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Abstract: Cities in the Global South are experiencing profound demographic shifts, rapid economic
growth, and unchecked urban sprawl, resulting in significant transformations in peri-urban land-
scapes. This paper focuses on assessing the impacts of chaotic urban expansion in the peri-urban
areas (PUAs) of Greater Cairo (GC), serving as a notable case study in the Global South. By analyzing
satellite imagery from 2001, 2011, and 2021, this study examines changes in land use/cover (LUC)
within GC’s PUAs. Employing five landscape metrics—Landscape Expansion Index (LEI), Percentage
of Landscape (PLAND), Fractal Dimension Index (FDI), Mean Patch Size (MPS), and Largest Patch
index (LPI)—the research elucidates the adverse effects of unplanned urban expansion in GC’s PUAs.
The analysis reveals a substantial loss of over 51 thousand hectares of arable land, raising concerns
about food security in the region. Notably, the LEI identifies edge expansion as the predominant
urban expansion pattern, while PLAND, FDI, and LPI metrics underscore landscape fragmentation
within the peri-urban landscape. These findings have significant implications for authorities and
researchers engaged in sustainable development efforts in PUAs. This study lays a crucial foundation
for the formulation of successful management strategies to mitigate the adverse consequences of
unplanned urban expansion in the PUAs of GC and similar regions worldwide.

Keywords: peri-urbanization; urban sprawl; land use/cover change; landscape pattern; urban
expansion index; Greater Cairo

1. Introduction

The Global South is currently undergoing unprecedented urbanization and expansion
marked by rapid demographic shifts, rural-to-urban migration, and economic develop-
ment [1]. This transformative surge has given rise to a proliferation of cities, reshaping
landscapes and engendering intricate challenges at the nexus of urban and rural spaces, par-
ticularly within peri-urban areas (PUAs) [2,3]. Against the backdrop of rapid urbanization,
scholarly attention has increasingly turned towards elucidating the nuanced dimensions of
peri-urbanization in the Global South and its implications for spatial development [4-7].
Peri-urbanization, a multifaceted process, encapsulates the intricate dynamics of urban
expansion and the evolving patterns of land use and livelihoods within these transitional
zones [8,9].

Within PUAs, the landscape reflects a pronounced anthropogenic influence, surpass-
ing the transformations witnessed in surrounding rural areas [10]. This anthropogenic
pressure manifests in adverse impacts on vital environmental components such as soil,
water, wetlands, and biodiversity [11,12]. Compounded by the distinctive socioeconomic
dynamics of PUAs, the impact of such anthropogenic changes on environmental matrices
unfolds with a swiftness and depth unparalleled in rural settings [13,14].
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Notably, the growth patterns of cities in the Global South have transformed, shifting
from concentrated expansion to dispersed, low-density development [8,9,15]. This trans-
formative phenomenon manifests prominently in PUAs, exerting considerable stress on
natural resources and landscapes that are inherently vulnerable [16,17].

The distinctive characteristics of peri-urban landscapes make them susceptible to a
myriad of environmental challenges stemming from urban expansion [18,19]. This vulner-
ability positions PUAs as pivotal arenas for initiatives geared towards environmentally
friendly growth in the Global South [20]. The conversion of fertile agricultural land into
urbanized areas, a common consequence of this expansion [21], emerges as a looming
threat to food production and agricultural livelihoods, amplifying broader concerns about
food security [22].

Moreover, the encroachment of urbanization unfurls a tapestry of biodiversity loss as
natural habitats are fragmented [23] and ecosystems face disruption [24], impacting the
diversity of plant and animal species [25]. Landscape fragmentation in PUAs disrupts
ecological processes and isolates populations, exacerbating environmental challenges [26].
The escalating vehicular traffic accompanying urbanization contributes to issues with traffic
congestion and air pollution [27], posing risks to both human and ecological communi-
ties [28]. The ramifications extend further, rendering PUAs more vulnerable to climate
change due to altered land cover and diminished green spaces, contributing to the urban
heat island effect and elevated temperatures [29]. Weak legislation in PUAs may exacerbate
these challenges, allowing for unchecked development and inadequate environmental
protection measures [10].

