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Abstract: The western region of Saudi Arabia is a major vegetation diversity hotspot with wide range
of habitats and variant climatic and topographical characteristics. The vegetation diversity in this
region has not been fully studied to monitor the changes that happen over time in these habitats.
This study aims to identify the floristic diversity and vegetation structure of the plant species in
invaded habitats of the western region of Saudi Arabia. A total of 58 stands in the different invaded
habitats (i.e., mountains, protected areas “ridge mountain habitat”, wadis, farmlands, ruderal areas,
and coastal areas) were examined. A total of 146 plant species (94 native and 52 alien species)
distributed among 132 genera and 49 families were recorded. Asteraceae, Poaceae, and Fabaceae
were the most represented families and accounted for approximately 35% of the identified species.
Multivariate analysis of the identified species clustered them into four main vegetation groups:
VG I dominated by Opuntia ficus-indica-Juniperus phoenicea, VG II dominated by Reichardia tingitana-
Heliotropium aegyptiacum, VG III dominated by Prosopis juliflora-Acacia seyal-Abutilon pannosum, and
VG IV dominated by Suaeda monoica. The ecological information represented in this study may help
in monitoring the changes in vegetation diversity across the western region of Saudi Arabia and
designing the required conservation plans.
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1. Introduction

Saudi Arabia occupies the greatest section of the Arabian Peninsula with an area of
approximately 2,250,000 km? located between longitudes 34°4(0" E-55°45’ E and latitudes
15°45" N-34°35’ N [1] and mostly covered by dry deserts. However, the diversity of
topographical and climatic characteristics across Saudi Arabia leads to significant vegetation
diversity between the different regions of the country. Several studies examined the flora
of Saudi Arabia and identified 837 genera represented by 2250 plant species, 246 of which
are endemic species and 20% are classified as rare due to afforestation, grazing, and
habitat loss [2-5]. The most dominant life form in Saudi Arabia is the annual plants.
In general, plant coverage in Saudi Arabia is scarce in relation to the large area of the
country. Furthermore, the Saudi Arabian flora is represented by different geological areas
e.g., the western Africa, the southeastern and northeastern Asia, and the northern and
northwestern Mediterranean regions. Nevertheless, the majority of plant species in Saudi
Arabia belongs to a mixture of different climatic conditions including Saharo-Arabian or
Saharo-Sindian, Sindian, and Mediterranean regions [6,7] or mainly to the Saharo-Sindian
phytogeographical region [8].

As one of the biodiversity hotspots in Saudi Arabia, the western region, is characterized
by diverse habitats and is among the richest regions of biodiversity in the Arabian Peninsula.
A large number of endemic, rare, threatened, and endangered plant species can be found
in this region [6,9-11]. Because biodiversity hotspots play significant roles in both national
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and international conservation strategic plans [12], several previous studies examined the
biodiversity of the western region of Saudi Arabia. The vegetation of Wadi Al-Sharaea,
Makkah, Saudi Arabia, (with a total area of 638.98 km?) as a biodiversity hotspot for desert
ecosystem was examined and 110 species belonging to 77 genera and 33 families were
identified [13]. Similarly, 100 plant species distributed among 34 families were identified
in Wadi Fatimah, Makkah, Saudi Arabia with an area of roughly 4.86 km? [14]. About
126 species belonging to 39 plant families were identified in Wadi Al-Noman, Makkah,
Saudi Arabia, an area covering 740.1 km? [15]. A total of 224 species representing 124 genera
and 62 families were recorded along the altitudinal vegetation zones of Asir Mountain,
southwest Saudi Arabia in a study area covering 12,000 km? [16]. Another study in Asir
Mountain identified 189 species belonging to 74 families [17]. Along the altitudinal gradient
of Al Baha region, western Saudi Arabia, 190 plant species belonging to 59 families were
identified [6]. In the Hijaz mountains, western Saudi Arabia, 106 vascular plant species
belonging to 35 families were identified [18]. In an area covering a distance of roughly
1174 km along the Hijaz mountains in the northwestern coastal land of the Red Sea in Saudi
Arabia, 142 plant species from 41 families were recorded [19].

Nevertheless, the majority of these studies are old and do not cover the whole region.
Moreover, a significant change in the biodiversity of this region was reported using remote
sensing data indicating significant loss in biodiversity of a course of 10 years [19]. Therefore,
we designed the current study in order to identify the floristic diversity and vegetation
structure of the plant species in the western region of Saudi Arabia after invaded by alien
species in the last years.

