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Desertification in the context of global change and intensified anthropogenic activities poses a huge challenge to the sustainable development of the Earth’s systems, including the Qinghai Lake Basin, which is located in the Tibetan Plateau. However, we know little about desertification in the Qinghai Lake Basin, which is an urgent and important issue. To that end, this study used the enhanced vegetation index (EVI) and the albedo data from MODIS satellites to explore this issue. Results based on vegetation cover (FVC) calculated from EVI indicated that desertification in the Qinghai Lake Basin had reversed over the last 20 years, and the heavily desertified areas were concentrated along the northwestern to northern basin boundaries and on the sandy eastern shore of Qinghai Lake. More interestingly, we found that the relationship between albedo and EVI showed a “V” shape instead of the traditional monotonic trapezoid, which may be related to multiple factors such as soil moisture, soil type, and spatial scale of sampling. This study unfolds the spatial and temporal distribution of desertification in the Qinghai Lake Basin quantitatively and emphasizes the threshold of the desertification process revealed in the EVI-albedo feature space, which sheds light on the monitoring of desertification in alpine areas.
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1 INTRODUCTION
Desertification is a type of land degradation mainly caused by climate and human activities in drylands (Xu et al., 2011). It poses a major threat to achieving global sustainable development (Li et al., 2021). Desertified lands cover 35% of the world’s terrestrial land area, and about 20% of the world’s population is affected by desertification (Huang et al., 2020). By the end of the century, the risk of desertification is predicted to increase in Africa, North America, China, and northern India (Huang et al., 2020), potentially threatening ecological security and leading to declining land productivity and inadequate food supplies (Wang et al., 2008; Stringer et al., 2009). Intensified drought stress under climate change may cause abrupt changes in ecosystem structure and functioning, further increasing the risk of desertification (Berdugo et al., 2021; Sun et al., 2023).
Up to now, desertification studies have focused primarily on warm drylands such as tropical, temperate, and Mediterranean drylands (Benassi et al., 2020; Dastorani, 2022; Han et al., 2023; Kadri and Nasrallah, 2023). However, desertification in alpine areas such as the Tibetan Plateau remains largely unknown (Li et al., 2020). Due to the unique topography, soil texture, climate, lifestyle, and population density, desertification characteristics and trends in alpine areas differ from those in the warm drylands (Li et al., 2023; Ye et al., 2023). For example, desertification in alpine areas may be dominated by temperature, that is, freeze-thaw, whereas in warm drylands, it is largely dominated by precipitation and wind (Li et al., 2021; Liu et al., 2023). Additionally, alpine meadows maintain sufficient soil moisture, resulting in the widespread occurrence of light desertification (Guo et al., 2022). Thus, quantifying desertification in alpine areas is very important and necessary.
This study takes the Qinghai Lake Basin as an example. It is located in the northeast of the Tibetan Plateau, China, and covers an area of nearly 0.3 million km2 (Wang et al., 2022). It serves as an ecological barrier to the Tibetan Plateau and also an effective buffer against the wind and sand brought by the northern deserts and the Gobi. Since the start of the 21st century, desertification in the Qinghai Lake Basin has been relatively stable, partly due to the implementation of conservation policies such as returning farmland to grassland and replacing livestock grazing with fenced fields (Wang et al., 2013). However, climate change and human activities have degraded the lakeshore grasslands into sandy areas that are moving 7 km per year from the edge of the lake (Yu et al., 2022b). Therefore, it is crucial to understand the status of desertification in the Qinghai Lake Basin (Wang et al., 2013). At present, related studies focus on two main fields: 1) applicable indicators for monitoring desertification in the basin (e.g., vegetation cover, vegetation index, and albedo) (Yu et al., 2022a); and 2) a simplified explanation of the mechanisms driving desertification (Dong et al., 2017). However, it is difficult to explain the desertification status of the basin because of nonlinear desertification processes (Hu et al., 2022). Thus, the desertification process of the Qinghai Lake Basin over the long term and across its vastness remains unclear.
