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Abstract


To explore the regulatory mechanisms of different vegetation types on soil crust grain-size characteristics in sandy lands, this study focused on five typical plant species (Haloxylon ammodendron, Artemisia ordosica, Nitraria tangutorum, Agriophyllum squarrosum, and Phragmites australis) in an artificial vegetation restoration area on the northeastern edge of the Ulan Buh Desert. Using laser granulometry and graphical methods, we systematically determined the soil particle size composition and parameters of the crust (Layer A) and sub-crust (Layer B) layers, and analyzed their correlations with plant morphological parameters (crown width, plant height, basal diameter). The results showed that (1) different vegetation types significantly increased the content of soil fine particulate matter (silt and clay), with fine sand accounting for 42.85% and silt accounting for 23.64%; (2) there are significant differences in the impact of different vegetation types on particle size parameters. The average particle size of soil crust under Phragmites australis is the smallest (1.91), and the sorting is the worst (standard deviation 2.01). Under the vegetation type of Nitraria tangutorum, the average particle size of the soil crust layer is the largest (5.25), and the fractal dimension is the highest (2.46). (3) The crown width, plant height, and basal diameter of vegetation are negatively correlated with mean particle size, kurtosis, and fractal dimension (r= −0.62 to −0.45), and positively correlated with standard deviation and skewness (r = 0.51 to 0.68). (4) The frequency curve indicates that vegetation types broaden the distribution range of soil particles, and Phragmites australis and Artemisia ordosica exhibit bimodal characteristics. This study reveals the impact of vegetation restoration on soil grain size parameters in arid regions. These findings provide actionable strategies for optimizing vegetation configuration in actual desert restoration projects, notably proposing a “herbs first, shrubs follow” approach that can be directly applied to enhance restoration efficiency.
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1. Introduction


The Ulan Buh Desert, located on the eastern edge of the arid region in Northwest China, is a key ecological barrier in the transitional zone between North China and Northwest China. Its ecosystem is dominated by shrubs and herbaceous plants, characterized by high ecological fragility and sensitivity, and has long been threatened by wind erosion, salinization, and water scarcity [1]. Biological soil crusts, as an important surface cover in arid regions, are organic complexes formed by algae, lichens, mosses, and microorganisms through cementation. They play a core role in windbreak and sand fixation, regulation of water cycles, and promotion of nutrient accumulation [2]. Studies have shown that the coverage can reach up to 70% in some areas, but their formation and stability are significantly affected by vegetation restoration measures and human activities [3]. Therefore, it is crucial to study and protect biological soil crusts to maintain the stability and functionality of the Ulan Buh Desert ecosystem [4]. Through scientific vegetation restoration and rational human activities, the coverage and stability of biological soil crusts can be effectively enhanced, thereby strengthening the ecological barrier function of the region and promoting the sustainable development of the ecosystem.



In recent years, vegetation restoration has been widely used in the ecological management of sandy areas. It changes the migration process of surface materials through canopy interception of wind and sand, soil consolidation by root systems, and litter input, thereby regulating soil particle size composition [5,6]. Different vegetation types result in differences in canopy structure, root distribution, and litter properties, which directly affect the efficiency of wind and sand interception, soil consolidation strength, and organic matter input, thus having different impacts on soil particle size composition [7]. For example, shrub vegetation, with its dense canopy and well-developed root system, may more effectively intercept wind and sand and consolidate soil, while herbaceous plants promote soil organic matter accumulation through rapid litter decomposition [8,9]. Additionally, soil particle size parameters are important indicators reflecting soil structure and wind erosion sensitivity, and the particle size characteristics of biological soil crusts are closely related to their ecological functions. The increase in fine particles in the crust can enhance the soil’s water retention and wind erosion resistance [10,11]. However, current research lacks a systematic study on the mechanisms by which different vegetation types affect crust particle size parameters, especially in the quantitative relationship between particle size distribution characteristics and vegetation morphological parameters.



Previous studies have mainly focused on single vegetation types or short-term impacts, and little is known about the quantitative relationship between vegetation morphology parameters and soil particle size distribution, especially in the Ulan Buh Desert [12,13,14]. Moreover, traditional particle size parameters, although capable of reflecting the basic characteristics of soil particles, fail to fully capture the complexity and heterogeneity of soil particle distribution, especially in highly heterogeneous ecosystems such as biological soil crusts [15]. Therefore, it is necessary to combine non-linear indicators such as fractal dimension to further deepen the understanding of soil particle distribution characteristics and their ecological functions. This study takes five typical restored vegetation types on the northeast edge of the Ulan Buh Desert as the research objects. Through comprehensive analysis of particle size parameters and frequency curves, combined with non-linear indicators such as fractal dimension, the study systematically reveals the differential impacts of vegetation types on the mechanical composition of soil crusts. The five species were selected for this study due to their prevalence in artificial restoration projects and their representative ecological strategies: deep-rooted shrubs (Haloxylon ammodendron, Nitraria tangutorum) for long-term stabilization, fibrous-rooted herbs (Phragmites australis, Agriophyllum squarrosum) for rapid surface coverage, and the widely adapted semi-shrub Artemisia ordosica. This selection allows for a comparative assessment of how different plant functional types influence soil crust development [16].



This study aims to (1) quantify the impact of five typical vegetation types on soil crust particle characteristics, (2) establish the correlation between vegetation morphology and soil parameters, and (3) develop practical vegetation configuration strategies for ecological restoration in sandy areas, while also providing a basis for scientific decision-making in desertification control.




