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A B S T R A C T

This study aims to measure changes in climatic factors and their relationship to vegetation growth in Qatar to 
develop a plant-climate characterization for native desert plants. By analyzing Landsat satellite images from 
1985 to 2022 and their relation to rainfall patterns, we found significant impacts of climatic variables on 
vegetation coverage, particularly after 1990. Increased drought seasons correlated with changes in annual 
temperature, dew point, and soil temperature. Vegetation growth depended not only on rainfall amount but also 
on the number of rainfall events and accumulation. Optimal rainfall events per year ranged from 10 to 15, with 
70 mm being the threshold for healthy vegetation growth. However, the probability of rainfall events over 80 
mm was less than 5%, while low rainfall seasons (1–17 mm) were more likely (90–99% chance). Additionally, 
vegetation cover varied between protected sites, indicating the complexity of arid lands influenced by factors like 
topography and soil type. These findings suggest a continued decrease in vegetation coverage, leading to more 
drought seasons and impacting water and food security. We recommend further research on supplementary 
irrigation to support native species, understand their seasonal growth stages, and better comprehend soil-plant- 
water connections and water requirements. This study’s findings will also inform strategies for managing water 
resources in protected areas and help in designing policies aimed at mitigating the impacts of climate change on 
Qatar’s fragile desert ecosystems.

1. Introduction

Arid ecosystems are uniquely sensitive to the impacts of climate 
change and environmental degradation (Chen et al., 2020; Lee et al., 
2021; Ochoa-Hueso et al., 2017). The inherent challenges of these 
regions—such as limited water availability, infertile soils, and sparse 
vegetation—are exacerbated by changing climate patterns. Studies have 
highlighted the increasing incidence of land degradation and desertifi
cation, affecting a quarter of the world’s land surface (D’Odorico et al., 

2013; Eswaran et al., 2019; Prăvălie, 2021). This degradation is 
particularly acute in arid regions, where even minor shifts in climate can 
lead to pronounced changes in the ecosystem. Furthermore, the fre
quency of unusually dry seasons has been on the rise in several arid 
areas, further stressing these fragile environments (Hadri et al., 2021; 
Huang et al., 2017). The vulnerability of arid ecosystems to these 
changes poses a significant risk not only to the biodiversity they support 
but also to the substantial portion of the global population that depends 
on them.
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Given these challenges, the restoration and revegetation of arid 
ecosystems have become a global priority (Abdullah et al., 2017; Nirola 
et al., 2016; Stapleton et al., 2024). These efforts are crucial for main
taining the ecological balance and supporting the livelihoods of the 
communities that rely on these landscapes. However, the task is fraught 
with uncertainties, primarily due to the limited understanding of how 
desert vegetation responds to environmental stressors (Huebner et al., 
2022; Svejcar and Kildisheva, 2017). The variability in response across 
different arid regions complicates the development of effective man
agement strategies. As the world’s population continues to grow, the 
importance of restoring and sustainably managing these ecosystems 
becomes even more critical (Miller et al., 2017; Monaco, 2024). 
Addressing these challenges requires a concerted effort from the global 
community, including research to better understand the dynamics of 
arid ecosystems, the implementation of innovative restoration tech
niques, and policies that support sustainable management practices.

When addressing the challenges of revegetation and ecosystem 
restoration in arid environments, it is crucial to factor in the overarching 
influence of climatic conditions, particularly in the context of ongoing 
climate change. Arid regions are characterized by their extreme tem
peratures and minimal precipitation, conditions that naturally limit the 
growth and diversity of vegetation cover (Abulibdeh, 2021; Jiao et al., 
2021; Olmos-Trujillo et al., 2020). However, the escalating levels of 
greenhouse gasses in the atmosphere are intensifying these climatic 
extremes, further stressing these fragile ecosystems. The rise in air 
temperature, a direct consequence of increased greenhouse gasses, ex
acerbates the aridity, leading to longer drought periods and more 
intense heat waves (Aghakouchak et al., 2020; Overpeck and Udall, 
2020). These changes can significantly alter the growth patterns and 
survival rates of native plant species, which are adapted to specific cli
matic conditions. Additionally, the variability in precipitation, both in 
terms of quantity and distribution, adds another layer of complexity, 
affecting seed germination, plant growth, and the overall health of the 
vegetation cover (Roy et al., 2023).

In light of these changing climatic conditions, restoration and 
revegetation efforts must be adaptive and forward-looking. This in
volves selecting plant species not only based on their current suitability 
but also on their potential resilience to future climatic scenarios (Brown 
et al., 2022; Prober et al., 2019). It also necessitates a deeper under
standing of how changes in temperature and precipitation patterns will 
interact with local ecosystems. In arid landscapes, where water scarcity 
is a defining characteristic, precipitation stands as the most critical 
factor influencing vegetation growth, diversity, and the overall func
tioning of ecosystem processes (Naorem et al., 2023; Yu et al., 2023). 
The sparse and unpredictable nature of rainfall in these regions sets the 
stage for a challenging environment for plant life (El Kenawy, 2024). 
When rainfall does occur, it often triggers a rapid and significant 
response in the ecosystem, leading to bursts of plant growth and a 
temporary increase in biological diversity (Khan and Mehmood, 2023). 
These episodic and brief periods of rainfall are vital for the survival and 
reproduction of native plant species, which have adapted over time to 
capitalize on these short windows of water availability (Marcotti et al., 
2021; Song et al., 2020). The moisture provided by rainfall supports 
germination, growth, and the completion of life cycles in many desert 
plants (Chen et al., 2019). Moreover, precipitation plays a pivotal role in 
soil nutrient cycling, influencing the availability of essential nutrients 
for plant growth and thus indirectly impacting the diversity and health 
of the vegetation (Lai et al., 2019; Tariq et al., 2024).

The importance of precipitation in arid ecosystems extends beyond 
direct impacts on plant life. It also plays a crucial role in maintaining 
broader ecosystem processes and services (Berdugo et al., 2022; 
Grünzweig et al., 2022). For instance, rainfall patterns affect the dis
tribution and abundance of wildlife, as many animal species in arid 
regions rely on the vegetation for food and shelter (Creech et al., 2023). 
The presence of water can also influence patterns of animal movement 
and breeding. Furthermore, precipitation is integral to soil formation 

and erosion control (Ashraf, 2020). In arid landscapes, even minor 
changes in precipitation patterns can lead to significant shifts in 
ecosystem dynamics (Zeng et al., 2021). These changes can have 
cascading effects, altering the balance between different plant and ani
mal species, and potentially leading to shifts in the overall structure and 
functioning of the ecosystem. Thus, in the context of arid landscapes, 
understanding and monitoring precipitation patterns is crucial for 
conserving biodiversity, managing natural resources, and ensuring the 
sustainability of these unique ecosystems.