Remote sensing has emerged as a prominent tool, offering the capability to detect,
quantify, and map urban expansion patterns [30,31]. Utilizing satellite or aerial imagery
has proven invaluable in monitoring and comprehending the intricate dynamics of urban-
ization [32]. Complementing remote sensing, landscape metrics, rooted in quantitative
measures, provide nuanced insights into the diverse impacts of urban expansion on the envi-
ronment [33]. These metrics facilitate the in-depth analysis of alterations in land use/cover
(LUC) over time, furnishing significant information on the environmental implications of
such transformations [34,35].

Landscape metrics used to measure urban growth provide a range of values that
show different growth patterns, such as variation, clustering, fragmentation, division,
and physical connectivity [36,37]. These metrics, when employed in tandem, create a
comprehensive framework for understanding the structural and compositional intricacies
of landscapes undergoing urban expansion [38].

A multitude of scholarly investigations have been devoted to the analysis of urban
expansion patterns, with a focus on environmental, economic, and planning aspects [39,40].
In conjunction with alterations in landscape metrics, the mapping of urban development
patterns stands out as a straightforward and significant method for assessing the environ-
mental impact of urban expansion [41,42].

Within this intricate context, this study aims to discern the environmental impact of
urban expansion and land-use dynamics in the peri-urban landscape. Focusing specifi-
cally on Greater Cairo (GC), a highly populated city and one of the largest metropolitan
regions in the Global South, our study delves into the PUAs. Characterized by rapid and
uncontrolled urban growth, the PUAs of GC face a spectrum of environmental, social,
and economic challenges, including landscape fragmentation, resource depletion, and
infrastructure deficits.

Of particular note is the region’s significant alterations in LUC, primarily driven by
natural resource transformation for urban land expansion. The quest for a comprehensive
environmental assessment of urban expansion in the PUAs of GC propels this study to
harness the power of Landsat satellite imagery. Through the meticulous analysis of Landsat
images spanning different temporal periods, this research endeavors to track the dynamic
evolution of the peri-urban landscape, deciphering the nuanced shifts in land-use patterns
associated with urban expansion.
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Augmenting traditional methodologies, this study integrates advanced landscape met-
rics, including the Landscape Expansion Index (LEI), Percentage of Landscape (PLAND),
Fractal Dimension Index (FDI), Mean Patch Size (MPS), and Largest Patch Index (LPI).
Executed within a Geographic Information System (GIS) environment, these metrics offer a
comprehensive understanding of the landscape’s structure, composition, and ecological
health. By harnessing these quantitative tools, policymakers, planners, and environmental
scientists can gain the means to make informed decisions, fostering sustainable urbaniza-
tion practices in PUAs not only in GC but also in similar regions worldwide.

The primary objective of this study transcends mere observation; it aspires to monitor
and evaluate the impacts of rapid urban expansion on peri-urban landscapes in GC. Uti-
lizing a set of landscape metrics, the study assesses the interplay between urban growth,
land-use changes, and environmental impacts in PUAs of GC. As a unique contribution to
the ongoing discourse on sustainable urban development in the face of rapid expansion in
PUAs in the Global South, this research is poised to unravel novel insights and pave the
way for informed strategies for the future.

2. Materials and Methods
2.1. Study Area

This study focuses on the peri-urban areas (PUAs) within the Greater Cairo (GC)
boundary in Egypt (30°02'40” N 31°14’'08” E). These areas encircle the principal urban
agglomerations of Cairo, Giza, and Shubra El Kheima. PUAs are dynamic zones situated
on the outskirts of these bustling urban centers, characterized by a distinct lack of full
integration into the intricate urban fabric. Despite their significance, PUAs in the GC
context are often overlooked components of Egypt’s urban landscape [43].