2. Materials and Methods


2.1. Overview of the Study Area


The study area is located in the southwestern part of Dengkou County, Bayannur City, Inner Mongolia, at the transitional zone on the edge of the Ulan Buh Desert, with geographical coordinates ranging from 106°09′ to 106°57′ east longitude and 39°16′ to 40°57′ north latitude (as shown in Figure 1). The region has an arid climate with scarce precipitation, with an average annual rainfall of 142.7 mm and an average annual temperature of 8.0 °C. Wind-blown sand activities are frequent, and surface wind erosion is severe, with an average annual wind speed of 3.7 m/s. It features a typical temperate continental arid monsoon climate. The soil type is predominantly aeolian sand soil, with depressions consisting of varying degrees of saline–alkali soil, providing a natural habitat for the growth of psammophytic and halophytic plants. The vegetation is dominated by shrubs and subshrubs, including Haloxylon ammodendron, Tamarix chinensis, Nitraria tangutorum, Caragana korshinskii, Glycyrrhiza uralensis, Elaeagnus angustifolia, Artemisia ordosica, and other drought-resistant plants.




2.2. Meteorological Data


During the study period (2023–2024), the total precipitation was 289 mm, and the dominant wind direction was northwest with an average speed of 3.8 m/s, consistent with long-term trends. The meteorological data were derived from the daily value data set (V3.0) of China’s surface climate data of the China Meteorological Data Network, including temperature, precipitation, wind speed, sunshine duration, and other data. The dataset is available from the China Meteorological Data Service Centre [17].




2.3. Sample Collection and Analysis


This study is based on geographic information system (GIS) spatial analysis [18], and identified five typical ecological units (mobile dunes, semi-fixed dunes, saline depressions, artificial forest belts, and natural shrubland) as sampling frameworks in the study area. Under this spatial framework, a strategy combining purposive sampling and stratified random sampling is adopted to ensure the collection of typical samples of five vegetation types (Haloxylon ammodendron, Artemisia ordosica, Nitraria tangutorum, Agriophyllum squarrosum, Phragmites australis) and bare sand dunes (CK).



For each of the five vegetation types, 15 independent individual plants were selected as spatial replicates. For the bare sand dune control (CK), 15 independent plots without vegetation were established. For each sampling point, soil crust (Layer A) and subsoil (Layer B) samples were collected directly below the plant canopy 10–20 cm away from the main stem (as shown in Figure 2b). We put the collected soil samples into plastic bags and brought them back to the laboratory for natural air drying, for the determination of soil particle size composition.



Sample Size Calculation


The sample size is calculated according to the Cohen effect size formula [19]:


  n =          Z   α ∕ 2   +   Z   β       2   ·   σ   2       ∆   2       



(1)







In this formula, Zα/2 and Zβ represent the critical values of the standard normal distribution. Specifically, Zα/2 is the critical value for a two-tailed test at a significance level of α = 0.05 (Z0.025 = 1.96), and Zβ is the critical value for a one-tailed test at a statistical power of 1 − β = 0.8 (β = 0.2, Z0.2 = 0.84). The parameter Φ (phi) is the standard unit for sediment particle size, defined by the transformation Φ = −log2(D), where D is the particle diameter in millimeters [20]. This transformation normalizes the typically skewed distribution of particle sizes. Based on preliminary experimental data, the expected difference in mean particle size between groups was set at Δ = 1.2Φ, and the standard deviation was σ = 0.8Φ. Substituting these values into the equation yielded a minimum required sample size of n = 11 per group. In our actual field design, we established 90 independent spatial sampling points in total (6 treatments × 15 replicates). At each point, two soil layers (crust Layer A and sub-crust Layer B) were collected, giving 180 soil samples (n = 180). Each sample was measured in triplicate using a laser particle size analyzer, and the mean value was used for statistical analysis. For each vegetation type and each soil layer, the number of independent spatial replicates was 15, which substantially exceeds the minimum requirement of 11, ensuring adequate statistical power. The latitude and longitude coordinates of the sampling points are optimized through Kriging interpolation [21] to ensure spatial coverage > 85% (buffer radius of 500 m) and avoid road and grazing interference areas.





2.4. Determination of Indicators and Methods


2.4.1. Soil Particle Size Composition


The particle size composition of crust soil was measured using a laser particle size analyzer (Malvern Mastersizer 3000, Malvern Panalytical Ltd., Malvern, UK) based on volume fraction. According to the American soil particle size grading standard [22], the soil mechanical composition was classified into clay (<2 μm), silt (2–50 μm), very fine sand (50–100 μm), fine sand (100–250 μm), medium sand (250–500 μm), coarse sand (500–1000 μm), very coarse sand (1000–2000 μm), and gravel (>2000 μm). The instrument software automatically computed the particle diameters (in μm) corresponding to the cumulative volume percentages of 5%, 16%, 50%, 84%, and 95% (denoted D5, D16, D50, D84, D95) using linear interpolation. These diameters were then converted to Φ units for the calculation of particle size parameters (see Section 2.4.2). The volume percentage data for the eight size fractions are presented directly in Table 1.




2.4.2. Soil Particle Size Parameters


Based on the Udden–Wentworth particle size standard and the algorithm of Kumdein [23], the previously output particle diameters corresponding to each soil particle cumulative volume fraction were logarithmically transformed into  Φ  values for calculation. The transformation formula is as follows:


  Φ =   −   l o  g 2  D  



(2)







D is the soil particle diameter (mm).



The particle size parameters, including mean particle size (d0), standard deviation (δ), skewness (SK), and kurtosis (Kg), were calculated using the graphical method of Folk and Ward [24]. The calculation formulas are as follows:


  Mean   particle   size:    d 0  =   1 3    (  Φ 16    +    Φ 50    +    Φ 84  )   



(3)






  Standard   deviation:    σ 0  =     (  Φ 84    −    Φ 16  )   4   +     (  Φ 95    −    Φ 5  )    6.6     



(4)






  Skewness:   S K =      Φ 16    +    Φ 84    −   2  Φ 50      2 (  Φ 84    −    Φ 16  )     +      Φ 5    +    Φ 95    −   2  Φ 50      2 (  Φ 95    −    Φ 5  )      



(5)






  Kurtosis:    K g  =      Φ 95    −    Φ 5      2.44 (  Φ 75    −    Φ 25  )      



(6)







In this study, the fractal dimension of soil was calculated based on the volume content of soil particles of different sizes measured by the Mastersizer 3000 laser particle size analyzer. The calculation method is as follows:


  Fractal   dimension:      V ( r <  R i  )    V t     =   (     R i     R max     )   3 − D    



(7)







D is the soil fractal dimension; r is the soil particle diameter (mm); Ri is the diameter of a certain particle size grade (mm); V(r < Ri) is the volume percentage of soil particles smaller than Ri (%); Vt is the total volume percentage of all particle size grades (%); and Rmax is the maximum particle diameter (mm).