Over the past few decades, the concept of irrigating native desert 
plants has gained traction among researchers as a strategy to bolster 
revegetation efforts in arid environments (Abdullah et al., 2022; 
Al-Yamani et al., 2019; Dinarvand et al., 2022; Madouh, 2022). This 
approach is particularly relevant in the context of the increasing vari
ability and unpredictability of rainfall events, often linked to rising 
global temperatures due to climate change. In desert ecosystems, where 
water is the most limiting factor for vegetation growth, the supple
mentary irrigation of native plants can provide a much-needed boost to 
establish and sustain vegetation cover (Byambadorj et al., 2021; Hueb
ner et al., 2022). Therefore, this study aims to model the relationship 
between climate factors (rainfall, temperature, soil moisture) and 
vegetation patterns in Qatar’s protected areas to predict future changes 
in vegetation cover under ongoing climatic shifts. Specific objectives are 
to (1) assess the changes in climatic factors and understand their rela
tionship to vegetation growth in Qatar, and (2) develop a plant-climate 
characterization for native desert plants.

Given Qatar’s increasing vulnerability to extreme weather events 
such as prolonged droughts, this study provides crucial insights for 
policymakers aiming to implement sustainable land and water man
agement strategies. This study is important since changes in climate are 
negatively impacting vegetation cover and soil quality, leading to a 
significant decrease in vegetation cover, biodiversity, carbon seques
tration, etc. Also, loss in vegetation cover is also decreasing natural 
rangelands for livestock production, leading to more pressure on fodder 
cultivation and food security. The study will also provide a deeper un
derstanding of the impact of climate change on vegetation cover and the 
main factors influencing the growth of vegetation in arid desert eco
systems. This is important for the restoration and management of desert 
ecosystems as they are more vulnerable to climate change and require 
specific strategies. Thus, coming up with optimum solutions and stra
tegies requires a deep understanding of the climate-vegetation in
terconnections. Such understanding will also support decision-makers 
with a better understanding of the interconnection and help them 
develop more effective restoration and revegetation planning for future 
programs. This study’s findings will inform strategies for managing 
water resources in protected areas and help in designing policies aimed 
at mitigating the impacts of climate change on Qatar’s fragile desert 
ecosystems.

2. Study area

Qatar, located in the eastern Arabian Peninsula, is a rapidly devel
oping nation with a land area of about 11,437 square kilometers 
(Abulibdeh, 2024). The country is renowned for its remarkable trans
formation from a quiet pearl-fishing community to a global hub of 
commerce and culture. It is characterized by a hot, arid climate with 
minimal rainfall (Balakrishnan et al., 2023; Abulibdeh et al., 2024a). 
The discovery of hydrocarbon resources has fueled its economic and 
population growth, with a significant number of expatriates contrib
uting to its current population of 2.8 million (Mansour et al., 2022; 
Mohammed et al., 2023). This growth has placed immense pressure on 
its limited natural resources, particularly water (Jawarneh and Abu
libdeh, 2024). Qatar has responded to these challenges by investing in 
desalination to produce freshwater and subsidizing water and energy for 
its residents (Abulibdeh et al., 2024b). The country’s economic strate
gies and infrastructure developments are aligned with Qatar Vision 
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2030, aimed at diversifying the economy and enhancing living standards 
through massive investments in various sectors, including transport and 
tourism (Abulibdeh, 2023; Al-Awadhi et al., 2022).

The country has established several protected areas to safeguard its 
unique biodiversity and natural landscapes (Fig. 1), each offering a 
distinctive ecosystem and contributing to the preservation of the re
gion’s natural heritage (Burt et al., 2017; Grichting, 2020). In this study, 
we focused on the three main protected sites in Qatar, including 
Al-Reem, Al-Thakhirah, and Khor Al-Adaid Protected sites. These pro
tected areas include both terrestrial and marine regions, each offering a 
haven for a diverse range of flora and fauna (Weber, 2024). The selected 
protected areas represent critical habitats for native desert vegetation 
and serve as benchmarks for assessing the impacts of climate dynamics 
on arid ecosystems.

Qatar established Al-Reem Biosphere Reserve in 2006, which is 
recognized by UNESCO (Sillitoe et al., 2010). Al-Reem Protected Area, 
located in the western region of Qatar, stands as a testament to the 
country’s commitment to preserving its unique desert ecosystem 
(Grichting et al., 2019). This vast reserve covers an area of approxi
mately 1230 square kilometers, making it one of the largest protected 
zones in Qatar. The area is characterized by its stunning desert land
scapes, which include a mix of sandy plains, rocky outcrops, and inter
mittent saltpans. This diverse topography shapes the region’s natural 
beauty and provides a habitat for a wide range of wildlife species. The 
biodiversity of Al-Reem Protected Area is one of its most remarkable 
features (Grichting et al., 2019). The reserve is home to a variety of flora 
and fauna that have adapted to the harsh desert conditions. Among its 
inhabitants are several endangered species, such as the Arabian Oryx 
and the Reem Gazelle, both of which are iconic symbols of the Arabian 
wildlife heritage. The area also supports a range of bird species, reptiles, 
and small mammals. Additionally, the reserve’s plant life includes 
unique desert shrubs and grasses, which play a crucial role in stabilizing 
the sandy terrain and supporting the food chain.

Al-Thakhira protected area, another protected site located in the 
northeast of Qatar near the town of Al-Khor, is one of the country’s most 
significant natural reserves (Grichting et al., 2019). This area is partic
ularly known for its large expanse of mangrove forests, which are among 
the few in the Arabian Gulf region (Rondon et al., 2023). The major 

mangrove types in Qatar include Avicennia marina (Grey mangrove), 
Rhizophora mucronata (Red mangrove), and Avicennia officinalis (Indian 
mangrove) (Pitumpe Arachchige et al., 2024). These mangrove forests, 
predominantly made up of the Avicennia marina species, commonly 
known as the grey mangrove, play a vital role in the coastal ecosystem 
(Jameson et al., 2009; Mohan et al., 2024; Moussa et al., 2024). The area 
covers several square kilometers and includes a diverse mix of coastal 
and marine environments, from mudflats and sandy beaches to salt 
marshes, providing a rich habitat for a wide variety of wildlife 
(Grichting, 2020). The biodiversity in Al-Thakhira includes mangroves, 
which serve as a nursery for many species of fish and crustaceans, crucial 
for maintaining the health of the local marine life.

Khor Al-Adaid, also known as the Inland Sea, is an extraordinary 
natural reserve located in the southeastern part of Qatar, near the border 
with Saudi Arabia. This remarkable area is one of the few places in the 
world where the sea encroaches deep into the heart of the desert, 
creating a unique landscape of dunes and tidal embayment (Jameson 
et al., 2009). The Inland Sea is a large, shallow, saltwater inlet sur
rounded by vast, rolling sand dunes, offering a stunning contrast be
tween the arid desert environment and the aquatic ecosystem. The 
ecological importance of Khor Al-Adaid is immense (Rivers et al., 2020). 
It serves as a critical habitat for a variety of wildlife species, both 
terrestrial and marine. The area is particularly renowned for its rich 
marine life, including various species of fish and crustaceans. It is also an 
important nesting site for hawksbill and green turtles, which are 
considered endangered (Grichting, 2020). Additionally, the surrounding 
desert environment is home to a range of mammal species such as the 
Arabian gazelle and small mammals, as well as various reptiles and bird 
species. The area’s unique ecosystem supports a delicate balance of life, 
adapted to the extreme conditions of the desert and the marine 
environment.