The initial delineation of the PUAs of GC, spearheaded by the World Bank in collab-
oration with David Sims in 2008 [44,45], identified two governorates, namely, Qalyoubia
and Giza, as integral components of this spatial entity [45]. Figure 1 illustrates the spatial
distribution of the PUAs within the GC boundary.
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Figure 1. The spatial distribution of the peri-urban areas within the Greater Cairo boundary.
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The PUAs encompass approximately 35% of the entire area of the GC region, spanning
104.8 thousand hectares, and they accommodate approximately 5.15 million residents, as
depicted in Table 1. This substantial population residing in the PUAs underscores their sig-
nificance in terms of both demographic density and urban expansion. Moreover, the PUAs
play a multifaceted role in the socio-economic dynamics of GC, contributing to the region’s
agricultural production, employment opportunities, and environmental sustainability.

Table 1. Peri-urban areas in relation to the whole region.

Area Population
Unit o
Thousand ha % Million %
Principal urban agglomerations 50.7 17 12.95 66
Peri-urban areas 104.8 35 5.15 26
New urban communities 1414 48 1.55 8
Total region 296.9 100 19.65 100

Source: Central Agency for Public Mobilization and Statistics, Cairo, Egypt, (2017) [46].

2.2. Data Sources

Comprehensive spatial data from multiple sources were utilized in this study to analyze
the PUAs of GC. The analysis employed Landsat satellite imagery spanning the following
three distinct periods: 2001, 2011, and 2021. Landsat satellites capture multispectral imagery,
enabling the identification and classification of various land cover types [22]. Each Landsat
satellite carries sensors that capture data across multiple spectral bands, allowing for the
discrimination of land cover features such as vegetation, water bodies, and built-up areas [47].
These images, acquired on the 10 April 2001 (Landsat 7), 12 October 2011 (Landsat 5), and
31 May 2021 (Landsat 8), respectively, offer valuable insights into the temporal dynamics of
land-use and land-cover changes within the study area.

Additionally, to delineate administrative boundaries crucial for the spatial analysis,
three shapefiles were obtained from the Ministry of Housing in Egypt. These shapefiles
represent the administrative boundaries of GC, principal urban agglomerations, and new
urban communities. Acquired in 2016, the administrative boundaries data provide a foun-
dational framework for understanding the spatial context and governance structures within
the study area. Table 2 illustrates the comprehensive data collection process undertaken for
this study.

Table 2. Data collection.

Type of Data Year Date of Acquisition Sensor Id
Landsat 7 2001 10 April ETM+
Landsat 5 2011 12 October MSS
Landsat 8 2021 31 May OLL_TIRS
Administrative boundaries * 2016 - Shp file

Source: United States Geological Survey [48]; * from the Ministry of Housing in Egypt.

2.3. Data Processing and Analysis

The Random Forest (RF) algorithm was employed to classify the three satellite images
from 2001, 2011, and 2021 to analyze the changes in land use/cover (LUC) in GC. To
achieve this, 100 sample signatures were collected individually for each LUC using ArcGIS
Pro 3.1.0 (Esri, Redlands, CA, USA). The resulting LUC map identified the following
four distinct categories in the study area: urban land, agricultural land, water, and bare
land. The RF image classification process was conducted using R software version 4.3.2
(The R Foundation, accessed on 30 November 2023). Subsequently, a post-classification
comparison was undertaken using the LUC matrix to discern alterations in the LUC. To
gauge the accuracy of each classified image, a confusion matrix based on Google Earth
images was employed. The accuracy of the LUC map has been examined using kappa
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statistics, and this showed that the accuracy was 0.92, 0.92, and 0.93 for the years 2001, 2011,
and 2021, respectively.

Focusing on the impacts resulting from uncontrolled urban expansion in the PUAs of
GC, the study investigated the built-up urban class in the PUAs separately. Consequently,
nonurban classes (agricultural land, water, and desert) were combined into one category
labeled nonurban. Subsequently, the class of built-up urban areas was coded as black and
the nonurban class was coded as white for examining urban expansion in the PUAs.