2. Materials and Methods
2.1. Study Area

The current study examines the vegetation structure and floristic diversity of the
western region of Saudi Arabia as one of the biodiversity hotspots in the country. The
study area extends along the coastal region of the Red Sea from the north (Rabigh; 22.79067,
39.01896) to the south (Jeddah; 21.28541, 39.23755). Moreover, the area from Al Figrah
mountains in the north (24.37895, 38.97724; 2100 m above sea level “a.s.l.”) to Raidah
Sanctuary in the south (18.2387, 42.54429; 1900 m a.s.l.) is also examined. Therefore, the
study area includes the Tihama plain and Al Sarawat Mountains with different habitats
(i.e., mountains, protected areas “ridge mountain habitat,” wadis, farmlands, ruderal areas,
and coastal areas) as shown in the map depicted in Figure 1. A total of 58 stands in the
different habitats along the western region of Saudi Arabia were examined.

Figure 1. A map of Saudi Arabia with a focus on the study area (the circle on the left) showing the
selected sampling stands (the red dots).
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Overall, the study area is divided into two main sections: the western mountains and
the coastal plain of the Red Sea. The western mountains include the Hijaz mountains with
an average altitude of 1200 m a.s.l., the Midian mountains with altitudes exceeding 2000—
2500 m a.s.l., and the Al Sarawat mountains with altitudes ranging from 800 to 3015 m a.s.l.
The coastal plain of the Red Sea, known as Tihama plain, is composed mainly of sand dunes
and gravel plains. According to the Saudi Geological Survey, the geological formation
of the coastal plain in the western region is composed of sedimentary rocks and surface
sediments dated back to the late Middle and New Ages (the third and fourth ages). These
sediments’ thickness reaches about 5000 m in the coastal plain of the Red Sea. On the other
hand, the rocks of the highlands date back to the pre-Cambrian period and are formed from
igneous rocks (e.g., granite and basalt) and metamorphic rocks (e.g., gneiss and schist).
These rocks are characterized by their hardness and resistance to erosion factors. The
valleys are also covered with sedimentary rocks that formed in them later. There are also
some sand dunes and salt marshes, interspersed with a few short valleys that slop from the
western mountains towards the Red Sea.

2.2. Climatic Characteristics

The climatic characteristics of the western region of Saudi Arabia can be divided into
three main categories based on the variation in altitudes above sea levels, the geographical
location, and the desertic effects as follows: (i) mountain regions characterized by significant
variation in temperatures and rainfall rates in summer and winter seasons, (ii) plain regions
with high temperatures in summer and low temperatures in winter due to low altitudes,
and (iii) the eastern regions with approximate average altitudes of 800 m a.s.l., leading to
low temperatures in winter and high temperatures in summer.

Climatic data regarding temperatures, precipitation, relative humidity, and wind speed
were collected from five different regions (i.e., Abha, Madinah, Makkah, Tabuk, and Yanbu)
to represent the study area. The data were collected for a period of 29 years from 1989 to
2017. The data showed significant variation as the average monthly temperatures across
the five regions ranged from 11 to 37.7 °C (Supplementary Figure Sla). The Makkah region
showed the highest average temperatures while Tabuk and Yanbu showed the lowest.
Precipitation showed variation among the five regions in terms of annual precipitation and
months of precipitation (Supplementary Figure S1b). In general, the annual precipitation
ranged from 17.7 mm in Abha to 2.6 mm in Tabuk. Makkah, Madinah, and Tabuk regions
received an average annual precipitation of 8.6, 4.9, and 2.9 mm, respectively. Therefore,
some regions were characterized by high relative humidity e.g., Abha and Yanbu, while
others had exceptionally low humidity levels e.g., Makkah (Supplementary Figure Slc).
Wind speed was relatively similar among the study area except in Makkah region where
it was lower than the other regions (Supplementary Figure S1d). This evident variation
in geographical and climatic characteristics leads to significant enrichment of vegetation
diversity in the western region of Saudi Arabia. Nevertheless, the whole study area is
characterized by a dry climate as shown in the climate diagrams (Supplementary Figure S2).

