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A B S T R A C T   

In arid ecosystems, lack of vegetation and nutrients can negatively impact soil carbon (C) content. 
In the current study, our goals were to assess soil C stocks to a depth of 50 cm in an arid ecosystem 
(Wadi Al-Sharaea, Saudi Arabia) and determine their relation to different vegetation cover. To 
address our research objective, a total of 102 quadrate (randomly selected) were established 
along the desert wadi. Soil samples were collected to a depth of 50 cm with 5 cm interval, then 
Soil Bulk Density (SBD, g/cm3), Soil Organic C Content (SOC, g C/kg), and stocks (kg C/m2) were 
estimated. Both soil mechanical and chemical analyses were conducted for a composite soil 
sample. Study sites were categorized based on their visual vegetation cover (VC) percentage (%) 
into three major groups: 1) scarce vegetation cover (VC less than 25%); 2) medium vegetation 
cover (VC is higher than 25% and less than 75%); and lastly 3) dense vegetation cover (VC is 
higher than 75%). Soils were characterized by higher sand content (48.2%, both fine and coarse 
compiled) than silt (36.7 ± 1.64%) or clay (10.1 ± 1.28%). There were significant differences 
among soil Calcium (Ca) and Potassium (K) content (p < 0.05), while those plant communities 
with medium vegetation cover showed the highest soil content of Ca and K (1.7 ± 0.24 and 0.2 ±
0.03 meq/l, respectively). Plant communities with dense vegetation cover had the lowest SBD 
(1.96 ± 0.03 g/cm3) and the highest SOC stocks (14.9 ± 2.1 kg C/m2). Moreover, our data an-
alyses indicated that SBD and SOC content had strong and negative correlation, where soils with 
dense vegetation cover had the most significant correlation (R2 = 0.95). Our results recommend 
that soil carbon stocks to a depth of 50 cm based on different vegetation cover of arid ecosystems 
should be implemented on global soil carbon budget to better elucidate factors controlling SOC 
content at the regional and global scales.   
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1. Introduction 

Desertification and deforestation are among major causes for increasing atmospheric greenhouse gases (GHGs), and that had 
increased public concerns in the last few decades. Three distinct pools among which global Carbon (C) circulates: atmosphere, oceans, 
and land biosphere [1]. The concept of “4 per 1000” to increase global soil C stocks by 0.4% to offset the exploiting increase of at-
mospheric carbon dioxide (CO2) emissions had been acknowledged [2,3]. However, emissions of atmospheric CO2 reached a record of 
417.1 ppm in 2020, equivalent to 147% of the preindustrial levels in 1750 [4,5]. Depending on C inputs-outputs, soils can act as an 
efficient C sink. Soil organic matter (SOM) is a major consistent of soil C pools and has a major implication on soil physical and 
chemical properties [6]. 

Soils are the main sink of terrestrial C as they store more C (2344 Gt C up to 3 m depth) than terrestrial biomass (560 Gt C) and 
atmospheric pools (750 Gt C) [7-9]. In addition to low water holding capacity of arid soils, arid ecosystems are characterized by low 
soil C content and low plant available nutrients [10]. Lack of vegetation cover can lead into desertification in arid ecosystems and that 
can be accelerated by many factors including social, political, and cultural activities. Moreover, less biodiversity and soil C content are 
direct consequences of desertification in arid soils [11]. On the other hand, however, arid ecosystems provide many ecosystem services 
including recreation activities and ecotourism. Therefore, conserving arid ecosystems from habitat loss, similar to other coastal 
ecosystems [12], should be a top priority at all government levels. Factors impacting and controlling spatial variability of Soil Carbon 
Content (SOC) are many and the interaction between them is complex. These factors include soil type, moisture content, plant species 
diversity, C inputs, biomass allocation, soil depth, and soil aggregation [13-21]. 

Among arid climate countries is Saudi Arabia with a dry desert covering the majority of the Arabian Peninsula. Common habitats 
includes wadis, sandy and rocky deserts, mountains, and meadows [22,23]. Evaluation of C stocks in arid ecosystems requires soil C 
data that are based on field studies that would establish baseline for C stocks evaluation in desert wadis which would contribute to 
climate change mitigation. Many research studies had been conducted about wadis in Saudi Arabia [22,24–30], but little is known 
about soil C content and stocks in such arid regions. 

Many processes impact soil C stocks including vegetation cover [31] and soil texture [15]. The current study would provide soil C 
data that are essential for establishing management plans for wadis plants conservation and climate change mitigation. The main 
objective of the current study were to: 1) assess soil C stocks up to a depth of 50 cm, and 2) investigate the relationship between soil C 
content and vegetation covers of plant species along Wadi Al-Sharaea, Saudi Arabia. We hypothesized that soils with medium or dense 
vegetation cover would retain more soil C content than lands with vegetation cover less than 25%. Moreover, higher soil C content 
would be associated with soils with higher clay and silt content compared with sandy soils. 

2. Materials and methods 

2.1. Study area 

The kingdom Saudi Arabia is a country on the Arabian Peninsula in Western Asia and follows the pattern of desert climate with the 
exception of the southwest region which is characterized by semiarid climate. The current study was focused on Wadi Al-Sharaea 
located southeast of Makkah city (Fig. S1). It has an area of 638.98 km2 and receives water mainly from the discharge ground 
water [32]. Monthly average for ambient air temperature was 24.5–36.7 in January and June, respectively, during the period of 
2003–2019, while rain ranged from 0.2 to 27.6 mm/month during July and October, respectively, (Meteorological Station at Makkah 
Al-Mukaramah, Presidency Meteorology and Environment). A total of 17 study sites (Table S1, Fig. S1) were established and 
distributed randomly along the wadi for both soil and vegetation sampling. Six quadrates were randomly chosen within each site (17 
site * 6 quadrats = 102 quadrats, (20 × 20 m each)). Distance between the quadrates was chosen randomly, depending on the presence 
of stands that can be sampled and away from the people’s property. Since the plant communities were representing wild plant species, 
age was difficult to determine. Site selection was conducted to represent the vegetation physiognomy along the wadi (Table S1 and 
Fig. S1). Plant species diversity in the study area, similar to other desert wadis in Saudi Arabia, has been impacted by several 
anthropogenic activities including climate change, agriculture development, and urban expansion [33,34] – resulting in less plant 
diversity and species extinction. 