2.4. Landscape Metrics

Landscape metrics offer a quantitative assessment of landscape pattern and structure,
enabling the analysis and comparison of landscapes across various scales [37]. These met-
rics play a crucial role in understanding how human activities, such as urban expansion,
influence natural landscapes and the potential ecological consequences associated with
fragmentation [34,49]. Fragstats software version 4.2 (Fragstats, LLC, accessed on 11 De-
cember 2023) was utilized for calculating the landscape metrics in the PUAs of GC in 2001,
2011, and 2021. Five specific metrics were utilized to assess the environmental impact of
urban expansion in the study area. The details of these metrics are outlined below.

2.4.1. Landscape Expansion Index (LEI)

The LEI is a quantitative measure that computes changes in landscape configuration
over time. It helps quantify the extent of urban expansion by measuring alterations in the
arrangement of a landscape over a period of time [50]. This is particularly useful in PUAs
where urbanization is often rapid and can have significant environmental consequences.
This index aids in categorizing urban expansion patterns, distinguishing between infill
development, edge expansion, and leapfrogging, and further contributing to a nuanced
understanding of the landscape transformation [51,52].

2.4.2. Percentage of Landscape (PLAND)

The Percentage of Landscape denotes the proportion of a given patch type’s landscape
area that it occupies [53]. In PUAs, changes in PLAND values offer valuable information
about the evolving distribution and prevalence of urban land expansion. Variations in
PLAND values signal shifts in landscape patterns, providing important information for
understanding the effects of urban growth on the overall landscape composition and, by
extension, its potential environmental consequences [54].

2.4.3. Fractal Dimension Index (FDI)

The FDI provides information on the shape of the landscape, which is essential for
assessing habitat loss, biodiversity impacts, and the overall ecological connectivity of the
peri-urban landscape [55].

2.4.4. Mean Patch Size (MPS)

The Mean Patch Size is employed to quantify the mean volume of patches within
the landscape [34]. In the context of PUAs, variations in MPS reflect changes in land
parcelization, fragmentation, or consolidation. Understanding the average size of a group
of patches is crucial for gauging the level of landscape fragmentation or connectivity and
offering insights into the potential ecological consequences of urban expansion [56].

2.4.5. Largest Patch Index (LPI)

The Largest Patch Index signifies the proportion of the entire terrain that is occupied
by the biggest patch [56]. It serves to measure the dominance of the biggest continuous
patch within the landscape. In peri-urban contexts, variations in LPI provide indications
of the concentration or distribution of urban patches. A higher LPI indicates a landscape
where a single, sizable patch dominates a sizable portion of it, potentially having an impact
on ecological connectivity and habitat distribution [34].
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Detailed descriptions of the used landscape metrics are presented in Table 3. Figure 2
presents the sequence of steps followed in the investigation.
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Figure 2. The sequence of steps followed in the investigation.

Table 3. Detailed descriptions of the used landscape metrics.

Maetric Abbreviation

Aspect Formula Use in Environmental

Assessment
LEI = 100 x ﬁ, where Ag Provides insights into how
Landscape denotes the point at which the buffer natural habitats are .beir}g alte1.*ed
Expansion LEI Fragmentation zone intersects with the expanse or fragmented,.whlch is cruc1.a1
Index category while Ay signifies the point  for understanding the potential
at which the buffer zone intersects impacts on biodiversity and

with the vacant category. ecosystem health.
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Table 3. Cont.

Metric

Abbreviation

Aspect

Formula

Use in Environmental

Assessment
PLAND = (A;/Ago) X 100, where Quantifies the Proportlonal
. abundance of different land
Percentage of . A, is the total area covered by the .
PLAND Aggregation cover types, revealing the
Landscape urban patch type and S
Ajota) is the total landscape area distribution of
total 18 scap ' landscape elements.
Fractal FDI = —log(N)/log(r), where N'is 0.4 o insights into landscape
. . the number of boxes needed to cover . .
dimension FDI Shape . complexity, habitat structure,
Index the fractal pattern and r is the and changes over time
scaling factor (the size of each box). ’
Changes in MPS can indicate
fragmentation or consolidation
Mean Patch MPS = total landscape area of land cover. Smaller MPS
Size MPS Fragmentation (ha)/number of patches. values might signify increased
Range: MPS > 0, without limit. fragmentation due to
urbanization, affecting habitats
and ecosystems.
Provides insights into the
dominance of the largest
Largest Patch LPI = (area of the largest patch/total continuous patch within a
Index LPI Area and edge landscape area) x 100. landscape, indicating patterns of

concentration or dispersion in
a landscape.

