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Abstract: The aflaj systems represent unique irrigation technologies that have been implemented
in the Sultanate of Oman. This innovative system, referred to as “falaj” in the singular form, is
composed of a sophisticated network of underground tunnels and open-air channels designed to
access shallow subterranean water tables, thereby providing water for residential and agricultural use.
The aflaj systems have played a significant role in supporting sustainable water resource management
in arid and semiarid regions, making a notable contribution to the socioeconomic development of
the country. The alteration of land use and land cover (LULC) in arid and semiarid regions can
have significant consequences for hydrological systems, affecting the ability of local ecosystems to
manage fresh surface and groundwater resources. These changes are often caused by both natural and
anthropogenic factors. To investigate the impact of LULC changes on aflaj systems in the northern
part of Oman, we utilized satellite imagery, aflaj data, and spatial analytical and image processing
techniques within the framework of geographic information systems (GIS) and remote sensing. In
the first part of the study, we quantified the changes in LULC and their impact on aflaj systems in
seven cities in Oman due to urban expansion. In the second part, we evaluated the effect of LULC
on groundwater for four major aflaj between 1985 and 2021. The study area was divided into four
primary LULC classifications: vegetation, bodies of water, metropolitan areas, and bare soil. The
classification maps demonstrated a high overall accuracy of 90% to 95%, indicating satisfactory
performance. Our results revealed a significant reduction in vegetation areas between 1985 and 2021,
primarily shifting from bare soil (BS) to urban areas (UAs) and from vegetation cover (VC) to BS,
due to the reduction of groundwater resources. Over the four study periods (1985-1990, 1990-2000,
2000-2013, and 2013-2021), the percentages of the total area of Falaj Al-Muyasser, Falaj Daris, Falaj
Al-Maliki, and Falaj Al-Khatmeen that transformed from agricultural lands to UAs were 40%, 39%,
32%, and 8%, respectively. Our study highlights the need for appropriate land management and
planning to ensure the most effective solutions are utilized to meet social and economic sustainability
requirements. In conclusion, our study presents a comprehensive analysis of LULC changes and their
impact on aflaj systems over a 36-year period, providing new insights into the potential effects of
LULC changes on groundwater resources and offering a basis for informed decision making on land
management in arid and semiarid areas.
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1. Introduction

Changes in land use/land cover (LULC), particularly in arid and semiarid areas,
have a geographic and temporal impact on hydrological systems [1]. Both natural and
anthropogenic activities have significant impacts on LULC, affecting the phenology of
the local ecosystem and its ability to regulate surface and underground water resources.
The increase in LULC is projected to significantly enhance the rates of evaporation and
groundwater depletion [2]. The influence of LULC changes on the regional water balance is
the subject of intensive research in hydrological areas worldwide, and most studies suggest
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that large-scale LULC changes are major factors causing regional climatic and hydrological
cycle changes [1,3,4]. The proliferation of impervious surfaces presents a significant risk to
the hydrological cycle, as it has the potential to greatly diminish infiltration, groundwater
storage, and recharge. Given the scarcity and erratic distribution of water sources across
varying temporal and spatial dimensions, securing a reliable water supply for irrigation
poses a formidable obstacle. Accordingly, tackling this multifaceted predicament neces-
sitates a holistic comprehension of the hydrological mechanisms governing the interplay
between the built environment and natural water resources [5].

The impact of urbanization on groundwater has become a pressing concern for many
metropolitan areas in recent decades, particularly those interested in groundwater quantity
and observational methods [6]. In regions that are prone to drought, such as the Sul-
tanate of Oman (Oman), water supplies are scarce and mostly derived from groundwater
sources [7]. These sources rely on precipitation as the primary means of recharge for the
local aquifers. Groundwater is extracted through wells that tap into various water-bearing
formations, providing much-needed freshwater to meet the ever-increasing demand for
water supply and agriculture. However, this practice has had a detrimental impact on
the hydrogeological setting of the basins [8]. The extraction of water from these sources
without adequate replenishment has led to a decrease in water availability, resulting in
groundwater depletion. Oman experiences little and erratic rainfall, with an average of
only 100 mm per year. As a result, this arid climate further exacerbates the depletion
of the already limited groundwater resources, putting pressure on the sustainability of
the region’s water supply [9]. Recent climate trends indicate that daily maximum and
minimum temperatures are continuously rising [10]. Oman, in particular, has experienced
a predominant climate trend of decreasing rainfall and infrequent, but devastating cyclones
over the last few decades [11,12]. These changes in precipitation patterns and recharge
rates, coupled with the limited availability of water resources, are likely to exacerbate
groundwater pumping and agrochemical use. Furthermore, rising sea levels are expected
to interact with groundwater, leading to increased salinity levels in the aquifers. Such
extreme weather events pose a significant threat to urban areas (UAs), especially given
their high dependency on groundwater resources. As climate change continues to alter
precipitation patterns and increase temperatures, the sustainability of Oman’s groundwater
resources will be further challenged, and it will become crucial to develop and implement
effective groundwater management strategies to ensure a reliable and sustainable water
supply for the region’s growing population and economy.

Oman is renowned for its distinctive irrigation technology referred to as “aflaj,” with
“falaj” being its singular form. This traditional irrigation method serves as the primary
mechanism for transporting water from the shallow subterranean water table to the surface,
for both residential and irrigation purposes. Falajs are essentially trenches or tunnels
that transport groundwater from its source to the point of consumption, with traditional
building methods varying across different falaj types [13]. The most sophisticated type is
the Daudi falaj, which draws groundwater from 10-30 m below ground for usage at the
surface without pumping. Like the Daudi falaj system, it can be found in many countries
around the world [14,15]. The falaj channel begins in the continually flooded zone and goes
underground in a downhill direction until it reaches the earth’s surface. The ability to use
rudimentary tools to conduct hydraulic leveling and excavate the falaj tunnels beneath the
earth on rough terrain demonstrates the ingenuity of aflaj building [16]. The two methods,
Ainiy and Ghaily aflaj, are simple canalizations of groundwater streaming on the surface
naturally or flowing out of a spring and carrying it until it reaches a suitable region for
agriculture [17]. Water flowing from the falaj is properly regulated through these systems
by a committee representing the owners of that particular falaj.
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For millennia, the aflaj irrigation systems have provided water for home and agricul-
tural usage in a harsh desert climate. There are roughly 3000 falaj systems still in use today;,
accounting for approximately 30% of Oman’s groundwater [18]. These one-of-a-kind water
systems boosted agriculture in Oman, which, together with fishing, symbolized a heritage
that enabled Omanis to develop a steadfast civilization over millennia and provided sub-
sistence for generations who withstood a difficult climate and environmental conditions.
However, even though they have survived, many of the remaining aflaj systems are now
considered endangered. Many aflaj are no longer operable due to channel collapse or water
level drop caused by excessive pumping and climate change [19]. It is crucial to develop
sustainable water management strategies that balance the needs of the population with the
preservation of these unique cultural heritage sites, especially as Oman’s population and
economy continue to grow.

