Impacts of climate change and ecological restoration programs on vegetation activity dynamic in the Mu Us Desert, China
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Abstract: As an important component of terrestrial ecosystems, vegetation is a commonly used indicator to evaluate climate change and ecological restoration efforts. In the farming-pastoral zone in China, the Mu Us Desert is a typical area utilizing desertification control methods where vegetation cover has significantly changed. However, few studies have considered vegetation changes due to multiple factors in this region. In this study we investigated spatiotemporal variations in vegetation cover in the Mu Us Desert (including 11 counties) from 2000 to 2019 using Normal Difference Vegetation Index (NDVI) time-series data. Our results indicate that NDVI during the growing season (May to October) across the whole region increased by 0.0058 per year during the 20-year study period. Correlation analysis between NDVI and climatic factors indicated that precipitation, temperature and relative humidity had a significant positive correlation, and mean wind speed and sunshine hours had a significant negative correlation across the study area (except for mean wind speed in Shenmu and Yuyang). Climatic and ecological restoration had a 44% and 61% effect on NDVI change in the study region, respectively, indicating that the ecological restoration program played a dominant role in driving NDVI in the majority of counties in the Mu Us Desert from 2000 to 2019. Findings from our study may help to reveal the dynamics of the ecological environment, providing valuable information for decision making concerning vegetation resources management and further ecological restoration measures in other similar desert areas.

[bookmark: OLE_LINK14][bookmark: OLE_LINK15]Keywords: vegetation cover; NDVI; climatic factors; ecological restoration programs; Mu Us Desert.

1. Introduction
[bookmark: OLE_LINK12]Global climate change is having a significant impact on the ecological environment and economy; responding to global change and achieving sustainable development is currently an important issue (Bos and Gupta, 2019; Hong et al., 2019). Vegetation, as an important component of terrestrial ecosystems, plays an irreplaceable role in global material and capacity transformation (Zhang et al., 2020), carbon balance regulation (Cao et al., 1998) and the maintenance of climate stability (Zhu and Southworth, 2013; Liu and Lei 2015; Huang and Xu2016). Vegetation growth processes have obvious temporal and seasonal changes, and biological responses to environmental factors are often viewed as evidence of climatic and anthropogenic influences (Baldi et al., 2008; Wen et al., 2017). 
Climate change effects vegetation growth environment and has a profound impact on vegetation growth dynamics. At the same time, enhanced anthropogenic activities such as ecological engineering construction, land use change, agriculture and animal husbandry production have an important impact on vegetation cover (Wang et al., 2015; Abdourhamane Touré et al., 2019; Sun et al., 2020). With the development of technology used to observe global changes, remote sensing using satellites has become invaluable for monitoring and predicting vegetation changes over large regions (Chen et al., 2014). The Normalized Difference Vegetation Index (NDVI) is an effective indicator detecting above-ground vegetation conditions (Tucker et al., 2001; Fu et al., 2017; Lin et al., 2018), and it can effectively reflect the optimal status of vegetation growth (Groten, 1993; Neigh et al., 2008; Piao et al., 2014). Over the last few decades, satellite-based NDVI has been shown to be a successful indicator of vegetation activities (Xu et al., 2017; Lamchinet al., 2018; Peng et al., 2019).
During the early stage of economic development, the ecological environment in China was not protected, resulting in frequent natural disasters in the late 1990s, such as the Yangtze River Basin in 1998 (Kundzewicz et al., 2019) and severe dust storms in North China after the year 2000 (Xu et al., 2020 a). Since 2000, China has implemented the “Western Development Strategy”, resulting in a large number of ecological restoration projects in the northwestern region, including the “Three-North” Shelterbelt, “natural forest protection” and “returning farmland to forestry” projects (Wang et al., 2010; Dai et al., 2018; Li et al., 2020). Meanwhile, there have rapid and extensive changes in forestry policy in China. China’ government has invested huge amounts of money to forestry programs (Wang et al., 2007; Tian et al., 2015). These key ecological function restoration areas play an important role in controlling desertification, soil erosion, biodiversity conservation and water protection (Kong et al., 2020; Londe et al., 2020; Xu et al., 2020 b). As the main area of focus of the ecological projects has been vegetation construction, it is important to examine vegetation changes in key ecological function areas in northwest China since these projects initiated. The northwestern region of China is dominated by arid and semi-arid climates, making these areas sensitive to climate change (Zhang et al., 2018). It is therefore important to fully understand the interaction between ecological engineering construction and the impact of climate change on vegetation cover in the implementation of ecological restoration projects. Only by comprehensively considering regional differences in factors influencing vegetation growth can we improve ecological engineering construction efficiency and promote the sustainable development of ecological restoration. 
The Mu Us Desert is a typical fragile ecological zone which has existed in northwest China since the early Quaternary period (Zhang and Deng, 2020). This desert represents many issues systematic of the relationship between anthropogenic activities and the natural environment in semi-arid and arid desert regions (Huang et al., 2009). As this desert is in a typical area incorporating desertification control in the farming-pastoral zone of China, this area has become important when examining the relationship between ecological environment change and anthropogenic activities from different perspectives (Li et al., 2017a; Li et al., 2017b). Climate in the Mu Us Desert is strongly influenced by the Asian summer monsoon and Mongolia-Siberia high-pressure cell systems. The main ecological environmental problem in this area is desertification, which is mainly caused by wind erosion (Jia et al., 2015; Li et al., 2015; Zhao et al., 2016). Vegetation construction is commonly used as a windbreak and to stabilize sand, and it has been shown to achieve ecological and economic benefits. Furthermore, the southeast area of the Mu Us Desert has good hydrothermal conditions, having more suitable conditions for vegetation restoration and reconstruction (Sun and Han, 2018). Currently, different methods and projects for vegetation self-recovery and artificial vegetation reconstruction exist (Zhang et al., 2016; Huang et al., 2019; Cao et al., 2020; Liu et al., 2020; Xu et al., 2020). However, few studies have explored the dynamic changes in vegetation and quantitatively assessed the mechanisms driving these changes. Although there has been an increasing interest in the responses of vegetation phenology to climate change or ecological restoration programs, there has been little progress toward quantifying their respective contributions and assessing their variations over time. In this study, vegetation dynamics in the Mu Us Desert were examined and the impact of climate change and ecological restoration programs on vegetation cover were quantified using MODIS NDVI, climate and ecological restoration program data from 2000 to 2019. Our results contribute to understanding the interactions among climate and ecological restoration programs, and they provide scientific basis for environmental protection, ecological restoration and sustainable development in desert areas.