3. Results and Discussion
3.1. Land Use/Cover Dynamics

Throughout the period spanning from 2001 to 2021, GC has undergone substantial
transformations in its land use/cover (LUC), with the most significant alterations observed
within the urban class (as illustrated in Figure 3). Notably, urban areas have experienced
rapid expansion, primarily at the expense of agricultural land within the PUAs. The
detection of LUC alterations during this timeframe revealed the following remarkable
shift in land-use patterns: the urbanized area expanded from 48.8 thousand hectares
to 124.5 thousand hectares, while bare land decreased from 146.8 thousand hectares to
122.9 thousand hectares. Conversely, agricultural land witnessed a considerable reduction,
decreasing from 101.7 thousand hectares to 49.9 thousand hectares. Concurrently, there
was a marginal decrease in the extent of water bodies, which contracted from 4.4 thousand
hectares to 4.3 thousand hectares over the same period due to urban expansion. Table 4
provides a detailed overview of the LUC changes observed from 2001 to 2021.

Between 2001 and 2011, the amount of urban land increased by 23.6 thousand hectares,
primarily at the expense of agricultural land, which decreased by 22.7 thousand hectares
during the same period. The reduction in agricultural land was accompanied by a slight
decrease in bare land of 1.1 thousand hectares, while no significant changes were observed
in the areas covered by water during this period. In the subsequent decade, from 2011 to
2021, urban expansion continued, with an increase of 52.1 thousand hectares. This expan-
sion was driven by both the conversion of agricultural land in PUAs and the development
of new urban areas on bare land. Consequently, the amounts of agricultural land and bare
land decreased by 29 thousand hectares and 22.8 thousand hectares, respectively, during
this period. Additionally, there was a slight decrease of 100 hectares in the areas covered
by water.

These findings indicate that urban expansion has emerged as the main driver of
LUC changes, a trend observed in similar burgeoning metropolitan areas in the Global
South [57-59]. For instance, Agegnehu et al. [60] found that urban expansion was the
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2001

- Urban land

primary driver of LUC changes in the PUAs of the Amhara National Regional State of
Ethiopia, while similar results were reported by Dutta and Das [61] and Salem et al. [62]
for the English Bazar Urban Agglomeration, West Bengal, and Delhi, India, respectively.

Il utantand

i - Agricultural land - Agricultural land
Bare land L Bare land
1 d T
Figure 3. The land use/cover changes in 2001, 2011, and 2021.
Table 4. Land use/cover (LUC) changes from 2001-2021.
Area (Thousand ha) LUC Change (Thousand ha)
LUC
2001 % * 2011 % * 2021 % * 2001-2011 2011-2021 Total
Urban land 48.8 16 72.4 25 124.5 41 23.6 52.1 75.7
Agricultural land 101.6 34 78.9 26 499 17 —22.7 -29 —51.7
Bare land 146.8 49 145.7 48 122.9 41 -1.1 —22.8 —-23.9
Water 44 1 44 1 4.3 1 0 -0.1 —0.1

* Percentage represents the proportion of land category in relation to the total area of land use/cover.