2.3. Sampling Stands

After survey field trips, 58 stands were selected to represent the different habitats
found in the study area i.e., mountains, protected areas, wadis, coastal areas, farmlands,
and ruderal areas, and to perform the analysis of the vegetation structure. The area of
each stand was roughly 50 x 50 m, and the coordinates of these stands were recorded
and shown on the map in Figure 1. Plant samples and data collection were performed in
the spring of 2018. The species collected from each stand were identified and listed, their
families, life forms, and chorotypes were also classified [3-5,20]. Samples of the collected
species were deposited in the King Saud University Herbarium (KSUP).
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2.4. Vegetation Cover and Density Estimation

The plant coverage of each identified species was calculated using the abundance
percentage method [21]. Furthermore, the density of each identified species was estimated
using the quadrat method [22]. In summary, 5 quadrates were applied in each sampling
stand and the number of individuals of each species in each quadrat was counted. The rela-
tive densities and frequencies of the species was calculated using the following equations:

Realtive density of a species (1’1‘1_2) = No. of individuals /No. of quadrats x quadrat area (m2> x 100, 1
Vegetation density (ha_l) = Relative density of the species x 100, (2)
Realtive frequency of a species = No. of quadrats including this species /No. of quadrates used x 100, 3)

2.5. Diversity Indices

Vegetation diversity indices were calculated [23-25]. In brief, x-diversity represents
the species richness and was calculated using the following equation:

D= S/logA, (4)

where (D) is the species richness, (S) is the number of species, and (A) is the sampling area.
Shannon-Wiener index represents the species relative evenness and was calculated
using the following equation:

H= 2;1 pilogp;, %)
where (s) is the number of species and (p;) is the relative coverage value of the ith species.
Based on Shannon-Wiener index, species evenness was calculated as follows:
H
J'=5—, (6)
Hmax

where (H) is the Shannon diversity index and (Hmax) is the maximum possible value of H
(if every species was equally likely).

Simpson index represents the relative concentration of dominance and was calculated
using the following equation:

C=3Y . p" @

where (s) is the number of species and (p;) is the relative coverage value of the ith species.

2.6. Soil Analysis

Three different soil samples were collected from each stand at a depth of 20 cm and then
pooled together. Soil was air-dried for 24 h and then ground and kept for further analysis.
Soil pH and electrical conductivity (EC) were measured immediately after collection of
the samples. Soil texture was examined using Bouyoucos hydrometer [26] to identify
the percentages of sand, silt, and clay in each sample. Organic matter (OM) content in
each sample was measured by the loss-on-ignition method [26]. N and P contents were
determined using atomic absorption spectroscopy, while Inductively Coupled Plasma Mass
Spectrometry (NexIONTM 300D ICP-MS, PerkinElmer, Inc., Waltham, MA, USA) was used
to determine contents of K, Mg, Ca, Fe, Na, and Mn [26].

2.7. Statistical Analysis

The data regarding the 58 sampling stands, species coverage values for the identified
species and soil variables were utilized to create the matrix of species coverage data
for further analysis. In details, the TWINSPAN numerical classification analysis using
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two-way indicator species was applied [27]. The DECORANA ordination software was
applied on the same stands to confirm the classification of the vegetation groups resulted
from TWINSPAN [28]. The correlation between the soil variables and distribution of the
identified plant species in the study area was examined via the canonical correspondence
analysis (CCA) on the CANOCO software [29]. The variance among diversity indices and
soil parameters across different studied habitats was examined via one-way analysis of
variance (ANOVA) on IBM SPSS Statistics 20 (IBM Corp., Armonk, NY, USA). Duncan’s
multiple range test (p < 0.05) was applied to compare means. Pearson’s correlation analysis
was applied to examine the ordination axes on one hand and soil variables on the other
hand. The same analysis was used to examine the correlations between species diversity
indices and soil variables.

3. Results
3.1. Floristic Diversity and Phytogeography

Surveying the selected sampling stands in the western region of Saudi Arabia led to
identification of 146 plant species (94 native and 52 alien) representing 132 genera and
distributing among 49 families. A list of the identified species, families, and life forms is
provided (Supplementary Table S1). Asteraceae was the commonest family with 19 gen-
era represented by 21 species (14.4% of the identified species), followed by Poaceae with
16 species (11% of the identified species). The majority of the identified families (28 families
representing 57.1% of all families) were represented by one species only e.g., Acanthaceae,
Oleaceae, and Verbenaceae (Figure 2a). Subshrubs and annual herbs were the most repre-
sented life forms in the study area with 36.9 and 27.4% of the identified species, respectively
(Figure 2b). Trees represented only 5.4% of the species identified in the study area with
only 8 different species e.g., Commiphora myrrah, Olea europaea, and Prosopis juliflora.

(a) 0 5 10 15 20 25

Asteraceae

Fab No. of species
abaceae

. B No. of genera
Boraginaceae

Solanaceae

T'amaricaceae Med. - IT - Tr. - Af.

Verbenaceae
SA - Med.