3. Methods

To accomplish the objectives of this work, we followed several steps: 
(1) climatic data were collected from ERA5-Land which is an upgraded 
version of ERA5, (2) vegetation data was collected from Google Earth 
Engine (GEE) by downloading the NDVI images of the Landsat 5, 7 and 8 
satellites from 1985 to 2022 with a spatial resolution of 30m, (3) 
develop a regression model to understand the relationship and inter
connection between vegetation and climate variables, and (4) calculate 
the return period of optimum rainfall events to support vegetation 
growth. In this work, we compared three protected sites in Qatar. The 
time period from 1985 to 2022 was selected to capture the major cli
matic shifts observed in the region, particularly in response to global 
warming trends, and to analyze vegetation changes in the context of 
evolving land management policies. More details on the methods are 
explained in the following sections.

3.1. Data collection, preparation, and pre-processing

3.1.1. Climatic data collection
ERA5-Land is an upgraded version of ERA5, the fifth generation of 

the European Center for Medium-Range Weather Forecasts (ECMWF) 
atmospheric reanalysis data of the world’s climate (Dai et al., 2023). 
ERA5-Land improves the spatial resolution to 0.1◦ × 0.1◦ compared to 
the 0.25◦ × 0.25◦ of the ERA5, which results in more accurate reflec
tance of the spatial attributes of the surface properties (Munoz-Sabater 
et al., 2021). The ERA5-Land dataset has been linearly interpolated from 
the ERA5 dataset using a triangular mesh approach (Wu et al., 2023). In 
this study, several ERA5-Land daily parameters have been used, 
including temperature 2m, dew point temperature 2m, soil temperature 
level 1, total precipitation, total evaporation, u component of wind 10m 
and v component of wind 10m. These parameters have been used to 
drive other daily parameters like relative humidity, wind speed, wind 
direction, rainfall intensity, and the standardized precipitation index Figure (1). the study region comprising of the protected areas.
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(SPI). Then, the daily parameters were averaged monthly, and new 
monthly parameters were generated, including the number of rainfall 
events, accumulated rainfall, and maximum and minimum metrics 
measurements of temperature 2m, dew point temperature 2m, and soil 
temperature level 1 (Table 1). The ERA5-Land dataset was accessed, and 
the meteorological parameters were downloaded through the Google 
Earth Engine (GEE) platform. Meanwhile, the pre-processing procedures 
were conducted locally using Python programming language through 
different libraries such as pandas, numpy, openpyxl, and scipy.

The u and v components of Wind 10m were used to calculate the 
wind speed and direction (Baranov et al., 2018). The wind speed (the 
magnitude of the wind vector) was calculated by using the Pythagorean 
equation (Eq. (1)). While the arctangent 2 function was used to deter
mine the wind direction (Eq. (2)) 

Wind Speed=
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
u2 − v2

√
(Eq. 1) 

Wind Direction= atan 2(u, v) (Eq. 2) 

The study area receives little rainfall due to its aridity, so a threshold 
was applied to the daily precipitation data to classify, find, and count 
precipitation events. If the precipitation in a day is ≥ 0.05 mm, it is 
considered a precipitation event (Meslier and DiRuggiero, 2019; WAD, 
2019). Then, these events were accumulated for each month to find the 
monthly precipitation accumulation. The daily precipitation intensity 
was also calculated and added to the precipitation parameters. The 
maximum and minimum monthly metrics observations of the Dewpoint 
Temperature 2m, Temperature 2m, and Soil Temperature Level 1 pa
rameters were selected by the highest and lowest daily observations, 
respectively.

Relative Humidity (RH) is a significant climatic factor that is defined 
as the ratio of air vapor pressure (ea) to saturated vapor pressure (es), 
typically multiplied by 100 and presented as a percentage (Wu et al., 
2021). RH (Eq. (3)) indicates the proximity of air to saturation rather 
than the actual amount of water vapor present in the air (Nugent et al., 
2019). 

RH=
ea

es
× 100 (Eq. 3) 

The saturation vapor pressure (es) and actual vapor pressure (ea) are 
given by Eq. (4) and Eq. (5), respectively (Allen et al., 1998; Upreti and 
Ojha, 2017): 

es =0.6108 exp
[
(17.27 × Tdew )

Tdew + 237.3

]

(Eq. 4) 

ea =0.6108 exp
[
(17.27 × T)
T + 237.3

]

(Eq. 5) 

Where Tdew, and T are the dewpoint temperature and temperature 2m, 
respectively.

For the purpose of evaluating and monitoring droughts, the SPI was 
developed by McKee et al. (1993). It is a widely utilized drought index 
that depends only on the precipitation as a variable to monitor all types 
of drought in any region with a precipitation record (Spinoni et al., 
2015; Espinosa et al., 2019; Lorenzo et al., 2023). The World Meteoro
logical Organization considers the SPI index to be a global standard 
measure for assessing the severity of drought (WMO, 2012). The SPI is 
determined by standardizing the precipitation values and representing 
them as the number of standard deviations away from the average over a 
lengthy period of time (Tirivarombo et al., 2018). It is assumed that the 
precipitation follows a normal distribution, as stated in (Eq. (6)). 

SPI=
xi − x

σ (Eq. 6) 

Where xi is the precipitation measurement of the selected period, x the 
mean precipitation of the long-term period, and σ is the standard 

Table 1 
The parameters description.

Parameter Unit Resolution Type Description

Dew point 
Temperature 
2m

K 0.1◦ Raw Represents the temperature 
where the air at 2 m above 
the Earth’s surface would 
have to be cooled in order 
for saturation to happen. It 
is a measurement of air 
humidity.

Maximum 
Dewpoint 
Temperature 
2m

K 0.1◦ Derived The maximum observation 
of the d ew point 
Temperature 2m in a 
month.

Minimum 
Dewpoint 
Temperature 
2m

K 0.1◦ Derived The minimum observation 
of the Dewpoint 
Temperature 2m in a 
month.

Temperature 2m K 0.1◦ Raw Represents the 
measurement of air 
temperature at a height of 
2 m above the land or sea 
surface.

Maximum 
Temperature 
2m

K 0.1◦ Derived The maximum observation 
of the Temperature 2m in a 
month.

Minimum 
Temperature 
2m

K 0.1◦ Derived The minimum observation 
of the Temperature 2m in a 
month.

Soil Temperature 
Level 1

K 0.1◦ Raw Represents the temperature 
of the soil from 0 to 7 cm, 
where the surface is at 0.

Maximum Soil 
Temperature 
Level 1

K 0.1◦ Derived The maximum observation 
of the Soil Temperature 
Level 1 in a month.

Minimum Soil 
Temperature 
Level 1

K 0.1◦ Derived The minimum observation 
of the Soil Temperature 
Level 1 in a month.

Potential 
Evaporation

m 0.1◦ Raw Represents how conducive 
near-surface air conditions 
are to the evaporation 
process.