2.2. Soil sampling and analyses 

Using a soil corer (stainless steel, 100 cm long and 70 mm inner diameter), soil samples (as a profile of 50 cm depth) were collected 
(three soil cores were collected at each quadrate as replicates). Soil sampling was conducted during April to May 2018. Soil cores were 
sectioned, in the field, into 5-cm intervals (0–5, 5–10, 10–15, 15–20, 20–25, 25–30, 30–35, 35–40, 40–45, and 45–50 cm) and packed 
in plastic bags. Soil sample were stored on ice box and brought to the laboratory where kept at 4 ◦C to minimize microbial activity [35] 
until analyses. Soil samples were ground and sieved in 2 mm to remove debris. Soil Bulk Density (SBD, g/cm3) was estimated on dry 
basis [36], while Soil Organic Matter (SOM, %) was estimated by Loss-On-Ignition method for 2 h at 550 ◦C [37]. SOC density (kg 
C/m3), SOC mass per unit surface area (kg C/m2), and total SOC stock (kg C/m2) were estimated and described in details by Eid et al. 
[38], and others [37,39–42]. 

At each quadrate, a composite (0–50 cm depth) soil sample was collected for both mechanical and chemical analyses. Particle size 
analyses were conducted according to the sieve method [43], and then soil texture was determined. Amount (%) of gravel, coarse sand, 
fine sand, silt, and clay were calculated following the sieving process. Soil-water extract (1:5, w/v) was prepared, then pH, Electrical 
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Conductivity (EC, dS/m) to express salinity, and Total Dissolved Solids (TDS, mg/l) were determined [44,45]. Sodium (Na), potassium 
(K), calcium (Ca), and magnesium (Mg) were determined using a flame photometer after soil digestion [45]. Total chloride (Cl), sulfate 
(SO4), bicarbonate (HCO3), and carbonate (CO3) were determined in the soil solution [44,45]. 

2.3. Vegetation groups 

List of plant species recorded at each site (Table S3, S4, and S5) and their plant species abundance, relative density, frequency, 
importance value, and relative cover were available from Elaidarous et al. [32]. Since one of our goals was to assess soil C stocks among 
different vegetation covers, we grouped plant species data in three different vegetation groups (Table S2). Group 1 represents scarce 
vegetation (plant cover less than 25%); group 2 (medium vegetation cover) represents those plant communities with medium vege-
tation cover that is higher than 25% and less than 75%; and lastly group 3 (dense vegetation cover) which represent those plant 
communities with plant cover that is higher than 75%. Rhazya stricta was the most common plant species among all vegetation groups, 
while Citrullus colocynthis, Polycarpaea repens, and Aristida funiculata were codominant plant species (Tables S3, S4, and S5). During our 
data analyses, we grouped sampling sites in their correspondent vegetation groups (Table S2), and hereafter named them as scarce, 
medium, and dense vegetation cover, respectively. 

2.4. Data analyses 

Analysis of variance (ANOVA, one-way) was used to test the main effects of vegetation cover groups: 0–<25%, 25–<75%, and >75 
on chemical and mechanical soil properties, then mean separation were conducted using Tukey’s Honestly Significant Difference 
(HSD) test. Repeated measure two-way ANOVA was used to identify statistically significant differences in SBD (Fig. 1), SOC content 
(Fig. 2), and SOC density (Fig. 3) among the vegetation cover groups and soil depth (0–5, 5–10, 10–15, 15–20, 20–25, 25–30, 30–35, 
35–40, 40–45, and 45–50 cm), then mean separation using Tukey’s Honestly Significant Difference (HSD) test. Data were tested and 
found to be normally distributed; accordingly, no data transformation was needed. Data presented here are means and standard errors 
(mean ± SE), unless otherwise noted. Regression analyses (both linear and non-linear) were conducted between SOC content (g C/kg) 
in relation to SBD (g/cm3), SOC density (kg C/m3), and SOC stocks (kg C/m2). Pearson simple linear correlation coefficient (r) was 
calculated for assessing the relationship between vegetation cover and soil clay, silt, and sand content. All statistical analyses were 
performed using SPSS 23.0 software [46]. 

3. Results 

3.1. Soil analyses 

Soil gravel, sand, silt, and clay content were significantly (p < 0.05, Table 1) different among the three vegetation groups (scarce, 
medium, and dense vegetation). Sites that were dominant with medium vegetation cover had the highest gravel content (7.2 ± 0.87%), 
while both dense and scarce vegetation cover sites had less gravel content (2.4 ± 0.53 and 5.1 ± 0.90%, respectively, Table 1). Soil 

Fig. 1. Soil bulk density (g/cm3) in relation to soil depth (cm) for different vegetation groups along the Wadi Al-Sharaea, Makkah Province, Saudi 
Arabia. Horizontal bars indicate the standard errors of the means. F-values represent repeated measures two-way ANOVA. Vegetation cover: Scarce 
= 0–<25%, Medium = 25–<75%, and Dense = >75; Depth: 0–5, 5–10, 10–15, 15–20, 20–25, 25–30, 30–35, 35–40, 40–45, and 45–50 cm; *: p <
0.05; ***: p < 0.001; ns: not significant (i.e., p > 0.05); n = 9 for Scarce vegetation cover, n = 11 for Medium vegetation cover, and n = 10 for Dense 
vegetation cover. 
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sites with dense vegetation cover had the highest clay and silt content (14.7 ± 2.13 and 44.4 ± 2.03%, respectively, Table 1). Scarce 
vegetation communities had the highest fine sand content (53.8 ± 3.32%) and significantly different from both medium and dense 
vegetation plant communities. Plant communities with scarce and medium vegetation cover had soils with sandy loam texture, while 
dense vegetation cover had silty loam soil texture. Soils at Wadi Al-Sharaea, as an overall, were characterized by higher sand content 
(48.2%, both fine and coarse compiled) than silt (36.7 ± 1.64%) or clay (10.1 ± 1.28%). 