2. Data and methods
2.1 study site
The Mu Us Desert (106°11′ E–110°54′ E, 36°49′ N–40°12′ N), located to the northwest of the Chinese Loess Plateau, has an area of about 40000 km2 and is situated on the margin of the East Asian summer monsoon on the Ordos Plateau (Chen et al., 2002). The desert encompasses 11 county level administrative units (counties, banners and districts): Otog banner, Otog Front banner, Wushen banner, Ejin Horo banner of Inner Mongolia Autonomous Region, Yuyang district, Shenmu county, Hengshan county, Jingbian county, Dingbian county of Shaanxi Province, and Yanchi county, Lingwu county of Ningxia Hui Autonomous Region (Fig. 1). This desert area has a typical continental semi-arid climate, dominated by northwesterly winds in the winter and spring, with southeasterly winds prevailing in the summer (Jia et al., 2015). Average annual precipitation from 2000 - 2019 ranged from 490 mm in the southeast to 200 mm in the northwest; 60% - 80% of precipitation occurred between June to August. Annual mean temperature was about 7.4 - 9.0 ℃, annual relative humidity was 47% - 51%, annual mean wind speed was 1.9 - 2.6 m/s, annual sunshine hour was 2674 - 3023 h, and pan evaporation of 1800 - 2500 mm. Elevation in the Mu Us Desert ranges from 1000 - 1500 m (Li et al., 2017a). Currently, vegetation is dominated by Artemisia ordosica Krasch, Tamarix chinensis Lour and Hippophae rhamnoides Linn. Soil in the study area contains Kastanozems, Arenosols, Histosols and Solonchaks (Chen and Wang, 2012). 

2.2 Data Sources
Vegetation activity dynamics were analyzed using time-series MODIS Terra NDVI data (MOD 13) (January 2000 to December 2019) obtained from the Land Processes Distributed Active Archive Center, NASA. Spatial resolution of the MODIS NDVI data was 250 m × 250 m. Monthly NDVI values were calculated using the maximum value composite data product, where cloud contamination, atmospheric effects, scan angle effects and solar zenith angle effects were minimized (Holben, 1986). Average monthly NDVI values during the growing season (May to October) were used to represent vegetation cover conditions for a year. In order to analyze vegetation cover, NDVI was classified using six grades: I - no vegetation cover (NDVI value ≤ 0.2), II - very low vegetation cover (0.2 < NDVI value ≤ 0.3), III - low vegetation cover (0.3 < NDVI value ≤ 0.4), IV - medium vegetation cover (0.4 < NDVI value ≤ 0.5), V - medium-high vegetation cover (0.6 < NDVI value ≤ 0.6), and VI - high vegetation cover (NDVI value > 0.6) (Zhang et al., 2019).
Climatic datasets consisting of daily precipitation (P), temperature (T), relative humidity (RH), mean wind speed (WS) and sunshine hours (SH) from January 2000 to December 2019 were obtained from the Chinese National Meteorological Center for the 11 county level administrative units of the Mu Us Desert. One meteorological station was selected in each county which had continuous and complete data records. 
The afforestation area of each county in the Mu Us Desert was taken as the index of ecological restoration program to analyze its influence on NDVI change. Afforestation area data was obtained from China’s annual forestry statistical yearbooks from 2002 to 2017 (State Forestry Administration, 2002-2017). This data included the area of forest planting, afforestation by aerial seeding and new forest conservation for each county level administrative unit in each year. The percentage of afforested area was calculated by dividing the afforestation area in each county by the total area of the county.