Euphorbiaceae
Zygophyllaceae (C) SA 32 |
Amaranthaceae —— M | 23 |
Caryophyllaceae —) SA -SM 16
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Arecaceae ; (b) Am. I;I
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Figure 2. Floristic diversity in the 58 selected sampling stands in the western region of Saudi Arabia
showed as the number of identified plant species and their families (a), the life forms of these
species (b), and the chorotype spectrum in the study area (c). AF: African, Am.: American, Cosm.:
Cosmopolitan, Eu.: European, IT: Irano-Turanian, Med.: Mediterranean, Pal.: Paleotropical, SA:
Saharo-Arabian, Sb: Siberian, SM: Somali-Masai, Tr.: Tropical.

As the study area is located in the Saharo-Arabian region, the majority of the identified
species belonged to this category; 32 species representing 21.9% of all recorded species
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(Figure 2c). The Somali-Masai region was represented by 25 species (17.1%). These two
regions also formed the highest represented bi-regional category (the Saharo-Arabian
Somali-Masai) with 16 species (11%). The highest represented pluri-regional category was
the European Siberian Mediterranean Irano-Turanian with 5 species (3.4%).

3.2. Vegetation Structure

A total of 146 species were identified in the selected sampling stands. The multivariate

analysis of these species showed that the entire vegetation of the study area could be
divided into four vegetation groups at the second level of TWINSPAN (Figure 3). Some
groups were located in one specific habitat while others were abundant in two or more
different habitats. These vegetation groups were numbered and named based on the first
and the second (if present) dominant species as follows: VG I: Opuntia ficus-indica-Juniperus
phoenicea, VG II: Reichardia tingitana-Heliotropium aegyptiacum, VG III: Prosopis juliflora-Acacia
seyal-Abutilon pannosum, and VG IV: Suaeda monoica. The average frequency and relative
coverage values for each species in each vegetation group is shown in the synoptic table
resulted from the application of TWINSPAN analysis (Supplementary Table S2).
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Figure 3. (a) Multivariate analysis of the 58 sampling stands by TWINSPAN classified them into four

vegetation groups. (b) The stands ordination by DECORANA software confirmed the classification

into four vegetation groups. The identified groups are VG I: Opuntia ficus-indica-Juniperus phoenicea,

VG 1II: Reichardia tingitana-Heliotropium aegyptiacum, VG III: Prosopis juliflora-Acacia seyal-Abutilon

pannosum, and VG IV: Suaeda monoica.

VG I (Opuntia ficus-indica-Juniperus phoenicea): This group included 11 sampling stands

representing 18.9% of all the stands. It was only found in mountain habitats (Table 1).
The most dominant plant in this group was Opuntia ficus-indica with 90% coverage and
67% frequency, followed by Juniperus phoenicea with 30% coverage and 67% frequency
percentages. Other accompanying species were also found in this group e.g., Acacia etbaica
and Pentas lanceolata.

VG II (Reichardia tingitana-Heliotropium aegyptiacum): With 25 sampling stands, this

vegetation group is the highest represented group among all the identified groups and
accounts for 43.1% of the whole study area. The species of this group inhabit mountains
(40%), farmlands (24%), wadis (28%), and ruderal areas (8%). With 10% coverage and 63%
frequency, Reichardia tingitana was the most dominant species in this association followed
by Heliotropium aegyptiacum (coverage = 5%, frequency = 58%). Other species found in this
association included Diplotaxis harra, Calendula arvensis, and Salvia spinosa.
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Table 1. Different vegetation groups identified in the study with the sampling stands belonging
to each group, the habitats each group inhabits, and the dominant species based on their average
coverage and relative frequency values. Numbers of native and alien species in each vegetation
group are shown.

VG * #Stands % Study Area Stands Habitats (%) *  1st Dominant sp. C(%) P(%) 2nd Dominantsp. C (%) P (%) No. Species
F=0
ST
VGI 11 18.96 26,51, W=0 Opuntia ficus-indica 90 67 Juniperus phoenicea 30 67 Naturalized: 11
53-58 .
C=0 Invasive: 2
R=0
F=24
M =40 Native: 50
121, P=0 Casual: 2
VGII 25 43.10 25,27, W=28 Reichardia tingitana 10 63 Heliotropium aegyptiacum 5 58 Naturalized: 23
48,52 .
C=0 Invasive: 2
R=8
F=17.65
28,29, M=0 Acacia seyal 30 47 Native: 38
35-39, P =588 o Casual: 2
VG III 17 29.31 1047 W=6471 Prosopis juliflora 85 76 Naturalized: 33
49,50 C=11.67 Abutilon pannosum 20 35 Invasive: 2
R=0
F=0
M=0 Native: 6
VG IV 5 5.63 30-34 P=0 Suaeda monoica 43 80 Acacia ehrenbergiana 10 60 Casual: 0
’ W =100 8 Naturalized: 8
C=0 Invasive: 1
R=0

