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From desert margins to global
insights: floristic diversity and
conservation strategies in the
arid regions of Tabuk and Khulais,
Saudi Arabia — a bibliometric and
ecological synthesis

Khalid Awadh Al-Mutairi ® *

Department of Biology, Faculty of Science, University of Tabuk, Tabuk, Saudi Arabia

Climate change, hydrological alterations, and anthropogenic pressures are
collectively driving rapid ecological shifts in Saudi Arabia’s arid regions,
particularly in Tabuk and Khulais. This study evaluates the status and
conservation strategies of floristic diversity in these regions through a
bibliometric and ecological synthesis. Using bibliometric analysis of 102
selected publications from 1984 to 2025, major thematic clusters were
identified, focusing on policy interventions, hydrological impacts, biodiversity
loss, and vegetation dynamics. Among these, 20 studies specifically addressed
the Tabuk region's ecological challenges and conservation responses. The
findings reveal that rising temperatures (0.70-1.30 °C) and drastic rainfall
reduction (up to 85%) have intensified aridity, decreased soil moisture,
and accelerated biodiversity degradation. Invasive species such as Prosopis
Juliflora exacerbate the situation by outcompeting native flora for scarce
resources. While rocky ecosystems exhibit resilience due to microclimatic
buffering, fragile valley ecosystems require urgent, targeted measures like
artificial water input and soil stabilization. Hydrological projects, including
dam construction, have yielded mixed outcomes—enhancing species richness
in riparian zones while simultaneously disrupting natural seed dispersal and
causing habitat fragmentation. Rare and endemic species such as Rheum
palaestinum and Astragalus collenettiae serve as vital indicators of ecosystem
health and genetic heritage, underscoring the need for species-specific
conservation initiatives. The study recommends integrated strategies that
combine habitat restoration, sustainable water management, and long-term
biodiversity monitoring. Furthermore, ecotourism development and community
participation are highlighted as valuable components in achieving conservation
goals, aligning with Saudi Arabia’s Vision 2030 and national biodiversity targets.
This work contributes a comprehensive framework for managing arid-region
floristic diversity under changing climatic conditions. By bridging ecological
research with socio-economic and policy dimensions, the study offers valuable
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insights for sustainable forest and landscape management in desert-margin

ecosystems globally.
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1 Introduction

Arid ecosystems, which are ecologically vulnerable, are some of
the most vulnerable as a result of climate change and hydrological
changes reshaping ecosystems worldwide. Minor temperature and
precipitation changes can destabilize the already delicate balance
between water availability and biodiversity, thereby generating
habitat destruction, extinction of endemic plant species, and spread
of invasive species (Cardinale et al., 2012; Maestre et al., 2012; Ali
etal, 2016). These difficulties emphasize the requirement for more
research on the effects of climate change and human activity on
ecosystem processes (IPCC, 2014; Ghesquiere et al., 2016; Liu et al.,
2019). The extremely arid climate of Saudi Arabia helps one a lot to
realize these ecological interruptions (Al-Masri and Alsharif, 2021).

The area is extreme in aridity and lack of water supply and
also suffers from severe environmental stresses due to climate
change. A few of the human-induced changes that continue to
modify hydrological regimes include the construction of dams
and land use change, which both influence soil characteristics
and plant community composition (Al-Mungedhi et al., 2022
Alsherif and  Almaghrabi, 2022). Other arid and semi-arid
ecosystems, such as the Cape Floristic Region of South Africa,
where species distribution changes due to climate change imperil
floristic diversity, have extensively documented the worldwide
implications of such changes (Alsherif and Almaghrabi, 2022;
Anju and Kumar, 2024). Invasive species such as Prosopis juliflora
take advantage of such environmental stresses, replacing natural
vegetation and modifying ecological processes. These trends
highlight the urgent need for anticipatory biodiversity monitoring
and management interventions to pre-empt species decline and
ecosystem degradation (Jewitt et al, 2017; Azeem et al., 2023;
Bai et al,, 2022). The decision to make the Tabuk and Khulais
regions (Figure 1) the focus of this review is a product of their
ecological vulnerability, rising development pressure, and relative
underrepresentation in global floristic and conservation research.
Found in northwestern and western Saudi Arabia, respectively,
both regions exhibit unique biogeographic features, ranging from
steep mountains and basaltic plateaus to ephemeral wadis and
secluded valleys.

These micro-habitats harbor endemic and rare plant species
like Rheum palaestinum and Astragalus collenettiae that serve as
important indicators of ecosystem health and stability in hyper-arid
conditions (Alsherif and Almaghrabi, 2022). Moreover, Tabuk is
undergoing intensified urbanization and agricultural development
as a component of the countrywide NEOM development project,
while Khulais is dealing with hydrological disruption due
to damming and groundwater extraction. These changes are
compounded by climate projections of rising temperatures and
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further reductions in rainfall (Sillmann et al., 2013; Zittis et al.,
20225 Lelieveld et al., 2016). This combination of ecological interest
and anthropogenic pressure makes the two regions model case
studies both for assessing the degree of floristic diversity and
for forming locally relevant conservation strategies. Focusing on
the two regions allows a targeted bibliometric and ecological
synthesis that can extrapolate to broader desert conservation
policy in Saudi Arabia and similar arid ecosystems worldwide.
To identify the floristic plant diversity of Tabuks and Khulais’
desert ecosystems, recent studies provide valuable ecological
and conservation data. The Tabuk region, in particular, shows
considerable floristic diversity as a result of both natural edaphic
factors and anthropogenic disturbances such as woodcutting,
overgrazing, and urbanization (Al-Mutairi, 2017).

A complete survey of Tabuk area showed 163 plant species
distributed across 41 families and 124 genera, with high
diversity indices being measured in areas such as Sharma and
Aldesah (Al-Mutairi, 2022). Indices such as species richness,
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FIGURE 1

Location of Tabuk (in blue) and Khulais (in green) in Saudi Arabia arid
ecosystem. Source: GoogleMap.
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evenness, Brillouin, Menhinick, Margalef, equitability, and
Chao-1 estimates indicate the ecological richness of selected
microhabitats. The diversity patterns have significant correlations
with environmental parameters. Soil pH, electrical conductivity,
texture, and nutrient content—particularly calcium, potassium,
phosphorus, organic matter, bicarbonate, and sodium—were
found to be key determinants of spatial plant distribution.
Principal coordinate analyses also revealed high correlations of pH
and potassium with the first axis, with organic matter and sodium
associated with the second axis (Al-Mutairi, 2022). Given the
rising anthropogenic pressures, Tabuk needs urgent conservation
efforts to prevent irretrievable damages to the regional plant
communities (Al-Mutairi, 2017). In comparison, the Khulais
region faced significant climatic changes during the previous
decade, as reflected in decreasing yearly rainfall and rising mean
yearly temperatures (Alsherif and Almaghrabi, 2022). Different
drought indices, including those of Lange, De Martonne, and
Emberger, all show the region is facing heightened aridity.

These climatic shifts have had a profound effect on the floristic
structure of Khulais. A recent study revealed a considerable
reduction in the frequency of most plant species—particularly in
agricultural areas and valley communities—compared to relatively
stable populations in rocky and mountainous communities
(Alsherif and Almaghrabi, 2022).

Both regions demonstrate that conservation must be spatially
appropriate, ecologically grounded, and sensitive to climate
projections. This dual regional focus establishes a sound foundation
for developing targeted conservation strategies that further
Saudi Arabia’s Vision 2030 goals while safeguarding endemic and
native plant biodiversity in desert ecosystems.

A hotspot of biological diversity in Saudi Arabia’s desert
environment, Tabuk is a territory with a variety of ecosystems
including desert plains, wadis, and coastal environments.
Supportive of some 1,800 plant species which have been
recorded (Kirschner and Neef, 2011; Fakhry and El-Kenany,
2019), the area is home to endemic and endangered plant species
such as A. collenettiae and R. palaestinum which are extremely
susceptible to threats from human activities and environmental
factors. Maintained biodiversity and ecosystem processes rely on
intensified conservation efforts owing to the ecological significance
and vulnerability of the region. Considering Tabuk specifically,
this review article attempts to integrate the body of evidence
regarding the ecological effects of hydrological manipulations and
climate change on vegetation diversity in Saudi Arabia’s hyper-arid
regions. This article aims to tackle large areas of research gap,
such as the lack of long-term biodiversity monitoring and adaptive
management of native and alien species—using bibliometric
analysis and based on evidence from the literature.

2 Methodology

A Systematic Literature Review (SLR) approach based on
the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guideline (Moher et al, 2009; Figure 2)
was employed in this study to assess the scientific literature on
the effects of climate change on floristic composition and plant
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diversity. The review aimed at uncovering dominant research
themes, identify temporal patterns, and investigate knowledge gaps
regarding the impact of climate change on plant populations
worldwide.

To determine the inclusivity and strength of the pool of
literature, a multi-databases searching strategy was employed.
The search operations were conducted between 1 and 3 March
2025 across four leading research platforms: Scopus, Web of
Science (WOS), Dimensions, and Google Scholar. Two keyword
searches were employed, “Climate Change Floristic” and “Climate
Change Plant Diversity.” Boolean operators and field specifications
were adjusted minimally to fit the format and constraints
of each respective database. Filters were set to include only
English language peer-review articles and review papers published
between 1984 and 2025. Scopus search yielded 108 papers
(29 in “Floristic” and 79 in “Plant Diversity”), while WOS
yielded 91 papers (20 and 71, respectively). Dimensions gave 82
papers (20 and 62, respectively), and Google Scholar yielded an
additional 63 (13 and 50, respectively) to arrive at the number of
initial records of 344.