The rapid growth of agriculture and urban development in Oman following the
nation’s renaissance in 1970 has created an imbalance in groundwater resources [20]. With
the introduction of high-capacity water pumps and modern equipment, people have started
establishing new farms outside traditional farming zones. While aflaj are primarily found
in highland areas, wells are situated in inland plains and along the shore. The unplanned
and unsustainable agricultural development during the 1980s resulted in the creation of
non-productive farms and increased the water deficit [21,22]. As the population grows
and living standards improve, the demand for water resources is increasing, resulting
in a daily decrease in the per capita availability of water resources [23]. The majority of
Oman’s towns and cities are experiencing disorganized and unplanned expansion due to
rapid urbanization. The excessive extraction of groundwater has depleted groundwater
resources, and saltwater intrusion has affected coastal aquifers. Climate change is also
expected to impact rainfall and water supply [24]. Moreover, the impact of land use
and land cover (LULC) changes on aflaj systems and processing settings is not entirely
clear. Therefore, simulations on the effects of LULC modifications on aflaj systems provide
ambiguous results.

Satellite-based observation of Earth is becoming increasingly critical for understanding
the influence of human activities on the natural environment [25]. Remote sensing technol-
ogy enhances the current institutional capability for detecting LULC changes [26,27]. The
use of remote sensing and GIS technologies has become increasingly prevalent in studying
LULC changes and their impact on groundwater resources. Utilizing various method-
ologies, numerous studies have been conducted on LULC categorization and change
detection [28,29], as well as their implications for groundwater levels and quality [30]. For
instance, one study used remote sensing data to classify LULC categories and determine
changes in those categories over time [31]. The study found that there was a significant
increase in agricultural land use, which resulted in a decrease in natural vegetation cover
and a reduction in groundwater recharge. Another study used a combination of GIS and
remote sensing data to assess the impact of LULC changes on groundwater quality [32].
The study found that the expansion of UAs and the increased use of fertilizers and pesti-
cides in agriculture had a significant impact on groundwater quality, leading to increased
nitrate contamination. Remote sensing and GIS have proven to be valuable tools for study-
ing LULC changes and their impact on groundwater resources [33,34]. These techniques
can provide policymakers and water resource managers with critical information to help
make informed decisions about land use planning and management, ultimately helping to
preserve groundwater resources for future generations.

Despite the importance of Oman’s aflaj systems, few studies have investigated the
impact of land use and land cover (LULC) changes on their sustainability [35]. Buerkert
et al., 2021 [36], investigated LULC changes in the Jebel Akhdar aflaj and found that the
shift towards more market-oriented requirements could jeopardize the sustainability of
these systems. Another study examined LULC changes in the wilayat of Nizwa, which
included modifications in vegetation across the study area [37]. Although the region had a
variety of aflaj and flourishing farms, this study did not focus on changes in LULC within a
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particular falaj system. Moreover, it only covered a few aflaj systems and did not provide a
comprehensive view of Oman’s aflaj systems. The previous literature has mostly focused
on case studies, resulting in a lack of comprehensive data on the extent to which the aflaj
systems have been affected by environmental concerns and how the aflaj institutions have
responded to these threats. In addition, the rapid expansion of urban and agricultural areas
in developing countries, including Oman, is likely to put intense social pressure on the
aflaj-related biosphere, leading to increased groundwater extraction and contamination.
Uncontrolled groundwater resource development and protection have severe negative
effects on aquatic flora and fauna due to groundwater flow and quality changes. Some
aquifers in arid and densely populated areas have already lost their ecological functions
due to excessive exploitation, further highlighting the need to examine the impact of LULC
changes on the aflaj systems [38,39].

The purpose of this study is to investigate the impact of LULC changes on the aflaj
systems, which are traditional irrigation systems used in Oman. While some studies have
been conducted on the aflaj systems, this study is one of the first to specifically focus on
the impact of LULC changes on the systems at a large scale. The aflaj are unique irrigation
systems that have been used for centuries and are an integral part of Oman’s culture and
heritage. By examining the impact of LULC changes on the aflaj systems, this study will
provide valuable insights into the sustainability of the systems and their ability to adapt
to changing environmental conditions. The present paper fills this gap in the literature by
using current and past satellite images from 1985-2021 to detect changes in LULC over
time and thus identify the extent to which the farmland has declined in the study period
and the type of LULC to which it has been transferred. This study aims to analyze Landsat
images of a large representative sample of 1268 aflaj in the first part of the study, while the
second part of the study focuses on 4 key aflaj systems (a small scale) to assess how LULC
has impacted groundwater (aflaj systems).

2. Materials and Methods
2.1. Study Area

Oman is situated amid arid and semiarid conditions in the southernmost region of the
Arabian Peninsula. It features a subtropical, dry, hot desert climate with little annual precip-
itation, scorching summer temperatures, and significant temperature swings, especially in
its interior regions [40]. However, Oman has a wide range of climatic conditions as a result
of its varied geography. From May to September, the average temperature in northern
Oman is between 32 °C and 48 °C, and from October to April, it ranges between 26 °C
and 36 °C. Governorates along the coast experience high summer temperatures of 46 °C
and humidity levels greater than 90%. Summertime highs in the interior governorates
can exceed 50 °C. Wintertime temperatures range from 15 °C to 23 °C, which is pleasant.
With daytime highs between 25 °C and 35 °C and nighttime lows between 15 °C and 22 °C,
spring and fall are mild, mainly dry, and pleasant. The major rainy season in northern
Oman lasts from December to April and is characterized by brief and intense cloudbursts
and thunderstorms. The months of February and March have the highest rainfall rates
(35.3-42%). This study covers seven Omani cities: Bawsher, Nizwa, Ibra, Ibri, Sohar, Al-
Buraymi, and Al-Rustaq (Figure 1). The most populous, urbanized, and aflaj-rich cities in
Oman are located in the north. To determine how LULC affects aflaj systems in the 7 cities
within the study area, 1268 samples of the 3 types of aflaj were selected in the first part of
the current study.
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Figure 1. Geographical locations of seven selected cities (Bawsher, Nizwa, Ibra, Ibri, Sohar, Al-
Buraymi, and Al-Rustaq) and four important aflaj, namely, Falaj Al-Khatmeen, Falaj Al-Maliki, Falaj
Al-Muyasser, and Falaj Daris, in Oman.

