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Abstract


Sandy desertification is a major ecological and environmental challenge worldwide, posing a severe threat to ecological security in arid regions. A systematic understanding of the spatial–temporal dynamics of sandy desertification and their driving forces enables effective support for ecological engineering in China. We visually interpreted five Landsat imaging periods (1986–2023) to map sandy desert areas (SDA), which were confirmed by 176 field samples. Driving forces were measured using the Geographical Detector model, and changes in the extent and intensity of SDA were evaluated using intensity analysis and center of gravity migration. The results indicate the following: (1) On the temporal scale, sandy desertification land in Dengkou County experienced a significant reversal over the past 40 years, with a total reduction of 1204.72 km2. On the spatial scale, the main areas of reduction were located in the central and southwestern regions. (2) Sandy desertification in Dengkou County underwent a process of initial reversal, followed by expansion, and then another reversal. The periods 1986–1995 and 2004–2023 were reversal phases, while 1995–2004 was a development phase. (3) Livestock density showed the strongest influence among anthropogenic factors (q = 0.224), suggesting a strong correlation with sandy desertification patterns. Among natural factors, geological conditions exert the most significant influence (q = 0.182). Every pair of driving factors, with the exception of slope aspect and soil moisture, showed either additive or synergistic effects, increasing their combined influence on desertification. The results provide a scientific basis for local ecological restoration and desertification control.
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1. Introduction


Sandy desertification is a serious ecological, economic, and environmental issue worldwide [1,2,3]. It refers to land degradation characterized primarily by wind-blown sand activity in arid, semi-arid, and some sub-humid areas, resulting from an imbalance in the human–land relationship [4]. It poses severe threats to food security, ecosystems, socio-economic systems, and sustainable development [5,6,7]. Sandy desertification primarily develops under the influence of human factors, based on underlying natural conditions [8]. Under global warming, precipitation decreases and wind speeds increase in sandy desert-sensitive areas, accelerating evaporation, triggering drought, and further intensifying the desertification process [9]. In addition to climatic factors, environmental conditions and human activities also have significant impacts on sandy desertification.



China is one of the countries most severely affected by sandy desertification worldwide [10,11]. The Inner Mongolia Autonomous Region ranks among the top in China in terms of sandy desertification land area, with the western part of Inner Mongolia being particularly affected [12]. In Dengkou County, sandy desertification has been increasingly aggravated by wind erosion from the Ulan Buh Desert and the overexploitation of water and soil resources in the Hetao Plain [13,14,15]. Although large-scale desertification monitoring studies have covered Dengkou County, high-resolution and long-term time-series monitoring remains insufficient [16]. To promote science-based desertification control, enhance the quality and stability of desert ecosystems, and support the ecological restoration of the “Jizi bend” of the Yellow River, conducting high-resolution, long-term monitoring of sandy desertification and analyzing its driving factors in Dengkou County is of great theoretical importance and provides practical support for national policy implementation and regional desertification control.



Early monitoring of sandy desertification primarily relies on field surveys and numerical simulations [17]. With the continuous advancement of remote sensing technology, it is now widely applied in sandy desertification monitoring [18,19]. Currently, two main approaches are used for remote sensing-based monitoring of sandy desertification: visual interpretation of satellite imagery and extraction of indices that can characterize sandy desert features. The visual interpretation method relies on features such as color, texture, shape, and spatial structure in satellite images to identify vegetation cover, proportions of mobile sand, and landform types, enabling the classification and evaluation of sandy desertification land [20,21]. Many scholars have conducted sandy desertification monitoring across various regions of China using visual interpretation methods [22,23]. Another approach involves calculating remote sensing indices from different spectral bands of satellite multispectral imagery to reflect specific land surface features. Common indices used to characterize sandy desertification include the normalized difference vegetation index (NDVI), Albedo, the modified soil adjusted vegetation index (MSAVI), the sandy feature index (SFI), land surface temperature (LST), and the Topsoil Grain Size Index (TGSI). By combining multiple indices in machine learning classification or constructing indices such as the desertification difference index (DDI) and the desertification monitoring index (DMI), researchers have achieved effective identification and dynamic monitoring of sandy desertification [24,25,26]. However, these methods still have certain limitations. For instance, NDVI may struggle to eliminate the interference of atmospheric and soil factors on vegetation reflectance. Moreover, relying solely on a limited set of indices is insufficient to capture the complexity and true extent of sandy desertification [9,27,28]. To address these shortcomings, this study employed a high-precision classification approach based on visual interpretation and field validation, aiming to compensate for the limitations of previous studies that depended primarily on a small number of indices.



The process of sandy desertification is driven by multiple factors, and conducting a comprehensive analysis of these driving forces contributes to a deeper understanding of its underlying mechanisms [29,30,31]. However, most existing studies lack specificity and comprehensiveness in the selection of driving factors. Notably, sandy desert landscapes are widely distributed in Dengkou County, but the subsurface strata beneath the dunes vary significantly, and the sandy desert process is closely related to geological evolution [32,33]. Therefore, this study incorporated geological conditions as a natural factor to enable a more comprehensive analysis of the driving forces behind sandy desertification in Dengkou County. Against this background, the Geographical Detector—a statistical method used to identify spatial differentiation and its driving mechanisms—enables quantitative analysis of various factors influencing sandy desertification [34]. Its core principle is that if a factor significantly influences sandy desertification, its spatial distribution should be consistent with the spatial distribution of sandy desertification [35]. In addition, this method can detect interactions between variables and assess the strength, direction, and potential nonlinearity of their effects on sandy desertification [36]. In recent years, this model has been applied in fields such as drought monitoring, sandy desert monitoring, and climate change analysis [37,38,39].



The land use transfer matrix and dynamic degree model are fundamental methods for analyzing the spatial–temporal dynamics of sandy desertification [23,40]. However, these traditional methods focus solely on the scale of sandy desert change, while neglecting its intensity [41]. To this end, this study employed the intensity analysis method, which simultaneously considers the scale and intensity of change [42], to quantitatively analyze the temporal dynamics of sandy desertification land in Dengkou County.