Following the identification stage, all the articles identified were
exported into a citation manager, and duplicates were removed
in a systematic manner. A total of 107 unique records remained
following deduplication. The records were next screened for
assessment of relevance by title and abstract. Five records were
eliminated since they were not in the full-text mode, made up of
two errata, two notes, and one letter, leaving a dataset of 102 papers
which were available for more in-depth review.

All articles contained within the data set satisfied the inclusion
criteria of being systematic reviews or empirical studies that had
explicitly examined the impact of climate change on plant diversity
or floristic composition, especially in arid and semi-arid habitats.
The excluded materials were largely non-academic works such as
opinion articles, brief communications, and editorial remarks that
were not empirically based.

There is a total of 102 candidate articles was subsequently
exported in CSV format (Supplementary Table 1) for bibliometric
analysis using VOSviewer (version 1.6.20), created by Van
Eck and Waltman (2010, 2014, 2017). The metadata of every
article including titles, abstracts, authors, affiliations, journal
titles, keywords, and publication years were harvested. Keyword
co-occurrence analysis was subsequently performed using
full counting to ensure balanced keyword representation
across the corpus. Analysis employed a threshold of five
occurrences in order to introduce keywords to the final
mapping procedure.

Bibliometric analysis produced network visualizations which
revealed general areas of research focus and clusters in climate
change and plant diversity. Overlap visualizations also facilitated
examination of trends in time, whereby chosen topics of research
are proved to evolve over time. This integrative and structured
approach provided a good foundation for later interpretation of
research directions, ecological outcomes, and policy implications,
particularly regarding climate change impacts on Saudi Arabian
arid regions and other dryland areas’ biodiversity.
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FIGURE 2

Flowchart of the Preferred Reporting ltems for Systematic Reviews and Meta-Analyses (PRISMA) [adapted from Moher et al. (2009)], used in the

present study.

3 Results

3.1 Literature on “floristic” and “climate
change plant diversity”

Each of the various clusters shown in Figure 3 is a product
of climate change studies’ bibliometric network analysis, thereby
displaying a focal point topic. “Climate change” is the most
connected node, thereby highlighting its centripetal role across
multiple science disciplines. Four major groups resulted,
each characterized by differing research topics: the red group
(plant dynamics and model development), blue group (abiotic
processes and grasslands), purple group (phylogeny, genetics,
and conservation), and green group (ecosystems and biodiversity
conservation). Collaboration between these groups, combining

biology, ecology, environmental science, and conservation
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planning, is indicative of the interdisciplinary nature of climate

change research.

3.1.1 The green cluster: ecosystems and
biodiversity conservation
The green cluster, which encompasses significant terms like

»

species richness;

» <«

“ecosystem, vascular plants,” and “land use;” is
concerned mainly with ecosystems and biodiversity conservation.
This cluster reflects research that investigates the effect of land
use change and climate on biodiversity and ecosystem services.
Research work in this field is more directed toward the need for
conservation planning in halting biodiversity losses and promoting
sustainable ecosystem management. Interest is specific in human-
induced problems like habitat fragmentation and forest loss, as
well as species richness as a measure of ecosystem condition.

This category provides informative data for decision makers to
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FIGURE 3
Visualization of similarity using VOSviewer based on Scopus database using the keyword “climate change floristic” retrieved 28 articles (1981-2024),
while with the keyword “climate change plant diversity” yielded 78 articles (2000-2025), searched on 2 March 2025.

prioritize top preservation programs by pointing out hotspots
for conservation.

3.1.2 The red cluster: plant dynamics and
predictive modeling

The red cluster deals with plant dynamics and predictive
modeling using terms like “plant community, “vegetation,”
“biomes,” and “ecosystem modeling.” The cluster includes studies
that try to know how the plant communities respond to varying
climatic conditions by using scenario-based simulations and
vegetation models. Tends to use climate data, extrapolating future
biome change and providing data on anticipated changes in the
distribution and constitution of vegetation. Of particular note in
areas where ecosystems are most vulnerable to the impacts of
climate change, this cluster emphasizes the role of climate models
in the development of mitigation and adaptation policy.

3.1.3 The blue cluster: abiotic processes and
grassland studies
The blue cluster,

» «

“temperature;

with its
soil,” and “grassland,” emphasizes abiotic processes

identification of words like
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and how these affect plant ecosystems. Research in this cluster
assesses the effect of abiotic factors like temperature, precipitation,
and soil quality on grassland ecosystems. Also considered is the
role of biogeochemical processes during climate change in nutrient
cycling and ecosystem resilience. Usually considered to be carbon
sinks, grasslands are actually the very thing necessary for mitigating
the effects of climate change, so this category ranks them strongly.
Research in this category also highlights how abiotic and ecosystem
function occur together.

3.1.4 The purple cluster: phylogeny, genetics, and
conservation

The purple cluster, which contains words like “phylogeny,”
“genetics,” and “conservation planning, reflects all three:
phylogeny, genetics, and conservation planning. This cluster
analyzes the evolutionary and genetic mechanisms of plants’
responses to climate change. It emphasizes the need for
phylogenetic study and genetic variation in understanding
how plants respond to environmental stresses. It also applies this
knowledge to practical conservation methods like maintaining
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genetic diversity in order to improve species resistance and creating
reserves to preserve evolutionary history.

3.1.5 Interconnectivity between clusters

The network analysis reveals strong connectivity among the
clusters, in this case between the purple and the green ones. The
use of words like “species richness” and “biodiversity” suggests
the ways in which empirical data and theoretical frameworks may
be combined by linking observed research on biodiversity with
predicted models on vegetation change. In accord, the overlap
of the purple and the green clusters points to growing interest
in using phylogenetic and genomic data to inform conservation
efforts. The blue cluster dynamics with other clusters reflect the
manner in which abiotic drivers contribute to and respond to shifts
in ecosystem processes.

3.1.6 Geographic scope and regional studies

Phrases like “South Africa,” “southern Europe,” and “China”
are used to denote the geographic scope of the majority of studies
that often are focused on regions most exposed to climate change
and areas of high biodiversity hotspots. Knowledge of the local
impact of climate change and conservation planning suitable to the
local environment is dependent on these sites. For instance, studies
analyze the relationship between land-use change and climate
change and their combined effect on ecosystem services in southern
Europe and South Africa, two highly rated territories for their
biodiversity hotspots.

3.1.7 Emerging research trends

The network captures emergent patterns in climate change
science, particularly increasing focus on human impact,
conservation planning, and genetics. The application of the
terms “genetics” and “conservation planning” signals increasing
interest in using genetic studies to enhance species resilience.
By marking emerging research fronts like socio-ecological
perspectives, periphery nodes in the network underscore the
need for integrating human activity, global climate models, and

conservation policy.

3.2 "Floristic Tabuk” literature

shows a broad summary of the key findings of 20
floristic diversity studies of Saudi Arabias Tabuk desert. Key
findings of each study noted include records of plant species,
dominant families and their ecological importance (with six papers
outside Tabuk Province ). Sampling dates
have also been included to address the time factor. It also indicates
trends in the studies, for example, the preponderance of families
like Asteraceae and Fabaceae and the prevalence of therophytes.
Diversity is observed in species, methodology, and geographic
location. The merging of 20 floristic diversity, vegetation structure,
and ecological processes studies in various regions of Saudi Arabia
thus provides novel valuable information on the biodiversity of this
desert landscape. The table also refers to knowledge deficiencies,
such as long-term biodiversity monitoring, genetic studies, and
soil-plant interaction. The ideas put forward for the future
are emphasized with a great requirement for interdisciplinary
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studies, targeted conservation action, and integration of emerging
technology like DNA barcoding and remote sensing. This well-
organized review that gives valuable information about the region’s
biodiversity and its environmental challenges allows for successful
conservation and sustainable management approaches.
Based on the 26 ( and
papers, shows the occurrence of sampling dates in studies
of floristic diversity in the Tabuk desert region of Saudi Arabia.

) chosen

Most of the research lacks specific sample date information, as
represented by the “N/A” category with the most number of studies.
Among studies with targeted sample periods, there were intensive
sampling efforts during certain years or seasons, such as February
2009 and 2010, March to July 2015, and spring 2016 and 2017.
There are also studies that cover historical records from the 1980’
to more recent years such as August-October 2022 and 2019-
20. There needs to be greater systematic and periodic sampling
to continue to study floristic dynamics in the region since this
distribution reflects the variation of study activity with time.

3.2.1 Floristic diversity and dominant taxa

Collectively, the surveys yielded a total of almost 1,800 plant
species and therefore the ecological diversity of the Tabuk desert
region and its surroundings. Through the wide variety of life
forms and phytogeographical relations of the species, they reflect
the significance of the area in terms of biodiversity. These were
established in various studies that the prevailing plant families like
the Fabaceae, Poaceae, and Asteraceae possess a capacity to survive
under arid conditions ( ;

; ; ). Especially
in deserts like those in Al-Qassim and Tabuk, therophytes and
chamaephytes were the prevailing life forms (

; ). Results explain how desert-adapted flora
maintains ecological equilibrium and ecosystem functions like soil
stabilization and carbon sequestration ( ;

).