2.2. Dataset Preparation for Spatial Modeling
2.2.1. Landsat Data

Figure 2 depicts the sequence of satellite data analyses carried out in the study area.
The process involved several stages, including data acquisition, pre-processing, image clas-
sification, accuracy assessment, and change detection analysis. These steps were performed
to extract relevant information on LULC changes and their impact on the aflaj systems
in northern Oman. The flowchart provides a visual representation of the methodology
utilized in the study, highlighting the key stages of analysis undertaken to accomplish the
research objectives. Landsat images are widely used to quantify urban spatial changes and
their impact on groundwater resources [41,42]. The data used in this research were Landsat
images selected from 1985, 1990, 2000, 2013, and 2021 (Table 1). The 15 images, including
the thematic mapper (TM), enhanced thematic mapper plus (ETM+), and operational land
imager (OLI), covered approximately 95,000 km?, which constituted the total study area.
The Landsat images were collected and downloaded from the United States Geological
Survey (USGS) Global Visualization (GloVis) site (https://glovis.usgs.gov/) (accessed on
20 January 2022).
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Figure 2. Flowchart illustrating the steps of satellite data analyses in the study area.

Table 1. Information from Landsat images used in this research.

Path Row Date Sensor Cloud Cover (%)
28-January-1985 ™ 0
16-April-1990 ™ 0
158 44 30-January-2000 ETM+ 0
09-November-2013 OLI 0.02
31-January—-2021 OLI 0.03
23-February-1985 ™ 1
07-April-1990 ™ 0
159 43 14-February-2000 ™ 0
02-December-2013 OLI 0.08
05-October—2021 OLI 1.77
19-January-1985 ™ 1
07-April-1990 ™ 0
159 44 14-February-2000 ™ 0
24-May-2013 OLI 0
06-November—2021 OLI 0.05

All images, as level-1 products, were already georeferenced and rectified to WGS 1984
UTM Zone 40N (https://www.nsaom.org.om) (accessed on 30 December 2021). In change
detection analysis, it is important to collect images that fall within the same date per
year [43,44]. However, clouds and cloud shadows constantly impede the capture of Land-
sat images [45] in the region. Therefore, efforts were made to collect images within the same
weather conditions in the study area. Thus, the collected images were selected during win-
ter (December to February), spring (March to May), and autumn (September to November),
during which periods the cloud cover is less than 2% (Table 1). Radiometric corrections,
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such as Top of Atmosphere (TOA) and dark object correction (DOC), were implemented
prior to the analysis using ENVI 5.6 software (https://www.I3harrisgeospatial.com/)
(accessed on 10 February 2022).

2.2.2. Image Segmentation and Classification

The object-based image analysis (OBIA) approach was used to classify LULC classes.
The initial step of the OBIA approach started with image segmentation, which is a process
that divides remotely sensed images into discrete objects based on several elements, such
as texture, color, and spatial and spectral characteristics [46]. A multi-resolution algorithm
was applied to create objects that delineated the LULC classes. This algorithm used a
bottom-up region-merging technique where the groups of similar pixels were merged
into large objects based on a scale factor and a heterogeneity criterion [47]. The scale
parameter setting for all images was adjusted to 5, whereas the shape and compactness
settings were 0.1 and 0.8, respectively. Random forest (RF) classification was used to
classify the segmented images. The RF approach is an ensemble classifier that creates a
collection of decision trees, by which a subset of training samples and variables is randomly
selected [48,49]. RF shows robustness in terms of considering outliners and noise in the
classification process. For that reason, the RF classifier has gained acceptance among remote
sensing researchers due to its ability to provide accurate land cover classification [50-54].
The RF approach contains three steps: training datasets, bagging setting, and selection of
features to create LULC classifications. The training datasets were performed manually
for all land cover classes based on the visual interpretation of each image for each land
cover class. ArcGIS Pro 3.0 software (https:/ /pro.arcgis.com/) (accessed on 30 March 2022)
was used to delineate and label the training samples. Four land cover classes were created:
vegetation, water, bare soil, and built-up area. The created sample layer was brought
into Developer as a thematic layer for the four classes, which in turn was assigned to the
objects using the class name in the attribute table of the thematic layer. Approximately
70% of the samples were used for training, while 30% were utilized for the validation of
the model performance. The bagging procedure, as a default approach in Developer, is
applied where each classifier in the ensemble is trained on a random subset of a training
samples set. The reason for the increase in the number of validation samples is due to the
expansion of the study area over time. In 1985, our study area was limited to a specific
region, and therefore, the number of validation samples was relatively low. However,
as our study expanded to cover a larger area in 2021, the number of validation samples
increased accordingly. The selected features were Landsat TM, ETM+, and OLI spectral
channels, that is, Channels 1-5 and 7 for TM and ETM+ and Channels 1-7 for OLI images
(Figure 2). In addition to Landsat spectral channels, the Normalized Different Vegetation
Index (NDVI) was [55] calculated and added as a feature in the classification processes.
Image segmentation and classification were performed using eCognition Developer 9.0
software (https://geospatial.trimble.com/ecognition) (accessed on 30 March 2022).

2.2.3. Accuracy Assessment

An accuracy assessment [56,57] was carried out for each land cover classification.
Accurate samples were created independently for each class. The validation samples were
selected using a stratified random sampling method. For each date, several samples were
created: 900 samples for 1985, 1039 for 1990, 1428 for 2000, 1800 for 2013, and 2113 for 2021.
The confusion matrices of all classified images were calculated and presented for each land
cover class for 1985, 1990, 2000, 2013, and 2021 (Figure 2).

