natural surfaces into artificial ones, especially
around metropolitan areas.

In addition to the quantitative assessment based on surface area and patch counts,
we expand our analysis by measuring landscape fragmentation (LF) during the same
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period. As a fragmentation measure, we use the effective mesh size (meff) originally pro-
posed by Jaeger [26,27]. As roads and urban growth are associated with a variety of hu-
man behaviors, meff also serves as an indicator of other human disruptions causing land-
scape fragmentation. Thus, this study aims to raise the following questions:

e  What are the spatio-temporal transformation dynamics among Western Balkan met-
ropolitan areas based on Urban Atlas (UA) evidence?

e  What is the degree of LF in metropolitan Tirana, and how does it differ from other
WB metropolitan regions, such as Sarajevo and Skopje?

e  What are the degree and spatial extent of landscape fragmentation in Tirana today?

e What are the potential causes of why some regions are more or less fragmented than
expected?

e  What are the recommendations for the better management of landscape transfor-
mation and fragmentation to guide effective, sustainable management strategies in
metropolitan areas of developing regions such as the WB?

2. Materials and Methods
2.1. Study Area

This study analyzed the landscape transformation dynamics of three metropolitan
hubs in the WB, being Tirana, Skopje, and Sarajevo. The selected metropolitan areas (Fig-
ure 1) are home to the capital cities of Albania, Macedonia, and Bosnia Herzegovina, re-
spectively. They share several similarities and differences, characterized by social, eco-
nomic, and geophysical factors. Before delivering a brief information about each selected
city, it is worth mentioning that all three cases have faced significant landscape transfor-
mations following the political changes of 1990s. During this transition period, there have
been prolonged processes of formalizing the informalities not only in socio-economic as-
pects but also the urban development [28]. This allowed the informal urban development
that surrounds the selected capital cities.

Most of these areas are occupied by informal housing, which is defined as a settle-
ment that does not rely on the existing law and regulations of the respective administra-
tive unit [29]. About 15 years after the political changes of 1990s, only in Albania, the sur-
face area covered by informal settlements was officially measured as 3200 km? (about 11%
of the whole country), 36% of which was only in the urban areas [30]. Urban migration is
an important trigger of this transformation. WB countries have faced remarkable increase
in the urban population between 1990 and 2018. Albania faced the highest rates of urban
population increase jumping from 36% in 1990 to more than 60% in 2018. While the urban
population of Montenegro increased from 48% to 66.7%, Bosnia and Herzegovina experi-
enced a relatively lower urban population growth, raising from 39% to 48% within the
same timeframe [31].

Tirana is the capital and the largest city of the Republic of Albania both in terms of
area and population. It occupies the central part of the country, between the Dajti Moun-
tain in the east, the Krrabe, Sauk, and Vaqarr hills in the south, and a valley opening to-
wards the northwest that faces the Adriatic Sea. The average altitude is 110 m above sea
level, with a peak of 1828 m. Following the political transition of the 1990s, Tirana has
exponentially expanded in size and population. The territorial transformation in the area
has been characterized by accelerated growth, heavy traffic, and booming informal con-
struction of stores, homes, and squatter communities. Demographic data indicate that Ti-
rana’s population in 2021 was expected to exceed 502,734. Tirana is one of Europe’s most
diverse cities. It is a region traversing normal and prolonged transformation, still the most
challenging and dramatic problem in our time [32].
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Figure 1. Metropolitan areas of Tirana, Skopje, and Sarajevo including the respective LULC (based
on Urban Atlas data of 2018).

While Skopje is home to almost a third of the population of North Macedonia, the
current population is about 600,000. Skopje is situated in the country’s northwestern cor-
ner, in the heart of the Balkan Peninsula, roughly midway between Belgrade and Athens,
and in-between other key transport corridors connecting Central Europe with Asia Minor
and the Eastern Mediterranean [33]. The city of Skopje spans more than 33 km inside its
administrative boundaries, yet it is just 10 km wide. Skopje is around 245 m above sea
level and covers 571.46 square kilometers. The urbanized area is just 337 km?, with a pop-
ulation density of 65 per hectare. In recent decades, Skopje has experienced tremendous
land use change causing many social-ecological problems, such as air pollution, urban
heat islands, and related health issues [34,35].