Soil pH, EC, TDS, and Cl showed slightly significant differences between different vegetation cover groups (p < 0.03), while both 
soil Mg and HCO3 showed no difference (p > 0.05, Table 1). Soils, on average, of Wadi Al-Sharaea were non saline (0.2 ± 0.02 ds/m) 
and slightly alkaline (8.2 ± 0.07, Table 1) with TDS of 98.8 ± 11.88 mg/l. Both soil Ca and K content were significantly different 
among vegetation cover groups (p < 0.05), while the soil of plant communities with dense vegetation cover had the highest content of 
Ca and K (1.7 ± 0.24 and 0.2 ± 0.03 meq/l, respectively, Table 1). 

Fig. 2. Soil organic carbon content (g C/kg) in relation to soil depth (cm) under different vegetation group along the Wadi Al-Sharaea, Makkah 
Province, Saudi Arabia. Horizontal bars indicate the standard errors of the means F-values represent repeated measures two-way ANOVA. Vege-
tation cover: Scarce = 0–<25%, Medium = 25–<75%, and Dense = >75; Depth: 0–5, 5–10, 10–15, 15–20, 20–25, 25–30, 30–35, 35–40, 40–45, and 
45–50 cm; *: p < 0.05; ***: p < 0.001; ns: not significant (i.e., p > 0.05); n = 9 for Scarce vegetation cover, n = 11 for Medium vegetation cover, and 
n = 10 for Dense vegetation cover. 

Fig. 3. Soil organic carbon density (kg C/m3) in relation to soil depth (cm) under different vegetation group along the Wadi Al-Sharaea, Makkah 
Province, Saudi Arabia. Horizontal bars indicate the standard errors of the means. F-values represent repeated measures two-way ANOVA. Vege-
tation cover: Scarce = 0–<25%, Medium = 25–<75%, and Dense = >75; Depth: 0–5, 5–10, 10–15, 15–20, 20–25, 25–30, 30–35, 35–40, 40–45, and 
45–50 cm; *: p < 0.05; ***: p < 0.001; ns: not significant (i.e., p > 0.05); n = 9 for Scarce vegetation cover, n = 11 for Medium vegetation cover, and 
n = 10 for Dense vegetation cover. 

H.E.M. Osman et al.                                                                                                                                                                                                  



Heliyon 9 (2023) e12988

5

3.2. Soil carbon stocks 

Soils with different vegetation covers (scarce, medium, and dense) showed significant (p < 0.05, Table 2) differences in SBD, SOC 
content, SOC density, and SOC stocks. Soils with dense vegetation cover had the lowest SBD (1.96 ± 0.03 g/cm3) and the highest SOC 
stocks (14.9 ± 2.1 kg C/m2), while soils of scarce vegetation cover had the lowest (4.5 ± 0.2 kg C/m2). For the three different 
vegetation cover groups (scarce, medium, and dense) and over the soil profile (0–50 cm soil depth), SBD increased from top to bottom 
(Fig. 1) where soils near the soil surface were less dense than those soils at a deeper soil depth (50 cm soil depth). On the other hand, 
however, both SOC concertation and density showed the exact opposite (Figs. 2 and 3), where soils near the soil surface had higher SOC 
content and density. SBD for plant communities with dense vegetation cover increased from 1.88 ± 0.03 g/cm3 at 0–5 cm to 2.03 ±
0.02 g/cm3 at 45–50 cm (Fig. 1) – same pattern was noticed for scarce and dense vegetation cover groups. Dense vegetation cover plant 
communities had the highest SOC content (22.54 ± 1.59 g C/kg) at 0–5 cm and then continued to decrease until it reached the lowest 
SOC content (11.74 ± 0.69 g C/kg) at 45–50 cm soil depth (Fig. 2). Our regression data analyses showed that there is a strong and 
negative correlation between SBD and SOC content, while soils with dense vegetation cover had the most significant correlation (R2 =

0.95, Fig. 4A). Moreover, plant communities with dense vegetation cover had strong and positive correlation between SOC content 
with SOC density and stocks (R2 = 0.996 and 0.994, Fig. 4B and C, respectively). 

4. Discussion 

Along Wadi Al-Sharaea, soil C stocks were significantly different between the three different vegetation cover groups, with dense 
vegetation cover sites had the highest soil C stocks (14.9 ± 2.1 kg C/m2). Variations between these vegetation cover groups in soil 
texture, plant productivity, and vegetation composition might explain their differences in C pools. Soils with medium vegetation cover 
had the highest gravel content (7.2 ± 0.87%), while those sites with dense vegetation cover had the highest clay and silt content (14.7 
± 2.13 and 44.4 ± 2.03%, respectively). Moreover, those plant communities with dense vegetation cover had a silt loam texture with 
the highest clay and silt content (14.7 ± 2.13 and 44.4 ± 2.03%, respectively). Comparing the particles size of sand grains with silt or 
clay, sand grains have larger particle size than those of silt and clay particles – implying that clay particles have larger surface area 

Table 1 
Soil (mean ± SE) chemical and mechanical characteristics along Wadi Al-Sharaea, Makkah Province, Saudi Arabia. p values here represent one-way 
ANOVA of vegetation groups, while means with different superscripted capital letters in the same row are significantly different at p ≤ 0.05 according 
to Tukey’s HSD (Honest Significant Difference) test.   