2.2.4. Change Detection

Change detection analysis was performed using the post-classification comparison
approach. Post-classification comparison is a widely used technique for detecting LULC
changes using either pixel-based image analysis or an object-based approach [58-60]. It can
produce a complete matrix of changes and provide a detailed ‘from-to’ change analysis.
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It can also minimize the atmospheric effects, sun angle, environmental effects, and sensor
differences between the two dates of observation. Four-time intervals—1985-1990, 1990—
2000, 2000-2013, and 2013-2021—were compared and analyzed for LULC change detection
(Figure 2).

2.2.5. Changes in LULCs and Their Impact on Four Key Dawoodi Falajs

Since the aflaj were historically utilized for permanent date palm cultivation, we
identified the land areas for date palm canopy, urban regions, and soil in 1985 to assess how
LULC altered in this area between 1990, 2000, 2013, and 2021. The selection of falaj for the
study was based on essential data points, including the falaj source; whether underground,
open, or covered canals; the areas for agricultural and domestic utilization; ground truth
data; the coverage area of the falaj; the total cultivated area irrigated by the falaj; high-
quality and dense data for palm plantations in these areas; and the total length of its
branches. Consequently, we chose four aflaj, namely, Al-Khatmeen (Figure 3a), Al-Maliki
(Figure 3b), Al-Muyasser (Figure 3c), and Daris (Figure 3d), to quantify how much has
changed within each selected falaj in the study area. These aflaj are listed in the World
Heritage List [61] and are considered dawoodi aflaj in the interior region (see Figure 3).

—— Underground canal
C23 Falaj Al Khatmeen
@ Falaj source

—— Underground canal
€3 Falaj Al-Maliki
@ Falaj source

Kilometers

—— Underground canal
2 Falaj Daris
@ Falaj source

— Underground canal
C3 Falaj Al-Muyasser
@ Falaj source

Figure 3. LULC case studies of a drawing of (a) Falaj Al-Khatmeen, (b) Falaj Al-Maliki, (c) Falaj Al-
Muyasser, and (d) Falaj Daris, including the aflaj sources, underground canal, and the area irrigated
by the falaj.
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In terms of their structure, these aflaj are quite old, with water channels and beams
carrying them and engineering techniques used to excavate them. Furthermore, water
was extracted from considerable depths, a process that is currently costly and can only
be achieved through advanced technology. These aflaj were instrumental in creating
an ancient civilization comprising residential settlements surrounding the falaj vicinity.
This civilization developed an agricultural system that involved cultivating diverse food
crops and vocational industries that have persisted to this day.

2.2.6. Euclidean Distance Function and the Direction of Urban Expansion Tools

The Euclidean distance function (EDF) calculates the straight-line distance from each
cell to the nearest source. EDF can be used to determine allocation and to calculate
distance and direction to the nearest source [62]. The mothers of the aflaj sources (bounds)
were used to determine the starting points for the distance surface. The EDF tool was
used to determine how much urban activity occurred within each of the mother falaj
bounds in the study area. The mother falaj bound is a circle with a radius of 3500 m
(https:/ /www.maf.gov.om, accessed on 7 December 2022). A falaj is a channel cut into
the ground or on its surface to collect groundwater, spring water, or natural springs or to
intercept and collect surface water runoff and distribute it through subchannels to be used
for various purposes. A falaj can run as long as several kilometers, and the depth of the
aflaj systems is built to carry groundwater from elevated areas down to the target sites.
The EDF analysis tool can be used to delineate the vulnerable areas or zones of high risk
(i.e., hotspots) in a region. It can also be used to identify an emerging new region around a
known feature. The direction of urban expansion in the seven cities was measured between
1985 and 2021 using a compass of cardinal and intercardinal directions and distance from
the city center. In ArcGIS Pro 3.0, the cardinal and intercardinal directions were drawn
using a bearing distance. Starting from the north and working clockwise, the lines extended
from the city center at 45° intervals. Buffer zones were created for each city at 5 km intervals
from the city center. Topographic maps were used to establish the city center of each city.

3. Results
3.1. Accuracy Assessments

The results of the accuracy assessments revealed high overall accuracies, ranging from
95% to 97% for all the classified images. Among the classified images, the 1985 image
exhibited the lowest overall accuracy (95%), while the 2000 classified image had the highest
overall accuracy (98%), as demonstrated in Table 2. With respect to individual classes, the
urban areas (UAs) exhibited the lowest producer accuracy (81.5%). However, during 1985,
the user accuracy was 100%, indicating that all pixels classified as urban area (UA), or build-
up represented UAs in the ground truth. All the other classified images displayed high
user and producer accuracies for all classes, as presented in Table 2. Accurate identification
of UAs from other LULC categories poses a significant challenge owing to the inherent
heterogeneity of urban landscapes. Urban regions exhibit a complex mixture of diverse
land cover types, including buildings, roads, and green spaces, which often manifest as
intricate patterns that are difficult to discern from one another using remote sensing data
alone [63]. Furthermore, urban areas’ spectral signatures are prone to rapid fluctuations
over prolonged durations due to changes in building materials, vegetation cover (VC), and
other dynamic factors, thereby impeding the accurate classification of UAs.

In our study, we investigated the efficacy of using remote sensing data to identify urban
areas and compared the accuracy of different LULC categories over an extended time period.
We found that the accuracy of identifying urban areas improved slightly when using a more
recent image obtained in 2021, compared to an image acquired in 1985. This finding could
potentially be attributed to the changes in building materials and vegetation cover over time
that contribute to the variability in spectral signatures. Despite this slight improvement,
the overall accuracy of identifying urban areas remained lower than that of other LULC
categories. Our results suggest that identifying urban areas from remote sensing data
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remains a challenging task, and additional efforts are required to develop more robust
techniques that can account for the heterogeneity and dynamics of urban landscapes.

Table 2. Confusion matrices for 1985, 1990, 2000, 2013, and 2021 classified images.