On the other hand, Sarajevo is the country’s capital and the most populous city. The
population of the central city exceeds 275,000 inhabitants. However, the population of the
entire metropolitan region extends beyond 555,000 inhabitants. The city is surrounded by
dense forest hills and mountains, covering 142 km? and 500 m above sea level. The Tirana
and Sarajevo metropolitan areas have been compared before in terms of natural hazards,
such as wildfires [36]. However, in this study, we included Skopje among the comparative
cases due to the comparable scale and background of the three cities, including Tirana and
Sarajevo, as shown in Figure 1.
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2.2. Method and Workflow of the Study

The workflow of the study consists of three main phases, as shown in Figure 2. In the
first stage, we assessed the LULC differences for three metropolitan areas based on the
UA records for 2012 and 2018. This phase includes a general statistical analysis of a re-
gional metropolitan area of the three cities compared between years. In the second, we
introduced a re-classification procedure of the UA classes into four main categories: arti-
ficial, semi-artificial, semi-natural, and natural. In this stage, the focus was on each city’s
urban and peri-urban zones. The former refers to the urbanized core of each city, includ-
ing denser and concentrated artificial surfaces, while the peri-urban zone refers to the
scattered artificial surfaces that surround the vicinity of the urbanized core. Both are well-
defined based on the UA classes, as explained in Section 2.3.

URBAN ATLAS

[ Tirana H Skopje HSarajevol

REGIONAL
General Analysis

Urban- Periurban
analysis

Re-classification

Tirana
urban core
Artificial
Buffer 100m
Semi-Atrtificial
CLIP .
UA within urban core Semi-Natural
Natural

Natural Areas

meff formula

Figure 2. The workflow of the method applied.
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We decided to rely on the effective mesh size (meff) method to quantify/measure LF
in the selected study areas. The calculation of meffis a practical indicator characterized by
mathematical simplicity and intuitive understanding. It helps to determine both the inter-
patch and intra-patch connectivity of the landscape. It indicates that the two randomly
selected points in the landscape are connected and not isolated by barriers such as roads
or urban areas. The possibility of the connectivity experience is translated to the size of an
area, named the effective mesh size. The more the amount barriers in the landscape, the
lower the chance of linking the two places and the lower the meff indicator. The lower the
meff, the more the landscape becomes fragmented. With an unfragmented area, the max-
imal value of the effective mesh size is reached: meff is equal to the size of the whole area.
If an area is composed of two separate equal-sized patches, meff is equal to the size of a
single patch or half of the whole area [26].

We utilized QGIS 3.10 software and Urban Atlas (UA) dataset, which enabled us to
compare the selected urban spatial patterns. UA is an open-source geospatial database
prepared by the European Environment Agency (EEA) based on a combination of statis-
tical image classification and the visual interpretation of very high-resolution satellite im-
agery with a minimum mapping unit of 0.25 ha at minimum width of 10 m. Vector format
(every land use entity is a polygon) is used by the database. It has been developed from
satellite images of 2006 + 1 year with a map scale of 1:10,000. The UA collects thousands
of European satellite imagery and offers an extensive and cost-effective mapping of large
urban areas, including detailed statistics on land cover and use [37].

During the third phase, we focused on Tirana’s urbanized zone to assess the level of
landscape fragmentation. First, we applied a buffer of 100 m to the artificial and semi-
artificial surfaces as defined in the re-classification step of the workflow (Figure 2) based
on UA data. Then, we dissolved these patches to a single one and performed a second
reverse buffer (-100 m) to reduce the range of error. This enabled the identification of the
study area boundary, which includes all types of surfaces within an urbanized core. In the
next phase, we selected only the natural and semi-natural surfaces within the new bound-
ary to be analyzed.

