
Received 19 July 2022, accepted 5 August 2022, date of publication 16 August 2022, date of current version 24 August 2022.

Digital Object Identifier 10.1109/ACCESS.2022.3198942

Assessment of Urban Expansion’s Impact on
Changes in Vegetation Patterns in Dhofar, Oman,
Using Remote Sensing and GIS Techniques
YASEEN AL-MULLA 1,2, (Member, IEEE), AMNA AL-RUHEILI 3, ALI AL-LAWATI 4,
KRISHNA PARIMI1, AHSAN ALI 1, (Member, IEEE),
NADYA AL-SADI5, AND FAISAL AL-HARRASI6
1Remote Sensing and GIS Research Center, Sultan Qaboos University, Al-Khod, Muscat 123, Oman
2Department of Soils, Water and Agricultural Engineering, Sultan Qaboos University, Al-Khod, Muscat 123, Oman
3Department of Plant Sciences, Sultan Qaboos University, Al-Khod, Muscat 123, Oman
4Natural and Medical Sciences Research Center, University of Nizwa, Birkat Al-Mauz, Nizwa 616, Oman
5Oman Animal and Plant Genetic Resources Center, The Research Council, Al-Athaiba, Muscat 123, Oman
6Earth Science Research Center, Sultan Qaboos University, Al-Khod, Muscat 123, Oman

Corresponding author: Yaseen Al-Mulla (yalmula@squ.edu.om)

This work was supported in part by the Oman Animal and Plant Genetic Resources Center under Grant CR/DVC/GISC/18/02, and in part
by the Sultan Qaboos University under Grant SR/DVC/GISC/20/01.

ABSTRACT The impact of urbanization on vegetation is poorly studied in sparsely vegetated desert steppe-
type vegetation. This study investigates the spatial and temporal impacts of urbanization over 40 years on
plant species in Dhofar’s mountains, plains, and bay areas. Satellite images covering 1978 to 2018 were
used as Remote Sensing (RS) tools, along with Geographic Information System (GIS) techniques, to detect
changes in vegetation patterns. The results showed an increase in urban development in Dhofar over the
40 years, reaching 173.3%, which contributed to the decline in vegetation cover of 36.4%. However, both
percentages indicate that other factors, including climate change, have also impacted the vegetation. It was
found that air temperature in the study area increased from 1978 to 2018 by 0.8 ◦C, whereas precipitation
decreased by 104 mm. The results also indicate a 23.2% and 18.5% reduction in plant species in coastal
areas and mountains, respectively, between 1978 and 2018 due to the increase in urbanization. This warns
of the impact of urban expansion on rare plant species in the governorate, as 48 plant species only found
in Dhofar are threatened with extinction due to construction and urbanization. We recommend making the
biodiversity of Dhofar a priority in developing any urban projects, especially at sites that house rare species.

INDEX TERMS Image classification, image processing, remote sensing, geographic information systems,
vegetation, geospatial and temporal mapping, urban areas.

I. INTRODUCTION
In earlier decades, people lived in balance with nature. This
is because there were restrictions on the usage of natural
resources such as wood for building and fires. Moreover,
overgrazing and trampling were controlled by the seasonal
movement of animals from area to area. As the popula-
tion grew, the environment was degraded by the increase in

The associate editor coordinating the review of this manuscript and

approving it for publication was Andrea F. Abate .

urbanization, industrialization, the introduction of mod-
ern means of transport, and the overutilization of natural
resources. For that reason, the quality of the grasslands had
been decreasing ever since [1]. On a global scale, Seto [2]
projected that, by 2030, urban area will triple all over the
world, leading to a loss of habitat, biomass, and carbon
storage of 5%. The loss of habitat and species is a risk for
as long as urbanization and human influence coexist. In this
context, various efforts have been proposed by researchers
to mitigate impacts on the environment, such as increasing
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people’s awareness of the consequences of urbanization for
plants and the environment as a whole [3].

