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The soil seed bank (SSB) composition is crucial for ecosystem vitality and restoration. The present study aimed to evaluate the SSB and vegetation composition in Raudhat Altinhat, Saudi Arabia, an arid ecosystem. A total of 14 plots were determined and studied for their aboveground vegetation during winter-spring and summer-fall seasons. Soil samples were collected for chemical and physical analyses to determine the edaphic factors affecting vegetation composition. Soil sample of 4000 cm3 was collected and analyzed for SSB composition via direct emergent method. Eighty-six plant species (55.8% annuals and 44.2% perennials) were determined in aboveground vegetation. Asteraceae, Poaceae, Boraginaceae, and Fabaceae were major families. During winter-spring season, communities of Ziziphus nummularia, Zilla spinosa-Rhazya stricta, and R. stricta were identified, where most of soil variables did not show significant variation among communities, except for salinity, Ca, Mg, SO4, and NO3. Also, during summer-fall season, communities of R. stricta, Z. nummularia, and Cynodon dactylon were identified, and most soil variables did not show significant variation among communities, except for Mg and SO4 contents. SSB collected during winter-spring season comprised 23 species, mainly annuals (87.0%). Trigonella stellata was the predominant plant in SSB (average of 465 seeds/m2), followed by Phalaris minor (167 seeds/m2). During summer-fall season SSB had 22 plants, mainly annual (86.4%), while C. dactylon, Launaea nudicaulis, and V. gerrardi were identified as perennials. Trigonella stellata is the most predominant plant (159 seeds/m2). A negative correlation was observed between aboveground vegetation and SSB composition during both seasons. The species diversity indexes showed that aboveground vegetation during winter-spring season attained higher species richness and evenness, compared to SSB. However, during summer-fall season, species richness of aboveground vegetation and SSB was consistent, while species evenness was higher for SSB compared to aboveground vegetation. Our results showed that Raudhat Altinhat site needed rehabilitation and strict protection against all unmanaged activities, such as overgrazing and logging. Z. nummularia community showed high degradation and very low regeneration, and no seed germination in SSB. Therefore, further study is needed to determine the causes of the degradation and the best way to rehabilitate and recruit this very important shrub.

Keywords: habitat degradation, soil repository, raudhat ecosystems, plant regeneration, rehabilitation, species richness
1 INTRODUCTION
In arid regions, which encompass a substantial proportion of the world’s biodiversity (Zhang and Chen, 2022), plant diversity is essential for the preservation of terrestrial biodiversity and the stability of ecosystems (Zhang et al., 2023). These ecosystems, which are primarily constituted of grasses and shrubs, are essential for the maintenance of social and environmental balance (Santini et al., 2022). Nevertheless, arid regions are experiencing an increase in desertification as a result of stressors induced by climate change, including extreme temperatures, limited water and nutrient availability, and high soil salinity (Khattab et al., 2024). Moreover, the depletion of soil seed banks (SSBs) and the alteration of aboveground vegetation are all crucial contributors to biodiversity loss, as a result of anthropogenic activities such as grazing and intensive land use (Cao et al., 2022). This degradation poses a threat to ecosystem services, such as soil fertility, carbon sequestration, and water regulation, which are essential for the conservation of biodiversity and the wellbeing of humans (Guo et al., 2023). Therefore, conservation strategies, such as the utilisation of native SSBs, provide a viable solution for the restoration of ecological resilience and plant diversity in arid ecosystems, taking into account the slow natural recovery of these ecosystems (Luo et al., 2023; Islam and Jacob, 2024).
Soil seed banks, which serve as reservoirs of plant propagules (Hopfensperger, 2007), facilitate ecosystem resilience and regeneration by preserving viable seeds within the soil, including those on the surface, that are capable of replacing mature plants (Gallagher, 2014). These seed banks are vital for the stabilisation of ecosystems, particularly in arid regions where the recovery of vegetation is contingent upon the persistence of seeds (Aragón-Gastélum et al., 2018). In spite of the majority of seeds are derived from local progenitor vegetation, the seed pool is also enriched by external sources, which contributes to the diversity of species (Solomon, 2011). According to Thompson et al. (1997), seed banks are categorized based on the longevity of their seeds as transient or persistent. Transient seed banks germinate within a short period, while persistent seed banks remain dormant but viable for extended periods through bet-hedging strategies, guaranteeing survival during unfavourable conditions. This dormancy mechanism enables seed assemblages to function as genetic reservoirs, thereby facilitating the regeneration of future vegetation (Guo et al., 2023). In this sense, Ooi (2015) and Mohammed and Denboba (2020) noted that species-specific dormancy and germination traits significantly influence the persistence of SSBs, as they determine their capacity to endure environmental fluctuations and disturbances.
The interaction between SSBs and aboveground vegetation is essential for the resilience of ecosystems, particularly in arid regions and degraded landscapes (Shaukat and Siddiqui, 2004). According to Guo et al. (2023), the composition of seed banks is substantially influenced by environmental factors, vegetation type, and disturbance history. On one hand, it is highly likely that the substantial similarity between the species composition of SSBs and the aboveground vegetation cover in arid ecosystems is primarily attributable to localised seed distribution mechanisms and limited seed dispersal (Shaukat and Siddiqui, 2004). On the other hand, the discrepancies observed between the species in SSBs and those in the vegetation above may be partially explained by differences in their reproductive strategies (Amiaud and Touzard, 2004). Research conducted in Saudi Arabia on this topic showed that SSBs in arid environments often differ significantly from aboveground vegetation due to the dominance of annual plants and the tendency of seeds to persist as a survival strategy in harsh climatic conditions. This variation is the result of the fact that a substantial proportion of seeds remain dormant in the soil, awaiting favourable conditions for germination, rather than immediately contributing to the visible plant community (Al-Huqail et al., 2025). Assaeed and Al-Doss (2002) have found that anthropogenic activities and grazing pressure have an impact on both species richness and seed bank densities in arid rangelands, which in turn affects long-term vegetation recovery. Globally, some ecosystems exhibit significant correlations between SSBs and standing vegetation, while others, particularly forests and wetlands, exhibit low similarity. This is frequently due to dispersal mechanisms and differential seed dormancy (Hopfensperger, 2007). Nonetheless, it is imperative to comprehend these dynamics in order to develop effective restoration strategies that ensure the regeneration of diverse and functional plant communities by utilising SSBs (Yang et al., 2021).
Raudhats, lowland channels for floodwaters in Saudi Arabia, have a surface composed of sand and clay that improves their fertility, making them ecologically vital refugia for mesophytic plants that flourish during the rainy season (Al-Huqail et al., 2025). The raudhat ecosystems are essential for the preservation of plant biodiversity, as the region’s arid to hyper-arid climate restricts vegetation diversity (Assaeed and Al-Doss, 2002). However, they are facing escalating threats from anthropogenic and climatic factors. In this sense, Al-Qarawi (2011) argued that the resilience of both aboveground vegetation and the SSB has been diminished as a result of human activities such as overgrazing, off-road driving, camping, logging, and medicinal plant harvesting, which have contributed to habitat degradation. Furthermore, the loss of biodiversity is further exacerbated by abiotic stressors, such as high temperatures and low rainfall patterns, which are associated with climate change (Alghanem et al., 2023). These factors present substantial obstacles to conservation and restoration strategies.