An important step in the following analysis refers to the application of different buff-
ers, such as 4 m, 8 m, 16 m, and 32 m, which are illustrated in Figure 3. Considering that
the standard width of a road lane is 3.65 m [38], we applied different buffer zones of 0 m,
4 m, 8 m, 16 m, and 32 m in five connectivity levels. These buffer distances may seem too
small compared to the resolution of UA data regarding LULC surfaces (patches). How-
ever, the mapping guide by Copernicus states that, for the roads within the transportation
network that are less than 10 m in width, the mapping procedure utilized other data, such
as Open Street Map (OSM) navigation data [39]. Thus, the available UA data that we uti-
lized in this study include the roads at width of 6 m, by justifying our smallest buffer (2 x
4 m).

no bufler bufler 4m bufler 8m bufler 16m bufler 32m

Figure 3. [llustration of buffer zones, where the road width is 3.65 m.

The first level relies on the current situation of the road network with no buffer. The
second level assumes all natural surfaces are 4 m wide (buffered by 4 m). Thus, roads
narrower than 8 m are removed from being a fragmenting agent. The buffered patches
were dissolved to unify the overlapping (connected) patches. Then, the dissolved layer
was reversely buffered again with a minus value to reduce the range of error during meff
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calculation. A similar procedure was applied for the consecutive buffer levels. After this,
the effective mesh size (meff) formula was applied to measure the LF only for Tirana City.

2.3. Materials of the Study: Urban Atlas

Urban Atlas provides a relatively high-resolution LULC map of urban regions, in-
cluding 300 European cities with populations of over 50,000 people (data of 2012 and 2018)
[40]. According to the Functional Urban Area (FUA), each UA product is created by cov-
ering the city and the related hinterland. There are 27 classes in total within the nomen-
clature of the UA, of which 17 are urban classes, and the remaining classes belong to rural
land cover types [41]. The classification of the UA is more detailed (4 levels) compared
with CORINE Land Cover (CLC) data. With the UA dataset, it is possible to study Euro-
pean cities in several different ways. One method is to quantify the percentage coverage
of various forms of land use. By the study of spatial metrics, this may be revealed. Indica-
tors estimated from a patch-based landscape representation are spatial metrics initially
introduced in landscape ecology [42].

Six classes of artificial surfaces, the ‘urban fabric’, define built-up stages so they can
be used instead of land-use classes as land cover. There are five different classes for
transport (fast transit roads, other roads, railroads, ports, and airports) and six for other
purposes (including industrial, commercial, public, mineral mines, building fields, prop-
erty, vacant land, green urban areas, and recreational/sporting facilities) [42].

Within the scope of the second phase of the analysis workflow, we re-grouped the
UA classes under four umbrella classes, as shown in Table 1: artificial, semi-artificial,
semi-natural, and natural. This re-classification makes the spatiotemporal comparison
easier and more understandable.

Table 1. The re-classification of the UA classes into four categories; artificial, semi-artificial, semi-
natural, and natural.

Re-Classification Urban Atlas (UA) Nomenclature

11,100
11,210
12,100
11,220
13,300
ARTIFICIAL 12,210
12,220
12,230
12,300

12,400

Continuous urban fabric (>80%)

Discontinuous dense urban fabric (50-80%)

Industrial, commercial, public, military, and private units
Discontinuous medium density urban fabric (30-50%)
Construction sites

Fast transit roads and associated land

Other roads and associated land

Railways and associated land

Port areas

Airports

11,230

SEMI-11,240
ARTIFICIAL11,300
13,100

Discontinuous low-density urban fabric (10-30%)
Discontinuous very-low-density urban fabric (<10%)
Isolated structures

Mineral extraction and dumpsites

13,400
14,200
SEMI-NATURAL21,000
22,000
24,000

Land without current use

Sports and leisure facilities

Arable land (annual crops)

