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Textural layering of soil plays an important role in distributing and regulating resources for plants in many semiarid and arid landscapes. However, the spatial patterns of textural layering and the potential effects on soil hydrology and water regimes are poorly understood, especially in arid sandy soil environments like the desert-oasis ecotones in northwestern China. This work aims to determine the distribution of textural layered soils, analyze the effects of different soil-textural configurations on water regimes, and evaluate which factors affect soil water infiltration and retention characteristics in such a desert-oasis ecotone. We measured soil water content and mineral composition in 87 soil profiles distributed along three transects in the study area. Constant-head infiltration experiments were conducted at 9 of the soil profiles with different texture configurations. The results showed that textural layered soils were patchily but extensively distributed throughout the study area (with a combined surface area percentage of about 84%). Soil water content in the profiles ranged from 0.002 to 0.27 g/cm3 during the investigation period, and significantly and positively correlated with the thickness of a medium-textured (silt or silt loam) layer (p < 0.001). The occurrence of a medium-textured layer increased field capacity and wilting point and decreased available water-holding capacity in soil profiles. Burial depth of the medium-textured layer had no clear effects on water retention properties, but the layer thickness tended to. In textural layered soils, smaller water infiltration rate and cumulative infiltration, and shallower depths of wetting fronts were detected, compared with homogeneous sand profiles. The thickness and burial depth of medium-textured layers had obvious effects on infiltration, but the magnitude of the effects depended on soil texture configuration. The revealed patterns of soil textural layering and the potential effects on water regimes may provide new insight into the sustainable management of rainfed vegetation in the desert-oasis ecotones of arid northwestern China and other regions with similar environments around the world.
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INTRODUCTION
Textural layered soils are soils with textural contrasts, or duplex soils with subsoil in which the clay content is at least one and a half times that of the overlying layer (Northcote, 1971). These include abrupt textural-change soils (Hill and Parlange, 1972; Bockheim, 2016) characterized by a clear, abrupt, or sharp boundary between the surface and the underlying horizon, and soils with a considerable increase in clay content within a very short vertical distance (Hardie, et al., 2012; Bockheim and Hartemink, 2013). Commonly, soil texture in these soils ranges from sandy to medium or medium-heavy clay soils (Hardie, et al., 2013). The formation of textural layered soils is a complex process resulting from a number of factors, such as translocation via eluviation-illuviation, bioturbation, erosion, deposition, and artificial reclamation (Phillips, 2001; Alfnes, et al., 2004). Textural layered soils are ubiquitous in the natural world, in places like southwestern Australia (Tennant, et al., 1992), the southwestern United States (Munson, et al., 2016), and western Canada (Selim, 2011). In China, similar textural layered soils have been found in the wind-water erosion crisscross region of the Loess Plateau (Zhang, et al., 2017a), and in the desert-oasis ecotone of northwestern China (Zhou, et al., 2016).
The desert-oasis ecotone of northwestern China is an ecologically fragile region currently experiencing significant desertification (Yu, et al., 2020). Since the mid-1970s, native sand-adapted shrubs have been widely planted, in order to curb desertification and alleviate its influence on crops, pasture, and human life (Zhou, et al., 2017). In regions with low precipitation, water is a basic condition on which vegetation relies for survival (Noy-Meir, 1973). Soil texture can affect quantity and availability of plant water as an important determinant of soil hydrological properties and processes, e.g., water retention, infiltration and drainage. There is evidence that discontinuity of subsurface soil horizons is a common feature in arid regions, and causes spatial heterogeneity of soil texture (Pahlavan-Rad and Akbarimoghaddam, 2018; Regmi and Rasmussen, 2018), which in turn leads to high heterogeneity of water reserves. To accommodate such conditions, plants have changed foraging mechanisms by modifying root distribution patterns (Hamerlynck, et al., 2002; Zou, et al., 2005). Additional studies suggest that the root increases in some plants (e.g., deeply rooted shrubs) are dampened on textural layered soils (Browning, et al., 2008; Duniway, et al., 2018), due to the clay-rich subsurface soil horizons, which can inhibit root growth and elongation (Zhou, et al., 2019). Through these responses, textural layered soils can influence vegetation dynamics and landscape evolution (Hamerlynck, et al., 2002; Sperry and Hacke, 2002; Macinnis-Ng, et al., 2010), which in turn influences local ecological stability. Understanding the effects of textural layering on soil hydrological properties and processes in arid ecosystems will be helpful for predicting the patterns and self-organizing processes of rainfed vegetation in desert-oasis ecotones.