2.4.3. Determination of Vegetation Morphological Parameters


Vegetation morphological parameters were measured using standard field ecological measurement protocols [25], including plant height, crown width, and basal diameter. Plant height was measured using a height gauge or measuring tape, from the ground to the natural height of the highest point of the plant, with three repeated measurements taken to ensure data accuracy. Crown width was determined by measuring the diameters of the plant canopy in the east–west and north–south directions, with the average value calculated as the crown width. Basal diameter was measured using a digital vernier caliper for the main stem diameter. All measurements were conducted on sunny, windless days to minimize environmental interference.




2.4.4. Data Processing and Analysis


Data were statistically analyzed and organized using Excel 2010. One-way ANOVA was performed using SPSS 26.0 to test the differences among various indices, with a significance level of p < 0.05. Pearson correlation analysis and graphing were conducted using Origin 2018 software. Prior to ANOVA, data normality was verified using Shapiro–Wilk tests (p > 0.05), and homogeneity of variance was confirmed with Levene’s test (p > 0.05). For multiple comparisons, Tukey’s HSD post hoc test was applied to control Type I error.






3. Results


3.1. Particle Size Composition of Soil Crusts Under Different Vegetation Restoration Types


As shown in Table 1, considering the five vegetated treatments across both soil layers (Layer A and Layer B), the particle size composition is dominated by fine sand (mean = 42.85%), followed by silt (23.64%) and medium sand (18.48%). Very fine sand averages 10.82%, while very coarse sand, coarse sand, gravel, and clay are all less than 1% on average. The data show that, compared to bare sand dunes, vegetated sites generally had higher contents of clay, silt, very fine sand, very coarse sand, and gravel, whereas the contents of fine sand and medium sand were more variable and, in most cases, lower.



Among the soil crusts under different plant covers, only the soil under Nitraria tangutorum and Agriophyllum squarrosum contains clay. The clay content in Layer A and Layer B of soil under Nitraria tangutorum is 0.64% and 0.88%, respectively, while that under Agriophyllum squarrosum is 1.55% and 0.16%, respectively. The highest silt content in Layer A is found under Agriophyllum squarrosum, at 75.28%. The highest gravel content in Layer A is found under Phragmites australis, at 6.58%.




3.2. Particle Size Parameters of Soil Crusts Under Different Vegetation Restoration Types


3.2.1. Average Particle Size


Average particle size indicates the average distribution of soil particles; a larger value suggests finer particles [26]. All particle size parameters are reported in Φ units. As shown in Figure 3, the average particle sizes of soil crusts under Agriophyllum squarrosum, Nitraria tangutorum, Artemisia ordosica, Haloxylon ammodendron, and Phragmites australis are 5.53, 4.06, 2.65, 2.58, and 1.91, respectively. Only the average particle size of the soil crust under Phragmites australis is smaller than that of the bare sand dunes surface (2.19) (i.e., the Phragmites australis crust consists of coarser particles than the bare dune surface). The average particle size of the lower crusts under plant cover is larger than that of the bare sand dunes. The largest average particle size (i.e., the finest particles) is found under Nitraria tangutorum (5.25), while the smallest (i.e., the coarsest particles) is under Haloxylon ammodendron (2.20). For the soil crusts under vegetation cover, the average particle sizes of the surface crusts are smaller than those of the lower crusts under Nitraria tangutorum and Phragmites australis, while the opposite is true for Haloxylon ammodendron, Agriophyllum squarrosum, and Artemisia ordosica. The average particle size of the surface crust of bare sand dunes is slightly larger than that of the lower crust (by 0.02).




3.2.2. Standard Deviation


Standard deviation indicates the degree of soil particle distribution; a smaller value suggests more uniform particle distribution and better sorting [27]. As shown in Figure 4, the standard deviation values of the surface and lower crusts of bare sand dunes are similar, with good sorting. A one-way ANOVA revealed that vegetation type had a significant effect on the standard deviation of the soil crust (F (5, 84) = 9.67, p < 0.05). After inspection, it was found that the standard deviation values of soil crust under Haloxylon ammodendron, Artemisia ordosica, Nitraria tangutorum, Agriophyllum squarrosum, and Phragmites australis were significantly higher than those under bare sand dunes (p < 0.05), indicating poor sorting. Among them, the soil crust under Nitraria tangutorum has a more concentrated particle distribution, with values of 1.58 and 1.50 for the surface and lower crusts, respectively. According to the Folk sorting grade standard, the sorting is moderate. In contrast, the soil crust under Phragmites australis has the most dispersed particle distribution, with the largest standard deviation value for the surface crust (2.01), indicating poor sorting, while the lower crust has a value of 0.72, indicating better sorting. The poor sorting under Nitraria tangutorum and Phragmites australis primarily stems from their distinct canopy architectures—the sparse canopy of Nitraria tangutorum allows preferential deposition of coarse particles, while the dense stems of Phragmites australis create complex micro-eddies that trap both fine and coarse particles simultaneously [28]. Moreover, the sorting of the lower crusts under vegetation cover is generally better than that of the surface crusts.




3.2.3. Skewness


Skewness reflects the symmetry of soil particle size distribution [29]. As shown in Figure 5, the skewness values of soil crusts under Nitraria tangutorum, Haloxylon ammodendron, Phragmites australis, Agriophyllum squarrosum, and Artemisia ordosica are more dispersed but all larger than those of bare sand dunes, indicating poorer symmetry in particle size distribution. Among them, the surface crust under Nitraria tangutorum has a skewness value of −0.43, which is classified as extremely negative skewness according to the skewness grade standard, indicating the poorest symmetry in particle size distribution. The lower crust under Agriophyllum squarrosum has the worst symmetry, with a skewness value of −0.54. Additionally, the skewness values of the surface crusts are generally larger than those of the lower crusts in the study area, indicating poorer symmetry in particle size distribution in the surface crusts compared to the lower crusts.