As the urban population grew, an irreversible effect on
ecosystems became inevitable. These changes in the pop-
ulation led to other changes in land use and land cover,
economic activity, and culture that entailed a loss of habi-
tat, decrease in biodiversity, and degradation of ecosystems.
Urbanization has been associated with significant economic
and social major changes [4]. The urban environment affects
plant growth and the functionality of the ecosystem in both
complementary and conflicting ways. For example, urban
expansion has tripled near protected areas since 2000 and
quadrupled in endemic species areas; expansion also threat-
ens coastal habitats, especially in the Mediterranean [5]. The
presence of particular plant species is impacted by various
environmental factors such as climate, elevation, slope, rain-
fall, and topography [6]. Li et al. [7] conducted an empirical
study of over 22 million plant phonologies from the USA
and European countries, and found that the magnitude of
urbanization’s effects on plant phenology depended on the
local temperature where the plants grew.

The Sultanate of Oman is the third-largest country in the
Gulf States and is known for its biodiversity within the
Arabian Peninsula. Oman is located in the southeastern
quarter of the Peninsula and features varying topography,
with mountains, valleys, and desert covering most of its
landmass. That being said, the country is also known for
its coastal plains, semi-arid cloud forest, woodland, and
other environmental factors enhancing species diversity [8].
The climate of Oman is characterized as hot and arid,
with a low annual rainfall of around 100 mm. A total of
1407 vascular plants and fern species have been found in
Oman, which reflects its position in several biogeographical
regions [9], [10], [11], [12].

The Dhofar Governorate lies in the extreme southwest
of Oman and, for the most part, consists of sparsely vege-
tated desert steppe-type vegetation. Along the southern coast,
however, there is a range of limestone monsoon-affected
mountains covered by unique vegetation such as Desmodio
gangetico and Themedetum quadrivalvis [13]. Although there
is no official classification of habitat in Oman, Patzelt [8]
mentioned that the habitats in Dhofar could be considered
in six categories, namely 1) Coastal zone, dry hills, and
wadis, 2) Anogeissus dhofarica forests (including Acacia–
Commiphora woodland, 3) Euphorbia balsamifera cushion
scrub, 4) Dracaena scrubland, 5) a Boswellia sacra zone,
and 6) desert plateau.

Many vascular plants grow in the coastal areas of Dhofar—
for example, grass and rush families from the Poaceae and
Juncaceae families, sea-lavender from the Plumbaginaceae
family, and pigweed from the Amaranthaceae family. All
of these plants are known for their salt intolerance. How-
ever, these coastal areas are targeted for development and
urbanization [8]. Every year, the Dhofar region experiences
overspreading by moisture-laden clouds from June to mid-
September [14]. These moisture-laden clouds give added

benefit to Dhofar’s environment as the precipitation enhances
the growth of vegetation in Dhofar’s plains and mountains.
Moreover, the cool and moist winds bring rain and fog to
the mountain range and create a dense vegetation cover and
subtropical climatic monsoon conditions, known locally as
the Khareef season. As a result, the temperature drops and
the humidity ranges between 60% and 100% [15]. During the
Khareef season, the coastal plain of Dhofar is affected
by the monsoon circulation, which induces rainfall during
the summer that results in an increase in precipitation to
about 180–450 mm.