Permanent crops (vineyards, fruit trees, and olive groves)
Complex and mixed cultivation patterns

14,100

23,000
NATURAL

31,000

32,000

Green urban areas

Pastures

Forests

Herbaceous veg. associations (natural grassland)
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33,000 Open spaces with little or no veg. (beaches, dunes, etc.)
40,000 Wetlands
50,000 Water

2.4. Effective Mesh Size as a Spatial Metric

Spatial metrics are used to describe landscape indices that can be used to compare
the structures of different cities. The spatial and landscape metrics (LM) analysis of urban
environments has become increasingly relevant in the last two decades [43] to investigate
specific intra- and intercity systemic spatial elements and the dynamics of development
[37]. Spatial metrics are factors that assess the patterns of LULC in the territory. They are
classified as mathematical expressions of patch features, such as field, perimeter, geome-
tries (form), and urban relativity. Patches in all land use classes are determined by analy-
sis; thus, a feature of land use trends in the entire urban area is represented with a common
indicator [37].

The utility of LM in understanding urban and natural systems is expanding beyond
the assessment of the physical structure of the land. The recent literature reports that the
usage of LM for further understanding phenomena related to the environment, LULC
transformation, ecosystem services, spatiotemporal dynamics in land uses, and many oth-
ers have expanded [43]. Thus, selecting the most suitable LM for the scope and objectives
of a specific study remains a challenge.

In this study, we decided to use the LM of effective mesh size (meff) as it delivers
meaningful information for assessing landscape fragmentation as a key phenomenon of
local and regional planning [44]. The meff method has already been applied in various
developed countries, such as USA, France, Germany, and Switzerland. However, similar
studies are rare in developing regions such as the Western Balkans, where LULC trans-
formations are at critical rates. To our knowledge, the study by Hasa et al. [45] is the only
work that reports the application of meff to assess the LF in Albania, utilizing CLC data at
a national level. CLC data have also been used for assessing the landscape fragmentation
caused by the local administrative boundaries in Albania [46], while studies focusing on
a metropolitan scale that utilizes high-resolution geospatial data, such as UA, are lacking.

Initially, meffis an LM developed and introduced by Jaeger [26]. It relies on the prob-
ability that two distinctive point locations are connectable and not separated by obstacles
(such as human infrastructure or natural elements) [47]. In other words, it can be defined
as the mean area within the landscape mosaic that is fully accessible by a species randomly
located in the landscape. Furthermore, meff quantifies both inter- (among patches) and
intra- (within a single patch) connectivity within a landscape mosaic [48] and is calculated
according to Equation 1. A recent study has shown that meff is a reliable LM for urban
studies, as shown in the case study comparing Lisbon and Montreal [49].

n
1
m=—> a2 (1)
A 4
=1

where m represents meff; n represents the patches quantity; A1 and A« represent the sizes
of each patch from 1st to nth patch, respectively; and A: represents the total area of the
studied landscape mosaic.

3. Results

Our results report the LF assessment and comparative spatiotemporal analysis of
landscape dynamics using QGIS 3.10 software, performed in three phases: (i) general sta-
tistical analysis of regional metropolitan area by the distribution of each Urban Atlas class
for the selected city; (ii) comparing them in the 2012-2018 years; and (iii) showing the
differences of these years focusing on the peri-urban and urban areas of each city. In ad-
dition to the comparative part, we performed a more detailed LF assessment for the case
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of Tirana based on the meff metric. In this phase, a statistical comparison was calculated
according to the number of patches and total area for each category.

