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Soil water repellency (SWR) is frequently observed in different types of land use and climates. Since SWR potentially enhances the difficulty of water infiltration in soil, the phenomenon can severely impact the water use of plants in arid regions. Therefore, understanding the origin of SWR is crucial in arid and semi-arid regions. This study investigated the fundamental and hydrological properties of soils in three arid ecosystems (desert, farmland, and forest). Analysis was done to determine any potential links between these properties, vegetation cover, and the severity of SWR. It was found that SWR was positively correlated with soil organic carbon (SOC), silt content, and field capacity of soil, where the SWR was in subcritical SWR range. The linear correlation and hierarchical clustering analysis confirmed that the SOC and silt content was the critical factor affecting the occurrence and persistence of SWR. The major source of organic carbon and nutrients to the soil was vegetation, which also had an impact on the distribution of soil carbon. The most striking observation was that the silt content was strongly correlated with both field capacity (r = 0.817, p = 0.001) and SWR (r = 0.710, p = 0.010), which can be attributed to the SOC on silt. In arid and semi-arid regions, the specific surface area of silt was relatively larger than that of sand. Meanwhile, compared to the clay in soil, the proportion of silt was much higher. The results imply that silt could significantly affect the soil hydrological properties and that silt content could serve as a new proxy for predicting water repellency in arid and semi-arid regions.
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1 INTRODUCTION
Soil hydrophobicity or soil water repellency (SWR) is a soil physical phenomenon that reduces the affinity of soils to water in a way that soils resist wetting for periods ranging from a few seconds to hours, days, or weeks. This phenomenon can interrupt water infiltration, and potentially cause soil erosion (Dekker and Ritsema, 2000; Dekker et al., 2009; Fishkis et al., 2015; Li et al., 2019), while it can also lead to decreased cumulative evaporation (Rye and Smettem, 2017). Since SWR can hinder water flow and influence soil moisture, more attention needs to be paid to the distribution of SWR and its effect on soil hydrological parameters in arid and semi-arid regions. The occurrence of SWR is influenced by several physical and chemical properties of the soil, including soil moisture, soil organic matter, soil texture, etc (Dekker and Ritsema, 1996; DeBano, 2000; Doerr et al., 2005; Müller and Deurer, 2011; Smettem et al., 2021).
SWR is a common phenomenon that persists until the soil moisture reaches the threshold of SWR occurrence (Doerr and Thomas, 2000). While soil hydrophobicity drastically increases with decreasing soil water content, the strong water repellency of the soil severely restricts the amount of water infiltrating the soil (Wallach, 2010; Vogelmann et al., 2017; Chen et al., 2020). It is thus necessary to examine the persistence and distribution of SWR in arid ecosystems to evaluate its potential impact on soil functions. It is commonly accepted that SWR is caused by organic compounds derived from living or decomposing plants or microorganisms (Doerr et al., 2000), suggesting the fundamental effect of soil organic carbon (SOC) on the persistence of SWR (de Blas et al., 2013; Mao et al., 2019a). In general, a change in SOC content could alter the persistence of SWR in different land uses and ecosystems (Doerr et al., 2006; Behrends Kraemer et al., 2019). Hermansen et al. (2019) examined the SOC content and degree of SWR in 78 pasture soils in New Zealand and recognized SOC as an important factor influencing the occurrence of SWR. Wijewardana et al. (2016) measured the water repellency of soils collected from forests and pastures with a SOC content ranging between 1.4% and 26.3%. They proposed that the severity of SWR could be predicted using either a Langmuir-type or linear model based on the range of SOC content. Numerous studies have confirmed the role of SOC in regulating soil hydrophobicity, where SOC content was positively correlate with the level of SWR (Weber et al., 2021; Blaesbjerg et al., 2022). The spatial distribution of soil organic matter found in the soil of grassland led to the significant difference of the severity of SWR (Sándor et al., 2021). However, a contradiction was reported by de Blas et al. (2010), where the linear correlation between SOC content and SWR was insignificant, suggesting other soil properties, such as soil texture and soil moisture, may also affect the occurrence and persistence of SWR (Weber et al., 2021). As plants produce litter debris and primarily contribute to soil organic matter, the plant-derived hydrophobic compounds in soil play a part in influencing the intensity of SWR (Malvar et al., 2016; Mielnik et al., 2021). The distribution and intensity of SWR are frequently found to differ under different types and levels of vegetation coverage (Franco et al., 2000; Morley et al., 2005; Mataix-solera et al., 2013; Smettem et al., 2021). Research has not yet established the effects of vegetation cover on soil hydrophobicity for ecosystems with arid climates. To comprehend the role of SWR in arid ecosystems, interactions between SWR-relevant soil properties and vegetation cover must be considered.