Vegetation groups p-value  

1 (n = 6) Scarce vegetation 
cover 

2 (n = 48) Medium 
vegetation cover 

2 (n = 48) Dense vegetation 
cover 

Total average (n =
102) 

Soil chemical characteristics      
pH 8.0A ± 0.05 8.3A ± 0.12 8.0A ± 0.07 8.2 ± 0.07 0.0363 
EC ds/m 0.1A ± 0.01 0.1A ± 0.01 0.2A ± 0.04 0.2 ± 0.02 0.0167 
TDS mg/l 81.3A ± 4.15 64.2A ± 3.32 135.5A ± 24.05 98.8 ± 11.88 0.0122 
Ca meq/l 1.0BA±0.07 0.8B ± 0.04 1.7A ± 0.24 1.2 ± 0.12 0.001 
Mg meq/l 0.3A ± 0.02 0.4A ± 0.02 0.5A ± 0.08 0.5 ± 0.04 0.1985 
Na meq/l 0.1A ± 0.01 0.1A ± 0.01 0.3A ± 0.09 0.2 ± 0.05 0.0468 
K meq/l 0.1B ± 0.00 0.1B ± 0.01 0.2A ± 0.03 0.1 ± 0.02 0.0058 
HCO3 meq/l 1.0A ± 0.07 0.6B ± 0.05 0.7B ± 0.07 0.7 ± 0.04 0.139 
SO4 meq/l 0.3B ± 0.03 0.2B ± 0.02 0.7A ± 0.17 0.5 ± 0.08 0.0077 
Cl meq/l 0.3B ± 0.00 0.8BA±0.10 1.3A ± 0.23 1.0 ± 0.12 0.0165 
Soil mechanical 

characteristics (%)      
Gravel 5.1BA±0.90 7.2A ± 0.87 2.4B ± 0.53 4.9 ± 0.53 <.0001 
Coarse sand 16.2A ± 1.36 12.3A ± 1.30 5.0B ± 0.86 9.1 ± 0.83 <.0001 
Fine sand 53.8A ± 3.32 43.1B ± 1.78 33.3C ± 2.67 39.1 ± 1.63 0.0007 
Silt 21.3C ± 2.62 30.9B ± 2.32 44.4A ± 2.03 36.7 ± 1.64 <.0001 
clay 3.2B ± 1.12 6.3B ± 1.42 14.7A ± 2.13 10.1 ± 1.28 0.0019 
Soil texture Sandy loam Sandy loam Silt loam – –  

Table 2 
Soil bulk density (SBD; g/cm3), soil organic carbon (SOC) content (g C/kg), SOC density (kg C/m3) and SOC stock (kg C/m2) under different 
vegetation group along the Wadi Al-Sharaea, Makkah Province, Saudi Arabia. Data are mean ± SE.  

Vegetation group SBD SOC content SOC density SOC stock 

Scarce vegetation cover 2.15A ± 0.01 [n = 86] 4.3C ± 0.1 [n = 86] 9.3C ± 0.1 [n = 86] 4.5B ± 0.2 [n = 9] 
Medium vegetation cover 2.12A ± 0.01 [n = 108] 6.7B ± 0.2 [n = 108] 14.0B ± 0.3 [n = 108] 6.9B ± 0.3 [n = 11] 
Dense vegetation cover 1.96B ± 0.03 [n = 97] 16.9A ± 1.1 [n = 97] 30.7A ± 1.4 [n = 97] 14.9A ± 2.1 [n = 10] 
F-value 41.3*** 110.7*** 167.1*** 19.1*** 

F-values represent 1-way ANOVA, degrees of freedom (df) = 2. Means in the same column followed by different superscripted capital letters are 
significantly different at p < 0.05 according to Tukey’s HSD (Honest Significant Difference) test. ***: p < 0.001. 
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compared to sand [47,48]. Moreover, clay particles can accommodate more C to be stored since their particles has larger surface area 
and high electrostatic force [49]. We hypothesized that soils with higher clay content would retain more soil C. Having higher silt and 
clay content with lower SBD at those sites of dense vegetation cover might explain higher SOC stocks at their soils compared with those 
of scarce vegetation cover – supporting our hypothesis. 

Soil bulk density has a major role in soil C content build up [50,51], where less dense soils would have higher soil C content 
especially with more fresh and less decomposed plant materials. Our results indicated that SBD was strongly and negatively correlated 
with SOC content (R2 = 0.95 for soils with dense vegetation cover, p < 0.05), and many research studies reported similar findings [38, 
41,52–57]. Sites with no or scarce vegetation cover had the highest SBD, while soil sites with dense vegetation cover had the lowest 
(less dense) – and that our findings were similar to others [54,55]. Growth of plant roots along with litter inputs of growing plant 
species at the sites with medium or dense vegetation cover might explain the lower bulk density with higher SOC content and stocks. 
Our results indicated that soils had less density near the soil surface compared with deeper soil. There are some physical and chemical 
factors that impact SBD and that include SOM content, plant roots, porosity, and soil texture [40,58,59]. More fresh plant litter near the 
soil surface would lead into less SBD compared with deeper soil that has less root productivity and higher mineral constituent. 

Soil is a complex system and factors affecting spatial variability of SOC content are, to a great extent, unknown [14]. Land use, soil 
texture, bedrock material, electrical conductivity, plant species diversity, shoot/root biomass allocation, hydrology, and various 
microbial activities govern the SOC content spatial variability [13–17,60,61]. Moreover, soil aggregation and C storage capacity would 
impact the SOC content buildup and SOM persistence [18,19]. Complex interactions of these factors govern the SOC content spatial 
variability [14] at different vegetation and sites scales (reginal and global). Along soil depth, variation in soil bulk density, soil type, 