However, over the centuries, Dhofar was found to be
one of the most botanically understudied areas of southwest
Asia. While a proper flora and fauna survey sponsored by
the Oman Government was not carried out until 1977 [16],
early travelers did remark on the luxuriance of the vegeta-
tion in the Governorate—although it was not until 1894 that
Theodore andMable Bent made the first scientific collections
of plants [17]. The diversity of Dhofar’s habitats is reflected
in the richness of species that can be found in the region—
over two-thirds of the plant diversity in the whole country of
Oman, and at least 50 of these recorded species are endemic,
with two main endemic genera, Dhofaria and Cibirhiza [14],
[18], [19]. However, Dhofar has also witnessed a surge in
urban development, especially between 1978 and 2018. Due
to the large area of the Dhofar, 99,300 km2, data collec-
tion is not easily accomplished without advanced technology
tools including remote sensing and Geographic Information
Systems. Satellite remote sensing is considered in the form
of an earth observation satellite that is used for monitoring
vegetation as it provides temporal observations at a range
of geospatial scales. The advancement in remote sensing
techniques has resulted in more accurate analyses in the fields
of environmental monitoring and mapping and assessing veg-
etation changes [20]. Geographic Information Systems (GIS)
is a computer-based mapping system that allows data to be
displayed on maps and analyzed based on spatial factors.
This platform is capable of producing maps with complete
attributes and displaying factors. Vegetation mapping can
benefit enormously from using GIS platforms to identify
vegetation species and factors affecting vegetation using var-
ious mapping tools. Moreover, GIS platforms can perform
statistical analyses and generate distinctive vegetation maps
such as exploring the dynamic vegetation models used to
study global biogeochemical cycles [21].

The impact of urbanization in the Dhofar region on plant
habitats is poorly studied. Moreover, no research has been
found to quantify how urbanization has impacted the green
areas of this region. It is very important to have a study that
shows the impact of urbanization on plant diversity in Oman.
The results of this study will assist scientists, planners, and
decision makers with current and future management and
help conserve plant diversity in the Dhofar region. Hence,
the main objective of this research was to investigate the
impacts of urbanization on vegetation coverage in Dhofar’s
mountains, Salalah plain, and bay areas among Dhofar’s five
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areas called ‘‘wilayat’’ (Mirbat, Taqah, Salalah, Rakhyut, and
Dalkut), through the following tasks:
• Geospatial and temporal mapping of urbanization due to
land-use change over the past 40 years (1978 to 2018).

• Geospatial and temporal mapping of the vegetation
cover due to land-use change over the past 40 years
(1978 to 2018).

• Creating a spatial database of plant families and species
impacted by urbanization over the study period.

The rest of the paper is organized as follows: the method-
ology is in Section II, with the study area in A, the study
approach in B, the data inquiry and processing in C, and
the statistical analysis of plant species and families in D.
Results from the study are reported in Section III. Results
are discussed in Section IV followed by the Conclusions
in Section V.

II. METHODOLOGY
A. STUDY AREA
Dhofar is the largest governorate in the Sultanate of Oman
with a total area of 99,300 km2, covering almost one-
third of the total country area. It lies in the southern part
of the country. The study area consists of five wilayats
(areas): Mirbat, Taqah, Salalah, Rakhyut, and Dalkut. These
areas are geographically located between 17◦09’47’’ N lat-
itude, 54◦47’48’’ E longitude, and 16◦39’47’’ N latitude,
53◦06’07’’ E longitude, covering an area of 6857 km2

(Fig. 1). They are the five main wilayat of the five regions
of Dhofar.

FIGURE 1. Study area.

B. STUDY APPROACH
The approach followed in this study can be illustrated as
shown in Fig. 2 and is described in the following sections.

C. DATA INQUIRY AND PROCESSING
The historical meteorological data of the study areas were
obtained from [22]. Twenty satellite images were acquired
from Landsat 1 – 4 MSS, Landsat 5 TM, Landsat 7 ETM+,
and Landsat 8 OLI. Image processing software was used
to create and analyze geospatial datasets [23]. The software
was used to process and analyze the 20 acquired images.

FIGURE 2. Illustration of the study approach.