Textural layered soils are generally regarded as a natural isolation layer (de Jong van Lier and Wendroth, 2016), influencing flow behaviors and temporal availability of soil water (McAuliffe, 1994). Many studies have explored the impact of textural layering on soil hydrological properties, and results have suggested that textural variability can increase soil water storage (Ityel, et al., 2011; Zettl, et al., 2011; Mancarella, et al., 2012). However, previous studies have provided inconsistent results on the associations between soil water availability and textural variability (Huang, et al., 2013; Fensham, et al., 2015). The influence of textural layered soils on water infiltration have also been widely investigated. Textural layered soils often impede infiltration (Ma, et al., 2011; Li, et al., 2014) due to a capillary and hydraulic barrier resulting from the discontinuity of hydraulic properties (Ross, 1990; Miyazaki, et al., 1993). Generally, a capillary barrier develops when a coarse-textured layer is found beneath a fine-textured layer (Stormont and Anderson, 1999). Factors affecting the efficiency of a capillary barrier include soil texture (Yang, et al., 2004), thickness of the overlying layer (Qian, et al., 2010), and the size of the interfaces between soil horizons (Si, et al., 2011). A hydraulic barrier develops when a coarse-textured layer covers a fine-textured layer (Thompson, et al., 2010), and the barrier is mainly affected by precipitation characteristics (Chu and Mariño, 2005), thickness of the coarse layer (Zhang, et al., 2017a), and disparities in permeability between surface soil and subsoil (Mohammadzadeh-Habili and Heidarpour, 2015). Water infiltration can be extremely complex under the condition of the simultaneous presence of two flow barriers—for example, a soil profile with a contrast-textured interlayer. Most studies suggest that infiltration is inhibited in these conditions, and the effect varies by the number, position and soil texture of the interlayers (Gvirtzman, et al., 2008; Ng, et al., 2015; Wang, et al., 2018; Hou, et al., 2019). However, further studies have suggested that textural layered soils do not obstruct water flow (Rimon, et al., 2007), and even in some cases (e.g., under dry soil conditions), facilitate infiltration (Hardie, et al., 2011; Wang, et al., 2014). These controversial findings need to be further investigated.
Many approaches have been proposed for analyzing the characteristics of infiltration processes in textural layered soils. Common methods for acquiring soil hydrological processes include laboratory tests (Al-Maktoumi, et al., 2015), field experiments (Rimon, et al., 2007; Gvirtzman, et al., 2008), and simulations by current commercially available soil water models such as HYDRUS 1D or 2D (Wang, et al., 2017; Wang, et al., 2018), and theoretical models such as the Green-Ampt model (Mohammadzadeh-Habili and Heidarpour, 2015; Deng and Zhu, 2016). Preferential flow is a common phenomenon in the desert-oasis ecotone (Yan and Zhao, 2016; Zhang, et al., 2017b), however, HYDRUS failed to simulate the complexity of flow processes observed in dry soils, specifically confounding preferential flow (Hardie, et al., 2013). Taking the complexity of textural layering effects into consideration, we chose in-situ infiltration testing in this study.
The primary objectives of this study were to: 1) examine the distribution and structures of textural layered soils; 2) identify the role of textural layered soils in soil water content (SWC) and hydrological properties (water-holding capacities) and processes (water infiltration); and 3) discuss the potential implications of textural layered soils for vegetation conservation in the study region.