3.2. Urban Expansion Patterns

The Land Expansion Index (LEI) identified three primary urban expansion patterns
within the PUAs of GC from 2001 to 2021. Edge expansion was the predominant urban
development pattern within the PUAs of GC from 2001 to 2021. Leapfrog expansion emerged
as the second dominant pattern, mainly concentrated on the edges of the study area during
the period 2001 to 2011 and aligning with roads during the subsequent decade (from 2011
to 2021). The infilling pattern was limited during the initial stage from 2001 to 2011 but
significantly increased during the later period from 2011 to 2021, predominantly manifesting
within agricultural pockets that had emerged during the prior decade (from 2001 to 2011).
Figure 4 illustrates the urban expansion patterns in the study area from 2001 to 2021.

Edge expansion notably accounted for a majority of the increases in urbanized areas,
comprising 73.9% during the initial decade (2001-2011) and a substantial 75.8% during the
subsequent decade (2011-2021). The leapfrog pattern decreased from 25.8% during the
initial decade (2001-2011) to 12.5% during the subsequent decade (2011-2021). Between
2011 and 2021, there was a notable surge in the prevalence of the infilling pattern, exhibiting
an increase of over 10% after 2011. Figure 5 depicts the distribution of landscape expansion
patterns from 2001 to 2021.

Edge expansion signifies the gradual encroachment of urbanization onto the outskirts
of existing settlements. As urban expansion extends into previously undeveloped areas,
fertile lands face increasing pressures, exacerbating land fragmentation and degradation.
This poses significant challenges to agricultural sustainability and food security in the
region, as noted by Salem et al. [22]. Figure 6 illustrates this edge expansion pattern in an
existing village within the peri-urban areas of Greater Cairo.
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Figure 4. Urban expansion patterns in the study area from 2001-2021.
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Figure 5. Distribution of landscape expansion patterns from 2001-2021.
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Figure 6. Edge expansion pattern in an existing settlement in the peri-urban areas of Greater Cairo.
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It is worth mentioning that edge expansion and leapfrog patterns were the dominant
patterns observed in many cities in the Global South, as noted by Follmann et al. [3].
These patterns reflect common trends in urban development across rapidly growing urban
regions, where urbanization often extends outward from existing urban cores, leading to the
gradual expansion of built-up areas along the peripheries and transportation corridors [8].
Understanding these prevalent expansion patterns is essential for formulating effective
urban planning and management strategies to address the challenges associated with rapid
urban growth, land-use change, and environmental degradation in PUAs.

3.3. Arable Land Losses

The analysis revealed a substantial loss of agricultural land, exceeding 2500 hectares
per year during the study period. This finding aligned with similar results reported by
Youssef et al. [21] and Salem et al. [22] in their studies on urban sprawl in GC for the periods
2007-2017 and 2011-2018, respectively.

The current patterns of urban expansion manifest as dispersed, smaller pockets en-
croaching upon arable land, resulting in its fragmentation and rendering the remaining
cultivated areas susceptible to future urban encroachment [21]. According to the per-
spectives presented by Abd El-kawy et al. [47], this form of urban expansion is notably
inefficient in its utilization of cultivated land due to low urban expansion densities in these
regions, consequently contributing to an escalation in arable land consumption. Figure 7
illustrates the different spatial types of landscape expansion in the PUAs of GC and their
impacts on agricultural land.

Leapfrog pattern

Edge expansion pattern along the edges of agricultural land
Figure 7. Different urban expansion patterns in the peri-urban areas of Greater Cairo.

Urban expansion observed in the PUAs of GC is primarily characterized as polycentric,
signifying the outward expansion of existing towns and villages into neighboring agri-
cultural zones. This mode of urbanization aligns with the traits of informal development
commonly observed in developing countries [26,59]. Similar observations were made
by Sumbo et al. [63] for the PUAs in Kumasi, Ghana; by Atta-ur-Rahman et al. [64] for
the PUAs in Peshawar, Pakistan; and by Song et al. [65] for the PUAs in Beijing, China,
revealing comparable outcomes.
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3.4. Landscape Fragmentation

’