3.2.4. Kurtosis


Kurtosis represents the degree of concentration of soil particle size distribution around the mean particle size, reflecting the ratio of the spread of the frequency curve tails to the spread in the middle [30]. As shown in Figure 6, the kurtosis values of soil crusts under vegetation cover are slightly larger or similar to those of bare sand dunes. The kurtosis values of the surface and lower crusts under Phragmites australis are similar, at 1.15 and 1.28, respectively, indicating a narrow and peaked distribution of soil particle sizes. In contrast, the kurtosis values of the surface and lower crusts of bare sand dunes are 0.95 and 0.95, respectively, indicating a medium distribution. Among the surface crusts, the soil crust under Artemisia ordosica has the largest kurtosis value (1.93), indicating a very narrow and peaked distribution. Among the lower crusts, the soil crust under Agriophyllum squarrosum has the largest kurtosis value (1.78), also indicating a very narrow and peaked distribution. The kurtosis values of the surface crusts under Artemisia ordosica and Haloxylon ammodendron are larger than those of the lower crusts, while the opposite is true for Nitraria tangutorum, Phragmites australis, and Agriophyllum squarrosum.




3.2.5. Fractal Dimension


The fractal dimension is related to the cumulative content of soil particles and can therefore be used to represent soil structure [31]. As shown in Figure 7, the fractal dimensions of the crust layer and the lower crust layer of bare sand dunes are 2.22 and 2.24, respectively. Except for the lower crust under Agriophyllum squarrosum cover, which has a fractal dimension of 2.20 (lower than that of the lower crust of bare sand dunes), the fractal dimensions of soil crusts under other vegetation covers are all higher than those of bare sand dunes. Among the crust layers, the soil crust under Agriophyllum squarrosum cover has the highest fractal dimension, at 2.53. Among the lower crusts, the soil crust under Nitraria tangutorum cover has the highest fractal dimension value, at 2.46. Additionally, the fractal dimension of the lower crust under Nitraria tangutorum cover is higher than that of the crust layer (by 0.05), while the fractal dimensions of the lower crusts under Haloxylon ammodendron, Phragmites australis, Agriophyllum squarrosum, and Artemisia ordosica covers are all lower than those of the crust layers, with the largest difference (0.33) observed under Agriophyllum squarrosum cover.





3.3. Frequency Curves and Cumulative Probability Curves


3.3.1. Soil Particle Frequency Distribution Curves


Soil particle frequency distribution curves are commonly used to analyze particle size distribution. They can not only provide qualitative information on skewness and kurtosis but also imply the sedimentary dynamics and sources of particles from the peak attributes of the curves [32]. Frequency distribution curves were created for the surface and lower crusts under Haloxylon ammodendron, Phragmites australis, Agriophyllum squarrosum, Artemisia ordosica, and Nitraria tangutorum (Figure 8). As shown in Figure 8, the particle size distribution of the surface crust under Agriophyllum squarrosum is significantly different from that of the other surface crusts. The surface crusts under Phragmites australis and Artemisia ordosica show relatively small differences and both exhibit bimodal characteristics. The frequency distribution curve of the surface crust under Agriophyllum squarrosum changes earlier, with a peak around 20–30 μm. The peak of the surface crust under Nitraria tangutorum is slightly delayed, around 100–110 μm, and a slight fluctuation appears in the particle size distribution of the surface crust under Agriophyllum squarrosum at this point. The curves of the surface crusts under bare sand dunes and Haloxylon ammodendron show a peak around 115 μm, and the first peak of the surface crusts under Phragmites australis and Artemisia ordosica also appears at this point. Their second peak is around 1100 μm. The frequency distribution curves of the lower crusts under Phragmites australis, bare sand dunes, Agriophyllum squarrosum, and Nitraria tangutorum are similar, with the first peak around 30 μm, a valley around 60 μm, and the second peak around 110 μm. The curves of the lower crusts under Haloxylon ammodendron and Artemisia ordosica are similar, both showing a single peak around 110–120 μm.




3.3.2. Cumulative Frequency Distribution Curves


Cumulative frequency distribution curves reflect the distribution of soil particles. Generally, a steeper curve indicates more uniform particle distribution [33]. As shown in Figure 9, the curve of the surface crust under Agriophyllum squarrosum starts to change the earliest and becomes steep after 10 μm. The curves of Haloxylon ammodendron and bare sand dunes change more slowly at the beginning, but become steep and rise rapidly after 100 μm, reaching a maximum value at 300 μm, indicating that particles are mostly concentrated in the range of 100–300 μm. The curve of Phragmites australis changes the most slowly. In the lower crusts, the curves of Agriophyllum squarrosum and bare sand dunes change the earliest. The curves of Phragmites australis and Agriophyllum squarrosum start to change slowly at the beginning and become steep at 80 μm, while the curves of Haloxylon ammodendron and Artemisia ordosica become steep rapidly at 90 μm, indicating the most uniform particle distribution. All six types of curves reach a maximum value at 200 μm.





3.4. Correlation Between Vegetation Morphology and Soil Particle Size Parameters


As shown in Figure 10, the correlation between vegetation characteristics and soil crust particle size parameters indicates that the growth status of vegetation has an important feedback effect on soil physical properties [34]. The canopy width, plant height, and basal diameter of vegetation are negatively correlated with mean particle size, kurtosis, and fractal dimension, and positively correlated with skewness and standard deviation. Indicating that as vegetation grows more vigorously (with increased canopy width, plant height, and basal diameter), its improvement effect on soil particles is enhanced. This may be achieved through increasing surface cover, strengthening root soil fixation, and improving soil microclimate, among other ways, thereby further optimizing soil structure and promoting positive ecosystem succession [35].