(Cllgassss) W BS vC UA Total User’s Accuracy (%)
Water (W) 110 0 0 0 110 100
Bare soil (BS) 11 456 0 27 494 92.3
Vegetation cover (VC) 0 1 165 2 168 98.2
Urban area (UA) 0 0 0 128 128 100
Total 121 457 165 157 900
Producer’s accuracy (%) 90.9 99.8 100 81.5
Overall accuracy (%) 95.4
Kappa 0.93
(C119a9505) w BS vC UA Total User’s accuracy (%)
Water (W) 107 0 2 0 109 98.2
Bare soil (BS) 0 558 1 15 574 97.2
Vegetation cover (VC) 1 147 10 158 93.0
Urban area (UA) 1 1 193 198 97.5
Total 110 560 151 218 1039
Producer’s accuracy (%) 97.3 99.6 97.4 88.5
Overall accuracy (%) 96.7
Kappa 0.95
(Cz?aosg) w BS vC UA Total User’s accuracy (%)
Water (UA) 135 0 0 0 135 100
Bare soil (BS) 0 701 0 20 721 97.2
Vegetation cover (VC) 0 0 311 8 319 97.5
Urban area (UA) 0 0 4 249 253 98.4
Total 135 701 315 277 1428
Producer’s accuracy (%) 100 100 98.7 89.9
Overall accuracy (%) 97.7
Kappa 0.96
(CZ?;s?’s) W BS VC UA Total User’s accuracy (%)
Water (W) 144 0 0 1 145 99.3
Bare soil (BS) 1 978 0 33 1012 96.6
Vegetation cover (VC) 0 0 291 0 291 100
Urban area (UA) 1 2 9 340 352 96.6
Total 146 980 300 374 1800
Producer’s accuracy (%) 98.6 99.8 97.0 90.9
Overall accuracy (%) 97.3
Kappa 0.96
(Czﬂizsls) w BS VC UA Total User’s accuracy (%)
Water (W) 132 0 0 0 132 100
Bare soil (BS) 26 1044 11 21 1102 94.7
Vegetation cover (VC) 2 2 380 0 384 99.0
Urban area 1 2 16 476 495 96.2
Total 161 1048 407 497 2113
Producer’s accuracy (%) 82 100 93.4 95.8
Overall accuracy (%) 96.2
Kappa 0.94
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3.2. LULC Change Detections

Figures 4-10 demonstrate the LULC changes that occurred in Bawsher (Figure 4),
Nizwa (Figure 5), Sohar (Figure 6), Ibri (Figure 7), Al-Buraymi (Figure 8), Ibra (Figure 9),
and Al-Rustaq (Figure 10) during four time periods (i.e., 1985-1990, 1990-2000, 20002013,
and 2013-2021). The primary land cover type transition in Bawsher and Nizwa was from
VC to UA, whereas in Sohar, Al-Rustagq, Ibri, Ibra, and Al-Buraymi, the major transition was
from BS to UA. The inventory of aflaj was once heavily utilized for agricultural purposes,
but experienced a significant decline due to intensified agricultural use. Notably, the
transitions from bare soil (BS) to vegetation cover (VC) were more pronounced during the
1985-1990 period in Bawsher (Figure 4a), Nizwa (Figure 5a), Ibri (Figure 7a), Ibra (Figure 9a),
and Al-Rustaq (Figure 10a). In contrast, the transitions from VC to BS and VC to urban
areas (UAs) were more prevalent during the 1985-2000 period in Sohar (Figure 6a) and
Al-Buraymi (Figure 8a). However, from 2000-2021, the major land cover type transitions
in these regions shifted towards VC to BS and VC to UA, as depicted in Figures 4-10.
The statement posits a notion that VC lands in the Ibri region are likely to be hampered
by constraints concerning aflaj or groundwater resources, thus providing a signal for their
probable unsuitability for certain water-intensive agricultural practices. In spite of the
BS to VC land cover transition being predominant in the region, significant alterations
were also observed for other land cover types, such as BS to UA, VC to BS, and VC to
UA, during the period spanning 1985 to 2021, as evinced by Figure 7. This attests to the
fact that the landscape of Ibri underwent significant transformations, with some areas
transmuting from arid and desolate terrains to urban conurbations or the reverse, and
others undergoing changes in vegetation cover. These vicissitudes may have extensive
ecological and socioeconomic implications for the local populace.
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Figure 4. Cont.
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Figure 4. LULC in Bawsher (a) 1985-1990, (b) 1990-2000, (c) 2000-2013, (d) 2013-2021, and (e) the
overall LULC changes for 1985-2021 (BS = Bare; VC = Vegetation Cover Soil; UA = Urban Area;
W = Water).
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Figure 5. LULC in Nizwa (a) 1985-1990, (b) 1990-2000, (c) 20002013, (d) 2013-2021, and (e) the
overall LULC changes for 1985-2021 (BS = Bare Soil; VC = Vegetation Cover Soil; UA = Urban Area;
W = Water).
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Figure 6. LULC in Sohar (a) 1985-1990, (b) 1990-2000, (c) 2000-2013, (d) 2013-2021, and (e) the
overall LULC changes for 1985-2021 (BS = Bare Soil; VC = Vegetation Cover Soil; UA = Urban Area;
W = Water).
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Figure 7. LULC in Ibri (a) 1985-1990, (b) 1990-2000, (c) 2000-2013, (d) 2013-2021 and (e) the overall
LULC changes for 1985-2021 (BS = Bare Soil; VC = Vegetation Cover Soil; UA = Urban Area;
W = Water).
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Figure 8. LULC in Al-Buraymi (a) 1985-1990, (b) 1990-2000, (c) 2000-2013, (d) 20132021, and (e) the
overall LULC changes for 1985-2021 (BS = Bare Soil; VC = Vegetation Cover Soil; UA = Urban Area;
W = Water).
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Figure 9. LULC in Ibra (a) 1985-1990, (b) 1990-2000, (c) 2000-2013, (d) 2013-2021, and (e) the
overall LULC changes for 1985-2021 (BS = Bare Soil; VC = Vegetation Cover Soil; UA = Urban Area;

W = Water).
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Figure 10. LULC in Al-Rustaq (a) 1985-1990, (b) 1990-2000, (c) 2000-2013, (d) 2013-2021, and (e) the
overall LULC changes for 1985-2021 (BS = Bare Soil; VC = Vegetation Cover Soil; UA = Urban Area;
W = Water).
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The LULC trends for the years 1985 to 2021 are evident in Figures 4e, 5e, 6e, 7e, 8e, 9
and 10e, revealing that UA expansion has occurred across all cities in the study area, albeit
at different rates. The growth of urban areas in Bawsher, Nizwa, Ibra, Al-Buraymi, Sohar,
Ibri, and Al-Rustaq amounted to approximately 6240.06 ha, 4443.3 ha, 2564.1 ha, 2484.09 ha,
7396.11 ha, 5477.94 ha, and 3092.31 ha, respectively, over the past 36 years.