U Component of 
Wind 10m

m. 
s− 1

0.1◦ Raw The eastward element of 
the 10-m wind.

V Component of 
Wind 10m

m. 
s− 1

0.1◦ Raw The northward element of 
the 10-m wind.

Wind Speed m. 
s− 1

0.1◦ Derived The magnitude of the wind 
vector obtained from the U 
and V components of the 
wind.

Wind Direction ◦ 0.1◦ Derived The direction of the wind 
vector obtained from the U 
and V components of the 
wind.

Total 
Precipitation

m 0.1◦ Raw Represents the amount of 
liquid and frozen water, 
including both rain and 
snow, that precipitates onto 
the Earth’s surface.

Number of Events ​ 0.1◦ Derived Represents the count of 
precipitation instances in a 
month.

Precipitation 
Accumulation

m 0.1◦ Derived Represents the total 
amount of precipitation in a 
month.

Precipitation 
Intensity

m. 
h− 1

0.1◦ Derived Represents the rate of 
precipitation per hour.

Standardized 
Precipitation 
Index

​ 0.1◦ Derived It is a statistical drought 
index based on the 
precipitation parameter 
only.

Relative Humidity ​ 0.1◦ Derived Represents t the amount of 
atmospheric moisture, it 
was calculated based on the 
Dewpoint Temperature 2m 
and Temperature 2m 
parameters.
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deviation for the given period.

3.1.2. Vegetation data collection and pre-processing
In order to track the ever-changing desert vegetation cover, the 

Normalized Difference Vegetation Index (NDVI) was used in the present 
study since we are assessing changes in vegetation cover for a long 
period, which is only available with Landsat data. NDVI is used to 
quantify vegetation greenness and helps determine vegetation density 
and changes in plant health. NDVI focuses on the ratio between the red 
(R) and near-infrared (NIR) values in traditional fashion: (NIR - R)/(NIR 
+ R). Over the years, NDVI has shown to be a valuable tool for re
searchers in several studies involving drought monitoring, classification, 
and vegetation dynamics (Jawarneh et al., 2024; Dutta et al., 2015; 
Abdullah et al., 2017a,b). The GEE was utilized to access and download 
the NDVI images of the Landsat 5 and 8 satellites from 1985 to 2022 
with a spatial resolution of 30m. However, between 2003 and 2013, the 
acquisition of images was impeded by the presence of a scan line mistake 
in Landsat 7. A threshold was applied to classify the NDVI images into 
two classes: vegetation and non-vegetation. Due to the aridity nature of 
the study area, the threshold value was >0.1 to consider the pixel of the 
NDVI image as vegetation (Elagib et al., 2020; Ma et al., 2020).

The vegetation cover was calculated by aggregating information 
from the NDVI layer. The monthly vegetation cover was determined for 
each image by counting the pixels that were already classified as vege
tation. If there were more than NDVI images within the same month, the 
average vegetation cover of those images was calculated. For each 
month from 1985 to 2022, the layer was classified into vegetation and 
non-vegetation. Then, the percentage of areas covered with vegetation 
was calculated to determine the vegetation cover. This is important 
since NDVI represents vegetation density, and vegetation cover refers to 
the physical presence and extent of vegetation in a given area. Both 
vegetation types could be impacted by different climatic factors.

3.2. Data statistical analysis

3.2.1. Understanding seasonal native desert vegetation growth to rainfall 
fluctuation

In this section of the work, we hypothesize that increased evapora
tion rates and decreased rainfall events, exacerbated by rising temper
atures, are the main drivers of the reduction in vegetation cover in 
Qatar’s protected areas. All data collected from the previous steps were 
exported from the raster data in Arc GIS to a point shapefile and 
transferred to an Excel sheet to perform the statistical analysis utilizing 
JMP™ statistical software, Version 11. The points were extracted from 
each pixel within the three examined protected sites, covering the 
dependent variables (vegetation cover and NDVI) and climatic variables 
In this stage of the work, we mainly focused on developing a regression 
model to develop a deeper understanding of the interconnection be
tween vegetation and climatic variables. First, we performed a simple 
linear regression analysis to determine the relationship between each 
climatic variable and vegetation distribution. A 95% confidence interval 
was selected for the regression models. Then, we performed the multi
variate regression model analysis (using forward stepwise regression) to 
understand the relationship between changes in vegetation and climatic 
factors as a model, putting all variables together to determine the most 
influential climatic variable. Before implementing the multi-regression 
model, multicollinearity was tested since some independent variables 
were correlated together. The multicollinearity was tested based on the 
variance Inflation Factor (VIF), as variables with high VIF values were 
excluded from the final analysis. The vegetation variables, including 
vegetation cover and NDVI values, were considered dependent variables 
in the model, and the climatic variables were considered independent 
variables. We examined six climatic factors including monthly precipi
tation, number of rainfall events, accumulated rainfall, humidity, SPI, 
and temperature. The regression model was implemented twice, for the 
vegetation cover and NDVI values. For the regression analysis, we 

assumed that vegetation cover in the examined areas could be highly 
influenced by most of the climatic variables, but at the same time, they 
may differ in terms of the variables affecting each site even though we 
are dealing with the same desert country. We also assumed that changes 
in vegetation cover and NDVI may also be influenced by different cli
matic factors, which is possible due to the sensitivity of arid lands as the 
type of plants and soil characteristics may play a major role.

3.2.2. The probability and return period of favorable rainfall events
The probability of rainfall events for vegetation growth was deter

mined using the Markov Chain Monte Carlo method (MCMC) with 
@RISK software. This method, which is widely used to simulate pre
cipitation occurrence and distribution, takes into account different pa
rameters such as mean (μ), standard deviation (σ), maximum, and 
minimum. To determine the rainfall probability, 5000 iterations were 
simulated for each month of the year. Finally, the return period (T) was 
estimated by calculating the inverse of the probability of precipitation 
occurrence. The equation used for this estimation is as follows: 

T=
1
P
*100 (2) 

where, T is the return period, and P is the probability of occurrence of 
precipitation.

4. Results

4.1. Changes in vegetation cover and NDVI values

The results illustrate that vegetation cover in the protected areas 
differed within the examined years (Fig. 2). A significant decrease in 
vegetation cover was found in Al-Reem and Khor Al Adaid protected 
areas. Vegetation increased from 42% in 1986 to 80% in the mid-90s, 
but then it decreased significantly to reach <20% in most years start
ing from 2000 to 2022. Khor Al-Adaid also showed a similar trend 
compared with the Al-Reem site with a low percentage of vegetation 
cover where the maximum amount of vegetation cover was also found in 
the mid-90s, which reached >35% and decreased to <30% in most 
examined years. However, the Al-Thakhira site did show significant 
changes in vegetation cover, as the highest coverage was 35% in the 
mid-90s, and the lowest coverage was less than 20%. It was also illus
trated from the results that the maximum vegetation cover differs from 
one location to another. It was found that the highest maximum vege
tation was presented at the Al-Reem protected site (88%), Khor Al-Adaid 
(70%), and Al-Thakhira (32%). Reaching the maximum vegetation 
coverage at each site depends mainly on the variation in the climatic 
variables. On the other hand, NDVI values within the three examined 
protected sites showed an increasing trend, which illustrates an increase 
in the greenness of the plants. This is an interesting controversy as the 
coverage of the plants decreased while unexpectedly the NDVI values 
increased.