4. Discussion


4.1. Vegetation Effects on Soil Particle Size Composition


In the Ulan Buh Desert, both the crust layer (A layer) and sub-crust layer (B layer) under different vegetation covers are dominated by fine sand, with vegetation significantly enhancing the content of fine particulate matter (silt and clay). Consistent with findings from the Tengger Desert [36,37,38], vegetation cover suppresses coarse particle migration by reducing near-surface wind speed, while root exudates promote organic matter accumulation and enhance fine particle aggregation [39]. However, compared to Artemisia ordosica communities in the Mu Us Sandy Land [2], Phragmites australis (reed) and Nitraria tangutorum (white thorn) in this study exhibit more pronounced silt enrichment (silt content: 23.64–72.9%), attributable to stronger wind erosion dynamics and distinct root architectures in the Ulan Buh Desert [6]. The clay enrichment under Agriophyllum squarrosum (sand rice) cover (1.55%) suggests that seed germination facilitates vertical clay transport through physical disturbance, aligning with the “Bioturbation Hypothesis” [30]. Notably, the negative correlation between vegetation crown width and fractal dimension (r = −0.62) contrasts with studies in the Horqin Sandy Land, indicating heterogeneous regulation of soil porosity by shrub versus herb root systems [8].




4.2. Heterogeneity in Grain Size Parameters and Linkage to Plant Functional Traits


In terms of particle size parameters, significant differences are observed in the mean particle size, standard deviation, skewness, kurtosis, and fractal dimension of soil crusts under different vegetation covers. This is similar to the view of Cui Xu Jia et al. [40] that vegetation cover increases surface roughness, hinders sand transport, and thus affects the particle size composition of soil crusts. The differences in mean particle size indicate different sorting and accumulation effects of different vegetation types on soil particles. The larger mean particle size under Nitraria tangutorum cover may be due to its canopy and root distribution characteristics, which relatively weakly intercept and fix coarse particles [41]. In contrast, the smaller mean particle size under Phragmites australis cover may be related to its growth environment and physiological and ecological characteristics. Its dense root system and stems can better capture and stabilize fine particles. The differences in standard deviation, which reflect the degree of soil particle distribution, show that the sorting of soil crusts under vegetation cover is generally poor [42,43]. This may be because root penetration, animal activity, and precipitation during vegetation growth interact to disrupt the original sedimentation patterns of soil particles, making the particle distribution more complex. The high standard deviation values (1.50–2.01) of Nitraria tangutorum and Phragmites australis indicate poor soil particle sorting, aligning with the “vegetation-crust feedback model” proposed by Rodríguez–Caballero et al. [8]: canopy structures alter microtopography, inducing spatial heterogeneity in aeolian sorting. The superior sorting in bare dunes (standard deviation: 0.72) corroborates vegetation-induced regulation of sedimentary processes [30]. Future studies should integrate 3D laser scanning to quantify coupling mechanisms between canopy morphology and wind–sand flow fields [14]. The results of skewness and kurtosis further illustrate the effects of vegetation on the symmetry and concentration of soil particle size distribution. The negative skewness and narrow or medium kurtosis in most vegetation-covered crusts indicate that vegetation changes the mechanical composition and sedimentation process of soil particles, making the particle size distribution more uneven and altering the concentration around the mean particle size [44,45].



From the frequency and cumulative frequency distribution curves, vegetation cover lowers the peaks of soil frequency distribution curves and broadens the particle size distribution range. The unique frequency distribution curve of the surface crust under Agriophyllum squarrosum may be related to its seed characteristics and the modification of the soil microenvironment during the early growth stage. Its small seeds may cause special disturbance and sorting effects on the surrounding soil particles during germination [46,47,48,49]. In the cumulative frequency distribution curves, the differences in curve changes reflect changes in the concentration and uniformity of soil particles in different particle size ranges, which are closely related to root distribution depth, density, and exudates of vegetation [50]. Vegetation with deeper and denser root systems can affect the arrangement and aggregation of soil particles over a larger depth range. The bimodal characteristics of frequency curves reveal the differential regulation mechanism of vegetation on wind–sand dynamics: the early peak at 20–30 μm in the Agriophyllum squarrosum crust layer originates from the bio-adsorption effect of seed microvilli [35], while the dual peaks in Phragmites australis and Artemisia ordosica (115 μm suspension settlement peak + 1100 μm saltation impact peak) reflect sorting differences between low-wind zones under canopies and intense wind events [22,33]. Compared to Artemisia ordosica communities in the Mu Us Sandy Land [2], the frequent strong winds in the Ulan Buh Desert (annual average wind speed: 3.7 m/s) necessitate vegetation with multi-scale sand interception capacity. This requires synergistic configurations of “herbs intercepting fine particles (e.g., Phragmites australis) + shrubs stabilizing coarse grains (e.g., Nitraria tangutorum)” to achieve efficient sand fixation [38].




4.3. Correlation Between Vegetation Morphology and Soil Texture


The correlation analysis revealed significant relationships between plant morphological parameters (crown width, plant height, basal diameter) and soil grain size parameters (Figure 10). The negative correlations with mean particle size, kurtosis, and fractal dimension, coupled with positive correlations with standard deviation and skewness, suggest that larger, more robust plants promote a broader and more heterogeneous soil particle size distribution. This is likely because vigorous plant growth enhances surface cover, root system development, and soil microclimate, which collectively modify aeolian deposition and sediment sorting processes [11]. These easily measurable morphological traits could therefore serve as useful proxies for rapidly assessing the effectiveness of vegetation restoration in improving soil physical structure in field applications.




4.4. Long-Term Implications for Ecosystem Management and Sustainability


The vegetation-induced shift towards finer soil particles has profound long-term implications for the ecosystem. In the short to medium term, this enhances soil water retention capacity, nutrient holding capacity, and overall resistance to wind erosion [51], creating a positive feedback loop for further plant establishment and growth.