MATERIALS AND METHODS
Study Area
The study was carried out in the Linze desert–oasis ecotone, located in the middle of the Heihe River Basin in northwestern China (39° 21′-39° 25′ N, 100° 08′-100° 11′ E). The area is about 3.5 km2 and is surrounded by the Beishan Mountain to the northwest, the Heihe River to the south, and the Badain Jaran Desert to the east (Figure 1). The climate is continental, with cold winters and hot summers. Mean annual precipitation is about 116.8 mm, with rainfall maximum during the summer period from May to September. Mean annual temperature and evaporation were 7.6°C (−27.3–39.1°C) and 2,390 mm, respectively, for the 1987–2017 period (Liu, et al., 2018). The dominant soil types are Aridisol, Plaggept and Psamments (Liu, et al., 2011) in the margin of the oasis, owing to long-term alluvial deposits and eolian processes forming a special type of texture-contrast soil (Zhang and Zhao, 2015). The major landscape types include the peripheral desert, desert-oasis ecotone, and central oasis (Zhang, et al., 2018). Dominant plant species include natural native vegetation such as Nitraria sphaerocarpa, Nitraria tangutorum and Calligonum mongolicum, and planted Haloxylon ammodendron.
[image: Figure 1]FIGURE 1 | Location of the sampling and infiltration sites. Note: Numbers from 1 to 9 at the blue points indicate the infiltration sites from T1 to T9, and the size of blue symbols does not represent the sampling range.
In the study area, H. ammodendron was planted at various times (2010, 2005, 1995, and 1975) using one-year-old seedlings in rows at about 2.0 m × 2.5 m spacing (Zhou, et al., 2017). Precipitation and volumetric water content (VWC) data collected by the Linze Inland River Basin Research Station of the Chinese Academy of Sciences indicated that single precipitation events did not usually recharge the soil below 20–30 cm. Clustered rain events could infiltrate into deeper layers, and wetting front fluctuations were mostly constrained to within 60 cm of the surface (Figure 2), as in deeper soils no impact of specific rain events was observed. Therefore, a key factor determining infiltration patterns in these soils involves the physical properties at 0–60 cm depth.
[image: Figure 2]FIGURE 2 | Dynamics of precipitation and soil moisture (2017) in the study area.
Soil Sampling
We set up three sampling transects 250 m apart. Along each transect, 29 sites were chosen at a distance of 250 m apart (Figure 1). The advantage of such sampling design was that it allowed us to assess the spatial distribution of medium-textured layers at the fringe of the oasis, and to evaluate potential impacts of medium-textured layers on soil water content. We sampled these 87 representative soil sites during the months of August and September 2018. At each site, we collected soil samples at intervals of 10 cm from 0 to 300 cm profiles with a hand-held soil auger (5 cm in diameter). Longitude and latitude at each site were obtained with a hand-held GPS. Land-use type and plant species were also noted. Sampling was paused for 7 days after a precipitation event to avoid confounding soil water content with direct precipitation inputs.
Infiltration Experiments and Observation Methods
To estimate the influence of textural layered soils on infiltration features, ponded infiltration measurements in situ were carried out on nine soil profiles with a medium-textured layer. The nine sites were selected from the 87 sites according to the following criteria (except for one control site): the presence of medium-textured layers in soils to 60 cm depth, and representative variations in soil texture configurations and burial depth of the medium-textured layers; these sites were named T1 to T9. The nine sites were divided into five categories based on the position and number of medium-textured layers: homogeneous soil profile (T1), soil profiles in which medium-textured layers covered the coarser layer (T2 and T3), soil profiles in which medium-textured layers lay beneath the coarser layer (T4 and T5), soil profiles with medium-textured soil interlaid within a coarser profile (T6 and T7), and soil profiles with multiple medium-texture layers (T8 and T9), as shown in Table 1.
TABLE 1 | Soil texture configurations for infiltration measurements.
[image: Table 1]A 20 cm inside-diameter ring was used to conduct infiltration tests, taking into consideration edge effects and disturbance of the sampled soil volume (Bagarello and Sgroi, 2004). A 100 cm-deep and 250 cm-wide soil profile was excavated with the central line of the ring as the axis in each site. The ring was carefully driven into soil 3 cm away from the excavated profile to a depth of 3 cm using a rubber hammer; surface vegetation was first removed, while the roots remained. To prevent extra seepage, we gently firmed the soil surface around the inside edges with a finger. The surface of the soil was padded with filter papers to prevent disturbance when adding water. A Mariotte bottle with an inner diameter of 40 cm and a height of 100 cm was used for the water supply. A 3 cm constant head of ponding was established in the ring, taking into consideration the effect of head of ponding on gravity potential and the maneuverability of the experiments (Touma, et al., 2007). The fall of the water level in the bottle was monitored to calculate the cumulative infiltration and the infiltration rate. The infiltration time was 450 min. The depth and breadth of the wetting front movement were obtained by observing the strong color contrast between wet and dry soil along the dug soil profile; only the right side of the horizontal wetting front was used, since the sides were nearly symmetrical. The dug profiles were covered with plastic to prevent evaporation. After infiltration, undisturbed soil samples were collected with steel cores (about 110 cm3) at intervals of 10 cm from 0 to 60 cm profiles.