Fig. 4. Linear and non linear regression analyses for soil organic carbon content (g C/kg) in relation to (A) soil bulk density (g/cm3), (B) SOC 
density (kg C/m3), and (C) SOC stocks (kg C/m2) of soil samples under different vegetation group along the Wadi Al-Sharaea, Makkah Province, 
Saudi Arabia. 
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and geology would affect the SOC content spatial variability [62]. Our results indicated that SOC content was higher near the soil 
surface where higher litter inputs from plants and then decrease with soil depth – agreeing with other studies with arid climate [54,56]. 
However, SOC showed higher variability with soil depth. SOC content higher variability could be attributed to the complex interaction 
between many variables including SOM decomposition rates, nutrient leaching, mineral deposition, and microbial processes [63,64]. 
Comparing our soil C stocks (ranged from 4.5 to 14.9 kg C/m2, to a 50 cm soil depth) in an arid climatic conditions to other similar 
studies, we found out that our soil C stocks were in a similar range. Eid et al. [54] reported 6.7–12.8 kg C/m2 (up to a 50 cm soil depth) 
in coastal ecosystems along the Mediterranean coast of Egypt that has arid climatic conditions. However, El-Sheikh et al. [56], reported 
lower SOC stocks in Wadi Al-Thulaima, Saudi Arabia, with an average of 2.0 kg C/m2 (up to a 18 cm soil depth) in the vegetated areas 
compared to 0.5 kg C/m2 in bare lands. Our results highlights the relationship between soil characteristics and how they influence SOC 
content in desert wadi – which is novel and unique since there were limited studies about SOC content in arid ecosystems. Plant 
biomass and their inputs to the soil are among factors governing the SOM persistence to decomposition and SOC stocks accumulation. 
Soil C studies on desert wadis are limited, and accordingly our finding of soil C content in relation to plant vegetation covers is pioneer 
to provide data for researchers to better evaluate and elucidate processes underlying C budget at the regional and global scales to better 
cope with ongoing climate change. 

The notion of higher precipitation and more plant species diversity enhance soil C content are well established [65–67]. More plant 
species diversity promotes higher productivity and more belowground biomass, and that would increase soil C content in vegetated 
areas compared with soils with no or scarce vegetation. Li et al. [66] indicated revegetation had significantly enhanced SOC storage 
and reduced soil erosion in natural ecosystems. We hypothesized that sites with higher plant species cover would have higher soil C 
content. In our study, soils with dense vegetation cover had significantly (p < 0.05) higher soil C stocks (14.9 ± 2.1 kg C/m2) than 
those of scarce vegetation (4.5 ± 0.2 kg C/m2) – in support of our hypothesis. Enhancing soil C content as a result of higher pro-
ductivity might explain higher soil C stocks at those sites with dense vegetation cover compared with scarce or no vegetation sites. One 
limitation to the current study is that the research was conducted during one season and accordingly the data presented here reflect soil 
C content among different groups of plant vegetation cover during that season. However, studying the relationship between soil C 
content and the plant species vegetation cover would be more comprehensive to draw conclusion based on analyzing the context of soil 
C content under various seasons with different plant species and various vegetation covers. 

5. Conclusions 

Based on our study findings, we concluded that those sites with dense vegetation cover communities had soils with higher clay 
content and C stocks compared with those sites of scarce vegetation plant communities. Moreover, medium vegetation cover sites had 
the highest gravel content, while sites with dense vegetation cover had the highest clay and silt content. SBD was lowest at those sites of 
dense vegetation cover, but they had the highest SOC stocks. Moreover, there was a strong and negative correlation between SBD and 
SOC content, where soils of the dense vegetation cover had the most significant correlation (R2 = 0.95). Since precise estimation for 
global C budget is challenging, inclusions of soil C stocks of different vegetation strata among arid regions is highly recommended. 

Author contribution statement 

Hanan E. Osman; Abeer A. Elaidarous; Mohamed H. El-Morsy: Conceived and designed the experiments; Performed the experi-
ments; Analyzed and interpreted the data; Contributed reagents, materials, analysis tools or data; Wrote the paper. 

Ebrahem M. Eid and; Amr E. Keshta: Conceived and designed the experiments; Analyzed and interpreted the data; Contributed 
reagents, materials, analysis tools or data; Wrote the paper. 

Funding statement 

The author would like to thank the Deanship of Scientific Research at Umm Al-Qura University for supporting this work by Grant 
Code: (22UQU4290182DSR01) Makkah, Saudi Arabia. 

Data availability statement 

Data will be made available on request. 

Declaration of interest’s statement 

The authors declare no competing interests 

Appendix B. Supplementary data 

Supplementary data related to this article can be found at https://doi.org/10.1016/j.heliyon.2023.e12988. 

H.E.M. Osman et al.                                                                                                                                                                                                  

https://doi.org/10.1016/j.heliyon.2023.e12988


Heliyon 9 (2023) e12988

8

References 

[1] G.S. Dheri, G. Nazir, A review on carbon pools and sequestration as influenced by long-term management practices in a rice-wheat cropping system, Carbon 
Manag. 12 (5) (2021) 559–580. 

[2] A. Chabbi, J. Lehmann, P. Ciais, H.W. Loescher, M.F. Cotrufo, A. Don, M. SanClements, L. Schipper, J. Six, P. Smith, C. Rumpel, Aligning agriculture and climate 
policy, Nat. Clim. Change 7 (5) (2017) 307–309. 

[3] C. Rumpel, J. Lehmann, A. Chabbi, ’4 per 1,000’initiative will boost soil carbon for climate and food security, Nature 553 (7686) (2018). 
[4] H. Misal, V. Miles, V.H.C. Hoare, Responding to the climate crisis - taking action on the IPCC 6th Assessment Report, Weather (2022) 2. 
[5] WMO, W. m. o., Global Greenhouse Gas Levels “Hit New Heights in 2018”. Efficiency and Environment, Top Stories, 2019. 
[6] W.J. Mitsch, J.G. Gosselink, Wetlands, Wiley, Hoboken, NJ, 2007. 
[7] V. Galy, T. Eglinton, Protracted storage of biospheric carbon in the Ganges-Brahmaputra basin, Nat. Geosci. 4 (12) (2011) 843–847. 
[8] R. Amundson, The carbon budget in soils, Annu. Rev. Earth Planet Sci. 29 (2001) 535–562. 
[9] W.H. Schlesinger, Carbon and agriculture - carbon sequestration in soils, Science 284 (5423) (1999), 2095–2095. 