2.3 Methods
Linear trends in annual NDVI, precipitation (P), temperature (T), relative humidity (RH), mean wind speed (WS), sunshine hours (SH) and ecological restoration program (ERP) of each county were examined using ordinary least squares regression (Hou et al., 2015). The slope of the regression indicated the mean temporal change (Wang et al., 2015): slope > 0 was a positive slope, indicating an increasing trend, and slope < 0 was a negative slope, indicating a decreasing trend. The slopes of significance (p-values) categorized the types of change: large increase (slope > 0, p ≤ 0.05), slight increase (slope > 0, p > 0.05), slight decrease (slope < 0, p ≤ 0.05), and severe decrease (slope < 0, p < 0.05). 
The relationship between NDVI dynamics and climate change were analyzed using correlation coefficients between seasonal NDVI with climatic factors of growing season (May to October), calculated using the Pearson Correlation (Chuai et al., 2013; Muradyan et al., 2019; ). Pearson Correlation was also applied to analyze the relationship between annual NDVI and ecological restoration programs. In statistics, the correlation coefficient ranges from -1 to 1, with higher absolute values indicating a stronger correlation. The significance of the correlation coefficients was evaluated through a Student t-test.
Annual NDVI, precipitation, temperature, relative humidity, mean wind speed, sunshine hours and ecological restoration program were analyzed using the PROC MIXED procedure of SAS with fixed effects of different sites and year with replication as the random effect (Littell et al., 2006). Means of location were compared using LSD tests (p < 0.05). Additionally, stepwise multiple linear regressions was also applied to quantify the contributions of variables, such as annual precipitation, temperature, relative humidity, mean wind speed, sunshine hours and ecological restoration program factors to changes in the NDVI in each county. Contribution variables were maintained at statistical significance of p < 0.05. For stepwise multiple linear regressions, all variables with different units were standardized for easy comparison of contribution from different variables (Liu et al., 2010). The contribution rate was calculated by the following formula: 

                    (1)
where, stdPi is the standardized estimate of i variable for stepwise multiple linear regression equation. 
The multiple collinearity diagnostics of those variables were analyzed using the variance inflation factors (VIF). The VIF value of 5 is used for examining the potential multicollinearity phenomenon (Vu et al., 2015). After confirming that there were serious multiple collinearity problems, ridge regression analysis were used as the main data analysis method to investigate the contributions of climatic variables and ecological restoration program factor to changes in the NDVI. In addition, the percentage contribution of climate factors and ecological restoration program on NDVI were determined using the PROC REG procedure in SAS. All descriptive statistics, correlations and t tests were performed using SAS 9.0 statistical software. 

3. Results
3.1. Trend analysis of annual NDVI
Regions with no vegetation cover and very low vegetation cover areas accounted for 34% - 42% of the Mu Us Desert in 2000, and 4.8% - 25% in 2019 (Table 1). Regions with medium, medium-high and high vegetation cover accounted for more than 69% of the total area in 2019. Regions with no vegetation cover and very low vegetation cover recorded a significant decrease, and regions with medium, medium-high and high vegetation cover recorded a significant increase every five years from 2000 to 2019 (Fig. 2). Between 2000 and 2019, regions with no and very low vegetation cover decreased as a proportion of the total area of Mu Us Desert by 29.77% and 16.99%, respectively. In contrast, regions with low, medium, medium-high and high vegetation cover increased by 10.97%, 17.23%, 12.64% and 5.92%, respectively. Among these regions, those with medium vegetation cover recorded the most significant increase (Table 1).
Mean growing season NDVI recorded a significant increase (p < 0.001) across the study site (Fig. 2). NDVI values in the 11 counties in the Mu Us Desert recorded an increase (p < 0.001) of 0.0058 per year from 2000 to 2019, presenting an apparent spatial variation. Shenmu, Hengshan, Jingbian, Yuyang, Ejin Horo and Dingbian recorded a higher slope than average NDVI in the Desert; NDVI rates of increase in Otog, Otog Front, Lingwu, Wushen and Yanchi were less than the average (Fig. 3). 