Soil Properties
Soil particle size was analyzed using a particle-size analyzer (Mastersizer 3,000, Malvern Instruments, Malvern, England) after being air-dried and sieved to < 2 mm. The components were clay (<0.002 mm), silt (0.002–0.05 mm), and sand (0.05–2 mm). According to USDA soil taxonomy, the texture of the sediments in the pan belonged to the medium-texture category (clay 0–40%, sand 0–52%). SWC was measured by the oven-drying method (105°C, 12 h). Some of the soil samples collected with stainless steel cylinders at the infiltration sites were dried in an oven at 105°C for 48 h to calculate bulk density (BD). Other soil samples were allowed to be saturated for 72 h, and were then centrifuged (H-1400 pF centrifuge for soil, Kokusan Corporation, Japan). The centrifuge was operated using 12 matric potentials as follows: −0.001, −0.005, −0.01, −0.02, −0.04, −0.06, −0.08, −0.1, −0.2, −0.5, −1, and −1.5 MPa. The mass water content of each soil sample at a given pressure head was recorded individually. Water-holding capacity was measured using field capacity (FC), wilting point (WP), and available water content (AWC). In practice, WP is generally considered to be the soil water content at −1.5 MPa. FC for coarse- and medium-textured soils are measured more consistently at −0.01 MPa and −0.02 MPa, respectively, (Gijsman, et al., 2007). AWC represents the difference between FC and WP (Ren, et al., 2017). Therefore, SWC refers to mass water content, in this work.
Statistical Analyses
Statistical analyses were conducted with SPSS 22.0 (SPSS, Chicago, IL, United States). Because most of the soil property distributions failed the test of normality, a nonparametric Kruskal-Wallis ANOVA test could be used by comparing the differences in soil properties among the nine infiltration sites. We used linear regression to analyze the relationships between soil water content and textural size fractions of soil profiles, thickness, and burial depth of the medium-textured layers at the 87 sites. Correlation analysis was performed using Spearman’s correlation coefficients to evaluate the relationships between water retention properties and soil properties at the nine infiltration sites.
RESULTS
Textural Layering and Soil-Structure Interactions
Textural layered soils displayed large variability in the sampled landscape. Overall, approximately 84% of soil profiles in the study area were textual layering soils, and the soils had a patchy distribution (Figure 3). Based on the position and number of medium-textured layers, the 87 sampling sites were separated into six classes: soil profile with multiple medium-textured layers (MM), soil profile with medium-textured soil interlaid within a coarser profile (CMC), soil profile in which medium-textured layers lay beneath the coarser layer (CM), homogeneous soil profile (HS), soil profile in which medium-textured layers covered the coarser layer (MC), and soil profile with coarser texture interlaid within a medium-textured profile (MCM); these accounted for 28.74 27.59, 18.39, 16.08, 5.75, and 3.45% of the samples, respectively.
[image: Figure 3]FIGURE 3 | Distribution map of different texture-configuration soils. HS, CM, MC, CMC, MCM, and MM represent homogeneous soil profile, soil profile in which medium-textured layers lie beneath the coarser layer, soil profile in which medium-textured layers cover the coarser layer, soil profile with medium-textured soil interlaid within a coarser profile, soil profile with coarser texture interlaid within a medium-textured profile, and soil profile with multiple medium-textured layers, respectively. Note: The size of circle symbols dose not represent the sampling range.
Clay and silt concentrations (Figure 4A and Figure 4B) and SWC (Figure 4D) at the 87 sites were not normally distributed, but showed a strong tendency toward low values. Sand content data exhibited an opposite trend with >45% of soil profiles having sand content >90% (Figure 4C). Thickness of the medium-textured layer produced general unimodal distribution (Figure 4F), with >65% of medium-textured layers ranging in thickness from 0 to 90 cm. Distribution of burial depth was characterized by a single well-expressed maximum at 210–240 cm, with a second, less well-expressed maximum at 0–30 cm (Figure 4E).