This study aims to (1) map the spatial distribution of sandy desertification in Dengkou County based on visual interpretation and field validation, (2) quantify the change process and transition patterns of sandy desertification, (3) comprehensively explore the major driving factors of sandy desertification in Dengkou County.




2. Materials and Methods


2.1. Study Area


Dengkou County (40°09′–40°57′ N, 106°09′–107°10′ E) is located in the southwestern part of Bayannur, Inner Mongolia, in the middle to upper reaches of the Yellow River. It is bordered by the Langshan Mountains to the north and the Ulan Buh Desert to the west, covering a total area of 3678.3 km2 (Figure 1) [43]. The county has a permanent population of 90,196, a GDP of approximately RMB 16.773 billion, and about 459,700 livestock, accounting for 5.9%, 29.7%, and 5.3% of Bayannur City, respectively. The elevation in the county ranges from 1030 to 2046 m. Excluding mountainous areas, the terrain slopes from southeast to northwest, with a total elevation drop of 23 m from the main canal headgate in the southeast to the Ulan Buh sandy area in the northwest [44]. The region has a temperate continental climate with distinct seasons—hot and dry summers, and cold, dry winters. The mean annual precipitation is 143.4 mm, the mean annual evaporation is 2387.6 mm, the mean annual temperature is 7.6 °C, the average wind speed is 2.7 m/s, and the frost-free period lasts about 136 days [45]. The region exhibits arid climatic characteristics, with low precipitation and high evaporation, which adversely affect the process of sandy desertification. The Yellow River section within Dengkou County spans 52 km, with an annual runoff of approximately 983 m3/s and an irrigated area of 146.09 km2 [46]. In the Hetao region of the county, the groundwater depth ranges from 0.5 to 3 m; in sandy desert areas, it ranges from 3 to 10 m; and in piedmont alluvial lands, it ranges from 3 to 30 m [47]. Abundant irrigation water resources and a shallow groundwater table have provided strong support for the transformation of deserts into oases in Dengkou County.



The northwestern mountainous area of Dengkou County is primarily characterized by exposed bedrock at the surface, with rocks mainly consisting of metamorphic rocks from the Archean and Proterozoic eras, as well as intrusive rocks from the Paleozoic era. The alluvial fans at the foot of the mountains are covered by Quaternary deposits extending southeastward toward the Yellow River. These strata include Upper Pleistocene alluvial gravel and sand, Upper Pleistocene lacustrine clay (paleolake), and Holocene aeolian sand (desert), lacustrine deposits (modern lakes), and alluvial deposits (riverbeds). The majority of soils in Dengkou County exhibit a light texture. In the eastern Hetao Plain region, soils are predominantly loamy with deep soil layers. Meadow-type irrigation-silted layers are generally 35 cm thick, and soil salinization is relatively severe. In the southwestern sandy areas, soils are mainly sandy, with local distributions of zonal soil-gray desert soil. Although most of Dengkou County’s surface is covered by aeolian sand, underlying lacustrine clay layers are present in many areas. These regions exhibit favorable soil water retention capacity, making them favorable areas for desertification control and scientifically based greening efforts.




2.2. Data and Processing


2.2.1. Remote Sensing Data


Landsat data are jointly collected by the National Aeronautics and Space Administration (NASA) and the United States Geological Survey (USGS). These data offer long temporal coverage, high data quality, fine spatial resolution, and a wide range of spectral bands. Five sets of Landsat satellite images from 1986, 1995, 2004, 2015, and 2023 were downloaded from the official website of the U.S. Geological Survey (https://earthexplorer.usgs.gov/, accessed on 2 March 2024). The selection of the image years was based on two criteria. (1) Representativeness of temporal intervals: As sandy desertification is a long-term evolutionary process with limited short-term variation, approximately 10-year intervals were chosen to better capture temporal dynamics, while ensuring data availability. (2) Data availability and quality: Priority was given to years during the vegetation growing season (June to September) with cloud coverage less than 5%. If the target year did not meet these conditions, the nearest qualified year was selected as a substitute. Details of the image acquisition are provided in Table 1.



Data preprocessing included radiometric calibration, atmospheric correction, geometric correction, mosaicking, cropping, and spatial projection [18]. All processing steps were conducted using ENVI 5.3 software (https://envi.geoscene.cn/). Radiometric calibration was performed using the Calibration Utilities; atmospheric correction was conducted using the FLAASH module; and geometric correction was based on a 1:100,000 topographic map of Dengkou County. All images were referenced to the WGS 1984 ellipsoid and projected to the Albers coordinate system. Nearest neighbor resampling was used to ensure that the root mean square error (RMSE) was less than one pixel. For land classification in the study area, the band combinations used were TM (3(R), 2(G), 1(B)) and OLI (4(R), 3(G), 2(B)); for sandy desertification classification, the combinations were TM (4(R), 3(G), 2(B)) and OLI (5(R), 4(G), 3(B)).




2.2.2. Influencing Factor Data


The development and evolution of sandy desertification are influenced by multiple factors. In this study, fifteen representative and quantifiable factors were selected from both natural and anthropogenic dimensions. Natural factors include elevation (ELE), slope (SLP), aspect (ASP), geological conditions (GC), soil type (ST), precipitation (PRE), temperature (TEM), potential evapotranspiration (PET), aridity index (AI), wind velocity (WV), and soil moisture (SM). Anthropogenic factors include population density (POP), gross domestic product (GDP), nighttime lights (NL) [48], and livestock density (LIV) [49]. Detailed information for each factor is provided in Table 2.