Since soil texture is a fundamental characteristic of soil that significantly impacts soil hydrological properties, soil organic matter, and other soil attributes, the relationship between soil texture and soil hydrophobicity cannot be ignored. In order to reduce the intensity of water repellency in acidic-sandy soil, clay was applied as a soil amendment (McKissock et al., 2002), where the clay mixed with lime reduced the water repellency of soil and made the soil wettable (Shanmugam et al., 2014). In general, soil hydrophobicity occurs more frequently in sandy soils than in clayey soils (Dekker and Ritsema, 2003; Jordán et al., 2009; Zheng et al., 2019). Soil texture notably determines the soil moisture thresholds; the SWR of sandy soil disappears at a substantially lower threshold water content than that of clayey soil (Dekker and Ritsema, 1994; Dekker and Ritsema, 1996; Vogelmann et al., 2013). Zheng et al. (2016) reported that soil hydrophobicity increases with increasing sand content. However, Crockford et al. (1991), Vogelmann et al. (2010) found that soils with a predominance of clay had a stronger water repellency than coarse-textured soils. Behrends Kraemer et al. (2019) tested the correlation between the SWR and the clay contents of two types of soil, Vertisol and Mollisol, and found that the proportion of clay in soil, as opposed to other soil texture effects, determined the occurrence of SWR. In comparison to clay and sand, very little is known regarding the relationship between the silt content of soil and occurrence and persistence of SWR.
This study aimed to investigate the soil properties mainly soil texture and organic carbon that would influence the SWR in different ecosystems, with a focus on the occurrence and persistence of SWR in arid and semi-arid regions, as well as the determination of plant-originated SOC on soil hydrophobicity. In addition, this study was designed to ascertain whether SWR is related to field capacity for the assessment of possible impact from SWR on soil hydrological parameters.
2 MATERIALS AND METHODS
2.1 Study site
The study area is located in Fukang, Xinjiang, and has a variety of landscapes, including mountains, deserts, oases, and glaciers. The WorldClim database (https://worldclim.org/) indicates that between 2010 and 2018, the mean annual precipitation of this region was 200 mm ± 31 mm. According to the Köppen-Geiger climate classification (e.g., Kottek et al., 2006), The climate type of the region is arid. Four field sites with different types of ecosystems were selected in the study region and are presented in Table 1. Sites 1 (labelled with “B”) and 2 (labelled with “SA”) were both located at the southern edge of the Gurbantunggut Desert, where the vegetation cover was moss-dominant biological soil crust (biocrust) and Haloxylon (Haloxylon ammodendron), respectively. Site 3 (labelled with “C”) was in a cotton farmland at the edge of an oasis which was about 500 m in straight-line distance from the field site in the desert. The agricultural land is under tillage and drip-irrigation. Site 4 (labelled with “SP”) was located at a distance of 60 km from site 1 in a natural Asian spruce forest on the northern slope of the Tianshan Mountain. All the field sites were approximately in a line that ran from the low-altitude desert to the farmland in the oasis to the high-altitude mountains.
TABLE 1 | Sampling information of the soils within four soil sites.