[10] R. Lal, Sequestering carbon in soils of arid ecosystems, Land Degrad. Dev. 20 (4) (2009) 441–454. 
[11] M.E. Meadows, T.M. Hoffman, Land degradation and climate change in South Africa, Geogr. J. 169 (2003) 168–177. 
[12] A.E. Keshta, J.C.A. Riter, K.H. Shaltout, A.H. Baldwin, M. Kearney, A.S. El-Din, E.M. Eid, Loss of coastal wetlands in lake Burullus, Egypt: a GIS and remote- 

sensing study, Sustainability 14 (9) (2022) 16. 
[13] J. Le Mer, P. Roger, Production, oxidation, emission and consumption of methane by soils: a review, Eur. J. Soil Biol. 37 (1) (2001) 25–50. 
[14] C. Vos, A. Don, E.U. Hobley, R. Prietz, A. Heidkamp, A. Freibauer, Factors controlling the variation in organic carbon stocks in agricultural soils of Germany, 

Eur. J. Soil Sci. 70 (3) (2019) 550–564. 
[15] C. Vos, A. Jaconi, A. Jacobs, A. Don, Hot regions of labile and stable soil organic carbon in Germany - spatial variability and driving factors, Soils 4 (2) (2018) 

153–167. 
[16] W.J. Zhang, L.J. Munkholm, T.T. An, X. Liu, B. Zhang, Y.D. Xu, Z. Ge, Y. Zhang, J.M. Zhang, S.Y. Li, J.K. Wang, Influence of environmental factors on soil 

organic carbon in different soil layers for Chinese Mollisols under intensive maize cropping, Sci. Total Environ. (2022) 835. 
[17] E.G. Jobbagy, R.B. Jackson, The vertical distribution of soil organic carbon and its relation to climate and vegetation, Ecol. Appl. 10 (2) (2000) 423–436. 
[18] B. Bernal, J.P. Megonigal, T.J. Mozdzer, An invasive wetland grass primes deep soil carbon pools, Global Change Biol. 23 (5) (2017) 2104–2116. 
[19] B.M. Boyd, C.K. Sommerfield, Marsh accretion and sediment accumulation in a managed tidal wetland complex of Delaware Bay, Ecol. Eng. 92 (2016) 37–46. 
[20] K.H. Shaltout, A.E. Keshta, The biology of Egyptian woody perennials 4. Dalbergia sissoo roxb. ex DC, Assiut University Bulletin for Environmental Researches 

14 (2) (2011) 131–152. 
[21] K.H. Shaltout, M.A. El-Beheiry, H.F. El-Kady, A.E. Keshta, Distribution of the naturalized species Dalbergia sissoo Roxb. ex DC. in nile Delta, Egypt, Taeckholmia 

30 (1) (2011) 59–79. 
[22] T.M. Galal, H.M. Al-Yasi, M.A. Fadl, Vegetation zonation along the desert-wetland ecosystem of Taif Highland, Saudi Arabia, Saudi J. Biol. Sci. 28 (6) (2021) 

3374–3383. 
[23] E.A. Alsherif, Ecological studies of Commiphora genus (myrrha) in Makkah region, Saudi Arabia, Heliyon 5 (5) (2019) 9. 
[24] T.M. Galal, Size structure and dynamics of some woody perennials along elevation gradient in Wadi Gimal, Red Sea coast of Egypt, Flora 206 (7) (2011) 

638–645. 
[25] M.M. Abd el-Ghani, W.M. Amer, Soil-vegetation relationships in a coastal desert plain of southern Sinai, Egypt, J. Arid Environ. 55 (4) (2003) 607–628. 
[26] M.E. Al-Ahmadi, Groundwater quality assessment in wadi Fayd, Western Saudi Arabia, Arabian J. Geosci. 6 (1) (2013) 247–258. 
[27] M.E. Al-Ahmadi, Hydrochemical characterization of groundwater in wadi sayyah, Western Saudi Arabia, Appl. Water Sci. 3 (4) (2013) 721–732. 
[28] M. Masoud, Rainfall-runoff modeling of ungauged Wadis in arid environments (case study Wadi Rabigh-Saudi Arabia), Arabian J. Geosci. 8 (5) (2015) 

2587–2606. 
[29] A.U. Sorman, M.J. Abdulrazzak, Flood hydrograph estimation for ungaged wadis in Saudi-Arabia, J. Water Resour. Plan. Manage.-ASCE 119 (1) (1993) 45–63. 
[30] H. Abd El-Hamid, E.M. Eid, M.H. El-Morsy, H.E. Osman, A.E. Keshta, Benefits of Blue carbon stocks in a coastal jazan ecosystem undergoing land use change, 

Wetlands (2022). 
[31] M. Wiesmeier, P. Schad, M. von Lutzow, C. Poeplau, P. Sporlein, U. Geuss, E. Hangen, A. Reischl, B. Schilling, I. Kogel-Knabner, Quantification of functional soil 

organic carbon pools for major soil units and land uses in southeast Germany (Bavaria), Agric. Ecosyst. Environ. 185 (2014) 208–220. 
[32] A.A. Elaidarous, H.E. Osman, T.M. Galal, M.H. El-Morsy, Vegetation–environment relationship and floristic diversity of wadi Al-sharaea, Makkah Province, 

Saudi Arabia, Rendiconti Lincei. Sci. Fis. Nat. 33 (1) (2022) 169–184. 
[33] K.A. Al-Mutairi, Do spatially structured soil variables influence the plant diversity in Tabuk arid Region, Saudi Arabia? Sustainability 14 (5) (2022). 
[34] A. Schuldt, A. Ebeling, M. Kunz, M. Staab, C. Guimaraes-Steinicke, D. Bachmann, N. Buchmann, W. Durka, A. Fichtner, F. Fornoff, W. Hardtle, L.R. Hertzog, A. 