2.3. Methods


2.3.1. Identification, Classification, and Validation of Sandy Desert Areas


Based on the spectral characteristics of remote sensing imagery in the study area, and with reference to previous studies [35,50], the region was classified into three categories through visual interpretation: sandy desert areas (SDA), gravel desert areas (GDA), and mountainous areas (MA), incorporating terrain, geological conditions, and surface material information obtained from field surveys. Vegetation in the SDA is dominated by xerophytic and extremely xerophytic shrubs or semi-shrubs, accompanied by sparse herbaceous plants. The landscape mainly consists of slowly accumulated sandy land, sand dunes, and shrub-covered sandy areas. Vegetation in the GDA mainly consists of xerophytic and extremely xerophytic shrubs and semi-shrubs, with sparse herbaceous plants. These areas are primarily distributed across alluvial plains and wind-eroded gobi deserts with abundant and diverse gravel types. Vegetation in the MA primarily includes xerophytic and extremely xerophytic shrubs and semi-shrubs. The terrain is rugged, and soil development is poor. The classification system, interpretation indicators, and field photographs are presented in Table 3. It is worth noting that the interpretation indicators are derived from 2023 Landsat 8 imagery, while the field photographs were taken during on-site surveys in August 2024.



In the SDA, the land was classified into four severity levels—Slight, Moderate, Serious, and Extremely severe—based on technical specifications and previous research [51,52], using visual interpretation. Slight sandy desertification is characterized by minimal wind and sand activity, or by cultivated sandy farmland where crops generally grow normally in average years, with a low seedling loss rate (less than 20%). Moderate sandy desertification shows weak or unnoticeable wind-blown sand activity, or occurs on cultivated land with poor crop growth, a higher seedling loss rate (20% ≤ loss rate < 30%), and uneven spatial distribution. Serious sandy desertification involves evident wind-blown sand activity or clearly visible drifting sand patterns, or refers to cultivated land where crop growth is severely hindered and the seedling loss rate is equal to or greater than 30%. Extremely severe sandy desertification is defined by landscapes almost entirely covered by drifting sand, with sparse and scattered vegetation, or where cultivation is nearly impossible due to severe sand burial and vegetation degradation. The classification system, interpretation indicators, and field photographs are presented in Table 4.



The visual interpretation of sandy desertification was carried out using ArcGIS 10.8. After interpretation, topological relationships were established, errors were corrected, and the results were exported in vector format. For driving factor analysis, the vector files were converted into raster data with a resolution of 30 m. A total of 176 ground truth points were used to validate both the classification of the study area and the grading of sandy desertification. Among them, 162 points were in the SDA, 8 in GDA, and 6 in MA. The selection criteria for validation points were divided into two aspects. For study area classification, road accessibility and spatial distribution uniformity were prioritized. For sandy desertification grading, the validation points were mainly located in areas with Moderate and Serious sandy desertification, as Slight and Extremely severe sandy desertification were more easily distinguishable. Additionally, accessibility, spatial uniformity, and randomness were also considered during point selection. The classification of the study area achieved an accuracy of 100%, and the interpretation accuracy of sandy desertification grading reached 86%, which met the required precision. Errors were subsequently corrected.




2.3.2. Intensity Analysis


Intensity analysis is a quantitative method used to analyze changes between land use/land cover categories [53]. It is applicable to analyses involving two or more time intervals and two or more land category types. Intensity analysis consists of three levels: interval level, category level, and transition level.



The mathematical symbols in the equation are defined as follows: subscript i denotes the category at the initial time point of a given time interval; subscript j denotes the category at the ending time point of a given time interval; subscript m refers to the category that transitions to another class; subscript n refers to the category that receives transitions from other classes; T represents the total number of time intervals; subscript t indicates a specific time interval between years Yt and Yt+1, where t ranges from 1 to T − 1; Yt denotes the calendar year at time t.



The interval level analyzes the scale and speed of changes across different time intervals. St represents the annual percentage of the total area that actually changes during each time interval. U represents the annual percentage of the total area that would change over the entire study period. By comparing the values of St and U, the overall speed of change in a specific interval can be assessed. If St is greater than U, the interval exhibits a faster rate of change; if St is less than U, the interval exhibits a slower rate of change. St and U were calculated using Equations (1) and (2) [42,54]:


   S t  =        ∑  j = 1  J         ∑  i = 1  J    c  tij       −  C  t i i         /     ∑  j = 1  J       ∑  i = 1  J    C  t i j              Y  t + 1   −  Y t     × 100 %  



(1)






  U =      ∑  t = 1   T − 1        ∑  j = 1  J         ∑  i = 1  J    c  tij       −  C  t i i           /     ∑  j = 1  J       ∑  i = 1  J    C  t i j              Y T  −  Y 1     × 100 %  



(2)







The category level analyzes the magnitude and intensity of total gains and losses for each category within a given time interval, and how these changes vary across categories. Lti represents the annual percentage loss of category i during the interval [YT, YT+1], based on its initial total area. Gtj represents the annual percentage gain of category j during the interval [YT, YT+1], based on its final total area, emphasizing the transition from non-j categories to j. Lti and Gtj were calculated using Equations (3) and (4) [42,54]:


   L  t i   =          ∑  j = 1  J    c  t i j       −  C  t i i     /    Y  t + 1   −  Y t        ∑  j = 1  J    C  t i j        × 100 %  



(3)






   G  t j   =          ∑  i = 1  J    C  tij       −  C  t j j     /    Y  t + 1   −  Y t        ∑  i = 1  J    C  t i j        × 100 %  



(4)







The transition level analyzes the variation in transition scale and intensity from a given category to other available categories. Rtin represents the annual transition intensity from category i to category n during the interval [YT, YT+1]. Wtn represents the uniform transition intensity from all non-n categories at time Yt to category n during the interval [YT, YT+1]. Qtmj represents the annual transition intensity from category m to category j during the interval [YT, YT+1]. Vtm represents the uniform transition intensity from category m at time Yt+1 to all non-m categories during the interval [YT, YT+1]. Rtin, Wtn, Qtmj, and Vtm were calculated using Equations (5)–(8) [42,54]:


   R  t i n   =       C  t i n        Y  t + 1   −  Y t          ∑  j = 1  J    C  t i j        × 100 %  



(5)






   W  t n   =            ∑  i = 1  J    C  t i n       −  C  t n n          Y  t + 1   −  Y t          ∑  j = 1  J         ∑  i = 1  J    C  t i j       −  C  t n j          × 100 %  



(6)






   Q  t m j   =       C  t m j        Y  t + 1   −  Y t          ∑  i = 1  J    C  t i j        × 100 %  



(7)