[image: Table 1]2.2 Sample collection
At each site, three sampled plots measuring 0.5 m × 0.5 m were randomly selected to obtain soils with a depth of 30 cm. The soil in the plot with the same colour in the top 30 cm was considered to belong to the same horizon. Thus, the soils at the sampled plots were equally divided into three layers, each of which was 10 cm thick. One soil sample was collected from one layer and thus in total three replicates were collected from three plots in each site. All the soil samples were air-dried at ambient room temperature and sieved through a mesh with a 2 mm diameter to remove leaf and root debris.
2.3 Soil physical and hydrological properties
Soil water content was determined by the gravimetric method. Cutting rings were used to collect undisturbed soil from each layer in the fields for soil bulk density and field capacity measurements. Soil bulk density and water content were estimated by oven-drying wet soils in the rings and aluminum tins at 105°C to constant weights. For field capacity measurement, all rings filled with soils were partially submerged in distilled water and saturated for 24 h. The rings were then placed to drain on top of additional rings that contained the same soil but had been oven-dried. The water content of the soil in the top ring was used to determine the field capacity following 24 h of gravitational drainage. The particles of the soil were classified into three categories: sand (0.05 mm–2 mm), silt (0.002 mm–0.05 mm), and clay (< 0.002 mm). Soil particle size distribution was measured using a laser diffraction particle size analyser (Mastersizer 2000; Malvern). Additionally, each dried soil sample was manually sieved using stacked sieves with the diameters of 2 mm, 1 mm, and 0.05 mm to better understand the variance in the carbon content of sand, silt, and clay particles. During the sieving process, the particle sizes of sand in soils were found to be less than 1 mm, and the clay particles were too small to physically separate from the silt-clay fraction through physical sieving. Finally, two soil particle fractions the sand fraction (0.05 mm–1 mm) and silt-clay fraction (< 0.05 mm) were obtained.
2.4 Soil chemical property analyses
A pH meter (Mettler Toledo SevenExcellence) was used to determine the pH of soil mixed with distilled water in a 1:2.5 (w:w) ratio. The organic carbon content of both soil and particle fractions (sand and silt-clay) were determined by digesting SOC in acidic potassium dichromate solution (0.8 mol L−1 K2Cr2O7). To compare the organic carbon content of silt-clay fraction and sand fraction and their individual contribution to organic carbon content of soil, two ratios were used in this study (Eqs 1, 2).
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In Eqs 1, 2, OCsilt-clay denotes the organic carbon content of silt-clay fraction, and the unit is gram organic carbon per gram silt-clay; OCsand denotes the organic carbon content of sand fraction, and the unit is gram organic carbon per gram sand; OCsoil denotes the organic carbon content of the soil, and the unit is gram organic carbon per gram soil; fsilt-clay denotes the proportion of silt and clay in the soil, and the unit is %; fsand denotes the proportion of sand in the soil, and the unit is %.
The contents of nitrate nitrogen and nitrite nitrogen in the soil from our study region were neglected due to their relatively low abundance. Thus, the total nitrogen (TN) of soil was considered made of organic nitrogen and ammonia nitrogen, of which the content was measured according to the Kjeldahl method using a fully automated Kjeldahl analyser (Kjeltec 8400, FOSS). The total phosphorus content (TP) of soil was measured by a flow injection autoanalyzer (Seal Analytical, AA3) through Mo-Sb-Vc-method. Soil salinity, represented by the soluble salt content, was obtained by weighing the dried residue of water extracts from soil (Bado et al., 2016). Electrical conductivity (EC) was measured using a conductivity meter (DDS-307, INESA) in a mixture of distilled water and soil (5:1, w:w).