[image: Figure 4]FIGURE 4 | Histograms of frequency distribution of values for soil texture fractions, soil water content, and thickness and burial depth of medium-textured layers at the 87 sites.
Similarly, soil physical properties at the nine infiltration sites exhibited prominent differences (Table 2 and Figure 5). The differences in SWC, surface specific area (SSA), and grain diameter (GD) between T1, T3, and T4 were significant (p < 0.05). As the thickness of the medium-textured layer increased, SWC increased from 0.03 g/cm3 for T1 to 0.12 g/cm3 for T3 to the maximum (0.16 g/cm3) for T4. SSA was substantially greater in T3 and T4 than in T1, and increased from 96.53 (m2/kg) for T1 to 1,443.00 (m2/kg) for T3 to 1,528.00 (m2/kg) for T4. GD at T1 was approximately 15 times larger than that at T3 and T4. SWC, SSA, and GD had no remarkable variation in the same texture configuration profile other than soil profiles in which medium-textured layers covered the coarser layer (T2 and T3) and soil profiles in which medium-textured layers lay beneath the coarser layer (T4 and T5). BD and TP did not differ in the effects of soil textural layering. The distribution of clay, silt, and sand in the T1 profile was uniform, whereas textural size fractions were exceptionally heterogeneous in T2 to T9, with the medium-textured layers stratified horizontally thereby forming sharp textural interfaces. Specifically, FC and WP were much lower in subsurface medium-textured layers than in sites with the medium-textured layers on the surface (average of 0.21 and 0.13 g/cm3, average of 0.24 and 0.16 g/cm3, respectively, for FC and WP). Notably, there was no significant effect of burial depth of the medium-textured layer on water-holding capacity; FC and WP for sand layers overlying medium-textured layers were 0.14 and 0.04 g/cm3, respectively, and the values for subsurface sand layers were 0.14 and 0.03 g/cm3, respectively. Conversely, AWC exhibited no significant difference between overlying silt loam layers and subsurface silt loam layers (0.08 and 0.09 g/cm3, respectively); AWC was higher in surface sand layers than in sand layers beneath the silt loam layers (0.11 and 0.09 g/cm3, respectively). In general, the FC and WP of sand layers were lower than those of medium-textured layers, including silt loam and loam layers, and the AWC of sand layers was higher than that of medium-textured layers.
TABLE 2 | Median (Standard Error) of soil physical properties at the nine infiltration sites (0–60 cm).
[image: Table 2][image: Figure 5]FIGURE 5 | Textural size fractions and water-holding capacities of different soil texture configurations.
Soil Infiltration Features Affected by Textural Layering
The water infiltration rate was high at the beginning of the experiment, decreased significantly with time, and then slowed down, finally stabilizing in most sites, such as T1, T2, T3, T8, and T9 (Figure 6). However, the infiltration rate for T4 and T5 first began to increase, then decreased slowly compared with T1 (between 20 and −100 min), and thereafter stabilized; a special condition was detected at T5 and T6, where the infiltration rates declined linearly after 245 and 255 min, respectively. In addition, the infiltration rate curve for T7 fluctuated until 285 min. In general, the average infiltration rate fell in the order T1> T5> T9> T4> T6> T8> T7> T3> T2.
[image: Figure 6]FIGURE 6 | Infiltration rate and cumulative infiltration with different texture configurations.
The cumulative infiltration curves rose gradually during the infiltration period (Figure 6). The cumulative infiltration at other sites was lower than that at T1 (709.89 cm); those of the average of soil profiles in which medium-textured layers covered the coarser layer (T2 and T3, 63.66 cm), of soil profiles with medium-textured soil interlaid within a coarser profile (T6 and T7, 196.58 cm), of soil profiles with multiple medium-textured layers (T8 and T9, 334.69 cm), and of soil profiles in which medium-textured layers lay beneath the coarser layer (T4 and T5, 408.14 cm) decreased by 91, 72, 53, and 43%, respectively. Interestingly, two turning points (the first at 120 min and the second at 255 min) were observed in the cumulative infiltration curve at T7, after which soil water infiltration decreased. However, this phenomenon was not as notable at other sites.