   V  t m   =            ∑  j = 1  J    C  t m j       −  C  t m m          Y  t + 1   −  Y t          ∑  i = 1  J         ∑  j = 1  J    C  t i j       −  C  t i m          × 100 %  



(8)








2.3.3. The Center of Gravity Migration Model


The center of gravity analysis effectively visualizes the overall spatial characteristics of sandy desert changes within a region [55]. By calculating the direction and distance of movement for different severity levels of sandy desert land, spatial development trends can be identified. The direction and distance of such migration can be quantified by tracking the changes in the coordinates of the center of gravity, calculated using Equations (9) and (10) [56]:


   X t  =   ∑  i = 1  n      C  t i   ×  X  t i       /   ∑  i = 1  n    C  t i      



(9)






   Y t  =   ∑  i = 1  n      C  t i   ×  Y  t i       /   ∑  i = 1  n    C  t i      



(10)







In the equation, Xt and Yt represent the longitude and latitude coordinates of the center of gravity for a given type of sandy desert land in year t; n is the number of sandy desert patches of that type in year t; Xti and Yti are the coordinates of the geometric center of the i-th patch of that sandy desert type in year t; Cti denotes the area of the i-th patch of that sandy desert type in year t.




2.3.4. Geographical Detector


The Geographical Detector is a statistical method used to detect spatial heterogeneity and identify underlying driving forces [37]. The Geographical Detector includes four components: the factor detector, the interaction detector, the risk detector, and the ecological detector. In this study, the factor detector and interaction detector were applied to explore the driving effects of 15 natural and anthropogenic factors on sandy desertification.



Factor detector: It measures the spatial heterogeneity of variable Y and evaluates the extent to which factor X explains the spatial variation of Y. The explanatory power of factor X on attribute Y is quantified using a q-value, which ranges from 0 to 1. A higher q-value indicates a stronger explanatory power. The q-value was calculated using Equation (11) [34]:


    q = 1 −      ∑  h = 1  L    N h     σ h 2    N  σ 2     = 1 −    S S W   S S T        S S W =   ∑  h = 1  L    N h     σ h 2  ,   S S T = N  σ 2     



(11)







In the equation, h = 1, …, L represents the stratification of variable Y or factor X, corresponding to classifications or spatial partitions. Nh is the number of units in stratum h, and N is the total number of units in the entire study area.   σ h 2   denotes the variance of Y within stratum h, and σ2 is the overall variance of Y in the study area. SSW represents the sum of within-stratum variances, and SST denotes the total variance across the entire area.



Interaction detector: This component identifies the interaction between different risk factors X, and assesses whether the combined effect of X1 and X2 increases, decreases, or remains independent in explaining the spatial variation of Y. First, the individual explanatory powers of X1 and X2 on Y are calculated, represented by q(X1) and q(X2), respectively. Then, the interaction q-value of X1 and X2, denoted as q(X1∩X2), is calculated. By comparing q(X1), q(X2), and q(X1∩X2), the type of interaction between the two factors can be determined [34]. Detailed information on interaction types and interpretation criteria is provided in Table 5.






3. Results


3.1. Study Area Classification


Based on the interpretation indicators defined in Table 3, the 2023 remote sensing imagery of Dengkou County was classified into different land categories using the visual interpretation method (Figure 2). The results indicate that Dengkou County is predominantly composed of SDA, located at the junction of the Hetao Plain and the Ulan Buh Desert. GDA are distributed along the alluvial fans at the foot of the Langshan Mountains, while MA are located in the western section of the Langshan range. The areas of the three categories are 2899.64 km2, 93.70 km2, and 684.96 km2, accounting for 78.73%, 2.55%, and 18.62% of Dengkou County’s total area, respectively.




3.2. Spatial–Temporal Dynamics of Sandy Desertification


Based on the 2023 classification results and the interpretation indicators defined in Table 4, sandy desertification land in the sandy desert area was classified into different severity levels across five time periods using a visual interpretation method. After classification, statistical analyses were conducted to determine the area (Table 6), spatial distribution (Figure 3), and center of gravity migration characteristics (Figure 4) of sandy desertification at each level for each year.



In 1986, 1995, 2004, 2015, and 2023, the area of sandy desertification land in Dengkou County was 2528.06 km2, 2250.91 km2, 2409.38 km2, 1913.33 km2, and 1325 km2, respectively, accounting for 87.19%, 77.63%, 83.09%, 65.99%, and 47.70% of the total SDA. Across all periods, Moderate and Serious sandy desertification were the dominant types, accounting for more than 59.66% of the total sandy desertification land area.



From a temporal perspective, the area of sandy desertification land decreased from 1986 to 1995, increased from 1995 to 2004, and continued to decline from 2004 to 2023. Overall, from 1986 to 2023, sandy desertification was significantly reversed, with an increase of 1204.79 km2 in non-sandy desertification land. All categories of sandy desertification showed a decreasing trend, with Serious sandy desertification experiencing the most substantial reduction—743.21 km2—accounting for 61.78% of the total decrease.



As shown in Figure 3, sandy desertification land was primarily distributed in the southwestern part of Dengkou County, while the central region exhibited a mosaic pattern of sandy desertification land and non-sandy desertification land. Specifically, Slight sandy desertification land was mainly distributed in the eastern part of Dengkou County, within the Yellow River irrigation zone bordering the Hetao Plain. Moderate sandy desertification land appeared in scattered patches across the central part of the county. Serious and Extremely severe sandy desertification land was mainly concentrated in three regions: the eastern Langshan alluvial fan, the central part of Dengkou County, and the northern part of the Ulan Buh Desert. From 1986 to 2023, non-sandy desertification land gradually expanded, showing a spatial trend of spreading from the periphery toward the central and southwestern regions.



Figure 4 illustrates the spatial migration characteristics of the centers of gravity for different types of sandy desertification land in Dengkou County. The centers of Slight, Moderate, Serious, and Extremely severe sandy desertification land were sequentially distributed from the northeast to the southwest, demonstrating a gradient pattern of increasing sandy desertification severity along this direction. This pattern aligns with the spatial orientation from the Hetao Plain to the Ulan Buh Desert, indicating that the degree of sandy desertification in the SDA intensified from the Hetao Plain toward the Ulan Buh Desert.