* VG: Vegetation group, # stands: number of stands in this group, % study area: the percentage that the vegetation
group represents of the whole study area, C: average coverage of the species in the sampling stands, P: relative
frequency of the species in the sampling stands. * Habitats: F: farmlands, M: mountains, P: protected areas,
W: wadis, C: coastal areas, and R: ruderal areas.

VG 1II (Prosopis juliflora-Acacia seyal-Abutilon pannosum): Eleven stands were in-
cluded in this association which represent 29.3% of the study area. The dominant
species in this association were Prosopis juliflora (coverage = 85%, frequency = 67%),
Acacia seyal (coverage = 30%, frequency = 47%), and Abutilon pannosum (coverage = 20%,
frequency = 35%). Other species classified in this group included Calotropis procera,
Cynodon dactylon, Marrubium vulgare, Rhazya stricta, and Zygophyllum simplex. The species
of this association mainly inhibit wadis (64.7%), farmlands (17.7%), coastal areas (11.8%),
and protected areas (5.9%).

VG 1V (Suaeda monoica): This group represents 8.6% (5 sampling stands) of the
study area and inhabits only wadi habitats. The most dominant plant species in this
association was Suaeda monoica with 43% coverage and 80% frequency, followed by
Acacia ehrenbergiana with 10% coverage and 60% frequency. Other species in this asso-
ciation included Dodonaea angustifolia, Zygophyllum hamiense, Convolvulus arvensis, and
Aizzon canariense.

3.3. Correaltion Analyses
3.3.1. Relationships between Soil Variables and Distribution of Sampling Stands

The results of the correlation analysis between soil variables and the distribution of the
sampling stands indicate the strong relationship between them (Figure 4). Simpson index
(r = 0.47) and OM content (r = 0.52) in the soil showed a strong positive correlation with
the first axis (Table 2). On the other hand, species evenness (r = —0.43), Shannon-Wiener
index (r = —0.44), EC (r = —0.40), and the contents of K (r = —0.60), Mg (r = —0.50), Ca
(r=—0.44), Na (r = —0.61), and Mn (r = —0.44) had negative correlations with the first axis.
Nevertheless, the second axis showed a positive correlation with Mn content in the soil
(r = 0.51) and no negative correlations with any soil variable.
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Figure 4. A biplot resulted from canonical correspondence analysis of the 58 sampling stands

ordination according to species diversity indices and soil variables.

Table 2. Biplot scores of different diversity indices and soil variables with the ordination axes.

Variable Axis 1 Axis 2
Diversity indices
Species number —0.10 —0.04
Species coverage (%) 0.01 —0.11
Species richness —0.10 —0.02
Species evenness —0.43* 0.10
Shannon (H) —0.44* 0.02
Simpson-C 0.50 * —0.01
Soil
pH 0.21 0.02
EC (mmohs cm—3) —0.40* 0.26
Bulk soil (%)
Sand —0.20 0.14
Silt 0.30 —0.13
Clay —0.04 —0.12
Organic matter 0.52 ** 0.10
Minerals
N (mgg) 0.003 0.14
P (mgg™) 0.05 0.142
K (mgg!) —0.64 *** —-0.29
Mg (ppm) —0.50 * —0.05
Ca (ppm) —0.44 * —0.21
Fe (ppm) —0.03 —0.10
Na (ppm) —0.61 *** —0.0.15
Mn (ppm) —0.44 0.51 **

¥p<0.05,* p <001, p < 0.001.
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3.3.2. Relationships between Diversity Indices and Soil Variables

The obtained results indicated the number of species was positively correlated with
the content of silt in the soil (r = 0.30), while it was negatively correlated (r = —0.3) with
the content of sand (Table 3). Furthermore, plant coverage showed a negative correlation
with Mn content in the soil (r = 0.30) and a positive correlation with soil pH (r = —0.4),
OM (r = —0.33), and Fe (r = —0.34) contents. Similarly, species richness showed a negative
correlation with sand content in the soil (r = —0.35) and positive correlations with contents
of OM (r = 0.33) and silt (r = 0.40) in the soil. Species evenness showed positive correlation
with soil pH and OM and clay contents with the same correlation coefficient (r = 0.30) and
with content of Fe (r = 0.31) in the soil, but a negative correlation with Mn (r = —0.40) content
in the soil. Moreover, Shannon-Wiener index showed positive correlations with contents of
silt (r = 0.34), OM (r = 0.40), and Fe (r = 0.30) and negative correlations with contents of sand
(r= —0.34) and Mn (r = —0.32) in the soil. Conversely, Simpson index showed negative
correlations with contents of clay, silt, OM, and Fe with the same coefficient (r = —0.30) in
the soil but positive correlations with contents of sand (r = 0.30) and Mn (r = 0.40).