2.5 Soil water repellency determination
The persistence of SWR was determined by the contact angle method and the water droplet penetration test (WDPT). The WDPT was performed directly on the topsoils of the four soil profiles during the sampling process. The WDPT measurement was adapted from Dekker et al. (2009), 10 droplets of distilled water droplets were applied to the surface of the soils. When the droplet penetration time is categorized into five levels: < 5 s, 5 s–60 s, 60 s–600 s, 600 s–3,600 s and > 3,600 s, the water repellency would be accordingly classified as wettable, slightly repellent, strongly repellent, severely repellent and extremely repellent (Bisdom et al., 1993). The contact angle measurements were conducted in the laboratory. Prior to the measurements, air-dried soil was adhered to glass slides using double-sided tape to form an even and thin layer (Bachmann et al., 2000). Three droplets of distilled water were placed on each slide, and the contact angle between each droplet and the soil layer was measured by contact angle goniometer (SDC-200, SINDIN). When the contact angle is > 90°C, the material surface is considered as hydrophobic (Wessel, 1988). When the contact angle is between 0°C and 90°C, the SWR is in the subcritical SWR range (Bachmann et al., 2016). The larger contact angle indicates that the material surface is more hydrophobic.
2.6 Statistical analyses
The data of soil physical, chemical and hydrological properties was statistically analysed, including soil bulk density, water content, SOC, TN, TP, salinity, EC, contact angle and field capacity. One-way analysis of variance (ANOVA) was applied to analyse the significance of these data with Duncan test using IBM SPSS Statistics 20.0. The independent ANOVA factor was soil condition meaning the soils in different sites and depths. The Person’s correlation coefficients between all pairs of soil properties were calculated using Econometrics Toolbox of Matlab R2020b (MathWorks). The Hierarchical clustering of soil properties was analysed by normalizing all the data to be dimensionless and using Statistics and Machine Learning Toolbox of Matlab R2020b (MathWorks). Principal component analysis (PCA) was also applied using IBM SPSS Statistics 20.0 to investigate the possible association between SWR and other soil properties. The figures in the manuscript were plotted in OriginPro 2021.
3 RESULTS
3.1 Variation of soil particle distribution
The texture of the soils was classified into four categories (Supplementary Figure S1 in the Supplemental Material): sandy loam (B1, B3, and SA2), loam (B2 and SA1), silt loam (SA3, C1, C2, SP1, SP2, and SP3), and silty clay loam (C3). For the soils in the desert (B and SA), the proportion of clay (11.02% ± 3.00%) was significantly smaller than either the proportion of silt (39.19% ± 6.88%) or sand (49.79% ± 9.47%) (Figure 1). For the soil in the cotton farmland, the proportion of soil particles significantly decreased in the order of silt (60.66% ± 0.74%), clay (27.44% ± 2.92%), and sand (11.89% ± 3.18%). Similar to the soil in the farmland, the proportion of silt (79.11% ± 3.26%) in the soil from the spruce forest was substantially higher than the proportion of clay (13.67% ± 4%) and sand (7.21% ± 5.90%). A comparison of the particle distribution of the soils in different ecosystems revealed that the largest proportion of silt was found in the spruce forest soil, followed by the soil from the farmland, while the soils from the desert had the lowest amount of silt. Meanwhile, the desert and the farmland soil had the significantly largest proportions of sand and clay, respectively.
[image: Figure 1]FIGURE 1 | (A) The particle distribution of the soils under different vegetation; (B) the comparison of soil particle distribution in different ecosystems. The small letters in black in Figure 1B denote the significance (p < 0.05) of different types of soil particles within the same ecosystem, while the small letters in colour denote the significance (p < 0.05) of the same type of soil particles in different ecosystems, and each colour refers to one soil particle type.