From 1986 to 2023, the centers of Slight, Moderate, Serious, and Extremely severe sandy desertification land migrated toward the northwest, southwest, northeast, and west, respectively. The corresponding migration distances were 9.34 km, 6.61 km, 1.96 km, and 13.93 km, with the center of Extremely severe sandy desertification land showing the most notable migration direction and distance. Overall, over the past four decades, the center of gravity of sandy desertification land in Dengkou County has exhibited a westward shift, indicating significant improvement in sandy desertification conditions in the central and eastern regions.




3.3. Scale and Intensity of Sandy Desertification Transitions


3.3.1. Interval Level


The interval level analysis examined the area and intensity of changes in sandy desertification land and water bodies across different time periods (Figure 5). In the figure, the left side of the axis shows the total area of sandy desertification land changes for each period, while the right side indicates the annual average change area, reflecting the overall transition intensity among different types of sandy desertification land. The red dashed line represents the overall annual average change area from 1986 to 2023; values to the right of the line indicate faster changes during that period, while values to the left indicate slower changes.



The results show that the annual average change areas in the periods 1986–1995 and 2015–2023 were above the overall average, indicating more intense changes in sandy desertification land during these two stages. Among them, the highest change intensity occurred during 1986–1995. In contrast, the change intensities during 1995–2004 and 2004–2015 were relatively mild.




3.3.2. Category Level


The category level analysis examined the increase and decrease in area and intensity of different types of sandy desertification land and water bodies within each time interval. In Figure 6, the left side of the axis shows the annual average area change for each land category, while the right side shows the annual average intensity. The red dashed line represents the mean intensity; values to the right of the line indicate more active changes in that land category, while values to the left suggest milder variations.



The results show that during 1986–1995 (Figure 6a), the increase in area and intensity of non, Slight, and Moderate sandy desertification land exceeded their respective decreases. In contrast, Serious and Extremely severe sandy desertification land exhibited the opposite trend. This indicates a reversal trend in sandy desertification during this period, primarily driven by the mitigation of Serious and Extremely severe sandy desertification land. From 1995 to 2004, Slight, Moderate, and Serious sandy desertification land showed increases in area and intensity that exceeded their reductions. In contrast, non- and Extremely severe sandy desertification land exhibited the opposite trend. This reflects an expansion of sandy desertification during this period, mainly driven by the growth of Slight, Moderate, and Serious sandy desertification land. From 2004 to 2015, the area and intensity of increases in non- and Extremely severe sandy desertification land surpassed the corresponding decreases. In contrast, Slight, Moderate, and Serious sandy desertification land exhibited the opposite trend. This indicates a reversal trend primarily driven by the mitigation of Slight, Moderate, and Serious sandy desertification land. From 2015 to 2023, non-sandy desertification land showed higher increases in area and intensity than decreases. All types of sandy desertification land exhibited the opposite pattern. This reflects an overall reversal trend in sandy desertification during this period, with all levels of sandy desertification land undergoing mitigation.



In summary, the sandy desertification conditions improved during the periods 1986–1995, 2004–2015, and 2015–2023, with the most significant improvement occurring between 2015 and 2023. In contrast, sandy desertification exhibited a worsening trend from 1995 to 2004.




3.3.3. Transition Level


The transition level analysis examined the area and intensity of mutual conversions between different land categories. Figure 7 illustrates the transition areas. Taking Figure 7a as an example, the left side of the axis represents the percentage of land area converted from other categories into non-sandy desertification land, while the right side shows the percentage of area converted from non-sandy desertification land to other categories.



Figure 7a shows that the inflow and outflow of non-sandy desertification land primarily involved Slight sandy desertification land during each period. Figure 7b indicates that the conversions into and out of Slight sandy desertification land mainly occurred between non- and Moderate sandy desertification land. Figure 7c–e also reflect this adjacent-level transition pattern, indicating that sandy desertification land in Dengkou County mainly shifts between neighboring severity levels. In addition, transitions into and out of water bodies primarily involved non- and Moderate sandy desertification land.



Figure 8 illustrates the transition intensity. Taking Figure 8a as an example, the left side of the axis represents the intensity of conversions from other land categories to non-sandy desertification land, while the right side represents the intensity of conversions from non-sandy desertification land to other categories. The red dashed line indicates the average intensity; values exceeding the line suggest more active transitions into or out of non-sandy desertification land, whereas values below the line indicate relatively weaker transition intensity.



Figure 8a shows that the most active transitions into and out of non-sandy desertification land during each period occurred with Slight sandy desertification land. Figure 8b–e also demonstrate the pattern of high transition intensity between adjacent severity levels. The periods 1986–1995, 2004–2015, and 2015–2023 exhibit a pattern of active transitions from more severe to less severe sandy desertification levels and relatively mild transitions in the opposite direction, indicating an overall improvement in sandy desertification during these stages. In contrast, the 1995–2004 period shows the opposite trend, suggesting a worsening of sandy desertification.





3.4. Driving Forces of Sandy Desertification


The factor detection results (Figure 9) indicated that livestock density, GDP, population density, geological conditions, soil type, and nighttime light exhibited relatively high q-values, suggesting strong explanatory power for the spatial distribution of sandy desertification. Among these, livestock density had the highest q-value at 0.224. Additionally, GDP (0.210) and population density (0.201) also ranked among the top three, all of which are anthropogenic, indicating that anthropogenic factors are the primary drivers of sandy desertification. Among natural factors, geological conditions showed the highest explanatory power (0.182), followed by soil type (0.165). Meteorological factors—including potential evapotranspiration, precipitation, wind velocity, and temperature—had moderate explanatory power, whereas topographic factors such as elevation, slope, and aspect contributed less significantly.