Even though the literature had many studies investigating the relationship between SSB and aboveground vegetation from different aspects, very few studies (Assaeed and Al-Doss, 2002; Al-Huqail et al., 2025) were found to cover this topic under the context of Saudi Arabia and within Raudhat ecosystems. Moreover, no studies have addressed this topic in the study area (Raudhat Altinhat). This study hypothesizes that Raudhat Altinhat contains a substantial reservoir of viable seeds, which, under favourable environmental conditions, can contribute to the regeneration of degraded plant communities by acting as a natural source of vegetation cover. Furthermore, the study suggests that the composition and diversity of the SSB and aboveground vegetation vary across different vegetation types, primarily as a result of variations in soil properties. These variations subsequently affect the potential for vegetation recovery and ecological restoration. Therefore, this study aims to achieve the following objectives: (i) analyze the aboveground vegetation in the Raudhat Altinhat ecosystem, (ii) identify the SSB composition, and (iii) examine the relationship between the SSB, aboveground vegetation, and soil properties.
2 MATERIALS AND METHODS
2.1 Study area
The study was conducted in Raudat Altinhat (26.0807° N, 46.5072° E) in the northeast of Riyadh region, central Saudi Arabia (Figure 1). The area is belonging to the King Abdulaziz Royal Reserve. The site is a low-lying plain covering approximately 32 km2, bordered by the sand dunes of Al-Dahna to the east. Due to numerous wadi/valley canals, including Wadi Al-Shwaki, Wadi Al-Tayri, Wadi Al-Atiq, and Wadi Al-Wadi, the Raudat has superior soil and vegetation compared to neighboring areas. The vegetation is primarily composed of Vachellia and Ziziphus trees, along with various seasonal wildflowers, which flourish particularly during springtime (Saudipedia, 2024). The average mean temperature and average annual rainfall are 25.22°C and 119.82 mm, respectively, for the years 1991–2020 (World Bank, 2024). The soil in the selected site is primarily composed of loamy sand and sandy soil (Saudipedia, 2024). The selection of sampling sites within the study area was conducted to ensure a comprehensive representation of vegetation characteristics, including diversity and intensity. Additionally, the topography features of the entire Raudhat ecosystem were considered to facilitate a systematic assessment of the ecosystem’s spatial heterogeneity. These features encompass water streams, water accumulation areas, land aspects, depressions, and sandy plains.
[image: Map highlighting the King Abdulaziz Royal Reserve within Saudi Arabia. It shows the location of Raudhat Al Tinhat within the reserve, marked in green. Quadrats and plots are indicated with circles and triangles, respectively. The map includes scale bars and latitude-longitude coordinates for reference.]FIGURE 1 | A map of Saudi Arabia showing the location of Raudhat Altinhat and the sampled plots (P1-P14).2.2 Aboveground vegetation analysis
Fourteen plots were selected to cover the whole area of the Raudhat Altinhat. Within each plot, three quadrats were selected for the vegetation analysis. The minimal area for each quadrat was determined to be 10 m × 10 m in areas for herbaceous vegetation, and 20 m × 20 m in areas with shrub vegetation. In total, 42 quadrats were performed. The species in each quadrat were identified and named in accordance with the protocols of Collenette (1999), Chaudhary (1999), Chaudhary (2000), and Chaudhary (2001), and were subsequently reconfirmed by the Royal Botanical Garden, Kew (POWO, 2023). These species were observed at a variety of sites during the summer-fall and winter-spring seasons of 2023 and 2024. Plant density was calculated in accordance with Bonham (2013), and plant cover was determined using the Braun-Blanquet scale (Mueller-Dombois and Ellenberg, 1974). Before calculating the species importance value index (IVI) to ascertain the species dominance, the density, cover, and frequency data were converted to their respective relative values using the following equations:
Relative density of species A=100×Absoulte density of species A∑absolute densities of all species
Relative cover of species A=100×Absoulte cover of species A∑absolute cover of all species
Relative frequency of species A=100×Number of plots have species ATotal number of all plots
Importance value index=Relative desnity+Relative cover+Relative frequency
Various published materials and online resources, including https://flora.org.il/en/plants/, http://www.theplantlist.org/1/, and https://powo.science.kew.org/, were used to examine the chorotype of each species, and the species life forms were identified according to Raunkiaer (1937). The life forms and chorotypes of all identified plants were examined in accordance with Raunkiaer (1937). The species richness (Simpson index) and species evenness (Shannon evenness) of all sites were ascertained using the subsequent equations:
Simpson index S=∑ini×ni−1N×N−1
Shannon−Wiener index H=∑i=1sPi⁡lnPi
Shannon−Evenness index E=H⁡lns
where Pi = ni/N = proportional abundance of species, “i” in a habitat made up of “S” is the number of species, “ni” is the number of sites contai006Eing species i, and N = S ni. The species richness and species evenness were calculated according to the following equations:
Species Richness=S−1LogN
Species Evenness=H′LogS
2.3 Soil seed bank sampling
Plastic bags were used to collect a central soil sample with a volume of 4,000 cm3 (20 cm width × 20 cm length × 10 cm depth) in each quadrat where the vegetation survey was conducted. A total of 42 soil seed bank samples were collected, labeled, and transferred to the Range Science Lab, College of Food Science and Agriculture at King Saud University in Riyadh, Saudi Arabia, for further preparation and analysis. The seedling emergence techniques are employed to evaluate the seed density of the seed bank (Baker, 1989). Approximately 60% of the previous studies have employed direct greenhouse germination to evaluate the densities and species composition of soil seed banks (Padonou et al., 2022). This method is a common method for studying the soil seed bank in the desert ecosystem (Jiang et al., 2013; Loydi and Collins, 2021; Luo et al., 2021; Gomaa et al., 2023; Al-Huqail et al., 2025). The soil samples were first passed through a 4 mm mesh sieve to remove any detritus, including plant fragments, roots, and coarse stones, before being stored at 2 °C for a month to break seed dormancy (Niu et al., 2022). This was done prior to the initiation of the germination trial. A manual examination was conducted on the excluded material to detect the presence of seeds. The rectangular perforated plastic trays (45 × 45 × 7 cm) were lined with sterilised sand substrate that was less than 2 cm thick at the bottom. The sieved soil samples were spread to a thickness of approximately 2 cm. The trays were positioned on benches in a greenhouse that was adjusted to maintain a temperature of 25 °C ± 2 during the trial period. Water was introduced daily to ensure that the soil remained moist. All germinated seedling species were identified and their numbers were recorded. Subsequently, they were removed at weekly intervals. The germination trials were terminated when no new seedlings emerged. The plants were identified in accordance with the methods of Collenette (1999), Chaudhary (1999), and Chaudhary (2001). Additionally, the relative density of each species was determined using the following equation, and the number of species in each tray was counted:
Relative density %=100×Number of individual of one speciesTotal number of all individuals of all species
2.4 Soil analysis
Soil samples were collected from each quadrat under investigation at a depth of 5–25 cm in polythene bags for soil chemical and physical analyses. The soil samples that were collected were labeled and transported to the laboratory for additional processing and preparation. The soil samples were immediately distributed over paper sheets to air-dry at room temperature (25°C ± 3°C) upon arrival in the laboratory. Subsequently, they were sieved through a 2 mm sieve to remove any extraneous materials, including gravel and plant elements. Mualem’s approach was employed to evaluate soil porosity (Mualem, 1976), while Bouyoucos’s method was employed to determine soil texture (Bouyoucos, 1962). The method of Keen and Raczkowski (1921) was performed to ascertain the water holding capacity (WHC). The graduated cylinder method (Blake and Hartge, 1986) was used to ascertain the particle density of the soil. The pH and electrical conductivity (EC) were estimated using soil-water extracts (1:5) (Rowell, 1994). The calcimeter method, as outlined by Page (1982), was employed to ascertain the calcium carbonate content. The total nitrogen (N) was determined using the Kjeldahl method, as outlined by Bremner and Mulvaney (1982), and the total phosphorus (P) was determined spectrophotometrically in accordance with Nelson and Sommers (Nelson and Sommers, 1982). The soil organic matter content was determined by the loss on ignition method at 550°C according to (Jones, 2001). The exchangeable sodium (Na) and potassium (K) were determined using the flame photometer method (PHF 80 B Biologie Spectrophotometer), as described by Rhoades (1982). The atomic absorption spectrometer (A Perkin-Elmer, Model 2,380, United States) was employed to estimate the calcium (Ca) and magnesium (Mg) as described by Allen et al. (1974). The sulphuric acid method was used to measure the carbonate (CO3) and bicarbonate (HCO3) in the soil samples through titration (Page, 1982). Finally, AgNO3 was used to determine the chloride (Cl) content through a titration technique (Jackson, 1962).