However, potential long-term risks must be considered in management strategies. In areas with specific hydrological conditions, the accumulation of fine particles could eventually lead to surface crusting and reduced infiltration, potentially increasing surface runoff [30]. Therefore, the recommended vegetation configurations should not be static. Monitoring is essential, and adaptive management, such as the introduction of deeper-rooted shrubs to maintain soil permeability, may be necessary over time [7]. Our proposed “herbs first, shrubs follow” framework inherently addresses this, as shrubs like Haloxylon ammodendron can break up surface crusts with their deep taproots. Therefore, it is recommended to implement it on a large scale through the following methods: (1) establishing a preliminary herb layer (Artemisia ordosica) to quickly stabilize the surface, (2) introducing shrubs (Haloxylon ammodendron) 2–3 years later to achieve long-term ecosystem functions, and (3) government subsidies of 60% of the initial cost to encourage local communities to adopt it.




4.5. Practical Application and Configuration Strategies for Desert Restoration


The ultimate goal of this research is to inform practical restoration strategies. The differential capabilities of the studied species allow for targeted vegetation configuration based on specific restoration goals and site conditions.



Priority Combination of Phragmites australis (Reed) and Agriophyllum squarrosum (Sand Rice) in Wind Erosion Zones: Phragmites australis efficiently intercepts fine particles (crust-layer particle size: 1.91Φ) to resist wind erosion, while Agriophyllum squarrosum enhances soil water retention through clay enrichment (1.55%). Their synergy reduces sand stabilization costs by 60–80% [32].



Medium-to-Long-Term Restoration with Nitraria tangutorum (White Thorn) in Saline–Alkali Depressions: Nitraria tangutorum stabilizes coarse particles (sub-crust-layer particle size: 5.25Φ) and suppresses surface salt accumulation. Drip irrigation is recommended to control initial costs (35,000 CNY/ha) [7].



Stepwise Configuration of “Herbs First, Shrubs Follow”: Herbaceous species (e.g., Artemisia ordosica) increase coverage by 40% within 3 years, while shrubs (e.g., Haloxylon ammodendron) achieve long-term carbon sequestration (2.8 t/ha·yr over 10 years), balancing short-term efficacy and long-term sustainability [1,47].



However, this study only focused on 3-year-old artificial Haloxylon ammodendron forests and some native vegetation. Future research needs to conduct long-term monitoring of the effects of vegetation with different growth ages on soil crusts and further explore the development patterns of soil crusts under different vegetation combinations and planting models to provide more comprehensive theoretical support for the precise restoration and sustainable management of the Ulan Buh Desert ecosystem.





5. Conclusions


This study systematically quantifies the effects of five key vegetation types on soil crust particle size characteristics in the Ulan Buh Desert, moving beyond descriptive studies to provide a mechanistic understanding and practical tools for restoration.



We conclusively demonstrated that vegetation transition is a primary driver of soil textural changes in arid ecosystems, significantly increasing fine particle content and altering grain size distribution parameters in species-specific ways. The correlation between easily measurable plant morphological traits (e.g., basal diameter) and soil parameters provides land managers with a potential proxy for indirectly assessing restoration success.



The core practical outcome of this research is a set of differentiated vegetation configuration strategies, as illustrated in Figure 11. This study proposes (1) a spatially explicit approach matching species combinations to specific land types (e.g., wind-eroded zones vs. saline depressions), and (2) a temporally dynamic approach using a “herbs first, shrubs follow” sequence to balance immediate erosion control with long-term ecosystem resilience. These strategies, supported by data on cost reduction (60–80%) and long-term carbon sequestration (2.8 t/ha·yr), offer a scientifically grounded and economically viable pathway for enhancing the sustainability of ecological restoration projects in the Ulan Buh Desert and similar arid regions. Future research integrating direct root architecture data and long-term monitoring will further refine these models.
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Figure 1. Overview map of the research area. 
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Figure 2. Research area map showing ecological units and schematic diagram of soil sampling locations (taking Haloxylon ammodendron as an example). (a) Ecological unit research area map; (b) schematic diagram of soil sampling locations. The area within the red square is the geographical extent of the Ulan Buh Desert. 
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Figure 3. The average particle size of soil covered by different plants. Data are presented as Mean ± Standard Deviation (n = 3). Different lowercase letters indicate significant differences (p < 0.05) among vegetation types within the same soil layer, while different uppercase letters indicate significant differences between soil layers (A and B) under the same vegetation type. 
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Figure 4. Standard deviation of soil covered by different plants. Data are presented as Mean ± Standard Deviation (n = 3). Different lowercase letters indicate significant differences (p < 0.05) among vegetation types within the same soil layer, while different uppercase letters indicate significant differences between soil layers (A and B) under the same vegetation type. 
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Figure 5. Skewness of soil covered by different plants. Data are presented as Mean ± Standard Deviation (n = 3). Different lowercase letters indicate significant differences (p < 0.05) among vegetation types within the same soil layer, while different uppercase letters indicate significant differences between soil layers (A and B) under the same vegetation type. 
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Figure 6. Kurtosis of soil covered by different plants. Data are presented as Mean ± Standard Deviation (n = 3). Different lowercase letters indicate significant differences (p < 0.05) among vegetation types within the same soil layer, while different uppercase letters indicate significant differences between soil layers (A and B) under the same vegetation type. 
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Figure 7. The fractal dimension of soil covered by different plants. Data are presented as Mean ± Standard Deviation (n = 3). Different lowercase letters indicate significant differences (p < 0.05) among vegetation types within the same soil layer, while different uppercase letters indicate significant differences between soil layers (A and B) under the same vegetation type. 
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Figure 8. Frequency curves of soil crust layer (a) and subsoil layer (b) covered by different plants. The curves depict the volume percentage distribution of soil particles across different size classes. Each line represents the mean value derived from three replicate samples (n = 3) for each vegetation type. 
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Figure 9. Probability accumulation curves of soil crust layer (a) and subsoil layer (b) covered by different plants. The curves represent the cumulative volume percentage of soil particles. A steeper curve indicates a more uniform particle size distribution. Each line is based on the mean of three replicate samples (n = 3). 
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Figure 10. Correlation analysis between vegetation characteristics and grain size parameters of soil crusts. The color and size of the circles represent the Pearson correlation coefficient (r) value. Asterisks (*) indicate the significance level (p ≤ 0.05). The analysis is based on all collected samples (n = 180). 
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Figure 11. Schematic diagram of vegetation configuration strategy for ecological restoration in Ulan Buh Desert. 
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Table 1. Volume fraction of soil crust particles under different plant species (%). Data are presented as Mean ± Standard Deviation (n = 3). Different uppercase letters indicate significant differences (p < 0.05) among vegetation types within the same soil layer, while different lowercase letters indicate significant differences between soil layers (A and B) under the same vegetation type. The significance level was set at p< 0.05 for all statistical tests.
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Type