The occurrence and recovery of sandy desertification are not driven by a single factor, but rather the result of multiple factors acting in combination. Two-factor interaction detection can be used to assess whether the combined effect of two driving factors enhances or weakens the impact on sandy desertification. The results (Figure 10) showed that, except for the interaction between aspect and soil moisture, all two-factor interactions exhibit either bivariate enhancement or nonlinear enhancement. This suggests that interactions between paired factors can more effectively explain the driving mechanisms of sandy desertification. The interaction between livestock density and GDP demonstrated the highest explanatory power, with a q-value of 0.29. This was followed by GDP and geological conditions (0.289), population density and precipitation (0.289), livestock density and geological conditions (0.287), temperature and GDP (0.285), and livestock density and precipitation (0.284). Overall, interactions among anthropogenic, climatic, and environmental factors exhibit relatively high explanatory power, indicating that combinations of these factors significantly enhance their influence on sandy desertification in Dengkou County. In contrast, the explanatory power of interactions between topographic factors and other variables is relatively limited.





4. Discussion


4.1. Classification of Dengkou County


Dengkou County exhibits diverse geomorphic types, generally distributed from northwest to southeast as the towering Langshan Mountains, arid alluvial plains, the Ulan Buh Desert, and the Yellow River floodplain. These geomorphic zones differ significantly in surface sediment and vegetation characteristics, making it inappropriate to interpret sandy desertification using a uniform standard. Therefore, to enhance interpretation accuracy and ground validation, Dengkou County was divided into SDA, GDA, and MA based on its geomorphological, geological, and vegetation features. However, this study primarily relied on visual interpretation for regional classification and sandy desertification grading, which introduces a certain level of subjectivity. In the future, machine learning or multi-index models will be integrated with visual interpretation to reduce the subjective bias associated with visual interpretation. Meanwhile, where conditions permit, UAV technology will be introduced to refine the boundary delineation of different land categories, thereby improving classification accuracy and the representativeness of the dataset [57].




4.2. Spatial–Temporal Changes of Sandy Desertification


This study monitored the dynamics of sandy desertification in Dengkou County over the past four decades using remote sensing imagery and visual interpretation methods. The results indicated a significant reversal of sandy desertification in Dengkou County, consistent with the general trend reported by other researchers monitoring desertification in various regions of northern China [16,18,25,58]. This reversal is largely attributed to a series of ecological protection projects launched by the Chinese government since the early 21st century, including the “Three-North Shelterbelt Project”, the “Natural Forest Protection Project”, and the “Grain for Green Project”, all of which have promoted the overall restoration of desertification land in northern China [59,60]. Specifically, in response to national ecological policies, Dengkou County implemented various sand prevention and control measures, including “engineering-based sand fixation + shrub planting + degraded forest restoration + forest tending”, the “photovoltaic + Haloxylon Bunge + Atriplex canescens Nutt + Yellow River drip irrigation” model, and straw checkerboard sand fixation. Following the “Water Determines Green” principle, the county planned and established a new shelterbelt composed of trees, shrubs, and grasses along sand-crossing roads to serve as a windbreak and sand-fixing boundary. In addition, Dengkou County has carried out sand prevention and control practices since the 1950s, gradually developing the “Dengkou Model” and establishing a large-scale shelterbelt system totaling 308 km in length [61,62]. Subsequently, Dengkou County established “The Hatengtaohai National Nature Reserve in Inner Mongolia” and promoted ecological projects such as “Photovoltaic sandy desertification Control”, “Ant Forests”, and “Joint Prevention and Control of Sand Flow along the Yellow River Bank” [63,64,65,66].



Among the four study periods, sandy desertification worsened only during 1995–2004, accompanied by a substantial reduction in water bodies. Previous studies found that during 2000–2010, large areas of farmland were reclaimed in Dengkou County at the expense of forests, grasslands, and water bodies [43]. In the early stages of reclamation, the destruction of original vegetation and soil structure weakened the soil’s sand-fixation capacity, increasing the risk of wind and water erosion [67,68]. Particularly in arid regions, the accelerated evaporation of soil moisture further exacerbates sandy desertification [69].



Meanwhile, we found that transitions between different types of sandy desertification land were primarily between adjacent levels, consistent with other studies on sandy desertification and aligning with the adjacent-level transition rule in geography [9,70]. At the transition level, the inflow and outflow areas of water bodies were mainly associated with non- and moderately sandy desertification land. Field investigations revealed that in some areas, dense reed growth obscured the water surface, making it difficult for satellite imagery to accurately reflect water body information. During visual interpretation, such conditions often led to misclassification of water bodies as non-sandy desertification land. On the other hand, during artificial canal diversion, some Moderate sandy desertification land temporarily transformed into small lakes. However, as the diverted water volume decreased, these lakes gradually reverted to their original state of Moderate sandy desertification land.



Moreover, we found that the degree of sandy desertification in Dengkou County gradually intensified from the Hetao Plain toward the Ulan Buh Desert. This pattern can be attributed to the low wind erosion resistance of the Ulan Buh Desert and the prevailing northeast and southwest wind directions in the region, which cause sand materials to primarily drift northeastward, eroding the edges of the Hetao Plain [71,72].




4.3. Drivers of Sandy Desertification


The Geographical Detector was employed to quantitatively assess the driving effects of natural and anthropogenic factors on the process of sandy desertification. The results of the factor detector indicated that anthropogenic factors were the primary drivers of sandy desertification in the desert area of Dengkou County, which is consistent with findings from related studies [73,74]. This is mainly attributed to the construction of the Sanshenggong Water Conservancy Project in Dengkou County in 1959, which introduced artificial canal irrigation to the Hetao Plain [75]. Since then, China has continuously implemented a series of sand prevention and control policies, strengthening ecological management and environmental restoration [76,77]. With policy support and proactive human intervention, sandy desertification in Dengkou County has been effectively curbed and gradually improved over the past 40 years.