4.2. Changes in climatic variables

Such changes in vegetation cover in the examined protected areas 
are more likely related to the changes in climatic trends. The trend 
analysis showed that all precipitation variables significantly decreased 
over the past 45 years (Fig. 3). However, the Mann-Kendall (MK) anal
ysis did not show any significant decrease in the precipitation variables 
at the protected areas except the Al-Thakhira protected site, which 
showed significant changes in the total annual precipitation and in the 
rainfall intensity (p-value <0.05). Such a significant decrease could 
clearly explain the low vegetation coverage at the Al-Thakhira protected 
site compared with the Al-Reem and Khor Al-Adaid protected sites – 
where the vegetation cover is higher.

On the other side, the results showed significant changes in the 
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annual temperature, soil temperature, and Dewpoint Temperature (p- 
value <0.01) at the three examined protected sites as it significantly 
increased in the past 45 years by 2 ◦C, which increased evaporation 
levels approximately from − 0.53 to − 0.508. This is a large increase in 
temperature that could significantly impact vegetation growth. Such 
changes in the climatic variables increased the drought seasons in the 
study areas as the results of the MK trend analysis showed that the SPI 
decreased significantly (p-value <0.01), which is more likely related to 
the significant decrease in vegetation cover.

It was also illustrated that wind speed and direction decreased 
significantly (p-value <0.05) in the three protected areas. Such changes 
in wind speed and direction could also impact the ecological processes 
by impacting the seed distribution leading to less vegetation coverage at 
the protected sites.

4.3. Factors influencing changes in vegetation coverage

It was demonstrated from the regression analysis results that the 
relationship between the climatic variables and vegetation is similar in 
some variables and differed in others among the three examined pro
tected sites. The variables influencing the vegetation cover and the NDVI 
values of vegetation were also found to differ. The results of the simple 
linear regression (Table 2) showed that vegetation cover at Al-Reem 
protected site was significantly influenced by all examined variables 

except rainfall intensity and evaporation. Al-Thakhira protection site 
was also significantly influenced by all variables except accumulated 
rainfall, number of rainfall events, temperature, and humidity. How
ever, vegetation at the Khor Al-Adaid protected site did not show any 
significant relationship with all variables except the number of rainfall 
events, temperature, soil temperature, and humidity. It was illustrated 
that four variables had a significant influence on vegetation cover at the 
three sites including precipitation, SPI, and dew point.

The stepwise regression analysis showed that the best-fit model for 
Al-Thakhira protected site depends on evaporation and dew point, 
compared to evaporation and soil temperature for the Al-Reem site. In 
contrast, the vegetation at Khor Al-Adaid showed that the best-fit model 
depends on the combination of number of rainfall events, SPI, evapo
ration, and dew point. The result of the stepwise regression showed that 
evaporation rates are the major variable influencing vegetation cover at 
the three sites.

The NDVI values were affected differently by the examined climatic 
variables (Table 3). The results of the single linear regression analysis 
showed that all variables influenced the NDVI value in Al-Thakhira and 
Al-Reem sites except annual precipitation, number of rainfall events, 
temperature, and humidity for Al-Thakhira, and rainfall intensity and 
evaporation for Al-Reem site. However, the temperature was the only 
significant variable influencing the NDVI value at Khor Al-Adaid site. 
This illustrates that changes in temperature are the main factor 

Fig. 2. Changes in vegetation coverage and NDVI values from 1958 to 2022.

Fig. 3. Mann-kendall analysis.

M. Abdullah et al.                                                                                                                                                                                                                              Journal of Arid Environments 225 (2024) 105274 

6 



influencing the health of vegetation at all examined sites. However, the 
variation in other variables affecting vegetation health is more likely 
related to the variation in the types of plants at each site, as well as the 
variation in soil characteristics and landscaping. The stepwise regression 
analysis showed that the best-fit model for Al-Thakhira combines the 
following variables: evaporation, dew point, soil temperature, number 
of monthly rainfall events, SPI, and rainfall intensity. The stepwise 
regression for the Al-Reem site showed that the best-fit model combines 
the precipitation and the number of monthly rainfall events. However, 
Khor Al-Adaid showed that the best-fit model was only temperature. 
This illustrates that rainfall fluctuations significantly influence the 
vegetation health at Al-Thakhira and Al-Reem. However, temperature 
plays a major role in Khor Al-Adaid, which is also more likely related to 
the variation in plant types, soil, and landscaping.

To conclude, temperature and precipitation seem to be the main 
factors influencing native vegetation growth in arid landscapes. In fact, 
the stepwise regression analysis showed that the best-fit model for 
vegetation coverage for the study sites combines the following variables: 
temperature, evaporation, accumulated rainfall, and the number of 
monthly rainfall events (R2 = 0.58, p-value <0.05). The results showed 
that temperature negatively affects vegetation growth during summer, 
reaching up to 4 ◦C, rendering the plants dormant from June to 
September (dry months). However, during the remaining months of the 
year, from October to May, when the temperature decreases, precipi
tation fluctuation is considered the influential primary variable to 
vegetation growth through several sub-variables, including (1) rainfall 
intensity and frequency (accumulated rainfall and number of events) 
and (2) the timing and months when rainfall was received.

4.4. Changes in drought seasons

It was illustrated from the regression analysis that vegetation cover 
was highly influenced by the SPI, showing that the significant changes in 
the temperature and rainfall trends significantly increase the drought 
seasons in Qatar. The results of the drought analysis showed that the 
drought seasons mainly increased at the beginning of the 90s (See 
Fig. 4). According to the SPI index analysis, it was illustrated that most 
of the drought events before 1991 were less than − 0.5, with very rare 
high events that reached − 1, especially in 1981 and 1982. However, in 
the remaining years, from 1983 to 1990, the drought events were ≤ 0.5. 
After 1990, drought seasons and months have increased, reaching − 1. 
Also, increases in the wet seasons (November to January) were observed 
from the 90s until 2022, which is more likely related to the increase in 
rainfall intensity.

4.5. Optimum rainfall events for vegetation growth and the return period

Such significant changes in rainfall patterns and the increase in 
drought seasons (SPI) led to a significant decrease in vegetation in the 
past 20 years, especially the number of rainfall events and the accu
mulated rainfalls – which decreased during the past years. With respect 
to the number of rainfall events, the optimum number of events ranged 
between 10 and 15 events per year. For instance, the seasons showing 
high vegetation coverage were those with a number of rainfall events 
equal or higher than 15; and when the number dropped below 10–15, 
during the past 20 years, the vegetation significantly declined. On the 
other hand, as to accumulated rainfall, the 70 mm yearly value appears 

Table 2 
Regression analysis results for the relationship between vegetation coverage and climatic variables.