3.2.2 Spatial and temporal patterns

The study duration covered historical data like
). The
duration covered indicated the long-term processes of dynamics

s and recent 2024 censuses (

as well as the recent floristic dynamics of the Tabuk region.
Research in such places as Tayma, Al-Fawzan Reserve, and Sharaan
Nature Reserve recorded seasonality, where plant communities
realized their highest diversity values during summer and spring
( ; ). Coastal locations
like the Gulf of Aqaba, which had habitat-specific adaptation
particularly in saline and wadi habitats, showed ecological resilience
and complexity ( ; ).

3.2.3 Ecological dynamics and human impact
Most cited as the main threats were urbanization, overgrazing,
and invasive species; anthropogenic activities were cited as main
stressors throughout the study. The invasive species P. juliflora
were of most notable ecological effects, which included alteration
of the soil’s properties to competitively outcompeting the native
). Tabuk
and Rawdhat Al Masodi research indicates that chemical soil

vegetation ( ;

factors such as pH, potassium, and organic matter were reported
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TABLE1 Summary of major findings, sampling dates, similarities, differences, knowledge gaps, and future recommendations from 20 studies on floristic diversity in the Tabuk arid region, Saudi Arabia.

References

Batanouny, 1987

Major Findings

Diverse vegetation types in Gulf countries,
influenced by climate and geography; gaps in
research emphasized.

Sampling dates

Historic to 1980’

Similarities

Focus on arid ecosystems and
biodiversity.

Differences

Varied geographic focus (Gulf
countries).

Knowledge gaps

Inadequate data on plant-soil
interactions.

Future
recommendations

Expand ecological studies with
advanced techniques.

Kiirschner and
Neef, 2011

Six vegetation communities in Tayma Oasis;
impacted by human activities like overgrazing.

February 2009, 2010

Influence of climate and human
activity on flora.

Focus on Tayma Oasis;
geomorphological influences.

Limited understanding of
long-term vegetation changes.

Enhance monitoring and
conservation measures.

Moawed and
Ansari, 2015

82 species in Red Sea coastal Tabuk; chamaephytes
and therophytes dominant life forms.

March-July 2015

Dominance of therophytes in arid
environments.

Coastal regions of Tabuk; aquatic
flora diversity.

Need for expanded sampling across

seasons.

Conduct long-term and genetic
studies.

Moawed, 2016

102 species in Alagan, Tabuk; Fabaceae, Asteraceae
most dominant families.

2012-2014

High representation of Fabaceae and
Asteraceae families.

Alaqan, Tabuk-specific data.

Lack of genetic studies on plant

adaptations.

Focus on rare species conservation.

Al-Mutairi et al.,
2016

96 species in Tabuk Province; therophytes and
Saharo-Arabian taxa prevalent.

N/A

Prevalence of Saharo-Arabian taxa in
vegetation studies.

Four sites in Tabuk studied.

Underexplored biodiversity
hotspots.

Develop conservation programs.

Ansari, 2016

Aquatic flora dynamics in Tabuk coastal regions;
highest diversity in summer months.

October 2014-September
2015

Seasonal variations in plant diversity.

Aquatic rather than terrestrial flora
studied.

Aquatic biodiversity understudied.

Integrate aquatic and terrestrial
biodiversity studies.

dominance of drought-tolerant species.

plants.

areas.

Fakhry and 63 species in Al-Dissah area; rare/endangered 2015-2016 Documentation of rare and Focus on Al-Dissah rare species. Impact of climate variability on rare | Implement climate resilience

Anazi, 2017 species highlighted. endangered species. species. strategies.

Al-Mutairi, 2017|163 species across Tabuk; high soil-plant N/A Empbhasis on soil-plant interactions. | High species count and soil Knowledge gaps in plant-soil Advance soil-plant interaction
interactions identified. variables in Tabuk. dynamics. research.

Basahi, 2018 109 species in Gulf of Aqaba; sabkhas and wadis | Spring 2016, 2017 Focus on arid habitats like sabkhas | Gulf of Aqaba-specific habitats Incomplete data on Gulf flora Strengthen Gulf-specific
identified as key habitats. and wadis. studied. ecology. biodiversity research.

Fakhry and 135 species in Harrat ArRahah; rare/endemic 2015-2016 Rare/endemic species in arid regions. |Endemic species in Harrat Limited studies on endemic species. Protect endemic species through

El-Kenany, 2019 |species documented. ArRahah. policies.

Aljeddani et al., |42 alien species identified across Saudi Arabia; N/A Threats posed by invasive species Invasive flora emphasized. Insufficient monitoring of invasive |Regulate and monitor invasive

2021 invasive species like Prosopis juliflora dominant. documented. species. species.

Al-Harbi, 2021 |62 weed species in Tabuk and Al-Qassim; N/A Weed flora characterized by Agricultural weeds in two regions. | Lack of weed management Design sustainable weed control
therophytes dominant. therophytes. strategies. methods.

Elkordy etal., 198 species in Jabal Al-Ward; adaptation to arid ~ |2019-2020 Flora adapted to arid conditions. Jabal Al-Ward flora diversity. Inadequate research on elevation  |Examine impacts of climatic

2022 environment observed. effects. gradients.

Al-Mutairi, 2022163 species in Tabuk; high diversity at Sharma, N/A Habitat-specific diversity patterns Habitat-specific diversity in Tabuk. 'Lack of temporal vegetation studies. | Advance habitat-specific
Aldesah habitats. noted. restoration.

Ansari et al., Review of biodiversity in Tabuk; calls for N/A Call for sustainable management Biodiversity review rather than field | Knowledge gaps in restoration Implement holistic conservation

2022 sustainable ecosystem management. practices. study. practices. strategies.

Al-Harbi, 2022 |Indigenous plant recovery in abandoned areas; N/A Focus on native drought-tolerant Focus on abandoned agricultural | Insufficient data on abandoned Rehabilitate abandoned agricultural

lands.

areas.
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N/A, not available. Tabuk-region studies retained including Tayma Oasis, Jabal Al-Ward, Sharma, Al-Disah, coastal Tabuk and Gulf of Aqgaba segments that fall within the province.

10.3389/ffgc.2025.1669742

to play a significant role in controlling the distribution of plants
and composition of the community (Al-Mutairi, 2017; Al-Anazi
and Al-Qahtani, 2018, 2019). By bringing into focus the intricate
nexus between natural and human processes, our findings place the
nexus in the limelight on the necessity for sustainable management
practices (Al-Harbi, 2022).

3.2.4 Rare and endangered species

The literature reviewed revealed several rare and endangered
species that are in need of urgent conservation. Two examples of
the botanical rarity of the region include A. collenettiae, which
occurs exclusively in Tabuk, and R. palaestinum, which is replicated
near Harrat ArRahah (Fakhry and El-Kenany, 2019). Beyond acting
as reservoirs of diversity, these species also serve as indicators of
ecosystem health (Basahi, 2018; Al-Qahtani et al,, 2023). Their
vulnerability to habitat destruction and climate change especially
in biodiversity hotspots such as Harrat ArRahah and Al-Fawzan
Reserve suggests the importance of targeted conservation (Fakhry
and El-Kenany, 2019).

3.2.5 Knowledge gaps and future directions

The research uncovered major knowledge gaps, including
the importance of long-term biodiversity monitoring, genetic
research to unravel mechanisms of plant adaptation, and more
detailed research on the relationship between plants and soil
(Moawed, 2016; Al-Mutairi, 2022). Emerging techniques like
DNA barcoding and remote sensing were proposed to increase
knowledge and documentation of plant diversity (Elkordy et al.,
2022; Fakhry and Anazi, 2017). Maintenance of the ecosystem
resilience depends on the management of invasive species and
soil fertility improvement through managed restoration activities,
as shown (Al-Harbi, 20225 Aljeddani et al., 2021). Future studies
must therefore make it a priority to include multidisciplinary
approaches if they are to support sustainable conservation policies
and the Vision 2030 vision of Saudi Arabia (Ansari, 2016; Ansari
et al., 2022). Taken together, these findings illustrate the ecological
significance, problem, and biodiversity conservation potential of
the Tabuk region through well-guided investigations and ventures.
All references for the 20 articles have been provided to validate the
results.

3.3 Khulais floristic diversity and recent
change

The Khulais baseline of 251 accepted species and the decadal
frequency shifts referenced in this study are derived from Alsherif
and Almaghrabi’s survey (2011-2020) of the region’s flora (Alsherif
and Almaghrabi, 2022). Their analysis, which coincided with
declining precipitation and rising mean annual temperature,
reported widespread reductions in species frequency with larger
declines among agricultural weeds and valley taxa; rocky and
mountainous taxa were comparatively stable. Only seven species
increased in frequency, notably Prosopis juliflora and Trianthema
portulacastrum.

To make our reuse of these published data auditable without
duplicating the original inventory, we supply a single validation
figure and concise summary checks. Figure 4 shows all sites
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Distribution of sampling dates across studies on floristic diversity in the Tabuk arid region, Saudi Arabia.

referenced in our synthesis with habitat overlays and time
windows, enabling visual verification of spatial coverage and
habitat assignment. In our checks against the published list, all
accepted binomials mapped unambiguously to families and life
forms under the selected backbone; no changes were made to the
original 251-species total. For transparency, we also report that
the subset of species showing greater than ten percent frequency
change (n = 50) falls primarily in agricultural and valley habitats,
matching the original report’s pattern. These steps document the
geo-referencing, habitat stratification, and taxonomic consistency
of our analysis while respecting that the full inventory resides in
Alsherif and Almaghrabi (2022).