Among natural factors, geological conditions and soil types play a significant driving role in the process of sandy desertification. Dengkou County is located on the edge of the Ulan Buh Desert. Although most of its surface was covered by sand dunes 40 years ago, the underlying strata beneath the dunes vary considerably. Previous studies have shown that the geomorphology of the Ulan Buh Desert was mainly shaped by the disintegration of the Jilantai–Hetao paleolake and climate changes since the Late Quaternary. Over the past 10,000 years, the study area has experienced alternating expansion and contraction of lakes and deserts [33]. By the Han Dynasty (~2 ka), the region had a relatively favorable ecological environment, enabling agricultural settlement and large-scale land reclamation [32]. The formation of the modern desert landscape in the northern Ulan Buh Desert has been influenced by geological structures and climate, while large-scale land abandonment since the Han Dynasty has further intensified the desertification process [78,79]. Influenced by the degradation of the Jilantai–Hetao paleolake and the Yellow River’s course shifts that formed oxbow lakes, the central area of Dengkou County developed extensive ancient lacustrine strata. These strata are generally thinly covered by aeolian sands on top, while the sublayers are rich in clay, endowing the soil with water retention and wind erosion resistance—conditions favorable for farmland reclamation, afforestation, and other ecological restoration efforts [80,81]. Therefore, the geological characteristics of Dengkou County significantly influence the evolution of sandy desertification and provide favorable conditions for implementing desertification control projects.



Climatic factors such as precipitation, wind speed, temperature, and potential evapotranspiration have been proven to be major drivers of the sandy desertification process [38,82,83]. However, Dengkou County lies in a desert–oasis ecotone and benefits from Yellow River irrigation and shallow groundwater levels. These favorable conditions reduce the dependence of cultivated vegetation on natural precipitation, thereby weakening the driving role of precipitation in the local sandy desertification process [84,85]. In recent years, due to the implementation of policies and projects aimed at desertification control, anthropogenic factors have had a significant impact on sandy desertification, which has indirectly reduced the influence of climatic factors on sandy desertification over the past few decades [86]. However, from a long-term perspective, arid climate remains the core influencing factor. In addition, except for the mountainous areas, Dengkou County has a generally flat terrain with minor elevation and topographic variation, which weakens the role of topographic factors such as elevation, slope, and aspect in the local sandy desertification driving mechanisms [45].



The impact of two-factor interaction detection on sandy desertification is generally greater than that of factor detection, a finding consistent with previous studies [29,87]. In the factor detection results, climatic factors showed relatively low explanatory power. However, in bivariate interaction analysis, the influence of climatic factors was significantly enhanced due to the combined effect of anthropogenic factors. This indicates that the explanatory power for the sandy desertification process was greatly improved under the joint influence of natural and anthropogenic factors.



In recent years, under the background of China’s active promotion of ecological projects for desertification prevention and control, the results of the sixth national survey on desertification and land degradation indicated a “dual reversal” in both desertification and sandy desertification, characterized by continuous reductions in both affected area and severity [12]. These findings are consistent with our analysis. However, challenges such as groundwater overexploitation, ecosystem imbalance caused by large-scale desertification control projects and human interventions, as well as soil degradation resulting from overreliance on single plant species for sand control, remain prominent issues that need to be comprehensively addressed in practical engineering applications. With the increase in vegetation cover suppressing surface sand-dust activities, sandstorm events in northern China have generally shown a declining trend. However, in recent years, extreme climate events have continued to pose severe challenges to sandstorm control [88,89]. In reality, the overall situation of desertification control and sandy desert prevention in China remains critical [11]. Nonetheless, with the implementation of policies such as “Water Determines Green” and “Treating Water Resources as a Rigid Constraint”, desertification control is facing increasingly refined and stringent challenges.





5. Conclusions


Based on remote sensing imagery, this study monitored the changes in sandy desertification in Dengkou County over the past four decades using visual interpretation and field verification. By integrating both natural and anthropogenic factors, the main driving mechanisms were analyzed. The main findings are as follows:




	(1)

	
The SDA in Dengkou County was primarily located at the junction of the Hetao Plain and the Ulan Buh Desert, covering 2899.64 km2, accounting for 78.73% of the county’s total area.




	(2)

	
From 1986 to 2023, sandy desertification land in Dengkou County experienced a significant reversal, with non-sandy desertification land increasing by 1204.79 km2. Among all types, Serious sandy desertification land showed the largest reversal area of 743.21 km2. Spatially, the reversal exhibited a trend of expansion from the periphery toward the central and southwestern regions. The severity of sandy desertification gradually increased from the Hetao Plain to the Ulan Buh Desert. Overall, the central and eastern regions experienced effective mitigation of sandy desertification.




	(3)

	
Sandy desertification land exhibited a pattern of adjacent-level transitions. From 1986–1995, 2004–2015, and 2015–2023, land with more severe sandy desertification tended to shift toward lighter categories, indicating a certain degree of improvement, with the 2015–2023 period showing the most significant recovery. In contrast, the trend during 1995–2004 was the opposite, with sandy desertification worsening.




	(4)

	
Over the past four decades, anthropogenic factors were the primary drivers of sandy desertification land changes in Dengkou County, with livestock density having the strongest explanatory power (q = 0.224). Among natural factors, geological conditions had the strongest influence (q = 0.182). Moreover, two-factor interactions exhibited stronger explanatory power than single factors. Interactions among anthropogenic, climatic, and environmental factors generally demonstrated higher explanatory capability.









Although sandy desertification in Dengkou County has been significantly reversed due to ecological engineering and anthropogenic interventions, the potential secondary environmental issues should not be overlooked. Future desertification control efforts should scientifically evaluate the relative influence of human and natural factors, and incorporate key characteristics such as geological conditions, groundwater, and soil properties. This approach will help optimize afforestation area selection and vegetation configuration for improved accuracy and sustainability, offering a valuable reference for surrounding regions and even the entire country in combating desertification.
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Figure 1. Overview of the study area. (a) Location of the prefecture-level city containing the study area. (b) Location of the study area. (c) Land use types in 2023 and distribution of field validation points. 
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Figure 2. Classification results of the study area. 
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Figure 3. Spatial distribution of sandy desertification land. 
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Figure 4. Migration characteristics of the centers of gravity for sandy desertification of different severities. 
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Figure 5. Interval level of intensity analysis. 
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Figure 6. Category level of intensity analysis. 






Figure 6. Category level of intensity analysis.