3.2. Trend analysis of climatic factors
Results across the study region during the growing season (2000 to 2019) indicated that annual precipitation had a slight trend of increase (slope = 1.527), annual temperature, relative humidity and mean wind speed had a slight trend of decrease (slope = -0.024, -0.084 and -0.001, respectively), annual sunshine hours recorded a large decreasing trend (slope = -7.07, p ≤ 0.05) (Table 2). A slight increase in annual precipitation was recorded in Shenmu, Yuyang, Hengshan, Yanchi, Dingbian, Ejin Horo and Jingbian, and a slight decreasing trend was recorded in Lingwu, Otog, Otog Front and Wushen. The highest annual precipitation values during the growing season were observed in Yuyang (about 420 mm) and Shenmu (418 mm) and the lowest values were recorded in Otog Front (173 mm) and Lingwu (177 mm). Shenmu recorded the highest trend of increase (8.82 mm per year) and Otog recorded the greatest decreasing trend (-3.03 mm per year). The largest trend of increase for annual temperature was recorded in Lingwu (0.035 ℃ per year), with Otog Front, Ejin Horo, Jingbian, Dingbian and Yanchi recording slight increasing trends; Shenmu recorded the largest decreasing trend (-0.085 ℃ per year) whilst Otog, Wushen, Yuyang and Hengshan recorded slight decreasing trends. The highest annual temperature was observed in Lingwu (19.5 ℃) and the lowest was recorded in Ejin Horo (16.8 ℃). Relative humidity results indicated that Wushen recorded the largest increasing trend (0.344 per year; p ≤ 0.05), with Otog, Shenmu and Yanchi recording a trend of slight increase; Yuyang recorded the largest trend of decrease (-0.0501 per year; p ≤ 0.05) and the rest county recorded a trend of slight decrease. The highest and lowest relative humidity values were recorded in Hengshan (56.8%), Otog (49.7%) and Ejin Horo (45.1%). Otog, Yuyang and Shenmu recorded large increasing trends for mean wind speed (p ≤ 0.05); Hengshan and Jingbian recorded a slight trend of decrease whilst the rest of the county recorded a large decreasing trend (p ≤ 0.05). The highest mean wind speed was observed in Dingbian (2.87 m/s) while Otog Front and Wushen recorded the lowest mean wind speeds (1.91 m/s and 1.95 m/s, respectively). Ejin Horo, Otog Front and Dingbian recorded a large decreasing trend (p ≤ 0.05) for sunshine hours (-13.19 h per year, -12.26 h per year and -11.41 h per year, respectively). Ejin Horo recorded the highest sunshine hour value (1598 h) whilst Hengshan recorded the lowest value (1374 h).

[bookmark: OLE_LINK4][bookmark: OLE_LINK3]3.3 Trend analysis of the ecological restoration program
The average annual afforested area in the Mu Us Desert was 1.167×103 km2 from 2002 to 2017, and the highest level of afforestation (2.8582 ×103 km2) occurred in 2003 (Fig. 4a). Accumulative afforested area increased from 2.56347 ×103 km2 in 2002 to 18.66833 ×103 km2 in 2017, and afforestation coverage increased from 2.82% to 20.52% in the same time span (Fig. 4b). Between 2002 and 2017, the highest average afforestation coverage occurred in Hengshan (25.54%), and the lowest was in Otog (7.72%) and Otog Front (8.42%) (Fig. 5).

3.4 Correlations between NDVI and climatic factors
Results for the climate factors (P, T, RH, WS and SH) indicated that they affected mean growing season NDV in the study area (Table 3, Fig. S1-S12). In order to investigate the effect of the climate factors on NDVI for the 11 administrative units, a separate correlation analysis was conducted. Correlations between NDVI and precipitation ranged between 0.22 - 0.60, with an average of 0.46. Correlations between NDVI and temperature and NDVI and relative humidity recorded averages of 0.37 (0.23 - 0.54) and 0.48 (0.26 - 0.56), respectively. NDVI values were significantly or very significantly negatively correlated with mean wind speed (-0.39 average, -0.20 to -0.60; excluding Otog, Yuyang and Shenmu) and sunshine hours (-0.29 average, 0-0.21 to -0.40). In general, growing season NDVI in the 11 counties had a positive correlation with precipitation, temperature and relative humidity, indicating that better hydrothermal conditions resulted in an increase in vegetation growth and higher degree of vegetation coverage. 

3.5 Correlations between NDVI and the ecological restoration program
The ecological restoration program can significantly increase mean growing season NDVI in the study area (Fig. 6). Growing season NDVI in all counties, except for Otog and Otog Front, exhibited a significant or very significantly positive correlation with the ecological restoration program. Correlation results between NDVI and the ecological restoration program was 0.43 - 0.96, with an average of 0.75. Wushen, Shenmu, Hengshan, Jingbian, Yuyang and Ejin Horo recorded a stronger significant correlation, indicating that the increasing NDVI in these regions correlated strongly with the implementation of ecological restoration programs than in Otog, Otog Front, Dingbian, Yanchi and Lingwu.

3.6 Contribution of climate fluctuations and the ecological restoration program to NDVI trends
Multiple regression analysis results for the effects of climate factors and ecological restoration program on the NDVI across the study area are shown in Table 4 and Table S1. The results indicated that, apart for Otog Front, NDVI had a strong relationship with climate factors and the ecological restoration programs in the study area (R2 values ranged between 0.78 and 0.98; p < 0.01). NDVI in the Mu Us Desert had a significant positive relationship with ecological restoration program and precipitation, while the contribution rate of ecological restoration program and precipitation drivers to NDVI changes was 58.1% and 41.9%, respectively. The ecological restoration program contribution to changes in NDVI over the 11 counties accounted for 33% - 75%, with a mean value of 61%; the rate of climatic contribution was 22% - 90%, with an average of 44%. In the study area, the rate of ecological restoration program contribution was notably higher than that of climate. The contribution of precipitation, temperature, relative humidity and ecological restoration program were predominantly positive whilst mean wind speed and sunshine hours were predominantly negative.