4 Discussion

4.1 Climate change impacts on floristic
diversity in arid ecosystems

Figure 5 shows the synergistic effects of climate change
on desert ecosystems from current bibliographic research. The
bibliometric study illustrates the alteration of the climatic status
of the Khulais area. Alsherif and Almaghrabi (2022) reported
alarming climatic changes in Saudi Arabia’s hyper-arid ecosystems,
including a reduction of annual rainfall by as much as 85%, and an
increase in temperature of 0.70 °C-1.30 °C. This trend is consistent
with broader trends across the semi-arid and arid Middle East
and North Africa (MENA) region, indicating similar studies have
reported record-low precipitation trends and persistent warming
trends (Sillmann et al., 2013; Zittis et al., 2022; Lelieveld et al.,
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2016). These trends are reinforcing aridity and are further stressing
already vulnerable ecosystems. The sudden drop in rainfall coupled
with rising temperatures not just threatens native biodiversity but
also intensifies water shortages, desertification, and conventional
agriculture—making this a pressing agenda both for environmental
sustainability and climate resilience in the region. These findings
also validate the blue cluster of the bibliometric network, where
the contributions made by abiotic factors such as soil quality,
temperature, and water availability to ecosystem processes are
featured. The green cluster illustrating habitats and species richness
indicates the central role of water availability for biodiversity,
corroborated by the lowered soil moisture in Khulais having
inhibited native plant germination and seedling survival.

The global trends in the red cluster, which highlight vegetation
shift and competition by invasive species, reflect the proliferation
of invasive species like P. juliflora and T. portulacastrum in
disturbed communities. Invasive species displace native vegetation
through monopolization of limited resources, lowering diversity,
and redefining ecological processes. The bibliometric synopsis
indicates that invasive species are flourishing due to synergistic
interactions between climate change and anthropogenic activities,
thus highlighting the inter-linked nature of the two problems.
Trends in biodiversity loss in regions such as the South West
Australian Floristic Region (Yates et al., 2010) bear witness to
the extent of such problems across the globe and the imperative
of holistic management of dry ecosystems. The results thus
serve to underscore even more the significance of habitat-specific
adaptations in face of constraint from climate change.

Harsh environments are more robust than those of valleys
due to their characteristic microclimatic conditions—e.g., reduced
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The overall climate change impacts on arid ecosystems based on present bibliographic analysis.

temperatures and restricted access to water—that assist in
protecting against extreme aridity. The findings also endorse
the purple cluster of the network, with emphasis on genetic
and phylogenetic richness in enabling survival of the plants
under environmental stress (Balker et al., 2024; Belyazid et al,
2019). The rock ecosystem resilience developed requires concerted
conservation efforts. While valley interventions are concerned
about artificial fillings of water and stabilizing land, rock
communities may be assisted by conserving microhabitats to
facilitate typical plant communities (Schuchardt et al, 2023;
Sekar et al., 2024).

The bibliometric evaluation justifies complicated conservation
efforts by aligning with research from the South West Australian
Floristic Region (Yates et al., 2010) and Romanian Carpathians
(Stoica et al, 2017). Focusing on habitat adaptation strategies
to enhance conservation effectiveness, this research offers viable
methods for tackling the challenges posed by climate change in
desert ecosystems.

4.2 Floristic diversity and planetary
health in Saudi Arabia

Figure 6 illustrates the overall idea of Saudi Arabias floristic
diversity and its functions according to the current bibliographic
analysis. The floristic diversity of Saudi Arabia is comprised of
a wide variety of plant species owing to the geographical and
ecological distinctness of the country. The 27 studies reviewed
have recorded over 1,800 species that belong to various families,
life forms, and phytogeographical affinities. Some of the major
families like Fabaceae, Poaceae, and Asteraceae are extremely
adaptable to the prevalent dry and semi-arid conditions of the
country (Batanouny, 1987; Kiirschner and Neef, 2011; Moawed
and Ansari, 2015). The upkeep of the ecological balance and
wellbeing of the earth, especially in ecologically stressed areas,
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relies on ecosystem services such as soil stabilization, carbon
sequestration, and provision of wildlife habitat, all thanks to these
plants (Yang et al., 2021).

Vegetation adaptation to extreme conditions, i.e., aridity and
salt land, in areas such as Tabuk, Sharma, and Aldesah represents
value to biodiversity to environmental sustainability. The coastal
areas of the Red Sea and Agaba Gulf, which are characterized
by mangrove and halophyte covers, constitute an important
ecological value. Coastal ecosystems are natural sinks of carbon
because they fix atmospheric carbon dioxide, thereby mitigating the
effects of climate change. They also save coasts from erosion and
enable the stabilization of marine systems that are crucial for the
sustainability of biodiversity and the economic viability of fisheries
(Basahi, 2018; Moawed and Ansari, 2015). Habitats such as Harrat
ArRahah and Al-Fawzan Reserve experience floristic diversity of
significant magnitude, including endemic and rare species such as
R. palaestinum and A. collenettiae.

In addition to being a vital ecological asset, these species also
harbor valuable genetic resources for environmental adaptation in
the future. They must be conserved so that ecosystem resilience and
genetic diversity are maintained and these ecosystems can be used
as natural buffers to environmental degradation (Alsobeai, 2024).
Successful conservation involves bringing together ecological
research, community involvement, and policy intervention. The
study aims at floral diversity as the driver of social and economic
sustainability. Healthy plant species influence agricultural
productivity, food security, livelihood, and ecosystem stability.

The integration of local knowledge with sustainable agriculture
and ecotourism activities is one method of reconciling conservation
objectives with socioeconomic objectives. Ecotourism based on
endemic flora can help to generate revenues among locals and foster
a culture of conservation (Whitmee et al., 2015; Hautier et al., 2018).
The variety of uses of floristic diversity makes it a fundamental
driver to regional sustainability and also human health globally.
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The overall concept of Saudi Arabia’s floristic diversity and its roles based on present bibliographic analysis

4.3 Hydrological interventions and their
ecological impacts in the floristic
diversity

Figure 7 presents the general ecological impacts of hydrological
interventions according to existing bibliographic research.
Hydrological alterations—like damming—have been found to have
positive environmental effects in riparian zones.

Research by Al-Mungedhi et al. (2022) demonstrates that
repeated inundation and fertilizer input in such a setting enhance
soil fertility and trigger higher species richness. These findings
are consistent with the green cluster of the bibliometric analysis,
which validates the importance of ecosystems and biodiversity
conservation. Riparian zones in arid environments are hotspots of
biodiversity due to the fact that they create essential habitats for
water-dependent vegetation. The vegetation response within this
zone, such as the formation of six new vegetation associations,
illustrates the capacity of vegetation to acclimatize to altered
hydrological regimens as shown in the red cluster on vegetation
dynamics (Piitz et al., 2016; Renny et al., 2022).

These regions also provide environmental refuges that preserve
essential ecosystem processes including nitrogen cycling and soil
stabilization. Bibliometric analysis illustrates more clearly how
they facilitate ecological connectivity, which is fundamental to
species mobility and adaptation to changing climate conditions.
Impounded water systems can potentially promote diversity in arid
areas in line with international research that identifies habitat-based
conservation initiatives.

But one must never overlook the environmental consequences
of building dams. The blue cluster shows how dams disrupt abiotic
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processes naturally. Regulating flood regimes, for example, alters
the propagule abundance of vegetation and hence reduces genetic
heterogeneity and increases local extinctions. Al-Mungedhi et al.
(2022) contend that altered patterns of water flow below degrade
the biological integrity of affected ecosystems through soil erosion
and nutrient removal.

Red and purple clusters indicate cascading impacts of
habitat fragmentation and low genetic diversity that compromise
ecosystem resilience at long-term large-scale levels. This is in
line with worldwide patterns attained through the bibliometric
analysis, where human action like damming enhances ecosystem
vulnerability to climate change stress. Adaptive management
strategies balancing hydrological intervention and ecological
conservation are TOTALLY necessary if one is to mitigate such
impacts (Braz Pires et al., 2024; Dullinger et al., 2020). The crossing
point of habitat-specific resilience, hydrological intervention,
and climatic variability points to the intricacy of biodiversity
management in arid ecosystems. Case studies at the regional
and bibliometric studies give a perfect understanding of these
processes that inform sustainable ecosystem management strategies
to respond to escalating environmental change (Blaus et al., 2021;
Bordoloi et al., 2023).

4.4 Anthropogenic threats and
ecological challenges in Saudi Arabia

4.4.1 Principal anthropogenic and climatic
pressures

Figure & illustrates the principal threats to biodiversity
and conservation in Saudi Arabia derived from the present
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The overall ecological impacts of hydrological interventions based on present bibliographic analysis.

bibliographic analysis. Overgrazing, agricultural expansion,
urbanization, and alien species are the dominant human induced
pressures. Urbanization has fragmented habitats and reduced local
biodiversity, which is particularly evident in coastal counties along
the Red Sea and in Jeddah. Industrial activities further degrade
native vegetation by introducing pollutants that alter water and
soil chemistry (Aljedaani and Fakhry, 2023; Al-Harbi, 2021, 2023).
Habitat destruction is especially concerning in sensitive ecosystems
such as the Gulf of Aqaba, where plants already persist under saline
and hyper arid stressors (Basahi, 2018).