2.5 Data analysis
Hierarchical cluster analysis was conducted using Community Analysis Package, version 1.2 (Pisces Conservation Ltd. IRC House, Pennington, Lymington, UK), where the importance value index (IVI) of all identified plant species dataset was subjected to an agglomerate hierarchical clustering via Ward’s linkage to identify the various plant communities within each season. The datasets of the IVI and the soil variables of all examined sites were prepared and subjected to ordination analysis using canonical correspondence analysis (CCA) in order to evaluate the relationships between the soil variables and vegetation composition. The MVSP software program, version 3.22 (Kovach Computing Services, United Kingdom), was employed to generate the CCA. A one-way ANOVA was conducted using CoStat software (v. 6.311, CoHort Software, CA, United States) on the raw data of all soil parameters of the plant communities of the winter-spring and summer-fall seasons to compare variances across the identified plant communities and their soil characteristics. Duncan’s multiple range test was then performed. Correlation analysis was conducted on a dataset that comprises the density percentage of all identified plant species in the soil seed bank composition and the aboveground vegetation via the JMP® Pro 16.0.0 software program. In addition, the JMP® Pro was used for hierarchical cluster analysis, the constellation plot, and the heatmap between the aboveground vegetation and soil seed bank composition were generated to demonstrate a distinct and representative correlation among the investigated sites.
3 RESULTS AND DISCUSSION
3.1 Floristic composition
The vegetation survey of the different sites of Raudhat Altinhat showed the presence of 86 plant species (Table 1). These plant species were 38 (44.2%) perennial plants and 48 (55.8%) annuals. These plant species belong to 27 families, where the major families are Asteraceae, Poaceae, Boraginaceae, and Fabaceae, which attained 47.7% of the total identified species (Supplementary Figure S1A). The plant species of these families are usually reported in such arid regions of Saudi Arabia (Assaeed and Al-Doss, 2002; Abd-ElGawad et al., 2021; Al-Huqail et al., 2025), and this could be attributed to the adaptability of the species of these plants belonging to these families for such arid environmental conditions (Waheed and Arshad, 2024). Among the life forms of the identified plant species, therophytes/annuals were the most represented (47.7%), followed by chamaephytes (32.6%), while the geophyte life form was the lowest represented (Supplementary Figure S1B). The predominance of annual species can be ascribed to stressful environments, where the seeds of these species germinate during the favorable/rainy season and complete their life cycle before the start of the arid season (Gutterman, 2000). In addition, these annual plant species developed various survival strategies to tolerate the harsh conditions, such as phenotypic plasticity and powerful flowering and seed dispersal tactics (Venable et al., 2008; Stotz et al., 2021).
TABLE 1 | Floristic analysis of the studied plots of Raudhat Altinhat, Saudi Arabia.	Plant name	Family	Life-span	Life-form	Chorotype	Spinescence	Succulence	Flowering time
	Achillea fragrantissima (Forssk.) Sch.Bip	Asteraceae	Per	He	SA, IT	No	No	Apr-Sep
	Anchusa milleri Lam. ex Spreng	Boraginaceae	Ann	Th	SA, IT	No	No	Mar-Apr
	Anthemis deserti Boiss	Asteraceae	Ann	Th	SA	No	No	Mar-Apr
	Anvillea garcinii (Burm.f.) DC.	Asteraceae	Per	Ch	SA	No	No	Feb-Apr
	Arnebia tinctoria Forssk	Boraginaceae	Ann	Th	SA	No	No	Feb-May
	Asphodelus tenuifolius Cav	Asphodelaceae	Ann	Th	SA, S	No	No	Feb-Apr
	Astragalus crenatus Schult	Fabaceae	Ann	He	SS, IT	No	No	Feb-Apr
	Astragalus spinosus (Forssk.) Muschl	Fabaceae	Per	Ch	IT	Leaf	No	Feb-Apr
	Astragalus tribuloides Delile	Fabaceae	Ann	Th	SA, IT	No	No	Feb-Mar
	Bassia eriophora (Schrad.) Asch	Amaranthaceae	Ann	Th	SA, S	No	Leaf	Mar-Jun
	Cakile arabica Velen. and Bornm	Brassicaceae	Ann	Th	SA	No	Leaf	Dec-Feb
	Calendula arvensis L	Asteraceae	Ann	Th	M, IT	No	No	Dec-Apr
	Calotropis procera (Aiton) W.T.Aiton	Apocynaceae	Per	Ch	S	No	No	Mar-Nov
	Capparis spinosa L	Capparaceae	Per	Ch	M, SS, IT	Stipule	No	Apr-Sep
	Carthamus oxyacanthus M.Bieb	Asteraceae	Ann	Ch	SA	Leaf	No	Apr-Aug
	Chrozophora tinctoria (L.) Raf	Euphorbiaceae	Ann	Th	Tr	No	No	Apr-Oct
	Citrullus colocynthis (L.) Schrad	Cucurbitaceae	Ann	Th	SA	No	Stem	Feb-May
	Coincya tournefortii (Gouan) Alcaraz, T.E.Díaz, Rivas Mart. and Sánchez-Gómez	Brassicaceae	Ann	Th	SA, M	No	No	Dec-Apr
	Convolvulus oxyphyllus Boiss	Convolvulaceae	Per	Ph	SA	No	No	Mar-Apr
	Convolvulus pilosellifolius Desr	Convolvulaceae	Ann	Th	IT	No	No	Feb-Jun
	Cynodon dactylon (L.) Pers	Poaceae	Per	Ge	Cosm	No	No	Apr-Dec