Various preprocessing techniques were implemented such
as atmospheric correction, geometric correction, resampling,
andmosaicking, as detailed by [24], [25], [26]. Eight satellite
images were produced bymosaicking two satellite images per
year to cover the entire study area. The mosaicked images
were further preprocessed through subsetting to concentrate
on the study area. Three types of postprocessing techniques
were applied to the raster datasets: Unsupervised Classifica-
tion, Normalized Difference Vegetation Index (NDVI), and
Normalized Difference Built-up Index (NDBI). The unsuper-
vised classification was used, through ISO clustering, to clas-
sify different classes in each dataset such as woodland, vege-
tation, rugged surfaces, built-up areas, and water bodies. The
ISO cluster tool uses a modified iterative optimization clus-
tering procedure, also known as the migrating means tech-
nique. The algorithm separates all cells into a user-specified
number of distinct unimodal groups in the multidimensional
space of the input bands.

NDVI is used as an indicator to identify vegetation bymea-
suring the ratio of the difference between the near-infrared
and red portion of the spectrum and the summation of the
two bands as follows:

NDVI =
NIR− Red
NIR+ Red

. (1)

The value of NDVI is between−1 and 1, in which the value
of woodland ranges between 0.5 and 1, the values of shrub
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FIGURE 3. Vegetation cover before (a,c) and after (b,d) the monsoon season for the years 2014 and 2018.

and grassland lie in the range between 0.2 and 0.4, the value
of soil and rock lies in the range of−0.1 to 0.1, and the NDVI
value for clear water lies in the lowest range close to−1 [27].
NDBI is used to identify the spatial distribution and growth

of urban built-up areas by measuring the ratio of the dif-
ference between the shortwave infrared and near-infrared
portion of the spectrum and the summation of the two bands
as follows:

NDBI =
SWIR− NIR
SWIR+ NIR

. (2)

The value of NDBI is between−1 and 1, in which negative
values of NDBI represent less built-up areas whereas higher
values represent more built-up areas [28].

The plant species list, consisting of 5738 data points, was
provided by the Oman Animal and Plant Genetic Resources
Center (OAPGRC) [29] as an Excel spreadsheet. The dataset
was built on herbarium plant vouchers from the Natural
History Museum of Oman and other international data [30].
The format of every point was corrected and converted
into geospatial data using the GIS platform. A geodatabase
was created to store, query, and manipulate individual plant
species and urban built-up features’ data over the years.
It incorporated raster classification results with existing plant
species. This was used to observe changes in plants and
identify urban expansion so that the effect of urbanization on
vegetation patterns over time (years) could be detected.

D. STATISTICAL ANALYSIS OF PLANT SPECIES AND
FAMILIES
Descriptive statistical analysis, including correlation and
regression analyses between the NDVI and NDBI, was
applied to analyze vegetation changes at the family and
plant species levels from 1978 to 2018. The maximum and

minimum numbers of plant families and species were identi-
fied using the plant species list provided by OAPGRC.

E. ACCURACY ASSESSMENT
Accuracy of the unsupervised classifications was assessed
by error matrix. The overall accuracy of unsupervised clas-
sifications ranged from 76% to 84% with Kappa statistics
coefficient ranging from 0.74 to 0.82.

III. RESULTS
A. GEOSPATIAL–TEMPORAL ANALYSIS OF VEGETATION
COVERAGE
From 1978 to 2018, there was a decrease in natural veg-
etation in the study areas of Dhofar. The geospatial and
temporal changes in vegetation during these years can be
inferred to be the impact of urbanization, agricultural prac-
tices, and environmental factors including climate change,
such as increasing air temperature and increasing frequency
of rainstorms [31]. Just after the monsoon season, from
September–October, the vegetation in 2014 (Fig. 3a) and
2018 (Fig. 3c) covered areas of 100,255 hectares and
97,817 hectares, respectively, twice the area covered by veg-
etation during the off-monsoon season, from March to April,
for both years (Fig. 3b, d).