Invasive weeds such as P. juliflora reduce species diversity
and compete strongly with native plants. Studies in agricultural
fields at Tayma document how invasive weeds compete with crops,
lower vyields, and threaten food security (Al-Qahtani et al., 2023).
Overgrazing by livestock further reduces plant cover, accelerates
soil erosion, and weakens the capacity of desert ecosystems to
maintain biodiversity.

Climate change compounds these pressures through altered
rainfall regimes, rising temperatures, and more frequent extremes.
These changes destabilize arid ecosystem processes and increase
vulnerability to biological invasions and habitat loss. Coastal
exploitation and sea level rise in Sharma threaten both terrestrial
and aquatic biodiversity along the shoreline (Alharthi et al., 20205
Youssef et al., 2024).

Mitigating these impacts requires integrated land use
planning that balances development with ecological safeguards
and food security goals (Garcés-Pastor et al, 2022; Huang
and Fu, 2023). Policy should prioritize sustainable land use,
invasive species management, and climate smart agricultural
practices, supported by community participation. Empowering
local communities to co-manage landscapes can translate
knowledge into sustainable action. Such whole of society
programmes, grounded in public health and planetary health
perspectives, can help secure Saudi Arabias unique biodiversity

(Whitmee et al., 2015).
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4.4 .2 Floristic comparison of Tabuk and Khulais
arid regions

Floristic comparison between regions of Tabuk and Khulais
draws on species richness, numbers of genera and families,
dominant families, life forms, and phytogeographical affinities.
Reported species richness for Tabuk ranges from 96 to 198 species,
reflecting differences in sampled area, methods, and ecological
status across studies (Al-Mutairi et al., 2012, 2016; Al-Mutairi,
20225 Elkordy et al., 2022). Khulais region shows relatively higher
and more balanced floristic diversity with 251 species recorded in
a regional review (Alsherif and Almaghrabi, 2022). In Tabuk, the
flora spans 75-124 genera and 38-47 families (Al-Mutairi et al.,
20165 Al-Mutairi, 2022; Elkordy et al., 2022). Khulais comprises 160
genera in 50 families (Alsherif and Almaghrabi, 2022).

Dominant families overlap across both regions and include
Asteraceae, Fabaceae, and Poaceae, which are consistently
prominent in Tabuk (Al-Mutairi et al., 2012, 2016; Al-Mutairi,
2022; Elkordy et al., 2022). Khulais also shows strong representation
of Poaceae, Papilionaceae, Euphorbiaceae, and Asteraceae,
indicating a slightly more diversified dominance pattern (Alsherif
and Almaghrabi, 2022). Life form spectra in both regions are
dominated by therophytes. In Tabuk, therophytes constitute
37.0%-46.5% of species, followed by chamaephytes at 26.0%-—
32.0%, hemicryptophytes at 10.0%-13.0%, phanerophytes at
8.00%-10.0%, and geophytes at 6.90%-13.0% (Al-Mutairi
et al, 2016; Elkordy et al, 2022). Khulais shows comparable
proportions with therophytes at 41.2%, chamaephytes at 31.4%,
hemicryptophytes at 13.7%, and phanerophytes at 10.0%, with
geophytes least represented (Alsherif and Almaghrabi, 2022).

Phytogeographical composition also displays overlap with
differences in proportions. Tabuk is dominated by Saharo
Arabian elements at about 37.2%-38.5%, with Irano Turanian
at 9.10%-11.6% and Sudanean at 10.5%-12.6% (Al-Mutairi
et al, 2016; Elkordy et al., 2022). Khulais shows a combined
Arabian and Sudanian of 43.6%

Saharo representation
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The overall biodiversity threats and conservation in Saudi Arabia based on present bibliographic analysis

(Alsherif and Almaghrabi, 2022). These reflect the

transitional biogeographic setting between African, Arabian, and

patterns

Asian floras.

Overall, Khulais appears to hold greater species richness
and taxonomic breadth than Tabuk while sharing arid adapted
strategies. The diversity in Khulais likely reflects topographic
variety, microhabitat heterogeneity, and possibly lower local
disturbance in some sites. Both regions remain important
reservoirs of desert adapted biodiversity and require region
specific conservation plans. Indicator and endemic species are
especially informative. Species such as A. collenettiae in Tabuk
and R. palaestinum in Harrat ArRahah embody unique genetic
resources and may be highly sensitive to habitat degradation and
warming (Williams et al., 2021; Wréblewska and Mirski, 2018; Xia
et al., 2022). Loss of such species not only reduces local diversity
but also disrupts ecological processes including soil stabilization,
nutrient cycling, and support for pollinators and other fauna (Yao
et al., 2021; Zeng et al,, 2016; Hautier et al., 2018). Conservation
responses should include the protection of biodiversity hotspots
such as Harrat ArRahah and Sharma, targeted habitat restoration,
and research on physiological and genetic adaptation in rare and
endemic taxa to guide management in comparable arid systems
(Trisurat et al., 2023; Tyler et al., 2018; Schuldt et al., 2019).

Invasive and disturbance tolerant species that expand
under aridification should be tracked explicitly. In Khulais
there is evidence of increasing frequency of P. juliflora and
T. portulacastrum in disturbed and agricultural contexts, which
aligns with the broader pressures summarized above and reinforces
the need for valley restoration, invasive species control, and careful
water resource stewardship.

4.4.3 Global comparison and implications for
Saudi arid floras

Placing Tabuk and Khulais in a wider arid land context shows
both convergence and regional particularity. Tabuk reports 96
species from 75 genera and 38 families with strong representation
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of Asteraceae, Fabaceae, Zygophyllaceae, and Lamiaceae, and a
life form spectrum dominated by therophytes and chamaephytes.
The flora is largely Saharo Arabian with notable Irano Turanian
and Sudanean elements and is increasingly affected by cutting of
wood and urban expansion (Al-Mutairi et al., 2016, Van Eck and
Waltman, 2017). Khulais has 251 species in 160 genera and 50
families with prominent Poaceae, Papilionaceae, Euphorbiaceae,
and Asteraceae and similar life form dominance, confirming
drought escape and drought resistance strategies in both regions
(Alsherif and Almaghrabi, 2022).

Across other deserts, similar families dominate but richness
and endemism vary widely. Middle Asia including Kazakhstan,
Kyrgyzstan, and Uzbekistan supports 9,643 vascular taxa in 1,198
genera and 139 families, with endemism reaching 35.4% and
strong dominance of Poaceae and Asteraceae, which mirrors Saudi
patterns at family level while far exceeding them in absolute
richness (Ma et al.,, 2024). The Irano Turanian province is one of the
world’s largest arid floristic regions and a cradle of domestication
with complex evolutionary history and high endemism, extending
influence into northern Saudi Arabia (Manafzadeh et al., 2017;
Lauterbach et al., 2019). In the Western Hemisphere, the coastal
deserts of Peru hold around 215 plant species with richness
increasing upslope and with notable endemism and threat levels,
again demonstrating the ecological value and vulnerability of
coastal and montane arid systems (Montenegro-Hoyos et al., 2022).

These comparisons underscore two messages for Saudi arid
floras. First, functional convergence around annuals and dwarf
shrubs reflects adaptation to water limitation and disturbance.
Second, regional uniqueness in species pools and endemism
requires place based conservation instruments. For Tabuk and
Khulais this means climate aware hydrological stewardship in wadis
and valleys, protection of rocky and coastal refugia, invasive species
management with emphasis on P. juliflora and T. portulacastrum,
and sustained biodiversity and genetic baselining that can support
adaptive management under a warming and more variable climate.
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4.5 Global comparison of floristic
diversity between arid regions from
Tabuk and Khulais, and tropical regions

To draw a comparison on the floristic diversity of tropical
and desert habitats (Tabuk and Khulais), the composition of plant
species, diversity indices, and environmental determinants under
contrasting climatic conditions need to be considered. Desert
ecosystems, such as in Saudi Arabia, have a different ecological
setting compared to that of tropical rainforests and, therefore, have
apparent differences in floral diversity and structure.

In the Tabuk desert area, 96 species of plants belonging
to 75 genera and 38 families have been recorded. The most
dominant families are Asteraceae, Fabaceae, Zygophyllaceae,
2016). The life form
analysis shows the dominance of therophytes (37%) and

and Lamiaceae (Al-Mutairi et al,
chamaephytes (32%), an adaptation strategy to seasonal and
xeric conditions. Its chorological composition is overwhelmingly
Saharo-Arabian  (37.21%), Irano-Turanian (11.63%),
Sudanean (10.47%) (Al-Mutairi 2016).
B-diversity metrics exhibit high species turnover among habitats
(Al-Mutairi et al., 2016, Van Eck and Waltman, 2017).

the Khulais greater
richness, with 251 species in 160 genera and 50 families. The

and

et al., Moreover,

In contrast, region has floristic
important contributing families include Poaceae, Papilionaceae,
Euphorbiaceae, and Asteraceae (Alsherif and Almaghrabi, 2022).
The classification of life-forms reveals that therophytes (41.2%) and
chamaephytes (31.4%) dominate the flora, as in Tabuk. However,
in Khulais, there is a wider representation of Saharo-Arabian and
Sudanian chorological elements, which make up 43.6% of the flora
(Alsherif and Almaghrabi, 2022).