This pattern underscores the interplay between urbanization, population growth,
and the consequential abandonment of agricultural land, as well as the intensification of
desertification, all of which have far-reaching impacts on groundwater resources. Further-
more, the observed increase in vegetation cover in the cities under study between 1985 and
2000, followed by a drastic decline between 2013 and 2021, underscores the complexity
of LULC dynamics and the need for nuanced approaches to urban planning that balance
development with environmental conservation.

Taken together, these findings highlight the urgency of monitoring and understanding
LULC trends and their impacts on natural resources, as well as the need to formulate
policies and interventions that safeguard these resources for future generations. As such,
a more holistic and integrated approach to urban planning and management is necessary
to ensure sustainable development that balances the needs of both present and future
generations.

3.3. Urban Expansion Direcions

Figure 11 depicts the direction of urban expansion in the seven cities from 1985 to
2000, 2000 to 2013, and 2000 to 2021. For Bawsher (Figure 11a), the expansion in 1985
was centered in the northeast, and the development extended more in the northwest,
south, and southeast directions than in any other directions, that is, precisely towards the
aflaj systems in 2000, 2013, and 2021. Because of the high elevations and high degree of
distributed slopes, the development has not extended in the eastern part of Bawsher City.
For Nizwa (Figure 11b), the 1985 expansion was concentrated in roughly all directions
near the city center. In 2000, 2013, and 2021, the development extended to the northwest,
southwest, south, and southeast. Similarly to the Bawsher urban expansion, the Nizwa
city expansion is restricted to the aflaj systems. For Sohar (Figure 11c), the LULC maps
showed that the urban and vegetated areas are concentrated in the eastern and western
coastal areas. From 1985 to 2021, two expansions were clearly observed in onshore and
offshore areas. In onshore areas, three expansions in the urban area were observed: the first
one in the northeast to the northwest directions and the second in the south and southeast
directions (Figure 10c). Although the urban expansion remained far from the aflaj systems
until now, the trend of urban expiation indicates that Sohar city will expand towards the
aflaj systems in the future. For Ibri (Figure 11d), the 1985 expansion was concentrated in
approximately all directions near the city center. The development was extended to the
northwest, southwest, south, and southeast towards the aflaj systems (Figure 11d). For Ibra
(Figure 11e), urban expansion in 1985 was centered close to the city center, and the urban
areas were 923.4 ha. However, the development extended in approximately all directions
towards the mother sources of the aflaj systems. For Al-Buraymi (Figure 11f), the urban
expansion from 1985 was concentrated in the northwest of the city. From 2000 to 2021, the
development was extended from northwest to south, southeast, and east.
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Figure 11. Directions of urban expansion between 1985-2021 in (a) Bawsher, (b) Nizwa, (c) Sohar,

(d) Ibri, (e) Ibra, (f) Al-Buraymi, and (g) Al-Rustagq.
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3.4. Euclidean Distance

The amount of UA distribution in 2021 within the boundaries of protected areas of
aflaj mother sources over the study region are depicted in Figure 11. Based on the data
collected about wells that have been established within the aflaj areas, 30 out of 52 aflaj
in Bawsher (Figure 12a), 115 out of 134 aflaj in Nizwa (Figure 12b), 3 out of 402 aflaj in
Sohar (Figure 12c¢), 155 out of 363 aflaj in Ibri (Figure 12d), 11 out of 45 aflaj in Al-Buraymi
(Figure 12e), 34 out of 54 aflaj in Ibra (Figure 12f), and 39 out of 325 aflaj in Al-Rustaq
(Figure 12g) were found to be at high risk of drying out, and many of them are found dried
out because of urban expansion.
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Figure 12. Euclidean distance results overlayed with urban area in 2021 aflaj systems and well
locations in seven cities: (a) Bawsher, (b) Nizwa, (c) Sohar, (d) Ibri, (e) Al-Buraymi, (f) Ibra, and
(g) Al-Rustaq.

3.5. LULC Detection of Aflaj

Figure 13(a—d), Figure 14(a—d), Figure 15(a—d) and Figure 16(a—d) show the LULC clas-
sification of Falaj Al-Khatmain (Figure 13), Falaj Al-Maliki (Figure 14), Falaj Al-Muyasser
(Figure 15), and Falaj Daris (Figure 16) for the years 1985, 1990, 2000, 2013, and 2021. Three
LULC classes were developed, as shown in Figures 13-16. These three classes (urban
area, farmland, and bore soil) were represented with different colors to see and feature the
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(2) 1985

direction of changes in the study areas. The total area of Falaj Al-Khatmeen was 135.99 ha.
The estimated agricultural (farmland) was 88.74 ha (65%) in 1985, 88.92 ha (65%) in 1990,
85.41 ha (63%) in 2000, 82.35 ha (61%) in 2013, and 72.63 ha (53%) in 2021. The total area of
Falaj Daris was 259.92 ha. The estimated farmland was 223.02 ha (86%) in 1985, 224.19 ha
(86%) in 1990, 223.2 ha (86%) in 2000, 189.36 ha (73%) in 2013, and 153.45 ha (53%) in 2021.
The total area of Falaj Al- Muyasser was 183.24 ha. The estimated farmland was 136.35 ha in
1985, 136.44 ha in 1990, 128.61 ha in 2000, 112.77 ha in 2013, and 93.29 ha in 2021. The total
area of Falaj Al-Maliki was 248.94 ha. The estimated farmland was 140.13 ha (56%) in
1985, 146.88 ha (59%) in 1990, 144.63 ha (58%) in 2000, 51 ha (21%) in 2013, and 59 ha (24%)
in 2021.
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Figure 13. Cont.
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Figure 13. Bare soil (BS), urban area (UA), and farmland LULC classifications in Falaj Al-Khatmeen
between 1985-2021.
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Figure 14. Bare soil (BS), urban area (UA), and farmland LULC classifications in Falaj Daris between

1985-2021.
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Figure 15. Bare soil (BS), urban area (UA), and farmland (FL) LULC classifications in Falaj Al-