It was found that vegetation coverage, including wood-
land, vegetation, grassland, and shrub, in 1978 was more
condensed in the southwest regions (Dalkut and Rakhyut) of
Dhofar, while the vegetation coverage was more dispersed
in the northeast regions (Mirbat and Taqah). The estimated
area of vegetation coverage for this year was 61,046 hectares.
Based on the NDVI analysis of the 1984 satellite images, the
vegetation coverage pattern in the southwest and northeast
of Dhofar was similar to the pattern observed for 1978.
In addition, the study area showed a slight increase in
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vegetation coverage in comparison to 1978. The estimated
area of vegetation coverage for this year was 48,882 hectares.
There was a similar vegetation coverage pattern in 1988.
However, the vegetation coverage in the study area did not
show a perceptible change from what was observed in 1984.
The estimated area of vegetation coverage for this year was
45,048 hectares. Although there was a similar vegetation
coverage pattern in the year 1993 to that in 1988, the vegeta-
tion coverage in the northeast region of Dhofar was slightly
reduced in comparison to 1988. Furthermore, there was a
noticeable increase in vegetation coverage in the study area as
compared to 1988. The estimated area of vegetation coverage
for this year was 45,529 hectares. The vegetation coverage
pattern of 1998 remained similar to the vegetation
coverage pattern of 1988. However, the northeast region
of Dhofar (Mirabt and Taqah) showed a clear reduction in
vegetation coverage compared to previous years. At the same
time, vegetation coverage in the study area remained similar
to 1993. The estimated area of vegetation coverage for this
year was 44,827 hectares. The northeast region of Dhofar
(Mirabt and Taqah) showed increased vegetation coverage
in 2003 compared to previous years. Vegetation coverage in
the study area remained similar to that in 1998. The estimated
area of vegetation coverage for this year was 41,934 hectares.
The vegetation coverage pattern of 2014 remained similar to
the vegetation coverage pattern of the previous year in the
northeast region of Dhofar (Mirabt and Taqah). At the same
time, vegetation coverage in the study area increased in com-
parison to previous years. The estimated area of vegetation
coverage for this year was 45,884 hectares. The vegetation
coverage in the northeast region ofDhofar (Mirabt and Taqah)
in 2018 reduced in comparison to 2014. However, a slight
increase was seen in the southwest region of Dhofar. The
estimated area of vegetation coverage for this year was 40,768
hectares. Fig. 4 shows examples of vegetation coverage maps
of one of the study regions (Salalah) for the years 1978, 1984,
1998, and 2018.

In summary, Table 1 shows that there was a 36.4% reduc-
tion in vegetation between 1978 and 2018, and a signifi-
cant change (reduction) between 1978 and 1984, as shown
in Fig. 5.

B. GEOSPATIAL–TEMPORAL ANALYSIS OF URBANIZATION
There was an increase in urbanization in the study areas of
Dhofar, especially from 1978 to 2018. Little urbanization
was detected in 1978, especially in the study area and along
the coastline. The estimated built-up area for this year was
1027 hectares. A significant increase in urbanization was
detected in 1984, by 132.7%. The estimated built-up area for
that year was 2390 hectares. The urbanization in 1988 com-
pared to 1984 had increased by 13.3%. The estimated built-up
area for this year was 2709 hectares. The urbanization in
1993 showed almost no change from 1988. However, in 1998,
urbanization increased by 8.6% in comparison to 1993. The
built-up area for that year was 2932 hectares. Urbanization in
the period between 1998 and 2003 showed a decrease, but not

FIGURE 4. Examples of vegetation coverage maps of one of the study
regions (Salalah) for the years (a) 1978, (b) 1984, (c) 1998, and (d) 2018.