M. Klein, C. Roscher, J. Schaller, G. von Oheimb, A. Weigelt, W. Weisser, C. Wirth, J.Y. Zhang, H. Bruelheide, N. Eisenhauer, Multiple plant diversity 
components drive consumer communities across ecosystems, Nat. Commun. 10 (2019). 

[35] B. Bernal, W.J. Mitsch, A comparison of soil carbon pools and profiles in wetlands in Costa Rica and Ohio, Ecol. Eng. 34 (4) (2008) 311–323. 
[36] G.R. Blake, K.H. Hartge, Bulk density, in: A.E. Klute (Ed.), Methods of Soil Analysis, Part 1—Physical and Mineralogical Methods, second ed., American Society 

of Agronomy—Soil Science Society of America, Madison, 1986, pp. 363–382. Vol. Agronomy Monograph 9. 
[37] B.-M. Wilke, Determination of chemical and physical soil properties, in: R. Margesin, F. Schinner (Eds.), Manual of Soil Analysis - Monitoring and Assessing Soil 

Bioremediation 5, Springer: Verlag, Heidelberg, 2005, pp. 47–95. 
[38] E.M. Eid, M. Arshad, S.A. Alrumman, D.A. Al-Bakre, M.T. Ahmed, H. Almahasheer, A.E. Keshta, Evaluation of soil organic carbon stock in coastal sabkhas under 

different vegetation covers, J. Mar. Sci. Eng. 10 (9) (2022) 1234. 
[39] D.W. Nelson, L.E. Sommers, Total carbon, organic carbon, and organic matter, in: second ed., in: A. Page, R. Miller, D. Keeney (Eds.), Methods of Soil Analysis 

Part 2- Chemical and Microbiological Properities, Vol. 2, American Society of Agronomy, Inc. & Soil science Society of America, Inc., Madison, Wisconsin USA, 
1982, pp. 539–579. 

[40] F. Han, W. Hu, J. Zheng, F. Du, X. Zhang, Estimating soil organic carbon storage and distribution in a catchment of Loess Plateau, China, Geoderma 154 (3–4) 
(2010) 261–266. 

[41] P.R. Chaudhari, D.V. Ahire, V.D. Ahire, M. Chkravarty, S. Maity, Soil bulk density as related to soil texture, organic matter content and available total nutrients 
of coimbatore soil, Int. J. Sci. Res. Publ. 3 (2) (2013) 1–8. 

[42] J. Meersmans, F. De Ridder, F. Canters, S. De Baets, M. Van Molle, A multiple regression approach to assess the spatial distribution of Soil Organic Carbon (SOC) 
at the regional scale (Flanders, Belgium), Geoderma 143 (1–2) (2008) 1–13. 

[43] G. Gee, J. Bauder, Particle-size analysis, in: A. Klute (Ed.), Methods of Soil Analysis. Part 1-Physical and Mineralogical Methods, 2 ed., American Society of 
Agronomy, Inc. & Soil science Society of America, Inc., Madison, Wisconsin USA, 1986, pp. 383–411. 

[44] S.E. Allen, H. Grimshaw, J.A. Parkinson, C.-l. Quarmby, Chemical Analysis of Ecological Materials, Blackwell Scientific Publications., 1974. 
[45] S.E. Allen, Chemical Analysis of Ecological Materials, Blackwell Scientific Publication, Oxford, 1989. 
[46] I. SPSS, IBM SPSS Statistics for Windows, 440, IBM Corp, New York, 2015, p. 394, version 20.0. 
[47] A.E. Keshta, K.H. Shaltout, A.H. Baldwin, A.A.S. El-Din, Sediment clays are trapping heavy metals in urban lakes: an indicator for severe industrial and 

agricultural influence on coastal wetlands at the Mediterranean coast of Egypt, Mar. Pollut. Bull. 151 (2020), 110816. 
[48] S. Ghosh, O. Falyouna, A. Malloum, A. Othmani, C. Bornman, H. Bedair, H. Onyeaka, Z.T. Al-Sharify, O.J. Ajala, T. Miri, C. Osagie, S. Ahmadi, A general review 

on the use of advance oxidation and adsorption processes for the removal of furfural from industrial effluents, Microporous Mesoporous Mater. 331 (2022) 14. 
[49] F. Ding, J.G. Cai, M.S. Song, P. Yuan, The relationship between organic matter and specific surface area in < 2 mu m clay size fraction of muddy source rock, Sci. 

China Earth Sci. 56 (8) (2013) 1343–1349. 

H.E.M. Osman et al.                                                                                                                                                                                                  

http://refhub.elsevier.com/S2405-8440(23)00195-0/sref1
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref1
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref2
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref2
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref3
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref4
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref5
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref6
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref7
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref8
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref9
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref10
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref11
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref12
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref12
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref13
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref14
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref14
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref15
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref15
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref16
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref16
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref17
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref18
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref19
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref20
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref20
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref21
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref21
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref22
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref22
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref23
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref24
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref24
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref25
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref26
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref27
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref28
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref28
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref29
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref30
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref30
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref31
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref31
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref32
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref32
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref33
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref34
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref34
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref34
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref35
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref36
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref36
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref37
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref37
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref38
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref38
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref39
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref39
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref39
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref40
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref40
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref41
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref41
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref42
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref42
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref43
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref43
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref44
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref45
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref46
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref47
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref47
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref48
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref48
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref49
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref49


Heliyon 9 (2023) e12988

9

[50] G. Black, K. Hartge, Bulk density, in: second ed., in: A. Klute (Ed.), Methods of Soil Analysis. Part 1- Physical and Mineralogical Methods, vol. 1, American 
Society of Agronomy, Inc. & Soil science Society of America, Inc., Madison, Wisconsin, USA, 1986, pp. 347–380. 