4. Discussion
4.1 Spatial pattern of NDVI trends
The hydrothermal conditions of the Mu Us Desert are superior to other deserts in the west of China. This is especially so for the southeastern margin of the desert where innate conditions for vegetation to control desertification occur. The southeastern margin area is a barrier where the Mu Us Desert continues to expand to the south, and its ecological geographical location is very important. Results from our study examining NDVI change trends in Mu Us Desert provide information relating to possible vegetation restoration and reconstruction, assisting in predicting future vegetation change trends in this region, and provide guidance for desertification management. Over the last 20 years, changes in NDVI values in 11 counties of the Mu Us Desert were consistent with that for the whole region, recording an upward trend with a rate of fluctuation of 0.0058 per year (Fig. 3). Our results were similar to the results of Tian et al. (2015) (0.0055 per year; 2000 – 2012) but lower than those of Li et al. (2017b) (0.0076 per year; 2000 to 2014). These differences were mainly due to annual NDVI values comprising the maximum value of monthly NDVI datasets in the results of Li et al. (DATE) vs. annual NDVI values calculated using average growing season (May to October) NDVI in our study. The rate of increase from our study was lower than that recorded in the Shaanxi-Gansu-Ningxia region (0.0117 per year; 2000 - 2014) (Li et al., 2015), but higher that that recorded in the Three-North Shelter Forest (0.0007 per year; 1982 - 2006) (Duan et al., 2011) and in the upper reaches of the Yellow River (0.0023 per year; 2000 - 2010) (Cao et al., 2014). Across our study area, annual NDVI rate of change notably varied among the 11 counties (Fig, 7), with annual NDVI in Otog, Otog Front, Wushen, Yanch and Lingwu recording had a lower rate of increase compared to the other sites. Among these, Otog and Otog Front had the lowest rates of increase (0.0037 and 0.004 per year, respectively). Counties with higher rates of increase were situated in the southeastern area, with Shenmu and Hengshan recording the highest values (0.0102 and 0.0095 per year, respectively). Our results indicate that the highest rate of increase was nearly three times greater than the lowest rate of increase. Results for NDVI value magnitude (Fig. 3) and annual change rate (Fig. 7) indicate that the NDVI change in the study area can be divided into two parts. (i) areas covered by more vegetation had a high NDVI value and high annual increasing rate (Shenmu, Jingbian, Hengshan, Ejin Horo, Yuyang and Dingbian). These counties are located in the eastern or southeastern area of the Mu Us Desert; (ii) areas with poor vegetation coverage had small NDVI values and low rates of annual increase (Otog, Otog Front, Wushen, Yanchi and Lingwu). The majority of these counties are located in the northwestern or western area of the study region (Fig. 1).

4.2 Comparison between the impacts of different climatic factors on NDVI
[bookmark: OLE_LINK9][bookmark: OLE_LINK10]Correlation analysis between NDVI and climatic factors indicated that NDVI changes across the Mu Us desert area recorded a significant positive correlation with rainfall, temperature and relative humidity; mean wind speed and sunshine hours recorded a significant negative correlation (Table 3). These results indicated that areas with precipitation greater than 300 mm during the growing season has better vegetation coverage (larger values) and an annual increasing NDVI rate. In contrast, areas with less than 300 mm precipitation had smaller NDVI values and lower rates of annual increase. The correlation coefficient between NDVI and precipitation was greater in areas where precipitation was greater than 300 mm, indicating that the impact of precipitation on vegetation is relatively small under extremely low precipitation values. Here, vegetation is relatively sparse and small volumes of precipitation will not significantly improve vegetation growth (Muradyan et al., 2019). Warmer temperature has been demonstrated to be the dominant controlling factor affecting postponement of leaf senescence which, as much, benefits vegetation growth, particularly in lower latitudes regions (Jeganathan et al., 2014; Yuan et al., 2020). Results from our study indicate that average growing season temperature and NDVI in each county of the Mu Us Desert have a significant positive correlation (p <0.05), similar to results from previous studies (Zhang et al., 2019; Chu et al., 2019). Vegetation can influence the microclimate and improve air relative humidity (Susorova et al., 2014). In general, when vegetation is flourishing, its leaf area index will be high, its respiration and water cycle will be more active, and the relative humidity in the air will be higher. Our results indicated a significant positive correlation between NDVI and relative humidity in the study area (Table 3). Our results also highlighted negative effects related to mean wind speed and sunshine hours on NDVI. Higher wind speeds and sunshine hours can lead to higher evaporation. In the Mu Us Desert, there was less precipitation during the growing season (average of 172 - 420 mm). Larger-scale water evaporation would lead to vegetation water shortages, thereby inhibiting vegetation growth and development. In addition, we also found that vegetation has a significant reduction effect on mean wind speed in most counties of the Mu Us Desert. 