Muyasser between 1985-2021.
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Figure 16. Bare soil (BS), urban area (UA), and farmland (FL) LULC classifications in Falaj Al-Maliki
for 1985-2021.
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Figure 17a—d depict the LULC changes in Falaj Al-Khatmeen, Falaj Al-Maliki, Falaj
Al-Muyasser, and Falaj Daris over four time periods (1985-1990, 1990-2000, 2000-2013, and
2013-2021). In Falaj Al-Khatmeen, the major land cover type transitions were from VC
(agriculture land /croplands) to BS and from VC to UA (Figure 17a). It should be noted that
58% of the transition from VC to UA in Falaj Al-Khatmeen occurred between 2000 and 2013.
In Falaj Al-Maliki, the major land cover type transitions were from VC to UA and from
VC to BS (Figure 17b). The major land cover type transition in Falaj Al-Maliki was from
VC to UA and from VC to BS (Figure 17b). The major land cover type transitions in Falaj
Al-Muyasser were from VC to UA and from BS to UA (Figure 15c). The major land cover
transition in Falaj Daris was from VC to UA (Figure 17d). This study suggests that there
was a significant reduction in farmland areas not only in the aflaj systems of the current
study, but throughout Oman’s entire aflaj systems. The abrupt transition to barren land
implies either a permanent shift in the flow of the falaj or the abandonment of the land for
economic reasons. Because of the decline in land farms used for urban areas during the
study period, there was also a significant shift towards structures.
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Figure 17. Percentage of LULC changes from vegetation cover/land farms (VC) to urban area (UA),
VC to bare soil (BS), BS to VC, and BS to UA in Falaj Al-Khatmeen, Falaj Al-Maliki, Falaj Al-Muyasser,
and Falaj Daris over four time periods (1985-1990, 1990-2000, 20002013, and 2013-2021).

4. Discussion

In this study, the impact of LULC changes on aflaj systems in northern Oman was
examined using Landsat remote sensing data. The study covered a period of 36 years, from
1985 to 2021, and focused on 7 cities in the region. The use of Landsat remote sensing data
allowed for the detection and analysis of LULC changes that occurred over the 35-year
period. The object-based image analysis technique was used to extract information from
satellite data, and the post-classification change detection method was employed to detect
and monitor LULC changes. This study indicated that the urban expansion of the seven
study cities resulted in a considerable reduction of wetlands, groundwater cultivated areas,
vegetation cover, and water bodies. The results showed that UA increased from 3460 ha in
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1985 to 39,727 ha in 2021, while vegetation lands decreased by 7618 ha (see Figures 4-10).
The growth of the BS category was the highest for the 1985-2021 period (see Figures 4e,
5e, 6e, 7e, 8e, 9e and 10e). Thus, the most significant increase was observed in the BS
category, which is a cause for concern given its implications for the sustainability of the
aflaj systems. It is worth noting that despite the rising urbanization, the seven studied cities
can still accommodate additional populations (see Figure 10). However, the significant
growth in UAs is alarming, especially for the groundwater sources, particularly the aflaj
systems. The implications of these changes on the sustainability of the aflaj systems and
their potential consequences for local communities are discussed in the subsequent sections.

The phenomenon of BS growth or land degradation is attributable to a diverse array of
causal factors, ranging from anthropogenic activities, such as deforestation, unsustainable
farming practices, and overgrazing by livestock, to natural elements, such as climate change
and extreme weather events [64,65]. In Oman, the escalation of BS coverage between 1985
and 2021 could be linked to a range of contributory factors, including the expansion of
agriculture and urbanization, overgrazing by livestock, and the impacts of climate change,
such as heightened temperatures and prolonged droughts. Nevertheless, it is crucial to
acknowledge that the current response is reliant on broad trends and factors that may be
linked to bare soil growth worldwide, as there is no access to Oman’s bare soil-specific data.

To elaborate on the impact of LULC changes on aflaj system:s, it is important to note
that these traditional irrigation systems rely heavily on groundwater resources. Changes in
LULC can significantly affect the quantity and quality of groundwater resources available
for the aflaj systems, thereby threatening their sustainability. The reduction in VC, for
example, can lead to increased runoff, reduced infiltration, and ultimately decreased
groundwater recharge, which are critical for the functioning of the aflaj systems. Similarly,
the expansion of UAs can increase the demand for groundwater resources, leading to
overextraction and depletion of the aquifers. This situation can have severe consequences
for local communities, especially in arid and semiarid regions where water resources are
limited. The loss of the aflaj systems can lead to a significant reduction in agricultural
productivity, which can have far-reaching implications for the economy and the livelihoods
of local communities.

Despite legislation regulating well drilling and protecting the aflaj from pollution [66,67],
our findings indicate that many wells were drilled within the aflaj mothers” boundaries
(see Figure 12). As a result, many aflaj systems experienced low flow rates, dryness, and
pollution, while others remained exposed to these issues due to the rapid urban expansion
towards the aflaj and the drilling of numerous wells within their boundaries. This situation
has exerted pressure on the aflaj systems, reducing their capacity to provide water to the
communities that rely on them. Furthermore, the increasing pollution in the aflaj systems
due to the discharge of untreated waste from UAs is a significant concern, as it affects
the quality of water and has a negative impact on the health of the communities that rely
on these systems. Therefore, it is crucial to regulate the drilling of wells and protect the
aflaj from pollution to ensure the sustainability of the systems and the wellbeing of local
communities.

Our results showed that VC increased between 1990 and 2000 in most of the study area.
The reasons may be due to the greater availability of money (people’s income has risen in
recent years as a result of increased oil revenues) to dig wells and the desire to expand their
cultivation lands. Another explanation lies in the fact that in response to these threats to
the aflaj systems, the government of Oman enacted a series of laws in 1990-2000 to protect
aflaj [68]. These laws restrict wells from being sunk in the vicinity of aflaj and prohibit
converting falaj agricultural lands to other purposes, such as houses. It should also be
noted that globalization and its effects on the transformation of many Omani families from
extended families to nuclear families were not highly influential at that time, particularly
for those families living in agricultural and rural locations. Further research is needed to
fully understand the complex interactions between sociocultural and environmental factors
and their impact on land use and vegetation cover in the study area.
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Our research found that LULC change patterns were likely to have a significant impact
on watershed hydrology because mined and reclaimed areas have lower infiltration capacity
and thus cause more repaid runoff than unmined forest watersheds. A previous study
found that cyclones impacted several aflaj systems in Oman [69]. Therefore, the country
experiences both drought syndrome and flood problems as a result of the spatiotemporal
variability in precipitation. Groundwater overuse causes drainage low flows to decrease,
groundwater resources to deteriorate, and saltwater intrusion in aquifers in coastal regions
like wilayat Sohar [70]. Another study discovered that when the watershed’s UA changed
from mostly agricultural to mixed rural and urban lands, velocity, sediments, and nutrients
decreased [71]. This would increase the likelihood of extreme flooding during heavy
rainfall events.