The analysis of landscape metrics demonstrated significant alterations in the PUAs
spatial configurations, particularly in terms of fragmentation. As depicted in Figure 8, the
PLAND indicated a remarkable expansion in urban land, rising from 16.10% in 2001 to
24.36% in 2011 and further increasing to 41.20% in 2021. Concurrently, the FDI exhibited an
increasing trend, suggesting heightened complexity and fragmentation in the urban land-
scape, with values climbing from 1.31 in 2001 to 1.56 in 2021. The MPS values demonstrate
notable decreases, indicating a trend toward smaller urban patches, with average sizes
shrinking from 5.5 in 2001 to 2.1 in 2021. Moreover, the LPI witnessed a decline, reflecting
the reduced dominance of the largest urban patch over time, dropping from 20.25 in 2001
to 1.42 in 2021. Collectively, these metrics suggest a dynamic transformation in the urban
spatial structure, indicated by significant fragmentation, increased complexity, and a more
distributed pattern of urban land across the landscape. Figure 8 shows the changes in the
landscape metrics throughout the study period.

Percentage of Landscape (PLAND) Fractal Dimension Index (FDI)
45% 41.20% 1.6 1.56
40% _.
o ~ 15 1.44
35: I ;
30:.0 26,365~ o
25% — 1.31
20% 16.10% _— 13
15% =
10% 12
5%
0% 14
2001 2011 2021 2001 2011 2021
Mean Patch Size (MPS) Largest Patch Index (LPI)
6.00 5.50 25
5.00 20 20.25
3.80
4.00 o
15
3.00
210 10
2.00 d 5.09
1.00 5
1.42
0.00 0
2001 2011 2021 2001 2011 2021

Figure 8. The alterations in the landscape metrics from 2001 to 2021.

The steady rise in the FDI value from 1.31 to 1.44 and, subsequently, from 1.44 to
1.56 signified a progressive increase in landscape fragmentation over time. The decreases
in MPS values implied more dispersion in the landscape and increases in disconnected
patches. Moreover, the decline in the LPI value indicated landscape fragmentation, as
noted by Das et al. [56]. This suggests that the degree of landscape fragmentation has
increased over time due to rapid urban expansion. These results were in line with those
of Magidi et al. [66], which demonstrated a positive relationship between the level of
landscape fragmentation and the degree of urban sprawl in the City of Tshwane, South
Africa. Similarly, Fenta et al. [67] and Abedini et al. [33] obtained comparable findings in
their respective studies conducted in Mekelle City, Ethiopia, and Urmia City, Iran. These
studies collectively underscore the phenomenon of landscape fragmentation driven by
rapid urban expansion in the Global South.

3.5. Mitigation Strategies and Policy Implications

While several laws and legislation exist in Egypt to regulate urban expansion and
protect agricultural land, such as Unified Building Law no. 119/2008, Urban Planning
Law no. 3/1982, and Agriculture Land Protection Law no. 116/1983, their effectiveness in
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managing the challenges of rapid urban expansion has proven insufficient [47]. This inade-
quacy stems from the authorities” inability to enforce these laws adequately, particularly
during the last two decades [22]. Efforts to mitigate the adverse effects of urban sprawl
on agricultural lands necessitate the implementation of comprehensive land management
strategies, including the establishment of green belts, preservation of agricultural reserves,
and promotion of compact urban forms to minimize land consumption in PUAs.

Implementing effective wastewater treatment systems and stormwater management
practices is essential for mitigating water pollution resulting from urban activities in
PUAs [68]. Additionally, advocating for sustainable agricultural practices and actively
supporting local biodiversity conservation efforts are integral components of promoting a
balanced link between urbanization and an ecosystem [69]. Together, these measures aid in
mitigating the environmental effects of urban expansion on PUAs.

Embedding environmental considerations within urban planning frameworks is cru-
cial, with a specific focus on preserving peri-urban green spaces and sustainable natural
resource management while mitigating the effects of urbanization on ecosystems [24,26].
Policy interventions should prioritize the establishment of effective waste management
systems, green infrastructure projects, and regulations guiding responsible land use [70].
Moreover, community engagement initiatives and a commitment to social equity must be
integral components of policy formulation to ensure sustainable development [18].