Overall, this study explored the desertification issue in the Qinghai Lake Basin using both EVI-informed vegetation cover and albedo-EVI feature space-based approaches. EVI was chosen instead of a normalized difference vegetation index (NDVI) because EVI performs better in areas with high vegetation cover (Venter et al., 2020; Petrosillo et al., 2021). Through the study, we aim to determine the spatial and temporal distribution of desertification in the Qinghai Lake Basin over the past 20 years. This will provide a case study and an insight into investigating desertification in other alpine areas.
2 MATERIALS AND METHODS
2.1 Research area
The Qinghai Lake Basin is located in the northeastern part of the Qinghai–Tibet Plateau (36°15′N∼38°20′N, 97°35′E∼101°20′E), with a total area of approximately 29,664 km2 and an elevation of 3,242∼5,279 m (Figure 1). The basin is endorheic (Cui and Li, 2015), oval in boundary, and tilts from northwest to southeast, with erosional tectonic, accumulation, and wind accumulation landforms in the ring belt (Zhang J. et al., 2022). Its climate is classified as semi-arid and highland continental, with an average annual temperature of −1.1°C∼4.0°C, annual precipitation of 300∼450 mm, and potential annual evaporation of 930 mm (Zhang et al., 2019). Sandy and chestnut-calcium soils are dominant, with saline soils covering a smaller area. In the western areas, where annual precipitation is lower, there are large amounts of calcareous black soils and submerged black soils (FAO-90 soil classification system). With increasing elevation, the vegetation type changes from sparse grassland (<3,350 m) to alpine habitat-tolerant shrubs and meadows (3,350∼4,000 m), and finally to alpine talus vegetation (>4,000 m), with NDVI values increasing and then decreasing (Liu et al., 2017; Fu et al., 2020).
[image: Figure 1]FIGURE 1 | (A) Mean annual temperature and precipitation in the Qinghai Lake Basin, (B) Elevation and outline of the Qinghai Lake Basin, and (C) Relative location of the basin in the Tibetan Plateau.
2.2 Data analysis
EVI and albedo information were obtained from MODIS data from January 2001 to December 2020. The study area covers a geographical area of h25v05 and h26v05 in the sinusoidal Earth projection system. The obtained HDF data were reprojected, stitched, and processed using MRT software provided by NASA and transformed into remote sensing images with a coordinate type of WGS-84-UTM-ZONE-47. In addition, we downloaded land cover type data from MODIS, DEM data from SRTM, and soil type data from the Harmonized World Soil Database (HWSD). All the data were resampled to a spatial resolution of 500 m. Please refer to Table 1 for more details.
TABLE 1 | Research data and data sources.
[image: Table 1]2.2.1 Desertification monitoring method based on vegetation cover
Fractional vegetation cover (FVC), calculated from EVI, was taken as an indicator of desertification to reflect spatial variation in plant communities (Abalori et al., 2022; Feng et al., 2022). EVI was first calculated from the DN values multiplied by a scaling factor of 0.0001 according to Eq. 1. We used the maximum value composition (MVC) method to extract the maximum value of EVI information for each image pixel to compensate for the interference of solar elevation angle, clouds, atmosphere, and other related factors according to Eq. 2. EVIi represents the EVI value of the ith year (month); EVIij represents the EVI value of the corresponding jth month (day) of the ith year (month).
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Areas with buildings, permanent snow cover, and water could significantly interfere with the assessment of full bare ground pixels and full vegetation cover pixels and were excluded. MCD12Q1-land cover type data from MODIS was used for that purpose. We used the mask to crop 20 years of EVI-Max raster images year by year and calculated the vegetation cover (FVC) based on the dichotomous image segmentation, according to Eq. 3. Finally, the desertification difference index (DDI) was obtained based on the negative correlation between the vegetation state and the desertification state (Hilker et al., 2013), Eq. 4. To get a clearer understanding of the desertification characteristics in the Qinghai Lake Basin, we graded the intensity of desertification (Table 2) (Wang et al., 2013; Zhou et al., 2023) and calculated the interannual change rate (P) using Eq. 5. Here, S2 represents the area of desertification in the following year, and S1 represents the area in the former year.
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TABLE 2 | Land desertification intensity grading index in the Qinghai Lake Basin.