4.3 Relative roles of climate variations and the ecological restoration program in vegetation change
[bookmark: OLE_LINK6][bookmark: OLE_LINK5][bookmark: OLE_LINK7][bookmark: OLE_LINK8]Correlation results between afforestation rate (percentage of afforestation area in the total land area) and NDVI values of the study area recorded a significant correlation (Fig. 6). Results for the correlation coefficient between annual NDVI and cumulative afforestation area of each county were also calculated, with correlation coefficients of nine counties passing the significant test. Stepwise regression results indicated that the ecological restoration program has a significant relationship with vegetation cover change, playing a leading role in increasing vegetation cover (Table 4). Improvement of the vegetation conditions in the Mu Us Desert is related to the implementation of a series of desertification prevention and control projects, such as the “conversion of farmland to forest” project, grazing and logging being made illegal, and the construction of the “Three North” shelter forest project (Wang et al., 2010; Dai et al., 2018; Li et al., 2020). The increase of artificial vegetation promoted the local ecological restoration (Wang et al., 2010). From 2002 to 2017, the total afforested area reached 18.66833 × 103 km2, accounting for 20.52% of the total area of the Mu Us Desert (Fig. 4). In 2017, the rate of afforestation in the 11 counties ranged between 12.64% and 38.73% (Fig. 5). Such large-scale afforestation will inevitably affect the status of vegetation, resulting in changes in NDVI values. Quantitatively identifying contributions of climatic and ecological restoration program divers to variations of vegetation is crucial for optimizing follow-up management of desert ecosystems in the Mu Us Desert. Our results show that ecological restoration program drivers had more positive effects than negative effects on vegetation change. Several ecological policies and programs have been established after their success was established in other areas. The impacts of these programs, however, will only become apparent on a long-term scale as vegetation restores (Liu et al., 2008). Our results show that mean growing season NDV significantly increased (p < 0.001) in the whole Mu Us Desert, as well as in each county (Fig. 2), and NDVI had a positive correlation with precipitation, temperature and relative humidity; NDVI was negatively correlated with mean wind speed and sunshine hours. In our study, some counties with decreasing trends for precipitation (e.g. Wusheng and Lingwu), temperature (e.g. Shenmu and Yuyang) and relative humidity (e.g. Yuyang and Jingbian), and increasing trends for wind speed (e.g. Shenmu and Yuyang), recorded increasing NDVI trends (Table 2, Fig. 2). This contradiction suggests that the positive contribution of ecological restoration programs to vegetation changes was more overwhelming than the negative contribution of climatic drivers. In these regions, ecological restoration program drivers might be favorable for increasing vegetation, while individual negative meteorological factors like decreasing precipitation, temperature or relative humidity did not obvious disadvantage an increase in vegetation. Overall, climatic and ecological restoration programs positively contributed to vegetation activity dynamic in the entire Mu Us Desert. Moreover, the contribution rate of ecological restoration program drivers is more than twice that of climate (Table 4). 
It is important to note that changes in climatic conditions are uncontrollable, and it is difficult to judge whether climatic conditions will continue to change in favor of vegetation ecology in the future. Therefore, more attention is required for the implementation of ecological restoration projects. However, the continuous expansion of vegetation will exacerbate regional water shortages in arid and semi-arid regions with limited water resources (Ma et al., 2019), causing further potential conflicts in water resources between humans and the ecosystem (Menz et al., 2013). Natural restoration methods should therefore be fully used to restore more sustainable vegetation ecosystems under local conditions during future ecological restoration and reconstruction projects. At the same time, to avoid land degradation caused by large-scale artificial afforestation, it is necessary to consider not only the current water carrying capacity, but also the supply capacity of water resources in the context of future climate change.

5. Conclusions
In this study we analyzed temporal NDVI trends, climatic factors and afforestation area to investigate the relative contributions of climatic and ecological restoration program drivers on vegetation activity dynamics during the growing season (May to October) between 2000–2019 in the Mu Us Desert. Over the last 20 years, this region has experienced significant environmental changes in response to climate variation and ecological restoration programs. Our results indicate that, between 2000 and 2019, a significant increase (p<0.001) in the mean growing season (annual) NDVI (0.0058 per year) occurred in the Mu Us Desert. In general, precipitation and temperature had a slight increase in the majority of counties of the Mu Us Desert; relative humidity, mean wind speed and sunshine hours recorded a decreasing trend. Correlation analysis between NDVI and climatic factors indicted that precipitation, temperature and relative humidity had a significant positive correlation; mean wind speed and sunshine hours had a significant negative correlation across the study area (except for mean wind speed in Shenmu and Yuyang). The contribution by climatic and ecological restoration programs to NDVI change was 44% and 61% across the study area, respectively. Although climatic and ecological restoration programs had a positive contribution to vegetation activity dynamic in the entire Mu Us Desert, the ecological restoration program played a dominant role in driving NDVI in the majority of counties of the Mu Us Desert from 2000 to 2019. 
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Table 1
Vegetation NDVI dynamic changes in 2000-2019.
	Year
	
	2000
	
	2019
	
	2000-2019

	NDVI†
	
	Area (km2)
	Proportion
	
	Area (km2)
	Proportion
	
	Area change(km2)
	Proportion

	
	
	
	(%)
	
	
	(%)
	
	
	(%)

	I
	
	31604.99 
	34.61 
	
	4424.96 
	4.85 
	
	-27180.03 
	-29.77 

	II
	
	38715.23 
	42.41
	
	23205.15 
	25.42
	
	-15510.08 
	-16.99

	III
	
	16057.57 
	17.59
	
	26076.39 
	28.56
	
	10018.83 
	10.97

	IV
	
	3469.40 
	3.8
	
	19199.50 
	21.03
	
	15730.10 
	17.23

	V
	
	893.39 
	0.98
	
	12430.96 
	13.62
	
	11537.57 
	12.64

	VI
	
	552.14 
	0.6
	
	5955.75 
	6.52
	
	5403.62 
	5.92


† The grade of I–VI is the value of NDVI ≤ 0.2, 0.2 < the value of NDVI ≤ 0.3, 0.3 < the value of NDVI ≤ 0.4, 0.4 < the value of NDVI ≤ 0.5, 0.5 < the value of NDVI ≤ 0.6, and the value of NDVI > 0.6, respectively.