The horizontal and vertical wetting front initially advanced very fast and then slowed down until finally the rate of the wetting front became constant (Figure 7). The wetting zone for T1 was larger than that of the other sites, especially in the vertical direction. There were substantial reductions in the vertical wetting front at T2 to T9 compared with T1; the decreases were 74.5, 79.5, 72, 55, 74, 57, 73.5, and 50.3 cm, respectively. Meanwhile, the order of advancement in the horizontal direction for the same test duration was: T1, T5, T6, T8, T9, T4, T7, T2, and T3. The times when the wetting fronts of T4 to T9 first arrived at the interface were 20, 45, 4, 20, 15, and 35 min, respectively. The process of water penetration created an onion-shaped wetting front at T3 that propagated very slowly, in both vertical and horizontal directions. Likewise, the vertical and horizontal wetting distances at T2 and T7 were similar.
[image: Figure 7]FIGURE 7 | Advance of the wetting front in horizontal and vertical directions, with time.
Water Regimes Affected by Textural Layering
A correlation analysis between SWC and soil properties among the 87 sites is shown in Figure 8 and Figure 9. Significant positive correlations were found for SWC and silt (r = 0.78, p < 0.001, Figure 8B) and clay concentrations (r = 0.73, p < 0.001, Figure 8C) in soil depth to 300 cm, while SWC was highly significantly negatively correlated with sand concentration and an r value of 0.78 (p < 0.001, Figure 8A). And there was a significant negative correlation between SWC and burial depth of the medium-textured layers (r = −0.25, p < 0.05, Figure 9A), whereas the thickness of the layers was positively correlated with SWC (r = 0.57, p < 0.001, Figure 9B).
[image: Figure 8]FIGURE 8 | Relationships between SWC and sand concentration (A), silt concentration (B) and clay concentration (C) in soils to 300 cm depth; *** significant at p < 0.001.
[image: Figure 9]FIGURE 9 | Relationships between SWC and burial depth (A) and thickness (B) of medium-textured layers in soils to 300 cm depth; *** significant at p < 0.001, * significant at p < 0.05.
A correlation analysis between soil water retention and infiltration parameters and soil properties among the nine infiltration sites is shown in Figure 10. Water retention capacities (FC, WP and AWC) were significantly correlated with soil physical properties (SWC, sand, silt and clay concentrations, BD, and TP). A positive relationship with the thickness of the medium-textured layers was found for FC and WP, but not for AWC. The infiltration rate at 450 min (i450) and cumulative infiltration at 450 min (I450) were significantly positively correlated with sand concentration, BD, and the burial depth of the medium-textured layers, but significantly negatively correlated with silt concentration and TP. WFW450 and wetting front depth at 450 min (WFD450) were significantly negatively correlated with the thickness of the medium-textured layers. Moreover, SWC was associated with the thickness of the medium-textured layers but not with the burial depth of these layers.
[image: Figure 10]FIGURE 10 | Correlation matrix among soil properties and water-holding capacities and infiltration parameters. Note: i0, i450, I450, WFW450 and WFD450 represent initial infiltration rate (cm/min), infiltration rate at 450 min (cm/min), cumulative infiltration at 450 min (cm), wetting front width at 450 min (cm) and wetting front depth at 450 min (cm), respectively; FC, WP, AWC and SWC represent fielding capacity (g/cm3), wilting point (g/cm3), available soil water content (g/cm3) and soil water content (g/cm3), respectively; BD and TP represent bulk density (g/cm3) and total porosity (%), respectively; Burial and Thick represent the burial depth and thickness of the medium-textured layers (cm).
DISCUSSION
How Does Textural Layering Affect Soil Hydrological Properties and Processes?