3.1. First Phase

First, we assessed the LULC transformation dynamics by comparing UA data from
2012 and 2018. The chart shown in Figure 4 represents the change in percentage for each
UA class in patch amount and surface area. In the case of Tirana, forests have the highest
percentage value of 36.83% in 2012 and 36.7% in 2018 as total area. On the other hand,
forest patches count for 4.72% in 2012 and 4.67% in 2018 of the total patches within the
study area. Both above-mentioned records imply that forest areas have large geometries,
and they are relatively better-connected. Railways and associated land have the lowest
value of 5% of the total area in both 2012 and 2018, followed by sport and leisure facilities
at 6% in 2012 and an increasing value of 9% in 2018, while also, in some geometries, they
have the lowest values. We provide the full records of the total area and count of patches
of Tirana for 2012-2018 in Figure Al. According to the comparison chart between 2012
and 2018 (Figure 4), industrial, commercial, public, military, and private units’ surface
areas increased by 22%, while their patch amount increased by 47%.

Tirana Skopje Sarajevo
F 1
S i |
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[I i [
] — =
| B
[::l ‘] [:]
W i F
:] ? E:I
5 — “n
= — g
- S !
i f
— —— Em—

10% 0 10% 20% 30% 40% 20% -10% 0 10% 20% 30% 20% -10% 0 10% 20% 30% 40%

Figure 4. Statistical analysis of difference (2018-2012) count of patches (red) and total area (blue) for
Tirana, Skopje, and Sarajevo.

In the case of Skopje, the highest values of the total area belong to the agricultural
areas. The highest is arable land scoring 37.24% in 2012 and 36.85% in 2018. Herbaceous
vegetation associations and forests follow agricultural land. At the same time, the lowest
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values are for complex and mixed cultivation patterns and construction sites. On the other
hand, the highest value of patch amount is recorded by discontinuous, very low-density ur-
ban fabric S.L.: <10%, with 20.29% in 2012 and 20.6% in 2018.

In comparison, the lowest number of patches belongs to complex and mixed cultivation
patterns and wetlands. According to the comparison between 2012 and 2018 (Figure 4), we
have an increase of 27% in surface area values of industrial, commercial, public, military, and
private units. They are followed by construction sites, which score an increase in surface
area by 10%. On the other hand, the surface area of land covers, such as arable land, pas-
tures, and forests, decreased, similar to Tirana’s case. Figure A2 shows detailed information
about the total area and count of patches of Skopje for both years and the comparison
between them.

The lowest surface area values belong to construction sites, fast transit roads, and
associated land and permanent crops in 2012, while for 2018, the lowest surface area be-
longs to permanent crops, followed by construction sites, continuous urban fabric S.L.:
>80%, and railways. On the other hand, the records based on the patch count report that
the highest value belongs to discontinuous, very low-density urban fabric S.L.: <10%, scor-
ing 17.93% in 2012 and 17.91% in 2018, while permanent crops, fast transit roads, and
railways have the lowest amount of patch geometries.

According to the comparison between 2012 and 2018 (Figure 4), we obtained similar
results to Tirana and Skopje, as the land surface area of industrial, commercial, public, mili-
tary, and private units face an increase of 27%. They are followed by fast transit roads (in-
creasing by 6%), while pastures, forests and arable land face a decrease in surface area. Figure
A3 shows the results of the total area and count of patches for Sarajevo regarding 2012
and 2018. Figure 4 reports all comparative results by total area and count of patches for
each class for 2012 and 2018.

3.2. Second Phase

In the second phase, we focused on each city’s urban and peri-urban areas. First, we
defined the urban core based on the UA database as explained in the Methods Section.
We searched for the surrounding areas, which are in the closest vicinity (within 100 m
distance). This procedure helped to define smaller study areas within the UA metropoli-
tan boundary, as shown in Figure 5. Since all three cities are developing, present-day peri-
urban zones have become intimately bound-up with notions of (more) sustainable urban-
ization and urban development.

Skopje D

Figure 5. A map defines the urban and peri-urban boundaries for Tirana, Skopje, and Sarajevo.