	Deverra triradiata Hochst. ex Boiss	Apiaceae	Per	Ch	SA	No	No	May-Nov
	Echinops spinosissimus Turra	Asteraceae	Per	Ch	SA, IT	Bract, Leaf	No	May-Jul
	Echium angustifolium Mill	Boraginaceae	Per	Ch	M	No	No	Feb-Aug
	Ephedra ciliata Fisch. and C.A.Mey	Ephedraceae	Per	Ch	SA	No	No	Mar-Jun
	Erodium cicutarium (L.) L'Her	Apiaceae	Ann	Th	SA	No	No	Feb-May
	Erodium laciniatum (Cav.) Willd	Geraniaceae	Ann	Th	SA	No	No	Feb-Apr
	Erucaria hispanica (L.) Druce	Brassicaceae	Ann	Th	M	No	No	Jan-Apr
	Euphorbia retusa Forssk	Euphorbiaceae	Ann	Th	SA	No	No	Feb-Apr
	Haplophyllum tuberculatum (Forssk.) A.Juss	Rutaceae	Per	Ch	SA	No	No	Jan-Dec
	Helianthemum lippii (L.) Dum.Cours	Cistaceae	Per	Ch	SA, S	No	No	Feb-Apr
	Heliotropium bacciferum Forssk	Boraginaceae	Per	Ch	SA, S	No	No	Feb-May
	Heliotropium digynum (Forssk.) C.Chr	Boraginaceae	Ann	Ch	SA	No	Leaf	Apr-Jul
	Heliotropium europaeum L	Boraginaceae	Ann	Th	M, IT	No	No	May-Oct
	Heliotropium ramosissimum (Lehm.) Sieber ex DC	Boraginaceae	Per	Ch	SA	No	No	Mar-Apr
	Hordeum marinum Huds	Poaceae	Ann	Th	SA, M	No	No	Mar-May
	Lasiurus scindicus Henrard	Poaceae	Per	He	S	No	No	Jan-Nov
	Launaea angustifolia (Desf.) Kuntze	Asteraceae	Ann	Th	SA	No	No	Feb-Apr
	Launaea arborescens (Batt.) Murb	Asteraceae	Ann	He	SA, S	No	No	Feb-Apr
	Launaea capitata (Spreng.) Dandy	Asteraceae	Ann	Th	SA	No	No	Mar-Apr
	Launaea mucronata (Forssk.) Muschl	Asteraceae	Ann	Ch	SA	No	No	Mar-Apr
	Launaea nudicaulis (L.) Hook.f	Asteraceae	Per	He	SA	No	No	Jan-May
	Launaea procumbens (Roxb.) Ramayya and Rajagopal	Asteraceae	Ann	Ch	SA	No	No	Mar-Apr
	Lycium shawii Roem. and Schult	Solanaceae	Per	Ph	SA, S	Stem	Leaf	Nov-Jun
	Malva neglecta Wallr	Malvaceae	Ann	Th	ES, M, IT	No	No	Feb-June
	Malva parviflora L	Malvaceae	Ann	Th	M, IT	No	No	Feb-May
	Medicago minima (L.) Bartal	Fabaceae	Ann	Th	M, ES	No	No	Feb-Apr
	Moltkiopsis ciliata (Forssk.) I.M.Johnst	Boraginaceae	Per	Ch	SA	No	No	Feb-May
	Neltuma juliflora (Sw.) Raf	Fabaceae	Per	Ph	SA	Stipule	no	Mar-Jun
	Neurada procumbens L	Neuradaceae	Ann	Th	SA	Fruit	No	Feb-Apri
	Notoceras bicorne (Aiton) Amo	Brassicaceae	Ann	Th	SA	No	No	Dec-Mar
	Ogastemma pusillum (Coss. and Durieu ex Bonnet and Barratte) Brummitt	Boraginaceae	Ann	Th	SA, M	No	No	Feb-Mar
	Oligomeris linifolia (Vahl ex Hornem.) J.F.Macbr	Resedaceae	Ann	Th	S	No	No	Mar-May
	Paronychia arabica (L.) DC.	Caryophyllaceae	Ann	He	IT	No	No	Feb-May
	Pennisetum ciliare (L.) Link	Poaceae	Per	Ge	SA	No	No	Dec-Jun
	Pergularia tomentosa L	Apocynaceae	Per	Ch	SA	No	No	Feb-Apr
	Phalaris minor Retz	Poaceae	Ann	Th	M, IT	No	No	Feb-Jun
	Phalaris paradoxa L	Poaceae	Ann	Th	M, IT	No	No	Feb-Aug
	Plantago albicans L	Plantaginaceae	Per	He	SA, M	No	No	Mar-May
	Plantago amplexicaulis Cav	Plantaginaceae	Ann	Th	SA	No	No	Mar-Apr
	Plantago ciliata Desf	Plantaginaceae	Ann	Th	SA	No	No	Mar-Apr
	Plantago ovata Forssk	Plantaginaceae	Ann	Th	SA, IT	No	No	Jan-Apr
	Polycarpaea repens (Forssk.) Asch. and Schweinf	Caryophyllaceae	Per	He	S	No	No	Mar-Apr
	Polygonum aviculare L	Polygonaceae	Ann	Th	M, IT	No	No	Mar-Jul
	Pulicaria undulata (Forssk.) C.A.Mey	Asteraceae	Per	Ch	SA, S	No	No	Jan-Mar
	Reseda muricata C.Presl	Resedaceae	Per	Ch	SA, IT	No	No	Feb-Apr
	Rhanterium epapposum Oliv	Asteraceae	Per	Ch	SA, IT	No	No	Nov-Jan
	Rhazya stricta Decne	Apocynaceae	Per	Ch	SA, S	No	No	Dec-Mar
	Rumex spinosus L	Polygonaceae	Ann	Th	M	Fruit	No	Nov-Apr
	Salsola schweinfurthii Solms	Amaranthaceae	Per	Ch	SA	No	Leaf	Mar-Sep
	Salvia aegyptiaca L	Lamiaceae	Per	Ch	SA	No	No	Jan-Apr
	Schismus arabicus Nees	Poaceae	Ann	Th	SA	No	No	Mar-Apr
	Schismus barbatus (L.) Thell	Poaceae	Ann	Th	SA, IT	No	No	Mar-Apr
	Sclerocephalus arabicus Boiss	Caryophyllaceae	Ann	Th	SA	Fruit	No	Jan-Mar
	Senna italica Mill	Fabaceae	Per	Ch	SA, SZ	No	No	Jan-Apr
	Sisymbrium irio L	Brassicaceae	Ann	Th	M, IT	No	No	Jan-May
	Spergularia bocconei (Scheele) Graebn	Caryophyllaceae	Ann	Th	M, ES	No	No	May-Jun
	Stipagrostis plumosa (L.) Munro ex T.Andersson	Poaceae	Per	He	SA, IT	No	No	Jan-Apr
	Stipellula capensis (Thunb.) Röser and Hamasha	Poaceae	Ann	Th	SA, IT	No	No	Mar-May
	Teucrium oliverianum Ging. ex Benth	Lamiaceae	Per	Ch	Cosm	No	No	Mar-May
	Teucrium polium L	Lamiaceae	Per	Ch	M, IT	No	No	Apr-Aug
	Tribulus terrestris L	Zygophyllaceae	Ann	Th	ES-IT-Me	Fruit	No	Mar-Oct
	Vachellia flava (Forssk.) Kyal. and Boatwr	Fabaceae	Per	Ph	SA, S	Stipule	No	Feb-Apr
	Vachellia gerrardi (Benth.) P.J.H.Hurter	Fabaceae	Per	Ph	SZ	Stipule	No	Jun-Dec
	Zilla spinosa (L.) Prantl	Brassicaceae	Per	Ch	SA	Stem	No	Jan-May
	Ziziphus nummularia (Burm.f.) Whigt and Arnott	Rhamnaceae	Per	Ph	S	Stipule	No	Jun-Jul


The life forms of Raunkiaer (1937) classification are as follows: Ph, phanerophytes; Ch, chamaephytes; He, hemicryptophytes; Ge, geophytes, and Th, therophytes. Cosm: Cosmopolitan, Tr, Tropical, IT: Irano-Turanian, SS: Saharo-Sindian, SZ: Sudano-Zambezian, M: mediterranean, ES: eurosiberian, SA: Saharo-Arabian, S: sudanian.