Independent Variable r2 coefficient p-value r2 added coefficient p-value

Al Thakhira

Variables Simple linear regression Multivariate, step-wise

Accumulated precipitation 0.006 0.051 0.105 ​ ​ ​
precipitation 0.01 3.569 0.02* ​ ​ ​
Number of Rainfall events 0.008 0.19 0.07 ​ ​ ​
SPI 0.01 3.22 0.04* ​ ​ ​
Rainfall Intensity 0.03 49.8 0.02* ​ ​ ​
Temperature 0.007 − 0.11 0.08 ​ ​ ​
Evaporation 0.05 − 6.69 0.001** 0.01 − 6.726 0.001 ***
Humidity 0.003 0.136 0.84 ​ ​ ​
Soil Temperature 0.01 − 0.128 0.04* ​ ​ ​
Dew point 0.01 − 0.17 0.038* 0.06 − 0.179 0.02*

Al Reem
Variables Simple linear regression Multivariate, step-wise

Accumulated precipitation 0.01 0.249 0.03* ​ ​ ​
precipitation 0.03 11.01 0.002** ​ ​ ​
Number of Rainfall events 0.11 0.823 0.03* ​ ​ ​
SPI 0.02 13.08 0.03* ​ ​ ​
Rainfall Intensity 0.03 263.84 0.002** ​ ​ ​
Temperature 0.06 − 0.091 0.001** ​ ​ ​
Evaporation 0.01 − 11.82 0.058 0.02 − 6.726 0.02*
Humidity 0.02 0.532 0.0007*** ​ ​ ​
Soil Temperature 0.06 − 0.84 0.0001*** 0.07 − 0.883 0.0001***
Dew point 0.05 − 0.032 0.0003*** ​ ​ ​

Khor Al adid
Variables Simple linear regression Multivariate, step-wise

Accumulated precipitation 0.005 0.073 0.04* ​ ​ ​
precipitation 0.006 0.085 0.04* ​ ​ ​
Number of Rainfall events 0.0009 0.0895 0.4 0.13 − 0.084 0.009**
SPI 0.01 4.54 0.002** 0.03 7.892 0.0001***
Rainfall Intensity 0.006 55.905 0.04* ​ ​ ​
Temperature 0.003 − 0.097 0.1 ​ ​ ​
Evaporation 0.09 − 6.473 0.01* 0.01 − 11.243 0.001**
Humidity 0.009 − 0.577 0.9 ​ ​ ​
Soil Temperature 0.003 − 0.088 0.09 ​ ​ ​
Dew point 0.01 − 0.263 0.005** 0.14 − 0.443 0.008**
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to be the threshold for healthy vegetation growth. It was illustrated from 
the results that during the period of high vegetation growth, in the 
1990s, the accumulated rainfall exceeded 80 mm a year at Al-Thakhirah 
and Al-Reem sites, and higher 70 mm in the Khor Al-Adaid site; whereas 
during the past 20 years, when vegetation growth clearly declined, the 
accumulated rainfall showed a decrease by 10 mm and more in the 3 
protected sites (Fig. 4).

The probability analysis of the rainfall data showed that the chances 
of receiving the optimum rainfall events that are higher than 80 mm are 
less than 5%. However, it is more likely (90–99%) to receive low rainfall 
seasons with an amount of rainfall ranging from 1 to 17 mm. This in
dicates that vegetation coverage is more likely to continue decreasing, 
leading to more drought seasons in the future. Thus, supplemental 
irrigation could be a significant option to support the restoration and 
revegetation of the native desert plants to overcome the deficit in water 
resources due to the significant increase in temperature and evaporation 
rates, as the regression analysis results showed the evaporation rates 
were the most influential variables affecting the three sites.

5. Discussion

5.1. Climatic impacts on vegetation cover

The work’s results showed the importance of considering new ap
proaches that are particularly relevant in the context of the increasing 
variability and unpredictability of rainfall events, often linked to rising 
global temperatures due to climate change. The results showed a sig
nificant decline in vegetation cover at the protected sites examined after 

the mid-90s. This illustrates that desert areas in the GCC, such as Qatar, 
are more vulnerable than other ecosystems worldwide, which requires 
more in-depth analysis and strategies to restore and protect these areas. 
This reduction in vegetation is mainly due to changes in climatic vari
ables, such as a considerable rise in temperature. The results of the trend 
analysis showed that there was a significant increase in temperature, soil 
temperature, dew point, and drought seasons, as well as changes in 
rainfall intensity and frequency. These changes had a significant impact 
on vegetation growth in the protected areas, starting in the 90s. The 
results of this study are consistent with an earlier study that assessed 
climate changes and their impact on vegetation cover in Kuwait (a GCC 
country with similar climate conditions as Qatar). The previous study 
revealed that after 1995, the temperature increased, and rainfall 
decreased in Kuwait, leading to significant changes in rainfall patterns 
and ultimately resulting in a considerable reduction in vegetation cover 
(M. Abdullah et al., 2024).

The significant impact of climatic changes, namely temperature and 
precipitation patterns on vegetation growth and health is well docu
mented. Yet, surprisingly, this work shows that climatic variables 
affecting vegetation cover differed within the sites. It was also found that 
evaporation rates are the most significant variable affecting vegetation 
cover. This is interesting as the study site is small and showed such 
variation in vegetation response to climatic variables. We believe that 
such variation likely represents the complexity of arid ecosystems, as 
simple variations in vegetation types, soil characteristics, and land
scaping could significantly impact vegetation growth, coverage, and 
health. Thus, the restoration of arid systems requires a detailed assess
ment before developing the plans. It is also important to include climate 

Table 3 
Regression analysis results for the relationship between NDVI values and climatic variables.

Independent Variable r2 coefficient p-value r2 added coefficient p-value

Al Thakhira

Variables Simple linear regression Multivariate, step-wise

Accumulated precipitation 0.006 0.051 0.105 ​ ​ ​
precipitation 0.01 3.569 0.02* ​ ​ ​
Number of Rainfall events 0.008 0.19 0.07 0.122 0.0038 0.0001***
SPI 0.01 3.22 0.04* 0.017 − 0.0147 0.013*
Rainfall Intensity 0.03 49.8 0.02* 0.08 − 0.2644 0.0001***
Temperature 0.007 − 0.11 0.08 ​ ​ ​
Evaporation 0.05 − 6.69 0.001** 0.032 0.01568 0.0008***
Humidity 0.003 0.136 0.84 ​ ​ ​
Soil Temperature 0.01 − 0.128 0.04* 0.009 0.00039 0.05*
Dew point 0.01 − 0.17 0.038* ​ ​ ​

Al Reem
Variables Simple linear regression Multivariate, step-wise

Accumulated precipitation 0.01 0.249 0.03* ​ ​ ​
precipitation 0.03 11.01 0.002** 0.38 − 0.013 0.0001***
Number of Rainfall events 0.11 0.823 0.03* 0.08 0.0023 0.0001***
SPI 0.02 13.08 0.03* ​ ​ ​
Rainfall Intensity 0.03 263.84 0.002 ​ ​ ​
Temperature 0.06 − 0.091 0.001** ​ ​ ​
Evaporation 0.01 − 11.82 0.058 ​ ​ ​
Humidity 0.02 0.532 0.0007*** ​ ​ ​
Soil Temperature 0.06 − 0.84 0.0001*** ​ ​ ​
Dew point 0.05 ​ 0.0003*** ​ ​ ​