3.2 Organic carbon in the soil and soil particle fractions
The topsoil in the spruce forest (SP1) had the highest SOC content (52.135 mg g−1) as shown in Figure 2A, and the soil SOC in the spruce forest significantly decreased with depth. The average organic carbon content of soil in the three ecosystems, forest, farmland, and desert followed a descending order. The organic carbon content of soils from the desert did not display a significant difference. The organic carbon ratio and organic carbon contribution ratio of the soils under different vegetations are presented in Figure 2B. The silt-clay fractions for most soils (B, SA, and C) contained a higher organic carbon content than sand fractions, as the organic carbon ratios of these soils were higher than 1. However, the silt-clay fractions for the spruce forest (SP) had a lower content of organic carbon than the sand fractions. The organic carbon contribution ratio showed the relative amount of organic carbon that the particle fractions held in soil. For all the soils except SA2, the silt-clay fractions contained more organic carbon than the sand fractions. In other words, the organic carbon was distributed more on the silt-clay fractions than on the sand fractions. In the soils from the spruce forest, the silt-clay fractions contained more than ten times the organic carbon compared to the sand fraction.
[image: Figure 2]FIGURE 2 | (A) The organic carbon content of the soil (SOC) under different vegetation; (B) the ratio of the organic carbon content of silt-clay and sand fractions (left Y-axis) and the ratio of organic carbon contribution of soil particle fractions to soil for silt-clay and sand fractions (right Y-axis). The small letters represent the significance (p < 0.05). The dash lines marked with “*” indicate the ratio value as 1.
3.3 Chemical and physical properties of soil
The highest and lowest soil water content were observed in the topsoil of spruce forest and biocrust, respectively (Table 2). The average bulk density of the soil under the biocrust and Haloxylon in the desert was 1.386 g cm−3 ± 0.101 g cm−3 and 1.433 g cm−3 ± 0.022 g cm−3, respectively, which was significantly higher than that of the soil from the spruce forest (1.087 g cm−3 ± 0.073 g cm−3). The highest density was observed in the soil at a depth of 10 cm–20 cm in the cotton farmland (C2). As shown in Table 2, the pH of most of the soil was higher than 7 except two deep soil the spruce forest (SP2 and SP3). The soil under Haloxylon had the highest pH (8.82–9.61), while the soil in the forest had the lowest (6.83–7.15). The average total nitrogen content (TN) of the soil had the same order as the SOC content, which was SP > C > SA > B. Soil SP1 had the highest TN content (2.655 mg g−1 soil), while soil B3 had the lowest (0.006 mg g−1 soil). In each soil profile, the soil TN content decreased with the increment of soil depth. As another important soil nutrient element, the average TP content of the soil in the spruce forest was the lowest compared to other soils. Soil salinity was presented by total salt content in our study, of which the topsoil in the cotton farmland showed the highest salinity (2.250 mg g−1 soil). The soil B3 under biocrust had the lowest salinity (0.500 mg g−1soil). In addition, the electricity conductivity (EC) of soil C1 was the highest (0.677 mS cm−1) among all the soils. The lowest EC (0.117 mS cm−1) was observed in SP3, of which the average EC of spruce forest soils was the lowest compared to the soils under other vegetation.
TABLE 2 | Chemical and physical characteristics of soils.
[image: Table 2]3.4 Soil field capacity and water repellency
The highest and lowest field capacity was found in the topsoils from the spruce forest (SP1, 40.52%) and covered by biocrust (B1, 13.36%), respectively. As can be seen in Figure 3A, the soil from the spruce forest showed a relatively higher field capacity compared to the other soils. The field capacity of the topsoil (0 cm–10 cm) under the biocrust in the desert ecosystem was significantly lower than the field capacity of the subsoils. In contrast, the field capacity of the topsoil from the spruce forest was much higher than the field capacity of the subsoils. The field capacity of the soils under the cotton and Haloxylon did not change significantly along the depth. The field capacity of soils at the depth of 10 cm–20 cm and 20 cm–30 cm were non-significantly different.
[image: Figure 3]FIGURE 3 | The field capacity (A) and contact angle (B) of the soils under different vegetation. The small letters denote the significance (p < 0.05).