Scholars have emphasized the pivotal role of effective governance structures and
well-defined policies in steering urban expansion toward sustainable trajectories [71].
Clear land-use policies, zoning regulations, and strategic planning frameworks have been
identified as essential tools for guiding peri-urban development and managing competing
demands on limited land resources [63].

Past research has identified potential areas for improvement in governance and policy
frameworks for PUAs [72], including strategies such as strengthening institutional capacity,
enhancing inter-agency coordination, and involving local communities in decision-making
processes [71]. Advocacy for adaptive and flexible policy frameworks that respond to the
dynamic nature of peri-urban development is crucial.

Furthermore, academic contributions underscore the necessity of adopting a compre-
hensive and integrated strategy that incorporates environmental, social, and economic
factors within governance frameworks and policy structures [2]. Given the swift transfor-
mations occurring in PUAs, continuous research in this domain remains essential to inform
policies that foster sustainable development in the Global South [3].

3.6. Limitations and Future Research

Peri-urban areas are inherently dynamic, characterized by boundaries that undergo
frequent changes over time. Accurately delineating these boundaries necessitates a signifi-
cant amount of updated data, which can be challenging to obtain, particularly in regions
such as GC and other cities in the Global South. In this study, the boundaries of PUAs in
GC were relied upon as they were defined by a World Bank study in 2008, with subsequent
updates based on studies conducted by Salem et al. in 2015 and 2020 [40,73]. However,
it is essential for future studies conducted on the PUAs of GC to consider updating the
boundaries to reflect any changes that may have occurred since then. This will ensure
that analyses and conclusions accurately represent the current state of PUAs and facilitate
effective planning and policymaking.

The analysis in this study primarily relied on data extracted from Landsat satellite
images, which were chosen due to the scarcity of numerical data for the study area—
a common challenge faced in many regions of the Global South. While this research
contributes significant insights into the environmental consequences of urban expansion
within PUAs, there are notable gaps in the literature. Insufficient attention has been paid
to the intricate socio-cultural aspects present within peri-urban communities and their
interactions with their environments. Additionally, there is a need for more in-depth
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research on the specific impacts of urban expansion on vulnerable populations, including
marginalized communities living in informal settlements.

The literature also lacks a comprehensive understanding of the long-term conse-
quences of peri-urban development on regional ecosystems and the broader implications
for climate change resilience. Future research should explore these areas, including a
deeper investigation into the socio-cultural dimensions of PUAs and how local commu-
nities perceive and adapt to urban expansion. Research is also needed to assess how
modern technologies and data sources, such as machine learning and high-resolution
satellite imagery, can enhance our understanding of peri-urban dynamics. Furthermore, re-
search specifically examining the efficacy of community-based initiatives and participatory
techniques in reducing the adverse effects of urban expansion could provide significant
knowledge for promoting sustainable development.

4. Conclusions

Our study sheds light on the impact of urban expansion on the landscape in the PUAs
of GC for the period 2001-2021. Urban expansion has emerged as a significant driver of
land-use changes, particularly affecting arable lands. The loss of over 51 thousand hectares
of cultivated land, primarily due to edge expansion, has raised concerns about the sustain-
ability of urban growth and food security. The landscape metrics revealed an escalation
in fragmentation, characterized by a more distributed pattern of urban land across the
landscape. The reduction in the mean patch size suggested the emergence of smaller urban
patches, while the decline in the largest patch index indicated reduced dominance, reflect-
ing a dynamic spatial transformation. Mitigation strategies and policy implications have
underscored the importance of sustainable land-use planning, green space preservation,
and effective governance to address the challenges posed by urbanization. Future research
should explore socio-cultural dynamics, impacts on vulnerable populations, and the long-
term consequences of peri-urban development to achieve a comprehensive understanding
of the complexities and opportunities associated with urbanization in the Global South.
Integrating environmental, social, and economic considerations into policy frameworks is
essential for steering peri-urban development toward sustainable trajectories amidst the
evolving landscapes of the 21st century.
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