As compared to these arid environments, tropical ecosystems
such as Southeast Asia, the Neotropics, and tropical Africa are
globally renowned for being exceedingly species-diverse. Latin
America, for instance, boasts over 118,000 plant species (Raven
etal., 2020). These ecosystems have an abundance of phanerophytes
(trees and tall shrubs) due to the favorable climatic conditions of
high rainfall and year-round warmth (Fine, 2015). The tropical
floras generally contain a mixture of ancient and recently diversified
lineages with strong Indo-Malaysian, Neotropical, and Afrotropical
biogeographical elements (Fine, 2015; Hua, 2013).

When comparing the arid and tropical floristic profiles,
a number of differences are evident. The arid areas possess
limited species richness (96-251 species) and a life-form spectrum
dominated by drought-tolerant chamaephytes and ephemeral
therophytes. On the other hand, tropical areas have very high a and
B diversity, partly caused by ecological heterogeneity, stability of
the historical biome, and reduced extinction (Fine, 2015). Highly
disparate geological and evolutionary backgrounds in relation to
arid worlds are also the foundation for the diversity of tropical
floras (Hua, 2013). Environmental forces are the predominant
causes of such trends. Climatic stressors, soil, and anthropogenic
disturbance such as woodcutting and urbanization govern the
spatial pattern of vegetation in arid environments (Al-Mutairi et al.,
2016, Van Eck and Waltman, 2017). Biodiversity is promoted in
the tropical environments, however, due to long-term climatic
consistency that allows speciation to surpass extinction and the
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establishment of complex ecological networks (Fine, 2015; Raven
et al., 2020).

Generally, arid environments like Tabuk and Khulais share
floristic rarity of species adapted to stressful environmental
conditions. Tropical environments have unmatched species
richness due to preferential environmental conditions and complex
evolutionary history. Species composition differences, life forms,
and chorological affinities emphasize the ecological uniqueness and
conservation values of both arid and tropical ecosystems.

Because it functions as a critical bridge between terrestrial
and marine ecosystems, the region around the Red Sea is critical
to global health. The halophytes and mangroves in the region’s
coastal flora provide an assemblage of ecosystem services upon
which terrestrial and marine biodiversity are based. They provide
shoreline stabilization, control the entry of nutrients into marine
ecosystems, and carbon sequestration (Alharthi et al., 2020; Basahi,
2018). Degradation of these ecosystems by urbanization, sea level
rise, or other human-induced factors can threaten fish stocks,
coral reefs, and other Red Sea biodiversity hotspots (Jewitt et al,
2017; Kougioumoutzis et al., 2020). The interdependence of these
systems underscores the necessity of joint conservation action. The
health of marine ecosystems and terrestrial biodiversity depends
on conservation of coastal ecosystems in Sharma and beyond.
The ecosystems provide livelihoods and food security to numerous
local communities, and therefore the conservation efforts need
to include the socioeconomic consequences of biodiversity loss
(Whitmee et al., 2015; Imanberdieva et al., 2018; Inague et al., 2021).

4.6 Knowledge gaps and future research
directions

Figure 9 shows the overall concept of climate resilience of
ecosystems based on the existing bibliographic study. In spite of the
large body of knowledge gained, there are major information gaps
in areas such as genetic studies, long-term biodiversity monitoring,
and soil-plant interactions. Modern techniques such as remote
sensing and DNA barcoding can potentially reveal dry plants’
ecological functions and evolutionary processes (El-Sheikh et al.,
2019; Schuldt et al., 2019). Research in the future must also
investigate the climate change impacts on endangered species and
effective habitat restoration practices (Fakhry and Anazi, 2017
Tang et al, 2019; Trew et al, 2022). Elucidating the intricate
interactions among these ecosystems requires synthesis between
land and sea research. These holistic approaches can inform
conservation interventions aligned with Saudi Arabias Vision 2030
goals as well as support sustainable ecosystem management and
enhance global biodiversity and planetary health (Hautier et al,
2018; Ssali et al., 2023; Soliani et al., 2024). Some concepts to fill
the knowledge gaps for future research are as follows:

(a) Intensive monitoring systems

The bibliometric study suggests the need for intensive, long-
term monitoring systems for biodiversity in drylands. The blue
and green clusters reflect how new technologies such as satellite
imaging, remote sensing, and Geographic Information Systems
(GIS) might track the occurrence of invasive species, soil condition,
and vegetation cover. Terms like “habitat dynamics” and “species
richness” in the VOS study highlight the requirement of monitoring
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changes in ecosystems at different scales (Sun et al., 2021; Suggitt
et al, 2019). Soil and water quality monitoring and ground-
based biodiversity monitoring can also provide localized data
apart from satellite-based monitoring. Long-term analysis of such
records provide predictive insights on ecosystem responses to
climate fluctuations and hydrological manipulations as well as
biodiversity trends. Scaling up such monitoring and dealing with
the complexities of ecosystems like valley, riparian, and rocky areas
would need coordination among academia, governments, and local
communities (Lu et al,, 2021; Nabhan et al., 2022).

(b) Policy making

The red and purple clusters of the map indicate the important
connection between policymaking and biodiversity preservation.
Restoring valley ecosystems and preserving riparian zones are two
habitat-related measures that should be the main priority of sound
policy. Offering farmers and landowners financial and technical
support encourages sustainable practices such as the restoration of
indigenous vegetation and water-saving irrigation systems.

In order to manage invasive plants like P. juliflora, policy
must commence concerted eradication, biosecurity, and early
detection. The emphasis of the red cluster on worldwide ecosystems
provides an example of how cross-border collaboration can
enhance the sharing of resources and strategy development. Also,
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if conservation goals are integrated with broader development
initiatives, biodiversity preservation harmonizes infrastructural
development and economic growth (Ordonez and Svenning, 2017;
Ortega et al., 2024).

(c) Community engagement

Investigation of the blue and green clusters identifies a crucial
role for community engagement to realize sustainable conservation
achievements. Local stakeholder monitoring programs, where local
people document information on invasive species and species
richness, can improve the coverage and efficacy of conservation
action. Educational programs highlighting the need for native
biodiversity and the dangers facing alien species can engender a
sense of ownership among local people.

Locally driven restoration activities such as reforestation and
soil stabilization yield cost-efficient advantages in the form of eco-
tourism and job creation. Concerting conservation with actual
community advantage brings sustainability to participation and
long-term involvement toward biodiversity conservation.

(d) Innovative water management

The focus of the blue cluster on hydrodynamics of arid
regions serves to underscore the compelling necessity for new
water management technologies for dry regions. Regulated aquifer
recharge, drip irrigation, and rainwater harvesting are sustainable
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The overall SWOT (Strengths, Weaknesses, Opportunities, and Threats) analysis of floristic diversity in Saudi Arabia ecosystem.

practices that minimize the environmental impact and help
alleviate the problem of water scarcity. The VOS network
uses terms such as “riparian zones” and “water efficiency” to
underscore the significance of water management in biodiversity
and crop protection.

Through enhancing water efficiency in agriculture, drip
irrigation systems guarantee riparian ecosystems are conserved.
Similarly, managed aquifer recharge can store surplus water
during wet seasons, thereby acting as a cushion against droughts.
Integrating these technologies into conservation programs will
guarantee long-term sustainability of arid ecosystems through an
equilibrium of ecological preservation and human water demands
(Peralta et al., 20245 Phelan et al., 2016). The blue cluster’s focus
on hydrological dynamics underscores the need for new thinking
to dryland water management. Regulated aquifer recharge, drip
irrigation, and rainwater harvesting are sustainable practices that
minimize environmental footprint and ease water scarcity. In the
VOS network, words such as “riparian zones” and “water efficiency”
underscore the significance of water management for biodiversity
conservation and crop yields. By enhancing agricultural water
use efficiency, drip irrigation systems avert riparian ecosystem
degradation. Likewise, managed aquifer recharge can store surplus
water during times of overabundant rainfall, hence acting
as a drought buffer. Conservation programs involving such
technologies will guarantee the long-term sustainability of arid
ecosystems by ensuring ecological conservation balanced with
human water needs (Peralta et al., 2024; Phelan et al., 2016).

(e) Research on climate resilience
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The green and red clusters emphasize the importance of
performing detailed studies on the way native and invasive species
evolve to respond to rising temperatures. An understanding of the
physiological and ecological traits enabling species to endure in
desert environments can help habitat restoration processes like the
selection of drought-resistant native flora for replanting (Ossa et al.,
2017; Peng et al., 2023).

Extensive research on P. juliflora and other alien invasive
species will be used to elucidate their ecological impacts,
competitive interactions, and vulnerabilities. Conservation efforts
may be informed through research on the interactions between
alien and native biota to enable re-establishment of balance in the
ecosystem. The use of predictive models that integrate climatic
projections allows one to prioritize conservation efforts with
utmost priority and forecast biodiversity patterns, as shown in the
blue cluster. Climate resilience enhancement will be dependent on
concerted, inter-disciplinary research.

4.7 SWOT analysis of floristic diversity of
Saudi Arabia arid ecosystem

A SWOT analysis (Strengths, Weaknesses, Opportunities,
Threats) provides a structured evaluation of the status of floristic
diversity within arid ecosystems, considering their strengths and
weaknesses and opportunities and threats facing them. Figure 10
displays the whole SWOT analysis of floristic diversity of
Saudi Arabia ecosystem.