Khor Al adid
Variables Simple linear regression Multivariate, step-wise

Accumulated precipitation 0.003 0.0004 0.6 ​ ​ ​
precipitation 0.003 0.00302 0.6 ​ ​ ​
Number of Rainfall events 0.01 0.00302 0.4 ​ ​ ​
SPI 0.0004 0.0044 0.34 ​ ​ ​
Rainfall Intensity 0.0006 0.0726 0.6 ​ ​ ​
Temperature 0.02 0.0975 0.001** 0.01 − 0.0004 0.001**
Evaporation 0.003 0.0057 0.4 ​ ​ ​
Humidity 0.004 0.0002 0.5 ​ ​ ​
Soil Temperature 0.007 − 0.0003 0.09 ​ ​ ​
Dew point 0.005 0.0003 0.2 ​ ​ ​
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change in the restoration assessment as our results showed significant 
changes in the trends of most climatic variables, which led to a signifi
cant increase in desertification as the results showed the drought seasons 
increased significantly, especially in the 90s, and continued to increase.

It was also demonstrated from the results that the healthiness of the 
plants (NDVI values) significantly differed from vegetation cover, as 
vegetation healthiness was influenced by different climatic factors. 
Temperature and precipitation play a major role in the healthiness of 
vegetation. The results showed that the increase in temperature, espe
cially in the 90s, impacted the healthiness of vegetation negatively since 
extreme temperatures can stress plants and reduce NDVI values if they 
exceed optimal ranges for photosynthesis. Also, the increase in tem
perature led to an increase in evaporation rates, leading to more water 
deficit for plant growth. Thus, distinguishing between vegetation cover 
and healthiness is an important aspect that needs to be considered in the 
restoration planning and assessment since both cover different aspects of 
the native desert plants and are mainly influenced by different climatic 
variables.

It was also observed that vegetation coverage significantly 
decreased, and the NDVI values increased within all three examined 
protected sites in Qatar. This does not necessarily mean that the avail
able vegetation became healthier, but it could be attributed to changes 
in vegetation communities in response to the significant changes in 
climate. In fact, shifts in vegetation communities under climate change 
have been reported, including (1) changes in vegetation type such as 
phenological, physiological, and distributional; and (2) level changes 
such as species, community, and ecosystem levels. Also, abiotic and 
biotic constraints, including fragmentation of the landscape, land use, 
grazing, seed availability, resource availability, dispersal capabilities of 
individual species, available space, geographical barriers, topography, 
soil types, and biotic interactions, can lead to changes and shifting of 
native desert plants (Al Blooshi et al., 2020; Hufnagel and Garamvölgyi, 
2013; McNichol and Russo, 2023; Munson et al., 2012). Another reason 
for higher NDVI could be the increase of native annual plants during the 
spring season since the spring weather conditions and summer and 
previous-autumn temperatures are linked to the peak growing season. 

Fig. 4. Vegetation response to climatic variables. (A) Al-Thakirah Protected Site, (B) Al-Reem Protected Site, and (C) Khor-Al-Adaid Protected Site.
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NDVI values of annual plants are commonly higher due to the greener 
leaves compared with perennial plants (i.e. less woody parts) (Crichton 
et al., 2022; Ghebrezgabher et al., 2020). This is further justified by the 
observation in Kuwait that the majority of vegetation cover is commonly 
annual plants in open areas and perennial plants in protected sites (M. 
M. Abdullah et al., 2024).

5.2. Spatial variation in vegetation cover

The results showed that maximum vegetation coverage significantly 
differed between locations. While climatic variables were reportedly 
(directly or indirectly) correlated to the growth of native plants, given 
the relatively small size of the studied area, it is unlikely that climatic 
factors are the main drivers for the differences in the growth and 
coverage of the vegetation. Thus, the topography and soil’s physical and 
chemical properties may be the main determinants of the observed 
variation between the three sites. In fact, the results showed that Al- 
Thakhirah has the lowest vegetation growth, which is more likely 
related to the majority of the gypsum soils in the site (Peng et al., 2016). 
Al-Reem showed a higher vegetation cover than Al-Thakhirah since the 
site was dominated by gypsum and calcide soils. In comparison, Khor Al- 
Adaid, which was mainly dominated by calcide soils, presents the 
highest vegetation coverage compared to the other protected sites. This 
can be attributed to the fact that calcides soils have a better ability to 
store water for longer periods to support plant uptakes. Petrocalcid soils, 
for example, store a relatively high quantity of water, potentially mak
ing it available for plant uptake during dry times (Abdullah et al., 2020; 
Duniway et al., 2007).

The observation above is further justified by the results of the multi- 
regression model. Those showed that temperature-related parameters 
(evaporation, dewpoint, soil temperature) are the most influential var
iables affecting vegetation growth at Al-Thakhirah and Al-Reem area. In 
contrast, rainfall-related parameters (number of rainfall events and 
rainfall intensity) mostly influenced Khor Al-Adaid site – which benefits 
the most from rainfall due to its long water retention characteristic.

5.3. Optimum strategies to support the restoration of native desert plants

The results of this work show a correlation between droughts and the 
percentage of vegetation coverage. One option to support vegetation 
growth is using supplemental irrigation techniques, as they were rec
ommended and used in vegetation restoration in Kuwait deserts (UNCC, 
2002; Omar, 2014). However, even though this option is an effective 
option, it is still important to consider the water scarcity in arid regions 
since intensive watering may not be sustainable for long-term planning. 
The main disadvantages of supplementary irrigation for desert vegeta
tion include high cost, intensive maintenance requirements (Ahmed 
et al., 2023; Bainbridge, 2002), and potential soil salinization (Abdullah 
et al., 2017; Misak et al., 2002). Thus, it is important to consider that this 
option should be evaluated carefully to avoid future complications. This 
is mostly true because increasing water storage in the soil through irri
gation may provide a temporary success that is quickly followed by poor 
plant adaptation and an eventual failure (Naorem et al., 2023; Padgett 
et al., 2000). However, supplemental irrigation may be effective only 
during the months before seed germination and at low temperatures to 
avoid high evaporation rates. This observation aligns with a previous 
work implemented in Kuwait, which shows that the supplemental irri
gation is effective two months before the growth season, especially in 
October and November (Abdullah et al., 2022). These months are 
considered the most influential months for plant growth, and the 
probability of receiving the optimum rainfall events is low. Therefore, 
supplemental irrigation could be an optimum strategy for these months.