Table 3. Pearson’s correlation coefficients between calculated diversity indices and different physical
and chemical soil characteristics in the study area.

Variable pH Sand (%)  Silt (%) Clay (%) OM (%) Fe(ppm) Mn (ppm)
Sp. number —0.023 -0.30 * 0.33 * 0.01 0.21 0.02 -0.10
Plant coverage (%) —0.4 ** 0.30 —0.24 —0.23 —0.33* —0.34 ** 0.30 *
Sp. richness 0.20 —0.35** 0.40 ** 0.20 0.33* 0.20 -0.22
Evenness 0.30 % —0.26 0.23 0.30 % 0.30 * 0.31* —0.23*
Shannon (FI) 0.20 —0.34 0.30 ** 0.25 0.40 ** 0.30 * —-0.32*
Simpson-C -0.26 0.30 * -0.30 * —-0.30* -0.30* —-0.30 * 0.40 **

¥p <005, p <001,

3.4. Soil-Plant Association Characteristics

One-way ANOVA showed all the studied variables have significant variations
among the four vegetation groups except the soil contents of clay, N, P, and Na (Table 4).
VG I (Opuntia ficus-indica-Juniperus phoenicea) found only in mountain habitats had the
highest Simpson index (0.6); but, the lowest values of species evenness (0.5), Shannon-
Wiener index (0.4), and the soil contents of clay (10.5%), and K (2.7 mg g’l). VG II
(Reichardia tingitana-Heliotropium aegyptiacumy), also mainly inhabiting mountain habitats,
showed the highest number of species (9.8), species richness (2.7%), species evenness
(0.84), and Shannon-Wiener index (0.8), in addition to the highest contents of silt (24.7%),
OM (8.7%), and Fe (0.7 ppm) in the soil. Nevertheless, this group showed the lowest
plant coverage (32.8%), Simpson index (0.2), and soil contents of sand (62.1%) and Mn
(0.01 ppm). The third vegetation group is dominated by Prosopis juliflora-Acacia seyal-
Abutilon pannosum, inhabiting mainly wadis, had the highest plant coverage (94.2%), soil
EC (1.3 mmohs cm~3) and contents of K (7.84 mg g_l), Mg (5.5 ppm), and Mn (0.07 ppm).
Nevertheless, it showed the lowest soil pH (7.5) and Fe content (0.1 ppm). Similarly,
VG 1V, dominated by Suaeda monoica and found only in wadi habitats, had the highest
pH (7.9) and sand content (80.5%) in the soil. On the other hand, the lowest number
of species (4.4), species richness (0.9%), and soil EC (0.1 mmohs cm—3) was found in
this vegetation group. In addition, VG III showed the lowest contents of OM (2.1%), Ca
(9.3 ppm), and Mg (2.5 ppm) in the soil.
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Table 4. Mean =+ standard deviation values of the diversity indices and soil variables for the identified
vegetation groups in the study area. VG I: Opuntia ficus-indica-Juniperus phoenicea, VG II: Reichardia
tingitana-Heliotropium aegyptiacum, VG III: Prosopis juliflora-Acacia seyal-Abutilon pannosum, and VG IV:
Suaeda monoica.