TABLE 1. change in vegetation between 1978 and 2018.

significant, of 4.8%. During this period, Dhofar was struck by
a rare cyclone with 300% of normal rainfall, causing $25 mil-
lion worth of damage [32]. The built-up area of the study area
in 2003was 2790 hectares. Urbanization in 2014 increased by
9.4% in comparison to 2003. The built-up area for this year
was 3053 hectares. Another significant increase (14.4%) in
urbanization in this area was detected in 2018 compared to
the previous five years. The built-up area for that year was
3492 hectares. Fig. 6 shows examples of urbanization maps
of one of the study regions (Salalah) for the years 1978, 1984,
1998, and 2018. In summary, Table 2 shows that there was a
173.3% increase in urbanization between 1978 and 2018 and
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FIGURE 5. Box and Whisker Plots of vegetation areas in the study area
for 1978–2018. The minimum, 1st quartile, median, mean, and 3rd
quartile are displayed together with both limits (the ends of the
‘‘whiskers’’) beyond which values are considered anomalous. The mean is
displayed with a red +, and a black line corresponds to the median.

FIGURE 6. Examples of urbanization (red) in one of the study regions
(Salalah) for the years (a) 1978, (b) 1984, (c) 1998, and (d) 2018.

a significant change (increase) between 1978 and1984 and
between 2014 and 2018, as shown in Fig. 7.

C. VEGETATION COVERAGE VERSUS URBANIZATION
ANALYSIS
To examine the impact of urbanization on plant species diver-
sity in the study area, a pixel-by-pixel comparison between
the urbanization cover of 2018 and vegetation cover of
1978 was conducted. The results of this analysis showed
that 14% of plant species were affected over the 40 years,
reducing the total number of plant species from 691 species

TABLE 2. Change in urbanization between 1978 and 2018.

FIGURE 7. Box and whisker Plots of urbanization areas in the stud area
for 1978–2018.

in 1978 to 593 in 2018. Seventy-nine rare plant species were
directly impacted by construction (urba-nization) in the study
area, Dhofar, during the 40 years. By cross-checking the
distribution of these species in other governorates of Oman
using records provided by OAPGRC and the four volumes
of Ghazanfar [33], [34], [35], [36], we found that 48 of
the 79 plant species were present only in Dhofar (Table 3).
The remaining 32 species were found in Dhofar and at least
one other place in Oman (Table 4). Of these, 11 species
were present in one governorate in addition to Dhofar. Six
plant species were present in two governorates in addition to
Dhofar, while 14 were found to be widespread throughout the
country.

The correlation analysis between the Normalized Differ-
ence Vegetation Index and Normalized Difference Built-up
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TABLE 3. Distribution of rare plant species impacted directly by construction in the governorate of dhofar in 1978–2018 and found in Dhofar governorate
only.

TABLE 4. Distribution of rare plant species impacted directly by construction in Dhofar in 1978–2018.
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FIGURE 8. Urbanization cover (red) in 2018 in comparison to vegetation
cover (green) in 1978 in one of the study regions (Salalah).

FIGURE 9. Vegetation coverage versus urbanization, air temperature, and
precipitation in the study areas in Dhofar, 1978 to 2018.

Index was very high, with R2 = 0.92, indicating that
urbanization had a major effect on vegetation cover over the
last 40 years. Fig. 8 informs us that the urbanization area
increased during the 40 years from 1027 ha to 3492 ha, while
vegetation decreased from 61,046 ha to about 40,768 ha,
i.e., urbanization increased by 173.3% while the vegetation
coverage decreased by 36.4%, indicating that other factors
have also impacted the vegetation. These factors can include
climate change. Therefore, an investigation was conducted,
concentrating on air temperature as well as the amount of
precipitation in the study area from 1978 to 2018. It was found
that these weather parameters might have contributed to the
reduction in vegetation cover, as illustrated in Fig. 9. The
air temperature increased from 1978 to 2018 by an average
of 0.8 ◦C, whereas the total precipitation decreased during
the same period by 104 mm.