Moreover, since each city has a different urban sprawl direction and intensity, the
study areas are different in shape and area. The following comparative results rely on the
re-classification into four categories: artificial, semi-artificial, semi-natural, and natural
(see Table 1). According to Figure 6, all three cities experienced a significant increase in
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artificial surfaces between 2012 and 2018 (see Figure A4). Similarly, they all faced a re-
markable decrease in natural surfaces. However, while the semi-natural surfaces of Skopje
and Sarajevo decreased, they significantly increased in the case of Tirana.

800
600
400

I -

| |
-200 Artificial Semi-Artificial Sem‘i-Na ural atura

HA

-400
-600
-800
-1000
-1200

@Tirana [1Skopje [ISarajevo

Figure 6. Statistical analysis, comparing each city’s urban and peri-urban differences (ha) in 2018-
2012, according to the re-classification into four categories.

The chart in Figure 6 shows the comparative results making the among between the
three cities clearer. In Tirana, we have an increasing value of 218 ha in semi-natural areas,
followed by 184 ha in artificial areas, 9 ha in semi-artificial areas, and a decreasing value
of 220 ha for natural areas. Skopje also increased in artificial and semi-artificial areas by
566 ha and 120 ha, respectively. However, unlike Tirana, the semi-natural areas of Skopje
decreased by 593 ha, and natural areas increased by 965 ha. On the other hand, Sarajevo
has the highest decreasing value in natural areas at 250 ha, followed by semi-natural areas
at 17 ha. Additionally, it has increasing values for the artificial and semi-artificial areas, at
168 ha and 57 ha, respectively. According to Figure 6, we can observe that Skopje has the
highest increase in artificial areas and the highest decrease in semi-natural and natural
areas.

3.3. Third Phase

After the analysis at the urban level, the third phase of the analysis focused only on
Tirana’s urban area by calculating the meff metric. At this stage, we extracted only the
natural areas of the urban core based on the previous phase. This stage aimed to perform
a meff analysis and assess the fragmentation level among natural surfaces within Tirana’s
urban area (Figure 7).
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Figure 7. Tirana’s urban area within Tirana’s entire region.

The meff procedure was performed in five connectivity levels (buffers), according to
different road widths as briefly explained in Section 2.2. It relies on the fact that the trans-
portation network is the main fragmenting agent in the urbanized landscapes. We applied
the procedure for both 2012 and 2018 to understand the trend in landscape fragmentation
among natural surfaces in the urbanized Tirana. Figure 8 shows the mapping results of
the five-level meff calculation for 2018.

Table 2 reports numerical data about the meff results for 2012 and 2018. The visual
results of Figure 8 are aligned with the numerical results shown in Table 2. For instance,
there is a continuous increase in meff from level 1 to level 5. The highest increase occurs
between level 1 and level 2. Consequently, we can determine that narrow roads (small-
sized) are Tirana’s main natural-landscape-fragmenting agents. Following the same re-
sults, we conclude that the fragmentation among natural surfaces within urbanized Tirana
increased in 2018 compared to 2012. This is evident when comparing all three parameters,
the total area values, the total meff, and the total number of geometries. This may indicate
an increase in the investments in transportation infrastructure and new building construc-
tion within the analyzed six-year period (2012-2018).
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Figure 8. meff analysis applied on (a) the Tirana case based on buffer distances of (b) 0 m, (c) 4 m,
(d) 8 m, (e) 16 m, and (f) 32 m based on UA of 2018 records.

Table 2. Results of meff for 2012 and 2018.

2012
Buffers 0 4 8 16 32
Total area (ha) 3715.937 3743.07 3764.385 3794.052 4186.495
Total area (ha) 25.86040535 251.4593764 311.4409077 405.798178 750.6417115
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No. of geome-

. 1004 886 578 368 174
tries
2018
Buffers 0 4 8 16 32
Total area (ha) 3609529 3634373 3654405 3689241 4091373
Total area (ha) 25.5546867 235.7869958 294.393295 375 745.4720198
No. of geome- 1016 928 605 385 179
tries

We analyzed the case of Tirana in detail. We identified four focal areas within the
urban core (zoomed-in spots shown in Figure 9), which after the applied buffers, have the
potential to reach connectivity through small interventions to reduce LF. The first area is
in the Domje-Berxulle area (Figure 9a). The second zoomed-in area is found near the
Paskuqan region, shown in Figure 9b. The third selected area is in Yzberisht-Mezez (Fig-
ure 9c), and the fourth and largest is Shkoze-Farke-Lunder (Figure 9d).