Variable VGI VGII VG III VGIV F-Value p-Value
Diversity indices
Species number 6.82 +£2.70 9.84 +2.90 8.8 +2.61 44 +1.70 7.2 0.00 ***
Species 8673 £30.85 32.84+31.97 9424 4+3365 81.60+37.85 14.6 0.00 **
coverage (%)
Species 1.40 £ 0.10 2.70 £ 0.10 1.80 = 0.70 0.90 +0.50 16.6 0.00 ***
richness
Species 0.50 +0.16 0.84 4 0.14 0.62 +0.16 0.70 £ 0.10 15.8 0.00 ***
evenness
Shannon (F) 0.40 £ 0.15 0.81 + 0.16 0.60 + 0.18 0.40 +0.10 211 0.00 *+*
Simpson-C 0.60 == 0.15 0.20 £ 0.12 0.40 + 0.16 045 + 0.10 226 0.00 *+*
Soil
pH 7.70 + 0.34 7.82 + 0.25 7.50 + 0.30 7.9 +0.20 6.9 0.001 ***
EC (mmohs cm~3)  0.30 & 0.50 0.33 £ 0.42 1.30 + 1.54 0.14 £ 0.10 45 0.007 *+*
Bulk soil (%)
Sand 7201+78  6210+195  7090+133 8050 +1212 271 0.054 *
Silt 175+690 24741502  17.7 +11.10 8.9 + 5.60 3 0.038*
Clay 105 +23 13.2+53 115+ 3.6 10.6 + 6.5 13 0.30
Organic matter ~ 8.28 - 3.72 8.70 == 2.90 5.58 + 3.80 2.19 + 1.60 75 0.00 *+*
Minerals
N (mg g 1) 450 + 1.80 5.80 + 4.04 5.60 + 2.90 292 +1.02 1.4 0.30
P(mgg ) 0.2+ 0.01 0.2 +0.02 02+ 0.01 0.1+ 0.03 0.8 0.53
K (mgg1) 2.70 4 1.99 310 +1.97 7.84 + 2.70 5.02 + 1.94 134 0.00 *+*
Mg (ppm) 354+ 13 253+ 14 5.50 = 1.93 250 + 1.5 7.6 0.00 ***
Ca (ppm) 1380+ 658  1275+310  20.20+443  9.30 +3.30 273 0.053 *
Fe (ppm) 0.12 4 0.01 0.70 + 0.05 0.10 + 0.03 0.30 £ 0.11 3.7 0.018*
Na (ppm) 9.83+223 12014310 1572+514  11.80 097 15 0.227
Mn (ppm) 0.04 + 0.01 0.01 + 0.01 0.07 + 0.01 0.04 £ 0.01 72 0.00 ***

Maximum and minimum values in each row are shown in bold and underlined, respectively. * p < 0.05,
R
p < 0.001.

4. Discussion

In the current study, 146 plant species (94 native and 52 alien) and 49 families were
identified. The most dominant families were Asteraceae, Poaceae, and Fabaceae. These
families are also the most represented plant families in the flora of Saudi Arabia in the same
order [20,30]. Our results showed that the plant families represented by only one plant
species were the dominant plant families in the study area indicating that the majority of
the identified plant species are xerophytic species adapted to the harsh environments of
the study area. The same finding was indicated in previous studies [31-35].

The flora of Saudi Arabia contains more than 2250 different species, 20% of them are
considered as rare plants because of habitat destruction and deforestation [20]. Furthermore,
the vegetation of Saudi Arabia is generally scarce due to the abundance of desert habitats
characterized by low vegetation densities. More than 60% of the flora of Saudi Arabia are
annual species significantly influenced by the amount of rain; however, the western region
of Saudi Arabia has the highest vegetation diversity among all other regions [6,15,36].
The western region of Saudi Arabia is located mainly in the hyper-arid zone including
xeromorphic and psammophilous herbs and shrubs. Moreover, variations in topography
and climatic characteristics significantly affect the existence and distribution of various
plant species and life forms [37-39]. Our results indicated that the study area shows
significant variation in climatic characteristics, the dry weather being dominant in the
whole area (Supplementary Figure 52). The most dominant life form in the western region
of Saudi Arabia are small shrubs, followed by annual herbs. The availability of water during
the rainy months supports the growth of annual herbs in these habitats [40]. However,
such water could not be adequate to support the growth of subshrubs, therefore, their
existence might be due to their ability to tolerate the dry weather and grow in harsh
habitats e.g., mountains and ruderal areas [41]. Overall, the composition of the life forms
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in the study area follows the typical pattern desert flora dominated by chamaephytes and
xerophytes. The same pattern is also recognizable in different desert habitats in various
parts of Saudi Arabia [3-5,20,37,38,42,43].

Unsurprisingly, the majority (21.9%) of the identified plant species in the study area
belonged to the Saharo-Arabian region. This is clearly attributed to the location of the
study area in this region. According to Takhtadzhian [44], the majority of Saudi Arabian
region are located within the ranges of the Saharo-Arabian and/or African regions. The
southwestern region of the study area is clearly affected by the Somali-Masai region that
was the second highest represented region by the identified species.