D. PLANT FAMILIES AND SPECIES ANALYSIS
Overall, vegetation coverage in the study area has decreased
by 60%over the last 40 years, with some fluctuations between
1978 and 2018. Spatial mapping for plant families and species
analysis were used to determine the geographic distribution of
the dominant plant families and their species over the 40 years
between 1978 and 2018, as summarized in Table 5 and shown
in Fig. 10. The analysis showed that five plant families were

TABLE 5. List of dominant plant families and species over 40 years.

dominant during the study period. Among them, Poaceae
was the only plant family that remained dominant over the
40 years, whereas the dominance of the other four plant
families fluctuated from year to year. Combretaceae domi-
nated from 1988 to 1993 and from 2014 to 2018. Commeli-
naceae dominated in 1984 and 2014. Fabaceae dominated
in 1993 and 2018, while Commelinaceae dominated only
in 1998.

On the other hand, 12 plant species were shown as
dominant during the study period. The most dominant
plant species was Oplismenus burmannii, which dominated
in 1978, from 1988 to 1998, and in 2014. This was followed
by Anogeissus dhofarica, which dominated from 1988 to
1993 and from 2014 to 2018. Five plant species appeared
twice over the 40 years, including Apluda mutica, which
dominated in 1978 and 2003; Themeda quadrivalis, which
dominated in 1984 and 2018; Aneilema forskaolei,
which dominated in 1984 and 2014; Eustachys pas-
paloides, which dominated in 1988 and 1998; and Crotalaria
retusa, which dominated in 1993 and 2018. The remaining
five plant species appeared only once as dominant species
during the study period: Heteropogon contortus, which dom-
inated in 1978; Capillipedium parviflorum, which domi-
nated in 1984; Corallocarpus epigaeus, which dominated
in 1998; and Sporobolus ioclados and Chrysopogon plumu-
losus, which both dominated only in 2003.

E. ACCURACY ASSESSMENT
For accuracy assessment purposes, a ground-truthing pro-
cess was conducted through a field survey during the first
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FIGURE 10. Examples of the geographic distribution of the dominant plant species between
(a) 1988 and (b) 2014.

week of December 2019. A density map was created as a
base for random sampling, following Richardson [37]. This
process resulted in collecting 5–13 plant samples from each
of the following areas: Dalkut, Rakhyut, Salalah, Salalah
plain, Taqah, and Mirbat. The geographical location and a
photograph of each collected plant sample were obtained
using a global positioning system (OREGON-750, Garmin
GPS, Olathe, Kansas, USA) and a camera (Nikon D3500
18–55 mm, Tokyo, Japan). The collected plant samples were
brought to Sultan Qaboos University and identified by an
expert at the Department of Biology, College of Science. The
location error between the random samples created within
the density map and the ground-truthing collected samples
from the field ranged between 1 and 5 m. Then the collected
samples were cross-checked against the data provided by
OAPGRC. The accuracy assessment analysis showed that
87.5% of the field observations of the plant samples matched
the data provided by the OAPGRC.

IV. DISCUSSION
The urbanization area doubled in 1984 as compared to 1978.
During the same period, vegetation coverage decreased
by 20%. In 1988, the change pattern was similar to 1984,
by which the urbanization increased by 12% whereas the
vegetation cover decreased by 8%. This change pattern
was repeated in the following years, which indicated that
urbanization negatively impacted on the vegetation cover-
age in the study area, although it was not the only factor.
Nevertheless, it was noted that between 2003 and 2014 the
urbanization and vegetation coverage increased in parallel,
implying the introduction of agricultural practices mostly
for commercial purposes. Measurements taken by concerned
authorities during the period of study mitigated the impact