After applying the buffering procedure shown in Figure 3 and rerunning the process,
we generated the hypothetical landscape connectivity map, shown in the second map in
Figure 9 (indicated with “y”). The highlighted (circled) areas indicate zones with potential
meff connectivity values, where landscape interventions (wildlife overpass, tunnels,
among others) could significantly improve landscape connectivity. Consequently, we pro-
pose this method as a fast quantitative landscape evaluation methodology that provides
accurate graphical and statistical findings to organizations in charge of spatial planning
and management decision making in Albania, Bosnia and Herzegovina, North Macedo-
nia, and other Western Balkan countries.
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Figure 9. Zoomed-in spots: (a) Domje-Bérxull, (b) Paskuqan, (c)Yzberisht-Mezez, and (d) Shkoze-

Farke-Lunder.
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4. Discussion
4.1. Implications of the Results

The results of all three phases suggest that urbanization, transportation infrastruc-
ture, and industrial development are the main causes of LF in the selected metropolitan
areas. Urban sprawl, new infrastructure projects, and agricultural activities are examples
of LULC transformation that might occur in the future due to population increase, land
consumption, and continuing migration. This has happened in Tirana in the last three
decades, when uncontrolled migration towards Tirana resulted in informal urban sprawl,
causing significant landscape fragmentation rates. Similarly, Sarajevo has faced unsuper-
vised migration, especially during the civil war in Bosnia and Herzegovina, which have
had similar informal urban sprawl, reducing sub-urban landscape connectivity.

Our results align with previous studies performed in different developing geogra-
phies. For example, Qi et al. reported significant findings from their study on land frag-
mentation in the context of rapid urbanization based on the example of Taizhou city in
China. They assessed the remarkable increase in built-up areas against cropland, forest,
and fallow land, which were reduced between 18% and 28% [50] during 1995-2010, a sim-
ilar timeframe with our study. Similarly, Fenta et al. presented the increase in built-up
area, which corresponded to an average of 9% in Mekelle City of northern Ethiopia [51].
They showed that, within the period of 1984-2014, about 88% of the built-up area expan-
sion occupied agricultural lands. In another study from Nepal (the Kathmandu Valley on
the foothills of Himalaya), Ishtiaque et al. reported the landscape transformation that took
place in the last 40 years in the metropolitan area of the valley [52]. According to their
results, urbanized surfaces enlarged by 412% in 30 years, again occupying mostly agricul-
tural lands.

The results of the first two phases of our study deliver similar findings with the
sources cited above. This is due to the social, economic, and political issues that develop-
ing counties share, regardless of their location. Despite their specific socio-cultural differ-
ences, as reported, they all have faced unprecedented growth in the expansion of urban
areas. While the topic of landscape transformation via LULC change in developing coun-
tries is widely represented by the current literature, studies that assess landscape frag-
mentation within this transformation are rare. Therefore, our study contributes by ex-
panding the scope of spatio-temporal landscape transformation studies to landscape frag-
mentation assessment.

For example, the results of the third phase of our study show that the landscape frag-
mentation caused by transportation network is significant. However, proper interventions
such as wildlife over-passes or underground transportation tunnels may improve the sit-
uation of landscape fragmentation at the metropolitan scale. The results of this study can
help responsible parties in their respective countries to evaluate the barrier impact of each
type of urban intervention and promote connectivity-oriented initiatives to reduce natural
LF and enhance the endemic fauna and flora communities’ minimum requirements.