Table 2
Mean values, and slopes of precipitation, temperature, average relative humidity, mean wind speed, and sunshine hours during the growing season (May to October) from 2000 to 2019.
	Administrative units
	Precipitation
 (mm)
	
	Temperature 
(℃)
	
	Average relative 
humidity (%)
	
	Mean wind 
speed (m/s)
	
	Sunshine hours
 (h)

	
	mean
	slope
	
	mean
	slope
	
	mean
	slope
	
	mean
	slope
	
	mean
	slope

	Total (Mu Us Desert) 
	300.56 cd†
	1.527
	
	18.31 c
	-0.024
	
	53.8 cde
	-0.084
	
	2.27 cde
	-0.001
	
	1488.2 cd
	-7.07*

	Otog Banner
	237.04 e
	-3.031
	
	17.16 d
	-0.117
	
	49.7 f
	0.015
	
	2.47 bc
	0.051**
	
	1530.4 bc
	-1.72

	Otog Front Banner
	172.88 f
	-2.194
	
	19.15 ab
	0.003
	
	53.2 de
	-0.124
	
	1.91 g
	-0.042*
	
	1570.7 ab
	-12.26**

	Wushen Banner
	254.03 e
	-0.607
	
	18.38 c
	-0.018
	
	52.2 e
	0.344*
	
	2.06 efg
	-0.121**
	
	1523.9 c
	-4.72

	Ejin Horo Banner
	357.72 b
	1.887
	
	16.83 d
	0.021
	
	50.1 f
	-0.111
	
	2.57 b
	-0.042**
	
	1597.7 a
	-13.19**

	Yuyang District
	420.42 a
	5.233
	
	18.30 c
	-0.098
	
	54.9 bc
	-0.501*
	
	2.55 b
	0.049**
	
	1440.2 ef
	-0.90

	Shenmu County
	417.86 a
	8.821
	
	19.05 b
	-0.085**‡
	
	56.1 ab
	0.173
	
	2.02 fg
	0.047**
	
	1455.4 def
	-8.20

	Hengshan County
	331.72 bc
	2.891
	
	18.41 c
	-0.090
	
	56.8 a
	-0.125
	
	2.31 cd
	0.002
	
	1373.8 g
	-8.52

	Jingbian County
	354.87 b
	0.553
	
	18.25 c
	0.035
	
	55.8 ab
	-0.190 
	
	2.11 defg
	-0.010
	
	1419.1 f
	-5.87

	Dingbian County
	310.36 cd
	2.650
	
	18.38 c
	0.029
	
	54.4 bcd
	-0.079
	
	2.87 a
	-0.051**
	
	1468.6 de
	-11.41*

	Yanchi County
	272.5 de
	2.875
	
	17.99 c
	0.015
	
	55.0 bc
	0.027
	
	2.22 def
	-0.045**
	
	1468.5 de
	-7.04

	Lingwu County
	176.78 f
	-2.284
	
	19.51 a
	0.035*
	
	53.9 cd
	-0.349
	
	1.95 g
	-0.061**
	
	1522.2 c
	-3.97


† The same lowercase letters in a column indicates no significant difference according to Fisher’s protected LSD test at the 0.05 probability level. 
‡ The * and ** represent p < 0.05 and p < 0.01 (statistical significance of linear regression), respectively.


Table 3
Correlation coefficients (R) between the NDVI and precipitation (P, mm), temperature (T, ℃), relative humidity (RH, %), mean wind speed (WS, m/s) as well as the sunshine hours (SH, h) for growing season (May to October) on the study area for 2000-2019. (n=120)
	Administrative units
	P (mm)
	T (℃)
	RH (%)
	WS (m/s)
	SH (h)

	Mu Us Desert
	0.61**
	0.40**
	0.50**
	-0.30**
	-0.33**

	Otog 
	0.39**
	0.23 *
	0.47**
	-0.04
	-0.22 *

	Otog Front 
	0.22 *
	0.39**
	0.52**
	-0.33**
	-0.35**

	Wushen 
	0.43**
	0.52**
	0.50**
	-0.53**
	-0.21 *

	Ejin Horo 
	0.57**
	0.54**
	0.52**
	-0.60**
	-0.33**

	Yuyang 
	0.52**
	0.29**
	0.26**
	0.17
	-0.23 *

	Shenmu 
	0.60**
	0.30**
	0.53**
	0.11
	-0.40**

	Hengshan 
	0.49**
	0.23 *
	0.43**
	-0.20 *
	-0.38**

	Jingbian
	0.48**
	0.44**
	0.48**
	-0.34**
	-0.27**

	Dingbian 
	0.48**
	0.34**
	0.56**
	-0.45**
	-0.29**

	Yanchi 
	0.54**
	0.32**
	0.54**
	-0.47**
	-0.29**

	Lingwu 
	0.32**
	0.44**
	0.42**
	-0.51**
	-0.21 *


The values in brackets refer to the p values of correlation coefficients. The * and ** represent p < 0.05 and p < 0.01 (statistical significance of linear regression), respectively. 