[image: Table 2]2.2.2 Desertification monitoring method based on albedo-EVI feature space
The albedo-EVI feature space can reflect desertification information more comprehensively, especially in terms of radiation flux and surface hydrothermal conditions, which can improve desertification monitoring accuracy to 88% and provide clearer ecological connotations (Guo et al., 2022). As desertification progresses, EVI decreases and albedo increases, resulting in a negative regression line across the albedo-EVI feature space. Therefore, a DDIEA index based on EVI-albedo can be obtained, as shown in Eq. 6 (Wei et al., 2018), which can distinguish different degrees of desertified land types and further indicate the process of desertification (Zhang et al., 2023).
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In this study, albedo and EVI data were obtained for the years 2000, 2005, 2010, 2015, and 2020. The minimum albedo values within each year were extracted for each pixel according to Eq. 7. Then, EVI and albedo were normalized and reflected in the feature space to observe the two-dimensional response and the similarities and differences of interannual trend changes in the Qinghai Lake Basin using Eqs 8, 9.
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3 RESULTS
3.1 Desertification monitoring based on vegetation cover
Using vegetation cover data to monitor the desertification process on an interannual scale reveals an increasing trend of non-desertification and light desertification in the Qinghai Lake Basin between 2001 and 2020, increasing by 14.20% and 17.25%, respectively. Although the areas of moderate, severe, and extreme desertification increased from 2010 to 2015, they decreased by degrees of 2.06%, 29.53%, and 16.40%, respectively, in a 20-year period from 2001 to 2020. In other words, desertification in the Qinghai Lake Basin has been reversed to a certain extent (Table 3).
TABLE 3 | Land area and dynamics of desertification in the Qinghai Lake Basin, 2001–2020.
[image: Table 3]More specifically, extreme desertification (Table 3) was concentrated in the northwestern part of the basin and the eastern shore of Qinghai Lake (Figure 2). Severe desertification was observed at the peripheries and the northern boundary of the basin. Moderate desertification was more widespread than severe or extreme desertification, mainly in the south-central part of the basin, and was less widespread in the northern and south-eastern corners of Qinghai Lake. The smallest and most scattered area was the light desertification, which could be seen sporadically in the middle of the basin. Compared to the four types of desertification areas above, the non-desertification land had the largest area and could be divided into two spatial parts. The larger part was located in the central and western parts of the basin, while the smaller part stretched narrowly from the southern shore of Qinghai Lake to the northwest. Temporally, the pattern of desertification did not change much on a 20-year scale. Areas with reversed desertification were concentrated in the northwestern and central parts of the basin. The desertification in the northwestern part of the Qinghai Lake Basin gradually reverted from extreme to severe desertification, and the central area improved along the trend of “moderate desertification—light desertification—non-desertification.” It should be noted that the sandy land on the eastern side of Qinghai Lake showed serious degradation, moving from severe to extreme desertification and expanding further eastward.
[image: Figure 2]FIGURE 2 | Desertification classification of the Qinghai Lake Basin, 2001–2020.
3.2 Desertification monitoring based on albedo-EVI feature space
The albedo-EVI relationship showed that the slope of the fitted curves was greater than 0, and the Pearson correlation coefficients were in the range of 0.042∼0.382, which is contrary to the prediction of a classical negative correlation. Different times and sampling methods did not significantly alter the results (Table 4). However, the albedo-EVI samples from the Qinghai Lake Basin were not characterized by a simple monotonically increasing trend, as observed in all pixels and random sampling results from 2005 to 2015 (Figure 3).
TABLE 4 | Results of spatial construction of albedo-EVI features in the Qinghai Lake Basin, 2001–2020.
[image: Table 4][image: Figure 3]FIGURE 3 | Spatial albedo-EVI characteristics in the Qinghai Lake Basin in 2005 and 2015.
Was this a coincidence or a more general regularity? We further tested the data for 5 years and were surprised to find that the albedo-EVI feature space consisted of an intriguing pattern—negative and positive relationships before and after a specific EVI threshold, respectively (Figure 4). In other words, the relationship between albedo and EVI was negatively correlated in bare ground and low vegetation areas (a-b). However, once a certain threshold (b) was crossed, the relationship reversed to be positive in the medium and high vegetation areas (b-c), albeit with a weaker trend (Figure 5). Therefore, the classical trapezoidal albedo-EVI feature space may no longer be suitable for describing the desertification of the Qinghai Lake Basin, although it may still be valid in the left quadrant of the feature space.