(a) Strengths
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Deserts in Saudi Arabia have resistant environments due
to drought-resistant plant species and adaptive adaptations
(Batanouny, 1987; Moawed and Ansari, 2015). The environments
play crucial roles in genetic diversity and ecosystem resilience,
with around 1,800 species, including endemic and endangered
plants (Alsobeai, 2024). In African savannas that are semi-arid,
gradients in terrain and soils regulate the distribution of woody
plants, leading to species that are satisfied with survival under harsh
conditions (Witkowski and O’Connor, 1996). Dry South American
environments like Patagonia have floristic richness backed by
adaptation processes that facilitate species to survive under grazing
and aridity (Oliva et al, 2016). Red Sea and Gulf of Aqaba
coastlines are carbon reservoirs where carbon is sequestered and
integrity of the coast is ensured (Basahi, 2018). Desert rangelands of
Tunisia sustain grazing- and drought-resistant plant communities
that validate indigenous species’ resilience (Gamoun et al., 2012).
Gulf of Gabes local species are tolerant to extreme environmental
conditions due to disturbance gradients (Neji et al, 2018).
These examples demonstrate that desert ecosystems can support
vegetation communities under extreme environmental conditions.
Brazilian semi-arid region studies exhibit the ecological significance
of rocky outcrops as refugia for drought-tolerant vegetation (Silva
Costa et al., 2015). The results confirm the importance of habitat
heterogeneity in arid regions for guaranteeing ecological resilience.
(b) Weaknesses

Such environments are prone to soil loss and limited supply
of water (Alsherif and Almaghrabi, 2022). Weather and human
activities drain water resources in dry regions like Saudi Arabia.
Overgrazing, especially in South Americas semi-arid region,
interferes with species make-up, soils crumble, and kill natural
cover (Oliva et al., 2016). Gamoun et al. (2012) have confirmed that
grazing pressure and human intervention upsets plant community
composition in Tunisias arid rangelands, reducing species richness
and causing soil erosion. Exotic species like P. juliflora degrades
biodiversity via competitive displacement of native vegetation
(Yates et al., 2010). Invasive species are one of the primary
drivers of biodiversity loss in arid ecosystems, such as Abu
Dhabi’s desert offshore islands where invasive species encroach
upon native plant populations (Sakkir et al., 2017). The Gulf of
Gabeés in Tunisia has been impacted by the ecological integrity
of invasive species modifying plant dynamics (Neji et al., 2018).
Urbanization, industrial pollution, and overgrazing exacerbate
indigenous plant declines and interfere with ecological processes
(Aljedaani and Fakhry, 2023). Urbanization in the semi-arid
zones such as Bukhara, Uzbekistan, has fragmented habitats
and generated non-indigenous species competing with native
vegetation (Gafarova et al., 2024). South American drylands have
been degraded by un-sustainable land use, causing loss of floristic
richness and ecological functioning (Lopez et al., 2006). Dams
and water governance in Saudi Arabia have modified hydrological
regimes, transforming riparian species richness and ecosystems
(Al-Mungedhi et al., 2022).

(c) Opportunities

Tourists can witness the variety of drought-tolerant animals
and distinctive scenery in deserts. Red Sea and Gulf of Aqaba
ecotourism makes it possible for tourists to see desert vegetation,
coral reefs, and mangroves (Basahi, 2018). Deserts offshore islands
with limited vegetation attract nature lovers and raise Abu
Dhabi conservation awareness (Sakkir et al., 2017). Conservation
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is possible through community participation and indigenous
knowledge. Community can conserve land on a sustainable
scale by implementing their indigenous knowledge of native
plants to restore the ecosystem (El-Husseini et al, 2007).
Bukhara urban conservation has proved that public participation
plays an important role in indigenous plant conservation
(Gafarova et al., 2024).

International cooperation can boost ecological restoration
and adaptive strategy studies. Collaborative research can focus
on indigenous species resistance in arid systems, for example,
Acacia gerrardii adaptation in Saudi Arabian wadi ecosystems
(Alatar et al., 2015). Collaborative studies across the Middle
East, North Africa, and South America can support invasive
species management, ecosystem rehabilitation, and sustainable
farming (Schuchardt et al., 2023). Collaborations can ensure sound
conservation plans and improve ecological insight. Collaboration
might strengthen environmental research and ensure sound
conservation.

(d) Threats

Desert plant communities face threats of rising temperature
and declining rainfall. Desert plant communities are threatened
by climate change (Alsherif and Almaghrabi, 2022). Long-term
drought, low soil water, and decreased plant cover have modified
species composition in semi-arid South America and Africa (Oliva
et al., 2016; Witkowski and O’Connor, 1996). Rising temperatures
in the Arabian Peninsula are exacerbating water scarcity, degrading
native vegetation (Al-Mutairi et al., 2012; Basahi, 2018). Invasive
species like P. juliflora push native species off native ranges and
disrupt ecological processes within arid habitats (Yates et al., 2010).
On Abu Dhabi’s offshore islands, invasive species disrupt native
communities (Sakkir et al., 2017); in the Gulf of Gabes, they reduce
species richness (Neji et al., 2018). Urban growth and industrial
development lead to habitat fragmentation, which increases loss
of diversity (Aljedaani and Fakhry, 2023). Development of arid
ecosystems and hydrological alteration are a threat. These projects
have disrupted water flows in Saudi Arabia, changing riparian
ecosystems and diversity (Al-Mungedhi et al, 2022). Water
management has altered plant cover in the Northern Cape of
South Africa (Van Staden etal., 2020). Holistic policies and adaptive
management are needed to prevent such threats.

4.8 TOWS analysis of floristic diversity of
arid ecosystems of Saudi Arabia

Figure 11 shows the total TOWS strategies for Saudi Arabian
arid ecosystem floristic diversity categorized from internal
to external. A TOWS analysis refines the SWOT approach
by highlighting strategic moves to leverage strengths and
opportunities and mitigate weaknesses and threats.

(a) Strength-opportunities (SO) strategies

The Saudi Arabian environments possess immense potential
for the development of ecotourism through the utilization of the
prevailing unique drought-resistant vegetation in areas such as
Tabuk, Sharma, and other similar arid environments. The areas
boast highly adapted vegetation to the harsh conditions, thereby
presenting a natural attraction to nature enthusiasts, researchers,
and nature preservers (Scaglia et al., 2024; Qureshi et al., 2011).
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from internal to external factors.

Ecotourism initiatives can make tourists aware of the ecological
importance of these animals while generating local economies
through sustainable tourism.

The Red Sea coastal areas, with their extensive carbon-storing
mangroves and halophytes, also have further learning opportunities
for climate resilience. The coastal ecosystems, apart from their
carbon-storing capabilities in preventing climate change, are also
hotspots of biodiversity and uphold essential ecosystem services
(Basahi, 2018). The regions can be utilized as learning sites, in
which they raise awareness among visitors of the role played
by coastal ecosystems in supporting efforts toward mitigating
climate change.

Also, the native plant biodiversity of Saudi Arabia with
environment-tolerant strains has potential genetic material for
sustainable agriculture. Exploration of native drought-tolerant
crops can consolidate agricultural sustainability and food security,
particularly in dry regions (Imanbayeva et al., 2025; Hunter and
Lechner, 2018). The use of this kind of genetic material for
sustainable agriculture can build livelihoods at the local level and
promote biodiversity conservation.

(b) Strengths—threats (ST) strategies

Conservation of endemic species in microhabitats is most
important in alleviating the impacts of invasive species on Saudi
desert ecosystems. There are certain habitats, such as mangroves
on Red Sea shores and oases in deserts, which consist of endemic
plant species having very high tolerance to stressful environments
(Miara et al., 2025; El-Sheikh et al., 2021). Prioritized conservation
of such microhabitats ensures native species continuity and does
not permit the establishment of invasive species like P. juliflora, as
it outcompetes native vegetation (Schuchardt et al., 2023).

Protection of the Red Sea coast needs to be enhanced to
conserve carbon-sequestering ecosystems like mangroves and salt
marshes. In addition to their role in climate resilience due to
carbon sequestration, mangroves and salt marshes also serve as a
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natural barrier to coastal erosion (Basahi, 2018). Improved coastal
protection will prevent the loss of these ecosystems from sea
level rise and human pressures, sustaining their ecosystem services
(Farid Ghazal, 2021; Li et al., 2018).

Additionally,
are necessary in such regions. In such systems, indigenous

invasive species early warning systems
vegetation’s resilience must be tapped to identify changes in species
composition and identify invasive threats at an early level (Pinheiro
etal, 2010; Christie, 2014). Preventative surveillance with periodic
monitoring through vegetation inventories and composition
analysis can help detect modifications in plant communities, which
is essential to prevent invasive species spread as well as guarantee
ecological resilience (Hussein et al., 2021).

(c) Weaknesses—opportunities (WO) strategies

Strengthening community-conserved programs that involve
indigenous knowledge is crucial to the achievement of sustainable
land management in arid ecosystems. The programs can strengthen
local communities through involvement in habitat conservation,
native species cultivation, and restoration practices. For instance,
integrating indigenous communities in Saudi Arabia would utilize
their indigenous expertise on drought-resistant plant species, and
this would enhance resilience in ecosystems (El-Iusseini et al.,
2007; Gomes and Alves, 2009).