Therefore, our study suggests that the massive range of transitions from VC to UA
could be the reason behind the decline of aflaj levels or their drying out for the particular
period of study from 2000 to 2021. Although the overall population does not surpass
5 million people living in an area of 309,501 km? (https:/ /www.ncsi.gov.om/) (accessed on
30 December 2020), the majority of urbanization occurred at the expense of agricultural land,
which accounted for approximately 7.07% of the total land in Oman. Previous research
found that, since 1970, aggressive groundwater pumping has depleted the aquifers on
which the aflaj rely [16,72]. As a result, many members of the younger generation are
looking for work in other fields [73]. Furthermore, because each falaj is governed locally,
a drop in the falaj’s economic value results in a decline in the revenue the falaj can generate
to fund its upkeep [74] (Powers et al., 2018). Another reason that might be considered to
be behind this disparity is based on cultural practices in dealing with aflaj systems [10,13].
Additionally, because each falaj is run locally, a decline in its economic value reduces the
amount of money it can bring in to pay for its upkeep. As a result, over time, the falaj’s
flow rate would be negatively impacted by a lack of maintenance, posing a threat to their
viability.

The second part of this study, Landsat data were used to examine the LULCs and
their impact on Falaj Al-Khatmeen, Falaj Al-Maliki, Falaj Al-Muyasser, and Falaj Daris
over four time periods (1985-1990, 1990-2000, 20002013, and 2013-2021). As the date
palm tree is the main crop in the four aflaj study areas, Landsat data were linked to
calculate the amount of changes in date palm cultivation. Our findings found that the
major land cover type transitions were from VC (agricultural /date palm cultivation) to
BS and from VC to UA (see Figures 13-17). An earlier study, Al-Kindi and Janizadeh,
2022 [75], found that LULC changes are one of the human factors that play an important
role in impacting the groundwater aflaj potential mapping in Nizwa using Sentinel-2, GIS,
and LiDAR data and analysis. Previous studies also indicated that the regional vegetation
ecosystem change caused by LULC changes remarkably affect the regional hydrological
cycle [41,76]. This study recommends the need to stop urbanization in the areas designated
for the mothers of the aflaj, that is, stopping urban expansion at the expense of arable soil.
Other recommendations include refusing to grant licenses to convert agricultural land
into residential land; the distribution of residential land in places far from valley estuaries,
which will give an opportunity to slow down the runoff and the deposition of water to
the underground reserve; and imposing fees on owners of funds, real estate, and farms
near the mothers of the aflaj to contribute to the repair and maintenance of the farms and
preserve them for future generations. Although formal measures existed, these violations
had a significant impact on groundwater reserves and the flow rate of aflaj water.

This study suggests the Landsat images from 1985 to 2021 were adequate to determine
various types of LULC in terms of VC, UA, BS, water bodies, and farmland or date palm
canopy, which represent permanently cropped area. Changes in land use thus correspond
to how the past decades have witnessed changes in date palm canopy in the study area.

Our future research endeavors will involve the use of cutting-edge technology, such
as remote sensing, GIS, and machine learning techniques, to comprehensively examine the
spatial patterns and flow rates of aflaj systems on a large scale. By identifying the most
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important spatial factor permutations, we aim to safeguard aflaj systems from external
provocations. We propose that a holistic understanding of environmental, hydrogeological,
climatic, cultural, and socioeconomic indicators is crucial in determining the distribution
and longevity of aflaj systems, as well as in comprehending LULC changes and their impact
on these systems. In this context, exploring links between the geographical distribution
of aflaj systems and various environmental conditions, such as water quality, altitude,
aspect, slope aspect, aflaj flow velocity, water type, soil type, soil salinity, geomorphology,
hill shade, and solar radiation, can offer valuable insights. To further investigate these
correlations, we suggest analyzing the relationships between independent variables, such
as temperature, soil moisture, weather patterns, global warming, and the dependent
variable of the geographical distribution of aflaj systems. In addition to environmental
factors, cultural practices associated with falaj systems and socioeconomic factors, such as
aflaj maintenance costs, the transition of agricultural land to housing or industrial areas,
globalization and its impact on aflaj systems, and the depth of the aquifer, can also play a
critical role in comprehending aflaj systems. By establishing such links, we aim to deepen
our understanding of aflaj systems and develop measures to preserve and protect these
critical components of Oman’s cultural and ecological heritage.

5. Conclusions

This study employs a comprehensive spatiotemporal analysis of remote sensing data
from 1985 to 2021 to assess the land use and land cover (LULC) transformations and their
impacts on aflaj systems in the Sultanate of Oman. Our investigation demonstrates that,
across the four observation periods (1985-1990, 1990-2000, 2000-2013, and 2013-2021),
a substantial proportion of the total areas of Falaj Al-Muyasser, Falaj Daris, Falaj Al-Maliki,
and Falaj Al-Khatmeen, namely, 40%, 39%, 32%, and 8%, respectively, have been converted
from agricultural lands to urban zones. This urban expansion trend poses a major threat to
the sustainability of the aflaj systems, as it encroaches upon the lands utilized for agriculture,
negatively impacts the soil quality, and jeopardizes social cohesion. Based on our findings,
we propose the implementation of agricultural and hydrological policies that encourage
the use of GIS and remote sensing tools for the regular monitoring and evaluation of aflaj
systems at a daily or monthly frequency. Such policies could facilitate the surveillance
of the aflaj systems, lead to better intervention and control, and promote the long-term
sustainability of groundwater resources in the Sultanate of Oman. Additionally, it is
imperative to regulate the drilling of wells and safeguard the aflaj systems from pollution
to ensure their sustained capacity to supply water to the communities that rely on them.
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