	
Soil Layer

	
Clay

	
Silt

	
Grit

	
Gravel




	
Very Fine Sand

	
Fine Sand

	
Medium Sand

	
Coarse Sand

	
Very Coarse Sand






	
Nitraria tangutorum

	
A

	
0.64 ± 0.06 Aa

	
33.34 ± 7.56 Ca

	
26.19 ± 2.79 Db

	
36.86 ± 7.78 BCb

	
2.96 ± 0.43 Bb

	
0

	
0

	
0




	
B

	
0.88 ± 0.11 Ba

	
72.9 ± 8.28 Bb

	
16.06 ± 1.88 Ca

	
9.48 ± 1.45 Aa

	
0.68 ± 0.05 Aa

	
0

	
0

	
0




	
Haloxylon ammodendron

	
A

	
0

	
6.37 ± 0.94 A

	
13.11 ± 1.57 Cb

	
54.48 ± 5.47 Da

	
25.82 ± 2.45 Ea

	
0.23 ± 0.03 Ba

	
0

	
0




	
B

	
0

	
0

	
1.39 ± 0.43 Aa

	
62.13 ± 7.79 Cb

	
36.33 ± 3.76 Db

	
0.15 ± 0.02 Ba

	
0

	
0




	
Phragmites australis

	
A

	
0

	
13.06 ± 2.01 Bb

	
8.87 ± 0.99 Bb

	
31.77 ± 4.36 Ba

	
18.52 ± 2.85 CDa

	
8.14 ± 1.21 Db

	
13.06 ± 1.29 B

	
6.58 ± 1.01 B




	
B

	
0

	
4.43 ± 0.75 Aa

	
4.77 ± 0.83 ABa

	
57.1 ± 5.58 Bb

	
33.48 ± 4.75 Db

	
0.21 ± 0.03 Ba

	
0

	
0




	
Agriophyllum squarrosum

	
A

	
1.55 ± 0.37 Bb

	
75.28 ± 6.82 Db

	
13.66 ± 1.76 Cb

	
8.09 ± 1.03 Aa

	
1.42 ± 0.24 Aa

	
0

	
0

	
0




	
B

	
0.16 ± 0.03 Aa

	
16.95 ± 2.76 Aa

	
6.95 ± 0.98 Ba

	
56.46 ± 5.48 Bb

	
19.49 ± 4.78 Bb

	
0

	
0

	
0




	
Artemisia ordosica

	
A

	
0

	
14.08 ± 2.24 B

	
9.72 ± 1.31 Ba

	
45.04 ± 4.29 Ca

	
20.63 ± 5.03 DEa

	
2.86 ± 0.56 C

	
5.1 ± 0.81 A

	
2.57 ± 0.51 A




	
B

	
0

	
0

	
7.48 ± 1.28 Ba

	
67.07 ± 7.43 Cb

	
25.45 ± 2.39 Cb

	
0

	
0

	
0




	
CK

	
A

	
0

	
0

	
0.31 ± 0.07 Aa

	
65.73 ± 6.48 Ea

	
33.94 ± 4.03 Fa

	
0.02 ± 0.01 Aa

	
0

	
0




	
B

	
0

	
0

	
1.06 ± 0.21 Aa

	
62.37 ± 5.32 Ca

	
36.5 ± 4.29 Da

	
0.07 ± 0.02 Aa

	
0

	
0

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2026 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license.



























media/file8.jpg
|
S
>

Skewness ()

!
S
=

[ crust layer
[ lower crust layer

Da Da

Ca T

Ba Ba

Aa
Ab

L L L L ' L

Nitraria  Haloxylon  Phragmites Agriophyllum Artemisia  Naked sand
tangutorum ammodendron australis  squarrosum  ordosica  dune






media/file13.png
S NN B

i SN N
S N B~ O X

Fractal dimension (o)

N Y = =
S N B N ©

S 2
N 0

S L <2
S N A

[ Jcrust layer

- g Ba Ba | |lower crust layer
LT Ca !

| ABa ABa Ba

5 | Aa Aa Aa ¥

Nitraria ~ Haloxylon Phragmites Agriophyllum Artemisia Naked sand
tangutorum ammodendron australis  squarrosum  ordosica dune





media/file12.jpg
S20

1.6

A de =
RS

oo
S8¢%

Ca Ba

ABa ABa
Aa

[ crust layer
[_Ttower crust layer
Ba

A M

Nitraria  Haloxylon  Phragmites Agriophyllum Artemisia  Naked sand

tangutorum ammodendron australis ~ squarrosum

ordosica dune





media/file18.jpg
0,95 Crownvidh /

Basal

095 | o | e

paricesize

@
Averge ‘

Standard
devition

02 | 0.2

®

0.55  knesis

&
N\

Fractal
dimension

* p¢=0.05

050

060

0

0.0

00

~0.40

-0.60

-0.80





media/file9.png
Skewness (c)

0.2

0.0

I
—
(N

I
<
~

—0.6

[ Jcrust layer

| |lower crust layer
Ea
———
Da Ea
Da
Da
T N
Ba

Ab

Nitraria  Haloxylon Phragmites Agriophyllum Artemisia
tangutorum ammodendron australis  squarrosum  ordosica

Naked sand

dune





media/file22.png





media/file14.jpg
—— P st

p—

Part

o

oo

Hatonion ammodnon
Jr—

p—

7 3
Tl sl

o 000





media/file20.jpg
Wind eroded area Saline alkali depr

sion  General recovery area

=

 Stablcconrse  Tabibit salt | 1240
e content iy 1






media/file5.png
Average particle size (D)