[image: Figure 4]FIGURE 4 | Results of quadratic regression fits. The gray and red parts represent the negative and positive correlations between EVI and albedo, respectively. The blue dashed line indicates the turning point of the quadratic function fit. Taking 2015 as an example, the spatial distribution of data points on either side of the EVI value around 0.328 is shown in the basin map.
[image: Figure 5]FIGURE 5 | Albedo-EVI feature space of the Qinghai Lake Basin. The dashed lines indicate the distribution of the classical trapezoidal feature space in the medium- and high-vegetation cover areas, while the solid lines indicate the distribution of the V-shaped feature space in the Qinghai Lake Basin. Labels a, b, and c mark the EVI at different gradients, and label b marks a threshold. The adjacent boxes represent the corresponding soil moisture under different vegetation indices, and the oval areas represent the change in vegetation cover.
We additionally fitted linear, quadratic, and cubic equations to the data and found that the quadratic equation was optimal, confirming the V-shaped relationship. Taking the lowest value between the positive and negative albedo-EVI relationships, a threshold of around 0.33 was obtained, except for 0.117 in 2020 (Figure 4).
4 DISCUSSION
4.1 Spatial and temporal evolution of desertification in the Qinghai Lake Basin
Over the past two decades, the desertification process in the Qinghai Lake Basin has slowed significantly. The temporal evolution is divided into three distinct phases: an ecological turnaround period from 2000 to 2010, a desertification acceleration period from 2010 to 2015, and a desertification recovery period from 2015 to 2020. Since the beginning of the 21st century, the climate of the basin has warmed significantly and become more humid, creating favorable conditions for vegetation growth (Zhou et al., 2023). However, human activities such as overgrazing and deforestation led to rapid desertification (Wang et al., 2013). By the end of 2014, the livestock population had reached 2,375,200 head. Mismanagement has significantly reduced the production and reproductive capacity of the pastures, which has directly led to a decrease in the stability of the original vegetation community structure in the basin (Sun et al., 2021). From 2010 to 2015, temperature and precipitation in the Qinghai Lake Basin fluctuated dramatically, especially between 2014 and 2015, when the mean annual temperature increased by 0.3°C and the mean annual precipitation decreased by 150.6 mm (Figure 1). Since 2015, Qinghai province has prioritized ecosystem protection, resulting in comprehensive environmental improvements in the southern foothills of the Qilian Mountains and the Yangtze-Yellow River headwaters.
At the spatial scale, desertification was low in the central parts of the basin and high in the east, consistent with the west-to-east transport of atmospheric water vapor fluxes in the Qinghai Lake Basin (Fan et al., 2021). From the perspective of tourism, the popularity of “Qinghai Lake culture” attracted tourists, thereby intensifying the desertification rate of sandy areas on the eastern side of Qinghai Lake (Xiong et al., 2018; Zhang Z. et al., 2022).
4.2 V-shaped albedo-EVI feature space
The relationship between albedo and EVI exhibits a V-shaped pattern, with a decrease followed by an increase along the EVI gradient. It has been suggested that the Qinghai-Tibet Plateau is very sensitive to surface albedo variations (You et al., 2021). A variety of factors influence albedo, in particular, vegetation cover, surface roughness, topsoil moisture content, air temperature, and solar elevation angle (Sun et al., 2020). For instance, as vegetation cover increases from zero to low values, increasing EVI is accompanied by a decrease in bare surface area and an increase in surface roughness, eventually leading to a decrease in albedo. This is consistent with the monotonic trapezoidal eigenspace explanation. In regions with medium to high vegetation cover, other factors may also play an important role.