Based on the WDPT in the field, the topsoil in the spruce forest was slightly water-repellent as it had an average WDPT time of 6 s, which the maximum one was 17 s and the minimum one was 2 s. The other three topsoils were wettable as the droplets did not last for more than 1 s. Figure 3B shows the contact angle of water droplets on the soil surface, which is the second method to determine the level of SWR. The contact angle of all soils was from 25.8°C to 75.3°C, which was considered in the subcritical water repellency range. A higher contact angle value implies stronger water repellency. The topsoil from the spruce forest (SP1) showed the highest SWR, while the sublayer soil covered by biocrust (B2) had the lowest SWR. The SWR of soils from the spruce forest significantly decreased with depth. The average SWR of the soils from the spruce forest was significantly higher than those covered by other vegetation. Most of the topsoils (0 cm–10 cm) had the highest SWR, however, the soil from the deeper depth of 20 cm–30 cm (SA3) was the most hydrophobic as compared to other two soils under Haloxylon. The water repellency of the soils covered by Haloxylon and cotton did not show any significant differences.
3.5 Correlation among soil properties
Table 3 demonstrates a matrix of Pearson’s correlations between each soil property. The severity of SWR presented by contact angle had a strong positive relationship with SOC content (r = 0.898, p = 0.000). The silt content (r = 0.710, p = 0.010) and field capacity (r = 0.768, p = 0.004) had positively significant correlations with SWR, while both were negatively correlated to bulk density. The silt content was strongly positively correlated to both SOC (r = 0.807, p = 0.001) and field capacity (r = 0.817, p = 0.001). The proportions of silt in soil had a significant negative relationship with bulk density (r = −0.672, p = 0.017). The clay content in soil did not display any significant relationship with other soil properties. The soil field capacity had a negative correlation with bulk density (r = −0.848, p = 0.001), and bulk density had a positive correlation with SOC content (r = 0.790, p = 0.002). The field capacity was positively and negatively correlated to the proportions of silt and sand, respectively. As depicted in Figure 4, the correlation between silt content and field capacity of the soil in this study (p = 0.001) and previous studies (p = 0.000) was strong.
TABLE 3 | The correlation coefficient and significance (in brackets) from Pearson correlation matrix for soil properties.
[image: Table 3][image: Figure 4]FIGURE 4 | The significant linear correlation between field capacity of soil and the proportion of silt in the soil. The dataset plotted in blue was collected from previous studies (Pabin et al., 1998; Liu et al., 2007, 2015; Khan et al., 2009; Harrison-Kirk et al., 2014; Peake et al., 2014; López-Vicente et al., 2015; Wilson et al., 2016; Padarian et al., 2017; Aliku and Oshunsanya, 2018; Contreras and Bonilla, 2018; Assi et al., 2019; Vogeler et al., 2019; Rocateli et al., 2020).
The soil properties were hierarchically clustered and combined within a heatmap (Figure 5). As shown in Figure 5, all the soil properties were grouped in two main clusters. SOC and TN contents, field capacity, and the contact angle were clustered with silt content in the first main cluster. The value of these five soil parameters followed the same increasing tendency in the soil from biocrust, Haloxylon, cotton farmland, and spruce forest. Soil bulk density, pH, and sand content were clustered as one group in the second main cluster, where the value of these properties was relatively low for the soil from the spruce forest but relatively high in the soil covered by biocrust. In addition, grouped soil TP content, salinity, electrical conductivity, and clay content also belonged to the second main cluster. The value of these properties was relatively low in the soil under biocrust and spruce forest. Based on the PCA analysis, three principal components (PCs) were selected as they explained 88.101% of variance of the dataset of soil properties, while the first two components explained 77.495%. The PC matrix in Table 4 showed the correlation coefficients of soil properties in three components. Seen from Figure 6, the fact loadings of silt content, field capacity, SOC, TN and contact angle were highly positive in PC1, while sand content, pH and bulk density had highly negative fact loadings. Soil clay content, total salinity and EC had the similar factor loadings, which were highly positive in PC2. The cluster of the soil properties in component plot was as similar as shown in Figure 5, which confirmed the strong association between silt content, field capacity, SOC and SWR.