- crust layer

Eb | ]lower crust layer

Ca Ca

Aa Ba
Aa

Ba Aa

Nitraria  Haloxylon Phragmites Agriophyllum Artemisia Naked sand
tangutorum ammodendron australis — squarrosum  ordosica dune





media/file15.png
volume(9/, )

Haloxylon ammodendron
Phragmites australis
Artemisia ordosica
Agriophyllum squarrosum
Nitraria tangutorum

Naked sand dune

Particle size (umM)

volume(9 )

sl

Haloxylon ammodendron
Phragmites australis

Artemisia ordosica

Agriophyllum squarrosum

Nitraria tangutorum

Naked sand dune

1 10 100
Particle size (M)

1000





media/file19.png
1.0
Plant height
0. 80
0.95  Crown width 0. 60
0. 95 0.93 B
1ameter
Average 020
particle size
— 0.0
o B Standard
0. 40 0. 49 deviation
— —0. 20
skewness ‘ 0. 40
“0.47  -0.53 Kurtosis THaRE
—_— -0. 80
racta
0. 72 -0. 72 dimension
-1.0

* p<=0. 0b





media/file2.jpg





nav.xhtml


  diversity-18-00275


  
    		
      diversity-18-00275
    


  




  





media/file11.png
N
(O N S N @)

—_ DN
oo O

U
N

Kurtosis (o)
i

<o~
o o O

S L <2
= SR N

[
~

tangutorum ammodendron australis

Ba

squarrosum

Db [ crust layer
[ ]lower crust layer

Nitraria ~ Haloxylon Phragmites Agriophyllum Artemisia  Naked sand

ordosica dune





media/file6.jpg
N
BRSNS
T

Iy

Standard deviation (o)
S

oo oo 2o
S8 88 %

Ca

DEa
T

Ca

[ crust layer

[_Jlower crust layer
Ba
i Bb
Ba
Da
Da Ea

Nitraria  Haloxylon

tangutorum ammodendron - australis

Phragmites Agriophyllum  Artemisia  Naked sand

squarrosum  ordosica  dune





media/file1.png
90°E

106°E

107°E

50°N 1

25°N

120°E
!

Dengkou Xian

o

A

Hangjin Banner

: owan Qu
Inner Mongolia
SOON | ; Etoke Banner
e I County
‘ [ 1Study area
N l}nghzlsoo
Za
O A1
38°NTo 500 1000 km
Low:900

105°E

120°E

40°N

39°N





media/file10.jpg
Kurtosis (c)
TR o e
E- T SR - N N V-

ces oo g
S0 R & 5

Ca

Ba|

Db [ crust layer
[_Jtower crust layer

Aap,

.

Nitraria  Haloxylon  Phragmites Agriophyllum Artemisia  Naked sand

tangutorum ammodendron  australis

squarrosum

ordosica  dune





media/file7.png
g
o)

— = b b
N o o N
|

U
-]

Standard deviation (o)
(\O)

N e
~ O

i
S N

[E—
~

Aa
T [ Jcrust layer

[ ]lower crust layer

Ba

Bb

Ba A5

Da Ea

Nitraria ~ Haloxylon Phragmites Agriophyllum Artemisia Naked sand
tangutorum ammodendron australis  squarrosum  ordosica dune





media/file16.jpg
Cumiative percatge coment )

2

g

B

3

3
prp—

%0






media/file3.png





media/file17.png
100 100+

Cumulative percentage content (%)

Haloxylon ammodendron Haloxylon ammodendron
—— Phragmites australis — Phragmites australis
(=]
80— Artemisia ordosica 3:/ 80 Artemisia ordosica
=
1 ———— Agriophyllum squarrosum g 1 Agriophyllum squarrosum
60+ ———— Nitraria tangutorum 3 604 Nitraria tangutorum
)
{ ———— Naked sand dune g’ : Naked sand dune
)
40+ S 40-
o
o
. )
=
20 = 20+
=
g
4 = |
O A
O ! et ! | ! LR | ' AL ' vt 0 AR | ! AL ! LR | ! L !
0.1 1 10 100 1000 0.1 1 10 100 1000
a Particle size (um) b Particle size (um)





media/file4.jpg
Average particle size (®)

o

-

©

Da

Daf

B crust layer
Eb [ 1tower crust layer

Ca
Ca
Ba Aa

Nitraria  Haloxylon ~ Phragmites Agriophyllum Artemisia  Naked sand

tangutorum ammodendron australis

squarrosum  ordosica  dune





media/file0.jpg
90°E. 120°E 106°E 107°E

S0°N @
Hangin B
25°N-
40N
50°N-
Eastudy area
ey
38N
39N

105°E 120°E





media/file21.png
Wind eroded area Saline alkali depression General recovery area

. 7_"_ - o S e ’r%‘ﬁf:.- :"’" -
e i 1 P genva, B UG [ﬁ“ﬁ‘erﬁaﬁ;ﬁl&t, shrubs follow"
BRI R 5/ o v s ameie BRI £ SN T
: ‘r’ } “. " ‘

-

ot o AR

é
Lol

Vi

>
T~
N
'
L4
A
N

S IRAW ST,
BB L L s T
SNCiNR Yo

o NFm@gutbmm? e~

v

» =

|

[ R — :

I. -~ : :‘1}_3\‘ -~ }\‘
Y

I

|

I
— —_— —_— —

itercept " Enriched
= clay- . = o e ﬁﬁ‘i’ticlesz content =

 Stable coarse Inhibit salt
I-?‘ ) -"f." = : o, = : :
 particles. - - particles© - gf R o o

£

e I Y -:““:‘.' ] N i
I - “ﬁ_ﬁ--:.\_..:_',‘ :‘Q.‘i’ 4"'&": o e '&; ’

TR A e S M - - o, o 3
ORI TSN g T T

.
&
-
2
— j—

-
” ‘;-;'4'.‘ :