The chorological analysis of the identified plant species showed that 55.8% are mono-regional (found in one biogeographical region), while 40.7% of the recorded species are categorized as bi-regional and 3.5% as pluri-regional species. The Saharo-Arabian element was the most representative, where it was determined with 37.2% as mono-regional and 29.1% as bi-regional. In this context, the Irano-Turanian chorotype was also found in a high percentage (30.2%), which is 3.5% mono-regional, 23.3% bi-regional, and 3.5 pluri-regional (Supplementary Figure S1C). This structure of the chorotype in the present study is in agreement with other studies in similar environmental conditions in Saudi Arabia (Abd-ElGawad et al., 2021; Elkordy et al., 2022; Al-Huqail et al., 2025). Among the studied species, 17.4% of species have been reported as spiny plant species that showed adaptability to desert or drought conditions (Batanouny, 2000). Also, six plant species were reported as leaf or stem succulent plants.
3.2 Current vegetation analysis
3.2.1 Winter-spring season communities
The vegetation analysis of the Raudhat Altinhat was performed during the winter-spring and summer-autumn seasons. Regarding the vegetation composition during the winter-spring season, the cluster analysis revealed three plant communities (Figure 2A). The first community consisted of 38 plant species and was dominated by the shrubs of Ziziphus nummularia, which attained an IVI of 144.3, while the other important associated species in this community were Cynodon dactylon, Zilla spinosa, and Hordeum marinum, where they attained an IVI of 107.8, 104.1, and 95.2, respectively. The second identified plant community in the Raudhat Altinhat during the winter-spring season is the community of Z. spinosa- Rhazya stricta, and this community consists of 41 species. In this community, other important associated species were determined, such as Vachellia gerrardi, Convolvulus pilosellifolius, Malva parviflora, and Z. nummularia (Table 2).
[image: Two phylogenetic trees labeled A and B. Tree A shows relationships among plants like Heliotropium digynum, Pulicaria undulata, and Astragalus crenatus, with plot numbers 6, 9, and 10 associated. Tree B includes Schismus arabicus and Cynodon dactylon, with plot numbers 1, 2, and 3 linked. Red dashed lines divide sections in both trees.]FIGURE 2 | The cluster analysis of the plant communities within Raudhat Altinhat during (A) the winter-spring season and (B) the summer-fall season.TABLE 2 | Plant communities and diversity indexes of Raudhat Altinhat, Saudi Arabia, during the winter-spring and summer-fall seasons.	Season	Community	Species no.	Dominant species	Important species	Richness	Evenness
	Winter-Spring	Com1 (S1, S2, S3)	38	Ziziphus nummularia [144.3*]	Cynodon dactylon [107.8]
Zilla spinosa [104.1]
Hordeum marinum [95.2]	13.48	0.61
	Com2 (S4, S5, S7, S8, S11, S12, S13, S14)	41	Zilla spinosa [114.0]
Rhazya stricta [110.2]	Vachellia gerrardi [104.9]
Convolvulus pilosellifolius [101.5]
Malva parviflora [100.4]
Ziziphus nummularia [99.2]	13.69	0.80
	Com3 (S6, S9, S10)	51	Rhazya stricta [136.3]	Zilla spinosa [121.8]
Ziziphus nummularia [110.0]
Lycium shawii [108.1]
Vachellia gerrardi [103.8]	18.48	0.57
	Summer-Fall	Com1 (S6, S7, S9)	50	Rhazya stricta [142.0]	Zilla spinosa [121.8]
Stipellula capensis [119.5]
Schismus arabicus [110.5]	19.78	0.61
	Com2 (S1, S2, S3, S8, S10, S11, S12, S13, S14)	39	Ziziphus nummularia [163.4]	Vachellia gerrardi [122.4]
Lycium shawii [112.5]
Rhazya stricta [103.6]
Zilla spinosa [97.4]	12.88	0.74
	Com3 (S4, S5)	30	Cynodon dactylon [135.9]	Zilla spinosa [124.6]
Ziziphus nummularia [120.0]
Vachellia gerrardi [120.0]
Pulicaria undulata [105.6]	12.60	0.79


*mportance value index.
The last community in Altinhat site is the most diverse (containing 51 plant species) and dominated by the R. stricta which showed an IVI of 136.3, while the other associated important species in this community were Z. spinosa, Z. nummularia, Lycium shawii, and V. gerrardi which showed an IVI of 121.8, 110.0, 108.1, and 103.8, respectively. The detailed importance values of all identified species within each community were presented in Supplementary Table S1. Regarding species richness and evenness, the third community (R. stricta community) attained the highest species richness (18.48), while the first community showed the lowest species richness (13.48). On the other side, the second community attained the highest species evenness (0.80), while the third community revealed the lowest species evenness among the identified plant communities (Table 2).
3.2.2 Summer-fall season communities
On the other hand, during the summer-fall season, fourteen plots were performed in Raudhat Altinhat, and the data of the importance value index (IVI) were subjected to cluster analysis, which showed three plant communities (Figure 2B). The first community is dominated by R. stricta (IVI = 142.0) with an association of 49 plant species, among these, Z. spinosa, and Stipellula capensis, and Schismus arabicus those that attained an IVI of 121.8, 119.5, and 110.5, respectively, were determined as most important that attained higher importance value index (Table 2). The second community that was identified in Rawadat Altinhat was the community of Z. nummularia, and this community comprises 39 plant species. This community is also associated with other important species such as V. gerrardi (IVI = 122.4), L. shawii (IVI = 112.5), R. stricta (IV = 103.6), and Z. spinosa (IVI = 97.4). The last community in Rawadat Altinhat is dominated by C. dactylon, which attained an IVI of 135.9, respectively, while other important species in this community were Z. spinosa, Z. nummularia, V. gerrardi, and Pulicaria undulata (Table 1). The detailed importance values of all identified species in each community were presented in Supplementary Table S2. For the plant species richness and evenness analyses, the community of R. stricta (first community) showed the highest species richness (19.78), followed by the second community (Z. nummularia community). On the other side, the third community (C. dactylon community) attained the highest species evenness compared to the other identified plant communities.