Our previous study [45] identified 52 alien plant species in the western region of Saudi
Arabia. The presence of these species in the studied area showed negative correlation with
the presence of native species indicating the harmful effects of alien species on biodiversity.
Moreover, several alien species e.g., A. mexicana, N. glauca, O. ficus-indica, and P. juliflora
were classified as dangerous invasive alien species in Saudi Arabia [46].

In the current study, four vegetation groups are identified. These groups consist of
different plant shrubs and tufted grasses. Moreover, the nature and distribution of these
groups are significantly related to the topography and soil physical characteristics in the
study area. The VG I (Opuntia ficus-indica-Juniperus phoenicea) inhabits and dominates
mountains in the study area. Opuntia ficus-indica is among the most abundant alien species
in the western region of Saudi Arabia, the members of this genus could be found at
elevations from 800 to 2200 m [45,46]. Similarly, Juniperus is known to grow at high
altitudes [47,48] to form forests along the mountains. This explains the association between
these two species in VG I. The distribution of this group positively correlated with the
Simpson index and the content of silt and OM in the soil. The species in this group exhibit
higher dominance as compared to other species in other groups which could be attributed
to the lower ability of other species to adapt in the harsh mountain habitats as compared to
Opuntia and Juniperus.

The VG II (Reichardia tingitana-Heliotropium aegyptiacum), on the other hand, is dis-
tributed in four different habitats i.e., farmlands, mountains, wadis, and ruderal areas. The
species of this group are mainly annual and perennial herbs and subshrubs, which would
partially explain the wide distribution of this group in the study area. The distribution
of these species in the study area is widely affected by climate changes as the life cycle of
annual species varies depending upon favorable conditions. If the area receives a sufficient
amount of rain in a season, the density and abundance of herbaceous flora are significantly
high and vice versa. Furthermore, the growth of these plants varies from retarded to normal
heights based on the amount of precipitation [49,50]. The distribution of this vegetation
group negatively correlated with the soil content of different minerals e.g., K, Ca, Mg, and
Na. This group also shows the highest number of identified species but the lowest species
coverage. This can be explained by the high competition between different plant species
and the lower availability of minerals in the soil.

VG IIl is dominated by three species i.e., Prosopis juliflora, Acacia seyal, and Abutilon pannosum.
This group is similar to the group identified in the study performed in 2016 on the
invasive plants in Saudi Arabia [46]. Prosopis juliflora is classified among the most threat-
ing invasive species in Saudi Arabia. As a part of one of the Ministry of Agriculture’s
afforestation programs, Prosopis juliflora was introduced to Saudi Arabia; however, it
continues to spread in natural habitats. Efforts are recently made to remove this plant
from the urban areas [45]. The species of this group inhibited and were more abundant
in wadis. Upon growing in wadi habitats, Prosopis juliflora trees change their growth
habit from erect trees into a prostrate shrub extending their shoot parts and covering the
soil surface and therefore blocking the pathways [45]. This phenomenon could explain
the higher plant coverage values characterized this group in the current study. The
distribution of the species belonging to this group positively correlated with higher EC
values and contents of N and P in the soil, but negatively with the soil pH.
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The VG IV (Suaeda monoica) are found only in wadi habitats with the lowest species
number, richness, and evenness. This can be explained by the poor soils that is found in
the stands of this group with the highest sand content, in addition to the lowest content of
OM, Ca, and Mg with lower contents of other minerals. Therefore, this habitat supports the
growth of a few adapted psammophytic, phytogenic populations of sand binding plants
with the highest concentration of their dominance, and plays a major role in decreasing
species diversity [40,50,51].

5. Conclusions

In the current study, the floristic diversity and vegetation structure of the western
region of Saudi Arabia is investigated. Our results indicate that the study area is rich
in vegetation diversity. The floristic diversity of the western region of Saudi Arabia is
representative to the whole country as the distribution patterns of families, life forms, and
chorotypes of the identified species are similar to those known to be dominant in Saudi
Arabia. The identified plant species are classified into four vegetation groups with relation
to variation in topographical and climatic characteristics of the study area. The limitation
of the current study is mainly the large study area needed a lot of field trips to identify the
present plant species. Nevertheless, the current study generates an ecological database to
significantly help in designing the required conservation plans across the western region of
Saudi Arabia via monitoring the changes in plant diversity. Further studies to examine the
vegetation diversity in the different habitats and protected areas in the western region of
Saudi Arabia are highly recommended.
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to 2017; Figure S2: Climate diagrams of the five different regions (i.e., Abha, Madinah, Makkah,
Tabuk, and Yanbu) representing the study area shows that this area is characterized by a dry climate;
Table S1: A list of all the plant species identified in the study area and their families and life forms;
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