First, previous studies have shown that vegetation cover in the Qinghai Lake Basin increases and then decreases with an increasing elevation gradient (sparse grassland at the low elevation → alpine-tolerant shrubs and meadows at the middle elevation → alpine talus at the high elevation) (Fu et al., 2020). The middle elevation region has a warmer and drier environment than the high elevation, which contributes to the surface evapotranspiration process and results in lower soil water content in the middle elevation regions (Liu et al., 2017). Given that incident flux is constant, drier soils tend to increase reflected flux at the surface and thus increase albedo. Therefore, the variation in albedo is only influenced by the vegetation index and by soil moisture. Furthermore, the unique permafrost landscape of the Qinghai–Tibet Plateau amplifies the effect of soil moisture on albedo (Liu et al., 2021). So, a positive albedo-EVI correlation in the middle-high EVI occurs.
Second, spatial extent may be another important factor contributing to the non-monotonic trend. Zeng et al. (2006) studied desertification processes in the Yellow River headwaters, selecting one of the typical small areas (with different land cover types) rather than the region as a whole. Although local sampling is highly representative of regional desertification monitoring, it may not be efficient for large-scale desertification assessment (Liu et al., 2014). The entire Qinghai Lake Basin, which has a much larger spatial extent and contains wider ranges of albedo and vegetation index, is considered in this study. This may be a reason why the V-shaped feature space was observed here and differed from the classically significant negative correlation trend.
Third, soil color may play a role. According to the HWSD-FAO-90 soil classification data (Figure 6), from the medium vegetation to the high vegetation cover areas within the Qinghai Lake Basin, the soil type transitions from calcareous black soils (Chernozems) and submerged black soils (gleysols) to chestnut calcareous soils (kastanozems) and solonchaks (Figure 6). As the soil becomes lighter in color, its reflectivity increases, causing the surface albedo to reverse. In contrast, in the Yellow River headwater area, strong winds and dust storms have blown away the topsoil, particularly in the north, where sands and mobile dunes are widespread, possibly leading to the emergence of a linear negative albedo-EVI correlation (Zeng et al., 2006).
[image: Figure 6]FIGURE 6 | Soil classification of the Qinghai Lake Basin.
Finally, EVI was chosen as the vegetation index instead of NDVI. EVI is narrower than NDVI in the red and near-infrared bands and includes the blue band, which can effectively mitigate the effect of atmospheric aerosol saturation and improve the sensitivity of monitoring in areas with thick vegetation cover (Guo et al., 2020). In other words, EVI is more suitable for monitoring desertification in areas where the vegetation index is in the range [0, 1], especially in areas with high vegetation cover (Wang et al., 2003). Another point needing attention is that EVI directly reflects the greenness of vegetation (Li et al., 2019). During the process of decreasing EVI (as shown in Figure 5, c → a), despite the weakening of vegetation greenness, it is very likely that the vegetation density did not change significantly after the threshold point b was reached (John et al., 2015; Li and Song, 2021). Thus, we would like to suggest that these areas should be considered non-desertification areas. In other words, the turning point in the EVI-albedo feature space can be taken as a threshold to classify desertification vs. non-desertification in alpine regions. This point requires further study. Additionally, we identified an EVI threshold point of 0.33 in the Qinghai Lake Basin.
5 CONCLUSION
This study clarified the spatial and temporal evolution patterns of desertification in the Qinghai Lake Basin. It was found that the basin showed an inverse trend of desertification in general. Between 2001 and 2020, the trend of land fragmentation increased at all levels of desertification. In terms of spatial distribution, the degree of desertification was serious in the northwestern part of the basin, the northern border, and the eastern shore of Qinghai Lake. Conversely, the degree of desertification was lowest in the central and southern parts of the basin. More interestingly, we found a V-shaped albedo-EVI feature space, which is contrary to the classical understanding. This sheds light on desertification monitoring: As the scale of study areas expands and the heterogeneity of environmental conditions increases, V-shaped feature spaces may become more common, and the threshold point may change to varying degrees. Therefore, in future desertification monitoring, we need to consider the possibility of a V-shaped feature space instead of using the trapezoidal feature space as the scientific paradigm. Of course, it cannot be taken for granted that the V-shaped feature space is applicable to all desertification areas. The existence of a threshold point in the EVI-albedo feature space poses great potential to be taken as a landmark to identify desertification in alpine regions. Further evaluations are necessary.
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