[51] B. Wilson, S. Ghosh, P. Barnes, P. Kristiansen, Drying temperature effects on bulk density and carbon density determination in soils of northern New South 
Wales, Soil Res. 47 (8) (2009) 781–787. 

[52] R.O. Curtis, B.W. Post, Estimating bulk density from organic-matter content in some Vermont forest soils, Soil Sci. Soc. Am. J. 28 (2) (1964) 285–286. 
[53] E. Sakin, A. Deliboran, E. Tutar, Bulk density of Harran plain soils in relation to other soil properties, Afr. J. Agric. Res. 6 (7) (2011) 1750–1757. 
[54] E.M. Eid, A.E. Keshta, K.H. Shaltout, A.H. Baldwin, S. El-Din, A. Ahmed, Carbon sequestration potential of the five Mediterranean lakes of Egypt, Fundam. Appl. 

Limnol./Arch. Hydrobiol. 190 (2) (2017) 87–96. 
[55] A.E. Keshta, S.A. Yarwood, A.H. Baldwin, A new in situ method showed greater persistence of added soil organic matter in natural than restored wetlands, 

Restor. Ecol. (2021) 11. 
[56] M.A. El-Sheikh, S.A. Al-Oteiby, A.H. Alfarhan, D. Barcelo, Y. Pico, A.A. Alatar, S.B. Javed, E.M. Eid, Distribution of soil organic carbon in Wadi Al-Thulaima, 

Saudi Arabia: a hyper-arid habitat altered by wastewater reuse, Catena 170 (2018) 266–271. 
[57] A. Keshta, K. Koop-Jakobsen, J. Titschack, P. Mueller, K. Jensen, A. Baldwin, S. Nolte, Ungrazed salt marsh has well connected soil pores and less dense sediment 

compared with grazed salt marsh: a CT scanning study, Estuar. Coast Shelf Sci. 245 (2020). 
[58] A. Cerda, M.F. Jurgensen, Ant mounds as a source of sediment on citrus orchard plantations in eastern Spain. A three-scale rainfall simulation approach, Catena 

85 (3) (2011) 231–236. 
[59] F. Berendse, J. van Ruijven, E. Jongejans, S. Keesstra, Loss of plant species diversity Reduces soil erosion resistance, Ecosystems 18 (5) (2015) 881–888. 
[60] A.E. Keshta, Hydrology, Soil Redox, and Pore-Water Iron Regulate Carbon Cycling in Natural and Restored Tidal Freshwater Wetlands in the Chesapeake Bay, 

University of Maryland at College Park, University of Maryland Libraries, Maryland, USA, 2017. 
[61] A.E. Keshta, K.H. Shaltout, A.H. Baldwin, A.S. El-Din, E.M. Eid, Variation in plant community composition and biomass to macro and micronutrients and salinity 

across Egypt’s five major coastal lakes, Sustainability 14 (10) (2022) 15. 
[62] E. Hobley, B. Wilson, A. Wilkie, J. Gray, T. Koen, Drivers of soil organic carbon storage and vertical distribution in Eastern Australia, Plant Soil 390 (1–2) (2015) 

111–127. 
[63] M.N.I. Khan, R. Suwa, A. Hagihara, Carbon and nitrogen pools in a mangrove stand of Kandelia obovata (S., L.) Yong: vertical distribution in the soil–vegetation 

system, Wetlands Ecol. Manag. 15, (2) (2007) 141–153. 
[64] A. Lunstrum, L.Z. Chen, Soil carbon stocks and accumulation in young mangrove forests, Soil Biol. Biochem. 75 (2014) 223–232. 
[65] S.P. Chen, W.T. Wang, W.T. Xu, Y. Wang, H.W. Wan, D.M. Chen, Z.Y. Tang, X.L. Tang, G.Y. Zhou, Z.Q. Xie, D.W. Zhou, Z.P. Shangguan, J.H. Huang, J.S. He, Y. 

F. Wang, J.D. Sheng, L.S. Tang, X.R. Li, M. Dong, Y. Wu, Q.F. Wang, Z.H. Wang, J.G. Wu, F.S. Chapin, Y.F. Bai, Plant diversity enhances productivity and soil 
carbon storage, Proc. Natl. Acad. Sci. U. S. A 115 (16) (2018) 4027–4032. 

[66] Y.J. Li, J.Y. Jiao, Z.J. Wang, B.T. Cao, Y.H. Wei, S. Hu, Effects of Revegetation on soil organic carbon storage and erosion-induced carbon loss under extreme 
rainstorms in the Hill and gully Region of the loess plateau, Int. J. Environ. Res. Publ. Health 13 (5) (2016) 15. 

[67] M. Ruiz-Colmenero, R. Bienes, D.J. Eldridge, M.J. Marques, Vegetation cover reduces erosion and enhances soil organic carbon in a vineyard in the central 
Spain, Catena 104 (2013) 153–160. 

H.E.M. Osman et al.                                                                                                                                                                                                  

http://refhub.elsevier.com/S2405-8440(23)00195-0/sref50
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref50
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref51
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref51
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref52
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref53
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref54
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref54
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref55
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref55
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref56
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref56
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref57
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref57
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref58
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref58
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref59
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref60
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref60
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref61
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref61
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref62
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref62
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref63
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref63
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref64
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref65
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref65
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref65
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref66
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref66
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref67
http://refhub.elsevier.com/S2405-8440(23)00195-0/sref67

	Soils with more clay and dense vegetation were rich in soil carbon along Wadi Al-Sharaea, Makkah, Saudi Arabia
	1 Introduction
	2 Materials and methods
	2.1 Study area
	2.2 Soil sampling and analyses
	2.3 Vegetation groups
	2.4 Data analyses

	3 Results
	3.1 Soil analyses
	3.2 Soil carbon stocks

	4 Discussion
	5 Conclusions
	Author contribution statement
	Funding statement
	Data availability statement
	Declaration of interest’s statement
	Appendix B Supplementary data
	References