4.2. Limitations and Further Improvement of the Method

At this stage, we applied buffers according to the standard road width, referring to
the relevant literature [38]. The buffering procedure aims to present a hypothetical sce-
nario where existing natural patches that are fragmented by road networks be connected
(dissolved into each other) after being buffered by the width of the road separating them.
The existing literature report that landscape fragmentation analysis is very sensitive to the
grain size of the utilized data [53]. According to our study, UA resulted satisfactory to
analyze the inter-patch landscape fragmentation caused by transportation networks, due
to the fine scale of UA for linear elements such as roads.

However, while considering the grain size of UA data at the patch level, there is space
for further improvement of our method. The available UA data have a minimum mapping
unit of 0.25 ha at the patch level, which can be insufficient to retrieve intra-patch landscape
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connectivity at finer scales within larger patches. This is vital, especially when considering
wildlife habitats within the metropolitan area, where the availability and connectivity re-
lation in patches smaller than 2500 m? is significant to be considered. The habitat connec-
tivity of smaller patches that are home to small species is crucial to sustain their survival
within areas that are facing increased pressures of urban development. The landscape
connectivity of these habitats enables an expanded food web among wildlife species [54].

Indeed, the availability and accessibility of satellite imagery is very important for
landscape transformation analysis, especially in developing countries that lack historical
data, such as Western Balkans countries (Albania, Bosnia and Herzegovina, and North
Macedonia). In this study, we relied on open-source LULC (UA) data provided via the
Copernicus program by European Environment Agency. This limited the study to a spe-
cific timeframe (2012-2018), ignoring the latest landscape transformation that can be de-
tected via the available satellite images. Yet, the available satellite images do not provide
a finer resolution than 10 x 10 m [55]. However, the recent developments in UAV technol-
ogies enable much finer LULC classification [56,57], and eventually, they will facilitate a
habitat fragmentation analysis at the small patch level. The usage of UAV technology is
relatively affordable and must be employed to assess and monitor landscape fragmenta-
tion among Western Balkan metropolitan areas.

5. Conclusions

This study analyzed the spatio-temporal dynamics of landscape transformation in
Western Balkan metropolitan areas. The study area consisted of Tirana’s metropolitan re-
gion (Albania) compared with two Balkan cities, Skopje (Northern Macedonia) and Sara-
jevo (Bosnia and Herzegovina). The raw data are based on Urban Atlas, a database of
open-source geographic data sources that provide information on LULC. Landscape frag-
mentation analysis was based on the effective mesh size (meff) landscape metric. A hier-
archical process with three phases was defined by the method used. The analysis started
with macro-scale landscape transformation dynamics, comparing the three metropolitan
areas. Then, the comparative LULC transformation dynamics within the urbanized zone
were performed. Lastly, we assessed the landscape fragmentation using meff metric by
focusing on Tirana at the urban scale.

According to the results of all phases, it can be observed that, in all three cases, there
is a trend of decreasing values in natural areas, which are substituted with construction
sites, industrial, commercial, public, military, and private units, and fast transit roads and
associated land. Transportation networks are highlighted as the main driver of LF. Yet,
the results show that landscape connectivity is improvable based on the buffering proce-
dure presented in this paper. Since Tirana, Sarajevo, and Skopje are metropolitan areas in
developing countries where significant transportation network investments are yet to be
made, decision makers must address LF issues. When designing new transportation plans
for developing areas, planners must consider the existing habitat mosaic and reduce the
impact on landscape connectivity.
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Figure A1. Total area and count of patches of Tirana for 2012-2018 and differences, showing the

four highest and four lowest values.
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Figure A2. Total area and count of patches of Skopje for 2012-2018 and differences, showing the

four highest and four lowest values.
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Figure A3. Total area and count of patches of Sarajevo for 2012-2018 and differences, showing the

four highest and four lowest values.
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Figure A4. Each city’s ha results for 2012-2018 and their difference values.
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