of urbanization. Nevertheless, the study showed that urban-
ization through construction affected 59 plant species that
were restricted to a very limited habitat in the Dhofar region.
There was a 23.2% reduction in plant species distributed
in coastal areas between 1978 and 2018. This reduction
was attributed to the increase in urbanization in these areas.
On the other hand, there was an 18.5% reduction in plant
species in the mountains over the 40 years. This reduction
was attributed to urbanization, as shown by the analysis,
but also might have been related to environmental factors.
Plant species including Apluda mutica, Capillipedium parv-
iflorum, Chrysopogon plumulosus, Eustachys paspaloides,
Heteropogon contortus, Oplismenus burmannii, Sporobolus
ioclados, and Themeda quadrivalis that belong to the Poaceae
family were present mostly in mountainous areas over the
study period. Based on this, Poaceae can be considered a
plant family resilient to the Dhofar region’s climate. Poaceae
was the dominant family throughout the 40 years, while the
plant species under this family changed except for Oplis-
menus burmannii. Moreover, the Combretaceae family was
the next most dominant family across the last 40 years, and
Anogeissus dhofarica was the dominant plant species in this
family.

Mansour [38] found that urban planning in their study
region in the interior of Oman required a susceptibility study
and evaluation of the urban impact on the existing vegeta-
tion of the area. MacLaren [39] found that the decrease in
the Zeravshan juniper population was mainly due to climate
change in Jabal Akhdar of the Nizwa region of Oman. More-
over, no major impact of anthropogenic activities, including
grazing, clearing, and burning, was found by Ramadan [40]
in terms of the vegetation reduction in the Dhofar Mountains.
The latter two studies support our findings that urbanization
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impacted vegetation less than climate change in the study area
of Dhofar.

Although Galletti et al. [31] mentioned that there was
an impact of nationwide development of infrastructure on
forests, grassland, and the coastal environment, they did not
quantify thematter. Our study provides this information in the
results section above. Our analysis showed that cloud cover
creates a favorable seasonality in this ecosystem, which is
crucial for maintaining trees. This is achieved by prolonging
the growing season from three months to six months and
allowing deeper infiltration, which ensures the competitive-
ness of trees in an otherwise too dry environment [41].

V. CONCLUSION
The impact of urbanization on vegetation is poorly studied in
sparsely vegetated desert steppe-type vegetation. Moreover,
no research has been found to quantify how urbanization
impacted vegetation areas in the Governorate of Dhofar.
It was very important to have a study that shows the impact of
urbanization on plant diversity in Oman. The diversity of the
Governorate of Dhofar’s habitats constitutes over two-thirds
of the plant diversity in the whole country of the Sultanate
of Oman, where at least 50 of these recorded species are
endemic. This Governorate has witnessed a surge in urban
development, especially between 1978 and 2018.

Different remote sensing and GIS techniques were used
to quantify the interaction of urbanization and vegetation
from 1978 to 2018 over the five wilayat of Dhofar, represent-
ing the five regions of the Governorate. The approaches used
in this work, including remote sensing and GIS tools, pro-
vided a cost-effective spatiotemporal analysis of the impact
of urbanization on vegetation coverage in the study area. The
results showed that, over the 40 years, urban development
increased by 173.3%, whereas vegetation cover decreased by
36.4%. It was found that the correlation between the vege-
tation index and building index was very high and indirectly
indicated the impact of urbanization on vegetation between
1978 and 2018. It was found that 48 rare plant species
impacted by urbanization were only present in the study sites
of Dhofar. Hence, these sites must be preserved to save the
natural habitats of these plant species and not expose them to
extinction risk due to urbanization. There are 17 other rare
plant species in Dhofar, located in one or two sites in the
Sultanate, that must also be preserved from the impact of
urban development. However, we believe that other factors
have also affected vegetation, including climate change, and
especially air temperature, which increased by 0.8◦C during
the same period in the study area, and precipitation, which
decreased by 104 mm. As this study is limited to the applica-
tion of satellite imagery in the study area, there is room for
more research to investigate in detail the effects of climate
change on vegetation patterns in the Governorate of Dhofar.
We recommend taking the biological and plant diversity of
Dhofar into consideration and making it a priority when
developing any urban projects, especially at sites that contain
rare species. The results of this study can help scientists,

planners, and decision makers with the current and future
management of urbanization to conserve plant diversity in the
Dhofar region.
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