3.3 Vegetation-soil relationship
3.3.1 Winter-spring season
Based on the identified plant communities during the winter-spring season, most of the assessed soil variables did not show significant variation among the plant communities, except for salinity, Ca, Mg, SO4, and NO3 (Table 3). The soil of the community of Z. spinosa-R. stricta showed the highest content of the salts (0.51 dS/m), while the soil of R. stricta community (com 3) attained the lowest (0.30 dS/m). This could be ascribed to the colonization of the woody plant communities along the border of the water streams, while the Rhazya community usually colonizes the plain areas (Abd-ElGawad et al., 2021). The same observation was reported for calcium and magnesium, where the soil of Z. spinosa-R. stricta community showed the highest content. The canonical correspondence analysis (CCA) showed that Z. nummularia community is separated on the right part of the biplot, and showed a correlation to the bulk density, sand, NH4, NO3, SO4, and HCO3 (Figure 3A). The dominant species of this community (Z. nummularia) showed a close positive correlation to the bulk density, sand, NH4, and NO3.
TABLE 3 | The soil variables of the identified plant communities in Rawadat Altinhat during winter-spring and summer-fall seasons.	Variable	Winter-spring season	Summer-fall season
	Ziziphus (com 1)	Zilla- Rhazya (com 2)	Rhazya (com 3)	p-value	Rhazya (com 1)	Ziziphus (com 2)	Cynodon (com 3)	p-value
	Sand (%)	45.83A ± 13.87#	35.00A ± 7.27	43.33A ± 14.17	0.7185 ns	40.00A ± 12.83	43.06AB ± 7.24	20.00B ± 2.50	0.0683 ns
	Silt (%)	52.50A ± 14.22	63.75A ± 7.83	52.50A ± 16.27	0.6881 ns	57.50AB ± 14.22	54.72B ± 7.81	80.00A ± 2.50	0.0671 ns
	Clay (%)	1.67A ± 1.67	1.25A ± 0.67	4.17A ± 2.20	0.1736 ns	2.50A ± 1.44	2.22A ± 0.97	0.00A ± 0.00	0.1156 ns
	Field capacity (%)	18.17A ± 3.17	20.25A ± 1.67	18.50A ± 2.97	0.8499 ns	20.07A ± 2.40	18.61A ± 1.38	22.15A ± 2.85	0.3144 ns
	Bulk density (g/cm3)	1.37A ± 0.08	1.30A ± 1.23	1.36A ± 0.08	0.4234 ns	1.32A ± 0.07	1.33A ± 0.04	1.33A ± 0.03	0.9782 ns
	Porosity (%)	47.43A ± 3.66	51.21A ± 0.02	48.76A ± 2.99	0.4292 ns	50.31A ± 2.74	49.18A ± 1.39	52.33A ± 1.39	0.3465 ns
	pH	7.29A ± 0.13	7.34A ± 0.79	7.30A ± 0.10	0.7373 ns	7.35A ± 0.06	7.31A ± 0.05	7.34A ± 0.00	0.9639 ns
	EC (dS/m)	0.40AB ± 0.10	0.51A ± 0.08	0.30B ± 0.00	0.0247 *	0.30A ± 0.00	0.47A ± 0.07	0.55A ± 0.25	0.1461 ns
	Na (meq/L)	1.00A ± 0.13	0.87A ± 0.02	0.83A ± 0.02	0.0883 ns	0.82A ± 0.02	0.91A ± 0.05	0.89A ± 0.07	0.1566 ns
	K (meq/L)	1.30A ± 0.13	1.46A ± 0.15	1.30A ± 0.06	0.1932 ns	1.19A ± 0.06	1.40A ± 0.10	1.65A ± 0.53	0.1250 ns
	Ca (meq/L)	1.53AB ± 0.33	1.95A ± 0.39	1.07B ± 0.18	0.0481 *	1.13A ± 0.13	1.82A ± 0.36	1.80A ± 0.60	0.3093 ns
	Mg (meq/L)	0.33AB ± 0.18	0.43A ± 0.11	0.13B ± 0.13	0.0478 *	0.00B ± 0.00	0.44A ± 0.09	0.40A ± 0.20	0.0122 *
	SO42- (meq/L)	0.11A ± 0.01	0.09AB ± 0.01	0.08B ± 0.01	0.0264 *	0.06B ± 0.01	0.10A ± 0.01	0.11A ± 0.03	0.0081 **
	HCO3− (meq/L)	2.40A ± 0.36	1.99A ± 0.27	1.77A ± 0.23	0.2603 ns	1.63A ± 0.12	2.23A ± 0.26	1.70A ± 0.10	0.3221 ns
	Cl− (meq/L)	2.87A ± 1.01	4.51A ± 0.80	3.47A ± 1.16	0.1440 ns	3.93A ± 0.71	3.78A ± 0.80	4.65A ± 1.85	0.4272 ns
	CaCO3 (%)	27.57 ± 6.40	32.44 ± 3.67	25.80 ± 4.24	0.4708 ns	28.46B ± 2.48	28.91AB ± 3.86	37.03A ± 0.33	0.0664 ns
	Available K (mg/kg)	50.82 ± 5.23	57.10 ± 6.01	51.02 ± 2.37	0.1917 ns	46.72A ± 2.49	54.77A ± 3.87	64.64A ± 20.55	0.1290 ns
	NO3− (mg/kg)	17.47A ± 1.28	12.53B ± 1.71	9.44B ± 4.02	0.0227 *	13.97A ± 4.13	12.46A ± 1.90	13.46A ± 0.93	0.6564 ns
	NH4+ (mg/kg)	38.09A ± 26.27	9.48A ± 1.46	8.78A ± 3.93	0.0831 ns	7.36A ± 2.62	19.37A ± 9.03	10.01A ± 1.99	0.5304 ns
	Available P (mg/kg)	22.14A ± 7.65	32.08A ± 3.93	31.52A ± 3.84	0.1283 ns	27.47A ± 3.78	30.31A ± 4.35	31.20A ± 5.43	0.7504 ns
	Organic Matter (%)	2.53A ± 0.32	2.46A ± 0.20	2.60A ± 0.24	0.9642 ns	2.51A ± 0.24	2.50A ± 0.19	2.52A ± 0.45	0.6442 ns


# values are average ±standard error. The different superscript letters among plant communities of each season showed a value significant at a probability level of 0.05. *p < 0.05, **p < 0.01, ns: p > 0.05. Bold values means significant variation among the different communities at p < 0.05.