Table 4 
The results of stepwise multilinear regression (above 95% significant level) and contributions among the precipitation (P, mm), temperature (T, ℃), relative humidity (RH, %), mean wind speed (WS, m/s), sunshine hours (SH, h), and ecological restoration program (ERP, area fraction %) vs. the growth season NDVI in the Mu Us Desert, 2000–2019. 
	Administrative
	Intercept
	P
	T
	RH
	WS
	SH
	ERP
	R2
	p
	Contributions (%)

	units
	
	
	
	
	
	
	
	
	
	P
	T
	RH
	WS
	SH
	ERP

	Mu Us Desert
	0.121
	2.32×10-4
	-
	-
	-
	-
	35.7
	0.95
	<0.01
	41.9
	-
	-
	-
	-
	58.1

	Otog 
	0.095
	2.29×10-4
	-
	-
	-
	-
	43.7
	0.78
	<0.01
	53.0
	-
	-
	-
	-
	47.0

	Otog Front 
	0.186
	-
	-
	-
	-
	-
	33.1
	0.24
	0.054
	-
	-
	-
	-
	-
	49.0

	Wushen 
	0.125
	-
	-
	1.23×10-3
	-
	-
	36.4
	0.91
	<0.01
	-
	-
	24.5
	-
	-
	75.5

	Ejin Horo 
	0.197
	7.74×10-5
	-
	-
	-
	-
	56.9
	0.83
	<0.01
	29.5
	-
	-
	-
	-
	70.5

	Yuyang 
	0.194
	7.00×10-5
	-
	-
	-1.02×10-2
	-
	43.5
	0.98
	<0.01
	19.7
	-
	-
	9.1
	-
	71.2

	Shenmu 
	-0.13
	7.72×10-5
	1.12×10-2
	1.94×10-3
	-
	-
	56.5
	0.98
	<0.01
	14.1
	11.6
	10.1
	-
	-
	64.2

	Hengshan 
	-0.74
	-
	-
	4.81×10-3
	-
	-
	36.5
	0.94
	<0.01
	-
	-
	32.3
	-
	-
	67.7

	Jingbian
	0.048
	6.41×10-5
	-
	2.53×10-3
	-
	-
	45.9
	0.93
	<0.01
	12.9
	-
	14.9
	-
	-
	72.2

	Dingbian 
	-0.185
	-
	1.91×10-2
	4.25×10-3
	-8.06×10-2
	6.76×10-5
	-
	0.90
	<0.01
	-
	17.4
	27.1
	41.5
	13.9
	-

	Yanchi 
	-0.37
	1.18×10-4
	-
	5.44×10-3
	-
	1.38×10-4
	21.9
	0.94
	<0.01
	13.8
	-
	32.7
	-
	20.4
	33.2

	Lingwu 
	0.282
	2.15×10-4
	-
	-
	-5.90×10-2
	-
	-
	0.79
	<0.01
	39.0
	-
	-
	61.0
	-
	-


Intercept, the multiple linear regression equation’s intercept.
Figure Captions:
Fig. 1. Location of the Mu Us Desert within China and the spatial distribution of land use therein in 2015.
Fig. 2. The spatial patterns of NDVI (a) and each NDVI classification ratio (b) from 2000 to 2019 during the growing season in the Mu Us Desert.
Fig. 3. Line chart indicating the trend of annual NDVI in growing season (May to October) in entire Mu Us Desert, and 11 separate counties from 2000 to 2019.
Fig. 4. Total area of afforestation (a) and accumulative afforested area (b) in in the Mu Us Desert from 2002 to 2017. Source: China’s annual forestry statistical yearbooks from 2002 to 2017.
Fig. 5. Afforestation coverages in the entire Mu Us Desert and 11 separate counties from 2002 to 2017. The box plots show the 5, 25, 50, 75 and 95 percentiles. The red dashed line and black line in the box plots indicated the mean and medium, respectively. The crosses indicate the minimum and maximum. The same lowercase letters indicates no significant difference according to Fisher’s protected LSD test at the 0.05 probability level. The box plots were drawn by Sigmaplot Software (version 14.0). 
Fig. 6. Relationships between an inter-annual NDVI and afforestation coverages in the entire Mu Us Desert and 11 separate counties from 2002 to 2017.
Fig. 7. The NDVI values in the entire Mu Us Desert and 11 separate counties from 2002 to 2017. The box plots show the 5, 25, 50, 75 and 95 percentiles. The red dashed line and black line in the box plots indicated the mean and medium, respectively. The crosses indicate the minimum and maximum. The same lowercase letters indicates no significant difference according to Fisher’s protected LSD test at the 0.05 probability level. The box plots were drawn by Sigmaplot Software (version 14.0).
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