Textural layering could increase water retention capacities both directly and indirectly. We had evidence that textural layering increased FC, WP and AWC of the surface sand layers (Figure 5), indicating the possibility of high water-storage capacity. These results were likely related to the increases in silt and clay content and TP of the surface sand layers and the thickness of the medium-textured layers, irrespective of the burial depth of those layers (Figure 10), because the thickness of the medium-textured layers is used as an indicator of silt and clay content, and increases in silt and clay content and TP can cause an increase in the abundance of small pore spaces where most water is retained (Sperry and Hacke, 2002). Our study also found that the correlation coefficients of soil texture with FC and WP were higher compared with those of TP, BD and the thickness. Any inconsistency might be caused by a discrepancy in initial soil water content, which can indirectly reflect matric potential. At high matric potentials, the impact of soil structure and physical properties on water-holding capacity would overrule the effect of clay content (Petersen, et al., 1996). Nevertheless, silt and clay contents become major contributors to water-holding capacity at low matric potentials (Banin and Amiel, 1970; Arthur, et al., 2013). In our study, low soil water content corresponded to low matric potential, and the concentrations of silt and clay were the major factors.
Although the burial depth of the medium-textured layers played minor roles in FC, WP and AWC compared with soil physical properties and the thickness of medium-textured layers (Figure 10), burial depth might be relevant for hydrological processes along with the texture configuration. In textural layering soils, the finer-textured layers act as barriers to infiltration (Li, et al., 2014), making burial depth an important factor in the infiltration process (Leconte and Brissette, 2001). Our study found that textural layering soil infiltration increased with the burial depth of the medium-textured layer, although it was less in the 17.5 cm treatment (T6) than in the 13 cm treatment (T4). A similar finding was reported by Wang et al. (Wang, et al., 2018), who found that the infiltration reduction effect was more pronounced in the 10 cm burial depth treatment than in the 5 cm treatment when the finer-textured layer was wettable. This result was also reported by Zhang et al. (Zhang, et al., 2017b), who indicated that infiltration increased as the burial depth of finer-textured layers increased from 0.5 to 25 cm, although the 10 cm treatment was an exception. They further found that burial depth hardly influenced infiltration process when the depth increased from 15 to 25 cm. Clearly, the impact of burial depth of the medium-textured layer on infiltration is complicated. On the other hand, our work revealed that textural layering soils had an infiltration-reduction effect, promoting the partition of water into lateral flows; these effects decreased in the order: MC, CMC, MM, and CM. This result is powerful evidence that the finer-textured layer governs the infiltration process (Kale and Sahoo, 2011). Infiltration is affected not only by the textural layering configurations and the burial depth of the finer-textured layers, but also by the thickness of the layers. For the MC scenario, the soil infiltrability of T2 was weaker than that of T3. There was no pronounced flow barrier effect in T3 resulting from the thickness of the overlying medium-textured layer when it greatly exceeded WFD450. Therefore, the 450 min infiltration process in T3 could be regarded as active in the medium-textured layer alone. Generally, a homogenous coarse layer has the fastest infiltration, while a fine homogenous layer has the slowest infiltration (Deng and Zhu, 2016). One explanation for these opposing results is that the finer-textured layer had a low hydraulic conductivity and more water was needed to break the capillary barrier when it was dry (McCartney and Zornberg, 2010; Si, et al., 2011). Therefore, when a finer-textured layer overlies a sand layer, a flow barrier can form when the thickness of the finer-textured layers does not exceed the response length.
Overall, these findings suggested a role for textural layering in soil hydrological processes. Textural layering could increase the content of silt and clay and of soil porosity, resulting in increasing surface sand layer water retention. Soil texture configuration, burial depth and thickness of the medium-textured layers influenced flow barriers indirectly, thus impacting the infiltration process. Moreover, these results contribute to a better understanding of infiltration characteristics in soils with different textural configurations, and provide data for validating and developing infiltration models and preferential flow modeling.
How Does Textural Layering Control Water Regimes?