[image: Two ordination diagrams display plant community data by season. Diagram A shows the winter-spring season, highlighting Ziziphus (orange), Zilla-Rhayza (green), and Rhayza (pink) communities with vectors for various soil properties on a two-axis plot. Diagram B illustrates the summer-fall season, featuring the Rhayza (pink), Ziziphus (orange), and Cynodon (green) communities with similar environmental variables. Each community cluster is outlined in respective colors, showing different spatial distributions across axes 1 and 2.]FIGURE 3 | Canonical correspondence analysis (CCA) showed the relationships between the dominant and important plants of the identified communities and the different soil variables within (A) the winter-spring season and (B) the summer-fall season. Fc: field capacity, EC: electrical conductivity, Cp: Calotropis procera, Cd: Cynodon dactylon, Cp: Calotropis procera, He: Heliotropium europaeum, Hg: Hordeum glaucum, Hr: Heliotropium ramosissimum, Ls: Lycium shawii, Mc: Moltkiopsis ciliata, Mp: Malva parviflora, Pa: Plantago amplexicaulis, Pm: Phalaris minor, Pp: Phalaris paradoxa, Pu: Pulicaria undulata, Rs: Rhazya stricta, Sa: Schismus arabicus, Sc: Stipellula capensis, Sp: Stipagrostis plumose, Tp: Teucrium polium, Vg: Vachellia gerrardi, Zn: Ziziphus nummularia, Zs: Zilla spinosa.On the other side, the community of R. stricta showed a low correlation to the clay content and field capacity. The community of Z. spinosa-R. stricta has been segregated on the central-left position of the CCA biplot, where it showed no substantial correlation to the soil variables; however, in specifically, the dominant tree V. gerrardi showed a positive correlation to the organic matter, available potassium, potassium content, and salinity (Figure 3A). In this community, plot six was segregated alone, reflecting specific characteristics where it is located in the southeastern part of the Raudhat Altinhat along a separate valley that has specific microhabitat conditions with about 574 m. a.s.l. elevation, which is relatively higher than other plots. In general, communities two and three are overlapped and mainly affected by the field capacity, clay, porosity, available phosphorus, and available potassium, while they showed a negative correlation to the sand fraction content, NH4, and NO3.
3.3.2 Summer-fall season
For the plant communities determined in the summer-fall season, most of the assessed soil variables did not show significant variation among the plant communities, except for Mg and SO4 contents (Table 3). Based on the CCA, the C. dactylon community showed a positive correlation to the silt content, pH, and salinity (Figure 3B). On the other side, the community of R. stricta is segregated on the lower part of the CCA biplot, which showed a positive correlation to the bulk density, organic matter, potassium, available potassium, calcium, magnesium, and sodium. The last community (Z. nummularia community) is separated on the left side of the CCA biplot. Some sites (11 and 14) of this community showed a correlation to the sulfate content. In contrast, the rest sites, which are segregated in the lower part of the CCA, showed a positive correlation to sand content, clay content, NO3, NH4, and HCO3 (Figure 3B).
3.4 Soil seed bank composition
3.4.1 Winter-spring season
The analysis of the soil seed bank collected during the winter-spring season revealed the presence of 23 plant species in the soil seed bank, mainly annual species (87.0%). The most representative families were Asteraceae (21.7%) and Poaceae (16.4%). The herb Trigonella stellata is the most predominant plant in the soil seed bank (average of 465 seeds/m2 among all plots), where plot two and plot one showed the highest content of its seeds (1,389 and 1,367 seeds/m2, respectively). The second dominant seeds in the soil were the seeds of Phalaris minor which attained an average seed bank of 167 seeds/m2 (Figure 4). About 29.2% of the determined plants attained an average soil seed bank density in the range of 10–38 seeds/m2, while 62.5% of the species attained a range of one to eight seeds/m2 (Figure 4). In this context, plots one to three showed the highest richness of the soil seed bank, where they had 41.0% of all identified individuals from all soil seed bank samples. The annual plants usually produce massive amounts of seeds to cope with the harsh conditions in the desert ecosystem (Gomaa et al., 2023). The annuals in the desert ecosystem flourish after the rains, grow fast, and produce seeds that enrich the soil’s seed bank as a strategy to escape from the dry season (Lan and Zhang, 2008; Welles and Funk, 2021).
[image: Comparison of seed density across plots for two seasons displayed in stacked bar charts. Chart A represents the Winter-Spring season, while Chart B represents the Summer-Fall season. Each chart lists various plant species on the Y-axis and seed density per square meter on the X-axis, segmented by plot number. Different colors indicate different plant species within each plot.]FIGURE 4 | Soil seed bank composition of the studied plots of Raudhat Altinhat, Saudi Arabia during (A) the winter-spring season and (B) the summer-fall season.During the winter-spring season, three perennial species were identified in the soil seed bank; namely, V. gerrardi, Launaea nudicaulis, and C. dactylon. The abundance analysis of these three species showed that they had average soil seed bank densities among the studied sites of 6, 2, and two seeds/m2, respectively (Figure 4). The limited seed bank of grasslands and woodlands due to their dispersal capacity to accumulate seeds in the soil and most of these plant species do not establish persistent seed banks (Dölle and Schmidt, 2009). Regarding the Vachellia seeds, the size of the seeds plays a very important role in its soil seed bank establishment, as the big seeds usually fall on the surface of the soil and can be easily detected by insects and other animals that eat seeds fastly, thereby, affecting the soil seed bank of the plant with bigger seeds in size (Sternberg et al., 2003).
3.4.2 Summer-fall season
For the soil seed bank during the summer-fall season, the analysis revealed the presence of 22 plant species identified by the direct germination of the soil seed bank (Figure 4). These species are mainly annual (86.4%), while only three perennial species were identified, namely, C. dactylon, L. nudicaulis, and V. gerrardi. The most representative plant families were Asteraceae and Poaceae, which attained 36.4% of all determined families. The herb T. stellata is the most predominant plant in the soil seed bank (average of 159 seeds/m2 among all plots), where plot 4, plot 5, plot 1, and plot nine showed the highest content of its seeds (439, 322, 294, and 294 seeds/m2, respectively). The second dominant seeds in the soil were the seeds of P. minor which attained an average seed bank of 133 seeds/m2 (Figure 4). The observed variation between the winter-spring and summer-fall seasons regarding the soil seed bank composition is known for many ecosystems (Assaeed and Al-Doss, 2002; Céspedes et al., 2012; Chu et al., 2019), particularly in arid or semiarid areas (Chu et al., 2019). Rainfall has been reported as the most crucial factor affecting the soil seed bank density and its stocking rate (Pol et al., 2014; Chu et al., 2019). In the present study, the species richness of the soil seed bank is varied between the winter-spring and summer-fall seasons, which could be ascribed to the rainfall, however, the two main plant species (T. stellata and P. minor) with high seed density are still the dominant among the plants in the soil seed bank (Figure 4).
3.5 Correlation between aboveground vegetation and soil seed bank
A dataset of the relative densities of all identified plant species of the aboveground vegetation as well as that determined in the soil seed banks is prepared and subjected to the Pearson correlation coefficient (r) to show the correlation between the aboveground (current) vegetation and the soil seed bank of various studied plots (Figure 5). As an average of all studied plots, a low negative correlation was observed between the aboveground vegetation and soil seed bank composition either during the winter-spring season (r = −0.060) or the summer-fall season (r = −0.036).