International collaboration in research is also a major strategy
for enhancing ecosystem restoration activities. Collaboration with
other institutions from across the globe can aid in gaining
knowledge on adaptive actions, sustainable agriculture, as well
as biodiversity conservation. Collaborative research studies can
target researching the ecological resilience of native plant species
in various arid habitats, such as Tubiflorae in Egypt’s arid habitat
(El-Husseini et al., 2007) and Acacia gerrardii in wadi ecosystems
in Saudi Arabia (Alatar et al., 2015). Collaborative research studies
can be used to innovate ecological restoration.
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Public campaigns on sustainable agriculture are crucial to
encouraging drought-resistant native species use. These programs
have the ability to make local farmers aware of the benefits of
cultivating species that are naturally suited for arid environments,
reducing water consumption and enhancing crop resistance
( ). Promoting the use of such species can
enhance food security in a manner that serves to conserve
biodiversity. Urban biodiversity conservation has also been made
possible by cities like Bukhara through campaigns for public
awareness and education ( ).

Strategic management policies for invasive species are critical
in arid ecosystems. The policies should be directed toward early
detection, rapid response, and invasive species eradication. For
instance, the off-shore Abu Dhabi arid islands that are uniquely
florally rich can be assisted by strict biosecurity to prevent
). The
policies should be dynamic in offering amendments based on

introduction and invasive species spread (

monitoring data and emerging threats.

Sustainable land-use policy making is critical in the prevention
of habitat degradation and fragmentation in ecologically sensitive
ecosystems. South Americas arid regions have been shown
through research to experience native vegetation loss and
ecosystem function disruption due to unsustainable land use
( ). In nations like Saudi Arabia, policy must
chart boundaries for urban expansion, agricultural expansion,
and industrialization to ensure the preservation of indigenous
vegetation ( ).

Adaptive water management strategies can be used to mitigate
negative impacts of dam construction on riparian systems.
Adaptive water management has proved useful in maintaining
biodiversity in nations like the Northern Cape of South Africa
( ). For Saudi Arabia and other countries,
managed water discharge, riparian area recovery, and buffer zone
creation can be implemented to maintain vulnerable ecosystems
( ;

limit habitat disturbance, maintain species richness, and guarantee

). These measures can

ecological connectivity within riparian corridors.

4.9 Linking bibliometric clusters with
ecological mechanisms and
conservation levers in arid floras

The bibliometric network revealed four coherent clusters
that correspond to complementary domains of ecological
understanding and management in arid floras: ecosystems and
conservation (green), abiotic processes and grasslands (blue),
plant dynamics and modeling (red), and phylogeny/genetics and
conservation (purple). Taken together, these clusters outline a
pathway from environmental drivers to population processes and,
finally, to conservation action.

First, the blue cluster underscores how aridity, temperature
rise, altered rainfall and soil constraints regulate productivity,
recruitment, and survival in arid plant communities. Your Results
already document regional warming and rainfall decline, and
show how water limitation propagates through soil moisture
to germination and seedling survival. This cluster provides
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the environmental baselines and thresholds that conservation
planning must respect.

Second, the red cluster focuses on dynamics and modeling.
Process-based and statistical models translate environmental
signals into population- and community-level projections in space
and time. In arid Saudi systems these tools help identify refugia,
anticipate range shifts, and evaluate trade-offs in management,
including hydrological interventions captured in and
discussed in see section “4.3 Hydrological interventions and their
ecological impacts in the floristic diversity.”

Third, the purple cluster integrates phylogeny and genetics
with conservation. Genetic structure and evolutionary history
inform priorities by identifying lineages, adaptive syndromes, and
functional groups critical for persistence under climate stress. In
arid floras with many short-lived therophytes but also lineages
tied to specific substrates or microhabitats (as shown by the
Tabuk-Khulais life-form and chorological comparisons), genetic
and chorological signals help target conservation at both site
and lineage levels.

Fourth, the
conservation themes and is the natural “landing zone” where

green cluster aggregates ecosystem and
insights from the other clusters are operationalized. In this
manuscript, that includes riparian management under dam
operations ( ), coastal-terrestrial coupling along the Red
Sea (see section “4.8 TOWS analysis of floristic diversity of arid
ecosystems of Saudi Arabia” text preceding ), and the
SWOT profile of arid floristic diversity ( ).

By reading the clusters together, the bibliometric map becomes
an ecological blueprint: the blue cluster constrains the problem,
the red cluster projects system responses, the purple cluster
identifies evolutionary and functional priorities, and the green
cluster organizes place-based actions. This linkage clarifies why
effective arid conservation must combine climate-aware water

management, genetic stewardship, and habitat connectivity.

4.10 Strategy implications for arid-zone
floristic conservation in Saudi Arabia

Prioritizing these five gaps as strategic steps to convert
bibliometric signals into deployable capacity.

(1) Climate-aware hydrological stewardship. The hydrological
literature shows both benefits and risks of damming for
arid riparian vegetation. Management that restores ecologically
meaningful flow variability, creates buffer zones, and enforces
soil-stabilizing practices can retain species richness and genetic
heterogeneity while limiting abiotic degradation ( )-

(2) Coastal-terrestrial coupling as a conservation axis. Along
the Red Sea and Gulf of Aqaba, halophytes and mangroves support
nutrient regulation, shoreline stability, and carbon sequestration.
Safeguarding these coastal floras protects marine biodiversity and
food security while sustaining terrestrial-marine linkages essential
for regional resilience (see section “4.8 TOWS analysis of floristic
diversity of arid ecosystems of Saudi Arabia”).

(3) Knowledge-gap triage to unlock conservation returns. The
manuscript identifies needs for long-term biodiversity monitoring,
soil-plant interaction studies, and genetic tools such as DNA
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barcoding, as well as remote sensing for scalable baselines
(Figure 9).

(4) Floristic
Comparative indices for Tabuk and Khulais show consistent

baselining by life-form and chorology.
therophyte dominance, differences in family-level representation,
and distinct chorological compositions. These baselines guide site
selection, restoration targets, and monitoring indicators that are
tailored to arid-zone realities.

(5) From SWOT to policy. The SWOT analysis (Figure 10)
situates arid floras within clear strengths and vulnerabilities,
enabling policy that aligns Vision 2030 sustainability goals with
ecological safeguards and local livelihoods (see sections “4.8 TOWS
analysis of floristic diversity of arid ecosystems of Saudi Arabia’-
“4.9 Linking bibliometric clusters with ecological mechanisms and
conservation levers in arid floras”).

For the limitations of this review, the present synthesis is
constrained by the temporal coverage and disciplinary balance of
the underlying literature set and by uneven reporting across sites.
This underlines the importance of the intensive monitoring and
genetic baselining already highlighted in see section “4.8 TOWS
analysis of floristic diversity of arid ecosystems of Saudi Arabia,”
which are needed to refine model parameters and validate
conservation outcomes in situ.

5 Conclusion

As salient outcomes, this review integrates bibliometric
structure and ecological evidence into an operational pathway
for arid floras in Saudi Arabia. The grouped patterns in
the bibliometric co-occurrence network (Figure 3) and the
thematic/bibliographic coupling structure (Figure 5) align with
ecological drivers and forecasted responses (Figure 7), with
phylogenetic and genetic considerations that identify irreplaceable
lineages (Figure 9), and with the ecosystem-level conservation
framework that organizes interventions (Figure 10). Applied to
Saudi Arabia’s arid systems, this synthesis highlights three leverage
points already developed in the manuscript: climate-aware riparian
management, protection of coastal-terrestrial linkages along the
Red Sea, and targeted closure of monitoring and genetic knowledge
gaps. For clarity, we note that no separate “cluster analysis map” is
presented; the term referred to the grouped patterns visualized in
Figures 3, 5 and their cross-walk to Figures 7, 9, 10.

The strengths of this review lay in the combined PRISMA-
based screening and VOSviewer mapping produced a transparent
corpus and revealed stable thematic structure, enabling us to
link clusters to actionable mechanisms and to triangulate across
climate, hydrology, genetics, and conservation practice. However,
the weaknesses of this review lay the limited coverage across
subregions and habitats is uneven; genetic and long-term datasets
are sparse; and reporting standards vary. Moreover, these features
limit generalizability and complicate model validation, especially
for rare lineages and microhabitats.

There are five recommendations for future strategies. Firstly,
institutionalize climate-aware environmental flows in arid wadis
to restore seasonal variability, protect riparian corridors, and
maintain recruitment windows for arid plant guilds. Secondly,
protect and restore coastal floras that anchor terrestrial-marine
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coupling and carbon storage along the Red Sea and Gulf of
Aqaba, integrating livelihood co-benefits into conservation design.
Thirdly, close the monitoring and genetic gaps by deploying
remote sensing baselines, permanent plots, and DNA barcoding
for key lineages to support model calibration and adaptive
management. Fourthly, use life-form and chorological baselines
to tailor site-specific restoration targets and indicators for Tabuk
and comparable arid provinces (Tabuk-Khurais comparison).
Fifthly, translate the SWOT profile to policy, aligning Vision 2030
biodiversity objectives with on-the-ground measures that reduce
overgrazing pressure, control invasives, and prioritize connectivity.

Lastly, as a humble message, in arid Saudi landscapes,
conserving floristic diversity under climate change is most effective
when we tie environmental constraints to dynamic projections,
anchor priorities in evolutionary and functional distinctiveness,
and implement place-based actions in riparian corridors and
coastal interfaces, all underpinned by sustained monitoring and
genetic baselines. This bibliometric-to-ecology bridge provides a
practical map for near-term decisions and a durable template for
adaptive conservation in the decades ahead.
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