[image: Figure 5]FIGURE 5 | The heatmap involving the hierarchical clustering of soil properties. Here, “FC” is field capacity, “CA” is contact angle, “BD” is soil bulk density, and “EC” is soil electrical conductivity. The colour bar represents the normalized difference of the property of each soil from the average value of the property of all the soils. The red and green blocks indicate a value higher and lower than the average, respectively. The value of one block is closer to 0, implying that the property of that soil is close to the average.
TABLE 4 | Component matrix shows the correlation coefficients and variance value of three principal components with soil properties.
[image: Table 4][image: Figure 6]FIGURE 6 | PCA plot of the factor loadings of soil properties in component 1 and 2.
4 DISCUSSION
4.1 Vegetation as the main SOC origin influencing SWR
Both the WDPT and contact angle measurements showed that the soil from the spruce forest had the greatest SWR compared to soils covered by other vegetation types. Since the high soil SOC found in the spruce forest, indicating that the abundant soil organic matter in the spruce forest leads to the highest SWR. The soil from the cotton farmland had the second highest content of SOC and water, indicating that agricultural management practices like irrigation and fertilization have probably improved these soil properties (Qiu et al., 2018; Alavaisha et al., 2019; Chenu et al., 2019). The biocrust-covered soil from the desert ecosystem had the lowest content of soil organic carbon, while the carbon content of the topsoil was much higher than that of the subsoil, implying that the biocrust is most likely the primary contributor of soil carbon and nutrients. This finding is consistent with that of Munoz-Rojas et al. (2018) who observed that soil with a larger coverage of biocrust contained a higher content of SOC. The topsoil under the biocrust exhibited a stronger SWR than other soils in the desert. The biocrusts in dryland are mainly composed of cyanobacteria, mosses, lichens, algae, and fungi (Rodriguez-Caballero et al., 2018; Kidron et al., 2020). These plants and microbes mainly influence the organic matter accumulation on topsoil, which explains the considerably higher soil hydrophobicity of topsoil compared to the deep soil (Müller and Deurer, 2011; Zavala et al., 2014; Mao et al., 2019b). On the contrary, for the soil beneath Haloxylon, the soil from the middle layer showed the lowest SWR. It corroborated with our field observations that the topsoil and the deep soil beneath Haloxylon displayed a higher content of SOC compared to the soil from the middle layer. It implied that the plant litter accumulated on the soil surface and the roots were more abundant in the deep soil than in the middle layer. The SOC was significantly and positively correlated with SWR, which was in an agreement with previous studies (Wijewardana et al., 2016; Fu et al., 2021). The soil organic matter, derived primarily from plants and sometimes from microbes, contributed to the hydrophobic compounds causing soil hydrophobicity (Doerr et al., 2000; Mao et al., 2014). Though soil bulk density was significantly negatively correlated to SOC, the bulk density of soil from the cotton farmland was the highest. It can be a result of soil compaction caused by a mechanical plough (Cavalcanti et al., 2019). Additionally, despite the fact that soils in desert ecosystems and agricultural land have a similar climate, agricultural management may significantly impact the soil properties in agricultural land, such as bulk density and soil nutrients.
4.2 SOC on silt determining SWR and field capacity
The current study found that the field capacity of the soil was significantly related to bulk density and SOC, which is in agreement with previous studies (Bauer and Black, 1992; Gozubuyuk et al., 2014). Ojeda et al. (2015) reported that since soil organic matter can adsorb water, the soil with high SOC content would hold more water and have a higher value of field capacity as compared to the soil with low carbon content. However, for the soil from the desert, the topsoil beneath the biocrust had the lowest field capacity despite having a relatively high SOC content. The effect of SOC on holding soil water may be diminished by its high bulk density. The low bulk density in soil results from either a high amount of organic matter or a porous structure (Gray et al., 2014). This could explain the increase in field capacity of soil with decreasing bulk density. Given the significant correlations between SWR and bulk density or field capacity, it probably emphasized the influence of SOC on these two factors.