Another important point is to focus on alternative options for sup
plemental irrigation, such as the use of treated wastewater. The use of 
treated wastewater for supplemental irrigation represents a promising 
strategy for revegetation efforts in arid environments. Treated 

wastewater (TWW) in Qatar and other GCC countries is underutilized, 
with only 39% being reused, mainly for landscaping and industrial 
purposes, while the remainder is discharged into the sea (Ahmed et al., 
2023; Qureshi, 2020). The potential for using TWW in agriculture is 
substantial but limited due to various social, health, and environmental 
concerns (Darwish and Mohtar, 2013; Lahlou et al., 2023). It is noted 
that treated wastewater can safely be used to grow food and forage crops 
if managed with appropriate practices, suggesting a significant oppor
tunity to relieve the pressure on freshwater resources (Hussain et al., 
2019). Furthermore, this approach aligns with the broader goals of 
sustainable resource management and environmental conservation (Cai 
et al., 2018). It enables the restoration of native ecosystems while 
mitigating the risks associated with freshwater scarcity. Therefore, there 
is a need for robust plans and an integrated approach in Qatar to in
crease the agricultural use of TWW. This involves overcoming the hes
itations of farmers and the public, who are concerned about health 
impacts and the quality of food products grown with treated wastewater. 
Education and awareness campaigns are suggested to address these 
concerns and enhance the acceptance of TWW for irrigation. Imple
menting supplemental irrigation with treated wastewater can help 
establish and maintain native plant species that are resilient to the harsh 
climatic conditions of Qatar. This method can provide a steady water 
supply, essential for the survival and growth of vegetation during pro
longed dry periods. Additionally, it can foster biodiversity, stabilize 
soils, and contribute to the ecological balance of arid regions.

5.4. Limitations and research gaps for future studies

The results of this work demonstrated the interconnection between 
changes in climatic factors and vegetation response of the coverage and 
the healthiness. However, there were still some limitations with the 
satellite imagery analysis as we mainly depended on medium-resolution 
satellite information, which helped us understand the effect of climatic 
changes on the coverage and healthiness of desert native plants. Also, 
the paper examined 40 years with different climatic variables. However, 
the years 2003–2012 were not covered, as in May 2003, the scan line 
corrector (SLC) in the ETM + instrument failed with Landsat 7. So, we 
believe that future work should focus on small scale studies that can 
present more detailed information on the vegetation-climate intercon
nection. Thus, future research needs to consider UAVs (very high reso
lution) sensors to provide more details on the dynamics of different plant 
communities and their relation to rainfall patterns.

This study proved that, in arid ecosystems, the impact of climatic 
parameters on vegetation may differ in various aspects (pattern, in
tensity, influential factors, etc.), even within a small-scale area. Also, the 
regression model showed low R2, which is more likely related to the 
complex relationship between the climatic variables and vegetation 
cover, as well as the high multicollinearity between the independent 
climatic variables. This clearly highlights the complexity of arid eco
systems and illustrates the need for a deeper understanding of the 
complexity of arid lands. In this respect, a quantitative assessment of the 
soil-plant-water interconnection remains needed to provide a strong 
basis for desert management planning, resulting in desertification con
trol and enhanced vegetation growth and biodiversity.

Specifically, this work spotted future research needs for a better 
ecohydrological understanding of desert plants, allowing accurate 
analysis of water-saving opportunities. Supplemental irrigation could be 
considered one of the optimum solutions to enhance vegetation cover 
and perennial plant growth. However, implementing such strategies 
requires a better understanding of the future. Thus, future studies should 
consider the biological and physiological attributes of desert native 
species, which are critical aspects for the resident plant species, such as 
rooting system, acclimatizing potential, and other adaptations (e.g., 
stem and leaf water storage capabilities) that define desert-plant re
sponses (growth and distribution) to dry conditions, with occasional rain 
pulses. Future research should also address the role of groundwater and 
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its seasonal dynamics, or lack thereof, in the control of vegetation dy
namics, which may be essential for the survival of deep-rooted desert 
species. Shallow-rooted species may also be differentially affected if 
present in the landscape. Moreover, plant and species-level information 
is needed to evaluate their degree of survival under future climate 
conditions.

6. Conclusion

This study revealed that the vegetation cover in Qatar significantly 
declined after alterations in climatic variables and demonstrated a 
strong correlation between yearly rainfall and vegetation cover. It was 
found that the total amount of rainfall and its daily intensity alone 
cannot accurately predict high vegetation cover. Instead, the frequency, 
distribution, and timing of rainfall play a crucial role in the growth of 
vegetation cover during the growing season. The study also highlighted 
that the probability of rainfall occurring at the right time is low, which 
leads to a high likelihood of low vegetation cover. It is crucial to note 
that irrigation is generally not a viable option due to the limited water 
resources in the arid region, which may have negative long-term con
sequences. However, supplementary irrigation should be further 
researched to support native species and understand the stages of their 
seasonal growth, as well as better comprehend the water requirements 
and soil-plant-water connections. Therefore, it is imperative to have a 
deeper quantitative understanding of the climatic vegetation-soil nexus 
in future studies, especially given the current climate trends. We also 
believe that decision-makers need to also consider the types of plants 
that are more resistant to climatic changes to develop more sustainable 
restoration programs and planning for the future.

Even though the results presented promising results on the plant 
climate interconnections and tradeoffs there were still some limitations 
that need to be considered in future research, including the resolution of 
the satellite imagery, providing a deeper quantitative assessment of the 
soil-plant-water interconnection, which remains needed in future 
research as soils play a major role in vegetation growth and distribution, 
especially that the results showed that vegetation cover differed with the 
study sites, and more studies on the efficiency of supplemented irriga
tion as a sustainable approach for enhancing the growth and produc
tivity of native desert plants.
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Olmos-Trujillo, E., González-Trinidad, J., Júnez-Ferreira, H., Pacheco-Guerrero, A., 
Bautista-Capetillo, C., Avila-Sandoval, C., Galván-Tejada, E., 2020. Spatio-Temporal 
response of vegetation indices to rainfall and temperature in A semiarid region. 
Sustainability 12 (5), 1939. https://doi.org/10.3390/SU12051939, 2020, Vol. 12, 
Page 1939. 

Overpeck, J.T., Udall, B., 2020. Climate change and the aridification of North America. 
Proc. Natl. Acad. Sci. U.S.A. 117 (22), 11856–11858. https://doi.org/10.1073/ 
PNAS.2006323117/ASSET/639D4D28-97E0-4643-A157-7F4C7312BAE9/ASSETS/ 
PNAS.2006323117.FP.PNG.

Padgett, P.E., Kee, S.N., Allen, E.B., 2000. The effects of irrigation on revegetation of 
semi-arid coastal sage scrub in southern California. Environ. Manag. 26 (4).

Pitumpe Arachchige, P.S., Rondon, M., Roy, A.D., Watt, M.S., Davies, M., Ouerfelli, D., 
Ewane, E.B., Abulibdeh, A., Abdullah, M., Al-Awadhi, T., Sharma, A., Prentice, R.M., 
Doaemo, W., Mohan, M., 2024. Current status of mangrove conservation efforts in 
Qatar: a review. Regional Studies in Marine Science, 103822. https://doi.org/ 
10.1016/J.RSMA.2024.103822.
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