[image: Two panels show data from different seasons. Panel A displays a heatmap and ordination diagram for the Winter-Spring season, with red and blue hues indicating Pearson's r values among vegetation and seed banks. Panel B similarly depicts data for the Summer-Fall season. The ordination diagrams include labeled points for seed banks and aboveground vegetation, with axes marked X and Y.]FIGURE 5 | The correlation between the aboveground vegetation and soil seed bank composition during (A) the winter-spring season and (B) the summer-fall season. The left figure shows the heatmap analysis and the right figure shows the constellation plot.The correlation analysis between the aboveground vegetation and soil seed bank during the winter-spring season showed a low negative correlation for all studied plots, except for plot 3, where it showed a low positive correlation (r = 0.141). However, during the summer-fall season, all plots revealed a negative correlation between the aboveground vegetation and the soil seed banks, except for plot 5 and plot 7, where they showed a positive correlation (Figure 5; Supplementary Table S3). The negative correlation between the aboveground vegetation and soil seed bank could be ascribed to the degradation of the sites due to overgrazing, camping, and logging. The Raudhat Altinhat site was not protected before, but after the establishment of the King Abdulaziz Royal Reserve in 2018, the area become protected and it is expected that the vegetation of the site will be recovered over time. The difference between the aboveground vegetation and the composition of the soil seed bank increased with decreasing disturbance intensity (Dölle and Schmidt, 2009).
In a similar study, Savadogo et al. (2016) reported a low correlation between the aboveground vegetation and soil seed bank species in the degraded areas of the National Park transboundary biosphere reserve, West Africa. In this context, the study of the soil seed bank of Raudhat Alkhafs, northeast of Riyadh City, Saudi Arabia, also showed low correlation in the northern part between the vegetation and soil seed bank that was attributed to the overgrazing and anthropogenic activities (Al-Huqail et al., 2025). The ecosystem of Raudhats in Saudi Arabia was accessible to various human activities like overgrazing, camping, cutting of wood for firing, and harvesting medicinal plants (Al-Qarawi, 2011). These anthropogenic activities, coupled with the environmental stresses and harsh environmental conditions, disrupt the relationships between the aboveground vegetation and the soil seed bank in this ecosystem (Al-Qarawi, 2011; Al-Huqail et al., 2025). Various studies have reported that anthropogenic activity leading to disruption of the soil seed bank as well as the vegetation, and in consequence, negatively impacts their relationships and harms the vitality of the natural ecosystems (Amiaud and Touzard, 2004; Amrein et al., 2005; dos Santos et al., 2018; Shinoda and Akasaka, 2019; Luo et al., 2023). Among the various anthropogenic activities, the overgrazing in Saudi Arabia is the most common (Mirreh and Al Diran, 2014; Al-Rowaily et al., 2015), and this overgrazing can alter the soil seed bank by decreasing the production of seeds and affecting the seed bank composition due to the selection of certain and more preferable plants by animals (Tessema et al., 2012; van Langevelde et al., 2016; Gonzalez and Ghermandi, 2021).
The species diversity indexes showed that aboveground vegetation during the winter-spring season attained higher species richness (25.1) and evenness (1.9), compared to the soil seed bank, which showed species richness of 5.7 and species evenness of 1.1 (Figure 6). This observed variation between the aboveground vegetation and SSB during the winter season could be attributed to the rainfall, where most annual species seeds germinated and flourished after the rainy season, affecting the SSB pool (Gomaa, 2014; Shi et al., 2022; Al-Huqail et al., 2025).
[image: Bar charts comparing species richness and evenness between vegetation and seed bank across plots during winter-spring and summer-fall seasons. Green bars represent vegetation, and orange bars represent seed banks. Insets show overall averages for each season.]FIGURE 6 | The species richness and evenness of the aboveground vegetation and soil seed bank among the studied plots during (A) the winter-spring season and (B) the summer-fall season. The small figure within each figure shows the overall species richness or evenness.In this context, the vegetation in the desert habitat usually produces more dormant seeds for most taxa compared to less stressful habitats (Shi et al., 2022), which could explain the low species richness and evenness of the soil seed bank in the present study. This dormancy is considered a good strategy by the desert plant to sustain a long-term seed bank within unpredictable environments, like deserts (Kleemann and Gill, 2013). On the other hand, during the summer-fall season, the species richness of the aboveground vegetation and soil seed bank was consistent, while the species evenness was higher for the soil seed bank (1.8) compared to the aboveground vegetation (1.3). This clear decline in the species richness and evenness during the summer-fall season is attributed to the harsh and dry conditions, where perennial species some few summer annuals that adapted to the drought conditions, can survive (Abd-ElGawad et al., 2021). Also, the considerable species richness and evenness of the SSB during summer could be ascribed to the accumulation of seeds in the soil after the rainy season (Gomaa et al., 2023). Our results showed that the Raudhat Altinhat site needed rehabilitation and strict protection against all unmanaged activities, such as overgrazing and logging. Based on our survey, the Z. nummularia community showed a high degradation level as well as very low regeneration, and no seed germination in the soil seed bank. Therefore, this issue needs further studies to determine specifically the causes for the degradation of Z. nummularia community and the best way to rehabilitate and recruit these very important shrubs on the site. Also, it is worth mentioning that in our study, the seedling emergence method was used, which provides an underestimate for the total number of seeds in the soil due to seed dormancy. Therefore, a further study to compare using seedling emergence method with othermethods such as seed extraction or using chemical treatments for estimating the soil seed bank in desert ecosystem with comparision to the aboveground vegetation.
4 CONCLUSION
The present study showed that the Rawadat Altinhat, an arid ecosystem, is colonized mainly by woodland communities such as Z. nummularia and V. gerrardi communities, as well as some other communities such as R. stricta, Z. spinosa, and C. dactylon communities. The most affecting soil variables shaping these communities were salinity, Ca, Mg, SO4, and NO3. The vegetation survey of the different sites of Raudhat Altinhat showed the presence of 86 plant species (55.8% annuals and 44.2% perennials). Among 27 identified families, Asteraceae, Poaceae, Boraginaceae, and Fabaceae were the major families (47.7% of the total identified species). The predominance of annual species can be ascribed to stressful environments, where the seeds of these species germinate during the favorable/rainy season and complete their life cycle before the start of the arid season. A total of 23 plant species were identified in the SSB of samples collected during winter-spring season, while during summer-fall season the SSB had 22 plants. The SSB analysis revealed the dominance of annual species (>87%) in both seasons. The herb T. stellata is the most predominant plant in the soil seed bank during the winter-spring season (average of 465 seeds/m2 among all plots) as well as in the summer-fall season (159 seeds/m2). The second dominant seeds in the soil were the seeds of P. minor. A negative correlation was observed between the aboveground vegetation and soil seed bank composition either during the winter-spring season (r = −0.060) or the summer-fall season (r = −0.036). The species diversity indexes showed that aboveground vegetation during the winter-spring season attained higher species richness and evenness, compared to the soil seed bank, while during the summer-fall season, the species richness of the aboveground vegetation and soil seed bank was consistent, while the species evenness was higher for the soil seed bank compared to the aboveground vegetation. Our results showed that the Raudhat Altinhat site needed rehabilitation and strict protection against all unmanaged activities such as overgrazing and logging. In addition, a high degree of degradation was observed for the Z. nummularia shrubs as well as limited regeneration, and no seed germination in the SSB. Therefore, further study is recommended to assess the causes of this degradation and to assess the best way to rehabilitate and recruit these very important shrubs on the site. Based on our data, the perennial species is very limited in the SSB, and it is worth mentioning that in the degraded desert ecosystem, it is important to consider supporting the ecosystem with shrub and perennial herb seeds that could crucially limit their restoration.
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