It was observed that the content of either silt or sand was higher than the clay content. For instance, the cotton farmland and spruce forest soil contained more than 60% of silt. In contrast to the earlier findings, none of the soil parameters except silt content had a significant correlation with the clay content in this study. The lower content of clay observed in our study can be attributed to the removal of small particles from the surface by wind and water erosion in arid and semi-arid regions. Compared to sand, silt content is more strongly correlated to soil SOC, field capacity, and SWR. In general, the effect of clay and sand on hydrological properties receives more attention than silt. However, the field capacity, as shown in Figure 5, increased significantly and positively with the increasing silt content (r = 0.627, p = 0.000), indicating that the influence of silt on soil hydrological properties should not be underestimated. Since the particle size of silt falls between sand and clay, the fine and coarse silt would probably display characteristics similar to clay and sand, respectively. Zhao et al. (2006) demonstrated silt as fine particles with a function similar to clay and is closely associated with SOC content. Compared to sand, the silt fraction has the ability to adsorb the limited soil organic matter owing to its relatively large surface area (Oades, 1988; Virto et al., 2008). This is confirmed by the significant correlation between the silt content and SOC, and by the relatively high organic carbon content of the silt-clay fraction. The organic carbon content of the silt-clay fractions in the soils was much higher than that of the sand fractions. As in Lehrsch et al. (2012), the level of SWR had a significant positive correlation with the silt content (r = 0.705, p = 0.034), but was insignificantly (p = 0.264) related to organic carbon content. It implies that not all SOC affects SWR and the portion of organic carbon on silt might have the contribution. Moreover, Vogelmann et al. (2013) demonstrated the insignificant correlations between the proportions of soil particle size distribution, i.e. sand, silt and clay, and the level of SWR and confirmed the importance of soil organic matter associated with SWR. It potentially provided a possible hypothesis that neither the silt or other two soil particles directly affect soil hydrophobicity, however, the organic matter on these particles probably determines the persistence and occurrence of SWR. Due to the relatively broad distribution of organic matter on silt, the silt content positively correlated with SWR, suggesting that the effect of silt on SWR should be reconsidered. Compared to clay and sand, the influence of silt on SWR has rarely been reported. In a nutshell, small particles, particularly silt, can influence the soil properties associated with organic carbon in arid ecosystems. The study demonstrates that silt can be the dominant soil particle affecting the soil properties in arid and semi-arid regions.
5 CONCLUSION
In arid and semi-arid regions, SWR demonstrated a positive relationship with SOC, field capacity, and silt content, but a negative correlation with soil bulk density. Since SOC content impacted field capacity and bulk density, it indicates the crucial role of soil organic carbon in determining SWR. The most water-repellent soil was found under the spruce forest, which presented the highest SOC, implying the vital organic input from vegetation cover. In the arid and semi-arid regions, the vegetation, including biocrust, shrubs, and trees, primarily contributed the hydrophobic compounds and nutrients to the soil. The properties of soil (e.g., water content, salinity, nutrients, and bulk density) in the farmland amply demonstrated the effects of agricultural production. One of the most important findings from this study was that silt had a greater impact on soil properties as compared to clay and sand. The silt content was positively correlated to both SWR and field capacity. In arid and semi-arid regions, fine silt contributed more organic carbon than sand as silt had a larger surface area than sand and a relatively higher proportion than clay. Thus, a higher proportion of silt in soil results in higher field capacity and a stronger SWR. The main limitation of this study was the lack of a large sampling data to strongly support the findings and the absence of more advanced techniques to quantify the organic carbon content of clay and silt. Besides, the SWR measured in this study was in the subcritical SWR range, while the correlation between soil properties and SWR should be extended for the soils in the entire SWR range. Despite the limitations, using the soil silt content is recommended to determine the soil hydrological properties and predict the water repellency of soils in arid and semi-arid regions.
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