Data from the infiltration sites showed that textural layering significantly altered sand, silt and clay concentrations, and increased SWC, compared with HS (Table 2). There was significant correlation between SWC and soil texture (Figure 8 and Figure 10). These results agreed with earlier findings, demonstrating that the effect of soil composition on SWC was inversely proportional to sand concentration and directly proportional to silt and clay concentrations (Gómez-Plaza, et al., 2001; Kokulan, et al., 2018). This trend was attributed to a higher absorption capacity with variations in the SSA with medium and fine particles (Petersen, et al., 1996), a result consistent with our findings (Table 2). Soil texture configuration could affect the thickness and burial depth of medium-textured layers and thus acted as another determining element of SWC (Figure 9). The thickness and burial depth of medium-textured layers were other determining elements of SWC. The thickness of the medium-textured layers could be regarded as an indicator of silt and clay concentrations, and as a consequence, there was significant positive correlation between SWC and the thickness of medium-textured layers (Figure 9 and Figure 10). On the other hand, there was little relationship between SWC and burial depth of the medium-textured layers (Figure 9 and Figure 10). In the previous section, we discussed the complex relationship between burial depth and soil hydrological processes. This relationship further explains why the burial depth of the medium-textured layer had a negligible effect on soil water content, and in part accounted for the low r value (0.39) between the thickness of a medium-textured layer and SWC in this study (Figure 10). In general, because precipitation could be captured by medium-textured layers but not penetrate into subsurface soil, the effects of small precipitation pulses could accumulate to produce a larger response pulse (Noy-Meir, 1973), which, coupled with increased water-holding capacity, resulted in increased SWC.
Implications for Regional Vegetation Conservation
Arid ecosystems, where rainfall is uneven and long drought periods are recurrent (Fernández-Raga, et al., 2017), are characterized by a high sensitivity of vegetation to the plant-available water in the soil. Therefore, the sustainable management of rainfed vegetation is critical for the stability of the ecosystem in arid regions. We have proved that textural layering increased soil water quantity by extending the timescale of precipitation pulses and changing soil hydrological processes, and increased the AWC of surface sand layers (Figure 4 and Table 2). This could presumably benefit perennial grasses as they are shallow-rooted and experience large fluctuations in water availability in the upper soil profile (Munson, et al., 2016). However, most studies have shown that woody plants dampened increases on textural layered soils because soil water was effectively inaccessible to plants for long periods, possibly limiting root growth (Fensham, et al., 2015). A recent study revealed that the interaction between rainfall and soil texture may change resources and recruitment strategies available to Haloxylon ammodendron (Liu, et al., 2020a). Due to the limited range of the soil layers, the results of this study were insufficient to confirm or refute the previous findings relating to woody plants. Aside from the effect of textural layering configurations on vegetation, the adaptation of plants to hydrology should also be taken into account (Liu, et al., 2020b). Therefore, further work is still needed to identify the potential effects of textural layered soils on eco-hydrological effectiveness and to determine whether textural layering should be considered a potential adverse factor for rainfed vegetation in the desert-oasis ecotones of arid northwestern China, especially as the ecological health of this ecotone is essential for regional ecosystem functioning and services.
CONCLUSION
Based on soil sampling and in-situ infiltration tests, this study examined the heterogeneity of textural layering soils and the effects of textural layering on soil water content, hydrological properties and processes. The main research results demonstrate that textural layered soils are widespread and the distribution of medium-textured layers shows discontinuity in the desert-oasis ecotone; and that the presence of medium-textured layers plays a critical role in soil water content, water storage and infiltration in sandy soils. Textural layering can increase soil water content in sandy soils both above and beneath medium-textured layers; and soil water content depends largely on the soil texture configurations, the thickness of medium-textured layers, and silt and clay concentrations. Medium-textured layers significantly increase soil porosity, and higher soil porosity results in increased water retention in surface sand layers. Meanwhile, medium-textured layers generate flow barriers in soil profiles-barriers that could capture and retain water for substantial periods of time relative to sandy soils. The infiltration process is mainly determined by soil texture configuration, and by the burial depth and thickness of medium-textured layers. The present study has only examined textural layering effects on soil water content and hydrological properties and processes. Textural layering effects on vegetation dynamics deserve further attention to improve sand-fixing vegetation in desert-oasis ecotones.
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"HS, MC, CM, CMC, and MM indicate homogeneous soil profie, soil profil in which medium-textured layers cover the coarser layer, soil profile in which medium-textured layers fie
beneath the coarser layer, soil profile with medium-textured soil interlaid within coarser profile, and soil profile with muliple medium-textured layers, respectively.
"L, Ly, and Ls represent the fist laer, the second layer, and the third layer, respectively. Soil layers were categorized accoraing o Soil texture.

ea* inclicates no comasponding sod layer.
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