[image: Land 14 01666 g006]







[image: Land 14 01666 g007] 





Figure 7. Transition area at the transition level in intensity analysis. (a) Non, (b) Slight, (c) Moderate, (d) Serious, (e) Extremely severe, (f) Water. 
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Figure 8. Transition intensity at the transition level in intensity analysis. (a) Non, (b) Slight, (c) Moderate, (d) Serious, (e) Extremely severe, (f) Water. 






Figure 8. Transition intensity at the transition level in intensity analysis. (a) Non, (b) Slight, (c) Moderate, (d) Serious, (e) Extremely severe, (f) Water.



[image: Land 14 01666 g008]







[image: Land 14 01666 g009] 





Figure 9. Results of the factor detector. 
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Figure 10. Results of the interaction detector. 
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Table 1. Landsat image information.






Table 1. Landsat image information.





	Year
	Sensor Type
	Path/Row (Date)





	1986
	TM
	129/32 (31 July), 130/32 (7 August)



	1995
	TM
	129/32 (10 September), 130/32 (29 June)



	2004
	TM
	129/32 (18 September), 130/32 (8 August)



	2015
	OLI
	129/32 (1 September), 130/32 (6 July)



	2023
	OLI
	129/32 (5 July), 130/32 (29 August)










 





Table 2. Data description and sources.






Table 2. Data description and sources.





	
Data

	
Year

	
Unit

	
Resolution

	
Data Sources






	
Elevation

	
2015

	
m

	
90 m

	
National Aeronautics and Space Administration

(https://earthexplorer.usgs.gov/,

access on 20 February 2024)




	
Slope

	
°




	
Aspect

	
-




	
Geological Conditions

	
2004

	
-

	
100 m

	
Geological Cloud

(https://geocloud.cgs.gov.cn/,

accessed on 6 March 2024)




	
Soil type

	
1995

	
-

	
1 km

	
Data Center for Resources and Environmental Sciences Chinese-Academy of Sciences (https://www.resdc.cn/,

accessed on 6 March 2024)




	
Precipitation

	
1986–2023

	
mm

	
1 km

	
National Earth System Science Data Center, National Science & Technology Infrastructure of China

(http://www.geodata.cn,

accessed on 11 March 2024)




	
Temperature

	
°C




	
Potential

evapotranspiration

	
mm




	
Aridity index

	
-




	
Wind velocity

	
1986–2020

	
m/s




	
Soil moisture

	
1986–2020

	
m3/m3

	
25 km

	
Science Data Bank

(https://www.scidb.cn/,

accessed on 13 March 2024)




	
Population density

	
1990–2020

	
persons/km2

	
1 km

	
Data Center for Resources and Environmental Sciences Chinese-Academy of Sciences (https://www.resdc.cn/,

accessed on 7 March 2024)




	
Gross domestic product

	
1995–2020

	
billion RMB

	
1 km




	
Nighttime light

	
1986–2020

	
-

	
1 km

	
Scientific Data

(www.nature.com/scientificdata,

accessed on 2 April 2024)




	
Livestock density

	
2010 2015

	
heads/km2

	
10 km











 





Table 3. The classification system of the study area.
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	Type
	Surface Characterization
	Landsat Image
	Actual Photos





	SDA
	The surface is covered by sand particles with diameters ranging from 0.0039 to 2 mm.
	[image: Land 14 01666 i001]
	[image: Land 14 01666 i002]



	GDA
	The surface is covered by gravel ranging from 2 to 256 mm in diameter.
	[image: Land 14 01666 i003]
	[image: Land 14 01666 i004]



	MA
	The surface is dominated by exposed bedrock and rock debris.
	[image: Land 14 01666 i005]
	[image: Land 14 01666 i006]










 





Table 4. The classification system of sandy desertification.






Table 4. The classification system of sandy desertification.





	Type
	Vegetation Coverage
	Landsat False-Color Synthesis Image
	Actual Photos





	Slight sandy desertification
	≥50%
	[image: Land 14 01666 i007]
	[image: Land 14 01666 i008]



	Moderate sandy desertification
	30–50%
	[image: Land 14 01666 i009]
	[image: Land 14 01666 i010]



	Serious sandy desertification
	10–30%
	[image: Land 14 01666 i011]
	[image: Land 14 01666 i012]



	Extremely severe sandy desertification
	<10%
	[image: Land 14 01666 i013]
	[image: Land 14 01666 i014]










 





Table 5. Definition of interaction detector.






Table 5. Definition of interaction detector.





	Description
	Interaction





	q(X1∩X2) < Min(q(X1), q(X2))
	Weaken, nonlinear



	Min(q(X1), q(X2)) < q(X1∩X2) < Max(q(X1), q(X2))
	Weaken, univariate



	q(X1∩X2) > Max(q(X1), q(X2))
	Enhance, bivariate



	q(X1∩X2) = q(X1) + q(X2)
	Independent



	q(X1∩X2) > q(X1) + q(X2)
	Enhance, nonlinear










 





Table 6. Area and changes of sandy desertification land.






Table 6. Area and changes of sandy desertification land.





	Year
	Non

(km2)
	Slight

(km2)
	Moderate

(km2)
	Serious

(km2)
	Extremely

Severe (km2)
	Water

Area (km2)





	1986
	288.34
	251.35
	564.34
	1098.2
	614.17
	83.24



	1995
	507.43
	331.59
	751.69
	698.5
	469.13
	141.3



	2004
	394.22
	400.42
	759.93
	852.37
	396.66
	96.04



	2015
	853.62
	310.57
	617.85
	547.52
	437.39
	132.70



	2023
	1493.13
	122.54
	435.51
	354.99
	411.96
	81.51



	1986–1995
	219.09
	80.24
	187.35
	−399.70
	−145.04
	58.06



	1995–2004
	−113.21
	68.83
	8.24
	153.87
	−72.47
	−45.26



	2004–2015
	459.40
	−89.85
	−142.08
	−304.85
	40.73
	36.66



	2015–2023
	639.50
	−188.03
	−182.33
	−192.52
	−25.43
	−51.19



	1986–2023
	1204.79
	−128.81
	−128.83
	−743.21
	−202.21
	−1.73
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